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EXPLANATORY NOTE 

The Proceedings of the Third International Con
ference on the Peaceful Uses of Atomic Energy 
comprise a single, multilingual publication of sixteen 
volumes. This form was prescribed by the General 
Assembly of the United Nations in approving the 
Conference budget. 

Papers accepted for consideration at the Con
ference are accordingly printed herein only in the 
original language of submission, each being followed 
by its abstract in the other three languages of the 
Conference.* 

The budgetary arrangements for the Conference 
required also that Governments provide abstracts 
and papers in two of the Conference languages. One 
of the three abstracts following each paper is, there
fore, in a translation provided by the Government 
concerned. The abstracts were translated into the 
other two languages either by the Division of 
Language Services, International Atomic Energy 
Agency (IAEA) in Vienna, or, with its assistance, 
through the intermediary of the national atomic 
energy authorities in London, Paris, Moscow and 
Madrid. 

The Foreword by the Secretary-General of the 
United Nations, the Preface by the Director General 
of IAEA, and this Explanatory Note, together with 
the records of discussion at each of the six scientific 
general sessions and thirty-six technical sessions of 
the Conference, are published in all four languages. 
All other material, which is largely of a formal 
nature and is confined to Volumes 1 and 16, is 
published in the language of submission or delivery, 
followed in the case of French, Russian and Spanish 
originals by the English translation. 

Governments whose national tongue is not one of 
the four Conference languages were consulted as 
to their preference for the language in which their 
papers should appear in these Proceedings. 

The Table of Contents in each volume gives the 
titles of papers in the original language, or language 
of choice, followed in the case of French, Russian 
and Spanish titles by the English translation. 

Starting from the 992 abstracts submitted by 
Governments, specialized agencies and IAEA, the 
Scientific Secretariat, working under the guidance 

* The languages of the Conference were English, French, 
Russian and Spanish. 
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of the United Nations Scientific Advisory Com
mittee, finally chose 747 papers for inclusion in the 
Programme of the Conference; of these, 358 were 
selected for oral presentation at the 42 working 
sessions. 

In arranging the programme, the Scientific Secre
tariat aimed at achieving a balanced schedule, 
providing for the oral presentation of as many papers 
as possible at each session while still leaving ade
quate time for discussion of the material presented. 
Two afternoons were left entirely free, to enable 
informal groups to discuss matters arising out of 
discussions at the formal sessions of the Conference. 
No records were taken of such informal meetings. 

Wherever possible, the author, or authors, of 
papers were consulted during the Conference by 
members of the Scientific Secretariat, who acted as 
secretaries of session, or by the team of editors made 
available for the purpose by IAEA, * * to ensure 
maximum accuracy. 

The records of discussion at the various sessions, 
based on notes taken in the meetings by IAEA 
records officers,* * and checked where necessary 
against the sound recordings made of all sessions, 
were prepared by the Division of Language Services 
of IAEA in English, and subsequently translated 
into French, Russian and Spanish through the inter
mediary of the atomic energy authorities in the 
three countries concerned (see third paragraph of 
the present note). 

The editing of the English, French and Spanish 
papers was carried out at the United Nations Office 
at Geneva under United Nations supervision by a 
team of editors, whose services, also, were made 
available by the atomic energy authorities of their 
respective countries, with some help from outside 
consultants. The editing of the Russian papers was 
done in Moscow in similar circumstances. The 
following served as editors: Mr. A. de Calmes, 
Dr. C. E. Granados, Mr. D. H. Hill, Mr. V. F. 
Kalinin, Cand. Tech. Sc., Dr. R. Lapage, Mr. E. T. 
Maries, Dr. J. D. C. Mole, Mr. C. Segot, Mr. J. J. 
Stobbs, Mr. C. R. Symons and Mr. J. Williamson. 

The task of printing this large collection of scien
tific information has been shared by printers in 

** The names of the scientific secretaries, editors and 
records officers will be found in the list of the Conference 
Secretariat in Annex 1, Volume 1, of this series. 



Belgium, Canada, France, Switzerland, the Union 
of Soviet Socialist Republics and the United 
Kingdom. 

Full titles of the sixteen volumes of these Pro
ceedings, together with the sessions covered by each 
volume, are as follows: 

Volume 
No. Sessions included 

Progress in Atomic Energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A, 8, 1.6, C, H 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Reactor Physics 

Reactor Studies and Performance 

Reactor Control 

Nuclear Reactors- I. Gas-cooled and Water-cooled Reactors .............. . 

Nuclear Reactors- II. Fast Reactors and Advanced Concepts .............. . 

Research and Testing Reactors ......................................... . 

Reactor Engineering and Equipment .................................. . 

Reactor Materials ................................................... . 

Nuclear Fuels - I. Fabrication and Reprocessing ........................... . 

Nuclear Fuels - II. Types and Economics ............................... . 

Nuclear Fuels - Ill. Raw Materials ..................................... . 

Nuclear Safety ................... · .................................. . 

Environmental Aspects of Atomic Energy and Waste Management ......... . 

Special Aspects of Nuclear Energy and Isotope Applications ............. . 

16 List of Papers and Indexes 

VI 
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3.2, 3.3 
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1.1 0, 1.11, 3.7 
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2.5, 2.1, 2.2 

2.11, 2.12, 2.1 0 
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NOTE EXPLICATIVE 

Les Actes de Ia troisieme Conference interna
tionale sur !'utilisation de l'energie atomique a des 
fins pacifiques sont publies ici sous Ia forme d'une 
edition unique, multilingue, en seize volumes. Cette 
presentation a ete decidee par l'Assemblee generale 
lorsqu'elle a approuve le budget de Ia Conference. 

En consequence, les memoires qui ont ete acceptes 
pour Ia Conference sont reproduits ici dans Ia langue 
originale dans laquelle ils ont ete soumis et sont 
suivis d'un resume dans les trois autres langues de 
Ia Conference *. 

Aux termes des dispositions budgetaires prises 
en vue de Ia Conference, les gouvernements devaient 
fournir les resumes et les memoires dans deux des 
langues de Ia Conference. Ainsi, sur les trois resumes 
qui suivent chaque memoire, un est une traduction 
fournie par le gouvernement interesse. La traduction 
des resumes dans les deux autres langues a ete faite 
soit par Ia Division des services linguistiques de 
1' Agence internationale de l'energie atomique 
(AIEA), a Vienne, soit avec son concours, par les 
soins des organismes nationaux competents en ma
tiere d'energie atomique a Londres, Paris, Moscou 
et Madrid. 

L'avant-propos du Secretaire general de !'Orga
nisation des Nations Unies, Ia preface du Directeur 
general de l'AIEA et Ia presente note explicative, 
ainsi que les comptes rendus de chacune des six 
seances scientifiques generales et des trente-six 
seances techniques de Ia Conference, sont publies 
dans les quatre langues. Tous les autres textes, qui 
pour Ia plupart sont d'un caractere non technique et 
figurent dans les volumes 1 et 16, sont publies dans 
la langue dans laquelle ils ont ete presentes par 
ecrit ou oralement et sont suivis, lorsque cette langue 
est l'espagnol, le fran(fais ou le russe, d'une tra
duction en anglais; 

Les gouvernements des pays dont la langue offi.
cielle n'est pas l'une des quatre langues utilisees a 
la Conference ont ete consultes pour savoir dans 
quelle langue ils preferaient voir para1tre leurs 
memoires. 

La table des matieres de chaque volume donne 
les titres des memoires dans Ia langue originale ou 
dans Ia langue choisie; ces indications sont suivies, 

* Les langues de la Conference etaient I'anglais, l'espa
gnol, le fran~ais et le russe. 
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pour les titres en espagnol, en fran(fais et en russe, 
de Ia traduction en anglais. 

Sur les 992 resumes presentes par les gouverne
ments, les institutions specialisees et l'AIEA, le 
Secretariat scientifique, travaillant sous Ia direction 
du Co mite consultatif scientifique des Nations Unies, 
en a finalement retenu 7 4 7 pour les inscrire au 
programme de Ia Conference; sur ce nombre, 358 
ont ete presentes oralement aux 42 seances de 
travail. 

En etablissant le programme de la Conference, 
le Secretariat scientifique a cherche a realiser un 
equilibre: il s'est efforce de menager un temps suffi.
sant pour la presentation du plus grand nombre 
possible de memoires tout en laissant du temps pour 
leur discussion. Deux apres-midi avaient ete laisses 
entierement libres afin de permettre aux participants 
d'organiser des reunions non offi.cielles et de dis
cuter en petits groupes des questions qui se posaient 
a la suite des seances officielles de la Conference. 
Ces reunions n'ont pas fait !'objet de comptes 
rend us. 

Toutes les fois que cela a ete possible, !'auteur 
ou les auteurs des memoires ont ete consultes pen
dant Ia Conference par les membres du Secretariat 
scientifique, qui ont assure le secretariat des seances, 
ou par l'equipe d' « editeurs » que l'AIEA ** avait 
mis a cet effet a la disposition de la Conference, 
afin d'assurer !'exactitude la plus grande. 

Les comptes rendus des discussions aux reunions, 
etablis d'apres les notes prises en seance par les 
redacteurs de comptes rendus de l'AIEA** et com
pares toutes les fois qu'il le fallait avec les enregis
trements sonores, ont ete rediges en anglais par Ia 
Division des services linguistiques de I' AIEA, puis 
traduits en espagnol, en fran9ais et en russe par les 
soins des organismes competents en matiere d'ener
gie atomique des trois pays interesses (voir le troi
sieme alinea de la presente note). 

Les memoires rediges en anglais, en espagnol et 
en fran~ais ont ete mis au point pour !'impression 
a !'Office europeen des Nations Unies a Geneve, 
sous le controle de l'ONU, par une equipe de redac-

** On trouvera les noms des secretaires scientifiques, des 
« ectiteurs » et des redacteurs de comptes rendus dans Ia 
liste des membres du secretariat de la Conference a l'an
nexe 1 du volume 1. 



teurs mis a la disposition de la Conference par les 
organismes competents en matiere d'energie ato
miques des pays interesses, avec l'aide de quelques 
consultants exterieurs. La mise au point definitive 
des memoires rediges en russe a ete faite a Moscou 
dans les memes conditions. Voici les noms des 
redacteurs qui ont assure la mise au point des 
memoires: M. A de Calmes, M. C. E. Granados, 
M. D. H. Hill, M. V. F. Kalinin, Mne R. Lapage, 
M. E. T. Marles, Mne J. D. C. Mole, M. C. Segot, 

Numero 
du volume 

M. J. J. Stobbs, M. C. R. Symons et M. J. 
Williamson. 

Des entreprises de Belgique, du Canada, de 
France, du Royaume-Uni, de Suisse et de l'Union 
des Republiques socialistes sovietiques se sont par
tage la tache que representait !'impression de cette 
masse importante de documents scientifiques. 

Les titres complets des seize volumes des Actes 
de ·la Conference, ainsi que les numeros des seances 
sur lesquelles porte chaque volume, figurent ci-apres: 

Seances 

Progres ac:c:omplis dans le domaine atomique . . . . . . . . . . . . . . . . . . . . . . . . . . . A, 8, 1.6, C, H 

2 Physique des reac:teurs 3.1 

3 Etude des reseaux et performanc:e des reac:teurs . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2, 3.3 

4 Controle des reac:teurs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4, 3.5 

5 Reac:teurs nuc:leaires - I. Reacteurs refroidis par un gaz et reac:teurs refroidis a 
l'eau . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1, 1.2, 1.3 

6 Reac:teurs nuc:leaires -II. Reac:teurs a neutrons rapides et reac:teurs d'avant-
garde . . . . . . . . . . . . . . . . . . . . . . . 1.4, 1.5, 1.7 

7 Reacteurs de rec:herc:he et reac:teurs d'essai de materiaux. . . . . . . . . . . . . . . . . . D, 1.9, 1.8 

8 Tec:hnologie et equipement des reac:teurs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1 0, 1.11, 3.7 

9 Materiaux pour nflac:teurs . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.8, 2.9, 2.4 

10 Combustibles nuc:leaires -I. Fabric:ation et retraitement . . . . . . . . . . . . . . . . . . . 2.3, 2.6, 2.7 

11 Combustibles nuc:leaires- II. Caracteristiques et aspec:ts ec:onomiques . . . . . . . 2.5, 2.1, 2.2 

12 Combustibles nuc:leaires-111. Matieres premieres . . . . . . . . . . . . . . . . . . . . . . . . 2.11, 2.12, 2.10 

13 Surete nuc:leaire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.9, 3.8, 3.6 

14 Influence sur le milieu de l'emploi de l'energie nucleaire. Traitement et elimi-
nation des dec:hets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1 0, 3.11 

15 Aspects particuliers de l'energie nuc:leaire et applic:ations des radioelements. . E, 4.1, F, G, 4.2 

16 Liste des memoires et index 
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liO.HCHHTEJibHA.H 3AIIHCRA 

Tpy.n;hl TpeTbeii: MeJKJrYHapo.zwoii: KoH<Pe

peHU.HH no HCnOJih30BaHH10 aTOMHOH aHeprHH 

B MHpHbiX U.eJISIX npe,n;CTaBJISIIOT C060H e,n;HHOe 

MHOfOSI3hi4HOe H3,ll;aHHe H3 WeCTHa,ll;U.aTH TO

MOB. TaKaSI <PopMa 6hiJia npe.n;ycMOTpeHa reHe

paJihHOH AccaM6Jieeii: OpraHH3aU.HH 06be.n;H

HeHHhiX Hau.Hii: npH o.n;o6peHHH e10 6IO)I)KeTa 

KoH<lJepeHU.HH. 

OpHHSIThie K paccMOTpeHHID KoH<lJepeHU.Heii: 

,ll;OKJia,n;bl COOTBeTCTBeHHO ony6JIHKOBaHhl 3,ll;eCb 

JIHWb Ha SI3biKe OpHrHHaJia; npH 3TOM KruK,ll;biH 

,ll;OKJia,n; conpOBO~aeTCSI aHHOTaU.HeH Ha ,n;py

fHX Tpex SI3hiKax KoH<lJepeHU.HH*. 

fiiO)I)KeTHble nOCTaHOBJieHHSI B OTHOWeHHH 

npose.n;eHHSI KoH<lJepeHU.HH TaiOKe npe.n;ycMaTpH

BaJIH, liTO npaBHTeJibCTBa npe,n;CTaBSIT aHHOTaU.Hif 

H ,ll;OKJia,ll;hl Ha .n;syx SI3biKax KoH<lJepeHU.HH. no-

3TOMY o.zwa H3 Tpex aHHOTaU.Hii, conposo~a
IOIIJ.HX K~biH ,ll;OKJia,n;, SIBJISieTC.SI nepeBO,ll;OM, 

npe,n;CTaBJieHHbiM COOTBeTCTBYIOIIJ.HM npaBH

TeJibCTBOM. AHHOTaU.HH 6hiJIH nepese.n;eHhl Ha 

.n;pyrHe .n;sa SI3biKa JIH6o OT.n;eJioM nepeso.n;os 

Me.IK.n;yHapo.n;Horo areHTCTBa no aTOMHOH aHep

rHH (MArAT3) B BeHe, JIH60 C ero nOMOII~blO 
npH COTpy,n;HHtieCTBe HaU.HOHaJibHbiX opraHOB, 

Be,n;alOIIJ.HX BOnpoCaMH aTOMHOH 3HeprHH, B 

JlOH,ll;OHe, napH.IKe, MoCKBe H Ma.n;pH.n;e. 

Bse.n;eHHe H npe,n;HCJIOBHe feHepaJibHOro 

CeKpeTapSI OpraHH3aU.HH 06'he,n;HHeHHhiX Ha

U.Hii: H feHepaJihHoro ,n;HpeKTopa MAr AT3, co

OTBeTCTBeHHO, H HaCTOSIIIJ.aSI nOSICHHTeJibHaSI 

3anHCKa, HapSI,ll;y C npOTOKOJiaMH Ka.IK,ll;OfO H3 

WeCTH HaytiHbiX nJieHapHbiX 3aCe,n;aHHH H TpH,n;

U.aTH wecTH ceKU.HOHHhiX 3ace.n;aHHH KoH<lJepeH

U.HH, ny6JIHKYIOTCSI Ha BCeX tieTbipex SI3hiKaX. 

Bee ,n;pyrHe MaTepHaJihi, KOTOpbie no CBOeMy 

xapaKTepy B OCHOBHOM OTHOCSITCSI K 4HCJIY 

O<lJHU.HaJibHhiX H CO,n;ep.IKaTCSI B TOMaX 1 H 16, 
ny6JIHKYIOTCSI Ha SI3hiKe OpHfHHaJia; H KOr,n;a 

pel!h H,n;eT 0 <lJpaHU.Y3CKHX, pyCCKHX H HCnaH

CKHX OpHfHHaJiaX, TO K HHM npHJIO.IKeH aHfJIHH

CKHH nepeso.n;. 

C npaBHTeJihCTBaMH CTpaH, SI3hiK KOTOphiX 

He OTHOCHTCSI K 4HCJIY tieThipex SI3biKOB KoH<lJe-

* Hsh!KaMH KompepeHI\1111 HBJUIJIIICI>: anrJiniicKnii, cppan
IIY3CKHii, pyccRIIii 11 11cnaHCKIIii. 
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peHU.HH, 6hiJIH npose.n;eHbl KOHCYJihTaU.HH no 

noso.n;y Toro, Ha KaKOM SI3b1Ke 6hiJIO 6hl .IKe

JiaTeJibHO, no HX MHeHHIO, ony6JIHKOBaTb B Ha

CTOSIIIJ.HX Tpy,n;ax npe,n;cTaBJieHHhle HMH ,ll;O
KJia,ll;bi. 

B co.n;ep.IKaHHH KruK.n;oro TOMa yKa3aHhi 

aarJiaBHSI ,n;OKJia.n;oB Ha SI3h1Ke opHrHHaJia JIH6o 

Ha .n;pyrOM H36paHHOM SI3h1Ke, H B TOM CJiyqae, 

KOf,ll;a pel!h H,ll;eT 0 <lJpaHey3CKHX, pyCCKHX H 

HCnaHCKHX 3arJiaBHSIX1 HX COnpOBO~aeT aHf

JIHHCKHH nepe!,iO,ll;. 

113 992 aHHOTaU.HH, npe,n;CTaBJieHHbiX npa

BHTeJibCTBaMH, cneu.HaJIH3HpOBaHHbiMH yqpe.IK

.n;eHHSIMH, a TaiOKe MAr AT~, YtieHhiH ceKpeTa

pHaT, pa6oTaSI no.n; pyKoso.n;cTBOM HaytiHoro 

KOHCYJibTaTHBHoro KOMHTeTa OpraHH3aU.HH 06b

e,n;HHeHHhiX Hau.Hii:, B HTore oTo6paJI 7 4 7 .n;o

KJia,n;os ,ll;JISI BKJIIOtieHHSI HX B nporpaMMY KOH

<lJepeHU.HH; H3 HHX 358 6hiJIH OT06paHhl ,li;JISI 

npe.n;cTaBJieHHSI B ycTHOH <lJopMe Ha 42 pa6otiHx 

aace.n;aHHSIX. 

OpH cocTaBJieHHH nporpaMMhl YtieHbiH ceK

peTapHaT CTaBHJI IJ.eJihlO ,ll;06HThCSI C6aJiaHCH

poBaHHOfO pacnHCaHHSI , KOTOpOe .n;aJIO 6hl 

B03MO.IKHOCTh npe.n;CTaBHTh B ycTHOM <PopMe 

MaKCHMaJibHOe KOJIHtieCTBO ,ll;OKJia,ll;OB Ha KruK

,ll;OM 3aCe,n;aHHH npH o6ecnetieHHH ,ll;OCTaT04-
HOfO speMeHH ,li;JISI npose.n;eHHSI .n;HCKYCCHH TIO 

noso.n;y npe.n;CTasJieHHoro MaTepHaJia. B .n;syx 

CJiytiaSIX HMeiOW.eeCSI BO BTOpOH nOJIOBHHe ,ll;HSI 
speMSI OCTaBHJIH Hepacnpe,n;eJieHHbiM1 C TeM 

4T06hl .n;aTb B03MO.IKHOCTb HeO<lJHU.HaJihHhiM 

rpynnaM 06CyAHTh BOnpOChl, B03HHKWHe B 

XO.n;e ,ll;HCKYCCHH Ha o<lJHU.HaJihHhiX aace,n;aHHSIX 

KoH<lJepeHU.HH. Ha TaKHX Heo<PHU.HaJihHhiX 3a

ce.n;aHHSIX npOTOKOJibl He COCTaBJISIJIHCb. 

00 Mepe B03MO.IKHOCTH1 C aBTOpOM HJIH 

asTopaMH .n;oKJia.n;os KOHCYJihTHposaJIHCh B xo.n;e 

KoH<lJepeHU.HH tiJieHbi YtieHoro ceKpeTapHaTa, 

KOTOpbie BhiTIOJIHSIJIH <lJyHKU.HH ceKpeTapeii: 3a

ce,n;aHifH, JIH6o TaKHe KOHCYJihTaU.HH riposo

,n;HJIHCh rpynnOH pe.n;aKTOpOB, KOTOphie 6biJIH 

Bhi,n;eJieHhi MAr AT3** MSI aToii: u.eJIH, c TeM 

4T06hi o6ecnetiHTh MaKCHMaJibHYIO T04HOCTh. 

* * <l>aMIIJIIIII f'leHhiX ceKpeTapeii, pe,l\aKTOpOB II UpOTOKOJIII
CTOB npiiBe,l\eHb! B nepe'IHe COTPYI\HHKOB CeKperapllaTa Kon
cpepeHIVIH B UpiiJIOllleHIIII 1-0M K TOMY 1-My HaCTOllllleii cep1111. 



0pOTOKOJibl AHCKYCCHH Ha pa3JIHllHbiX 3a
CeAaHHSIX, COCTaBJieHHble Ha OCHOBe 3anHCeH, 
CAeJiaHHbiX B XOAe 3aCeAaHHH npOTOKOJIHCTaMH 
MAfAT3*, H nposepeHHhle, no Mepe Heo6xo
AHMOCTH, nyTeM cpaBHeHHSI CO 3BYKOBOH 3a
nHCblO, KOTOpaSI BeJiaCb Ha BCeX 3aCeAaHHSIX, 
6hiJIH noAroTOBJieHhl 0TAeJIOM nepeBOAOB MA
fAT3 Ha aHrJIHHCKOM Sl3biKe H BnOCJieACTBHH 
nepeBeAeHbi Ha <t>paHIJ,Y3CKHH, pyCCKHH H HC
naHCKHH SI3hiKH npH cOTPYAHHlleCTBe Hau.Ho
HaJibHhiX opraHOB, BeAalOIII.HX BOnpOCaMH aTOM
HOH ::meprHH, B Tpex 3aHHTepeCOBaHHbiX CTpa
HaX ( CMOTpH TpeTHH a63aiJ, nOSICHHTeJibHOH 
3anHCKH). 

Pa6oTa no peAaKTHposaHHJO AOKyMeHTOB 
Ha aHrJIHHCKOM, <!>paHU.Y3CKOM H HCnaHCKOM 
SI3h1Kax 6biJia npoBeAeHa B EsponeiicKOM OTAe
JieHHH OpraHH3aiJ,HH 06'heAHHeHHbiX Hau.Hil, 

B )l{eHese, noA pyKoBOACTBOM OpraHH3aU.HH 
06'beAHHeHHhiX Hau.Hii rpynnoii peAaKTOpos, 

* cl>aldHJIHH yqeHhiX C6KpeTapeii, pe)l;aKTOpOB H npOTOKOJIH
CTOB npHB6)1;6Hhl B nepeque COTIJY)l;HHKOB CeKpeTapHaTa Kou
lilepe~u B npBJIOlK6HBH 1-0ld K TO!df 1-My HaCTOH~eii cepui!. 

HoMep 
ToMa 

nporpecc B pa6oTaX DO aTOMHOH :meprHH 

<l>H3HKa peaKTOpOB 

YfayqeHHe peaKTOpOB H HX xapaKTepHCTHKH 

PeryJIHposaHHe peaKTopos • 

ycJiyrH KOTOpbiX 6biJIH TaJOKe npeAOCTaBJieHbi 
no JIHHHH opraHOB, BeAalOIII.HX BOnpocaMH 
aTOMHOH ::meprHH B COOTBeTCTBYJOIII.HX CTpa
HaX, C HC.ll0Jlb30BaHHeM B HeKOTOpOH CTeneHH 
IIOMOIII.H IIpHrJiailleHHbiX CO CTOpOHbl KOHCYJih
TaHTOB. PyccKHe AOKyMeHTbi peAaKTHposaJIHCh 
B MocKse B TaKHX .IKe ycJIOBHSIX. HH.IKecJieAyJO
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peAaKTOpOB: A-p K. 3. fpaHaAOC, KaHAHAaT TeX
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CT063, r-H 111. C9ro, r-H }l.IK. YHJihSIMCOH, 
r-H )l. X. XHJIJI. 
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o6rnHpHOH Hayl!HOH HH<!>OpMaiJ,HH npHHHMaJIH 
yqacTHe THrrorpa<PHH B oeJibrHH, KaHaAe, Coe
AHHeHHOM KopoJieBcTse, Co103e CoseTcKHX Co

u.uaJIHCTHlleCKHX Pecrry6JIHK, <l>paHIJ,HH H illseii

u.apHH. 
HH.IKe rrpHBOASITCSI rrOJIHhie 3arJiaBHSI wecT

HaAu.aTH TOMOB HaCTOSIIII.HX TpyAoB, a TaJOKe 
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NOTA EXPLICATIVA 

Las Aetas de la tercera Conferencia lnternacional 
sabre la Utilizaci6n de la Energia At6mica con Fines 
Pacificos estan constituidas par una publicaci6n 
unica y plurilingiie compuesta de dieciseis volu
menes, en conformidad con lo dispuesto por la 
Asamblea General de las Naciones Unidas al apro
bar el presupuesto de Ia Conferencia. 

Por consiguiente, las memorias aceptadas para 
ser examinadas en Ia Conferencia solo figuran impre
sas en el idioma original en que se presentaron, y 
cada una de elias va seguida de un resumen de la 
misma en los otros tres idiomas de la Conferencia *. 

En los arreglos presupuestarios para la Confe
rencia se dispuso tambien que los gobiernos tenian 
asimismo que presentar resumenes y memorias en 
dos de los idiomas de la Conferencia. En conse
cuencia, uno de los tres resumenes que siguen a 
cada memoria es una traducci6n facilitada por el 
gobierno interesado. Los resumenes fueron tradu
cidos a los otros dos idiomas, ya por la Division de 
ldiomas del Organismo lnternacional de Energia 
At6mica (OlEA) de Viena, o, con su asistencia, por 
conducto de las autoridades nacionales de energia 
at6mica de Londres, Paris, Moscu y Maddd. 

La introducci6n del Secretario General de las 
Naciones Unidas, el prefacio del Director General 
del OlEA y la presente nota explicativa, junto con 
las aetas de los debates celebrados en cada una de 
las seis sesiones cientificas generales y las treinta y 
seis sesiones tecnicas de la Conferencia, se publican 
en los cuatro idiomas. El resto del material, que 
reviste en su mayoria un caracter oficial y esta con
tenido exclusivamente en los volumenes 1 y 16, se 
publica en el idioma en que fue presentado o entre
gada, seguido para los originales en espafiol, frances 
y ruso, de la traducci6n en ingles. 

Se consult6 a los gobiernos cuyo idioma nacional 
no es uno de los cuatro idiomas de Ia Conferencia 
para saber en emil de ellos preferian que se publi
caran sus memorias en estas Aetas. 

El indice de cada volumen contiene los titulos 
de las memorias en el idioma original, o en el idioma 
elegido, seguidos, cuando se trata de titulos en 
espafiol, frances y ruso, de la traducci6n en ingles. 

De los 992 resumenes presentados por gobiernos, 
organismos especializados y el OlEA, la Secretaria 

* Los idiomas de Ia Conferencia fueron el espaiiol, el 
frances, el ingles y el ruso. 

XI 

Cientifica, bajo la direcci6n del Comite Cientifico 
Consultivo de las Naciones Unidas, escogi6 por 
ultimo 747 memorias que debian ser incluidas en 
el programa de la Conferencia; de estas, 358 fueron 
seleccionadas para ser presentadas oralmente en las 
42 sesiones de trabajo. 

AI preparar el programa de actividades, la Secre
taria Cientifica trat6 de conseguir un justa equilibria, 
y asi se previa la presentaci6n oral del mayor numero 
posible de memorias en cada sesi6n, pero dejando 
todavia tiempo suficiente para examinar la informa
cion presentada. Se dejaron dos tardes totalmente 
libres, a fin de que los grupos oficiosos pudieran 
examinar las cuestiones que surgieran en las sesiones 
oficiales de la Conferencia. No se levant6 acta de 
tales reuniones. 

Siempre que fue posible, el autor, o los autores, 
de las memorias fueron consultados en el curso de 
Ia Conferencia por miembros de la Secretaria Cien
tifica, que actuaron de secretarios de sesi6n, o par 
un grupo de editores facilitado a dicho efecto por 
el OlEA**, a fin de asegurar Ia maxima exactitud. 

Las aetas de los debates celebrados en las diversas 
sesiones, basadas en notas tomadas en las reuniones 
por redactores de aetas del OlEA**, y verificadas 
siempre que fue necesario mediante las grabaciones 
efectuadas en todas las sesiones, fueron preparadas 
por Ia Division de ldiomas del Organismo lnterna
cional de Energia At6mica (OlEA) en ingles, y 
traducidas despues al espafiol, el frances y el ruso 
por conducto de las autoridades de energia at6mica 
de los tres paises interesados (vease el tercer pa-
rrafo de la presente nota). · 

La preparaci6n para la publicaci6n del texto de 
los documentos en espafiol, frances e ingles se 
efectu6 en Ia Oficina de Ginebra de las N aciones 
Unidas, bajo Ia fiscalizaci6n de las Naciones Unidas, 
por un equipo de editores cuyos servicios fueron 
tambien proporcionados por las autoridades de ener
gia at6mica de sus respectivos paises, con alguna 
ayuda de consultores del exterior. La preparaci6n 
para Ia publicaci6n de los documentos en ruso se 
efectu6 en Moscu en circunstancias analogas. 
Actuaron de editores las personas siguientes: Sr. A. 
de Calmes, Dr. C. E. Granados, Sr. D. H. Hill, 

** Los nombres de los secretarios cientificos, editores y 
redactores de aetas figuran en Ia lista de Ia Secretaria de 
Ia Conferencia, en el anexo 1, volumen 1, de esta serie. 



Sr. V. F. Kalinin, Dra. R. Lapage, Sr. E. T. Maries, 
Dra. J. D. C. Mole, Sr. C. Segot, Sr. J. J. Stobbs, 
Sr. C. R. Symons y Sr. J. Williamson. 

En la impresion de esta gran recopilacion de 
informacion cientffica han participado impresores 

Numero 
del volumen 

de Belgica, el Canada, Francia, el Reino Unido, 
Suiza y la Union de Republicas Socialistas Sovieticas. 

Los titulos completos de los dieciseis volUmenes 
de estas Aetas, junto con las sesiones comprendidas 
en cada volumen, son los siguientes: 

Sesiones 

Progresos realizados en el dominio at6mico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A, B, 1.6, C, H 

2 Fisica de los reactores. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1 

3 Estudios sobre reticulados. Funcionamiento de reactores . . . . . . . . . . . . . . . . . . . 3.2, 3.3 

4 Control de los reactores. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4, 3.5 

5 Reactores nucleares -I. Reactores refrigerados por gas y por agua. . . . . . . . . 1.1, 1.2, 1.3 

6 Reactores nucleares - II. Reactores rapidos y conceptos mas avanzados. . . . . . . 1.4, 1.5, 1.7 

7 Reactores de investigation y de ensayo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D, 1.9, 1.8 

8 Tecnologia y equipo de los reactores . .. . .. . .. . . .. .. . . .. .. .. . .. .. .. .. .. 1.1 0, 1.11, 3.7 

9 Materiales de los reactores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.8, 2.9, 2.4 

1 0 Combustibles nucleares - I. Fabricaci6n y tratamiento . . . . . . . . . . . . . . . . . . . . 2.3, 2.6, 2.7 

11 Combustibles nucleares- II. Caracteristicas y estudios econ6micos. . . . . . . . . . . 2.5, 2.1, 2.2 

12 Combustibles nucleares- Ill. Primeras materias . . . . . . . . . . . . . . . . . . . . . . . . . . 2.11, 2.12, 2.10 

13 Seguridad nuclear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.9, 3.8, 3.6 

14 lnfluencia del empleo de Ia energia nuclear sobre el ambiente. Evacuaci6n de 
residuos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1 0, 3.11 

15 Aspectos especiales de Ia energia nuclear y empleo de los radioelementos.... E, 4.1, F, G, 4.2 

16 Lista de documentos e indices 
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PJ72 France 

Pourquoi continuer ' a chercher de I' uranium 

par J. Mabile et A. Gangloff* 

Parmi les puissances atomiques dont les pro
grammes sont connus, Ia France est probablement Ia 
seule a soutenir un important programme de prospec
tion de I 'uranium. Cependant, le phenomene de sur
production qui a atteint tousles producteurs mondiaux 
ne l'epargne pas. 

II semble interessant d 'analyser les raisons qui justi
fient, de notre point de vue, cette persistance dans Ia 
recherche et de tirer de cet examen quelques conclu
sions valables pour le developpement a tres long terme 
de l'energie atomique, consideree essentiellement sous 
I 'angle de Ia production de l'electricite. 

RAPPEL DE LA SITUATION 
DE L'APPROVISIONNEMENT FRAN<;AIS 

Actuellement, le programme franyais est alimente 
en uranium pour les trois quarts par !es mines de Ia 
metropole, et pour un quart par des achats a l'etran
ger : Madagascar et Gabon. 

II n 'y a pas eu de modifications importantes appor
tees a ]'outi] de production te] qu'i] fut COnyU i] y a 
de nombreuses annees et dont le projet alors en cours 
de realisation fut largement decrit dans une commu
nication presentee a Ia deuxieme Conference inter
nationale des Nations Unies sur !'utilisation de 
l'energie atomique a des fins pacifiques [I]. 

Mines metropolitaines 

Les trois divisions minieres du CEA et quelques 
mines privees livrent un peu plus de I 000 t/an, sous 
forme d 'uranate de magnesie a 60 % ou de nitrate 
d'uranyle en solution a 400 g/1, produits dans trois 
usines de traitement **. 

Les productions des differentes mines et usines et 
les capacites de ces dernieres sont indiquees dans le 
tableau 1. 

Le developpement modeste des exploitations privees 
reftete mal les resultats de Ia prospection effectuee par 
celles-ci : d 'importants gisements ont ete decouverts, 
loin des usines actuelles, si bien que leur mise en valeur 
exigera Ia creation d 'une ou deux usines regionales 
nouvelles, creation que le Commissariat ne peut 
susciter actuellement. 

* Commissariat a l'Energie atomique. 
** Usines gerees et partiellement possedees par Ia Societe 

industrielle des minerais de !'Ouest, filiale 50-50 entre !es Eta
blissements Kuhlmann et l'Etat. 

3 

Achats outre-mer 

Les deux sources essentielles d 'approvisionnement 
franyais sont a Madagascar et au Gabon. 

Madagascar 

Les mines d'uranothorianite sont toujours exploi
tees; le peu d'interet present du thorium a fait evoluer 
ces productions vers Ia recherche de thorianites a 
hautes teneurs en uranium (dans les diverses especes 
d 'uranothorianite, Ia somme des tei:leurs en uranium 
et en thorium est pratiquement constante). 

Tableau 1. Productions de minerais et concentresa 
metro pol itai ns 

Mines 

Rc!gion Production 
Designation 

Minerai (t) U contenu (t) 

Vendee . . CEA Vendee .. 
Prives Bretagne 

Total Vendee 

Limousin . CEA La Crouzille 
Prives Massif Central 

Forez ... 

ToTAL .. 

Dc!signation 

Vendee : 
Ecarpiere
en-Getigneb 

Limousiri : 
Bessinesb . 

Forez : 
Bois-Noirsc 

TOTAL ... 

Total Limousin 

CEA Bois-Noirs 

Usines 

Caoacite 

Minerai (t) 

300000 

600000 

180000 

1080000 

U Iivrable 
(t) 

300 

900 

330 

1 530 

294 000 252,100 
13 700 56,300 

307 700 308,400 

299 100 366,200 
43 700 143,700 

342 800 509,900 

141 700 255,700 

792 200 1 074 

Production 1963 

Minerai (t) U (t) 

312 800 293,8 

337 500 475,4 

!52 000 253,0 

802 300 I 022,2 

a Toutes les donnees chiffn!es sont evaluees en uranium element 
(et non en oxyde U 30 8). 

• Usines de Ia Societe industrielle des Minerais de !'Ouest, 
filiale 50-50 entre les Etablissements Kuhlmann et l'Etat (SIMO). 

' Usine CEA, geree par SIMO. 
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En 1964, 125 t d'uranium seront achetees ou pro
duites directement par les mines du CEA dans la 
Grande-Ile. La production concomitante de thorium 
sera de 312 t. 

D 'une economie difficile, les gisements d 'uranotho
rianite ne peuvent etre exploites qu 'a ciel ouvert. Les 
ressources disponibles sont aussi tn!s limitees et l'epui
sement des reserves economiques est a craindre d'ici 
quelques annees. 

Gabon 

Le gisement de Mounana, decouvert fin 1956, a 
pu rapidement etre mis en valeur malgre les difficultes 
geographiques locales. 11 produit regulierement 400 tfan 
depuis 1962, livrees sous forme de preconcentres a 
30-40%. 

Ces produits d'outre-mer sont traites en France 
afin d'en tirer des concentres habituels : l'usine du 
Bouchet raffine 1 'uranothorianite; 1 'usine de Gueugnon 
(Saone-et-Loire), autrefois construite pour traiter des 
minerais pauvres locaux, mais arretee en raison de sa 
trop petite taille (30 000 tfan) et du procede perime 
qui y etait employe, fut transformee en usine de 
concentration des preconcentres gabonais et livre du 
nitrate d'uranyle. 

Raffinage 

Les concentres a 60 % et le nitrate d 'uranyle sont 
raffines dans deux usines : 1 'une exploitee par le CEA 
au Bouchet (Seine-et-Oise), l'autre par la Societe de 
raffinage d'uranium *, a Malvesi, pres de Narbonne. 

Les productions et achats totaux ont atteint 
1 600 t/an en 1961 et 1962 et furent reduits a 1 500 t/an 
depuis 1963. Cette reduction traduit en fait un effort 
de compression rigoureux (diminution de 40% des 
effectifs miniers), car les programmes initiaux visaient 
2 000 t/an. 

Le coilt moyen est de 115 F/kg d'uranium **. 

RESSOURCES FRAN<;AISES 

La recherche de gisements d'uranium en France a 
ete entreprise en 1946 par le CEA, aux travaux duquel 
sont venus s'ajouter, a partir de 1954, ceux de l'indus
trie privee. 

Cet effort de prospection a ete soutenu sans inter
ruption jusqu'a present, c'est-a-dire pendant pres de 
18 ans. Les sommes investies pendant cette periode, 
en prospection de surface, en sondages et en travaux 
miniers de reconnaissance, peuvent etre evaluees a 
350 MF, dont un peu plus du quart correspond aux 
depenses du secteur prive. L'effort maximum a eu 
lieu dans les annees 1957 a 1959. 

Nous indiquerons ici sommairement les resultats 
acquis jusqu 'a present, c 'est-a-dire les ressources dont 

* Societe d'economie mixte entre CEA (30 %), Saint-Gobain 
(40 %) et Potasse & Engrais chimiques (30 /~). 

** Soit $ 8jlb U30 8 en tenant compte de !'incidence des taxes. 
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nous disposons aujourd'hui pour assurer la produc
tion a venir, et nous evoquerons ensuite les perspec
tives qui subsistent encore et qui justifient la poursuite 
de nos travaux. 

Ressou rces actuelles 

Les ressources fran.;:aises actuellement connues, 
exploitables sur la base du prix de l'uranium dans les 
con centres, fixe a 115 F /kg, sont de 28 000 t de 
metal***' dont un peu plus de la moitie se trouve 
repartie entre les trois districts de La Crouzille (Haute
Vienne), du Forez et de Vendee, que nous avons deja 
cites [1, 2] lors de la Conference de Geneve de 1958. 

Le district de La Crouzille, avec ses trois sieges 
miniers en exploitation (Bessines, Margnac et Fanay) 
aux reserves desquels il convient d'ajouter celles de 
gisements voisins encore tres partiellement reconnus, 
vient en tete avec environ 6 000 t de metal actuellement 
inventoriees (teneur moyenne : 1,28 °/00). 

Le district du Forez, ou les reserves s'elevent a 
5 400 t, dont la plus grande part (4 300 t) sont conte
nues dans un seul gisement (Bois-Noirs) (teneur 
moyenne : 1,80 °/00). 

Le district de Vendee, avec 3 700 _t, dont l'essentiel 
est reparti en cinq gisements (Ecarpiere, Commande
rie, Chapelle-Largeau, Chardon et Dorgissiere) (teneur 
moyenne : 1,02 °/00). 

Les descriptions de chacun de ces gisements ont 
deja ete publiees [3-5]. Nous rappellerons simplement 
qu 'il s 'agit en general de gisements de type filonien, 
encaisses dans des granites, notamment dans des 
granites a deux micas, et localises dans des structures 
tectoniques (failles; zones broyees) dont la geometrie 
peut etre, dans le detail, fort complexe e~ parfois 
donner naissance a des amas. 

11 est interessant d'evaluer les reserves disponibles 
en fonction des « teneurs de coupure ». Le graphique 
de la figure 1 indique scbematiquement cette evolution 
pour chacune des divisions minieres du CEA (seuls 
les principaux gisements ont ete pris en consideration), 
et pour !'ensemble de ces trois divisions (courbe 4 du 
graphique). Ces differentes courbes mettent en evidence 
1 'importante quantite de metal contenue dans des 
minerais dont la teneur est comprise entre 0,8 et 
1,2 ° I oo; c' est dire la grande sensibilite des reserves 
vis-a-vis du prix de 1 'uranium. La teneur de coupure 
en mine (avant travaux preparatoires d'exploitation) 
est actuellement de l'ordre de 0,5 a 0,7 °/oo· Compte 
tenu de 1 'existence des zones a teneurs plus elevees, 
une telle teneur de coupure confere a !'ensemble des 
reserves une teneur moyenne compatible avec les 
criteres economiques d'exploitabilite de ces gisements. 

*** Ce chiffre est Ia somme des tonnages repartis en trois 
categories de certitude : reserves mesurees, reserves probables, 
reserves possibles, intervenant dans le total pour respectivement : 
54 %, 28 %, 18 %. 
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A ce meme type filonien ou en amas appartiennent 
Ies gisements de Lozere (Le Cellier, les Pierres-Plan
tees) de Ia Compagnie fran<;aise des Minerais d'Ura
nium, et ceux de Bretagne (Morbihan) de Ia Societe 
industrielle et miniere de !'Uranium. 

Les deux gisements de Lozere representent, dans 
l'etat actuel des reconnaissances, des reserves globales 
de 4 200 t de metal. Leur production est limitee 
a un niveau bas pour les raisons indiquees au precedent 
chapitre. II est evident que le chiffre des reserves s'en 
trouve influence, et que des tonnages importants sup
plementaires pourront etre pris en compte le jour oil, 
a ces mines, sera associee une usine de traitement. 

Les gisements de Bretagne representent actuellement 
un millier de tonnes de reserves; mais il faut noter 
que les reconnaissances ne sont pas terminees et que 
des ressources supplementaires pourront apparaitre. 

Pour terminer ce tour d 'horizon sur les gisements 
actuellement en exploitation, il faut citer Ie gisement 
de Saint-Pierre-du-Cantal, de Ia Societe centrale de 
!'Uranium et des Minerais radioactifs, dont les reserves 
sont encore de 700 t environ. Rappelons qu'il s'agit 
d 'un gite sedimentaire, dans une formation detri
tique. 

Entin, des reserves supplementaires se trouvent dans 
des gisements qui ne sont pas aujourd 'hui en exploi
tation. Parmi eux citons notamment les schistes noirs 
du massif des Vosges (gisement de Saint-Hippolyte, 
Bas-Rhin) dont les reserves sont estimees a 2 000 t; 
Ies gisements de Lodeve (Herault), dans des formations 
permiennes, oil les travaux de reconnaissance par 
sondages et travaux miniers ont jusqu'a present mis 
en evidence 4 300 t de metal; les gisements de type 
filonien actuellement en cours de reconnaissance par 
Ia Compagnie miniere et metallurgique d'Indochine, 
dans le nord du Limousin, oil apparaissent d'ores et 
deja quelques centaines de tonnes de metal. 

Nous terminerons cette evocation rapide de 

U tonnes U tonnes 
14 000 7000 

6000 12 000 

5000 10 000 

1 Mines de Ia Division de Vendee 

2 Mines de Ia Division de La Crouzille 
4000 3 Mines de Ia Division du Forez -o 8 000 

0 

4 Ensemble des 3 divisions ·;; 
·;; 

3000 
'<; 6 000 
~ , . 

2000 :.; 4 000 
E 

~ ~ 
w 

1000 2 000 

T eneur (0 /o o) 

Figure1. Reserves d'uranium en fonction de Ia teneur de coupure 
dans les principaux gisements ouverts des Divisions minieres 

du CEA 

nos ressources actuelles en indiquant que, si l'on 
rapporte le montant global des investissements de 
recherches (prospection, sondages, reconnaissance 
miniere) au potentiel global actuel (ressources a 
exploiter + tonnage deja exploite) le cout de Ia 
recherche ressort a 9 F par kilo de metal. II convient 
cependant de preciser qu'a ce chiffre correspondent 
des ressources qui sont a des stades de reconnaissance 
plus ou moins avances et que, pour les amener toutes 
a la categorie des reserves mesurees pretes a etre 
exploitees, ce cout des recherches par kilo de metal 
passe generalement de 9 a 15 F/kg d'uranium. 

Perspectives 

Malgre 18 annees bient6t d'une prospection syste
matique a Iaquelle sont venus s'ajouter des 1948 des 
travaux de reconnaissances minieres et d'exploitation, 
il est permis d'attendre encore un certain accroisse
ment de nos ressources. 

Jusqu'a ces dernieres annees, Ia cadence et les 
methodes de Ia prospection, orientes surtout vers les 
formations cristallines, ont ete determinees par un 
compromis entre le souci de decouvrir les zones qui 
semblaient a priori Ies plus favorables et Ia necessite 
de creer rapidement des structures de production. De 
ce fait, pendant de nombreuses annees, seules les 
mineralisations qui en surface paraissaient Ies plus 
symptomatiques de gisements importants ont ete 
retenues, etudiees et mises en valeur : ainsi sont nes, 
tant au CEA que dans Ie secteur de l'industrie privee, 
les sieges miniers aujourd'hui en production. Or, nous 
n'estimons pas avoir de criteres geologiques ou metal
logeniques suffisamment precis et stirs pour admettre 
qu'a de nombreux indices superficiels, sans doute 
moins beaux ou moins evidents que les precedents, 
ne correspondent pas, dans certains cas, des gisements 
d'importance industrielle. En outre, aux techniques 
de Ia radiometrie classique sont venues s'ajouter les me
thodes geophysiques, emanometriques et geochimiques. 

De nouvelles ressources peuvent apparaitre dans 
des formations sedimentaires, oil se tient pour le 
moment le quart environ de nos ressources. 

Entin, un accroissement notable de ressources doit 
etre attendu de Ia reconnaissance en extension laterale 
et en aval-pendage dans Ia plupart des gisements 
aujourd'hui en exploitation. L'exploitation, par les 
guides nouveaux qu'elle met en evidence, permet 
d'augmenter d'annee en annee le potentiel de Ia plu
part de nos gisements. Le graphique de la figure 2 
met en evidence cet accroissement pour quelques 
gisements du CEA. Pour donner a chacune de ces 
courbes toute sa signification, il faudrait bien sur 
indiquer correlativement Ia cadence des travaux de 
reconnaissance; nous n'entrerons pas ici dans ces 
details : Ie fait important qui apparait est I 'allure encore 
ascendante des courbes propres a Ia plupart de ces 
gisements. Compte tenu des programmes de reconnais-
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Figure 2. Evolution annuelle du potentiel (reserves + exploite) 
de quelques gisements 

sance qui restent a n~aliser tant dans les extensions 
laterales que vers l'aval, il est vraisemblable que le 
phenomene que no us constatons aujourd 'hui se pour
suivra pendant quelques annees encore. 

II est certes fort delicat de prejuger des resultats que 
pourront nous apporter dans l'avenir !'ensemble de 
ces travaux de prospection et de developpement. Dans 
le cadre d'une economie d'exploitation fondee sur un 
prix de 115 Fjkg d'uranium et, compte tenu de l'etat 
actuel des techniques de prospection, il serait certaine
ment peu realiste - et ce sera Ia notre conclusion -
d 'esperer porter nos ressources actuelles (28 000 t) 
a un ordre de grandeur superieur a environ 50 000 t. 

BESOINS FRAN<;AIS 

On sait qu 'actuellement cinq centrales electriques 
nucleaires [en plus de celle de Marcoule : 80 MW(e)] 
sont, soit en debut d 'exploitation : EDF1, EDF2, 
soit en construction : EDF3, EL4 et EDF4. A Ia 
mise en service de cette derniere en 1968, Ia puissance 
electrique nucleaire installee atteindra 1 200 MW(e) 
dans Ia filiere graphite-gaz-uranium nature!, auxquels 
il faudra ajouter la part fran~;aise de Ia centrale franco
beige de Chooz [120 MW(e)] et la centrale prototype 
a eau lourde EL4 [70 MW(e)], ces deux dernieres etant 
alimentees en uranium enrichi. 

Si le programme definitif des centrales ulterieures 
n'est pas encore totalement precise, on peut tenir 
pour certain qu'a partir de l'annee 1970 entreront en 
service 500 MW(e) nouveaux par an. 

La competitivite plus ou moins grande qu'aura 
alors atteint l'energie nucleaire permet d'envisager 
que, des 1974, le nombre de groupes de 500 MW(e) 
mis en service chaque annee augmenterait d'une unite, 
dans le cas le plus favorable. 

Ainsi, en 1980, la puissance nulceaire installee 
variera, selon les hypotheses, de 8 500 a 16 000 MW(e), 
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couvrant les besoins electriques a raison de 15 a 30 %, 
l'accroissement annuel etant assure par le nucleaire 
a raison de 30 a 90 %. 

II est suppose pour !'instant que presque toutes ces 
centrales appartiendront a la filiere actuelle uranium 
naturel-graphite-gaz. 

Le calcul des consommations depend de plusieurs 
facteurs : 

a) Economiques : Traduits par Ia large fourchette 
des previsions ci-dessus; 

b) Nuc!eaires : On espere porter le taux de combus
tion de 3 500 a 5 000 MWjjt. Sur une aussi longue 
periode, des changements de filiere sont certes pos
sibles : 1 'introduction de 1 'uranium enrichi n 'apporte 
pas de modification sensible, les taux de combustion 
plus eleves etant compenses par les pertes des usines 
de separation isotopique; les reacteurs a uranium 
nature! et eau lourde diminueraient fortement les 
be so ins en uranium, d 'un facteur 2 a 3 pense-t-on, 
mais il est probable que l'avance prise actuellement 
par les reacteurs graphite-gaz limitera !'incidence sur 
Ia consommation en 1980 de !'introduction, forcement 
tardive, d'une filiere aussi nouvelle. 

Les calculs faits dans les deux hypotheses extremes 
du developpement de Ia filiere graphite-gaz donnent 
les resultats rapportes dans le tableau 2. Les ordres 
de grandeur des consommations sont peu differents 
dans leur valeur elevee : 6 600 a 8 600 tjan en 1985 *. 

Tableau 2. Consommations annuelles 
d'uranium naturel 

Consommations en tonnes U 
Par an 

Programme nuclCaire 

1975 1980 1985 

Developpement rapide (5 000 MWj/t) 1 800 4 800 8 600 
Developpement lent (3 500 MWjjt) . 1 400 2 600 6 600 

Or, comme il a ete dit ci-dessus, on estime qu'il 
serait imprudent d'evaluer les ressources metropoli
taines actuellement a plus de 50 000 t, dont l'epuise
ment a cadence raisonnable, 30 a 50 ans, correspond 
a une production de 1 200 tfan. 

La France ne peut done compter sur son seul terri
toire metropolitain pour assurer !'alimentation de ses 
futures centrales electriques et elle doit rechercher des 
ressources exterieures nouvelles importantes pour 
faire face a une valeur elevee toujours croissante de 
sa demande. 

EXTENSION EUROPEENNE 

Un document fort important fut publie en 1963 
par la Communaute europeenne de l'energie ato-

* Y compris les premieres charges, mais exclu I 'uranium 
nature! necessaire a l'enrichisserrient pour les deux reacteurs 
a uranium enrichi (Chooz, EL4). 
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mique [6]. Un travail commun entrepris dans Ie cadre 
de l'Agence d'approvisionnement chercha a definir 
quelles pourraient etre les tendances a long terme de Ia 
consommation mondiale face aux ressources connues. 
II fit apparaitre essentiellement des possibilites d 'un 
desequilibre mondial entre demandes et offres sur 
Iesquelles nous reviendrons. 

L'Europe est certainement Ia zone d'election pour 
le developpement de l'energie electrique atomique, en 
raison de Ia cherte relative de I' energie classique, de Ia 
rarefaction des sources d 'approvisionnement tradi
tionnelles ( essentiellement charbon *), de I 'impor
tance de son reseau de distribution electrique qui peut 
supporter sans difficulte I 'insertion des tres grosses 
unites de production [500-1 000 MW(e)] generalement 
exigees pour Ia competitivite du nucleaire. 

Cependant, Ies ressources en uranium de notre petit 
continent sont certainement limitees : 50 000 t aujour
d'hui en France, des possibilites en Allemagne et en 
Italie, sans oublier Ia peninsule Iberique, qui fut de 
tout temps un producteur d'uranium. 

Ces ressources ne sauraient alimenter les puissants 
programmes d'energie nucleaire consideres en Europe, 
qui sera ainsi un client des fournisseurs et producteurs 
du reste du monde : sa consommation atteindra sans 
doute Ia moitie de Ia demande internationale, evaluee 
a 35 000 a 50 000 tjan vers 1980. 

Un autre document important, publie par Ia United 
States Atomic Energy Commission [7], conclut a Ia 
necessite a long terme de Ia surgeneration; dans les 
conditions actuelles de leur utilisation, les ressources 
en uranium du monde accessibles aux prix actuels de 
l'ordre de 115 F/kg d'uranium ou $ 8/lb U30 8 per
mettent Ia competitivite du nucleaire classique mais 
ne constituent qu'un appoint : evaluees en energie 
recuperable, elles representent seulement une fraction 
des ressources contenues dans Ies combustibles fos
siles : charbon, hydrocarbures. 

Cependant, on sait que I 'insertion de Ia surgenera
tion dans l'energie atomique sera tres progressive et 
interessera assez peu notre generation : 

a) D'une part, seulement vers 1980, les divers pro
totypes de surgenerateurs auront-ils atteint un stade 
de developpement tel que leur replique en un grand 
nombre d'unites industrielles de puissance sera pos
sible; 

b) D'autre part, il faut, a l'evidence, des quantites 
importantes de plutonium pour alimenter ces reacteurs. 
Or, M. Gibrat I'a demontre dans une communication 
recente [8], Ia simple consideration de 1 'equation tra
duisant I 'egalite des quantites de plutonium charge 
dans les surgenerateurs et produit dans Ies reacteurs 
primaires montre que le taux de penetration de Ia sur-

* Les incidences reelles des decouvertes recentes du gaz 
nature! de Hollande ne peuvent encore etre mesurees; il n'appa
rait pas toutefois qu'elles puissent changer les dimensions du 
probleme energetique europeen. 
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generation atteindrait dans les meilleurs cas 50 %. 
Ce resultat, satisfaisant dans I 'abstraction des 

chiffres, s 'insere concretement dans un cadre moins 
plaisant : si l'on admet qu'a l'epoque oil Ia surgene
ration aura atteint cette limite industrielle, vers Ia fin 
du siecle, Ia consommation en energie electrique 
continuera de doubler to us les 10 ans, les reacteurs 
primaires atteindront, en l'an 2010, Ia puissance ins
tallee qu'ils auraient du atteindre en l'an 2000 sans 
surgeneration. 

Celle-ci ne supprime pas Ie probleme difficile de 
I 'approvisionnement en uranium des centrales 
nucleaires : elle apporte seulement un sursis d 'au plus 
une dizaine d 'annees d 'ici 40 ans. 

Le rapport du President de Ia United States Atomic 
Energy Commission deja cite demontre Ia necessite 
pour les seuls Etats-Unis de disposer d'ici Ia fin du 
siecle de 1 100 000 t de U30 8 en reserve (800 000 t U). 
Une extrapolation facile au monde « occidental » 
evalue ses besoins a plusieurs millions de tonnes 
d 'uranium a trouver dans les gisements a mettre en 
exploitation avant Ia fin du siecle. 

Ce chiffre est corrobore par les calculs que l'on peut 
faire dans le cas de Ia France : nous arrivons pour 
notre pays a Ia conclusion que Ies consommations 
cumulees de l'energie atomique electrique, augmentees 
des reserves necessaires en l'an 2000 pour assurer 
I 'approvisionnement des centrales alors existantes, 
devraient etre, sui.vant Ies hypotheses de developpe
ment de l'energie nucleaire, de 150 000 a 300 000 t 
d'uranium. 

Sauf faits nouveaux que fera apparaitre cette Confe
rence, Ies reserves totales du monde libre semblent 
etre actuellement de l'ordre d'un demi-million de 
tonnes d 'uranium, comme indique dans le tableau 3, 
extrait du rapport deja cite de I 'Euratom, etabli a 
partir de documents publies par les pays interesses. 

Tableau 3. Reserves contenues d 'uranium 
au 1•• janvier 1962 

(extrait du rapport EURATOM cite sous reference [6]) 

Etats-Unis d'Amerique . 
Canada .... 
Afrique du Sud 
Autres pays . 

TOTAL ... 

Minerai 
(millions 

de tonnes) 

64 
143 
680 

u metal 
(t metrlques) 

130000 
145 000 
115000 
60000 

450 000 

Ces evaluations sont faites, a notre connaissance, 
pour de }'uranium livrable en concentres a$ 8/Ib U30 8• 

II est evident qu'une reevaluation faisant appel a 
de plus hauts prix, done a de plus basses teneurs, se 
traduirait par une augmentation massive des reserves 
que l'on connait mal : sauf quelques cas particuliers, 
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les gisements a plus faible teneur n, ont pas ete etudies 
serieusement *. 

Cependant, encore ace jour, les projets de develop
pement de l'energie electrique nucleaire sont souvent 
bases sur des coilts plus faibles. Nombreuses par 
exemple sont les etudes qui prennent en consideration 
un uranium a $5/lb ou $6/lb U30 8• Sont-elles bien 
realistes? 

CONCLUSION 

Sans jouer au devin, il est prudent, mais difficile, 
de chercher a prevoir 1 'avenir. 

A l'epoque presente de surproduction, d'extraction 
limitee aux reserves riches, de fermeture des mines, 
succedera des 1970-75 1 'augmentation necessaire des 
productions annuelles. D'abord il suffira de rouvrir 
les mines abandonnees, mais bien avant 1980 il aura 
fallu mettre en exploitation de nouveaux gisements, 
construire de nouvelles mines et usines puisque la 
demande du monde occidental excedera Ia capacite des 
installations actuelles atteinte en 1960-61. 

Les prix se stabiliseront, ecarteles entre la situation 
facile des mines restees en exploitation et totalement 
amorties et les exigences economiques de l'ouverture 
des nouvelles mines. II est trop tot pour etre pessi
miste, mais $ 8/lb U30 8 est certainement !'optimum 
esperable pour le producteur d'energie electrique 
nucleaire. 

Au dela, 1 'incertitude Ia plus complete regne : 
fera-t-on des decouvertes minieres extraordinaires, ou 
plus simplement les mecanismes d 'equilibre pro pres 
au nucleaire (choix des filieres, recyclage du pluto
nium) joueront-ils? et surtout le monde sera-t-il 
capable de doubler, tripler ou quintupler dans des 
regions vierges les reserves actuelles dont la mise en 
evidence exigea 10 ans d'efforts soutenus, partant 
d'indices connus? 

Nous devons etre optimistes, mais avec vigilance, 
et une vision claire de Ia situation future s'impose ala 
France, aux pays europeens aussi, qui ne pourront 
plus guere compter sur les ventes des gros producteurs 
nord-americains, sans doute accapares alors par la 
demande enorme de leur propre continent. 

Nous pla~;ant dans cette optique, il nous parait 
done indispensable de participer des maintenant a la 
decouverte de nouvelles provinces uraniferes, a l'exte
rieur du continent europeen, et notamment en Afrique, 
pays immense et mal connu. 

L'action du CEA sur ce continent remonte a sa 
creation en 1946. La precision progressive des guides 

* Sauf quelques gros gisements, gisements d'ailleurs tres 
differents de ceux actuellement exploites, avec des teneurs de 
quelques centaines de ppm d'uranium, entrainant des prix 
3 a 5 fois plus eleves que les prix actuels. 
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geologiques permit successivement les decouvertes de 
l'uranothorianite malgache et de !'uranium gabonais, 
mais jusqu'a ce jour aucune province uranifere veri
table n'a ete trouvee. Nos efforts furent renforces des 
1954, et orientes specialement vers les series precam
briennes ou les formations continentales largement 
representees sur ce continent. 

Aujourd 'hui des indices dans Ia Republique Centra
fricaine et dans la Republique du Niger prouvent la 
justesse des vues geologiques, mais il reste encore a 
prouver 1 'existence de ressources economiques, tres 
dependantes de la situation geographico-economique. 

Cependant, nous sommes suffisamment encourages 
pour continuer, en souhaitant que notre effort pour 
degager des ressources nouvelles ne sera pas unique 
dans le monde. Nous savons d'ailleurs que des efforts 
paralleles se manifestent sur d'autres continents. 

Mais en fait, nous devons bien avouer notre grande 
anxiete devant l'enormite du programme nucleaire 
mondial et devant la confiance sans doute inconsciente 
faite aux geologues et mineurs : ne leur demande-t-on 
pas d 'assurer dans les prochaines decennies un pro
gramme d'approvisionnement d'une ampleur jamais 
approchee, meme de loin, par aucune industrie 
miniere metallique, en un aussi court laps de temps. 

Cette Conference devra etre celle de la prise de 
conscience de cette realite. 
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A;72 France 

Why exploration for uranium must go on 

By J. Mabile and A. Gangloff 

At the Second United Nations International 
Conference on the Peaceful Uses of Atomic Energy 
(Geneva, 1958), an account was given of the hopes 
placed in French uranium resources, and of the work 
in hand on projects for mines and concentration plants. 
But even though the French soil kept its promises, 
production has been restricted because of the risk 
of massive over-production. Moreover, worldwide 
production surpluses allay any immediate worries 
about the continuity of supplies. 

Even so, at the rate of exploitation that can be 
reasonably foreseen, France's uranium potential seems 
to be limited, guaranteeing only a few decades of 
production. 

The situation is even more serious for Europe as a 
whole, at the very time when the use of atomic energy 
is beginning to expand rapidly. 

On the world basis, it is to be expected that, as a 
result of the closing down of mines, a balance between 
production and demand will be reached within ten 
years, after which it will be an easy matter to increase 
production by reopening temporarily shut-down mines. 
But by 1980 demand will exceed the maximum pro
duction capacity installed in 1960-1961. Finally, 
towards the end of the twentieth century, a gap will 
open between the uranium reserves required at that 
time and those which have been discovered in the 
world so far by virtue of the considerable efforts in 
prospecting made between the years 1948 and 1958. 

It follows that there is no time to be lost in 
endeavouring to discover new resources either in coun
tries not yet prospected, or by the use of more sensitive 
methods of detection. Failing this, the uranium market, 
badly shaken by current over-production, will undergo 
new crises if the mining industry is not fully prepared, 
and well in advance at that, for a rapid exponential 
expansion after 1975-1980. 

A/72 IDpaHL!HR 

no4eMy HY}KHO npOAOnmaTb noHCKH 
ypaHa 

m. Ma6Hnb, A. raHrno~ 

Ha BTopoil IReHeBciwil RoH<flepeH~HH B 1958 ro
ll.Y 6hiJIH BhiCRaaaHhl 60JibillHe Hall,eil\ll,hl Ha <flpaH-

~Y3CI\He ChlpbeBhle pecypCbl ypaHa H Ha <flpaH~Y3-
CRHe PYll.HHRH H aaBOll,bi. 0[1,HaRo onacHOCTb 6oJIL
rnoro nepenpOH3B0[1,CTBa npHBeJia R CORpa~eHIUO 
npOMblillJieHHOI'O ITpOH3B0[1,CTBa, HeCMOTpH Ha TO 
'ITO <flpaH~yacRne MecTopomll,eHHn: ypaHOBbiX PYll. 
IT0[1,TBep[1,HJIH CaMhle OITTHMHCTH'feCRHe npell,ITOJIO
il\eHHH. Mem11.y TeM, MnpoBLie H3JIHillRH npona
BOll,CTBa IT03BOJIHIOT pemaTb Hacy~Hbie 3a[1,a'IH 
o6ecne'feHHH ITOTpe6HOCTeH B ypaHe. 

Oll,HaRo aanacLI ypaHa Bo Cl>paH~HH no caMLIM 
peaJibHbiM npe[1,ITOJIOiKeHHHM npell,CTaBJIHIOTCH 01'
paHH'feHHbiMH H MOI'YT o6ecne'fHTb IIpOH3BOll,CTBO 
TOJILRO Ha HeCROJILRO ll,eCHTROB JieT. TaRoe noJio
meHne npell,cTaBJIHeTcn: e~e 6oJiee cepbe3HhiM ll,JIH 

BCeil EBpOITbl ll,ail\e ceil'faC, ROI'll,a Mhl HBJIHeMCH 
CBHll,eTeJIHMH 6biCTpOI'O pa3BHTHH aTOMHOH npo
MblillJieHHOCTH. 

B MHpOBOM MacmTa6e MOiKHO OiKHll,a Tb, 'ITO B 
peayJILTaTe aaRpbiTHH PYll.HHROB paBHoBecne Mem
ll.Y npOH3BOll.CTBOM H ITOTpe6JieHHeM 6yll.eT ycTa
HOBJieHO 'Iepea ll.eCHTb JieT, ITOCROJibRY R TOMY Bpe
MeHH pOCT npOH3BOll.CTBa 6yll.eT ocy~eCTBJIHTbCH 
aa c'feT OTRpbiTHH PYll.HHROB, aaRoHcepBHpoBaH
HLIX B HaCTOH~ee BpeMn:. Oll.HaRo c 1980 roll.a 
cnpoc 6yll.eT onepemaTL MaRCHMaJILHoe npoH3BOll.
CTBO ypaHa, ycTaHOBJieHHOe B 1960--1961 I'Oll.aX. 
M, HaRoHe~, R ROH~y CTOJieTHH B03HHRHeT ll.HCnpo
nop~HH MeiKll.Y He06XOll.HMbiMH pecypcaMH ypaHa 
H aanacaMH, yme OTRpbiTbiMH BO BCeM MHpe ~eHoii 
3Ha'fHTeJILHhlx ycnJIHil aa 1948--1958 rOll.bl. 

floRa e~e He O'feHb IT03ll.HO 3aHHTbCH ITOHCRa
MH HOBbiX MeCTOpOiKll.eHHM RaR B e~e Hepa3Bell.aH
HbiX paMOHax, TaR H ycoBepmeHCTBOBaHireM MeTO
ll.OB pa3Bell.RH B CTapbiX pailoHaX, 6e3 qero pbiHOR 
ypaHa, ITOTpHCaeMbiH HbiHeillHHM nepenpOH3BOll.
CTBOM, CHOBa ORail\eTCH B TPYll.HOM ITOJIOiKeHHH, ec
JIH ropHOPYll.H3H llpOMblillJieHHOCTb 3apaHee He 
IIOll.I'OTOBHTCH R 6LICTpOMY nporpeccy ITOCJie 
1975--1980 rop;oB. 

A/72 Francia 

Por que continuar buscando uranio 

por J. Mabile y A. Gangloff 

En Ia Conferencia de Ginebra de 1958 se manifesto 
que se tenian depositadas las esperanzas en los recursos 
franceses de uranio, y en la producci6n de las minas 
y de las fabricas en explotaci6n. El riesgo de una 
superproducci6n masiva ha obligado a limitar la 
producci6n, mientras que el subsuelo frances confir
maba sus promesas. Por otra parte, los excedentes de 
la producci6n mundial disipan las preocupaciones por 
el abastecimiento a corto plazo. 

Sin embargo, las reservas de uranio francesas pare
cen limitadas, no asegurando la producci6n mas que 
para algunos decenios. 
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Este desequilibrio es mas grave todavia para. el 
conjunto europeo, en el mismo momento en que 
comienza la rapida expansion de la energia at6mica. 

En un plano mundial se puede considerar que, 
como consecuencia del cierre de algunas minas, se 
alcanzara en diez aiios el equilibrio entre la producci6n 
y el consumo; despues se podra aumentar la produc
ci6n facilmente reanudando Ia explotaci6n de las 
minas cerradas provisionalmente. Pero desde 1980, la 
demanda sobrepasara la capacidad de producci6n 
maxima instalada en 1960-1961. Finalmente, hacia 
finales de siglo, existira una desproporci6n entre las 

J. MABILE et A. GANGLOFF 

reservas de uranio necesarias y las que se han descu
bierto en el mundo hasta el momento, como conse
cuencia de los esfuerzos considerables de los aiios 
1948-1958. 

Ya es hora de preocuparse por descubrir nuevas 
reservas : ya sea en paises en los que todavia no se han 
efectuado prospecciones, ya sea mediante la utilizaci6n 
de metodos mas finos.' De lo contrario, el mercada 
del uranio, sobre el que repercute la superproducci6n 
actual, tropezara con nuevas dificultades si la industria 
minera no se prepara con bastante antelaci6n a una 
progresi6n exponencial rapida despues de 1975-1980. 
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Fuel resources and availability 
for civilian nuclear power, 1964-2000 

By R. L. Faulkner and W. H. McVey* 

This conference comes at an opportune time to 
assess the expected availability of nuclear fuel to 
meet projected requirements. Military needs are no 
longer governing, and the rate of development of 
civilian nuclear power is now of dominant importance 
in determining future requirements for uranium. 
The sudden and dramatic decrease in the capital 
cost of nuclear electric plants employing light water 
reactors and the resultant drop in total estimated 
nuclear power costs have probably made most earlier 
nuclear power growth forecasts obsolete. The decrease 
in cost makes large nuclear power stations competitive 
with those using conventional fuels in many additional 
areas in the United States and throughout the world. 
Recognizind that the cost of producing power is only 
one of a number of factors in making a choice now 
between conventional and nuclear fuel, and between 
types of nuclear reactors, it nevertheless seems evident 
that in the long run the choice will be dictated by eco
nomics. Planners everywhere must take note of these 
developments. · 

Many changes have taken place since the first 
Conference on Peaceful Uses of Atomic Energy held 
in Geneva nearly ten years ago. In a paper presented 
in 1955 [1], the United States described the success 
of the western nations in finding uranium deposits 
and developing uranium production. Since that time 
many new uranium deposits have been brought into 
production throughout the world. Metallurgical 
processes have been refined to reduce costs and 
_improve extraction. Extensive studies of the geology 
and mineralogy of uranium deposits have led to new 
concepts which already have proven their worth and 
promise to aid in the discovery of new deposits to 
meet future needs [2 ]. 

On the basis of developments to 1955, and geo
logical evidence then available, resources of the pro
ducing nations of the West were estimated to be 
between 1.106 and 2.106 tons [I]. [All tons are short 
tons of 2 000 pounds (907.2 kg) U30 8.] Developed 
reserves at that time were estimated at 500 000 tons; 
known United States reserves were less than 70 000 
tons. These figures related to uranium ores from which 

* U. S. Atomic Energy Commission, Washington, D. C. 
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high-grade concentrates could be produced at a cost 
of about $10 per pound of U30 8 or less. The review 
indicated that there were extensive deposits of uranium 
throughout the world, that production already develop
ed was adequate for a major nuclear power program 
and that additional production could be obtained when 
needed. The observation was also made that when the 
vast low-grade resources were required, more efficient 
use of nuclear fuel through improved conversion or 
"breeding" might offset the higher uranium cost. 

By 1958, annual production· rates of the major 
producers, the United States, Canada and South 
Africa, had reached about 15 000, 13 000, and 6 000 
tons respectively. Australia, the Congo and France had 
a combined production of about 3 000 tons per year. 
Although total world production was expected to 
increase moderately and level off at 40 000 tons 
U30 8 annually, several of the uranium producing 
countries were concerned over the probable short 
term problem of production in excess of requirements; 
some of these countries were already considering 
plans to limit production. 

Nevertheless, production continued to expand under 
previously planned programs. It reached its peak 
of about 43 000 tons U30 8 in 1959 and since 1960 
has been trending downward. Because of the temporary 
shrinkage in markets, exploration and development 
of new deposits has been at a virtual standstill in 
the United States and in most of the other major 
producing countries. As a result, less uranium has 
been discovered in the past few years than has been 
mined. This fact alone would have sufficed to bring 
about a reduction in world reserves, estimates of which 
reached a maximum of somewhat more than one 
million tons in 1958. Of greater importance, however, 
a number of countries have reviewed their ore reserves 
and have refined their estimates or reduced them to 
conform to the economics of producing uranium to 
sell at $8 a pound. Consequently, estimated world 
reserves had declined to about 600 000 tons at the 
beginning of 1964. A further decline in reserves over 
the short term future is in prospect. Few companies 
have been inclined to use their financial resources 
to search for new deposits until they can see more 
clearly when the uranium will be needed. 
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World uranium production is expected to continue 
to decline from the present level of about 20 000 tons 
U30 8 per year to about 14 000 tons annually by 1970. 
From that date forward production must rise sharply 
to meet projected nuclear fuel requirements. Thus, 
we find ourselves in a paradoxical situation in which 
it is evident that a vigorous search for new deposits 
should not be long delayed but, notwithstanding this, 
active exploration is being restrained by the existence 
of over-capacity in the uranium mining and milling 
industry. The nuclear power growth projections given 
in this paper clearly herald a spectacular growth for 
the nuclear industry and in requirements for new 
uranium production. It follows that new deposits 
will be needed in the 1970s to sustain uranium produc
tion at adequate levels. 

Current forecasts of nuclear power installation in 
the next few years show little change over previous 
studies. However, longer range projections are much 
more optimistic than those previously made. This 
optimism, we believe, is fully justified and stems from 
the promise of competitive power costs using large 
light water reactors fuelled with enriched uranium 
such as the plant ordered earlier this year by Jersey 
Central Power and Light Company from General 
Electric Company. General Electric will build the 
515-640 electrical megawatt [MW(e)] plant at Oyster 
Creek, New Jersey, at a cost of a little less than 
$105 per kilowatt of installed electrical generating 
capacity if the maximum estimated output of 640 mega
watts can be obtained. Jersey Central estimates that 
the total cost of generating electricity will be in the 
neighborhood of 4 mills/kwh. The new, optimistic 
estimates of lower costs are due at least in part to 
the larger size equipment (especially pressure vessels) 
which can now be manufactured and hence the larger 
size stations which can be constructed and integrated 
into interconnecting systems. 

In applying economics such as these outside the 
United States, consideration has been given to the 
fact that European power systems, with less extensive 
interconnections, have more limited opportunities 
for plants in the 500-600 megawatt range. However, 
even small reactors using enriched uranium are now 
of interest. For example, the 150-160 MW(e) reactor 
expected to be sold by Westinghouse to Spain for 
$30 million is comparable in economic importance 

Table 1. Installed electric utility generating capacity 
(thermal capacity only in 1 000 MW(e)a 

1962 1970 1975 1980 

USA 154 257 354 472 
Western Europe (including 

UK) 111 180 230 300 
Other non-communist 

countries. 61 117 171 240 

Total 326 554 755 1012 

• Installed capacity, including hydroelectric, obtained from refe· 
rences [3-5] has been adjusted to eliminate hydroelectric installation, 
based on information obtained from the Bureau of Power, Federal 
Power Commission [18, 19, 20]. 

in its size class to the Oyster Creek reactor. Such 
costs allow the extension of optimism outside the 
United States and have been reflected in the range of 
the forecasts. Since there has been relatively little 
time to assess fully the possibilities outside the United 
States, our projections of enriched uranium usage 
still may be low. 

Through 1980 most of the nuclear power stations 
built will probably be thermal converter reactors 
using, primarily, enriched uranium and plutonium 
recycle, while after 1980 fast reactors utilizing pluto
nium recycle may well become dominant. Thermal 
thorium breeders also should become increasingly 
important. Although breeder reactors may appear 
before 1980, their impact on uranium requirements 
to that date is not expected to be significant. 

Table 1 shows projected installed electric generating 
capacity in the non-communist world through 1980. 
The estimates for the United States are Federal Power 
Commission figures published in its 1963 Annual 
Report [3]. Figures for the rest of the world are by 
Adams [4] and by the United Nations Economic 
Commission for Europe [5]. It will be seen that very 
large additions to generating capacity are forecast 
throughout the world, particularly in those nations 
already highly industrialized. 

Table 2 shows projected nuclear generating capacities 
for various areas of the non-communist world and 
the basis on which the projections were prepared, 
namely: 

(a) Data obtained from the US Federal Power 
Commission staff in June 1962, from the US FPC 
Advisory Committee Report No. 13 of June 1963, 

Table 2. Installed nuclear generating capacity in MW(e) 

Calendar year 

1964 1970 1975 1980 

USA. 940 6000-7000 21 000-37 000 60 000- 90 000 
Other non-communist world. 3 250 14000-15 000 35 000-50 000 80 000-110 000 

Total non-communist world. 4 190 20 000-22 000 56 000-87 000 140 000-200 000 
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and from the US FPC Annual Report for 1963 [3] 
have been used to estimate growth of power from 
large steam-electric plants in 48 power supply areas 
of the United States. Judgments have been made for 
the two periods 1970 to 1975 and 1965 to 1980 as 
to the likelihood of nuclear plants being installed in 
these areas, leading to the range of megawatts given 
in Table 2. 

(b) For the rest of the non-communist world, 
references cited [7-15] and other recent studies indicate 
a growth of nuclear power from 1970 to 1980 at about 
the same rate as that predicted for the United States. 
However, this growth starts from a higher level abroad 
in 1970, estimated to include about 9 000 MW(e) 
of normal uranium reactors and 5 000-6 000 MW(e) 
of enriched-uranium reactors. 

(c) In order to translate these power growths to 
U30 8 requirements, it has been assumed that all 
US plants and all plants installed abroad after 1975 
will utilize enriched uranium. It has also been assumed 
that all enriched uranium plants will recycle plutonium 
after mid-1972. We believe, however, that the range 
in the estimated requirements is broad enough to 
accommodate other likely types of reactors. 

Because the differential between conventional and 
nuclear power costs is small in many areas, small 
changes in the cost of either may result in rather large 
changes in the rate of growth of nuclear power. The 
broad range in Table 2 reflects this fact. The figures 
for the United States may be compared with the fore
cast in the 1962 Report to the President by the Atomic 
Commission [6] of 16 000 MW(e) by 1975 and 40 000 
by 1980. 

Estimates for the United States were made on the 
basis of an area-by-area examination. Forecasts for 
the rest of the world, exclusive of communist nations, 
drew upon data from several published sources [7-
15]. When available, published information was used 
to estimate the split in the future between reactors 
using slightly enriched uranium and reactors using 
normal uranium. In matter of fact, however, the more 
important variable is the neutron moderation used; 
that is, heavy water moderation can significantly 
reduce uranium requirements over light water or 
graphite moderation, as discussed later. In general, 
it was assumed that a large proportion of the power 
generation from nuclear plants would come from those 
using slightly enriched uranium with light water 
moderation. The uncertainty in the choice of reactors 
is much less significant in estimating requirements 
for virgin uranium than the uncertainty regarding the 
nuclear share of the total power market. 

The estimate of nuclear capacity for the non
communist world given in the Euratom report [7] 
for 1980 was 117 000 megawatts. Although the figures 
for installed nuclear capacity in Table 2 cover a wide 
range, we believe that the lower figure is conservative 

and that in the absence of unforeseen adverse develop
ments, nuclear growth and uranium requirements to 
supply new reactors may approach and possibly 
exceed the high figure. Estimates by the General 
Electric Company and Westinghouse Electric Corpora
tion of the growth of nuclear power in the United 
States as reported in the press [16] are comparable to 
or higher than any of the figures given for 1980 in 
Table 2. General Electric has predicted installed 
nuclear generating capacity in the US for various 
periods between 1968 and 1980 which indicate a 
total installed nuclear capacity by 1980 of about 
82 000 MW(e), while Westinghouse's figure based 
on 60% of installed capacity beginning in 1969 equates 
to more than 100 000 MW(e). 

Megawatts of installed capacity can be translated 
into needs for uranium once reactor characteristics 
have been assumed. We have assumed that reactors 
using enriched uranium will be light water cooled 
and moderated, pressurized or boiling, using fuel clad 
with zirconium or its alloys. Reactors using natural 
uranium are assumed to be either graphite moderated, 
gas cooled, or heavy water cooled and moderated. 
The approximate uranium requirement per megawatt 
of installed capacity for inventory and burn up is 
given in Table 3 for these types of reactors; the inven
tory contains allowances for spare fuel and for material 
in process, both new and irradiated, that is, material 
in the "pipeline". Although other types of reactors 
undoubtedly will be used also, the resulting variation 
in uranium requirements is expected to be within the 
degree of precision of the estimates. In estimating 
requirements in this paper a fuel withdrawal and return 
schedule was set up for each type of reactor. In this 
way the pipeline is taken into account automatically 
and realistically with regard to time. It will be noted 
from Table 3 that enriched uranium reactors and gas 
cooled normal uranium reactors require somewhat 
more U30 8 per megawatt than those using heavy water 
moderation. In spite of the larger amounts of uranium 
required, and hence higher cost of inventory, reductions 

Table 3. Approximate uranium usage in reactors 
per unit powera 

Inventory (short tons 
U30 8/MW(e)) . . 

Burn-up (short tons 
U30 8/MW(e) yr). 

Water cooled 
and D 20 cooled 

moderated, and 
zirconium moderated c 

clad 0 

1.0 0.3 

0.2 0.2 

Gas cooled 
graphite 

moderated d 

1.1 

0.3 

a The average uranium usage has been reduced in the 1970-
1980 period to reflect plutonium recycle. 

0 Using enriched uranium and based on tails from isotope separa
tion plant at 0.253% 235U. 

' Using normal uranium or slightly enriched uranium. 
" Using normal uranium, relatively low burn-up in MWd/ton. 
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Table 4. Estimated uranium requirements (short tons U30 8) 

USA . . . . . . . . . . . . Annual . . . 
Cumulativea. 

Other non-communist countries Annual . . . 
Cumulative a . 

Total Annual ... 
Cumulativea. 

a Beginning with 1965. 

in the capital costs of the plant may more than offset 
the larger investment in uranium. The evidence now 
seems to favor reactors using slightly enriched uranium. 

Table 4 shows U30 8 requirements expressed as 
ranges. Perhaps more significant than the total 
cumulative requirement through 1980 is the annual 
production rate which will be needed to support an 
expanding nuclear industry at that time. Even larger 
demands will be made on the uranium mining industry 
in succeeding years. 

Table 5 shows the ore reserve estimates published 
by the principal producing countries. The second 
column of the table shows expected production from 
1 January 1964, through 31 December 1970, pursuant 
to present Government procurement or production 
arrangements. The last column shows an ore reserve 
balance at 1 January 1971, excluding possible new 
discoveries. New discoveries, however, certainly will 
be made. The figures in column three therefore should 
be regarded as base figures to which new discoveries 
will be added. 

The United States has reduced its weapons materials 
production and expects to have substantial stocks 
of normal uranium on hand by the end of 1970. 
These anticipated stocks could well be large enough 
to meet all foreseeable enriched uranium requirements 
for several years beyond 1970. The U. K. Atomic 
Energy Authority in its 1962-63 Annual Report [17] 
has stated that production from its gaseous diffusion 
plant at Capenhurst is no longer needed for defense 
purposes. Thus, it seems reasonable to assume that 
the known reserves plus above-ground inventories of 

Table 5. Available uranium reserves, 1964-1970 
(short tons U30 8) 

USA .... 
Canada ... 
South Africa 
Others . 

Total 

Estimated 
reserves 

at 1 Jan. 1964 

160 000 
207 000 
147 000 
75 000 

589 000 

Estimated 
Production 

in 1970 
on government 

contracts 

64000 
19 000 
13 000 
19000 

115 000 

Reserves 
at 1 Jan. 1971 

excluding 
new discoveries 

96000 
188 000 
134000 
56000 

474000 

1970 

1 600- 4 200 
9 400-14 000 

6 200- 9 000 
28 000-33 000 

7 800-13 000 
3 7 000-47 000 

1975 

8 900- 14 000 
37 000- 64 000 

14 000- 19 000 
80 000-110 000 

23 000- 33 000 
120 000-170 000 

1980 

19 000- 27 000 
110000-170000 

24 000- 32 000 
180 000-240 000 

43 000- 59 000 
290 000-410 000 

normal uranium available for projected civilian require
ments will be closer to 600 000 tons U3 0 8 than to the 
approximately 500 000 shown as 1971 reserves in 
Table 5. 

One might conclude that 600 000 tons would be 
sufficient to meet total requirements through 1980, 
even if the higher estimate of requirements proves 
correct. However, known deposits are not capable 
of supplying low-cost uranium ($8.00/lb U30 8) at 
the continually increasing rates called for between 
1975 and 1980. Production rates could be temporarily 
expanded in some mines, but all have physical limita
tions. Furthermore, the heaviest demands will be made 
as currently known reserves approach exhaustion. 
In this situation production would tend to decline 
rather than increase. Mines recovering uranium as a 
by-product, as in South Africa, are limited by the 
economics of producing gold and, unless the price 
for uranium is materially increased, output would not 
be greatly affected by uranium demand. 

Although there is little exploration in progress in 
the United States, newly discovered ore has offset in 
part the depietion of reserves resulting from mining. 
Production in 1963 was about 14 000 tons of U 30 8, 

whereas the net decrease in reserves was only 7 000 tons 
due to the addition of about 7 000 tons to known 
reserves. Most of this ore has been found in or adjacent 
to known deposits. In the absence of renewed incen
tives for exploration, this rate of addition to reserves 
would tend to decrease. We believe, however, that 
the rapidly increasing requirements now forecast 
will supply the necessary incentive for exploration 
and that estimated United States civilian requirements 
through 1980 (Table 4) can be met by domestic 
production from reserves of the types that have sup
plied production in the past. Nevertheless, substantial 
additions to ore reserves must be made in the US 
and elsewhere within the next ten years in order 
to supply adequately the nuclear industry with fuel 
at reasonable costs. 

Uranium sales have been reported in small lots at 
prices as low as $3.00 a pound, and a number of sizable 
sales have been made at prices in the $4.00 to $5.00 
range. Assuming requirements of the magnitude 
(either high or low) indicated by Table 4, it is unrealistic 
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to assume that uranium prices will continue to be 
depressed for more than a few years. One would 
look for prices becoming firm soon after 1970. There 
is a reasonable possibility that prices can be held 
at $8.00 or less throughout the decade, but this will 
depend in large measure on when large-scale explora
tion activity is undertaken and the results of these 
efforts. 

There are many favorable areas throughout the 
world which have yet to be intensively explored. In 
the United States, for example, geologists of the 
Atomic Energy Commission have been studying both 
the long-term and short-term availability of uranium. 
A short-term ore reserve potential has been defined 
as that quantity which could be developed by intensive 
activity over a five-year period. This short-term poten
tial is in the areas from which most of the production 
is now coming and in close proximity to existing 
ore deposits. With an $8.00 price, we have estimated 
this short-term potential at about 65 000 tons of 
U30s. 

Renewed exploration and prospecting in Canada 
and Australia would doubtless result in extensions 
to known reserves. Other countries with small current 
production potential may also be able to develop 
important reserves by further prospecting. There is 
no reason, therefore, to fear that shortages of uranium 
will occur between now and 1980 assuming, of course, 
that active prospecting will be resumed in the next 
few years. 

We feel confident that vigorous search will uncover 
substantial new uranium reserves which can be mined 
as cheaply, or nearly as cheaply, as those now being 
exploited. Past production plus developed ore reserves 
total about 900 000 tons. While no one can predict 
with any certainty the size of uranium ore reserves 
which remain undiscovered, it does not seem unreason
able to assume that discoveries in the next twenty 
years will be at least equal to those of the last twenty 
years, and they may be much larger. 

Before considering requirements after 1980, mention 
should be made of the position of thorium. Several 
power reactors in the United States are operating 
on cores containing thorium. In addition, a substantial 
Thorium Utilization Program is under way at Oak 
Ridge National Laboratory, which is expected to 
point to solutions to some of the technical problems 
inherent in the thorium 233U cycle. Notwithstanding 
the research programs of the United States and other 
countries designed to develop thorium technology, 
it is unlikely that use of thorium prior to 1980 will 
cause any significant reduction in the estimated 
uranium requirements shown in Table 4. It is likely 
that increasing amounts of thorium will be used 
after 1980 but there is no basis at present on which 
to predict what effect this may have on uranium 
requirements. 

Projections of supply and demand for nuclear 
fuels for the years 1981 to 2000 involve many uncer
tainties. Contingencies presently unknown could have 
an important effect on the rate of growth of nuclear 
power during that period and, consequently, projec
tions of requirements over the last two decades of the 
century have not been developed in detail. 

In considering the situation in the United States, 
some observations made in the US Atomic Energy 
Commission's Report to the President, issued in 
November 1962 [6], are of interest. This report 
included a review of United States energy resources 
and probable long-term requirements and projections 
of the economics of nuclear power. It concluded that 
if a long-term benefit were to be realized from nuclear 
power, more emphasis should be placed on the 
difficult problem of developing breeder reactors in 
order to achieve greater utilization of available 
resources of nuclear fuels through effective use of 
the fertile materials uranium-238 and thorium. This 
would permit the eventual use of much higher cost 
nuclear fuels than can be economically used in the 
present generation of converter reactors and expand 
available resources many times. 

Table 6 shows estimated nuclear capacity in the 
United States through the year 2000, together with 
estimated uranium requirements for the period 
1980-2000. The quantities shown represent the tons 
of uranium which it is estimated will have to be mined 
to provide initial inventory and make-up requirements 
during the periods indicated. Breeder reactors, howe
ver, may become important during the last half of 
the period and the total requirements might thus be 
reduced to about 500 000 to 600 000 tons. Never
theless, this would exceed our present estimate of 
US low-cost resources (Table 7). Therefore, unless 
this estimate is unduly pessimistic, which is possible, 
reserves in the next higher category ot: foreign supplies 
would have to be drawn on to meet US requirements 
through the year 2000. 

The growth rate of electrical generating capacity 
in the United States projected in the Report to the 
President (1962) [6] closely parallels the growth of 
total world electrical generating capacity given by 
Adams [4] for the period through 1975. If this relation-

Table 6. Installed nuclear generating capacity in the 
US and natural uranium requirements 

(plutonium recycle mode of operation) 

Year ending Nuclear MW(e) Cumulative additions 
(short tons U 80 8) 

1980 75 oooa 
1985 150 000 150 000 
1990 280 000 380000 
2000 730 000 900 000 

• Average figure for 1980 taken from Table 2. 
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ship is extrapolated to the year 2000, total world 
additions of electrica,l generating capacity in the 
period 1981-2000 would approximate to 4 million 
MW(e). If the nuclear portion of this additional 
capacity projected for the United States, 64%, is 
applied to the world as a whole, additions to nuclear 
power throughout the world, including the communist 
countries, would represent about 2 500 000 MW(e) 
during this period. That the proportion of nuclear 
additions in' other countries will approximate to 
that in the US is believed to be a reasonable assump
tion because, by 1980, the relative economics of 
nuclear vs. conventional power are expected to govern 
power installation decisions in all areas including 
those in which, prior to that time, other considera
tions may have favored conventional power. Total 
uranium requirements, including the United States, 
during 1981-2000 would be about 3 200 000 tons if 
this capacity were to be provided by converter reactors 
using plutonium recycle. If, however, one assumes, 
as we have assumed for the United States, extensive 
use of breeders, particularly in the 1990s, world 
uranium requirements would be substantially below 
this figure. 

Thus, if installation of nuclear electrical generating 
capacity in the remainder of the world should follow 
the pattern projected for the United States during the 
period 1980-2000, the demand on world resources of 
nuclear fuels may be 1 500 000 to 2 000 000 tons 
compared with the 900 000 to 1 000 000 tons represent
ed by total discoveries to date. Deposits not now known 
must be relied upon to satisfy these requirements if 
they are to be met with low-cost uranium. 

Tables 7 and 8 give estimates of US resources of 
uranium and thorium available at costs that fall 
within five ranges. The resources in each price category 
are separated into those known with reasonable 
assurance and possible additional resources which 
are less certain with respect to their existence or 
economics. 

The $5 to $10 category represents reserves of 
uranium and thorium in deposits of the type now being 

Table 7. US uranium resources, 1981 
(thousand short tons U30 8) 

Price range Reasonably Possible additional 
per pound U 30 8 assured resources resources Total resources 

$ 
5- 10 50-100" 250b 300-350 

10- 30 400 300b 700 
30- 50 5 000 3 oooc 8 000 
50-100 6 000 9 OOOc 15 000 

100-500 500 000 1 500 oooc 2000000 

a Reflects the approximately 50 000-ton range in estimated 
US U 30 8 consumption, 1970-1980. 

• Depends on new discoveries which may yield smaller or larger 
reserves than indicated. 

' Extensions of known uraniferous (thoraniferous) formations. 

Table 8. US thorium resources 1981 
(thousand short tons Th02) 

Price range Reasonably Possible additional 
per pound Tho 2 assured resources resources Total resources 

$ 
5- 10 100 300" 400 

10- 30 100 1ooa 200 
30- 50 3 000 7 OOOb 10000 
50-100 8 000 17000b 25 000 

100-500 l 000 000 2 000 OOOb 3 000 000 

a Depends on new discoveries which may yield smaller or larger 
re~erves than indicated. 

b Extensions of known uraniferous (thoraniferous) formations. 

mined in the western United States. It is expected 
that by the end of 1980 most of the presently known 
uranium reserves in this category will have been 
depleted but that the short-range potential in the 
producing areas will have been realized. It is also 
expected that additional resources in deposits of the 
type presently exploited will remain to be discovered 
as indicated in the middle column. Thorium resources 
in the $5 to $10 range are not expected to be appreciably 
reduced by production before 1980. 

The $10 to $30 category includes presently 
uneconomic uraniferous material peripheral to and 
in the same western mining districts as the low-cost 
reserves plus the higher grade and more easily minable 
portions of extensive sedimentary deposits such as 
Florida phosphate rock formations. In the case of 
thorium, some of the reserves in this range consist 
of placers in which thorium is continuously disseminat
ed over wide areas. The estimates in this cost category 
for both uranium and thorium are considered con
servative because of the lack of any significant explora
tion effort expended so far to find such deposits. 

In the $30 to $50 category, uranium reserves are 
contained primarily in the Chattanooga shale located 
in southeastern United States and in phosphate deposits 
situated in southeastern and western states. Most of 
the thorium and a minor portion of the uranium 
occurs in the Conway granite of New Hampshire. 

The very high-cost resources estimated to be avail
able at prices of $50 or more per pound include 
uranium and thorium from extensive granite bodies 
located in Colorado, Idaho, Minnesota, Wisconsin, 
and in New England. Portions of extensive sedimen
tary formations containing less than 50 ppm uranium 
are also included. 

The results of past exploration efforts would seem 
to indicate the likelihood that a substantial portion of 
the large world requirements projected in this paper 
can be developed in new deposits of relatively low
cost uranium in North America. However, it is 
probable that at least half will have to come from 
areas of the world which until now have provided 
only relatively small production. 
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A number of countries have geologic settings similar 
to the uranium producing areas of the United States 
and may have undiscovered resources of uranium of 
similar type and magnitude. The uraniferous conglo
merates of South Africa and Canada, a type of deposit 
not found in the United States, are the most extensive 
low-cost deposits presently known in the world. 
Uranium resources in conglomerate should be com
petitive in the future US market and will figure 
prominently in the world market. Sweden has large 
reserves of uraniferous shales which could become a 
significant source of uranium in the $10 to $20 price 
range before the end of the century, if lower cost 
reserves prove inadequate. 

To the extent it can be effectively used, low-cost 
thorium should be amply available during the next 
35 years. Major deposits in India, Canada, and the 
United States should be capable of supplying I 000 000 
tons, and a number of other areas also have known 
or potential resources. 

Because of the relatively high energy content of 
uranium and thorium as nuclear fuels, the geogra
phical location of their ores is not of major economic 
importance. Consequently, the existence of supplies 
of these materials should be viewed on a world-wide 
basis with tran~portation costs a minor consideration. 
Utilization of ·nuclear resources on a world-wide 
basis should assure their availability at reasonable 
costs to meet expected requirements well into the 
next century. 
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A/256 Etats-Unis d'Amerique 

Ressources en combustible et quantites dispo
nibles pour l'energie d'origine nucleaire 
civile, 1964-2000 

par R. L. Faulkner et W. H. McVey 

Lors de la premiere Conference de Geneve sur I 'uti
lisation de l'energie atomique a des fins pacifiques 
tenue en 1955, le monde a eu I' occasion de passer en 
revue pour la premiere fois I 'etat des ressources en 
matieres premieres nucleaires. De grands programmes 
de production d 'uranium commen~aient a prendre 
forme et on a mis en relief les efforts passes et les espoirs 
de succes futurs. Ces espoirs etaient amplement satis
faits au moment ou s'est reunie Ia deuxieme Confe-

renee de Geneve en 1958. Des mesures etaient deja 
envisagees dans les principaux pays producteurs pour 
limiter I 'expansion future de la production. Bien que 
I 'achevement des pro jets de prospection deja entrepris, 
I 'exploration des reserves et I 'accroissement des capa
cites de production aient ete poursuivis pendant un an 
ou deux, !'effort avait deja atteint son maximum et 
une diminution de cet effort etait prevu, sauf dans Ies 
pays qui n'avaient pas encore etabli de base solide 
d'exploration des ressources et de production et qui 
desiraient etre assures de disposer au moins de reserves 
suffisantes pour satisfaire leurs besoins. 

Une baisse de l'optimisme du point de vue du temps 
qu 'il faudra pour mettre au point des centrales 
nucleaires competitives a accentue !'impression de 
surproduction et a ramene a l'arriere-plan les pro-
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blt:mes de disponibilite de matieres premieres. La pro
duction mondiale d 'uranium a atteint un maximum 
en 1959 et est maintenant tres peu au-dessus de la 
moitie de ce maximum. Les evaluations des reserves 
mondiales d 'uranium a bon marc he ont atteint egale
ment un maximum d'un peu plus d'un million de 
tonnes, mais ces evaluations des reserves sont depuis 
lors tom bees de 700 000 a 600 000 tonnes ( chiffres 
exprimes en tonnes courtes (907,20 kg) de U30 8). Les 
additions aces reserves sont inferieures ala production, 
meme a allure reduite, et les re-evaluations econo
miques liees a la chute des prix mondiaux reduisent 
ces reserves encore davantage. 

Paradoxalement, le niveau actuel relativement bas 
de la production et des reserves d'uranium coincide, 
au moment ou se tient la troisieme Conference, avec 
un optimisme renouvele au sujet de 1 'etendue pro
chaine des utilisations de l'energie nucleaire a des fins 
civiles. La production continuera a diminuer, mais 
des besoins en uranium rapidement croissants sont 
maintenant prevus pour le proche avenir. Les besoins 
croissants pour les annees 1970, apres une longue 
periode de declin dans la production et la prospection 
de !'uranium, pourraient mettre a l'epreuve nos capa
cites a decouvrir, exploiter et produire de !'uranium 
en quantite suffisante. 

L'extrapolation a l'echelle mondiale des besoins en 
uranium n'a pas ete poussee en detail au-dela de 1980, 
mais le total des besoins des Etats-Unis peut varier 
de 600 000 tonnes a un million de tonnes ou meme 
davantage d 'ici 1 'an 2000, ceci compare a des reserves 
a bon marche connues d'a peu pres 160 000 tonnes, 
avec !'addition possible, mais non certaine, de 
400 000 tonnes supplementaires dans les regions 
minieres de 1 'ouest oil 1 'uranium peut etre present en 
quantites comparables. Les informations concernant 
de !'uranium plus coilteux qui pourrait etre disponible 
a des prix atteignant 20 dollars la livre sont peu nom
breuses, mais les quantites total!'!s disponibles pour
raient fort bien etre considerablement moins du double 
des reserves a bon marche. 

L'utilisation du thorium dans des reacteurs conver
tisseurs ou surgenerateurs thermiques avances pour
rait ralentir l'epuisement des ressources en uranium, 
lorsque ces systemes entreront en fonctionnement. Les 
Etats-Unis sont bien pourvus en reserves de thorium 
disponibles a bas prix. Des progres dans les processus 
hydrometallurgiques pourraient retarder 1 'utilisation 
de !'uranium ou du thorium a prix eleve, ou reduire 
le coilt estime de 1 'extraction a partir de materiaux 
tres pauvres, a la fois directement et par I 'utilisation 
economique des sous-produits. 

La situation geographique des ressources en combus
tible nucleaire est de faible importance du point de vue 
economique a cause de Ia grande quantite d'energie 
qu'ils renferment. Les quantites disponibles de 
combustibles nucleaires peuvent par consequent etre 

considerees sur une base mondiale, ce qui pourrait 
prolonger la duree pendant laquelle on pourra les 
obtenir a des prix raisonnables. 

A/256 CWA 

3anaCbl TOnnHBa H HX AOCTynHOCTb 
AnR RAepHo~ sHepreTHKH 

(1964-2000) 

P. 11. ttlonKHep, Y. r. MaK-8el1 

Ha llepaoii MemJ!,yHapOJ!.HOH KOH«flepeH:qHH no 
MHpHOMY HCIIOJib30BaHHIO aTOMHOH :meprnn B 
1955 roJ!,y MHp anepBbie yaHaJI o aanacax HJ!.ep
uoro TOIIJIHBa. Ha'!aJIH o«flopMJIHThCH oCHOBHhie 
nporpaMMbi nponaaoJ!,CTBa ypaua, aoaJiaraJIHCb 
HaJ!,CiRJ!.bl Ha ycneXH B 6yJ!,y~:qeM, KOTOphle 6biJIH 
ocy~:qecTBJieHhi K MOMeHTY Ha'laJia BTopoU: MeiRJJ.Y
uapoJJ.HOH KOH«flepeH:qHH no MHpHOMY HCnOJib30Ba
HHIO aTOMHoii aueprnn a 1958 roJ!,y. K 3TOMY ape-
1\teHII B BaiRHCHIHIIX ypaHOJ!,06hlBaiOI:qiiX CTpaHaX: 
yme o6cymJ!,aJIIICb Mepbi K orpaHII'IeHIIIO J!,aJibHeri
mero pacmiipeHIIH npOH3BOJ!.CTBa. XoTH aaaeprne-

. nne Ha'laThiX pa6oT no paaBeJ!,Ke ypaua II J!,aJih
neiirna.R paapa6oTKa aanacoa II noBLnneuue npo
H3BOJI.CTBCHHhiX CnOC06HOCTeH npOJ!,OJiiRaJIOCh e~:qe 
fOJ!,-J!,Ba, CTIIMYJI yme J!.OCTIIf CBoeii BbiCIHeH TO'I
KII II npe;~,npiiHIIMaJIIICb Illarn K CHIIiRCHIIIO npo
It3BOJ!,CTBa, 3a IICKJIIO'IeHIICM TeX CTpaH, KOTOphie 
e~:qe ue coaJ!,aJiu y ce611 ana'IIITeJihHhiX aanacon 
Jl 6a3bl I1pOII3BOJ!.CTBa II KOTOphie XOTCJIII y6eJ!,IITh
CH no KpaHHeii Mepe B HaJIII'IHII HCTO'IHIIJ\08 
Cblph.R, He06XOJ!,HMhiX J!,JIH YJI.OBJieTBOpeHIIH CBOHX 
C06CTBeHHbiX noTpe6HOCTeii. 

Cna;~. auTyauaaMa, OTMeqaeMLiii uo IHKaJie 
3aBHCHMOCTJI BpeMeHII OT CTeneHH pa3BJITHH 
peuTa6eJihHoii HJJ.epuoii :mepreTIIKH, nOJ!.TBepmJ!,aJI 
MHeHIIe 06 H36biTKC CblphH H cnoco6CTBOBaJI yMeHh
llleHHIO ana'leHHH npo6JieMbl uaJIH'IHH cblphH. Ma
ponoe npoH3BOJ!,CTBO ypaua P,OCTHfJIO MaKCHMyMa 
B 1959 fOJI.Y II B HaCTOHI:qee BpCMH HaXOJ!,HTCH Ha 
ypoBHe, HeMHOfO IIpeBhiiHaiOI:qeM noJIOBHHY MaJ{
ClfMaJihHOii aeJin'IIIHhi. O:qeHKa aanacon Jl,erneaoro 
ypaHa B MIIpOBOM MaCIIJTa6e TaKme J!,OCTlffJia Half
BbiCillero 3Ha'leHUH B 1959 fOJJ.Y; OHa COCTaBUJia 
uecKOJihKO 6oJILIHe OJJ.Horo MIIJIJinona TOHH. Te
neph Muponoe KoJIH'IeCTBo aanacoa JJ.erneaoro ypa
ua COCTaBJIHeT OKOJIO 600-700 TbiC. T B nepe
C'IeTe ua U30s (nee Jl,aHHhle yKaaaHhi a KopOTKIIX 
TOHRax, 1 Kop. r = 907,2 ~~:e). llpupocT aanacoa 
uume npupocTa npouaaoJ!,cTaa ypaua Jl,ame a yc
JIOBHHx 3aMeJ!,JieHHbiX TeMIIOB; KpoMe TOfO, 3KOHO
Mlf'leCKUe nepeo:qeHKH, CBH3aHHhle C naJ!,eHHeM 
MIIpOBhlX :qeu, e~:qe 6oJILIHe yMeHLIHaiOT aanachl. 

8TOT CpaBHIITeJibHO Hlf3KHH ypoBeHh npOH3BOJ!,
CTBa H aanacoa ypaua coanaJ!,aeT ua Kou«flepen:qaa 
C BhlpameHHeM OIITlfMII3Ma OTHOCHTeJibHO IHHp0-
1\0fO npiiMeHeHuH HJJ.epuoU: auepruu a rpamJJ.aH-
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CKHX qeJIHX. IlpOH3BO~CTBO ypaHa 6y~eT H ~aJIL
me COKpa~qaTLCH, O~HaKO IIOJiaraiOT, 'ITO B He~a

JieKOM 6y~y~qeM IIOTpe6HOCTL B ypaHe 6LICTpo 

noapacTeT. YneJIH'IeHHe crrpoca ua ypau B 70-x 

ro~ax BCJie~ aa rrepuo~oM ~JIHTeJILHoro yrra~Ka 

~o6LI'IH H paane~KH ypaua JierKo MomeT rrpeBLI

CHTL HaillH B03MOffiHOCTH Ha IIOHCK, paapa60TKY 

H IIpOH3BO~CTBO ~OCTaT.O'IHOrO KOJIH'IeCTBa ypaua. 

MuponLie rroTpe6uocTH B ypaue ~eTaJihHO paa-; 

pa6oTaHLI He ~aJILme 1980 ro~a. B CiliA o6~qaH' 
IIOTpe6HOCTL B ypaue ~0 2000 ro~a KOJie6JieTCH ' 

OT 600 TLIC. ~o 1 MJIH. r H 6oJiee. B uacToH~qee 
npeMH aanacLI ~emenoro ypaua B CiliA cocTaB

JIHIOT IIpHMepHO 160 TLIC. T H, B03MOffiHO, HO He 

HaBepHoe, e~qe 400 TLIC. T B aana~HLIX ypaHOHOC

HLIX rrpoBHHqHHX. Cne~eHHH o 6oJiee ~oporocToH
~qux aanacax H~epuoro TOIIJIHBa (npH6JIH3HTeJIL

Ho 44 ao.tt.tt/N.z) CKY~HLI, HO ~OCTYIIHLie KOJIH'IeCT

Ba 3THX aanaCOB MOryT OKa3aTLCH 3Ha'IHTeJILHO 

MeHLille KOJIH'IeCTBa, Heo6xogHMOro ~JIH IIOIIOJIHe

HHH pecypcon ~emenoro TOIIJIHBa. 

McnoJILaonaHHe TOpHH B yconepmeHCTBOBaHHLIX 

peaKTopax-KoHBepTepax H peaKTopax-paaMHomH

TeJIHX Ha TeiiJIOBLIX HeiiTpOHaX MOffieT yMeHLillHTb 

paCXO~ ypaHa, 1\0r~a 3TH CHCTeMhl BOH~YT B 31\C

IIJiyaTaqHIO. CiliA xopomo o6ecne'leHLI TOpHeM, 

~OCTYIIHhiM IIO HH31\0H qeHe. Y CIIeXH rH~poMeTaJI
JiyprU'ICCI\HX npoqeCCOB CMoryT OT~aJIHTL TO Bpe

MH, 1\0r~a IIOTpe6yeTCH HCIIOJIL30BaTh ~OporOCTO
HiqJIM ypaH JIJIH TOpHii, JIJIH CMoryT CORpaTJITh 

npe~IIOJiaraeMyiO CTOJIMOCTh H3BJie'IeHJIH ypaHa H3 

O'leHh HH31\0COpTHLIX JICTO'IHHI\OB JIH60 HeiiOCpe~
CTBCHHO, JIII60 nyTeM 31\0HOMJI'IeCKJI BhirO)l;HOrO 

H3BJie'IeHHH U060'IHhiX IIpO~YI\TOB. 
BBHAY BhiC<)I\oro ;meproco~epmaHHH HAepuoro 

TOIIJIHBa reorpaifln'leCKOC paCIIOJIOffieHHe aanaCOB 

3TOro TOIIJIUBa C 31\0HOMlflieCKOH TO'IKH apeHHH He 

nMecT Bamuoro ana'leHuH. IloaToMy HaJIII'IHe aa

nacoa HAepuoro TOIIJIHBa MomeT paccMaTpnnaTL

cH BO BCCMHpHoM MaClliTa6e, 1ITO ~OJiffiHO yBeJIH

'HITL pecypChl TaKoro TOIIJIHBa liO yMepeHHoii: 

·IJ,ene. 

A/256 Estados Unidos de America 

Fuentes de combustible y disponibilidad de 
Ia energia nuclear para usos civiles entre 
1964 y 2000 

por R. L. Faulkner y W. H. McVey 

En Ia Primera Conferencia de Ginebra sobre Ia 
Utilizacion de Ia Energia Atomica con Fines Pacificos, 
celebrada en 1955, el mundo tuvo da oportunidad 
de considerar por primera vez el estado de las reservas 
de materias primas nucleares. Comenzaban a desarro
Ilarse grandes proyectos para Ia produccion de uranio 
y se hizo hincapie en los esfuerzos pasados y en 
Ia esperanza de futuros exitos. Estas esperanzas se 
vieron cumplidas en su mayoria en 1958, afio de Ia 
Segunda Conferencia de Ginebra. Y a en ese afio 

se estaban adoptando medidas en los principales 
paises productores para prevenir una mayor expansion 
de Ia produccion. A pesar de que se terminaron 
proyectos de exploracion que ya habian sido comen
zados y de que la explotaci6n de reservas y el aumento 
de Ia capacidad de produccion, se continuo por uno 
o dos alios, el estimulo habia alcanzado su punto 
culminante, y se estaban ya proyectando menores 
esfuerzos; excepto en los paises que todavia no 
habian establecido una base de reservas y produccion 
importante y que querian tener al menos una fuente 
segura de suministro para cubrir sus propias nece
sidades. 

La disminucion del entusiasmo en lo que respecta 
al tiempo de desarrollo de una potencia nuclear 
competitiva sirvi6 para hacer mas aparente Ia super
produccion y quitar importancia al problema de Ia 
disponibilidad de materias primas. La produccion 
mundial de uranio alcanzo el maximo en 1959, y 
ahora es solamente un poco mayor que la mitad de 
ese maximo. Se estima que las reservas mundiales de 
uranio de bajo costo tambien alcanzaron un maximo 
de algo mas de un mill6n de toneladas, pero estas 
reservas han decredico basta unas 600 000 o 700 000 t 
de uranio en Ia forma de U30 8 • Todos estos datos se 
dan en toneladas cortas (907,2 kg). Los aumentos 
en Ia reserva son menores que la produccion incluso 
a ritmo reducido y las reevaluaciones econ6micas 
relacionadas con los decrecientes precios en el mercado 
mundial estan reduciendo a(m mas las reservas. 

Parad6jicamente, este estado relativamente· bajo de 
la producci6n y reservas de uranio coincide en esta 
Conferencia con un nuevo optimismo con respecto 
a los usos extensos de la energia nuclear para fines 
no militares. La produccion continuara decreciendo, 
pero se espera que Ia demanda de uranio aumentara 
rapidamente en un futuro proximo. La creciente 
demanda de uranio durante el decenio de 1970-1980 
que habra seguido a un largo periodo de decadencia 
de Ia produccion y exploracion del uranio, aumentara 
las dificultades para explorar y producir suficiente 
uranio. 

La p6sible demanda mundial de uranio no ha sido 
calculada detalladamente despues de 1980, pero las 
crecientes necesidades de los Estados Unidos pueden 
variar de 600 000 t a 1 000 000 de t o mas para el 
afio 2 000. Comparense estas cantidades con la presente 
reserva de uranio de bajo costo de cerca de 160 000 t 
y posiblemente unas 400 000 t adicionales que pueden 
existir en nacimientos de las regiones mineras del 
oeste. La informacion acerca del uranio de precio 
alto del que podria disponerse a precios basta de 
20 dolares la libra es inadecuada, pero las cantidades 
disponibles estan lejos de doblar Ia reserva de uranio 
de bajo costo. 

La utilizaci6n del torio en los reactores convertidores 
ava?zados y en los reactores reproductores termicos 
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puede hacer mas lento el agotamiento de las reservas 
de uranio cuando estos sistemas empiecen a ser 
practicos. Los Estados Unidos son un pais bien 
provisto de reservas de torio a bajo costo. Los adelan
tos en procesos hidrometalurgicos pueden retardar 
el dia en que se necesite usar uranio o torio de 
precio alto o pueden reducir el costo de recuperaci6n 
usando fuentes de bajo contenido, directamente y 

utilizando econ6micamente los productos secundarios. 
La situaci6n geografica de las reservas de 

combustible nuclear tiene poca importancia econ6-
mica debido a su gran contenido de energia. La dispo
nibilidad de combustibles nucleares puede por lo 
tanto ser considerada bajo un punto de vista mundial. 
De esta manera, esta disponibilidad puede prolon
garse a precios razonables. 



P/636 Netherlands 

The development of nuclear energy 
in relation to the resources of nuclear materials 

By J. C. van Staveren and J. J. Went* 

For the economic evaluation of nuclear energy, 
studies have been made of the construction cost of 
nuclear installations as well as the cost of the fuel 
cycle. Although it is generally accepted that, at least 
for a long time to come, the capital investments for 
nuclear plants will remain high compared with those 
for conventional thermal power stations, a low fuel 
cycle cost is essential for competitive nuclear power. 
Fuel cycle costs are of primary importance for world 
economy when fossil energy sources are running out 
and a large scale use of nuclear energy will be neces
sary. The price of uranium and thorium, although 
not very important for the present day fuel cycle cost, 
depends on the availability of these materials. 

In this paper the relation between the magnitude of 
the resources, the consumption and the future cost 
of uranium and thorium and the price of nuclear 
energy is discussed. Two different aspects are impor
tant-namely, the influence of raw material price on the 
start-up of a nuclear programme and on a running 
nuclear energy production. 

RESOURCES OF NUCLEAR MATERIALS 

The data used in the following discussion of uranium 
and thorium resources are taken from two sources. 
The first is a compilation of the nuclear resources 
given by the U.S. Atomic Energy Commission in its 
report Civilian Nuclear Power : a Report to the Presi
dent, 1962, and more specially in Appendices I and 
II of this report. The second source is EURATOM 
Report 414 The Problem of Uranium Resources and 
the Longterm Supply Position prepared by the Consul
tative Committee of the Supply Agency of EURATOM 
(September 1963). 

Attention is drawn to the fact that EURATOM 
gives the amount of uranium ore available in 1963 
at a price up to $10/lb U30 8, while the USAEC adds 
to this the cumulative amount of uranium already 
delivered up to 1962. The figures for the USAEC 
reserves available at $10/lb U30 8 have therefore been 
corrected so that they may be compared with the 
EURATOM data. Thereby, the USAEC estimates for 

* N.Y. SEP (Co-operating Electricity Producing Companies), 
Arnhem. 
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reasonably assured resources of U30 8 at a cost up 
to $10/lb are reduced by half. 

Only the needs of nuclea,r materials for the pro
duction of electricity in the Western world, to which 
the two estimates of reserves relate, are discussed here. 
General conclusions cannot be drawn unless compar
able estimates for the whole world are obtained. 

CONSUMPTION AND INVESTMENT 
OF NUCLEAR MATERIALS 

Three aspects of the consumption or investment of 
nuclear materials in four different reactor concepts 
are discussed : 

(a) The percentage of heavy atoms present in the 
primary material, natural uranium or thorium, that 
can be fissioned either with or without recycling of 
the fuel; 

(b) The capacity of different reactor types to pro
duce new fissile material and its isolation for use in a 
different reactor than the one in which it is made; 

(c) The amount of natural uranium or thorium to 
be invested per MW(e) installed. 

Questions related to the costs of fuel enrichment, 
fuel element fabrication and reprocessing will not be 
discussed here as they are independent of the cost of 
the original material. 

REACTOR TYPES 

The three aspects mentioned above are discussed 
for two present day reactor types (converters) and two 
types of breeder reactors. 

Natural uranium gas-cooled graphite reactor (GCR) 

The Latina reactor in Italy is taken as an example 
but with a higher burn-up than guaranteed by the 
fuel element manufacturer (3 000 MWd/t instead of 
2 500 MWdjt). 

Light-water moderated and cooled reactor 

An example is the boiling water reactor (BWR) 
near Garigliano in Italy. Here, slightly enriched 
uranium is used, but the amount of natural uranium 
required for the production of the enriched uranium 
in a diffusion installation is given. It is assumed that 
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the depleted uranium of this diffusion process still 
contains 0.25% 235U and that the 235U content of 
the fuel at the end of the fuel cycle is still higher than 
in depleted uranium and even higher than in natural 
uranium. Credit proper to these potentially available 
amounts of 235U is given. 

Fast breeder reactor (FBR) 

The Enrico Fermi reactor is an example. This is 
fuelled with 235U, but in future fast breeder reactors 
the fuel will be mainly plutonium to increase the 
breeding ratio. As investments in nuclear material 
for each MW(e) installed have to be given, computa
tions cover two different cases, one using 235U as the 
fissile material at start-up, the other with plutonium, 
that is : 

(a) The amount of natural uranium necessary to 
produce the highly enriched 235U in a diffusion 
installation; 

(b) The amount of natural uranium required to 
produce the necessary amount of plutonium in a 
GCR or in a BWR. 

The isotopic composition of plutonium found after 
a burn-up of 3 000-4 000 MWd/ton natural uranium 
is such that about the same weight of either 235U 
or plutonium is required. 

Thermal breeder reactor (TBR) 

Since no large scale working example yet exists, 
a conceptual design of a heavy-water homogeneous 
suspension reactor is chosen as an example. The 
following data relevant to the conceptual design is 
used: 

Total thermal power. 
Net electrical power . 
Fuel concentration 

(Th02-235U02 in D20) 
235U02 concentration in Th02 . 
Moderator ........ . 
Ratio reactor vessel volume to 

800 MW(th) 
200 MW(e) 

total reactor volume . . . . 1 : 2 
Power density in reactor vessel . . 40 kW/1 

In order to reach the breeding state in a thermal 
thorium reactor which starts by burning 235U or a 
mixture of plutonium isotopes in the first cycle, an 
additional amount of 235U or plutonium is needed 
to produce sufficient 233U. These additional amounts 
of 235U or plutonium are incorporated in the con
ceptual design data for the thermal breeder. 

In Table 1 are given the nuclear materials invest
ment and consumption for the four reactor types. 
It is assumed that only 25% of the original atoms 
(238U in the FBR and 232Th in the TBR) will be 
fissioned in the breeder reactors. This amount is about 
equivalent to 250 000 MWdfton. Although slightly 
different values may be obtained for other comparable 

Table 1. Nuclear material requirement for different 
reactor types expressed in terms of natural uranium 

Reactor type 

GCR BWR FBR" TBR• 

Investment Ton U(nat)/MW(e) 

235U .. 1.5 1.35 1.0 0.35 
Pu from GCR . 1.75 0.7 
Pu from BWR. 2.55 1.2 

Consumption MWdfton U(nat) 

Without recycle 3 000 4000 
and Pu credit (kg/ 

ton U(nat)) 2.7 1.8 
With recycle . 4 800 6000 250 000 250000 

+ 
Pu 

a U-Pu cycle breeding factor > I. 
• Th-"'U cycle breeding factor = I. 

reactor conceptions, the general picture will be the 
same. 

From Table 1 it is obvious that, as regards materials 
investment, it is better to start breeders with 235U 
produced in a diffusion installation than with a 
mixture of plutonium isotopes produced in present 
day power reactors. This picture may change com- . 
pletely, however, if a neutron saving near-breeder re
actor can be constructed for plutonium production to 
replace the present day converters. Several conceptions 
of the heavy-water moderated reactors offer possi
bility of this. If the conversion factor of such a reactor 
were considerably higher than that of the GCR or 
the BWR, more plutonium could be produced than 
the equivalent amount of 235U obtained from natural 
uranium in a diffusion installation (4.6 kg 235U/ton 
natural uranium). The use of these near-breeders 
would thus result in a smaller investment of natural 
uranium in breeder reactors compared with the use of 
235U extracted from natural uranium. 

ENERGY CONTENT OF THE RESERVES 

In Table 2 the energy content of the nuclear ma
terial resources is given as a function of their price 
per unit weight for both converter and breeder reactors. 

The burn-up values of the two converter reactors 
(CGR and BWR) are between 3 000 and 6 000 
MWdjton natural uranium depending on whether 
plutonium is burned in the same reactor in which it is 
produced or extracted for other purposes. These 
values are equivalent to a burn-up of about 0.3 to 
0.6% of the original amount of uranium atoms. In 
Table 2 an average value of 0.5% burn-up is used for 
these reactors. 

In a breeder reactor 25% of the atoms can be used, 
which gives a burn-up value 50 times the burn-up in a 
converter reactor. 
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Table 2. Energy content of reserves 

USAEC EURATOM 

Price 0 values a Tonnes metallic uranium 

USA USA Western world 

Fossil fuel 

Burn-up 

$ 5(25 X 106 Btu 6 

a Q = 1018 Btu. 

$/lb 
-10 

10-30 
30-100 

100-500 

$fib 
-!0 

10-30 
30-100 

100-500 

The following conclusions can be drawn from 
Table 2 : 

(a) Up to $30/lb U30 8, only a very small amount 
of nuclear materials and thus of nuclear energy (0.17 Q, 
where Q = 1018 Btu) is available if the uranium is 
used in the converter reactors mentioned above. 
Taking into account that the present world market 
price for uranium is only $5/lb U30 8, further develop
ment of present day power reactors is not very attrac
tive. It should be kept in mind that the total annual 
energy consumption in the USA is about 0.05 Q 
and in the whole world 0.15 Q. 

(b) Using breeder reactors, fifty times more energy 
can be produced from the same amount of uranium. 
This means that no objection should exist to paying 
fifty times a given price for the same amount of 
natural uranium (e.g., $500/lb U30 8 instead of $10/lb 
U30 8). Under such conditions the raw materials 
problem will cease to exist in the large scale application 
of nuclear energy even in the unforeseeable future. 
The uranium reserves of the USA will then present 
an energy content of 7 500 Q. 

This calculation does not apply, however, to the 
nuclear material investment for the start-up of the 
reactor. For this, cheap uranium is essential. 

(c) When the energy content of the material reserves 
is calculated, assuming the use of neutron-saving 
near-breeders, it stands to reason that the figures 
are intermediate between those derived from present
day converters and from future breeders. When 
uranium is used in such reactors, three or four 
times the burn-up values of the converter reactors 
may be reached. Even higher burn-up values are 
possible with thorium. 

In general these conclusions are now accepted and 
give rise to the financial consequences (which however 
are not yet generally accepted) concerning the start-up 
investment of a large nuclear programme. 

0.5% 25% 

0.05 
0.12 
3.5 

2.5 
6 

175 

130000 450000 

150 7 500 

1.6 
1.6 

175 
16000 

THE COST OF NUCLEAR ELECTRICITY 

From Table I it can be seen that the nuclear ma
terial investment of the different reactor types is of the 
same order of magnitude (0.3-2.6 ton U(nat)/MW(e); 
but that the nuclear material consumption differs 
by orders of magnitude (3 000-250 000 MWdjton 
U(nat)). At the present low prices of uranium, the raw 
material cost does not play an important role in the 
costs of nuclear energy. If, however, it becomes neces
sary to pay $30/lb U30 8 instead of $5/lb U30 8 , the 
raw material costs could be limiting. 

Table 3. The influence of price of natural uranium 
on nuclear material cost per kWh produced and per 

kW(e) installeda 

$ 5/lb u,o, $ 30/lb u,o, 
Reactor 

Mill/kWh $/kW(e) Mill/kWh $/kW(e) 
produced installed produced installed 

GCR 0.4 19.5 2.4 115 
BWR 0.32 17.5 1.9 105 
FBR. < 0.001 13 0.005 80 
TBR. < 0.001 4.5 0.005 27 

a Only the contribution of U 30, to the total costs of generating 
electricity is given. 

In Table 3 the pure raw material price per kWh(e) 
produced and per kW(e) installed is given for each 
of the four reactor types. It should be kept in mind 
that, even if the specific power density of a particular 
reactor could be increased in the future, the estimates 
for the investment in nuclear materials are still rather 
low. For operational reasons it is necessary to have 
about 10% spare fuel elements in stock. Furthermore, 
investment of nuclear material must be larger than 
the amount necessary for just one fuel cycle, because 
the different fuel cycles overlap during fabrication, 
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cooling and reprocessing of the fuel elements. These 
facts are neglected in the calculations. 

From the data given in Table 3 it is concluded 
that an increase in the price of the raw material by a 
factor of 6 will completely eliminate the applicability 
of converter reactors, with respect both to the kWh 
price and to the investment per kW installed. 

MATERIALS CONSUMPTION 
IN A LARGE POWER PROGRAMME 

To determine how long the known nuclear material 
reserves could last in a future large scale nuclear 
power programme, the consumption of raw materials 
can be calculated using Table 1 and Table 2 and 
by making assumptions about the scale of the pro
gramme. The following assumptions are made only 
in illustration and do not include any suggestions as 
it is not known when breeder reactors will be available 
on a technical scale; certainly this stage will not be 
reached within the next ten years. 

The total electricity production capacity at the end 
of 1962 in the Western world was 350 000 MW. It 
is assumed that this capacity will be doubled in twelve 
years, which is a rather conservative estimate, be
cause the present doubling time is about 10 years. 

The nuclear material consumption can be calculated 
assuming that a large scale nuclear power programme 
will start in 1970 and that from then on 50% of the 
new installed electric capacity will be nuclear with 
a load factor of 75%, it is also assumed that the 
doubling time of the fissile material in the FBR is 
10 years, that the TBR will not produce an excess 
of 233U (breeding factor = 1) and that plutonium and 
233U b d"th · · are urne m e reactors m whtch they were 
produced. 

The quantity of nuclear materials needed for the 
effectuation of such a programme can then be calculated 
for a given number of years. It is also possible to 
calculate the number of years in which a certain amount 
of material is consumed. 

In Table 4 the results of some calculations of the 

Table 4. Nuclear material consumption in a world-wide 
nuclear power programmea 

Years to Capacity of breeder 
use up reactors, fuelled with Quantity of 

Reactor 450 000 ton Pu from different nuclear material 

type UaOa react or types needed up to 

World reserve MW (e) year 2000 

up to$ 10/lb FBR TBR 
ton U (nat) 

GCR 7 65 000 160000 7 500 000 
BWR 8 35 000 75 000 6 000000 
FBR. 17 280000 800 000 1 300 000 
TBR. 32 450 000 

" T~e programme starts in 1970 with 50% of the new installed 
capactty as nuclear energy and runs at a load factor of 75%. 

consumption of nuclear material in a large scale 
nuclear power programme are given. 

In Table 2 the known reserves of uranium available 
at $10/lb U30 8 are given as 450 000 metric tons. 
If the ratio of the amount of uranium available up 
to $30/lb U30 8 to the amount available up to $10/lb 
were the same in the USA as in other parts of the 
world, 1 650 000 metric tons of natural uranium at 
a price up to $30/lb would be available in the Western 
world. 

The values for the estimated nuclear material 
consumption in a large scale nuclear power programme 
as given in Table 4 are high compared with the known 
reserves. If a breeder programme should be started 
for the production of electricity, it will nevertheless be 
necessary to watch the uranium reserves rather care
fully. The later such a programme starts, the more 
urgent this will be, owing to the previous use of 
fissile material by the converter reactors and the 
larger capacity to be installed. If it will be long before 
a breeder programme can start, an intermediate stage 
of near breeder reactors would ease the situation, but 
with the limited uranium reserves in mind, it seems 
advisable to start a breeder programme as soon as 
possible. 

Thermal breeders seem favourable for a fast grow
ing programme. It is a pity, therefore, that notwith
standing the interesting results obtained with the 
Homogeneous Reactor Experiment at Oak Ridge, 
USA, and the development work on a homogeneous 
suspension reactor at Arnhem in the Netherlands 
the technical feasibility of such a reactor has not ye~ 
been demonstrated. 

If large new reserves of uranium ores are found 
the whole raw material situation with respect to ~ 
future large scale nuclear power programme might 
change. For this reason prospecting for unknown 
reserves would seem to be urgent. In view of these 
facts, however, it is obvious that a doubling of the 
reserves might be important but will certainly not be 
decisive. 

CONCLUSIONS 

The following conclusions are drawn from the 
facts discussed in this paper : 

(a) Prospecting for cheap uranium resources is 
urgent; 

(b) Rapid development of breeder reactors is 
essential for the future of nuclear energy which may 
have to meet the energy needs of the world; 

(c) Large scale application of present day power 
reactors is undesirable; 

(d) High conversion near-breeder reactors can be 
accepted for an intermediate period whilst breeder 
reactors are not sufficiently developed. 
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ABSTRACT -RESUME-AHHOTAL.tlt1R-RESUMEN 

A/366 Pays-Bas 

Le developpement de l'energie nucleaire 
compare aux reserves de materiaux nucleaires 

par J. C. van Staveren et J. J. Went 

Le prix de revient de l'energie nucleaire a fait 
l'objet de plusieurs etudes detaillees. Les coftts du 
cycle de combustible nucleaire, notamment, ont ete 
sou vent discutes en detail. Cependant I 'influence du 
prix de revient des materiaux nucleaires, qu'il s'agisse 
d 'uranium: nature] ou de thorium, est rarement prise 
en consideration en fonction de Ia quantite disponible 
a ce prix. De plus, bien que Ia necessite de disposer 
de reacteurs surgenerateurs en vue de Ia production 
future d'energie nucleaire a grande echelle soit sou
vent soulignee, I 'influence du prix de revient de Ia 
premiere charge fissile est frequemment negligee. 

Le memoire traite des conditions materielles pour la 
mise en reuvre initiale et ]'execution d'un programme 
nucleaire futur a grande echelle de construction de 
centrales nucleaires productrices d 'electricite, en se 
fondant sur les hypotheses suivantes : 

a) De 1970 a 2000, environ 50% de Ia capacite de 
production d \~lectricite nouvellement installee sera 
nucleaire; 

b) Pendant Ia periode 1962-2000, Ia capacite installee 
sera doublee tous les 12 ans; 

c) Le facteur de charge des centrales nucleaires sera 
75%. 

En se fondant sur les reserves de materiaux nucleaires 
bruts, telles qu 'elles ont ete evaluees par I 'USAEC 
et ]'EURATOM, ]'expose traite de l'investissement 
et de Ia consommation de matieres fissiles pour les 
reacteurs nucleaires actuels, les reacteurs a rapports 
de conversion eleve et les reacteurs surgenerateurs, 
rapides ou thermiques. 

Les resultats indiques ci-apres determineront le 
developpement futur et I 'application de I 'energie 
nucleaire. 

a) La consommation des matieres nucleaires dans 
les types actuels de centrales nucleaires, que le combus
tible soit enrichi ou non, se fait avec un si faible rende
ment que si 1 'on utilise seulement ces reacteurs, les 
reserves connues d'uranium nature] a des prix allant 
jusqu'a cinq fois le prix actuel seront epuisees vers 
1983; 

b) La production d 'energie dans les reacteurs sur
generateurs a uranium et thorium se fait avec un reo
dement tel que meme les materiaux nucleaires tres 
coftteux peuvent etre utilises si on en dispose abon
damment; 

c) Si le plutonium est produit par Ies centrales 

nucleaires actuelles comme premiere charge des reac
teurs surgenerateurs, il faudra deux ou trois fois plus 
d 'uranium nature] pour cette production de plutonium 
qu'en utilisant comme premiere charge ]'uranium 235 
separe par une usine a diffusion; 

d) II sera necessaire d 'utiliser comme matiere pre
miere pour Ia premiere charge des reacteurs surgene
rateurs de I 'uranium nature] relativement peu coftteux, 
pour eviter des investissements excessifs; 

e) La premiere charge de matieres fissiles des reac
teurs surgenerateurs rapides est double ou triple de 
celle des reacteurs surgenerateurs homogenes ther
miques; 

f) Dans Ies reacteurs a eau lourde a rapport de 
conversion eleve, il est possible de produire au moins 
une quantite de plutonium equivalant aux quantites 
d'uranium 235 qu'on peut extraire de Ia meme quantite 
d 'uranium nature I. 

Les resultats conduisent aux conclusions suivantes : 
a) La prospection des ressources d'uranium a bon 

marche est urgente; 
b) Le developpement des reacteurs surgenerateurs 

est indispensable pour l'avenir de l'energie nucleaire; 
c) L'utilisation a grande echelle des centrales 

nucleaires actuelles n'est pas desirable; 
d) Si les reacteurs surgenerateurs ne sont pas encore 

suffisamment developpes, I 'utilisation des reacteurs a 
eau lourde a rapport de conversion eleve sera accep
table pendant une periode transitoire. 

Vfcnonb30BaHH9 aTOMHO~ 3HepntH B 
CBH3H C aanacaMH HA9pHbiX MaTepH
anOB 

1-1. K. BaH-CTasepeH, 1-1. 1-1. BeHT 

IIpoBer(eHo MHoro l(eTaJihHhiX HccJiei(OBaHHii 

CTOHMOCTH aToMnoii auepr.HH. Oco6euuo •mcTo u 

Tll\HTCJibiiO paCCMaTp.HBaJiaCb llp06JieMa CTOIIMO

CT.H TOllJI.HBHOro .1.\.HKJia. 01(HHKO oqeHh pei(KO 

.H.3yqaJIOCb .H3MeHeH.He CTO.HMOCTH Hl(epHbiX Ma

TepHaJIOB (upnpoi(Horo ypaua HJIH TOPHH) B 

3aBHCHMOCTH OT KOJIH'leCTBa 3THX MaTepHaJIOB, 

nMeiOil\HXCH B npol(ame no aToil .1.\eHe. RpoMe To

ro, XOTH '!aCTO llO~'IepKHBaeTCH Heo6xo~HMOCTh 
C03~aHHH peaKTOpOB-pa3MHO>RHTeJieH B ~eJIHX npo

JI3BOACTBa aTOMHOH aueprHH B npOMhiiDJieHHOM 

MaCillTa6e B 6YAYil\eM, OI(HaKO o~eHKOH BJIHHHlfH 

CTOHMOCTH Ha'laJihHOH TOllJIHBHOH 3arpy3KH '!aCTO 

upeue6peraiOT. 
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B .n;arrrroM .n;oR~a.n;e rroTpe6rrocTH B MaTepna~ax, 
ueo6xo.n;nMhlX .n;~il rraqa~a H ocy~ecTn~errnH 6y
,r~y~eii rrporpaMMhl CTpOHTe~hCTBa rrpOMhlill~eH
HhlX aTOMHhiX a~eRTpOCTaHIJ;HH B u;e~HX rrpOH3-
DO.lJ:CTBa a~eRTpoarreprnn n RpyrrHhiX MacmTa6ax, 
paCCMaTpHBaiOTCH Ha OCHOBe C~e.n;yiO~HX rrpe.n;
ITO~OllieHHii. 

a) n rrepno.n; 1970-2000 rr. oRo~o 50% no
non ycTaHOB~eHHOH a~eRTpnqecROH MO~HOCTH 6y
;:ICT rrpHXOAHThCH Ha aTOMHhie a~eKTpOCTaHIJ;HH; 

b) BpeMH Y.lJ:BOeHHH yCTaHOB~eHHOH a~eKTpH-
1IeCKOH MO~HOCTH COCTaBHT 12 JleT B rreplWA 
1962-2000 lT.; 

C) Koa«f>«f>nu;HeHT Harpy3KH aTOMHhiX 3JieKTpO
CTaHIJ;Hii 6y.n;eT paBeH 75%. 

OcrronhiBaHCh Ha ou;errRax aarracon ChlpheBhlX 
H.n;epHhlX MaTepnaJIOD, c.n;e~aHHhlX RoMnccneii no 
aToMuoii arreprHHH CiliA H EnpaToMoM, rrpo6~e
Ma rrpOH3BOACTBa H ITOTpe6~eHHH H.n;epHhlX MaTe
pnaJIOB o6cym.n;aeTCH B AORJia.n;e llpHMeHHTeJII,HO 

\ R cy~ecTDyiO~HM B HaCTOH~ee DpeMH 3HepreTH-
1WCRHM peaRTOpaM, peaRTOpaM-ROHBepTepaM C 
BhlCORHM Roa«f>«f>nu;neHTOM BOCITpOH3BOACTBa H pe
aRTopaM-pa3MHOlliHTeJIHM Ha 6hlCTphiX HJIH TeiTJIO
BhiX rreiiTporrax. 

CJie.n;yiO~ne rroJiyqerruhle peayJihTaThl Tpe6yiOT 
onpe.n;e~eHHH 6y.n;y~ero pa3BHTHH H liCIIO~h30Ba
HHH aTOMHOH arreprHH. 

a) rroTpe6~errne n.n;eprrhlx MaTepna~on ( o6ora
IIJ;eHHhlX H Heo6ora~eHHhlX) B cy~eCTDYIO~HX 
:mepreTnqecRnx peaKTopax rracTo~hRO rrea«f>«f>eK
THDHo, qTQ rrpH HCITOJlb30BaHHH aTHX peaKTOpOB 
cy~ecTnyiO~He rrocTaBRH npnpo.n;rroro yparra no 
I~eHaM, B ITHTb paa rrpeBhlillaiO~HM HbiHe .n;eiiCTBY
IO~He IJ;eHbl, HCTO~aTCH K 1983 fOAYi 

b) rroJiyqerrne arreprnn B ypaHOBbiX H Topne
nhlx peaRTopax-paaMHOlliHTeJIHX HaCTO~bRO a«f>
«f>eKTHBHhl1 qTo B HHX MOlliHO HCIIOJib30BaTb .n;ame 
oqerrb .n;oporne n.n;epHhie MaTepnaJihl, nMero~necn 
n .n;ocTaToqrroM RonuqecTDe; 

c) ec~n B c~ecTByro~nx arrepreTnqecnnx pe
aKTopax I1pOH3BO.lJ:HTb II~YTOHHH A~H HCIIO~h30Ba
HHH B RaqecTBe aarraJibHOfO MaTepna~a B peaRTO
pax-pa3MHOlliHTeJIHX, TO A~H 3TOfO IIOTpe6yeTCSI 
B .n;na-Tpll paaa 6o~bme rrpnpo.n;rroro yparra, qeM 
IlpH HCITO~b30BaHHII B RaqecTBe aarra~bHOfO TOIT
~HBa U235, rrpouano.n;nMoro rra .n;n«f>«f>yauorrrroii 
ycTaHOBKej 

d) qTo6hl H36eiRaTb qpeaMepHbiX RaiTHTaJIOBJIO
lliCHHH AJIH rrponano.n;cTDa rrepBbiX aarra~bHhiX Ma
TepnaJioB AJIH peaRTOpon-paaMHOiRHTeJieii, rrpH
.n;eTCH HCIIO~b30BaTb B RaqecTDe HCXOAHOfO MaTe
pHaJia AOBO~bHO .n;emenhlii rrpHpOAHhiH yparr; 

e) B peaRTOpax-pa3MHOlliHTe~HX Ha 6biCTpbiX 
rreiiTporrax aaTia~hHaH aarpyaRa .n;eJIH~HXCH MaTe
pna~oB n .n;na-Tpn paaa nwme, qeM B roMoreHHhiX 
peaRTOpax-pa3MHOlliliTe~HX Ha TeiTJIOBLIX HeHTpO
HaXj 

f) B THllieJIOBO.lJ:HbiX peaKTOpax C BhiCORHM 
IWa«f>«f>Hn;HeHTOM BOCIIpOH3BOACTBa H3 O.lJ:HHaROBO
ro ROJIRqecTDa rrpnpo.n;rroro yparra Momrro rroJiy
qHTb n.n;epHbiH 3RBHBaJieHT ITJIYTOHHH, ITO npaiiHeii 
Mepe TaRoi"I me, RaR H AJIH U235. 

Ha ocnone DhlmeyRaaarrrrwx peay~bTaTOB Mo
ilmo c.n;eJiaTh c~e)J;yiO~ne BhiBO.lJ:hi: 

n) JJe06XOAHMhl IIOHCRH .n;emeDhiX MeCTOpOlli
AeHHH ypana; 

b) 6y.n;y~ee HCITOJlb30DaHHH aTOMHOH 3HeprHU 
Tpe6yeT paapa6oTRH peaRTOpon-paaMHOlliHTeJICH j 

C) IIIHpoKoe HCIIOJih30BaHHe cy~eCTBYIO~HX 
:mepreTHqecRnx peaRTopon nemeJiaTeJibHo; 

d) THllieJIOBOAHhle peaRTOpbi C BbiCORHM Roa«f>
lPIIIIHeHTOM BOCIIpOH3BOACTBa MoryT 6biTh IIC
IIOJih30DaHhl B npoMemyToqrrhlii nepno.n; rrpn yc
~onml, eCJIH ue 6y.n;yT e~e .n;ocTaToqrro paapa6o
TaHhi peaitTOpbi-pa3MHOlliHTeJIH. 

A/636 Poises Bajos 

Desarrollo de Ia energla nuclear en relaci6n 
con las reservas de materiales nucleares 

por J. C. van Staveren y J. J. Went 

Se han hecho muchos estudios detallados acerca 
del precio de coste de la energia nuclear. En par
ticular, se han discutido frecuentemente con detalle 
los costes del ciclo de combustible. Sin embargo, 
rara vez se tiene en cuenta en aquel precio la influencia 
del precio de coste de los materiales nucleares, uranio 
natural o torio, en funci6n de la cantidad disponible. 
Ademas, aunque se suele poner de relieve la necesidad 
de los reactores reproductores para una futura pro
ducci6n de energia nuclear a gran escala, se desprecia 
muchas veces la influencia del precio de coste de la 
primera carga nuclear. 

En esta memoria se discuten las necesidades de 
material para la puesta en marcha y explotaci6n de 
un futuro programa a gran escalade centrales nucleares 
para producci6n de energia electrica, partiendo de los 
siguientes, supuestos: 

a) Desde 1970 al 2000 aproximadamente el 50% 
de la capacidad de producci6n de energia electrica 
que se instale sera nuclear; 

b) El tiempo necesario para duplicar la capacidad 
instalada sera de 12 aiios en el periodo 1962-2000; 

c) El factor de utilizaci6n de las centrales nucleares 
sera del 75 %-

Apoyandose en los datos sobre las reservas de 
materia prima nuclear calculados por la USAEC 
y EURATOM, se discute la inversion y consumo de 
materiales nucleares para reactores de potencia 
actuales, reactores de alta conversi6n y reactores 
reproductores rapid~s y termicos. 

Los siguientes resultados sirven para determinar 
el desarrollo y aplicaci6n futura de la energia nuclear: 

a) El consumo de materiales nucleares en los 
actuates reactores de potencia, enriquecidos o no, 
tiene tan bajo rendimiento, que con estos reactores 
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las reservas actualmente conocidas de uranio natural 
a precios incluso cinco veces el precio normal en la 
actualidad, estaran agotadas para 1983. 

b) La produccion de energia en reactores reproduc
tores de uranio y torio es de tan alto rendimiento que 
se pueden emplear incluso materiales nucleares muy 
caros, disponibles en abundancia. 

c) Si el plutonio que se produce en los reactores 
de potencia actuales se utiliza como carga de puesta 
en marcha de reactores reproductores, se necesitara 
dos 0 tres veces mas uranio natural para producir 
plutonio, que empleando como carga de puesta en 
marcha 235U, que puede producirse en una instalacion 
de difusion. 

d) Para la primera carga de puesta en marcha 
de reactores reproductores sera necesario el empleo 
de uranio natural barato, como materia prima, 
para evitar una inversion de capital excesiva. 

e) En reactores reproductores rapidos la carga 

de puesta en marcha de materiales fisibles es dos o 
tres veces mayor que en reactores reproductores 
homogeneos termicos. 

f) En los reactores de agua pesada de alta conversion 
al menos se puede producir una cantidad de plutonio 
nuclearmente equivalente a la cantidad de 235U 
que se extrae de la misma cantidad de uranio natural. 

Las conclusiones a que se llega a partir de estos 
resultados son: 

a) Es urgente la prospeccion de recursos de uranio 
baratos; 

b) Es esencial el desarrollo de reactores reproduc
tores para el futuro de la energia nuclear; 

c) Noes aconsejable emplear los reactores de poten
cia de los tipos actuales en gran numero; 

d) Para un periodo intermedio se pueden aceptar 
reactores de agua pesada de alta conversion, si los 
reactores reproductores no se encuentran aun sufi
cientemente desarrollados. 
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Uranium and thorium ore reserves and potential 

by S. H. U. Bowie* 

DEFINITIONS 

Several estimates of uranium and thorium ore 
reserves have been made in recent years, but these 
have not always been meaningful since the term 
"reserves" has not been defined. Published figures 
have ranged from hundreds of thousands of tons of 
oxide to several millions of tons and this has resulted 
in uncertainty among non-geologists as to what can 
be regarded as an acceptable figure. The use of the 
term "ore" implies that the material can be mined and 
treated and the contained uranium or thorium 
recovered as a commercial proposition. 

Ore reserves are defined by professional geologists 
in fairly precise terms, but in reports to non-geologists 
it is not always possible to make the three categories 
of "measured ore", "indicated ore" and "inferred 
ore" clearly understood. It is probably for this reason 
that the Council of the British Institution of Mining 
and Metallurgy has recently recommended to members 
that the term "ore reserves" should be restricted "to 
ore of which the quantity and grade have been 
established with reasonable assurance by a responsible 
professionally qualified person"[1]. It is generally 
accepted, for the purpose of classifying uranium 
resources, that material from which uranium can be 
recovered at a cost of less than $10 per pound of 
oxide can be classed as "ore". Therefore "ore reserves" 
should refer only to uranium that is recoverable at 
less than $10 per pound of oxide and of which the 
quantity and grade have been established with reason
able assurance by a responsible person with the 
necessary professional qualifications. 

Ore reserves are estimated on such measurements 
and analyses of samples as are feasible as well as on 
geological knowledge of the character of the ore 
bodies. Hence figures are not precise. On the basis of 
our knowledge of metalliferous ore bodies that have 
been worked, it can be stated that the margin of error 
in estimating "measured ore" is about 20 per cent, 
and 50 per cent for reserves of all categories. 

"Potential ore" can be defined as material which 
is not known sufficiently well to class as "reserves", 
or which cannot be worked profitably at the present 
time. Hence potential ore may be included in reserves 

* Atomic Energy Division, Geological Survey of Great 
Britain. 
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only after it has been delineated with the required 
certainty or when technological improvements make 
it possible to recover the uranium below the ruling 
market price. 

"Resources" of uranium and thorium include ore 
reserves and potential ore as well as material available 
in low-grade rocks such as granites or shales for which 
there seems little likelihood of economic recovery even 
at 10 times present extraction costs. However, resources 
may be drawn upon in times of emergency or may be 
regarded as a long-term safeguard against shortage 
of more conventional fuels. 

URANIUM ORE RESERVES 

Since the 1958 Geneva Conference, uranium reserves 
have been loosely quoted as being between 1 and 2 mil
lion tons of oxide. Yet in a recently published report [2] 
the "free-world" total is given as 450 000 metric tons 
of uranium metal (equivalent to 584 500 short tons 
U 30 8). It seems necessary to examine the reasons for 
this apparent decrease and to consider what degree of 
certainty can be attached to published figures. Official 
estimates of reserves by the major producing countries 
at the end of 1958 are given in Table 1, together with 
figures for the end of 1961. During this interval output 
for the main producing countries was approximately 
119 500 short tons U30 8, derived as shown in Table 2, 
which also includes production for the years 1958 and 
1962. Production by Canada, the USA and the 
Republic of South Africa during 1959-1961, inclusive, 
amounted to 108 182 short tons U 30 8 , which should be 
added to the 1961 reserves when calculating the 

Table 1. Uranium reserves in short tonsa U30 8 

Year ending 
CountrY 

1958 1961 1971' 

Canada 414 577 277 968b 245 ()()Ob 

USA 220 750 175 000 85 000 
Republic of South Africa . 370 000 150 000 128 000 
Other countries 60000 80000 40000 

TOTALS 1 065 327 682 968 498 000 

a Short tons times 0.77 gives metric tons uranium metal: 
• Includes 108000 short tons additional "inferred" U,O, estimated 

by Department of Mines and .Tech.nical Surveys. . . 
' Estimate assuming no maJor d1scovenes m mtenm penod. 
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Table 2. Production of uranium since 1957 
Short tons UaOs 

Country 1958 1959 1960 1961 1962 

Canada . 13 403 15 892 12 748 9 641 8 431 
USA .. 12 570 16 420 17 760 17 399 17 010 
France a. 755 1 110 1185 1 767 1 656 
Republic of the Congo . 2 300 2 300 1200 
Republic of South Africa . 6 245 6 445 6409 5 468 5 024 
Australia 700 1 100 1 100 1 500 1 300 

Totals ........ 35 973 43 267 40402 35 775 33 421 

a Includes production from Malagasy Republic and Gabon. 
Small tonnages of uranium were also produced in Portugal, Spain, Sweden, Finland, India, Japan, 
Italy, Western Germany, Southern Rhodesia and Colombia. 

percentage reduction in reserves due to the revision. 
However, this tonnage is almost exactly equivalent 
to that of the additional "inferred" ore referred to in 
Table 1, hence the revision downwards has been 
35 per cent, or 25 per cent if the additional ore, not 
estimated by the mining companies holding the 
properties, is included. 

The main reasons for the revision downwards of 
USA reserves, other than production, are that the 
earlier estimates were based on drilling which in 
some cases was inadequate to delineate the ore bodies 
with sufficient accuracy, and on gamma-ray logs of 
the holes which overestimated the grade. The earlier 
Canadian figures were mainly based on borehole data 
that were insufficient to take account of the loss of 
ore que to faulting, lateral thinning of the ore horizons 
and the additional complication of dykes intersecting 
the ore bodies. In the Republic of South Africa, the 
main causes for revision downwards are that the 
average grade of the ore has proved to be less than 
was originally estimated (0.4 lb U30 8 per short ton 
as compared with 0.66 lb per short ton) and that 
unpredicted faulting has been encountered as mining 
has progressed. 

This revision of ore reserve estimates is understand
able when one considers that only a small proportion 
of uranium in the major ore-fields of the world has 
been "measured". To take Canada as an example, 
only about 2.5 per cent of the ore reserves fall into 
the "measured" class. The bulk of the ore (about 
75 per cent) is inferred, that is, the quantitative esti
mates are based largely on knowledge of the geolo
gical character of the deposit and there are few 
available samples or measurements to confirm them. 
Similarly, in the Republic of South Africa only 
18 500 short tons of oxide fall into the "measured" 
category. The remaining 131 500 short tons are known 
with a lesser degree of certainty. It should be clear 
from this that ore reserves are estimates made with 
differing degrees of certainty and that too much reliance 
should not be placed on quantitative estimates of 
"indicated" or "inferred" ore. However, because of 
geological knowledge of the distribution of uranium 

in the three main ore-fields, there seems to be a 
reasonable certainty that ore reserves available in 
countries that have published data amount to about 
500 000 tons of recoverable oxide. 

URANIUM ORE POTENTIAL 

Although ore reserves are assessed to be of the order 
of 500 000 tons of oxide, this does not mean that no 
more uranium is available. To estimate uranium ore 
potential we have to rely on geological knowledge of 
the distribution of abnormal concentrations of 
uranium in the earth's crust and on the past history 
of uranium discovery. 

An analysis of discoveries over the past fifteen years 
has shown that few important uranium fields have 
been found by prospectors. Three of the most impor
tant fields in the world, which together contain over 
90 per cent of the estimated reserves, were all 
discovered as a result of basic geological research. 
Studies carried out on the carnotite occurrences of the 
USA early in the century resulted in the discovery 
after the Second World War of the primary uranium 
deposits of the Colorado Plateau which are estimated 
to contain more than 90 per cent of the total USA 
reserves. Likewise, research carried out in the early 
1920s led, in 1945, to the recognition of the vast poten
tial of the Witwatersrand as a uranium producer; and 
the discovery of the third major field, Elliot Lake, 
Canada, was a product of geological deduction based 
on the similarity of the host rocks to those of the 
Witwatersrand and on studies of the natural leaching 
of uranium ores. No major ore field is known to have 
been discovered since 1955, despite the widespread 
search effort maintained up to 1958 and more localized 
prospecting continuing up to the present time in many 
parts of the world. This indicates that a high proportion 
of outcropping deposits has already been located and 
that additional reserves will prove more difficult to 
find than those presently known. However, this can 
to some extent be offset by the assimilation of the vast 
amount of empirical data on uranium ore bodies that 
has accumulated over the past decade, by undertaking 
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further fundamental studies directed at increasing our 
knowledge of where uranium is likely to be found, and 
by developing geophysical and geochemical methods 
of locating hidden ore deposits that cannot be detected 
by surface radiation methods. 

The potential of uranium likely to cost less than $10 
per pound of oxide to produce seems, on the basis of 
past discovery and on current geological knowledge, 
to be of the same order as reserves. This means there 
is a reasonable chance of finding twice as much ore 
as is estimated to exist. Added to this is ore from which 
uranium cannot yet be extracted economically, but 
which might be treated more cheaply by improved 
beneficiation methods. The most obvious way of 
substantially increasing uranium reserves would be 
the perfection of a process or processes for recovering 
uranium from black shales and phosphate rocks. 
Vast tonnages of these rocks, containing between 
0.005 and 0.03 per cent U30 8, occur in the USA, 
North Africa, Sweden, Great Britain and the Near 
East, and could yield 10 million tons or more uranium. 
However, the cost of producing uranium from these 
sources (by-product uranium from phosphate excep
ted) is likely to be more than $20 per pound of oxide, 
and, so long as there are reasonable prospects of 
discovering more uranium that can be recovered at 
less than $10 per pound of oxide, it will be expedient 
to explore for more deposits of the type now being 
worked. 

On present geological knowledge, it seems probable 
~hat potential ore in the Colorado Plateau province 
1s of the same order as recently-estimated reserves. 
The same can be said of the Canadian Shield, but it is 
doubtful if the Witwatersrand Basin has a large 
potential; and to date there have been no indications 
of another uranium field in the Republic of South 
Africa. Outside these three main producing areas 
possibilities exist of discovering fairly large tonnage~ 
of uranium, for example, in the Singhbhum copper 
belt of India, where low-grade ore has been proved 
and is presently being worked at the Jaduguda mine. 
In Pakistan there is a possibility of appreciable 
tonnages of ore being proved in the Sulaiman Range, 
where a uranium mineral akin to tyuyamunite, 
Ca(U02MV04h.10 H20, has recently been discovered. 
No imponant discovery of uranium has been made in 
Australia in recent years, but the Australian Shield is 
undoubtedly favourable for the occurrence of uranium 
particularly in the environment of unconformities i~ 
pre-Cambrian rocks. The most favourable area in 
Africa would appear to be the Copper Belt arc which 
stretches from Northern Rhodesia, through the 
Republic of the Congo and into Angola. In addition 
to the Congo deposits, numerous occurrences of 
uranium have been recorded in this province and it is 
to be expected that further economic deposits will 
eventually be discovered. More detailed geological 
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information is required to help assess the potential 
of South America, though, on the basis of what is 
already known, there would seem to be a good chance 
of more uranium being found in both the South 
American Cordillera and the Brazilian Shield. Other 
countries such as Mexico, Finland, Italy, Spain, 
Portugal and Japan clearly have a potential as uranium 
producers, but output from these may not be large. 

AVAILABILITY OF URANIUM 

In considering the long-term requirements of ura
nium, not only do the reserves have to be considered 
but the rate at which they can be mined must be take~ 
into account. If it is assumed that production in 
Canada, USA, the Republic of South Africa and other 
countries is determined by the contracts currently 
agreed, then reserves at the end of 1971 will be 
approximately as shown in Table 1. It is apparent 
from this table that only Canada and the Republic 
of South Africa will be in a position to export substan
tial quantities of uranium after 1971, assuming no 
new major discoveries are made in the USA or else
where during the intervening period. However, since 
uranium is mined as a by-product of gold in the 
Republic of South Africa, it is unlikely that the annual 
output of uranium costing less than $10 per pound 
of oxide could exceed 6 000 to 7 000 short tons. Thus 
if the annual requirement of uranium is about 
22 000 metric tons (equivalent to 28 600 short tons 
UaOs) by 1975, as is indicated in the Euratom 
report [2], then about three-quarters of the require
ment would have to come from Canada and other 
countries. But, as nearly half of the presently estimated 
reserves of Canada are in the property of Deniso1;1 
Mines Ltd., production may be restricted because of 
the limited output possible from a relatively small area. 

Also, it must be noted that by 1965 it is probable 
that only one uranium plant will be in operation in 
Canada, while in the Republic of South Africa only 
five out of the peak number of twenty-two will be in 
production. Several plants in both countries will then 
be on a care and maintenance basis and their effective
ness as producers of uranium concentrate will depend 
on how long they are kept in this way. It is assumed 
that most existing plants will be in operation in the 
USA, but by 1975 presently-estimated ore reserves 
will be seriously depleted. Even if the annual require
ments by 1975 prove to be appreciably less than 
Euratom have forecast and the figure of 22 000 metric 
tons is only reached some years later, there will still 
be a need for new deposits of uranium to be found and 
exploited. 

THORIUM ORE RESERVES 

Little prospecting has been carried out for thorium 
in post-war years and most discoveries have been 
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associated with the search for uranium. Both the 
disseminated uranium deposits of the Elliot Lake 
district and the pegmatitic granite dykes of the 
Bancroft contain appreciable thorium which can be 
recovered as a by-product. Thus by 1962 Canada was 
able to capture a considerable share of the world's 
thorium market in competition with that produced 
from concentrates of monazite and thorite. 

Traditional resources of thorium occur mainly in 
India, Brazil, Australia and Nyasaland in the form 
of placer deposits [3]. Thorium vein deposits occur in 
Cape Province, Republic of South Africa, and in 
Idaho and Montana. In Nigeria, thorite, in addition 
to occurring in placer deposits, is obtained as a by
product of the mining of weathered granite for pyro
chlore. 

Tentative figures for reserves of thorium are given 
in Table 3. 

Table 3. Tentative estimate of thorium reserves 

India . 
Canada 
Brazil . 
USA . 
Australia. 

Country 

Republic of South Africa 
Nigeria .. 
Nyasaland . 

Total .. 

Reserves 
tons ThO, 

300 ()()() 
200000 
200 ()()() 
150000 
50000 
15 000 
15 ()()() 
15 ()()() 

945 ()()() 

ASSESSMENT OF PRESENT POSITION 

On available estimates of uranium requirements it 
is probable that there will be no difficulty in meeting 
demands until 1975. However, reserves are small 
compared with those of the two other main fuels, oil 
and coal, and it would therefore seem prudent to 
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devote more energy to research in the field of radio
geology. We should increase our knowledge of where 
economic concentrations of uranium and thorium 
are likely to occur in the earth's crust and develop 
geophysical and geochemical methods of locating 
hidden deposits that cannot be detected at surface 
by radiometric techniques. 

The cost of prospecting will increase as deposits 
that outcrop are discovered and worked out, but it 
still seems reasonable to assume that it will prove 
more economic to prospect for low-cost sources of 
uraniu,m than to concentrate on devising new methods 
of recovering high-cost uranium (i.e., material costing 
more than $20-30 per pound of oxide to produce). 
It cannot be assumed than an important new ore 
field will be discovered in less than five years and as 
it may take another five years to bring a major field 
into production, the time is not far distant when 
reconnaissance surveys and prospecting for uranium 
should be recommenced. Prospecting by the methods 
practised from 1945-1955 is not likely to be as remune
rative in, say, the period 1965-1975. Hence, if we are 
to ensure that there will be adequate supplies of 
fissionable raw materials for future generations, 
research into new discovery methods should be 
increased and, as a safeguard against a failure to 
discover new fields comparable with the Witwaters
rand, Elliot Lake or the Colorado Plateau, research 
should be encouraged on both physical and chemical 
methods of upgrading ore that, at present, is of too 
low a grade to be worked economically. 
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A/164 Royaume-Uni 

Reserves et potentiel en minerais d'uranium 
et de thorium 

par S. H. U. Bowie 

La confusion existant a 1 'heure actuelle sur les esti
mations des reserves d 'uranium et de thorium provient 
en grande partie de 1 'utilisation abusive du terme 
« reserves ». On definit done les termes « reserves », 
« potentiel » et « ressources » et on etablit le degre 
de confiance que l'on peut accorder aux chiffres et 
donnees publies concernant Ies reserves. 

On donne un bref historique de Ia decouverte des 
principaux gisements d'uranium et )'augmentation des 

reserves de minerais au cours de la periode 1945-55. 
On discute les valeurs et le « potentiel » des gisements 
connus ainsi que la possibilite de trouver d'autres 
regions avec des tonnages comparables de minerais. 
II est note qu'aucun gisement important de minerai 
n'a ete trouve depuis 1955 et que les estimations des 
reserves d'uranium a Ia fin de 1961 sont en diminu
tion de plus de 30 pour 100 par rapport aux chiffres 
retenus en fin de 1958. La cause de cette revision est 
que les reserves de minerais avaient ete principalement 
estimees d 'a pres des donnees recueillies en surface 
et des sondages qui donnaient une idee incomplete 
de la situation dans le sous-sol. 

La disponibilite du minerai est d'une importance 
egale aux reserves si l'on considere le point de vue de 
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1 'utilisation a long terme. On releve que si aucune 
decouverte importante d'uranium n'a lieu et que Ia 
production actuelle se maintienne, en 1975les reserves 
des Etats-Unis seront fortement entamees et, par Ia 
suite, Ia production devrait principalement etre le fait 
de !'Afrique du Sud et du Canada. Cependant Ia pro
duction de !'Afrique du Sud ne depassera vraisembla
blement pas 6 000 a 7 000 tonnes de U30 8 par an et 
celle du Canada peut ne pas representer un pourcen
tage normal par rapport a ses reserves totales, car 
approximativement Ia moitie des gisements de minerai 
conn us est entre les mains d 'une seule firme. 

On examine les changements qu'il faudra apporter 
aux techniques de prospection pour decouvrir des 
depots caches d'uranium et de thorium. On donne 
egalement une indication sur les recherches de base 
necessaires pour diminuer le cout de Ia prospection 
de nouveaux gisements lorsque le besoin s'en fera 
sentir. Les reserves de thorium ne sont pas connues 
avec le meme degre de certitude que pour 1 'uranium, 
mais des chiffres approximatifs indiquent qu'elles sont 
du meme ordre que pour !'uranium. 

A/164 CoeAHHeHHOe Koponeacno 

Ae~CTBHTenbHble H npeAnonaraeMble 
sanacbl ypaHOBO~ H TOpHeeo~ PYA 

C. r. 10. bayH 

Cyi.QecTByiOI.QaH nyTaHnn;a B OTHomeHnH nc
qncJieHHhiX K H3CTOHI.QeMy BpeMeHH aanaCOB ypa
Ha H TOpHH npOHCXO;rJ;HT BO MHOrOM H3-3a Henpa
BHJibHOrO ynoTpe6JieHHH TepMnHa «aanachl». IIo
aToMy B p;aHHOM p;oKJiap;e p;aeTCH onpep;eJieHne 
TepMHHOB «aanaci>u, <mpep;noJiaraeMhle aanachl» 
H «pecypCbU H YK33biBaeTCH, B KaKOH CTeneHH 
MOiKHO llOJiaraThCH Ha ony6JIHKOB3HHhie ;rJ;3HHbie 
o aanacax pyp;. 

,lJ.aeTCH KpaTKHH HCTOpH1IeCKHH o6aop OTKphlTHH 
KpynHhiX ypaHOBhlX MecTopomp;eHnii: H onpep;eJie
HHH aanacos pyp;I>I B nepnop; 1945-1955 rop;os. 
PaccMaTpnsaiOTCH p;aHHI>Ie, KacaiOI.Qneca aanacos 
PYAhl, n o6cymp;aiOTCH npep;noJiaraeMhle aanaci>I 
H3BeCTHhlX MeCTOpomp;eHHH, a TaKme B03MOlli
HOCTH llOHCKa ;rJ;OllOJIHHTeJibHblX paii:OHOB, pacno
JiaraiOIQHX aHaJiornqHhlMH aanacaMH pyp;I>I. 
CJiep;yeT aaMeTHTh, qTo c 1955 rop;a He 6I>mo o6-
HapymeHo HHKaKoro KpynHoro MecTopomp;eHHH H 
qTo B KoHn;e 1961 rop;a B peayJII>TaTe nepecMoTpa 
aanaci>I ypaHa oKaaaJIHCh npnMepHo Ha 30% MeHh
me, qeM 6hlJio on;eHeHo Ha KoHen; 1958 rop;a. 8To 
o6yCJIOBJIHB3eTCH TeM, qTO aanacbl ypaHOBOH py
;rJ;bl OIJ;eHHB3JIHCb Ha OCHOBe ;rJ;3HHhlX llOBepXHOCT
HbiX H 6ypOBhlX HCCJiep;oBaHHH, KOTOpbie He;rJ;OCTa
TOqHO OTpamaJIH KapTHHY H3MeHeHHii, npOHCXO;rJ;H
IQHX Ha rJiy6nHe. 

S. H. U. BOWIE 

Op;nHaKosyiO namHOCTh ;rJ;JIH aanacon c ToqKn 
apeHHH nepcneKTHB HMeeT TaKme ;ri;OCTYllHOC'Ib 
ypaHosoii: PYAI>I. 0TMeTnM, qTo ecJin He 6y)J,yT 
OTKphlTbl HOBbie KpynHbie MeCTOpomp;eHliH ypaHa 
ll B TO me BpeMH COXpaHHTCH HhiHelliHliH ypo
BeHb p;o6I>Iqn, K 1975 rop;y aanachl ypaHa B CiliA 
3HaqHTeJibHO liCTOIQ3TCH H MOlliHO Ollill;ri;3Th, q'fo 
B llOCJiep;yiOI.Qlle rO;rJ;bl OCHOBHblMll llOCT3BI.QliK3Mll 
ypaHosoii: pyp;hl 6yp;yT IOmHo-AtJ>pnKaHcKaH Pec
ny6JinKa n l\aHap;a. Op;HaKo nponasop;cTBO ypaHa 
B IOmHo-AtJ>pnKaHcKoii: Pecny6JinKe He 6yp;eT, 
nepoHTHO, npeBhlmaTh 6000-7000 r U30s B rop:, 
a B RaHap;e nponasop;CTBO MomeT He cooTBeTCTBO
BaTb o6IQHM aanacaM, llOCKOJihKY npn6JIH3liTeJih
HO noJioBnHa nanecTHhiX aanacon ypaHosoii: PYf!hl 
npnHap;JielliHT O;rJ;HOMY BJiap;eJII>D;y. 

06cymp;aiOTCH H3MeHeHHH B MeTO;rJ;HKe paasep;
Kll, KOTOpble 6yp;yT Heo6XO;ri;HMbl ;ri;JIH o6Hapyme
HHH cKphlThlX aaJiemeii: ypaHa n TopnH. YKaahl
naeTCH T3Kllie, qTO ;rJ;JIH MaKCHM3JibHOrO CHUllieHUH 
CTOUMOCTH paaBe;rJ;KH MeCTOpOlli;rJ;eHUH, eCJIU llOHa
p:06HTCH ;rJ;OllOJIHUTeJibHbie llOHCKH pyp;hl, llOTpe-
6yeTCH nposep:eHUe tPYH;rJ;3MeHT3JibHbiX UCCJie;rJ;OBa
HUH. 3anaChl TOpUH HeuaBeCTHbl C T3KOH CTeneHbiO 
ToqHoCTH, KaK aanachl ypaHa, op;HaKo npep;napu
TeJII>Hble p;aHHhle noKa3hlBaiOT, qTo aanachl ypaHa 
If TOpUH npn6JIH3UTeJibHO O;rJ;UH3KOBbl. 

A/164 Reino Unido 

Reservas y perspectivas de minerales de 
uranio y torio 

por S. H. U. Bowie 

La confusion que existe acerca de las estimaciones 
actuales sobre reservas de uranio y torio procede, en 
gran parte, del uso un tanto vago que se hace del 
termino « reservas ». Por consiguiente, se definen los 
terminos « reservas », « perspectivas » y « recursos » 
y se da una indicacion del grado de confianza que puede 
ponerse en los datos publicados sobre reservas. 

Se hace un breve relato de Ia historia del descubri
miento de las minas de uranio mas importantes y del 
incremento de las reservas de mineral durante el 
periodo de 1945-55. Se discuten los datos sobre 
reservas y se comentan las perspectivas de las zonas 
mineras, asi como Ia posibilidad de hallar otras 
regiones con un tonelaje de mineral comparable. Se 
hace notar que nose ha encontrado ningun yacimiento 
importante desde 1955 y que las reservas de uranio, 
en Ia evaluacion hecha a finales de 1961, se redujeron 
en mas de un 30 % respecto a las cifras dadas a finales 
de 1958. La causa de tal reduccion proviene de que las 
reservas de mineral se estimaron, principalmente, con 
datos de superficie y sondeos que dieron una vision 
poco exacta de los cambios que ocurren en profun
didad. 
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De tanta importancia como las reservas, conside
rando la situaci6n a largo plazo, es la disponibilidad 
del mineral. Se pone de manifiesto que si no se 
hacen descubrimientos importantes de uranio y se 
mantiene la producci6n actual, las reservas de los 
Estados Unidos de America estar{m pnicticamente 
agotadas en 1975 y puede esperarse que en los alios 
siguientes la producci6n proceda principalmente de 
Sudafrica y de Canada. Sin embargo, no es probable 
que la producci6n del primer pais citado, exceda de 
6 000-7 000 t de U30 8 al afi.o y en cuanto a la produc
ci6n del segundo, es posible que no se desarrolle en 
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proporci6n normal a sus reservas totales, puesto que 
aproximadamente la mitad del mineral de uranio 
conocido se encuentra en un solo yacimiento. 

Se comentan las variaciones que sera necesario 
introducir en la tecnica de prospecci6n para localizar 
depositos ocultos de uranio y torio. Tambien se hace 
una indicaci6n sol:1re la investigaci6n basica necesaria 
para reducir al minimo el coste de la prospecci6n, 
cuando sea necessaria, para obtener mas mineral. 
Nose conocen las reservas de torio con el mismo grado 
de certeza que las de uranio, pero cifras provisionales 
indican que son del mismo orden que las de este. 



P/24 Canada 

Canadian resources of uranium and thorium 

By J. W. Griffith and S. M. Roscoe* 

Canada has been one of the world's leading pro
ducers of uranium since the metal became important 
as a raw material in the development and production 
of atomic energy. One of the largest known deposits 
in the world is in Canada, where present reserves 
represent about 37% of the total among those countries 
that have published reserve statistics. The production 
of uranium has been characterized by features which 
are unique in Canadian mining, because the industry 
was created by the government at a time of emer
gency and, unlike other minerals, the sale of its product 
is controlled by the State. The rapid growth of the 
uranium-mining industry since World War II. has 
been a remarkable achievement. In 1958, Canada was 
the world's leading producer of uranium and the value 
of U30 8 produced in both 1958 and 1959 exceeded 
the value of any other Canadian-produced metal. 
As an export commodity, uranium ranked fourth in 
value in 1959, following newsprint, wheat and lumber. 
Production from 25 mines in that year was 14 462 
tonnes of U30 8 valued at $318 million.** Since 1959, 
however, the decline in production, resulting from 
declining export markets, has been almost as rapid 
as the spectacular rise from 1953 to 1959. At the end 
of 1963, only seven mines were in production, and 
by the end of 1965 only two mines are expected to 
remain in operation. 

Contracts and sales 

The present surplus of uranium in the United States 
and Britain, the major consuming countries to which 
Canada has been shipping, makes it unlikely that the 
demand will rise again before the 1970s. Practically 
all of Canada's uranium was sold under contract 
to the United States Atomic Energy Commission 
(USAEC) and the United Kingdom Atomic Energy 
Authority (UKAEA). The United States, Canada's 
largest customer, announced in 1959 that it would not 
exercise its option to purchase additional uranium 
from Canada. To prevent a collapse of the industry 
in 1962 and 1963, when the USAEC contracts would 
expire, the Government of Canada, through Eldorado 
Mining and Refining Limited (a Crown agency), 
negotiated a delivery stretch-out for the uranium 

* Department of Mines and Technical Surveys, Ottawa, 
Ontario. 

** All monetary values are in US dollars. 
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already under contract with the USAEC and the 
UKAEA. This plan also permitted the transfer of 
contracts between companies. By September 1968, 
when the stretch-out period ends, most companies will 
have fulfilled their original contracts and any additional 
ones that they may have acquired through transfers 
from other companies. 

In 1962, a contract was signed with the UKAEA 
for the delivery of 10 920 tonnes of U30 8 over a period 
extending until late 1971. This contract permitted 
each of the seven mining companies, which were 
still operating in 1962, to extend its operating life 
approximately 16.7 months past the completion date 
of its previous commitments. However, only one mine 
will be able to stretch out its production into 1971. 

PRICES AND MARKETING 

The prices paid to the Canadian producers for the 
sale of mill concentrates (yellow cake) under govern
ment contract varied with each company, having 
been originally calculated to provide a profit after 
allowances for amortization of the major estimated 
capital costs and the estimated operating costs. Under 
most contracts, however, the maximum price paid 
was $23 a kilogram of U 30 8 contained in the yellow 
cake. Before the announcement of the stretch-out 
plan, a few contracts were extended from 31 March 
1962 to 31 March 1963 ; the price under these was 
either the original contract price or $17.60 per kg plus 
the amortization factor, whichever was the lower. 

Procurement and marketing of most of the· uranium 
produced in Canada is the responsibility of the 
Crown corporation, Eldorado Mining and Refining 
Limited. Canadian producers are permitted, however, 
to make small sales of surplus uranium (U30 8) to 
countries that do not hold agreements with Canada 
for co-operation in the peaceful uses of atomic 
energy. The maximum amount any such country 
may receive in total from Canada is 1 125 kg. Producers 
may also sell larger amounts, under permit from the 
Atomic Energy Control Board, directly to countries 
that hold bilateral agreements with Canada, but sales 
of this nature have been small. 

Future prices 

It is probably too early to discuss future prices in a 
free uranium market. Some small individual transac-
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tions, which have taken place in recent years, have 
been at prices as low as $8 per kg U30 8 although 
such prices cannot be considered as realistic in 
view of published cost figures. In any case, it is doubt
ful if large sales would be made by Canadian mines 
at such low prices. The average price received by 
Canadian producers under a contract signed with 
the UKAEA in 1962 was $10.25 per kg. In the writers' 
view, if a free market is established before 1970, the price 
will be in the $11 to $14 range and in the· post-1970 
period this price trend will continue to climb unless 
large new deposits of high-grade ore are discovered. 

PRODUCTION COSTS 

The reduction of operating costs at the mines, 
treatment plants and refinery through new equipment, 
automation and process improvements is a continuing 
one and further cost reductions are expected in the 
future. Generally, costs reported by most Canadian 
uranium mines cover mine operating costs only, which 
include underground development, mining, milling 
and general mine expense; usually, they do not include 
prospecting and exploration, amortization, head 
office administration expenses, interest, taxes and 
royalties. In some cases the latter items would increase 
mine operating costs substantially, largely because 
of an unusually short amortization period. Mine 
operating costs in the Elliot Lake camp have ranged 
from $7.50 to $12 per tonne of ore, or $8.30 to $12 
per kg U30 8• Mining and development costs have 
averaged about $5 per tonne of ore, and milling costs 
have been slightly less. The average costs at Bancroft 
and Beaverlodge have been slightly higher than that 
for the Elliot Lake camp. Some producers have been 
understandably reluctant to divulge operating costs 
so that more precise figures cannot be given. 

PRESENT RESERVES OF URANIUM AND THORIUM 

Despite the present surplus of uranium, there is a 
growing concern about long-term supplies for a 
market that some authorities believe will reach major 
proportions by 1980. The main reason for this concern 
is that the cost of nuclear power in certain areas 
of the world is becoming competitive with the cost of 
power from conventionally fuelled thermal plants, 
and it is expected that by 1975, or earlier, nuclear 
power will show economic advantages in comparison 
with conventional thermal power in many countries. 
The Consultative Committee of Euratom Supply 
Agency has estimated [1] that uranium requirements 
between 1970 and 1980 for nuclear power plants 
alone will amount to 190 000 tonnes of uranium 
(Table 1). 

The concern about the long-term supply of nuclear 
fuel has become more manifest as a result of recent 
downward revisions of ore reserves by the major 

Table 1. Requirements of uranium between 1970 
and 1980 estimated by the Consultative Committee 

of Euratom Supply Agency [1] 

Europe ..... 
North America . 
Other countries . 

Total 

Annual requirements 

In 1970 In 1980 
(tonnes U) (tonnes U) 

4000 
3 000 
1000 

8 000 

20 000 
14 000 
4000 

38 000 

Cumulated 
requirements 

1970-1980 
Ctonnes U) 

100 000 
70 000 
20000 

190 000 

producers. For example, the revision by the USAEC 
was from 209 300 t U30 8 in late 1960 to 151 970 t 
in January 1963 [2]. French reserve estimates have 
been reduced from an excess of 50 000 t U 30 8 in 
1960 [3] to 30 000 tin 1962 [1]. South African reserves 
were re-assessed from 337 000 t U30 8 in 1958 [4] 
to 137 000 t in 1963 [1]. Australia's reserves are con
sidered to be low and the Republic of the Congo 
(Leopoldville) ceased treating ores in 1961 [5]. 
Canada's reserves have also been revised downward 
from approximately 350 000 t U30 8 in 1958 [6] to 
188 000 t in January 1964. The earlier figure did not 
allow for unrecoverable uranium and included some 
material which we consider should now be reported 
as potential ore. In addition, 62 000 t have been pro
duced since the beginning of 1958. 

The tabulation of present reserves (Table 2) includes 
developed ore in underground workings and ore 
indicated in drill holes. These constitute tonnages 
which can be exploited under present technology 
at a profit to the operator at prices ranging from 
$11 to $22 a kilogram for U30 8 (1963 US dollars). 
Reserves in the conglomeratic deposits in the Blind 
River-Elliot Lake area of Ontario constitute 93% 
of the total in Canada. Reserves in pitchblende
bearing vein type deposits in the Beaverlodge Lake 
area of Saskatchewan comprise 6% and the pegmatitic 
deposits in the Bancroft area of Ontario make up 
about one per cent. 

In calculating recoverable U30 8 (Table 2), allowance 
has been made for percentage recovery through 
chemical treatment and the percentage of ore extrac
tion in the mines, particularly those of the Elliot Lake 
district where about 80% is recovered by the room
and-pillar method of mining. Average recovery and 
extraction percentages for 1961 were used for calcula
tion, although it is known that ore extraction percent
ages have increased since then; recovery in ore treat
ment processes has remained steady at about 95%. 

Despite the severe contraction in production as a 
result of the depressed market situation, established 
ore reserves in mines that have closed or that expect 
to close in the near future, will not be lost through 
caving or flooding. 

Scheduled deliveries of U30 8 to the USAEC and 



36 SESSION 2.11 P/24 J. W. GRIFFITH and S. M. ROSCOE 

Table 2. Canadian reserves of uranium and thorium 
(as of 1 January 1964) 

Type and location of Ore 
principal deposits 10 6 tonnes 

Conglomeratic (Elliot Lake, Ontario) 
Past and present producers. . . . 196 

Veins and related types (Beaverlodge 
Lake, Saskatchewan) 

Past and present producers. 6 
Other deposits . . . . . . 2 

Pegmatitic (Bancroft, Ontario) 
Past and present producers . 
Other deposits . . . . . . 

Totals and averages 206 

UKAEA from 1964 to 1971 inclusive total 15 334 t. 
Thus, by the end of 1971 Canada's reserves will be 
approximately 173 000 t of recoverable U30 8 if no 
further exploration is undertaken before then. 
Domestic requirements of uranium for nuclear power 
purposes will not appreciably affect Canada's ability 
to export uranium in the future. However, total 
production capacity at that time will be reduced 
unless new deposits are discovered or unless the lower
grade material, which is described later, is required. 

FUTURE SOURCES OF URANIUM AND THORIUM 

Radioactive conglomerates 

General description of Elliot Lake deposits. The 
conglomeratic deposits in Huronian strata near Elliot 
Lake underlie two separate areas about 10 km apart. 
One, about 23 km2 in extent, is on the north flank 
of the Quirke Lake syncline; the other, about 8 km2 

in area is on the south flank of the syncline. Both 
zones outcrop and extend down dip to depths of as 
much as 1 100m below surface. The bedded and rela
tively uniform character of the deposits make them 
remarkably amenable to drill hole exploration. About 
275 million tonnes of ore and similar amounts of 
marginal and submarginal conglomeratic material 
discussed below were outlined during a period of 
only three years of intensive deep drilling. Approxi
mately 1 200 holes aggregating some 300 000 m were 
drilled. The average exploration cost would amount 
to only about 2 cents per kg of uranium in the ore 
discovered. With one or two exceptions, estimates 
of tonnages and grade based on drill hole data have 
been satisfactorily borne out by underground work. 

The ore occurs within conglomerate-bearing units 
up to 30 m thick in the southern ore zone and up to 
75 m thick in the northern part of the northern zone, 
wh~re there are two persistent conglomerate-rich 
layers about 45 m apart. The ore reserve calculations 
include only one section of mineable thickness in any 

Grade Recoverable 

U 30& Th02 u,o, ThO, 
% % 103 tonnes 103 tonnes 

0.12 0.05 176 74 

0.20 nil 9 nil 
0.15 nil 2 nil 

0.10 0.07± 0.6 0.5± 
0.10 0.1 ± 0.6 6± 

0.12 0.05 188 75 

one area although parts of a second band are mined 
in a few places. The remainder of the thick radioactive 
units contain more than 0.01% U30 8 with the bulk of 
this in distinct conglomerate beds, many of which are 
sufficiently closely spaced to permit mining of one to 
three separate sections if this were technically and 
economically feasible. 

Potential ore. With a cut-off grade of about 0.03%, 
some 180 million additional tonnes of ore containing 
about 120 000 t U30 8 and 90 000 t Th02 could be 
added to ore reserves at prices of $22 to $33 per kg 
for U30 8 • This includes material at the fringes of ore 
zones, accessible from extensions of present workings, 
and material obtainable by increasing thicknesses 
mined in the main ore sections, as well as zones above 
and below the main ore zones. 

An area of about 25 km2 extending 13 km east 
of the southern ore zone evidently contains almost 
continuous conglomerate layers carrying 0.03 to 
0.06%, and locally nearly 0.1 %, U30 8 through mineable 
thicknesses. Thicknesses of as much as 6 m are present 
locally. In places, a second potential ore zone occurs 
above or below the main zone. 

A second area of potential ore occurs along the east 
side of the northern ore zone. This area is about 8 km2 

in extent and contains material with 0.03 to 0.07% 
U30 8 and about 0.1% Th02• It has not been delineated 
towards the east; grades decrease in this direction but 
radioactive conglomerate beds may extend 13 km 
southeasterly to an area on the nose of the syncline 
where material with a grade of about 0.02% U30 8 and 
0.04% Th02 has been discovered. Significant thick
nesses of radioactive conglomerate have also been 
intersected in drill holes south of the northern ore 
zone but exploration possibilities in this area are 
limited as the conglomerate beds are separated from 
the southern conglomeratic zones by an intervening 
barren unit, and are probably also truncated locally 
by a disconformity. A total of about 180 million 
tonnes containing 90 000 t U30 8 and 90 000 t Th02 
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may be present in these areas. Some of this could be 
mined at a price of $22 per kg for uranium but its 
full exploitation would probably require uranium 
prices of more than $33 per kg. 

The total potential ore indicated by drilling in the 
Elliot Lake area is estimated to be about 365 million 
tonnes, containing about 210 000 t U30 8 and 180 000 t 
Th02 mineable at prices less than $45 per kg. About 
half of this could be mined at prices less than $33 per 
kg. Small amounts of potential ore are also known 
in Huronian rocks outside of the Elliot Lake area. 

Conglomeratic material containing 0.01 to 0.03% 
U30 8 is abundant in the Elliot Lake area and in 
Huronian rocks elsewhere in the region. This might 
ultimately be valuable if prices rose to $45 and more 
per kg U30 8, but our data is inadequate for estimates 
of amounts of such material present in Huronian rocks, 
amounts recoverable, and recovery costs. A tentative 
opinion concerning the relative abundance of this 
material may nevertheless be of interest here. At 
present, we have no reason to believe that tonnages of 
recoverable uranium in this type of material are 
greater or even comparable with tonnages in conglo
merates containing more than 0.03% U30 8• About 
400 million tonnes, containing 100 000 t U30 8 and 
200 000 t Th02, may still be available in the Elliot 
Lake area after higher-grade ores are mined. Greater 
amounts at slightly lower grade are present throughout 
other parts of the region. 

Future discoveries. All the ore and potential ore in 
the Elliot Lake area occurs in a lithostratigraphic 
unit which Roscoe has called the Matinenda Forma
tion [7]. The formation outcrops in a few limited 
areas outside of the Elliot Lake-Blind River area but 
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Figure 1. Regional distribution of radioactive conglomerates 

all of these contain radioactive conglomerate beds. 
Numerous occurrences of highly radioactive conglo
merates have been found in a structurally complex 
area 70 km east of Elliot Lake. The most extensively 
explored of these has been reported [8] to contain 
an ·indicated 6 000 t per vertical metre of potential 
ore containing 0.09% U 30 8 and 0.3% Th02• Sixty 
to 130 km west of Elliot Lake, radioactive conglo
merate beds containing up to 0.1% U30 8 have been 
found within volcanic strata. 

The extent and depth of the Matinenda Formation 
(or equivalent strata) largely control our exploration 
possibilities. The formation is believed to underlie 
areas totalling at least I 800 km2 at depths less than 
2 000 m. Surface prospecting and drilling, of course, 
have eliminated possibilites of occurrences of large 
deposits throughout part of this area but about 
I 300 km2 can be considered as unexplored. Certain 
sections aggregating about 260 km2 can be considered 
as prime exploration targets because of geological 
considerations such as location with respect to known 
deposits or to conglomerate beds that are likely to 
be more abundant and richer further up the paleoslope, 
the probable character and paleotopography of 
underlying basement rocks, and projected positions 
of facies changes, wedge outs and overlaps of strati
graphic units. If highly radioactive conglomerates 
are one-third as abundant in unexplored sections of 
the Matinenda Formation as they are in the prospected 
sections, we are likely to find as much ore and sub
marginal material in the future as we have in the 
past. 

Several Huronian formations above the Matinenda 
Formation also contain radioactive pebble beds in 
places (Fig. I). Conglomerate beds are particularly 
abundant in the northernmost outcrops of the Missis
sagi Formation. Some exploration and sampling has 
been done on such beds 30 km northwest, 70 km east 
and 150 km east of Elliot Lake. Drill core sections 
with as much as 0.08% U30 8 through 2.4 m have been 
reported [8]. Thin, radioactive pebble beds have been 
discovered near the base of the Gowganda Formation 
in a number of places. None of these appears to 
average more than 0.01% U30 8 but the most easterly 
occurrence, 210 km east of Elliot Lake, reportedly 
yielded some erratic analyses of as much as 0.05% 
U30 8 and 14 parts per million gold [8]. Extensive 
monazite-rich, hematitic conglomerates occur in 
gently-dipping arkosic beds in the Lorrain Formation 
along a belt 50 km long, 30 km north of Elliot Lake. 
Surface samples collected by Roscoe ranged between 
0.01% and 0.12% Th02 and had Th02 : U 30 8 ratios 
between 8 and 43. Thorium probably could not be 
as readily recovered from this type of material as it 
can from pyritic conglomerates. The total area 
wherein higher radioactive horizons might be tested 
by drilling is about 5 000 km2• 
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The Witwatersrand conglomeratic deposits and the 
relatively few similar occurrences known elsewhere in 
the world all occur in pre-Cambrian sedimentary rocks 
similar to the Huronian rocks. Possibilities of discover
ing important deposits of this class may be restricted 
to sedimentary rocks that were deposited under 
unusual conditions during pre-Cambrian time. If 
abundance of belts of pre-Cambrian sedimentary 
rocks is a valid criterion, chances of discoveries of new 
areas containing conglomeratic deposits should be 
greater in Canada than in most regions of equivalent 
size elsewhere in the world. 

Pitchblende veins and related deposits 

It is rarely possible to develop ore reserves in vein
type deposits far in advance of mining operations. 
We have no data on tonnages of mineralized rock 
that might be promoted to the ore reserve category 
at uranium prices above $22 per kg U30 8• Exploration 
of any given radioactive zone is normally discontinued 
if it becomes apparent that chances of finding ore (at 
prevailing prices) are slight. However, it is likely that 
additional ore could be discovered in the Beaverlodge 
area at an adequate rate to maintain a substantial 
rate of production of relatively low cost uranium for 
many years. 
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The area of abundant pitchblende occurrences at 
Beaverlodge Lake is about 1 300 km2 in extent but 
less numerous occurrences are found throughout a 
belt 320 km long along the north shore of Lake Atha
basca (Fig. 2). This mineralogenic province, 
incidentally, is superimposed upon a larger mineralo
genic province characterized by pegmatitic radioactive 
occurrences. Other extensive areas of pitchblende 
occurrences are found in the Northwest Territories 
and smaller areas and isolated occurrences are known 
in Manitoba, western Ontario, eastern Ontario, near 
Sault Ste. Marie and near Cobalt, on the Labrador 
coast, in the Cordilleran region of British Columbia 
and the Yukon Territory and in the Appalachian 
region of the Atlantic provinces. More will be found 
in less accessible areas. One extensively developed 
deposit on the Labrador coast could produce uranium 
at a relatively low cost. Under more favourable market 
conditions further prospecting and more detailed 
exploration would be warranted in all the known 
pitchblende-bearing areas. 

Pegmatitic and related deposits 

Radioactive pegmatites and the many other radio
active concentrations that are essentially consangui
neous with their igneous and metamorphic host rocks 
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Figure 2. Map of Canada showing distribution of uranium and thorium 
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are considered together for purposes of this study. 
Such primary deposits occur in pegmatitic and other 
facies of granites and syenites, in zoned pegmatites, 
in skarns and other metamorphic rocks, in alkalic 
syenites and in granophyric phases of basic intrusives. 
Thorium, uranium, rare-earth elements, titanium and 
zirconium are intimately associated in most of these 
types of deposits. Concentrations of such elements 
as molybdenum, beryllium, niobium, tantalum, tin, 
iron, fluorine and phosphorus are also commonly 
present in a variety of other types which offer possi
bilities of multi-product operations. 

The bulk of radioactive occurrences that have yielded 
U30 8 equivalent radiometric analyses greater than 
0.05% belong to these classes. Known occurrences 
are most abundant in the Grenville region along the 
southeastern edge of the Canadian Shield. They are 
also abundant throughout extensive areas in Saskat
chewan, Manitoba and western Ontario; many are 
also known in more remote sections of the Shield and 
in the Cordilleran and Appalachian regions. 

Despite the abundance of pegmatitic deposits, few 
were extensively explored and sampled during the 
period of active search for uranium. Most of the 
available exploration funds were directed to pitch
blende and conglomeratic deposits which were rightly 
regarded as most apt to yield low-cost uranium. 
Exceptions were the Bancroft deposits which were 
brought into production, deposits near Birch Island, 
British Columbia, which were extensively developed 
but not brought into production, and numerous depo
sits in the Charlebois Lake area in Saskatchewan 
where drilling has demonstrated that extensive reserves 
of potential ore could be developed. 

A number of deposits explored primarily for other 
elements could probably yield by-product uranium 
and thorium at moderate cost. These include niobium 
deposits at Oka near Montreal and near North Bay 
and Chapleau, Ontario. Combined production of 
uranium and fluorspar is a possibility in some deposits 

Table 3. Canadian resources of nuclear fuels 

Price 
$/kg u,o, 

U 30s 
106 tonnes 

By.product Th02 

106 tonnes 

(a) Present and potential reserves 
11-22 0.19 0.07 
22-33 0.12 0.09 

0.31 a 

33-45 0.09 0.09 
0.40 0.25 

(b) Reserves plus geologically prognosticated resources 

11-22 0.4 0.2 
22-33 0.3 0.2 

0.7 0.4 
33-45 0.3 0.3 

1.0 0.7 

a Cumulative totals. 

near Bancroft, Ontario, and Birch Island, British 
Columbia. 

It is fairly obvious that world abundances and sizes 
of primary deposits with various different uranium 
contents will control the price of uranium at some 
future date when we are no longer able to discover 
reserves of richer secondary deposits at rates equal 
to consumption. Canadian reserves and production of 
uranium and thorium in pegmatitic deposits would 
increase rapidly with increasing uranium prices. Mate
rial containing 0.005 to 0.05% U30 8 appears to be 
relatively abundant in Canada, but we have no data 
that would enable us to make estimates of resources 
at various radioelement price levels. 

SUMMARY 

Table 3 (a) and (b) summarizes estimates of Canadian 
resources of uranium and thorium discussed in the 
text. Table 3 (a) shows reserves and potential reserves 
for which some measurements are available. Table 3 
(b) shows reserves and potential reserves plus an 
additional allowance for geologically probable future 
discoveries. Canadian uranium mines, efficient by 
any standards, have gradually reduced operating costs. 
Further improvements would place larger amounts 
of uranium in lower price categories. All the thorium 
shown in the tables could be produced as a low
cost by-product. If there were a large market for 
thorium at a price comparable with that of uranium, 
the average cost chargeable against the recovery of 
U30 8 from present reserves would be reduced appreci
ably and large amounts of U 30 8 in potential reserves 
would be promoted to lower price categories. The 
reserves are almost entirely in conglomeratic material. 
If it had been possible to estimate ultimate resources 
in all types of deposits, the estimates would probably 
have shown successively higher U30 8 tonnages in 
successively higher U30 8 price categories. 
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ABSTRACT -RESUME-AHHOTAt_tii1.R-RESUMEN 

Ressources canadiennes d'uranium 
et de thorium 

par J. W. Griffith et S. M. Roscoe 

A/24 Canada 

Depuis 1953, le Canada a extrait et traite en tout 
57 000 000 de tonnes de minerai con tenant 7 4 000 tonnes 
de U 30 8• La production annuelle maximale (14 462 t) 
a ete atteinte en 1959, quand 25 mines et 19 usines de 
traitement etaient actives. Depuis lors, la p1upart ont 
ferme et, a moins de trouver de nouveaux debouches, 
il est douteux que plus de deux mines et usines soient 
encore en service apres 1965. On estime que les 
reserves pouvant etre exploitees a des prix variant 
entre $ 11 et $ 22 par kilo gramme d 'U 30 8 (devises des 
Etats-Unis en 1963) s'etablissent a 206 000 000 de tonnes 
de minerai titrant 188 000 tonnes d'U30 8 et environ 
75 000 tonnes de Th02• 

La plus grande partie des reserves d 'uranium et de 
thorium se trouvent sous la forme de minerai conglo
meratique, pres d 'Elliot Lake. Les carnets de forages 
laissent supposer la presence de gros tonnages de 
conglomerats a minerais radioactifs, qui, croit-on, 
seraient exploitables si les prix du U30 8 etaient plus 
eleves. On peut prevoir d'importantes decouvertes en 
certains endroits. 

Les reserves actuelles contenues dans les gites de 
pechblende de type filonien de la region de Beaver
lodge forment 6 % des reserves canadiennes, et celles 
des gites de type pegmatitique de la region de Bancroft 
environ 1 %- On devrait cependant finir par decouvrir, 
dans les gites precites et dans divers autres gites de 
types non stratifies, des reserves plusieurs fois supe
rieures a celles dont on peut raisonnablement deduire 
1 'existence a present. 

Les ressources du pays en combustibles nucleaires 
suffiront pendant bien des annees' a alimenter les cen
trales nucleaires. Le total des reserves potentielles (y 
compris les reserves actuelles), exploitables si 1 'U 30 8 

se vend a des prix inferieurs a $ 45 par ki1ogramme 
sont de 1 'ordre de 1 x 106 tonnes d 'uranium et de 
0,7 x 106 tonnes de thorium. D'autres grosses 
reserves, non mesurees, de minerai a moindre teneur 
pourraient etre exploitees si 1es taux de consommation 

mondiale parvenaient a depasser ceux de la decouverte 
de minerais a plus fortes teneurs. 

3anac~ ypaHa H ropHR e KaHaAe 

,ll,>K. Y. rplt~~HT' c. M. PocKOY 

C 1953 r. B HaHaAe 6hlJIO AOOLITO H nepepa6oTa
Ho 57 MJIH. TOHH PYAhl, coAepmaBmeii: 74 TLic. r 
UaOs. MaKCHMaJILHOe roAOBOe npOH3BOACTBO 
14 462 T 6hlJIO AOCTHrHYTO B 1959 r., KOrAa pa6o
TaJio 25 PYAHHKOB H 19 o6oraTHTeJILHhlX «J!a6pHK. 
C Tex nop HX 6oJILIDaH 'laCTL 6Lma aaKpLITa H 
COMHHTeJILHO, 'IT06LI ITOCJie 1965 r. BCe e~e pa6o
TaJIH 6hl 6oJiee ABYX PYAHHKOB H o6oraTHTeJILHLIX 
«J!a6pHK. ITo on;eHKe aanacLI, KoTopLie MomHo paa
pa6aTLIBaTL CO CTOHMOCThlO OT 11 AO 22 AOJIJI. 3a 
1 KZ UaOs (B BaJIIOTe CiliA 1963 roAa), cocTaB
JIHIOT 206 MJIH. r PYALI, coAepmameii: 188 ThiC. r 
UaOs H OKOJIO 75 ThlC. T Th02. 

BoJILIDaH 'laCTh aanacoB ypaHa H TopHH aaJie
raeT B BHAe KBapn;eBhlX KOHfJIOMepaTOB B paii:oHe 
oa. 8JIJIHOT. PaaBeAO'IHOe 6ypeHHe noaBoJIHeT 
npeAITOJIOffiHTh HaJIH'IHe 60Jihlli0f0 KOJIH'leCTBa 
KOHrJioMepaTOB paAHOaKTHBHLIX PYA, KOTOphle paa
pa6aTLIBaJIHCL 6LI npH 6oJiee BhiCOKOH n;eHe Ha 
UaOs. Bo3MOmHo, 'ITO B HeKoTophlx paii:onax Mo
ryT 6LITL OTKpLITLI B 6YAY~eM 6oJILIDHe PYAHhle 
aaJiemH. 
Cy~ecTBYIO~He aanachl ypaHOBhlX PYA npeA

cTaBJIHIOT co6oii: jl{HJlhHLie MeCTOpOmAeHHH ypaHO
BOH CMOJIKH y oa. BHBepJIOAm, cocTaBJIHIO~He 6% 
Bcex KaHaACKHx aanacoB, a aanacLI nerMaTHTOBLIX 
rpaHHTHLIX AaiiKax B paii:oHe BanKpo«J!T - oKoJio 
1%. B peayJILTaTe AaJILHeii:meii: paaBeAKH ocaAO'I
HLIX MecTopomAeHHii: H APYrHx MecTopomAeHHii: 
HeCTpaTH«iJHD;HpOBaHHOfO THITa MoryT 6LITh OTKphl
Thl BO MHOrO pa3 60JihlliHe 3aiTaChl, 'leM H3BeCT
Hhie B HaCTOH~ee BpeMH. 

PecypcLI HAepHoro TOITJIHBa B HaHaAe AOCTa
TO'IHLI AJIH CHa6meHHH TOITJIHBOM aTOMHhlX 3JieK
TpOCTaHD;HH CTpaHhl B Te'leHHe MHOfHX JieT. 06-
~He noTeHn;HaJILHLie aanacLI (BKJIIO'laH CIOAa co
BpeMeHHLie pa3BeAaHHLie aanacLI, KOTOphle 6yp;yT 



SESSION 2.11 Pj24 J. W. GRIFFITH and S. M. ROSCOE 41 

pa3pa6aThlBaTbCH rrpH rrpoAanmoii: ~eHe Ha UaOs 
MeHee 45 8oAAI~e) cocTaBHT AnH ypaHa rropHAHa 
1 MnH. T H 700 TbiC. T AnH TOpHH. ,lJ;pyrHe HeOIJ;e
HeHHbie 3arrachl 6eAHbiX PYA MoryT pa3pa6aTbi
BaTbCH, ecnH o6'beM MHpHOrO IIOTpe6neHHH HalJHeT 
rrpeBbiiiiaTb o61>eM 3arracoB 6onee 6oraThlX PYA· 

A/24 Canada 

Recursos canadienses de uranio y torio 

por J. W. Griffith y S. M. Roscoe 

Desde 1953 el Canada ha extraido y sometido a 
tratamiento un total de 57 000 000 de t de mineral 
que contienen 74 000 t de U30 8• Se alcanzo Ia pro
duccion anual maxima (14 462 t) en I959, fecha en Ia 
que habia 25 minas en explotacion y funcionaban 
I9 fabricas de tratamiento. Desde entonces han cesado 
las actividades en casi todas esas instalaciones y, a 
menos que se encuentren nuevos mercados, es poco 
probable que haya mas de dos minas y fabricas en 
explotacion despues de I965. Se estima que las reservas 
que pueden explotarse a precios comprendidos entre 
11 y 22 dolares por kilogramo de U30 8 (divisas de los 
Estados Unidos en 1963) se cifran en 206 000 000 de t 
de minerales de las que se pueden extraer I88 000 t de 
U 30 8 y cerca de 75 000 t de Th02• 

La mayor parte de las reservas de uranio y de torio 
se hallan en forma de mineral conglomeradico, cerca 
del !ago Elliot. Los registros de perforacion indican 
Ia presencia probable de grandes cantidades de conglo
merados de minerales radiactivos que, al parecer, 
podrian explotarse si subieran los precios del U30 8• 

Cabe prever que en ciertos lugares se efectuaran 
importantes descubrimientos de minerales. 

Las reservas actuales contenidas en los yacimientos 
de pechblenda de tipo filoniano de Ia region de Beaver
lodge forman el 6 % de las reservas canadienses y las 
de los depositos de tipo pegmatitico de Ia region de 
Bancroft aproximadamente el I %. Sin embango, en 
los yacimientos citados y en otros de tipo no estrati
ficado se tendra que descubrir reservas varias veces 
superiores a las que con bastante probabilidad cabe 
suponer que existen actualmente. 

Las reservas del pais en combustibles nucleares 
bastaran durante muchos aiios para alimentar las 
centrales nucleares. El total de reservas potenciales 
(comprendidas las reservas actuales), explotables si el 
U30 8 se vende a precios inferiores a 45 dolares por 
kilogramo, son del orden de I X 106 t de uranio y 
de 0,7 x 106 t de torio. Podrian explotarse otras 
importantes reservas, cuya cuantia no se ha calculado, 
de minerales de menos riqueza si el ritmo de consumo 
mundial llegase a superar el de descubrimiento de 
minerales de mayor riqueza. 
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Recursos y posibilidades uraniferas en Argentina 

por C. T. Friz, F. Rodrigo y P. N. Stipanicic * 

lcs prirr.ercs estudios sobre yacimientos uraniferos 
argentinos se iniciaron en 1945, por cuenta de la 
Direccion General de Fabricaciones Militares y tuvie
ron como finalidad revisar las pegmatitas radiactivas 
de las sierras de Cordoba y San Luis. 

Despues de dicbo intento, orientado bacia depositos 
sin interes economico, la Universidad Nacional de 
Cuyo tomo a su cargo la exploracion limitada de 
algunos yacimientos de discreto interes, para pasar 
1uego a colaborar con la entonces Direccion Nacional 
de la Energia Atomica (Comision Nacional de 
Energia Atomica a partir de 1956), institucion que 
desde 1950 se constituyo en el organismo regu1ador 
de las actividades nucleares en la Argentina. 

Los trabajos de prospeccion y exploraci6n se siguie
ron cumpliendo en escala reducida basta 1956, afio 
en que se decidio intensificarlos, para lo cual se orga
niz6 en la CNEA un sector geologico-minero encargado 
de tales tareas. 

Durante los afios 1957 y 1958 se integro el plantel 
de profesionales y tecnicos y se adquirieron los equipos 
y el instrumental basico. A partir de 1958 se inici6 
la etapa de perfeccionamiento avanzado en el exterior 
de los geologos e ingenieros de minas, que se inten
sific6 desde 1961, incorporandose tambien un buen 
numero de electronicos, quimicos, ingenieros qui
micos e bidrometalurgistas, a los efectos de constituir 
un grupo homogeneo de tecnicos afectados a la 
industria del uranio. 

Puede decirse que 1961 sefiala en la Argentina el 
comienzo de los trabajos organicos de prospeccion, 
exploracion y evaluaci6n, realizados con criterio 
economico, teniendo fundamentalmente en cuenta el 
costo del concentrado que produciria cada yaci
miento [1]. 

Las actividades destinadas a la prospeccion, eva
luacion y produccion de minerales nucleares se 
concentran en el Departamento de Recursos Minerales, 
que junto con el de Elaboracion integran la Gerencia 
de Materias Primas. 

En el presente trabajo las cifras dadas como « mine
ral » son las que se obtuvieron mediante trabajos de 
exploracion y evaluacion (labores mineras, perfora
ciones, etc.), aplicando metodos de calculos ortodoxos 
o estadisticos. Las indicadas como « posibilidades razo-

* Comisi6n Nacional de Energia At6mica. 

na"bles de desarrollo » son las que se estima que podrian 
alcanzarse con bastante seguridad, especialmente para 
el caso de yacimientos con control sedimentario, 
mediante la ejecucion de un plan intensivo de trabajos, 
teniendo en cuenta las caracteristicas de los mismos, 
sobre todo la extension de algunos de sus parametros 
(corrida, profundidad, etc.), la continuidad, bomo
geneidad o distribucion de la mineralizacion, etc. 
Bajo el titulo de « posibilidades potenciales » se 
indican valores a los que razonablemente podria 
llegarse, tomando en cuenta no solo factores como 
los anteriores, sino tambien el numero de anomalias 
o de manifestaciones conocidas en el distrito pero 
aun no exploradas, las caracteristicas geologicas del 
ambiente que las contiene, etc. 

AREAS CON POSIBILIDADES URANfFERAS 

Un amllisis critico basado en la composicion geo
logica de la Argentina y en los modernos conceptos 
que rigen sobre genesis de yacimientos uraniferos, 
permiti6 definir que de los 3 000 000 de km2 del 
territorio continental del pais, mas de la tercera parte 
presenta posibilidades de albergar acumulaciones de 
minerales radiactivos, quedando desecbadas, en 
principio, las extensas planicies centrales y mesopo
tamicas (figura 1) [2]. 

Dentro de la superficie sefialada, superior a 1 000 000 
de km2, se estimo que distintas zonas, integrando 
400 000 km2, ofrecian interes inmediato y con mejores 
perspectivas, sea por sus caracteristicas geologicas 
como por sus ubicaciones geograficas mas favorables 
o por poseer indicios o yacimientos uraniferos ya 
conocidos. 

Practicamente toda la actividad de la CNEA se 
concentro en esas areas de « interes inmediato », 
babiendose reconocido a la fecba una superficie de 
125 000 km2, de los cuales 75 000 km2 fueron cubiertos 
con prospeccion aerea semi-regular. 

Los trabajos exp1oratorios cumplidos por la 
CNEA y por empresas privadas permitieron localizar 
mas de 150 zonas con manifestaciones uraniferas de 
variada importancia. Practicamente la totalidad de 
elias quedan incluidas en las areas de (( interes in
mediato » (figura 2). 

De acuerdo con los programas nucleares argentinos 
y los fondos disponibles, los trabajos de exploracion 
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y evaluacion se limitaron a un numero muy reducido 
de manifestaciones y anomalias, que ofrecian posibi
lidades y condiciones operativas mas favorables. 

Tipos de yacimientos uraniferos argentinos 

Dentro de la gran variedad de manifestaciones y 
depositos conocidos, se distinguen tres tipos prin
cipales: pegmatiticos, vetiformes, con control sedi
mentario. 

Los primeros practicamente carecen de valor 
economico y solo de algunas pegmatitas se recuperan 
pequefios volumenes de mineral de uranio, como 
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en Ia Republica Argentina 
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subproducto de las explotaciones de mica, berilo, 
feldespatos, etc. 

Los yacimientos de tipo vetiforme adquirieron pre
ponderancia, tanto en numero como en volumen, 
basta el afio 1958. A partir de dicha fecha fueron 
desplazados por el descubrimiento yfo desarrollo 
de aquellos que presentaban control sedimentario, 
como es el caso de « Huemul », « Agua Botada », 
« Rodolfo », « Sierra Cuadrada », etc., que a partir 
de 1960 pasaron a dominar por entero el panorama 
uranifero argentino, gracias al descubrimiento, me
diante prospeccion aerea, de numerosos depositos 
con interesantes perspectivas(« Los Adobes », « M. M. 
de Giiemes », « Don Otto », « Los Berthos », « Pedro 
Nicolas», « Emmy », etc.). 
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Existen otras acumulaciones uraniferas, de volu
menes considerables pero con bajas leyes, y que no 
sen'tn descritas porque no se cuentan entre las de 
interes economico actual. Las mismas se incluyen 
en el cuadro de recursos, por su posible interes mediato, 
a partir del aiio 1970. Son elias: las areniscas de 
Alemania (Salta), con 200 a 400 g U30 8/t; las areniscas 
petroliferas de La Brea (Salta), con 100 a 300 g 
U 30 8/t; los esquistos de San Juan [3], con 20 a 100 g 
U 30 8/t y con potentes sectores de basta 300 g; los 
esquistos bituminosos de Mendoza y San Juan, con 
100 a 400 g U30 8/t y las Tobas Amarillas de Chubut, 
con 50 a 200 g U 30 8/t, con espesos niveles basta 400 g 
UaOs/t. 

YACIMIENTOS Y DISTRITOS URANIFEROS 

Peg matitas u ranfferas 

Dentro del ambiente antecambrico de las Sierras 
Pampeanas, que abarca una superficie de 120 000 km2, 

son frecuentes las manifestaciones uraniferas alojadas 
en cuerpos pegmatiticos profusamente distribuidos 
en areas graniticas, en especial en la zona de contacto 
con las metamorfitas circundantes. 

Las de mayor interes desde el punto de vista urani
fero son las de las Sierras de Comechingones [4] 
y Grandes, de las provincias de Cordoba y San Luis, 
que presentan « bolsones » de mineral con muy alta 
ley (basta 50 % U30 8), orlados por zonas de impregna
cion variable, con tenores que oscilan entre 0,25 y 
0,50% U 30 8• En los primeros, por Jo general aparece 
uraninita en nodulos de basta varios kilogramos, a 
Ia vez que en las zonas marginales domina la autunita 
y variedades de « ocres de uranio ». 

De Ia informacion disponible al presente, se infiere 
que de estos depositos pegmatiticos puede esperarse 
la produccion de varios miles de toneladas de mineral 
de impregnacion, con ley media de 0,35% U 30 8 y 
cantidades variables de nodulos de alta ley. Sin 
embargo, Ia recuperacion de los mismos solo resulta 
economica bajo 1a forma de subproductos de Ia explo
tacion de las pegmatitas por otros minerales como 
berilo, micas, feldespatos y cuarzo, de modo que la 
magnitud de este aporte uranifero queda condicionado 
a las variaciones del mercado de los otros minerales. 

El potencial minimo para estos depositos, en todas 
las Sierras Pampeanas, se estima en el orden de 
50 t U 30 8 • 

Yacimientos vetiformes 

Distrito Comechingones (Provincias de Cordoba y 
San Luis). 

Dentro del ambiente granitico antecambrico de la 
vertiente occidental de la Sierra de Comechingones 
se alojan varias manifestaciones y depositos uraniferos 
de tipo vetiforme o stockwerk. La mas importante 
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de elias es Ia mina « Estela », sita en Villa Larca (San 
Luis), que presenta un grueso stockwerk fluoritico
uranifero de basta 11 metros de potencia, alojado en 
un granito porfiroide, del cual se desprenden rami
ficaciones vetiformes. Tanto aquel como estos estan 
rodeados por halos de impregnacion de uranio. El 
mineral dominante es el uranofano, apareciendo en 
profundidad pechblenda alterada en gumrnita [5]. 
De este yacimiento, con una explotacion esporadica 
e incipiente, ya se extrajeron mas de 3 000 t de mena 
con tenor medio de 0,5% U 30 8• 

Otro deposito similar es el de « Bella Vista » [6], 
en el que dominan los fosfatos de uranio, no apare
ciendo la fluorita fetida. El tenor medio de los minerales 
es algo superior a 0,2% U 30 8 • 

En Ia vertiente oriental de Ia Sierra de Comechin
gones se presentan asimismo numerosas vetas fluori
ticas, brechosas, en las que el uranio aparece finamente 
diseminado en calcedonia, que cementa el conjunto. 
Las brechas pueden alcanzar varios metros de poten
cia y extensiones de algunos kilometros, siendo la 
mineralizacion uranifera de baja ley, salvo en algunos 
sectores en los que presenta enriquecimientos de 
basta 0,3 % U 30 8• 

Se estima que las posibilidades uraniferas del dis
trito superan las 115 t U 30 8• 

Distrito Safiogasta (Provincia de La Rioja). 

Comprende varios depositos («San Sebastian», 
«Santa Brigida », etc.) alojados en metamorfitas 
paleozoicas, en los que Ia mineralizacion uranifera 
aparece en forma de stocks, en mayor o menor grado 
cupriferos, rodeados por gruesos halos de impre
gnacion [7]. 

Explotaciones esporadicas de algunos cuerpos per
mitieron la produccion de 2 500 t de mineral, con 
ley media de 0,85 % U 30 8, estimandose que aun 
permanecen reservas del orden de las 25 t U30 8 

y que el potencial minimo del distrito puede alcanzar 
la cifra de 165 t U30 8 • 

Distrito San Isidro (Provincia de Mendoza). 

A 20 km al oeste de Ia ciudad de Mendoza se 
localizan algunos depositos uraniferos, de los cuales 
los mas importantes son los de las minas « Soberania », 
« Independencia » y « Papagayos » [8-1 0]. La minera
lizacion de uranio se aloja en fracturas brechosas, 
dentro de sedimentos triasicos. 

Estos yacimientos, que solo operaron corto tiempo, 
produjeron mas de 1 200 t de mena con ley de 0,25 % 
U30 8, estimandose que el potencial del distrito es 
reducido, del orden de 50-70 t U 30 8 • 

Distrito Guandacol, Sector Ureal (Provincia de La 
Rioja). 

Recientemente en este distrito, que alberga depositos 
con control sedimentario, se descubrieron una serie 
de cuerpos uraniferos alojados a lo largo de una 
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linea de fractura, cercana al contacto de calizas ordo
vicicas con areniscas carbonicas (yacimiento Ureal). 
Si bien su estudio recien se inicia, se estima que los 
mismos pueden adquirir in teres economico, babiendose 
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recuperado de los trabajos exploratorios mas de 200 t 
de mineral seleccionado, con ley media de 1,50% 
U30 8• Las posibilidades razonables de desarrollo 
del distrito se estiman en 450 t U30 8 y su potencial 
en 950 t U 30 8• 

Otros yacimientos vetiformes menores o poco conocidos 

Existe un numero discreto de yacimientos de este 
tipo cuya real importancia no se conoce al presente, 
por no contarse con suficientes trabajos explora
torios, casi siempre limitados por la ubicacion geo
grafica o topogratica no favorable de los mismos. 
Entre ellos se destacan los de las minas « San 
Santiago », « La Niquelina » y « La Esperanza », 
con menas complejas de. uranio y niquel en las 
dos primeras, y uranio, cobre, plomo y cine en la 
ultima [ 11]. 

Yacimientos con control sedimentario 

Distrito La Poma - San Carlos (Provincia de Salta). 

Comprende una serie de cuerpos uraniferos alojados 
en distintos niveles (preferentemente arenosos), de 
la serie mesocretacica del norte argentino, distribuidos 
en una zona de 90 km de extension NS y 60 km EO 
(figura 3). 

En su casi totalidad, los depositos con interes 
economico fueron descubiertos con trabajos de pros
peccion aerea en 1959 [12], localizandose en el sector 
Tonco-Amblayo. El mayor de ellos es el de « Don 
Otto» [13], que presenta una mineralizacion continua 
en superficie a lo largo de 2 500 m, con potencia 
util de 1 my ley media de 0,15% U30 8• Los trabajos 
de desarrollo se cumplen sobre la mitad austral del 
deposito, basta 100 m de profundidad (nivel 0), 
con mas de 2 000 m de labores subterraneas. Actual
mente la exploracion ya alcanzo el nivel - 40 (figura 4). 

El yacimiento « Martin M. de' Giiemes » tiene 
un desarrollo en superficie de 300 m, potencia 
Util de 1 m y I eyes medias de 0,13 % U 30 8 y 
0,5 % V20 5, babiendo sido explorado basta 40 m de 
profundidad. 

El cuerpo de « Los Bertbos » presenta mineraliza
cion algo irregular a lo largo de 300 m y posee leyes 
de 0,5 % U30 8 y I % V20 5 para espesores medios 
de 1 m. Las labores subterraneas se extienden basta 
-32m. 

El deposito « Pedro Nicolas » presenta en super
fide una mineralizacion continua sobre 700 m, babien
dose certificado recientemente la extension de Ia misma 
basta 180 m por debajo del afloramiento, con un 
desarrollo de aproximadamente 300 m sobre banco. 
El cuerpo « Cacbiyal », tambien aflorante, muestra 
la continuidad del mismo basta el nivel -35 m. 

Otros depositos del distrito, con caracteristicas 
semejantes a los anteriores, solo fueron reconocidos 
en superficie, presentando « Pepe Luis », mineraliza
cion sobre 400 m; « Emmy », sobre 200 m, etc., con 
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Figura 4. Yacimiento « Don Otto», Salta. Estado del laboreo minero en marzo de 1964 

potencias utiles que oscilan entre 0,60 y 1 m y tenores 
medios entre 0,1 y 0,2% U30 8 • 

Sobre otros cuerpos(« Don Bosco», « El Pelado», 
« Providencia », etc.) se ejecutaron trabajos menores 
de reconocimiento, los que evidenciaron que los 
mismos son de menor importancia que los anteriores. 

Las reservas (mineral « medido », « indicado » e 
« inferido »), alcanzan a 2 000 t U30 8 (recuperables a 
menos de 8 $US/lb U30 8), mas otras 300 t U30 8 

que se obtendrian a costos comprendidos entre 8 y 
10 $US/lb U30 8 • 

La extension y continuidad de Ia mineralizacion 
en superficie y en profundidad de los depositos « Don 
Otto », « Pedro Nicolas », « Los Berthos », « Cachi
yal », etc., y las caracteristicas semejantes de los 
cuerpos aun no explorados, permite inferir que las 
posibilidades razonables de desarrollo del distrito 
son del orden de 14 000 t U30 8 [14]. 

Hasta el presente, el mineral dominante es Ia 
tyuyamunita en « Don Otto », y « Martin M. de 
Giiemes », y carnotita en « Los Berthos » y 
« Emmy » [I5]. Las menas del distrito son economi
camente concentrables por lixiviacion acida, operando 
ya una estacion cargada con 20 000 t, cifra que se 
elevara en los proximos meses a 36 000 t. El pre
concentrado calcico que se obtiene, con ley variable 
entre 5 y 8% U30 8, se envia para su refinacion final 
a Planta Cordoba [I6]. 

Distrito Tinogasta (Provincia de Catamarca). 

Comprende una serie de manifestaciones urani
feras (yacimientos: « Helios », « La Flecha », « Las 
Higueritas », «Bonanza», etc.) que se alojan en 
sedimentos continentales finos, lutiticos, de posible 
edad triasica. 

Las acumulaciones no son continuas, raramente 
sobrepasan los IOO m de extension y si bien los 
espesores con impregnaciones de baja ley pueden 
llegar a varios metros, las potencias utiles se confinan 

a I- I,50 m, con leyes medias de 0,04% U30 8 

registrandose sectores de enriquecimiento con hasta 
0,3% U 30 8• 

La reducida ley del mineral y las dificultades que 
presenta su tratamiento no confiere al distrito un 
inten!s inmediato, aunque recientes exploraciones 
evidenciaron posibilidades promisorias. 

Distrito Guandacol- Jachal (Provincias de La Rioja 
y San Juan). 

En el borde oriental de Ia Precordillera de San 
Juan y La Rioja se extiende una ancha faja de sedi
mentos paleozoicos, Ia que contiene un elevado numero 
de manifestaciones uraniferas, casi siempre de volumen 
reducido pero con elevados tenores en U30 8 (yaci
mientos: « Sonia », « La Martita », « Cerro Aspero », 
«La Cuesta», etc.) [17, 18]. 

La mineralizaci6n aparece como lentes, guias o 
nodulos de uraninita dentro de sectores arenosos de 
sedimentos continentales permo-carbonicos y esta 
finamente ligada al material carbonoso. El volumen de 
los cuerpos raramente excede algunas decenas de 
toneladas de mineral, con leyes que oscilan entre 
0,15 y I,5% U30 8 , registrandose casos con tenores 
de 27% y 68% U30 8 para partidas de 2 y I t, respecti
vamente. 

Distrito Cosqufn (Provincia de Cordoba). 

Comprende los yacimientos: « Rodolfo », « Aiio 
Dos Mil», etc. Una sucesion sedimentaria eocenica 
aflora por mas de 30 km en el Valle de Punilla, con 
facies continental, quedando limitada hacia el oriente, 
mediante falla, por gneises antecambricos, a Ia vez 
que hacia el oeste se apoya sobre· granitos y dioritas 
de Ia misma edad (figura 5), los que acusan un con
tenido elevado de uranio (6-9 ppm) y son atravesados 
por abundantes pegmatitas, algunas de elias tambien 
uraniferas [I9]. 

Dentro de dicho paquete de sedimentos, un sector 
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arenoso-limoso, con alto contenido de carbonato de 
calcio, de 9 a 12m de espesor, incluye 3 niveles minera
lizados con uranio, de los cuales el del medio es el 
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de mayor interes por su continuidad. Hasta principios 
de 1964, el deposito habia sido estudiado sobre una 
extension superficial de 2 000 m y basta 60 m de 
profundidad, comprobandose que el sector uranifero 
tenia una potencia variable entre 5 y 7 m y tenor medio 
para la misma de 0,04% U30 8• Un intensivo plan 
exploratorio que se viene cumpliendo en los ultimos 
meses mediante perforaciones, certifico que Ia minera
lizacion continua basta -130 m, dentro de la cual 
puede delimitarse un sector de 1,5 a 2m, cuyas leyes 
oscilan entre 0,1-0,15 % U30 8 y que el cuerpo 
se uranifero repite en profundidad por efectos de un 
tectonismo cuartario. 

Hacia el norte, el yacimiento fue reconocido en 
menor detalle sobre otros 4 km, basta 30 m de pro
fundidad y muestra caracteristicas semejantes al 
sector austral. 

La prospeccion radimetrica y emanometrica, como 
asi tambien reducidas labores mineras, permitieron 
evidenciar la continuidad de la mineralizacion a lo 
largo de algunas decenas de kilometros. Hasta el 
momento solo se encontraron minerales amarillos, 
dominando la carnotita y tyuyamunita [15]. 

En vista de los actuales resultados exploratorios, 
se estima que facil y rapidamente podra integrarse 
una reserva superior a 11 000 t U30 8, de las cuales 
mas de 3 000 t permitiran obtener concentrados a 
costos del orden de 8 $US/lb U30 8• 

La presente constituye una de las mayores acumula
ciones uraniferas de la Argentina. Si bien la misma 
es de baja ley, el mineral, muy friable, puede ser 
facilmente preconcentrado deslamandolo, con lo 
que su ley original se eleva basta 3 veces, reduciendo 
su volumen al 20 - 37 %. 

Estudios previos indican que del mineral con leyes 
de 400-500 g U30 8/t, podria obtenerse torta amarilla 
a un costo comprendido entre 9,5 y 10 $US/lb 
Ua08 [20]. 

Distrito Malargiie (Provincia de Mendoza). 

En un area de 150 km2 [14, 21, 22], situada a 45 km 
al SO de Malargiie, se ubican varios depositos cupro
uraniferos, de volumen variable, alojados en distintos 
niveles arenoso-conglomeradicos del Cretacico media
superior (figura 6). 

El cuerpo mineralizado de « Huemul » [23] posee 
una extension que varia entre 60 y 100 m segun el 
rumbo de las capas, 310 m en direccion del buza
miento y potencia media de 1,15 m (figura 7), aunque 
recientes trabajos lo extienden tanto al sur como 
en profundidad. 

En el sector « Arroyo Seco » se presentan dos 
cuerpos, de los cuales el mayor tiene 300 m de largo, 
100 m en el sentido del buzamiento y potencia util 
de 0,80 m. 

En « Agua Botada » hay 5 niveles mineralizados, 
de importancia variable, de los cuales se destacan el 
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1. o (superior), el 3. 0 y 4. 0 , los que muestran un 
desarrollo NS de 300, 500 y 600 m, y EO de 140, 
-100 y 130 m, respectivamente. La mineralizacion 
consiste en uraninita, asociada con material asfaltico 
y calcopirita, predominando en los niveles superiores 
carnotita, tyuyamunita, azurita y malaquita [24]. 

Las reservas totales de los cuerpos citados alcanzan 
a 300 t U 30 8, concentrables a costos inferiores a 
8 $US/lb U 30 8 en Planta Malargiie, mas 50 t U 30 8 

adicionales, que no podran ser enviadas a esta ultima 
y que posiblemente sean tratados por lixiviacion 
en pilas. Las reservas en cobre ascienden a 1 230 t Cu. 

Otros depositos del distrito, pertenecientes a firmas 
privadas, son poco conocidos y cuentan con escasos 
trabajos de exploracion. 

Las caracteristicas de los cuerpos mineralizados 
hacen presumir que las posibilidades de mayor 
desarrollo economico son limitadas, estimandose que 
con el avance de los trabajos solo se podrian incremen
tar reservas, en forma mas o menos inmediata, en 
el orden de 200 y 300 t U30 8 (para concentrados a 
costos inferiores y superiores a 8 $US/lb U 30 8, 

respectivamente). Ademas se considera que el potencial 
total del area dificilmente supere las 1 000 t U30 8• 

Distrito Chos Mala! (Provincia de Neuquen). 

Una serie de manifestaciones cupro-uraniferas 
(yacimientos: « La Prim era », « La Segunda », « Cajon 
de Tierras Azules », etc.), de reducidas dimensiones, 
se alojan en sedimentos jurasicos en el area de Rahue
co, a 30 km al OSO de Chos Malal [25]. La importancia 
de las mismas es muy reducida, considerandose, por 
el momento, que el potencial total del distrito no 
supera las 100 t U30 8 • El unico interes reside en el 
tratamiento local del mineral por el metodo de lixi
viacion, mediante el cual se puede recuperar el 70 % 
aproximadamente del uranio y del cobre, los que se 
encuentran con tenores de 0,2% U30 8 y 5% Cu [16]. 

Distrito los Chihuidos (Provincia de Neuquen). 

A 75 km al ESE de Chos Malal (yacimientos: 
«Palo Quemado», «Maria Teresa», etc.) se encuen
tran varios pequeiios cuerpos lenticulares minerali
zados, de 2 a 4 m de largo y ancho (excepcionalmente 
alcanzan a 10 m), con potencias que oscilan entre 
0,10 y 0,30 m, comprendidos entre lentes de entre
cruzamiento de areniscas continentales supracretacicas. 
Los mismos aparecen en superficie o a escasa pro
fundidad (hasta 10m) y sus leyes oscilan entre 0,08 y 
2,5% U 30 8 (media 0,3 ~;,; U30 8); 4% Cu y 3% 
V20 5 [26]. El mineral dominante es Ia carnotita, 
asociada con calcopirita, malaquita, volbortita y 
hematita. El distrito reviste una importancia limi
tada, estimandose que el potencial del mismo dificil
mente supere las 100-150 t U30 8 • 

Si bien el volumen de las reservas no alcanza signi
ficacion, el beneficio de las menas presenta interes 
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economico, pues las mismas pueden ser procesadas 
por lixiviacion, demostrando los ensayos rendimientos 
de extraccion del 75% para el uranio y cobre y del 
25 % para el vanadio. 

Ambiente de Chubut Central 

En una extensa area del centro de Chubut, que cubre 
30 000 km2 yen Ia que participan formaciones jurasicas, 
cretacicas y terciarias (porfiros y porfiritas con sus to bas, 
areniscas, conglomerados, lutitas, etc.) se localizaron, 
sea por prospeccion aerea o terrestre, un buen numero 
de manifestaciones uraniferas, las que pueden reunirse 
en tres grupos [27-29]: a) alojadas en areniscas y 
conglomerados cretacicos; b) alojadas en tobas y 
to bas lutiticas jurasicas; c) en relacion con diatremas 
y sedimentos contactantes. 

A las primeras pertenecen los depositos « Los 
Adobes» y <<Sierra Cuadrada ». En «Los Adobes» 
hay varios cuerpos mineralizados, pero hasta el 
momento solo uno reviste interes por su desarrollo. 
Consiste en un deposito lenticular, alojado en un 
espeso banco arenoso-conglomeradico sub-horizontal, 
que presenta una extension de 150 x I 00 m, con poten
cias que varian entre 3 m en los hordes hasta 10 m 
en su parte central, con una ley media de 0, 18 % 
U30 8 [29]. Las reservas, a la fecha, alcanzan a 250 t 
U 30 8 recuperables a 8 $US/lb, estimandose que las 
otras manifestaciones vecinas carecen de importancia 
economica en relacion a los precios actuales. 

En «Sierra Cuadrada » hay varios cuerpos urani
feres alojados en bancos arenosos y lutiticos sub
horizontales, de edad cretacica, relacionandose la 
mineralizacion con el contenido en material organico 
de los estratos. Las dimensiones de los cuerpos varian 
entre 50 y 100 m, oscilando las leyes entre 0,04 y 
0,18 % U 30 8• El area fue estudiada en forma preli
minar, debiendose continuar Ia exploracion mediante 
perforaciones [30]. 

Otro grupo de manifestaciones y cuerpos uraniferes 
que se alojan en tobas y lutitas tobaceas del Jurasico, 
como « Cerro de los Chivos », « Carhue Niyeu », 
« Manganese », etc., son aun poco conocidos. 

En «Cerro de los Chivos », los bancos minerali
zados, que buzan entre 10 y I 5o NE, afioran a 1o largo 
de 700 m, presentando acumulaciones uraniferas 
continuas con potencias que varian entre 0,50 y 1,5 m 
y tenores oscilantes entre 0,06 y 0,3 % U30 8. 

Cercana a esta manifestacion hay otra, « Manga
nese », que muestra una corrida en superficie de 150 m, 
en la que el uranio se asocia con abundante manganese 
(manganita), pareciendo primar el control estructural 
sobre el sedimentario. 

En « Carhue Niyeu », la mineralizacion ocurre bajo 
dos formas. En una de ellas, potentes bancos de 
tobas compactas, en parte silicificadas, que a veces 
sobrepasan los 10 m de espesor y que afioran por 
mas de 1 000 m, son portadores de acumulaciones 
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uraniferas constantes pero de baja ley, del orden de 
0,05% U 30 8• En otro sector, se registran incrementos 
en las leyes (hasta 0,3% U 30 8), en relacion con 
factores estructurales, cuando las tobas liticas est{m 
afectadas por tectonismo. 

Otras manifestaciones, en terrenos junisicos, fueron 
localizadas en « Caiiadon Sauzal », « Cuchilla 
Blanca», «Laguna del Molle», etc., pero las mismas 
no parecen revestir mayor interes por sus bajas !eyes. 

En el tercer grupo de depositos de Chubut Central 
se incluyen los yacimientos « Caiiadon Gato » y 
« Caiiadon Krueger» (distrito Rio Chico). En el 
primero, Ia mineralizacion se relaciona con una dia
trema, la que presenta varios ensanchamientos (bul
bos), apareciendo meta-autunita y meta-torbernita 
tanto en las paredes de la grieta como en el material 
de relleno de los bulbos y en algunos sectores arenosos 
de los bancos que los contactan. El desarrollo del 
cuerpo es de 340 m y su extension en profundidad 
fue certificada hasta 35 m. Las potencias utiles varian 
entre uno y varios metros (en los bulbos) y la ley media 
del yacimiento es de 0,14% U 30 8• Nuevos cuerpos 
han sido puestos recientemente en evidencia por 
ionometria y perforaciones. 

Los minerales presentes en « Los Adobes » son: 
uranofano, schroeckingerita y fosfuranilita; en« Cerro 
de los Chivos »: uraninita y schroeckingerita; en 
« Sierra Cuadrada »: carnotita schroeckingerita y 
autunita y en « Caiiadon Gato » y « Caiiadon Krue
ger »: fosfatos de uranio. 

La extension del area con interes uranifero de Chu
but, la que aun no fue revisada ni explorada en detalle, 
el numero de manifestaciones conocidas en la misma 
y el caractcr de algunos de sus depositos, permiten 
inferir que en forma inmediata podran desarrollarse 
reservas superiores a 1 200 t U 30 8 para valores men ores 
a 15 $US/lb U 30 8 • 

Distritos y ambientes aun no reconocidos 

Quedan aun extensas areas de la Argentina con 
posibilidades uraniferas, sobre las que todavia no se 
realizaron trabajos de prospecion o de reconocimiento. 
Entre elias se destacan: 

Ambiente extraandino de Santa Cruz 

En el mismo, 15 000 km2 presentan aftoramientos 
de formaciones sedimentarias cretacicas y terciarias 
con facies favorables, en las cuales mediante nipidos 
reconocimientos aereos se ubicaron varias anomalias, 
las que se corresponden con depositos uraniferos 
alojados en areniscas cretacicas («Baquero »).Ademas, 
en vetas cupriferas contenidas en el cuerpo grano
dioritico de « Tres Cerros », se constato Ia presencia 
de uranio, con I eyes de hasta 0, 1 % U 30 8• 

Se estima que el potencial de este ambiente, dada 
su similitud geologica y el canicter de Ia mineraliza
cion conocida, puede llegar a ser del mismo orden 

C. T. FRIZ el a/. 

que el distrito Paso de Indios - Sierra Cuadrada, 
de Chubut. 

Area cordillerana de Ia Patagonia 

Participan de la misma terrenos de variada edad, 
desde antecambricos hasta recientes y de caracter 
igneo y sedimentario. Por su posible interes uranifero 
se destacan los complejos sedimentarios jurasicos, 
cretacicos y terciarios, poseedores de numerosos 
niveles carbonosos, los que se presentan intruidos 
por rocas acidas, mesosilicicas y basicas. 

En rapidos reconocimientos, se certifico la existencia 
de acumulaciones uraniferas en el Valle de Pinturas, 
las que ocurren en relacion con niveles carbonosos y 
poseen tenores de 0,04 y 0,05 % U30 8• 

Por el momento no es posible abrir juicio sobre las 
posibilidades del area. 

Ambiente de Rio Negro 

Participan en el mismo rocas igneas y metamor
ficas de variada edad y composicion. Sobre el macizo 
de Rio Negro, que comprende mas de 25 000 km2, 

practicamente no se efectuaron trabajos de prospeccion 
regular capaces de definir el interes uranifero del 
mismo. Rapidos reconocimientos en su borde septen
trional, certificaron la presencia de manifestaciones 
radiactivas de escaso valor, alojadas en granitos, a 
la vez que se cito la presencia de minerales de uranio 
en basaltos amigdaloides de Somuncuni. 

En el borde sur del macizo, reconocimientos de 
prospeccion aerea localizaron areas anomalas en 
las cercanias de Gastre, las que senin objeto de proxi
mas revisiones. 

Ambiente de Ia Alta Cordillera 

Este ambiente se desarrolla desde Ia latitud de 
37o S hacia el norte del pais, comprendiendo 200 000 
km2

• Participan en el mismo variadas formaciones, 
tanto igneas como metamorficas y sedimentarias, 
de distintas edades. 

Su topografia abrupta y Ia elevada cota media, han 
hecho que este ambiente fuera considerado como de 
importancia no inmediata, a pesar que presenta interes 
uranifero pues en el se conocen algunos depositos 
radiactivos, al igual que numerosos yacimientos 
parageneticos con los minerales de uranio. 

Ambiente de las Sierras Pampeanas 

El macizo antecambrico de las Sierras Pampeanas, 
que cubre una superficie aflorante de 120 000 km2 

en el centro del pais, solo fue prospectado en forma 
expeditiva en algunas areas. Participan en su composi
cion gneises, granitos y dioritas antecambricos, con 
diferenciaciones pegmatiticas, a la vez que en varios 
puntos se presentan cubiertas sedimentarias poco 
espesas, de distintas edades. 

Como ya se seiialo, las pegmatitas de las Sierras 
Pampeanas son frecuentemente uraniferas. En el 
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Tabla 1. Reservas de mineral de uranio seg u n costos de elaboraci6n de Ia Torta Amarilla 
(en t de U30 8) 

Mineral Posibilidades razonables Posibllidades (Medido - Indicado - Subtotales 
de desarrolo potenciales lnlerido) Totales Fuentes por (Distritos) 

$ US/Ib U,O, S US/IbU,08 $ US/Ib U 30 8 distrita Por 
costos Progresivos 

<8 8-15 15-30 <8 8-15 15-30 15-30 30-50 

Zona Norte 
Tonco-Amblayo . 2 000 300 10000 1 700 14000 
Tin Tin-Cachi 20 20 50 100 500 690 
Alemania 1000 1000 2 000 2 000 10000 16000 
La Brea (areniscas petroliferas) 2 000 2000 
Tinogasta. 50 100 250 500 1000 1900 

Zona Oeste 

Ureal 50 100 100 200 500 950 
Guandacol-Huaco-J achal. 25 15 100 140 
Saii.ogasta 20 30 15 100 165 
Barreal-Rodeo-Jachal 1000 5 000 10000 20000 36 000 
Malargi.ie 300 50 200 300 200 1 050 
San Isidro 10 10 50 70 
Sierra Pintada-La Escondida 10 25 50 85 
Esquistos bituminosos Mza.-

S. Juan. 1 000 1000 2000 4000 

Zona Centro 

Valle de Punilla . 500 2000 1000 3 000 2000 3 000 11 500 
Comechingones . 30 25 10 50 115 

Patagonia 

Paso de Indios 250 200 1000 1 450 
Sierra Cuadrada 10 25 50 200 500 785 
Rio Chico . 50 100 100 200 500 950 
Tobas Amarillas-Chubut. 1000 3 000 5 000 15 000 24000 

< 8 $US/lb U30 8 • 3 250 13 550 16 800 16 800 
8-15 $US/lb U30 8 • 3 950 7 300 11 250 28 050 
15-30 $US/lb U30 8 4 100 14 700 30000 48 800 76 850 
30-50 $US/lb U30 8 • 39000 39000 115 850 

Subtotales 7 200 20 850 69 000 

11300 

Totales progresivos 3 250 3 950 4100 13 550 
3 250 7 200 11 300 24 850 

mismo amhiente estan alojados los yacimientos veti
formes « Estela » y « Bella Vista », con minerales de 
uranio y fluorita, a la vez que ciertas formaciones 
sedimentarias desarrolladas en su interior o hordes, 
tamhien son portadoras de depositos radiactivos de 
variada importancia, como es el caso del yacimiento 
« Rodolfo >> en el Valle de Punilla. 

Ambiente de Ia Puna y Prepuna 

Comprende un area de mas de 100 000 km2 de las 
provincias de Salta y Jujuy, en la que participan 
esquistos, lutitas y granitos antecamhricos; cuarcitas, 
areniscas y esquistos paleozoicos en sus hordes, y 
areniscas, calcareos y margas mesozoicos en distintos 

35 550 
115 850 

7 300 14 700 30000 39 000 
32150 46 850 76 850 115 850 

puntos, siendo intensa la participacion ignea meso
silicia y acida terciaria y cuartaria, con la que se 
relacionan los numeroso yacimientos metaliferos del 
norte argentino y Bolivia (plata, plomo, cine, cohre, 
estafi.o, etc.). 

En este amhiente se conocen pegmatitas uraniferas 
enclavadas en el granito de Cachi; filones urano
toriferos de la Sierra de Rangel, dentro de ambiente 
granitico; sedimentos mesozoicos con yacimientos 
uraniferos en el distrito La Poma-San Carlos y 
travertinos cuartarios con minerales amarillos de 
uranio de baja ley en Tolar Grande. 

Esta extensa region, con cota media absoluta de 
cerca de 4 000 m s.n.m., solo fue revisada en forma 
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muy preliminar en algunos puntos. Su prospecci6n 
regular ha sido programada para etapas futuras. 
Si bien el ambiente presenta interes uranifero, nada 
puede anticiparse sobre su presunto potencial. 

CONCLUSIONES 

De las areas con posibilidades uraniferas de la 
Argentina, se reconocieron hasta el presente menos 
del 15 % de las mismas, habiendose descubierto varios 
distritos y numerosas manifestaciones. 

La exploraci6n fisica, circunscripta a algunos depo
sitos que ofrecian mayor interes inmediato, permitieron 
determinar las « reservas de mineral de uranio » 
que se indican en la tabla I. 
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A/405 Argentina 

Known and estimated uranium reserves in 
Argentina 

By C. T. Friz el a/. 

On the basis of the geological structure of Argentina 
and of modern concepts of uranium-bearing deposit 
formation, it is estimated that over 1 million km2 

of the continental territory of the country may contain 
varying accumulations of uranium minerals. Of 
this area, about 400 000 km 2 are especially promising, 
in view of the types and locations of the geological 
formations present. It is here that both State and 
private prospecting and exploration have been con
centrated. 

So far, regular prospecting, especially by air, has 
covered more than 75 000 km 2 in which over 150 loca
lities have been found with deposits of varying uranium 
content, in some cases still to be determined. 

Exploration and assay work have been carried out 
on a very small number of deposits, in keeping with 
budget allocations and national nuclear requirements. 

The uranium-bearing areas of the country contain 
three main types of deposit: (a) sedimentary; (b) vein
type; and (c) pegmatitic. The first of these contains 
the largest concentrations; the vein-type deposits 
constitute only a small part of the whole and those 
contained in pegmatites are, with a few exceptions, 
of no economic importance. 

The paper briefly describes the main features of the 
principal areas or deposits (Tonco-Amblayo, Tino
gasta, Guandacol-Hchal, Saiiogasta, San Roque, 
Huaco, San Isidro, Malargiie, Comechingones, Valle 
de Punilla, Chihuidos, Rahueco, Sierra Cuadrada, 
Paso de Indios, Rio Chico and pegmatites in the 
Sierras Pampeanas) and indicates the volumes of 
the reserves measured so far and the estimated uranium 
content in each case, the volumes measured being 
classified according to the production costs of com
mercial-grade concentrates (greater or Jess than 
us $8/lb). 

It also contains a table showing the total uranium 
reserves in Argentina classified according to the 
cost of production. 

A/405 Argenli ne 

Ressources et possibilites uraniferes 
en Argentine 

par C. T. Friz el a/. 

Compte tenu de la structure geologique de 1 'Argen
tine et des conceptions modernes sur Ia genese des 

gisements uraniferes, on estime possible que plus de 
I 000 000 de km2 de son territoire continental contien
nent des gisements de minerai d 'uranium d 'importance 
variable. Sur ce total, pres de 400 000 km2 offrent des 
perspectives plus favorables, par suite, d 'une part, 
des caracteristiques geologiques environnantes et, 
d 'autre part, de leur situation geographique. C'est 
justement dans ces Iiniites que se sont concentrees les 
activites de prospection et d'exploration aussi bien 
officielles que privees. 

Jusqu'a present, on a prospecte d'une maniere 
reguliere, specialement par prospection aerienne, 
75 000 m2 dans lesquels on a decouvert plus de 
150 emplacements de depots uraniferes d 'interet 
variable ou non encore determine. 

Les travaux d 'exploration et d 'evaluation mini ere 
ont ete effectues sur un nombre tres reduit de manifes
tations, en accord avec le budget et les necessites 
nucleaires de 1 'Argentine. 

Les districts uraniferes du pays comprennent trois 
types principaux de gisements : a) avec controle sedi
mentaire, b) filoniens, et c) en pegmatites. 

Dans les premieres sont compris les plus grands 
depots; les filoniens ont une importance tres reduite 
dans le cadre general et ceux qui sont du type pegma
tite, a part quelques exceptions, ne presentent pas 
d'interet economique. 

On donne des details succincts sur les caracteris
tiques principales des districts ou gisements les plus 
importants (Tonco-Amblayo, Tinogasta, Guandacol
Hchal, Saiiogasta, San Roque, Huaco, San Isidro, 
Malargiie, Comechingones, Valle de Punilla, Chihui
dos, Rahueco, Sierra Cuadrada, Paso de Indios, 
Rio Chico et pegmatites des Sierras Pampeanas), en 
indiquant Je volume des reserves calculees jusqu'a pre
sent et Ie potentiel uranifere estime dans chaque cas. 

On donne un tableau des reserves totales d'uranium 
en Argentine, classees suivant les prix de revient des 
concentres de qualite commerciale (superieur ou infe
rieur a 8 $/lb). 

A/405 ApreHTHHa 

3anaCbl ypaHa B ApreHTHHe 

K. T. ttlpH4 et al. 

Mcxop;a Ha reoJiorHqecKoii CTPYKTYP~ Apreu
THHhl H COBpeMeHHhlX KOHqenqHH 0 llpOHCXO>K
;rJ;eHHH ypaHOBhlX MeCTOpOm;rJ;eHHH, llOJiaraiOT, qTo 
paaJmqnhie no aanacaM H cop;epmauuro aaJiemn 
ypaHOBhlX PY.JJ;. pacnoJiaraiOTCJI 6oJiee qeM ua 
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1 000 000 ~~>M2 KOHTHHeHTaJILHoii TeppHTOpHH Ap
reHTHHhl. qaCTb :JTOH TeppHTOpHH IIJIOIU;a,ll;LIO IIpH

MepHO 400 000 KM2 rrpe,ll;cTaBJIHeT co6oii Hau6oJiee 

6JiarorrpHHTHbiH paiioH C TO'IKH 3peHHH THIIOB H 

paaMem;eHHH reOJIOI'H'IeCKHX <f>opMaQHH. lfMeHHO 

8 3TOM paiioHe COCpe,ll;OTO'IeHbl OCHOBHble pa60TLI 

roCy,ll;apCTBeHHbiX H 'IaCTHLIX opraHH3aQHH TIO 

pa3Be,ll;Ke H :mcnJiyaTaQHH MeCTOpOiK,ll;eHJIH. 

,l],o HaCTOHIU;ero BpeMeHH CHCTeMaTH'leCKHMH 

HOHCKaMH H oco6eHHO B03,ll;YIIIHOH paaBe,ll;KOH ,ll;e

TaJILHO H3y'IeH paHOH IIJIOIU;a,ll;LIO 6oJie!' 

75 000 KM 2, r,ll;e o6HapymeHo CBblrne 150 aaJiemeii 

ypaHoBoii py,ll;bl c paaJIH'IHbiM CO,ll;epmaHlleM ypa

Ha. B HeKoTopblx cJiy'laHx CO,ll;epmaHHe ypaHa B 

py,ll;e em;e He orrpe,ll;eJieHo. 

,l],eTaJILHa.R paaBe,ll;Ka H KOJili'IeCTBeHHLiii aHa

JIH3 py,ll; 6biJIH IIpOBe,ll;eHbl JIHIIIL Ha He3Ha'IHTeJih

HOll 'IaCTlf OTKpbiTLIX MeCTOpOiK,ll;eHHH. (}To 06'b

HCHHeTCH KOJIH'IeCTBOM 6IO,ll;iKeTHbiX aCCHI'HOBa

IIHH H noTpe6HOCT.RMH HaQHoHaJILHoii aToMHoii 
II pOMbiiiiJieHHOCTJI. 

YpaHoHOCHLie paiioHLI cTpaHLI co,ll;epmaT Tpn 

C. T. FRIZ ef a/. 

Tuna MeCTopom,ll;eHuii: a) oca,ll;O'IHble, b) mum,

HLie H c) nerMaTHTOBLie OTJiomeHH.R. Han6omw 

OOI'aThiMH .RBJI.RIOTC.R MeCTOpOiK,ll;eHHH nepBOI'O TH

ua; iKHJibHhle <f>opMaQUH COCTaBJI.RIOT JHUIIL He3Ha

'lifTeJILHYIO tfaCTb BCeX MeCTOpOiK,ll;eHnii, a CKOIIJIP

HHe ypaHa B nerMaTHTaX, 3a HeCKOJILKHMH HCKJIIO

•teHH.RMH, He upe,ll;CTaBJIHeT 3KOHOMH'IeCKOii 

~eHHOCTH. 

B AOKJiaAe npuBo,ll;.RTCH npaTime CBe,:J;emtH ofi 

OCHOBHLIX OC06eHHOCTHX Hau6oJiee BaiKHLIX ypa

HOHOCHhiX paM:oHOB (ToHKo-AM6JiaHo, TuHoracTa, 

ryaH,UaiWJI-11\amaJI, CaHoracTa, CaH-PoK, XyaKo, 

C<m-Mcn,ll;po, MaJiaprroa, HoMe'InHroHec, BaJIJI<'

;~e-llyHIIJIJia, qHXH,ll;OC, PaxyaKo, Cbeppa-1-\ya,ll;pa

Aa, llaco-Ae-l1H,ll;HOC, Puo-qnKo H nerMaTHThr 

CLeppa-llaMneaHac), yKaaLIBaiOTCH o6m;uii: o6'beM 

ycTaHOBJieHHbiX aarracoB H co,ll;epmaHne ypaHa B 

1\aiK,ll;OM MeCTOpOiK,ll;eHHH, a TaKme CTOHMOCTh 

1\0H~eHTpaTOB IIpOMLIIIIJieHHOI'O o6oram;eHH.R. 

HaKoHeQ, npHBO,ll;HTCH Ta6JIHQa Bcex aarracoB 

ypaHa B A preHTHHe c KJiaccn<f>m<aQneii no npona

HOAHTeJILHOCTH MeCTOpOiK,ll;eHHH. 
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Uranium deposits in tertiary volcanic rocks 
of north-eastern Macedonia 

By R. Pantie, D. Radusinovic, B. Sikosek and M. Obrenovic * 

Important uranium deposits have recently been dis
covered in the Kratovo-Zletovo volcanic area, in 
north-eastern Macedonia, already known for its 
lead and zinc deposits, which covers an area of about 
1 500 km2• 

The extensive, thick volcanic series are responsible 
for the specific morphology, very broken country 
with a deeply cut and comparatively well developed 
river system. The main hydrographic artery, Zletovska 
Reka (the Zletovo river) and its tributaries, runs along 
its whole course through gorge-shaped valleys, with 
steep cliffs, which demonstrate the relatively young 
erosional state of this area. The mean elevation is 
about 1 000 metres, with some peaks rising to 2 000 
metres. Vegetation is generally scarce, and the climate 
continental, although this part of Macedonia is under 
strong Mediterranean influence. 

GENERAL GEOLOGY AND STRUCTURAL FEATURES 
OF ZLETOVO-KRATOVO 

AND THE SURROUNDING AREA 

Geologically, this area displays a distinct contrast 
between old crystalline formations, mainly Paleozoic, 
and tertiary volcanic and sedimentary rocks. The 
young volcanic series mark the line of the primary 
structural feature, the deep lineament which represents 
the boundary between two sizeable geotectonic cate
gories, the orogenic trunk of the Dinarides and the 
crystalline internide mass, which means that this area 
is located in the axial zone of the Alpine orogenesis 
in this part of its extension (Fig. 1.). 

The lithologic sequence of the metamorphic rocks 
which compose the rim zone of the internide crystalline 
complex is represented by the following members : 
muscovite-chlorite gneisses, mica schists, chlorite 
schists, mica-bearing schists, phyllite-graphitic schists, 
with the quartzites as the youngest members. 

Structurally, plicative as well as disjunctive struc
tures, connected with the earlier orogenic phases, 
are prominent in this complex. The rim-zone fracture 
system abounds in reverse faults along which, during 
the different compressive phases of the Alpine oro
genesis, the horizontal displacements of the rock 

* Institute for Nuclear Raw Materials, Belgrade. 
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masses took place; in the more recent pll.ases, charac
terized by decompression, deep fractures were formed, 
providing channels through which large masses of 
magmatic rocks erupted, filling up the newly-formed 
depressions in which intensive sedimentation also 
took place. The newly-formed volcanic mantle covered 
the old, mosaic crystalline basement. Neotectonic 
stresses, particularly intensive in the axial zone of the 
orogen, reactivated the old basement structures and 
reflected their position through the younger volcanic 
mantle on the surface. In addition to these old, reac
tivated structures, new dislocations occurred, running 
in very definite directions. 

The fractures in this area run basically NNW -SSE 
(N-S) and ENE-WSW (E-W), with very steep, almost 
vertical planes. The first system is the dominant one, 
and forms part of the younger structures of the Alpine 
orogen in this part of its extension. On this view, the 
E-W direction could reflect the influence of the old 
fractures in the crystalline basement. 

The size of the basic network of intersecting dislo
cations varies from a few hundred metres to two 
kilometres, and the breadth of the tectonized zones 
along the primary structures up to and beyond 
100 metres. 

GEOLOGY OF THE VOLCANIC COMPLEX 

The volcanic complex is composed of andesites, 
dacites and their pyroclastic equivalents the ignim
brites and tuffs. The following types of volcanic 
rock have been identified; they are listed in order of 
eruptive succession : 

(a) Hornblende-biotite andesites and related tuffa
ceous breccias and tuffs; 

(b) Ignimbrites and clasto-crystalline tuffs (tuffa
ceous breccias, stratified tuffs and agglomerated tuffs 
and breccias); 

(c) Hornblende-biotite dacites and quartz-latites 
with dacitoid and andesite (trachyandesite) differen
tiates; and 

(d) Labradorite-augite andesites (mostly trachy
andesites) and related tuffs. 

The hornblende-biotite andesites were formed 
during the initial phase of volcanic activity. They 
form tabular masses. These rocks are accompanied 
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Figure 1. Schematic geotectonic map of Yugoslavia (according to K. Petkovic, B. Sikosek and B. Maksimovic) 

Dinarides: 
(A) Julian Alps; (B) Kamnian Alps; (C) Sava folds; (D) Inner Dinaric horsts; (E) Tectonic trench of Sava River; (F) Tectonic trench 

of Drava River; (G) Inner ophiolitic zone; (H) Tectonic depression of Metohija; (I) Tectonic depression of Kosovo; (J) Tectonic 
depression of Pelagonija; (K) Vardar zone; (L} Basin of Skoplje; (M) Kriva Lakavica trench. 

Serbo-Macedonian internide mass: (a) Trench of Morava; (b) Horst ofCrni Vrh; (c) Horst of Juhor; (d) Basin (trench) of Krusevac; 
(e) Horst of Jastrebac; (f) Basin (trench) of Prokuplje; (g) Basin (trench) of Leskovac; (h) Basin (trench) of Vranje; (i} Serbo
Macedonian mass; U) Basin (trench) of the Strumica field; (k) Horst of Belasica. 

Carpatho-Balkanian Range: (I} Nappe of Morava (Geticum); (2) lnfrageticum (Parochtone); (3) Danubicum (Autochtone); 
(4} Anticlinorium of Stara Planina; (5) Vr§ka Cuka anticline; (6) Minicevo-Kadibogaz syncline; (7) Imbricate structure of Visocka; 
(8) Imbricate structure of Vidlica; (9) Senonian tectonic trench. 

by tuffaceous breccias and tuffs of identical composi
tion. 

The most widely distributed rocks in the area are 
the ignimbrites. These were formed after the extrusion 
of the andesitic rocks during a very intensive eruptive 
phase, in which "incandescent clouds" and lava flows, 
composed of incandescent solid particles, water 
vapour and other hot gases, were represented. The 
solid particles were fragments of phenocrysts, mainly 
plagioclase (An 37-42%),* biotite, hornblende, quartz, 
sometimes sanidine and augite, accompanied by 
particles of semi-molten glass and tiny fragments of 
the volcanic and basement rocks. The ignimbrites 
sprang mainly from the hornblende-biotite, dacite 
and quartz-latite. Their composition is generally the 
same as that of the mother rocks, but the microstruc
ture is basically different; this is particularly apparent 
in the heterogeneous microstructural features of the 
groundmass. The particular types of microstructure 

* An = percentage of anorphite in felspars. 

often vary greatly, but basically clasto-crystalline and 
vitroclastic structures predominate. The tuffaceous 
breccias and tuffs overlie the ignimbrites. In some parts 
of the area stratified tuffs were found, which litholo
gically could correspond to politic sandstones, partly 
overlaid by agglomerated tuffs and breccias. The 
latter are composed mainly of ignimbrites, rarely of 
crystalline schists. In some parts of the area, the gra
dual transition of the ignimbrites into tuffs could be 
observed. 

Hornblende-biotite andesites and quartz-latites, 
with dacitoid and andesite varieties, break through the 
ignimbrites and form cones and dykes. 

The labradorite-augite andesites and their tuffs form 
a mantle over the ignimbrites. This superpositioning 
suggests that these rocks represent the latest extrusive 
phase in this area. 

The petrochemical features of the volcanic rocks of 
the area suggest that they were formed from a grano
dioritic magma, although there were variations in the 
magmatic type. Ignimbrites have the petrochemical 
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Figure 2. Geologic and petrographic map of south-eastern part of Kratovo-Zietovo area 
(according to N. Mijazkovic, B. Stanic, S. Divljan, D. Pe~ic and G. Roncevic) 
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Figure 3. Schematic geologic map showing mineral deposits of Kratovo-Zietovo volcanic area 

features of monzonites, i.e., calco-alkali syenites and 
some granodiorites, the andesites corresponding to the 
different, but mainly syenitic (monzonitic), types of 
magma. 

The types of rock listed occur in a fairly definite 
order of succession, at least in the area explored, as 
shown on the map in Fig. 2. 

The thickness of particular members of the sequence 
varies rather markedly from place to place, but the 
following values can be considered as average : 

Tuffaceous breccias of dacitic origin - about 
150 metres; 

Ignimbrites of dacitic origin - about 300 metres; 
Andesites and related tuffs and breccias, repre

senting the deepest-lying members- at present un
known, but possibly about 200 metres. 

Silicification and hydrothermal alteration have 
affected various members, depending on the location 
of the structures along which these actions took place; 
as a consequence, the altered zones could not be 
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treated as definite levels or horizons superpositionally. 
The flow-type features in the volcanic series dip 

generally S-SW. The contacts with the older crystalline 
complex are distinctly tectonic. The system of dislo
cations, mentioned above, which intersects the vol
canic rocks, has had a different effect on different 
members of the lithologic series. The tectonization, 
which followed the faulting, is particularly well 
marked at the deeper, andesite-breccia level. At the 
higher levels, strongly tectonized zones are limited to 
areas close to the dislocation, or are even absent, 
which makes it very difficult to trace the structures on 
the surface. This feature also influenced the distribu
tion of mineralization. 

The fractures which intersect the volcanic complex 
can be grouped in two systems, the first striking N 15 E 
and the second N 80 E; the latter gives rise to a well 
pronounced zone of intensive tectonization and minera
lization, the Zletovska Reka zone, about 250 metres 
wide (Figs. 2 and 3). 

A number of mineral occurrences and deposits of 
lead, zinc, copper and uranium are located in this area. 
The majority are to be found in the tertiary extrusives, 
in the faults and tectonized zones, rarely in the rim 
zone of the crystalline schists. 

The extrusive rocks in which the mineralizations 
occur have been highly propylitized over a large area 
by autohydration and have undergone considerable 
hydrothermal alteration along the mineralized frac
tures, in a number of tectonized zones and along the 
contacts with the ore bodies. 

Three types of mineral occurrence and deposit were 
identified in the area namely, lead-zinc deposits and 
occurrences, occurrences of copper minerals and 
occurrences and deposits of uranium. 

The most numerous, and economically the most 
important, are the lead and zinc occurrences. In the 
production of lead and zinc in Yugoslavia this area is 
second only to the Trepca mine. These occurrences 
can be classified genetically as of the hydrothermal vein 
type. 

Copper occurrences are very extensive, and copper 
paragenesis is present in almost all lead and zinc mine
ralizations, but large concentrations are rare. Some 
concentrations of copper minerals appear in the west
ern part of the volcanic area, where enargite-pyrite 
ore bodies, carrying traces of minerals from lead-zinc 
paragenesis, are located. 

Uranium occurrences are met with over the whole 
area, but the largest number is grouped between 
Zletovo and Kratovo. They are very often located 
inside the lead-zinc veins, but also form separate 
deposits. The main mineral is pitchblende, although 
there are several occurrences with secondary uranium 
minerals. Few of the occurrences were explored in 
detail. 

It may be concluded that the large number of 
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mineral occurrences and deposits of important metals 
found in this area are to some extent interdependent; 
but their abundance varies greatly from deposit to 
deposit. Lead, zinc and copper are strongly inter
related, but the uranium appears not only in associa
tion with these metals but also on its own. 

OCCURRENCES AND DEPOSITS OF URANIUM 

A few dozen uranium occurrences were discovered, 
but most of them are of no economic value. The area 
aroused particular interest only after systematic aerial 
prospection in 1962 revealed the uranium deposits of 
Zletovska Reka and Spancevo. 

The known uranium occurrences and deposits in 
the area can be grouped, by mineral composition and 
mode of occurrence, in two classes, namely occurrences 
and deposits of monometallic uranium and occur
rences of uranium in lead-zinc veins. 

Characteristic representatives of the first type are 
the deposits of Zletovska Reka, Spancevo and Latis
nica; the second type is represented by the occur
rences in the Zletovo lead-zinc mine. 

Zletovska Reka 

The Zletovska Reka uranium deposit is the most 
important discovered in the area so far. It is located 
at the eastern rim of the volcanic complex, in the 
vicinity of the contact with the crystalline schists of 
the internides. 

The immediate vicinity of the deposit is composed 
of hornblende-biotite andesites, andesitic tuffaceous 
breccias and tuffs, ignimbrites of hornblende-biotite 
dacitic origin and hornblende-biotite dacites. 

The local tectonics have been influenced by the 
general structural features of the area. The volcanic 
rocks close to the deposit were affected by the well
marked, purely disjunctive tectonics of the two 
systems earlier mentioned, the older one running 
NNW-SSE and the younger one ENE-WSW. 

The predominant structural feature in the neigh
bourhood of the deposit is a tectonized zone about 
250 metres wide running ENE-WSW, which has 
been traced over a length of 2 500 metres, and inside 
which a number of staggered secondary fractures have 
been located. This tectonized zone is characterized 
by intensive mechanical and hydrothermal alterations. 
Sizable displacements took place in certain directions 
within the zone, inducing intensive cataclysing, 
which permitted the circulation of the hydrothermal 
solutions and hence the subsequent alteration of the 
rocks. Hydrothermal activity is manifested by the 
products of kaolinization, silicification, chloritization, 
carbonatization, zeolitization and alunitization. 

The uranium mineralization is located mainly 
inside the tectonized zone. A number of occurrences 
were discovered, but only one has been explored in 
detail. A direct connection was established between 
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the mineralization and the structural and lithologic 
factors by which it was controlled. The data collected 
indicate that the more basic environment, the andesites 
and andesitic breccias, was more favourable to the 
formation of larger concentrations of uranium than 
were the more acid dacitic rocks. However, it is still 
not clear whether the chemical composition of the 
environment or depth played the decisive part in the 
formation of the deposit. 

The uranium mineralization appears in two forms, 
dispersed through the cataclysed and kaolinized ma
terial of the tectonized zone and concentrated in 
veinlets, films and fillings. 

The first type is characteristic of those parts of the 
mineralization that are found in the volcanic breccia, 
and the second of those found in the rather more 
compact andesite. 

The main mineral is pitchblende. Among the secon
dary minerals, inside the oxidised zone of the deposit, 
autunite, torbernite, kasolite and uranophane were 
identified. 

In addition to uranium minerals, sphalerite, pyrite, 
galena, marcasite, bravoite and tetrahedrite are pre
sent, although in very small quantities. Only the 
sphalerite intergrows with the pitchblende; the others 
have no direct contact with the pitchblende, so their 
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paragenetic relationship is not yet clear. Even inter
growths of pitchblende and sphalerite are very rare; 
the pitchblende was deposited at the edges of the 
sphalerite grains. The gangue minerals are represented 
by siderite, baryte, chalcedony and fluorite, although 
they occur in insignificant quantities. 

The explorations, which covered only a relatively 
small part of the mineralized area, showed that the 
uranium occurs in ore bodies of irregular shape. 
One of these ore bodies was explored in greater detail 
(Fig. 4). It is about 300 metres along the strike, about 
100 metres along the dip and between 3 and 25 metres 
thick. 

The uranium content of this ore body varies from 
a few hundredths to a few tenths of one per cent. 
According to the coefficient of variation (V = 75%), 
this deposit could be classified as irregular, the maxi
mum frequency occurring with samples containing 
slightly more than 0.1% U30 8• 

Local disequilibria between uranium and radium 
are pronounced in both directions. Samples with 
less than 0.1% U30 8 have an equivalent radium to 
uranium ratio (eRa/U) of 100-130% whereas for those 
with more than 0.1% U 30 8 it is 60-100%. 

In that part of the deposit so far explored, the esti
mated ore reserves amount to about 400 000 tons, 
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Figure 4. Zletovska Reka deposit. Ore body No. 1 
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with a mean grade of 0.15% U30 8 • As only a limited 
part of the zone of mineralization has been explored, 
and as similar occurrences of uranium have been 
discovered in the immediate vicinity, it may confidently 
be expected that more ore bodies of the same kind will 
be found. 

Spancevo 

The Spancevo uranium deposit is situated close to 
the south-eastern rim of the volcanic complex, about 
16 kilometres in a straight line from the Zletovska 
Reka ore bodies. 

The surrounding area is composed mainly of pyro
clastic rocks, that is of microbreccias and andesitic 
agglomerated tuffs, which made it difficult to observe 
the structure clearly. lt could be identified only by the 
intensive alteration, involving opalization, kaoliniza
tion, carbonatization, chloritization and pyritization. 

The rich concentrations of secondary uranium 
minerals are associated with opalized agglomerated 
tuffs. A mass of mineralized opalized tuff, running 
N-S, has been ,discovered over an area of 90 X 7-15 
metres. The concentration of uranium in this zone is 
highly variable, running from a few hundredths of one 
per cent up to more than 1%. Among the uranium 
minerals, autunite, torbernite and uranophane have 
been identified. The uranium mineralization was 
accompanied by hematization. 

So far the deposit has been explored only close to 
the surface; there is no conclusive information on the 
uranium mineralization in this area. 

Latisnica 

Monometallic uranium mineralization has been 
discovered in a tectonized zone in the ignimbritic 
rocks. The zone runs NE-SW and is about 16 metres 
thick. The rocks inside the mineralized zone were 
subjected to intensive hydrothermal alteration, result
ing in intensive kaolinization and chloritization. 

So far, exploration has been limited to the upper
most parts of the deposit; autunite and torbernite have 
been identified, but no accompanying minerals. 

Zletovo 

The most important uranium occurrences associated 
with lead-zinc mineralization are located in the 
lead-zinc mine at Zletovo. There, in some parts of 
the sulphide-ore veins, pitchblende occurs together 
with the minerals of normal lead-zinc paragenesis. 
In this typical hydrothermal Pb-Zn deposit, the para
genetic relationships indicate a number of phases 
of mineral formation : the high temperature-contact 
phase, followed by extraction of the lead-zinc minerals 
in the form of gel, and finally the deposition of the 
bulk of the lead-zinc ores in the form of mineral 
aggregates with sizable crystals. 

After the bulk of the lead-zinc ores had been formed 
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the fractures were reopened during a decompressive 
tectonic phase. The voids thus created inside the sul
phide ore bodies served as the channels for the uranium
bearing solutions, which deposited the pitchblende, 
with insignificant quantities of sulphides, in the central 
zones of the ore bodies. The paragenetic history 
suggests that the uranium mineralization was deposited 
in a separate phase, independently of the process by 
which the lead-zinc ores in the Zletovo mine were 
formed. 

CONCLUSION 

The Kratovo-Zletovo volcanic area, like others in 
Yugoslavia, has only recently been prospected for 
uranium, since the opinion was firmly held in the past 
that the young Alpine volcanic rocks did not favour 
the deposition of this element. 

The prospection for uranium in the tertiary volcanic 
rocks in north-eastern Macedonia gave promising 
results. The uranium deposits discovered are associated 
with post-volcanic hydrothermal activity and have 
been laid down in the younger structures during a 
separate phase, after lead-zinc deposits had already 
formed. The uranium mineralization represents the 
final phase of the mineralogenic activity in this area. 
According to the modes of occurrence described, two 
hypotheses are possible as to the origin of the uranium: 
it was either directly associated with the young mag
matic source, or remobilized from the old crystalline 
basement. 

If further exploration confirms the first hypothesis, 
it will be necessary to revise current opinions about 
the metallogenic characteristics of the Alpine metallo
genic epoch, so far as uranium is concerned. This 
may prove to be of first importance, due to the sub
stantial potentialities of the discovery of new uranium 
deposits in the young volcanic series of the Alpine 
orogen. 
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ABSTRACT -RESUME-AHHOTA~vlli-RESUMEN 

A/415 Yougoslavie 

Les gisements d'uranium dans les roches volca
niques tertiaires du nord-est de Ia Macedoine 

par R. Pantie et a/. 

Dans Ia region volcanique de Kratovo-Zletovo 
(nord-est de Ia Macedoine), qui est bien connue pour 
ses riches gisements de plomb et de zinc, on a decou
vert recemment d 'importants gisements d 'uranium. 
Cette region se trouve dans Ia zone limitrophe de !'arc 
orogenique des Dinarides et des Internides, c'est-a-dire 
dans Ia partie axiale de Ia zone orogenique alpine dans 
cette partie de Ia peninsule balkanique. 

Le cadre geologique est relativement simple et les 
principales formations sont des schistes cristallins du 
Paleozoique et du Palezo"ique inferieur, des roches 
volcaniques tertiaires et des sediments tertiaires. 

Les roches volcaniques couvrent une surface de 
plus de 1 500 km2 et sont liees a une fracture de fond 
bien exprimee, situee pres de Ia zone limite. Vers le 
nord, cette fracture est marquee de Ia meme far;:on 
par des complexes volcaniques similaires. 

La composition structurale reflete un systeme de 
fractures formees pendant plusieurs phases de I' oro
genese alpine. Les directions principales de ces failles 
sont NNO-SSE (N-S) et ENE-OSO (E-0) avec des 
pendages tres abrupts, presque verticaux. La premiere 
direction est dominante et elle represente Ia caracte
ristique tectonique fondamentale de cette partie de Ia 
zone orogenique alpine. L'etendue du reseau de base 
d 'intersections de ces dislocations varie de quelques 
centaines de metres a deux kilometres, tandis que Ia 
largeur des zones tectoniques qui jalonnent les struc
tures primaires s'eleve jusqu'a 100 m et plus. 

Les eruptions volcaniques a plusieurs phases ont 
forme differents types de roches : des andesites amphi
bolo-biotitiques et leurs tufs agglomeres, des ignim
brites d' origine dacitique et quartz-latitique, des tufs 
stratifies d'origine dacitique, des andesites et quartz
latitites amphibolo-biotitiques ainsi que des andesites 
a labradorite-augite et leurs tufs. Les ignimbrites d'ori
gine dacitique et quartz-latitique ont Ia plus grande 
extension. 

Les venues de mineraux et minerais sont liees aux 
failles et aux zones tectoniques. La mineralisation ura
nifere se manifeste de deux manieres : comme forma
tion uranifere propre ou avec une mineralisation de 
plomb et de zinc. 

Un representant caracteristique du premier type de 
mineralisation est Ie gisement de Zletovska Reka, qui 
a ete decouvert vers le milieu de 1962. Ce gisement se 
trouve dans les roches volcaniques, a proximite de 
leur contact avec les schistes cristallins des Internides. 

La composition structurale locale est caracterisee par 
des zones intensivement alterees tectoniquement et 
par des actions hydrothermales, qui ont Ia direction 
est-ouest; Ia largeur de ces zones est de 20 a 100 m, 
avec une longueur de plus de 3 km. Ces zones deter
minent Ia mineralisation uranifere. 

L'une d'entre elles a ete exploree jusqu'a present 
sur 300 m dans Ia direction et sur 150 m dans le pen
dage. Les masses de minerai d'uranium sont seulement 
faiblement oxydees; dans les niveaux plus profonds, 
elles se composent presque exclusivement de pechblende. 

Dans Ia partie exploree de Ia zone, les reserves de 
minerai s'elevent a peu pres a 400 000 t avec une teneur 
moyenne de 0,15% U 30 8• 

La decouverte de gisements d 'uranium dans les 
structures et les formations rocheuses decrites a une 
importance fondamentale; elle ouvre de gran des per
spectives pour Ia decouverte de gisements d 'uranium 
similaires dans les roches volcaniques d 'origine plus 
recente de Ia zone orogenique alpine. 

A/415 IOroc11aBHH 

YpaHOBble MecropomAeHHfl a rperH~
H~x synKaHH~eCKHX rOpH~X nopOAaX 
cesepo-socro~Hoi1 ~acrH MaKeAOHHH 

P. naHTHY et al. 

B syJIKaHHqecKoM paiioHe KpaToBo - 3neTOBo 
( cenepo-nocToqHa.R MaKe~oHHH), KOTOphiH xopo
mo H3BeCTeH 6oraTbiMH aanemaMH CBHHIJ;a H ll;lfH
Ha, D IIOCJie~Hee BpeM.R 6hlJIH OTKphlThl TaKme 3Ha
'IHTeJihHble MecTopom~eHHH ypaHa. 3ToT paifoa 
IIaXO~HTC.R B IlOrpaHHqHOH 06JiaCTH ~HHapCKOfO 
oporeHIIOfO IlO.RCa, TO CCTh B OCCBOH qaCTH aJih
IIHUCKOfO ropoo6paaonaHHH :non qacTH Bam<aH
cJwro nonyocTpona. 

feoJIOflfqecKoe CTpOCHHC pauoHa OTHOCHTCJlhHO 
npocToe: naneoaoucKHe H HHamenaneoaoucKue 
;~pCBHHC KpHCTaJIJIHqecKJfC CJiaHIJ;hl, TpCTifqHhiC 
nynKHHHqecKHe ropHhie nopop;hl H TpeTHqHhle oca
AOqHhie OTJiomeHH.R. ByJIKanuqecKHe ropHhie no
POAhi IIOKphiBaiOT IIJIOIIJ;ap;h 6oJiee 1500 ~M2 Jf CB.II
aaHhi c o6umpHou H rny6oKou aoHoii: c6pocon, 
pacnonomenHoi"I s6JIH3If norpaHHqHoro paii:cma. 
K cenepy na aoHa TaKme OTMeqeHa anaJioniq
HhiMH nyJIKaHuqecKUMH KOMIIJieKcaMH. 

3Ta cTpyKTypa o6paaonanach nop; BJIJf.RHueM 
AH3'hiOHKTHBHoii: cncTeMhi B PHAe cflaa aJihrrniicKo
ro ropoo6paaosaHu.R. 3oHa c6pocon npoCTHpaeTc.R 
B OCHOBHOM IIO JIHHHII CeBep - IOf H BOCTOK -
:wnap; c o•IeHh KPYThlM, noqTH nepTHKaJihHhlM na
;~eHHeM CKJIOHOB. llepBOe uanpaBJieHHe .RBJI.RCTC.R 
AOMHHHPYIOIIJ;HM H rrpep;cTaBJIHeT co6oii: ocHonuyro 
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apXHTCKTOHlllfCCKyiO xapaKTepnCTHKY 3TOH lfaCTII 

aJihllHHCKOfO ropoo6pa30B3HHH. llpOTH)I{CHHOCTh 

aroii: cern c6pocon 11 cMe~eHnii: KOJie6JieTCH oT 

HCCKOJihKHX COTCH MCTpOB ,D,O 2 1>.M, B TO BpCMH 
KaK IIIHpHHU TCKTOHHlfCCKHX 30H B,D,OJlh OCHOBHhiX 

cTpyKTYP cocraBJIHeT 6oJiee 100 M. 

MuoroKpaTHhre nyJIKauuqecKne nanepmennH 

CIIOCOOCTBOBUJI11 o6pa30BUHHIO pa3JIHlfHhiX TJIITOB 

IIOpO,D,: UMqlHOOJI-6HOTOTOBhiC UH,D,C3HThi 11 HX ar

fJIIOTHHHpOBUHHhiC TYqlhi, nrHHM6pHThl .u,a~urono
m u Knap~e-Jiarnronoro npoucxom.u,eHHH, .u,a~u-

ronhle cJioHCThie ryqJhi, aMifln6oJI-6uoruronhle 

an.u,eanThi n :Knap~e-Jiarnrhr, a raKme Jia6po.u,opur

anruronhle aH.u,eaurhl u conponom.u,aro~ue ux 

rylflhl. Hau6oJihrnee pacnpocrpaHeHue uMeiOT ur

nuM6pHThi ,D,U~HTOBOfO :KBap~e-JiaTHTOBOfO TipOHC-

XOffi,D,CHHH. , ~ 

3aJierauue MunepaJion u PYA cnnaano co c6po

caMH u c reKTOHHlfeCKHMH aonaMu. MunepaJiuaa

~HH ypaHa npOHCXO,D,HT ,D,BYMH nyTHMH: HC33BH

CHMhiM npo~CCCOM MHHepaJIH33~HH ypaHa H COB

MCCTHO C MHHepaJIH3a~ueii: CBHH~a H ~HHKa. 
Hau6oJiee xapaKrepHhiM f!.JIH nepnoro ruua lllll

HepaJIH3a~un JIBJIJICTCH MCCTOpOmACHIIe <<3JICTOH

CKa peRa>>, orRphlroe n 1962 roJ~Y· Mecropom
.u,enHe pacnoJiomeHo n nyJIRaHHlfecKux ropnhiX 

llOpO,D,U,X B HCTIOCpC,D,CTBCHHOM KOHTUKTC C Kpii

CTaJIJIHlfCCKHMH CJIUH~UMH. JloKaJihHhiC CTpyKryphi 

xapaKTCpH3YIOTCH 30HUMH COpOCOB, HHTCHCHBHO 

TCKTOHH3HpOBUHHhiX H H3MCHCHHhlX B peayJihTUTC 

I'II,D,pOTCpMaJihHhiX B03,D,CHCTBHH, npOCTHpaiO~HXCH 
C BOCTOKa Ha aana.u,. IIIHpHHa aTHX 30H OT 20 ,D,O 

100 M, ,D,JIHHa 6oJiee 3 1>M. B HlfX n nponcxo.u,nr 

~flfHepaJIU3U~HH ypaHa. 

O.u,Ha ua nux aoH paapa6oraHa .u,o uacron~cro 
npeMeHH ua 300 M no npocrupaHuiO n na 150 M 

no na,D,CHUIO. YpaHOBhie PYAHhie reJia TOJihiW 
HC3H3lfiiTCJihHO OKUCJJCHhl, B TO BpCMH KUK B 00-
JICC rJiyOOKJIX CJIOHX HUXO,lJ,HTCH IIOlfTU IICK.lJIOlfli

TCJihHO ypaHUHHT. 

B paapa6oraHnoii qacTH aoHhi MHnepaJinaa~nn 
aanachi PYAhi .u,ocrHraror noqrn 400 000 r co cpeA

HIIM co.u,epmaHHeM UaOs 15%. 
06uapymenHe ypaua B Tai\HX crpyRrypax n 

!{JOpMaQHJIX nMeer rpoMa,D,Hoe 3HalfeHne, TaR IWK 

CllOCOOCTByeT OTKphiTHIO aHaJIOfHlfHbiX ypaHOBhiX 

oTJiomcnHii B 6oJiee MOJIOJJ.biX BYJIRaHJtlfecRnx rop

llhiX 11opo.u,ax aJihimii:cKoro opor!'JH'3a. 

A/415 Yugoslavia 

Depositos de uranio en rocas volcanicas ter
ciarias del nordeste de Macedonia 

por R. Pantie et a/. 

En la zona volcanica de Kratovo y Zletovo (NE de 
Macedonia), ya conocida por sus ricos depositos de 
plomo-zinc, han sido descubiertos recientemente 
importantes depositos de uranio. Esta region esta 
ubicada en la zona limitrofe de la faja orogenica 
dinarica, o sea en la parte axial del orogeno alpino 
de esta zona de la Peninsula Balcanica. 
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La geologia general es relativamente simple y las 
principales formaciones son pizarras cristalinas paleo
zoicas inferiores, volcanitas terciarias y sedimentos 
terciarios. 

Las volcanitas cubren un area de mas de 1 500 km2 

y estan en conexion con una grande y profunda zona 
de falla, situada cerca de la zona fronteriza. Esta zona 
exhibe tambien en el norte complejos volcanicos 
similares. 

La estructura esta formada bajo la inftuencia de un 
sistema disyuntivo, creado en las sucesivas fases de la 
orogenesis alpina. La zona de fallas se extiende 
fundamentalmente de NNO a SSE (N-S) y ENE a 
OSO (E-0), con gran buzamiento, casi verticalmente. 
El primer sistema es dominante y representa el 
elemento estructural basico de esta parte del orogeno 
alpino. La red basica de las intersecciones de estas 
dislocaciones va desde unos pocos cientos de metros 
a dos kilometros y el ancho de la zona tectonizada 
a lo largo de las principales estructuras alcanza y 
sobrepasa los 100 m. 

Las multiples fases de erupciones volcanicas han 
producido varias clases de rocas : andesitas anfiboli
ticas, biotiticas y aglomerados de tobas volcanicas, 
las ignibritas de origen dacitico y cuarzo-latitico, 
tobas estratificadas daciticas, andesitas anfiboliticas
biotiticas y cuarzos latiticos y andesitas de augita 
y labradorita y tobas volcanicas asociadas. La mayor 
parte de Ia zona esta cubierta por ignibritas de origen 
dacitico y cuarzo-latitico. 

El mineral y la mena aparecen en relacion con las 
fallas y zonas tectonizadas. Las mineralizaciones de 
uranio se pueden dividir en dos clases : como mine
ralizaciones independientes y en conexion con mine
ralizaciones de Pb-Zn. 

El representante caracteristico del primer grupo es 
el deposito de Zletovska Reka, descubierto a mediados 
del afio 1962. El deposito esta localizado en volcanitas, 
cerca de su contacto con las pizarras cristalinas de los 
internidos. Las estructuras locales estan representadas 
por zonas modificadas por una intensiva tectonica e 
hidrotermalidad, extendiendose de E-0, de 20 a 100m 
de ancho y mas de 3 km de largo. Estas zonas presentan 
las caracteristicas mas determinativas del mineral. 

Una de estas zonas ha sido explorada cerca de 300m 
en direccion y 150m segun el buzamiento. Las masas 
mineralizadas de uranio estan ligeramente oxidadas 
y en los niveles mas inferiores estan compuestas 
exclusivamente de pechblenda. 

Las reservas de la parte explorada de la zona 
alcanzan cerca de 400 000 t de mineral, con una ley 
media en uranio del 0,15% en U 30 8 • 

El descubrimiento de uranio en tales estructuras 
y formaciones es de capital importancia, debido al 
gran potencial de posibilidades que se abren para 
poder descubrir depositos similares en el mas joven 
volcanismo del orogeno alpino. 
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Nuclear fuel supply: programme and results • 1n Brazil 

By E. Tavora * 

The Nuclear Energy National Commission of Brazil 
was founded in 1956. Since then the Department of 
Mineral Exploration has been equipping its field 
parties and laboratories and carrying out a programme 
of uranium prospecting, but intensive effort in this 
direction did not develop until after 1962. 

Owing to the vast dimensions of the Brazilian 
territory, special financial engagements for the techni
cal programmes had to be carefully planned, in order 
to repay the investment, avoid overlap of methods and 
lower production cost without affecting the technical 
standard of the operations. 

In short, the Department's main objective is to 
make an inventory of the Brazilian resources of 
nuclear fuel in the shortest time possible. 

PROGRAMME OF THE DEPARTMENT OF MINERAL 
EXPLORATION 

The size of Brazil (over 8 000 000 km2) and the time 
limitation for the work imposed the logical solution, 
at least temporarily, of investigating the existence of 
uranium deposits only in the parts of the territory 
close to the supplying centres and easily accessible. 

The Department of Mineral Exploration can at 
present count on 40 Brazilian geologists, 4 French 
experts (geologists of the Commissariat a l'energie 
atomique, working under the terms of the Brazilian
French bilateral co-operation agreement), 30 prospec
tors specially trained by the Brazilian Nuclear Energy 
National Commission and 14 auxiliary field workers. 
Furthermore, the Department is equipped with 48 
vehicles of assorted types suitable for field work and 
93 radiation detection instruments. It is obvious that 
these resources would be insufficient if, ab initio, the 
search for uranium extended over the whole territory 
of Brazil. Therefore the Commission restricted its 
activities initially to the regions located eastward 
from a line passing through Cuiaba (State of Mato 
Grosso) and Belem (State of Pan!). Although this 
ruled out, for the time being, about 50% of the whole 
national territory, about 4 000 000 km2, still remain 
to be covered, according to the stratigraphic distribu
tion shown in Table 1. 

* Comissao Nacional de Energia Nuclear, Departamento de 
Explorar;iio Mineral, Rio de Janeiro. 
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Table 1. Stratigraphic distribution 

Pleistocene . 
Tertiary . . 
Cretaceous . 
Jurassic 
Basalts. 
Triassic. 
Permian 
Upper Carboniferous 
Lower Carboniferous 
Upper Devonian. . 
Medium Devonian 
Lower Devonian. . 
Silurian ..... 
Cambro-Ordovician . 
Precambrian . . . . 

Total 

% 

1.35 
0.15 

14.14 
4.42 

10.72 
5.54 
2.00 
8.58 
0.85 
0.67 
0.92 
4.22 
5.95 
1.10 

38.12 

km' 

54 000 
6 000 

565 000 
176 800 
428 800 
221 600 

80000 
343 200 

14000 
26 800 
36 800 

168 800 
238 000 
44000 

1 524 800 

4000000 

Since the Commission has decided to seek only for 
the uranium deposits that are most interesting econo
mically, in other words, those of easy exploitation and 
low-cost ore dressing and metallurgy, it is evident that 
there will be no work on thorium minerals, neither 
will pegmatites nor Precambrian formations be 
studied. Consequently, the chief effort will be directed 
towards prospecting the stratiform sedimentary depo
sits; this is fully justified considering that the great 
majority of the world deposits are in detritic rocks, 
which quite often are of continental origin. There 
are some exceptions, of course, among which are the 
alkaline rocks (Po~os de Caldas, etc.). 

SEQUENCES AND PROSPECTING METHODS 

Economically, it is essential that the normal sequence 
of prospection operations is followed in order to avoid, 
overlap of methods. The normal sequence which 
prevails at the Department is: bibliography, recon
naissance; car-borne, air-borne or geochemical pros
pection; detailed work and evaluation (Table 2). 
The general scheme which follows summarizes the 
chronological and technical varieties of application; 
some additional comments are also given: 

Bibliography. A critical and accurate bibliography 
must necessarily constitute the first phase of the 
operations. A petrographic and radiometric analysis 
of the available collections is also included. An 
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Table 2. Prospecting sequence 

GENERAL BIBLIOGRAPHY 

Critical study and orientated scrutiny of geological literature· 
Investigation of the facies and continental sequences presenting 
multiple cycles under tectonic control. 

Constitution of lithologic sequences with notations of the 
sedimentation environments. Paleogeographical and paleo
climatological reconstitutions. Isopaques. Investigations of the 
radioactivities of samples. Final decision and justification. 

GENERAL RECONNAISSANCE 

Constitution of lithological sections with calibrated radio
metric determinations. Details on sedimentology and environ
ments. Notes on tectonics. Sampling and analyses. Determina
tion of the favourable layers. Decision on the orientation to 
follow: abandon, or prospect at regular intervals and justi
fications. 

CAR-BORNE PROSPECTION 

If a satisfactory road network exists or if the rough topography 
rules out air-borne prospection, car-borne prospection can 
be done quickly and at low operating cost. No automatic record
ing. The anomalies are lithologically classified. Accurate sampling. 
Efficiency of 1 500 km/month-vehicle. 

STRATEGIC GEOCHEMISTRY 

Waters, alluvions and radiometric studies at wide intervals 
(500 points per square degree). Efficiency, 10 points/day-team. 

AIR-BORNE PROSPECTION 

Altitude, 75 m; spacing between flight lines, from 1 000 to 
3 000 m. 

Compilation specific of the first residual. Photogeological and 
statistical analyses. Efficiency 10 000 km/month plane. 

DETAILED AIR-BORNE PROSPECTION 

Re-analysis of each anomaly, close flights at different altitudes. 
New selection. Second residual of the anomalies to check in 
the field. 

EVALUATION 

Preliminary radiometric analyses, at about 20 x 20 m metres 
with the first petrographic and mineralogical samplings. Sub
sequently, detailed geological and radiometric analyses at 
close intervals and tactic geochemistry. Light works; decision 
whether or not to proceed. 

Evaluation sensu strictu: first stage of trenching, short drillings, 
wagon-drill. Systematic sampling. 

Reconnaissance of the deeper levels. Geometrical definition 
of the mineralizations. First evaluations. 

analytical and critical bibliographical study carried out 
under these conditions is in fact a form of prospecting 
and consequently requires effort of high calibre; it 
can lead to a negative recommendation which may 
save a lot of time or, conversely, to the discovery 
of so.me discrete but favourable indications that may 
lead to fruitful prospecting. 

Reconnaissance work. This always is a delicate 
task to carry out because from it a decision is made 
fairly quickly concerning an extensive region. There 
is always the danger either of recommending further 
operations which eventually prove to be unjustified 
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or, on the contrary, ruling out a region that has pos
sibilities. At this stage of prospecting, where a full 
knowledge of all conditions related to the uranium 
deposits is required, every decision must be made 
very carefully. 

Car-borne prospection. Since the cost per kilometer 
of this method of prospecting is low, it is widely 
used in regions where the road network is suffi
ciently dense; however, it is a slow method and its 
results are heterogeneous, which makes any statistical 
analysis of the results critical. 

Geo-chemical reconnaissance. Here waters and allu
vions are sampled at wide intervals; it is rapid, econo
mical and efficient if the purpose is to study wide 
zones or mineralized provinces. It is obvious that if 
20 km is the spacing set between two neighbouring 
sampling points, it is easy for an isolated deposit to 
remain undetected. A combination of radiometric mea
surements and geological observations leads to a true 
general reconnaissance. Such operations provide a 
good chance of detecting mineralized regions, especially 
in sedimentary formations. 

Air-borne prospection. Air-borne prospecting 
methods have been a controversial subject. In the 
Department of Mineral Exploration the following 
principles are observed: 

(a) Except for some rare cases, air-borne prospecting 
is used only for sedimentary formations; 

(b) In order to heighten the contrasts, the flights 
are carried out at low altitude (75 m); 

(c) The compilation achieved is specific and has 
the advantage of being efficient. The representation of 
the full field by isorade curves is not attempted; 
on the contrary, attempts are made to determine the 
residual field which results from the altimetric correc
tions and from the elimination of the most obvious 
local background variations; 

(d) All residual anomalies are studied further with 
a light plane (or, better, a helicopter). The correspond
ing flights are made at different altitudes and at close 
spacing so that the quality and geometry of the 
anomaly can be determined. Despite these precautions, 
the anomaly obtained as a second residual is more 
significant of the surface radioactivity· of the soil 
than the value of the radioactivity. Analysis of the 
accumulated data from measurements cannot be 
taken far because of the limitation imposed by the 
resolution power of the scintillometers. 

Evaluation operations. The discussion of this difficult 
type of work is not possibile without going into greater 
detail than is consistent with the character and purpose 
of this paper. It is evident that with each successive 
stage of prospecting the financial investment increases 
and, therefore, a decision taken in a particular case 
involves costs which progressively increase as the 
exploitation stage is approached. During development 
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of the final stages of the evaluation great care must be 
exercised; at this point, one should not hesitate to 
superimpose and make use of available competitive 
methods. 

OBSERVATIONS ON SOME OBTAINED RESULTS 

The schematic description of the great structural 
elements of Brazil are useful in the presentation and 
discussion of certain of the results obtained. It is 
incorrect to compare Brazil with the shield of West 
Africa. Actually, there are, in Brazil, large sedimentary 
basins. The following were the subject of important 
studies by the Commission (Fig. 1). 

In the south of Brazil there is the Parana Basin, 
which "comprises parts of neighbouring countries. It 
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deals with one of the largest basins of South America. 
In such a basin everything is gigantic, the glacial 
formations and the Carboniferous interglacials, the 
Botucatu desertic eolian sandstones and the huge 
Jurassic lava flows. 

An important arch separates the Parana Basin from 
the Minas Basin, which is important to the Nuclear 
Energy National Commission of Brazil because it 
embodies the nephelinic rocks of Salitre Serra Negra, 
Araxa, Tapira and Por;os de Caldas. 

Minas Gerais Basin. This contains series of relatively 
small thickness. It may be a platform rather than a 
basin formed by subsidence, the thick layers of the 
Bambui limestone excluded. The study of such a 
platform has just started. As a rule it is abandoned when 

BASIN 

SANTO IS. 

Figure 1. Map of Brazil showing position of the most important sedimentary basins and their structural limits 
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······----·-·-·-------------------------- Can be eliminated -· I I *' 
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100 

I ~··· 
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Known surface outcrops 

Thickness of the formation 

·Favorable. Justifies a survey-test 
----.-Hi~hi~ favorable. Systematic survey justified 

W/_______ ________ _ _______ ___ RADIOACTIVITY 

• -------·-------------------------------------·VISIBLE URANIUM 

Lower Cretaceous, 200 000 km 2 ·fine red sandstone with clavey cement and conglomerates 
interbeddings. Plants and lignite. Continent, deltaic and alluvial origin. A formation should 
be surveyed. 

Permian, 22 500 km - clay - siltstone· chert· dolomite- gypsum 
Coastal marine in arid region deposits - Eliminated. 

Upper Carboniferous, 67 000 km 2 ·Top : lagoonal marine shales ·dolomite; Below: 
thick eolian and,fluviatile sandstone. Aerial survey. 

Lower Carboniferous, 14 000 km2 • radioactive coarse sandstone and arkosic sandstone. 
Plants. Continental deltaic. Aerial survey. 

Upper Devonian/Carboniferous, 24 000 km
2 

• black bituminous pyritic and micaceous shale· 
sandstone • frequent diabasic intrusions. Marine deposits. Eliminated. 

Middle Devonian, 25 000 km~ The top is deltaic continental deserving a survey. Below is 
neritic marine with massive sandstone,not recommended but contains radioactive ironstone 
which deserves a special study. 

Middle Devonian, 120 000 km 2 ·marine with a uranium and phosphate bearing base. 

Lower Devonian, 50 000 km 2• Several series of sandstone, siltstone, clay. Traces of plants 
and worms. Continental neritic formations. Will be surveyed by plane up to the Picas phos
phates. 

Silurian, 34 000 km2 - Top: marine siltstone; Below :continental conglomerate with 
torbernite. Aerial survey. liz>.~7T.l.-m~ll'l 

Figure 2. Maranhao Basin 
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it contains good mineral zoneographies. The auriferous 
mineralizations of Jacobina are located at the north
eastern boundary of this platform. 

(Reconcavo-Tucano and its northward extension), 
numerous indications of the presence of uranium 
were recorded. 

Atlantic coast. In Brazil, there are four basins
Espirito Santo, Reconcavo, Tucano, Sergipe-Alagoas 
and Rio Grande do Norte-which can properly be 
compared with the African coastal basins which are 
also open to the Atlantic. In one of these basins 

An important arch marks the boundary between 
the basins of Minas and Maranhao. In the northern 
direction, this arch also separates the subsidence 
sedimentations. Beyond that is the particular domain 
of the Brazilian northeastern shield, where the pellicular 
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sedimentation is restricted to the Cretaceous and 
Tertiary periods. 

To the northwest is first the Maranhao basin and 
then the three Amazonian basins, which as already 
said are excluded temporarily from the prospecting 
programme. 

Maranhao Basin. An excellent documentation 
prepared by the Petrobras SA (the Brazilian oil con
cern) for the region was a great help to the Nuclear 
Energy National Commission of Brazil which, other
wise, would have had to handle the whole of this 
large basin (650 000 km2). A preliminary reconnais
sance by two field parties obtained very interesting 
results (Fig. 2). The extent of each formation is in
cluded in Fig. 2; this represents the degree of interest 
that a particular formation may arouse in the preli
minary stages of prospection; it is obvious that these 
preliminary indications will become clearer in the 
future. 

Serra Grande, Poti and Piau£. These three formations 
were selected and will be prospected by air-borne 
scintillometry at 1 500 and 2 000 m intervals during 
the second half of 1964. The prospects of this planned 
campaign of 30 000 km are very promising. Extensive 
reconnaissance work on the formations Cabecas, 
Sambaiba and Itapecuru will follow in 1965. 

Northeastern basins. It was seen elsewhere that two 
types of sedimentation are recognized. In the northern 
part of the arch, the stability of the shield is responsible 
for the small amount of sedimentation. The small 
basins of Rio Grande do Norte, Rio de Peixe, Iguatu, 
Araripe and Custodia are evidence of an old Creta
ceous deposit, which was relatively thin and has almost 
completely been destroyed. Some preserved parts 
form raised plateaux (Chapadas) or sunk blocks (Rio 
do Peixe). No significant result has so far been found 
in these basins where the reconnaissance operations 
are being carried out. 

South of the arch there is a conspicuous subsidence 
which was preserved through the geological periods 
and sometimes even from the Devonian and which 
provides thick detritic series essentially of continental 
origin. Prospection on foot and more recently by aerial 
survey were sucessful, specially on the Sergi and 
Moxot6 formations which belong to the Tucano and 
Jatoba (Buique-PetroHindia) basins, respectively. Cur
rent work is confirming the existence of an uraniferous 
and vanadium-bearing province in the Tucano basin 
and a simple uraniferous one based on the presence of 
phosphate minerals in the north (Jatoba). In both 
cases, a detailed and intensive prospecting study is 
in progress consisting of trenching and drilling opera
tions, and from which positive results are expected. 

Jacobina region. This region became famous because 
it contains abundant auriferous mineralization in the 
pyrite bearing conglomerates of the stratigraphic 
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group of Serra do Corrego. All the work based on the 
individual activity which was known to extend over 
40 km in the north-south direction came to a stop 
when the maximum capacity of the non-industrial 
production was attained. At the present time, the 
only active mine is that of Canavieiras whose modest 
tonnage of treated ore (about 50 tfd) does not reflect 
at all the potential production of the region. The 
uranium is there closely associated with gold, and so 
far no significant radioactivity has been detected 
outside that of the auriferous zones. The uranium 
grade seems to vary around 100 gft; this value doubt
less can be compared with those recorded for the 
Witwatersrand deposits. The systematic sampling 
of such a vast region is a hard task which is compli
cated by an additional difficulty in that a generalized 
leaching of the superficial zones occurs because of 
the strong acidity of the water. Again, reconnaissance 
by drilling is the way suggested to solve the problem. 
Present knowledge of the distribution of uranium in 
the Jacobina range leads to the belief that evaluation 
of the uranium content can be achieved only by the 
development of an important mining district based on 
gold exploitation as the main product. 

Por;os de Caldas-Araxd arch. Close to the boundaries 
of the Minas and Parana basins, several chimneys 
of laccoliths of alkaline rocks are found, namely, 
those of Salitre, Serra Negra, Araxa Tapira, and 
Pocos de Caldas. Several alkaline thermal springs 
are located along this axis. Only the case of Pocos 
de Caldas will be considered in this text. 

The Pocos de Caldas chimney is elliptical in form 
with a surface area of about 800 km2• In contrast 
with other chimneys the nephelinic rocks of Pocos 
de Caldas show good outcrops. Such rocks locally 
are syenites (foyaites), microsyenites (tinguaites), 
phonolites and associated tuffs. In the central part of 
the chimney there is a dense net of thin veins (5 to 
25 em) of the so-called "caldasite", which occurs in 
interesting eluvial and alluvial concentrations. 

Caldasite is not a mineral; it is a mixture of variable 
proportions of zirconium silicate (zircon) and zir
conium oxide (baddeleyite) and other minerals, the 
first of which seems to bear uranium in its own crystal 
structure as an accessory constituent. Since zircon is a 
refractory mineral, the uranium located in its structure 
(in the tetravalent state), where it replaces zirconium, 
cannot be extracted easily. A different situation, how
ever, prevails when the uranium is in the highest oxida
tion state (hexavalent uranium). Then it is an essential 
constituent of typical uranium minerals such as phos
phates which in their turn are associated, as minute 
inclusions (not structural), with the minerals which 
form caldasite. The percentage recovery of uranium 
in the treatment of minerals of the latter type is as 
high as 90%. Unfortunately, however, the available 
quantity of minerals which bear uranium in such 
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Cretaceous 305 000 km 2 . 
Pink clayey sandstone. Coarse sandstone and limestone at the basis. Reptiles. Lacustrine 
facies in hot and wet climate. Many occurrences of radioactive reptile bones, 

Big lava flows of basalt. Many associated diabase intrusions. Deep lateritic alterations 
famous coffee soils. Completely eliminated. 

Jurassic (rhetian),410 000 km2. 

Jurassic, 46 000 km 2. 
Eolian crossbedded sandstone. Eliminated. 

Upper Permian, 10 000 km 2. 
Red sandstone and siltstone. Continental. 

Upper Permian, 10 000 km 2. 
Si It stone and sandstone. Lacustrine. 

Lower Permian 25 000 km2. Siltstone, limestone, chert, probably lacustrine. It is the less 
detrital Permian formation. 

Lower Permian, 8 000 km 2. Siltstone and limestone. Lacustrine. 

Lower Permian,4 000 km 2. Bituminous shales, radioactive sandstone. 

Upper Carboniferous, 5 000 km 2. Siltstone, clay, chert. Lacustrine. 

Upper Carboniferous, 276 000 km 2. 
Highly complex glacial and fluvio-glacial series. 5 glacial transgressions, with tillites in the 
Parond State. The number and the thickness decrease southwards (Santa Catarina) and north· 
eastwards (Mato Grosso). Between tillites, intra-glacial siltstone and sandstone. A few marine 
incursions prove the low altitude of the continent. Favorable elements :coarse sandstones, 
high isopaques, variable gradient. Unfavorable elements: cold climate, immatured sediments. 

Lower Devonian.40 000 km 2_ 

Black fossiliferous shales. Deep marine. Eliminated. 

Lower Devonian, 32 000 km 2 

Neritic sandstone. Eliminated. 

Figure 3. Parana Basin 
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favourable form is extremely low as compared with 
the amount present in the structure of zircon. Con
sequently, it is quite evident from the industrial view
point that references to uranium grades in Po9os 
de Caldas are meaningless unless the type is also given. 

A stock of about 22 000 t of zirconium ore is on 
site at the partially constructed processing plant. This 
ore contains 62.5% Zr02, 21% Si02 and 0.37% U 30 8• 

The percentage recovery of uranium, however, does 
not exceed 30%, which in reality means that the actual 
grade is 0.1 %. In short, the whole of this stock con
tains uranium which is mostly included in the zircon 
structure for which treatment is costly and of low 
efficiency.It is therefore quite clear that unless adequate 
new sources are discovered locally an acceptable 
solution will come only from the known occurrences. 
Even by assuming that the so-called caldasite might 
be used for uranium production, which is very unlikely, 
another problem would have to be faced, namely, 
that there are no reliable data on the available tonnage 
of caldasite nor is the variation of its quality in depth 
known. In view of these facts and since the Commission 
wishes to produce uranium at the lowest cost possible, 
it becomes evident that the decision to stop construction 
of the processing plant was wise and fully justified. 
The chief purpose of the geologists of the Commission 
who work in Po9os de Caldas is to find out whether 
uranium is also present in appreciable quantities, in 
a favourable form different from that so far considered. 

Parana Basin. This is still larger than that of Mara
nhao (see Fig. 3). Its Brazilian part, alone, has an 
area of 1 170 000 km2 or 760 000 km 2 if the 410 000 km2 

represented by the basaltic lava is eliminated. Some 
field parties were sent to the basin by the Commission 
during the last two years: four reconnaissance parties, 
two car-borne prospecting groups and one air-borne 
prospecting group (25 000 km). It is planned that 
two other air-borne prospecting teams should operate 
in the basin in 1964. So far, results have been negative 
except for the Bauru formation. It is interesting to 
analyse the possible reasons of this failure. It may 
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be the fault of certain paleogeographic and paleo
climatic peculiarities of the sedimentary formations. 
In fact, since interest converges on the sediments 
deposited in a typically continental environment, it 
is convenient to take into consideration the processes 
experienced by the materials before their deposition. 
The prehistory or pedogenesis of a sediment, the 
climatic and geographic ambiance of this history 
have determined the role played by the metallic 
elements of the deposit. The rough sediments, of 
incipient maturity, deposited in a cold climate (as in 
the glacial Itarare formations), have probably received 
a metallic heritage that is non-transferable. The 
tropical sediments, on the other hand (as in the Bauru 
formation), come from much evolved soils, which are 
sometimes lateritic, where the uranium can be free. 
Then the metal is free to migrate internally and thus 
give rise eventually to the ore concentrations that we 
are seeking. It would, however, be premature to base 
the programme of uranium prospection upon the 
hypotheses given above. However, it is interesting 
that noteworthy levels of radioactivity were detected 
only in the Bauru formation. 

CONCLUSIONS 

The Nuclear Energy National Commission con
centrates its efforts on finding uranium in the shortest 
time possible and at the lowest possible cost. In order 
to achieve this goal all the modern techniques used 
by France in Africa, in places where the climate is 
comparable with that of Brazil, have been applied in 
this country. Without claiming any innovations the 
Commission nevertheless conscientiously uses all 
available methods. The Department of Mineral 
Exploration of the Commission would consider an 
essential part of its mission to be accomplished if within 
two or three years it could discover some deposits, 
however modest, but sufficient to meet its short-term 
needs, apart from accumulating reliable data on 
Brazil's ore reserves so that the future can be faced 
with confidence. 

ABSTRACT -RESUME-AHHOTAWVIR-RESUMEN 

A/483 Bresil 

Approvisionnement en combustibles nuciE~aires 
- programme et realisations au Bresil 

par E. Tavora 

La Commission nationale de l'energie nucleaire du 
Bresil, creee en 1956, execute depuis cette date un pro
gramme d'equipement de ses groupes de prospection 

et laboratoires et de recherches minieres generales et 
detaillees proportionne a ses moyens et ses besoins. 

La Commission espere mener a bien avant la fin de 
1966 un inventaire de toutes les ressources en combus
tibles nucleaires facilement accessibles sur le territoire 
national. 

Les bases sur lesquelles reposent les programmes et 
les realisations sont : 

a) Le besoin de maintenir les frais et les prix du 
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minerai dans les limites resultant des normes interna
tionales representatives; 

b) La remise a plus tard des travaux de prospection 
dans les territoires eloignes des principaux centres de 
production et de consommation; 

c) La decision de determiner Ia prospection dans les 
territoires choisis en optant pour : 

i) La recherche des facies des roches continentales 
detritiques anciennes ou recentes; 
ii) La prospection des roches des cheminees alca
lines; 

d) De cette option decoule qu 'aucune prospection 
n'est prevue dans les terrains suivants : 

i) Terrains metamorphiques formant pourtant 
l'essentiel du bouclier bresilien; 
ii) Terrains granitiques, car les granites bresiliens 
sont pauvres en manifestations hydrothermales; 
iii) Terrains pegmatitiques, desquels !'extraction 
economique de mineraux con tenant de I 'uranium, 
meme comme sous-produits, est impossible ou, 
du moins, tres improbable; 
iv) Terrains contenant des minerais de thorium, 
car Ia prospection detaillee des sites connus pour
rait se faire rapidement, si besoin en etait. 

On donne ensuite des exemples d 'application rigou
reuse d 'une sequence type de prospection, de Ia biblio
graphie critique a Ia prospection finale detaillee, en 
utilisant toutes les techniques possibles, telles que Ia 
geochimie, Ia geophysique et Ia scintillometrie aerienne. 
Certaines modalites originales d 'application de ces 
methodes sont enumerees et les resultats obtenus sont 
discutes pour les regions les plus importantes examinees 
jusqu'ici. 

On s'est propose d'effectuer cette estimation dans le 
plus court delai et au meilleur prix. La Commission 
nationale de l'energie nucleaire du Bresil aura accompli 
une partie essentielle de sa tache lorsqu'elle disposera 
d 'un inventaire approximatif de ses ressources en 
minerais nucleaires a long terme et si elle peut de plus 
decouvrir au cours des deux ou trois prochaines annees 
quelques gisements d'uranium de dimensions raison
nables permettant au Bresil de pourvoir a ses besoins 
pendant Ia prochaine decennie. 

A/483 6pa3HnHR 

nporpaMMa o6ecneYeHHH HAepHoro 
TOnllHBa 8 5pa3HJ1HH H ee peayllbTaTbl 

S. Taeopa 

Co BpeMeHH ocHoBaHHH B 1956 rop,y BpaaJI.Tih
CKaH Ha~HOHaJlbHaH KOMHCCHH no aTOMHOH :mep
l'HH, yqHThiBaH CBOH B03MO)RHOCTH H HY)RAhl, He-
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npephiBHo ocy.I.Il;eCTBJIHJia nporpaMMY o6opyAoBa
HHH. CBOHX noJieBhiX napTHH H Jia6opaTOpHii H 
npoBeAeHHH 06.1Il;eif H AeTaJihHOH pa3BeAKH MHHC
paJIOB. 

,l(o KOH~a 1966 fOAa Ha~HOHaJihHaH KOMHCCHH 
no aTOMHOH :meprHH paccqHTbiBaeT aai\OHqUTh 
o~eHRY BCeX nerROAOCTynHhiX aanemeif paAI103K
THBHhiX PYA Ha TeppnTopnn cTpaHhi. 

B ocHoBe yrroMHHyToii rrporpaMMhi H ee BhlliOJI
nennH nemHT cneAYIO.I.Il;ee: 

a) Heo6XOAHMOCTh IIOAAepmnBaTh CTOHMOCTh 
n ~eHhl B npeAenax, ycTaHoBJieHHhiX MemAynapoll,
HhiMH CTaHAapTaMH. 

b) BpeMeHHhiH OTRaa rrponaBOAHTh noncKn n 
paaBeAKY B paifoHaX, CJIHIIII\OM YAaJieHHhiX OT OC
HOBHhiX ~eHTpOB IIpOH3BOACTBa H IIOTpe6neHH11. 

c) Y l\a3aHJJe npOH3BOAHTh pa3BCARY B orrpe,J,e
JICHHhiX paifoHaX . OCHOBhiBaeTCH Ha CJICAYIO.I.Il;eii 
aJihTepHaTHBe: 

i) lfayqeHHe CTaphiX H 6onee ll03AHUX KOHTH
HeHTaJihHhiX BHAOB 06JIOMOqHhiX IIOPOA; 

ii) IIoncRH rropoA .I.Il;enoqHhiX PYAHhiX Ten. 
d) I\al\ CJICACTBHe BhiiiieH3JIO)ReHHOfO HCI\JIIO

'IaiOTCR BpeMeHHO H3 IIOHCI\OBhiX pa60T CJieAYIO
.I.Il;HC IIOpOAbi H lflopMa~HII: 

i) MeTaMoplflnqecRHe lflopMa~HH, cocTaBJIH
IO.I.Il;He cy.I.Il;eCTBeHHYIO qacTb BpaaHJibCRoro 
.I.Il;HTa; 

ii) fpaHHTHhle lflopMa~HH, IIOCI\OJibRY fiiAPO
TepMaJibHhle IIpORBJICHIIH B opa3HJibCKHX 
rpaHHTax peARH; 

iii) IIerMaTnTOBhle lflopMa~HH, rrociWJibRY :mo
HOMHqHoe H3BJieqeHue H3 HHX paAUOaKTHB
HbiX MHHepanoB Aame B RaqecTBe rro6oq
HhiX ITPOAYRTOB npeACTaBJIHeTCR 6eaHa
ACmHhiM HJIH no KpaifHeif Mepe oqeHb 
MaJIOBepOHTHbiM; 

iv) I\aK noKa3aJia ACTaJihHaH paaBeAKa H3BC
CTHbiX MeCTOpOmACHHH TOpHHCOp;epma.I.Il;HX 
MHHepaJIOB, HX MO)RHO 6hiCTpo paapa6a
ThiBaTh, CCJIH B 3TOM B03HHKaeT He06XO,'J,li
MOCTh. 

IJpHBCAeHhl DpHMepLI CTpororo npuMeHeHHH 
IIOCJieAOBaTeJibHOfO THIIa paaBeAKH, KOTOpLIH Ha
qnHaeTCH OT KpHTHqecKOfO aHaJIU3a JIHTepaTyphl 
H aaneprnaeTCH OKOHqaTCJihHOH AeTaJihHOH paaBe,n:-
1\0H C HCDOJib30BaHneM BCCX MCTOAOB, BI\JIIOqan 
reOXHMHIO, reolflH3HKY H C~HHTHJIJIOMCTpHIO ll03-
AYXa. OnncaHhl TaKme HeKoTophie o6hlqHhle BapH
aHThi IIpHMeHeHHH 3THX MeTOAOB H npnBClleHLI 
AaHHhle, IIOJiyqeHHhle AO HaCTOH.I.Il;ero BpeMeHn 
,],JIH 6oJihiiiOH qaCTH BamHhiX paifOHOB. 

3aAaqa COCTOHJia B TOM, qTo6bi rrpoBeCTH 3TY pa
UOTY B I<paTqaifiiiuii cpoK u rrpu MHHHMaJJhHhiX 
aaTpaTax. I\oHequaa ~eJih, nocTaBJICHHaH Ha~uo
HaJihHoii KOMnecneii no aTOMHOH aHepnm Bpaau
JIHH, 6yAeT BhiiTOJIHeHa IIOJIHOCTbiO, CCJIJI 3a 3TO 
BpeMH 6yAeT AaHa IIpH6JIH3HTeJihHaH o~eHI\U pc
cypCOB paAHOaKTHBHhiX PYA B CTpaHe ua OT,ll,a:teu
Hoe 6y,ll,y.I.Il;ee If B Teqeune ABYX - Tpex neT onn
caHhi ypaHOBhie MeCTOpomACHHH paayMHhiX pa3MC
poB, KoTopbie Mormt 6hi YAOBJICTBopuT& nymp;Lr 
CTpaHhl Ha 6nnmai1mee ,li,CCHTHJICTHC., 
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A/483 Brasi I 

Programa de approvisionamiento de combus
tibles nucleares en el Brasil y resultados 
obtenidos 

por E. T avora 

A partir de su creacion en 1956, la Comision Nacio
nal de Energia Nuclear del Brasil ha venido desar
rollando, con arreglo a sus medios y necesidades, un 
programa de dotacion de equipo de campaiia y labo
ratorio y de prospeccion general y detallada de 
minerales. 

La Comision espera que antes de terminar el aiio 
1966 podra dar fin a una evaluacion de todos los 
recursos disponibles de minerales nucleares en el 
territorio nacional. 

El programa y su ejecucion se basan en los criterios 
siguientes: 

a) Necesidad de mantener costes y precios dentro 
de los limites impuestos por las normas interna
cionales; 

b) Renuncia, de momento, a toda labor de explora
cion en territorios alejados de los principales centros 
de produccion y consumo; 

c) Exploracion de las zonas elegidas con arreglo 
a las posibilidades siguientes: 

i) Estudio de las facies de rocas detriticas con
tinentales antiguas y recientes; 

ii) Prospeccion de rocas de chimeneas alca
linas; 

d) De acuerdo con esas posibilidades, excluir por 
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ahora de la prospeccion las siguientes rocas y for
maciones: 

i) las metamorficas que constituyen la parte 
esencial del escudo geologico brasileiio; 

ii) las formaciones graniticas, ya que son 
escasas las manifestaciones hidrotermales en 
los granitos brasileiios; 

iii) las formaciones pegmatiticas de las que es 
imposible o, por lo menos, muy poco probable, 
que se extraigan economicamente minerales 
nucleares, ni aun como subproductos; 

iv) los yacimientos de minerales de torio, dado 
que, en caso de necesidad, se podrian explorar 
rapidamente los ya conocidos. 

Se presentan ejemplos de aplicacion rigurosa de un 
proceso tipico de prospeccion que se inicia con el 
analisis critico de las publicaciones sobre el tema y 
concluye con una exploracion detallada en la que 
se utilizan todas las tecnicas posibles, desde las 
geoquimicas y geofisicas hasta la centelleometria 
aerea. Se muestran ciertas variantes originales de 
aplicacion de esos metodos. Se discuten los resultados 
obtenidos para las regiones mas importantes estudiadas 
hasta ahora. 

Se ha hecho lo posible para efectuar la evaluacion 
en un tiempo y a un costo minimos. Se habran cum
plido los propositos de la Comision Nacional de 
Energia Nuclear del Brasil si se puede dispone de un 
inventario aproximado de los recursos nucleares a 
largo plazo y se descubren algunos yacimientos de 
uranio de magnitud razonable dentro de los proximos 
2 o 3 aiios para atender a las necesidades del pais en 
el proximo decenio. 



P/494 Espana 

El uranio en Espana : situaci6n actual y perspectivas 

por V. Membrillera Membrillera, J. Josa y E. Delgado* 

PROSPECCI6N, INVESTIGACI6N Y EXPLOTACI6N 
DE MINERALES 

La prospeccion de minerales radiactivos en nuestro 
pais se inicio en 1948 con el fin de determinar las 
reservas de los mismos e iniciar los estudios sobre 
su tratamiento, como primer paso del desarrollo de 
la energia nuclear en Espana. 

Las primeras zonas prospectadas e investigadas 
fueron las de Sierra Albarrana (Cordoba) donde se 
habia obtenido mica, berilio y uranio (y de el radio) 
en disques de pegmatitas, por la empresa privada 
BRESA; y la de Monesterio (Badajoz) don de se 
habia explotado un yacimiento filoniano por una 
empresa francesa para la obtencion de uranio y radio 
hacia los anos 1914 y 1915. En estas zonas se trabajo 
hasta fines de 1956, pero los escasos resultados obte
nidos y la aparicion de otros yacimientos filonianos 
mas prometedores, hizo que cesaran los trabajos, si 
bien para esta fecha se habian obtenido en Sierra 
Albarrana algunas toneladas de un mineral con una 
riqueza media del 26% en U 30 8 que alcanzo en 
ocasiones mas del 50 %. Sin embargo, estas toneladas 
hicieron posible comenzar los estudios sobre trata
miento de minerales en Espana. 

A partir de 1952 se inicio Ia prospeccion en los 
macizos cristalinos situados en las provincias de 
Jaen, Cordoba, Badajoz, Caceres, Salamanca y 
Zamora, prospeccion hoy casi finalizada y, posterior
mente, a partir de 1957 se detectaron numeros indices 
en las pizarras cambrianas de Ia provincia de Sala
manca, algunos convertidos en los yacimientos de 
mayores reservas de mineral de Espana. 

Posteriormente se prospecto casi todo el contacto 
granito-pizarra del resto de los macizos graniticos 
antes citados, sin obtener resultados estimables hasta 
el pasado ano de 1963, en que se contraron indices 
interesantes y que empiezan a ser muy prometedores, 
y en las pizarras del sur de la provincia de Caceres. 
En el norte de esta provincia se conocian algunos ya
cimientos de esta clase explorados por el sector 
privado. 

Finalmente, en los ultimos anos se ha encontrado 
un yacimiento en el Trias de la provincia de Lerida 
y ha comenzado la prospeccion intensiva de todos los 
terrenos sedimentarios continentales, especialmente 

* Junta de Energia Nuclear, Madrid. 
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las formaciones lacustres. Se han detectado ya nume
rosos indices que hacen prever un gran aumento de 
las actuales reservas espanolas de uranio. 

Estado actual de los trabajos de prospecci6n 
e investigaci6n minera 

Los trabajos realizados para la valoracion de los 
indices aparecidos, han desembocado en el hallazgo 
de diversos yacimientos, mas 0 menos importantes 
por su contenido de mineral, por su situacion geo
grafica, etc. En ellos se han llevado a cabo trabajos 
de prospeccion geologica, geofisica y en algunos 
geoquimica (aunque en pequena escala), sondeos con 
testigo y con wagon-drill, continuandose, cuando se 
ha considerado necesario con labores de interior, 
ayudadas con sondeos horizontales a percusion, 
radiometria de ellos, desmuestres y analisis. Estos 
trabajos han permitido en muchos casos determinar 
las reservas de mineral de dichos yacimientos y su 
riqueza. Algunos de ellos, los yacimientos filonianos 
existentes en las provincias de Cordoba y Jaen, se 
han explotado para alimentar la fabrica de uranio 
« General Hernandez Vidal >>. 

Los yacimientos filonianos encontrados en l1ts 
provincias de Cordoba y Jaen, presentan caracte
risticas variadas : en unos la mineralizacion va ligada 
a la existencia de roca basica, otros son simples 
fracturas de acompanamiento de filones de cuarzo 
y en otros, entre los que se encuentra el mas impor
tante, denominado « La Virgen )), su mineralizacion 
va unida al cobre. Hasta el nivel -45 se encuentra en 
forma de silicatos y carbonatos y a partir de ahi 
empiezan a aparecer los sulfuros. Su riqueza en cobre, 
con una ley media del 5 %, permite la recuperacion 
de este metal, ademas del uranio. Actualmente se 
reconoce el nivel -185 y todavia nos encontramos en 
la zona de cementacion, si bien la mineralizacion en 
uranio ha disminuido mucho en longitud. 

La zona de las provincias de Caceres y Badajoz se 
ha prospectado casi por completo. En los asomos 
graniticos son numerosos los indices y pequenos 
yacimientos encontrados con mineralizaciones secun
darias asi como con oxidos negros y pezblenda. Sin 
embargo, sus mineralizaciones no profundizan mas 
de 40 o 50 m. En esta zona quedan por reconocer 
algunos indicios encontrados al sur de la provincia 
de Badajoz. El yacimiento mas importante de esta 
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zona es el denominado << Los Ratones » en Albahi 
(Caceres) con mineralizaci6n en pezblenda masiva, 
6xidos negros y gummitas, cuyo nivel-120 se investiga 
actualmente, con buenos resultados. En esta zona 
se han prospectado tambien las pizarras, en su con
tacto con el granito, y como resultado, en estos ultimos 
meses han aparecido, en la parte sur de Caceres, 
indicios que ofrecen muy buenas perspectivas y en 
los que se ha iniciado la investigaci6n. 

En la zona de Salamanca y Zamora ha terminado 
practicamente la prospecci6n, con esplendidos resul
tados, en las pizarras donde se han encontrado los 
yacimientos de mas volumen de mineral, con una ley 
media del 1,2 por mil en U30 8• Los resultados no 
han sido tan satisfactorios en los granitos donde, 
aparte de algun pequefio yacimiento con minerali
zaci6n muy superficial, solo se han encontrado dos 
de algun volumen, el primero es el de Valdemascafio 
en Lumbrales (Salamanca) en el que el uranio viene 
asociado a galena y, sobre todo, a blenda. Esta 
reconocido hasta los 120 m y la mineralizaci6n se 
presenta en una serie de filoncillos irregulares de pez
blenda de caracter radicular. El mas interesante es el 
segundo, que corresponde a Villar de Peralonso, en 
la misma provincia en el que efectuadas todas las 
labores de investigaci6n previas, se encontr6 mine
ralizaci6n hasta los 300 m de profundidad. Actual
mente se termina un pozo de 200 m para efectuar la 
labor de investigaci6n min era de interior; las leyes 
del mineral son, aproximadamente del 1 por mil en 
U30 8 y abundan la pezblenda, muy menuda, con 
antozonita y jaspe. 

En Cenicientos (Madrid) se ha localizado otro 
yacimiento encajado en granito cuya labor de investi
gaci6n esta practicamente terminada. El volumen 
de mineral sera reducido puesto que la mineralizaci6n 
alcanza solamente los 50 m de profundidad pero su 
ley es relativamente elevada. Asociado con el uranio 
existe tambien mineral de cobre pero de baja riqueza. 

Tambien se han prospectado otras zonas de granito 
y pizarra pero los indices encontrados o no han tenido 
mucho valor 0 no ha sido determinado este todavia, 
pudiendo sefialarse que el sector privado posee algunos 
yacimientos en pizarras, analogos a los de Ia JEN y 
recientemente ha empezado a investigar otro yaci
miento en el Trias del Pirineo de Lerida, con muy 
buenas perspectivas y en el que el uranio viene acom
pafiado del vanadio y cobre en buenas proporciones. 

En los ultimos meses se ha iniciado Ia prospecci6n 
de todo el sedimentario continental espafiol de origen 
lacustre y aunque los trabajos estan en su comienzo 
se han detectado ya numerosos indices y se han ini
ciado las investigaciones. Las perspectivas que se 
abren con motivo de estos hallazgos en terrenos de 
diversos tipos ( oligoceno, mioceno, trias, cretaceo, 
carbonifero, etc.) puede decirse que son francamente 
alentadoras y de acuerdo con los resultados obtenidos 

hasta Ia fecha se confia incrementar considerablemente 
las reservas espafiolas. 

Reservas de uranio 

Las actuales reservas de uranio en nuestro pais 
pueden evaluarse en 10 000 toneladas de U30 8 conte
nido en los minerales con leyes variables de unos 
yacimientos a otros. De estas reservas 6 000 toneladas 
de U30 8 corresponden a los yacimientos investigados 
por la JEN en los diversos sectores y 4 000 toneladas 
de U30 8 a las estimaciones de yacimientos que no han 
sido todavia investigados con detalle pero donde los 
trabajos se encuentran avanzados. Estas reservas se 
refieren a minerales que pueden producir concentrados 
a precios del orden de 8 $/libra de U30 8 . 

No se han tenido en cuenta en estas reservas las 
perspectivas muy prometedoras que hemos dicho se 
han encontrado en los ultimos meses en los terrenos 
sedimentarios y que podran elevar considerablemente 
estas reservas. Tampoco se han considerado otras 
zonas como la de Despefiaperros, en el norte de la 
provincia de Jaen y sur de la de Ciudad Real, donde 
se han detectado numerosos indicios radiactivos en 
una extensa zona de areniscas. La cubicaci6n de los 
minerales de esta zona alcanza millones de toneladas 
pero la riqueza en uranio es pequefia, del orden del 
0,5 por mil y ademas gran parte del uranio se encuentra 
dentro de las redes cristalinas del circ6n que acom
pafia a los minerales. Esto hace que el coste de recu
peraci6n del uranio sea bastante superior a 8 $/~ibra 
de U30 8 y no se considere por ahora su explotaci6n. 

La zona de mayor importancia, en cuanto a re
servas, la constituyen los yacimientos de pizarras de 
la provincia de Salamanca que presentan una ley 
media del 1,2 por mil en U30 8 , aun cuando haya 
zonas mucho mas ricas. En los yacimientos filonianos 
de esta misma zona Ia ley media es tam bien del 1,2 
por mil en U 30 8 excepto el de Villar de Peralonso en 
que esta riqueza media es del 1 por mil, a pesar de 
ser su mineralizaci6n en pezblenda. 

El segundo Iugar lo ocupa la zona de Caceres en la 
que la ley media es muy variable. Dentro de esta zona 
destaca por sus reservas el mejor yacimiento filo
niano encontrado en Espana hasta la fecha, el yaci
miento denominado << Los Ratones )), cuyas leyes 
varian desde algunas unidades por ciento hasta el 1 
por mil en U30 8• 

La zona de Andujar ha sido explotada en su mayor 
parte y las reservas actuales estan constituidas funda
mentalmente por las contenidas en la mina << La 
Virgen )) en Ia que, como hemos dicho anteriormente, 
el uranio se presenta en union del cobre. La ley media 
del cobre de esta mina es del 5,13% mientras que Ia 
del uranio alcanza una riqueza media un poco superior 
al 1 por mil. 

El conjunto de los yacimientos mejor estudiados de 
las zonas consideradas, que son los yacimientos a los 
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que corresponde las 6 000 toneladas de contenido de 
U30 8, presentan una cubicacion total de 4 615 000 
toneladas de mineral con una ley media del 1,3 por 
mil de U30 8• 

Coste de las investigaciones 

El coste de las investigaciones realizadas para Ia 
fijacion de las reservas seiialadas anteriormente 
( 4 615 000 toneladas de mineral con 6 000 toneladas 
de U30 8 contenido) ha sido de 353 millones de pesetas 
(5,88 millones de $), lo que corresponde a 58,85 ptas 
(0,98 $) por kg de U30 8 contenido en las reservas de 
mineral. 

En esta cifra se han tenido en cuenta los gastos 
efectuados en prospeccion geologica, geofisica, son
deos con testigo, sondeos de wagon-drill, trabajos, 
de investigacion minera y sondeos a percusion. No se 
han considerado los gastos realizados en zonas todavia 
sin valorar con exactitud. 

El reparto de estos gastos en las distintas fases se 
da en Ia tabla 1. 

La pequeiia proporcion en que intervienen los 
gastos de prospeccion geofisica hace ver Ia influencia 
que en el conjunto de las reservas tienen las existentes 
en pizarras, para la determinacion de las cuales no 
ha intervenido pnicticamente, por sus especiales 
caracteristicas, dicha prospeccion. El porcentaje 
de gastos de sondeos de wagon-drill se incrementani 
en el futuro, pues se va a intensificar el empleo de 
esta clase de trabajo no solo para determinacion 
mas exacta de las reservas existentes en las pizarras, 
sino tambien como preparatorio de su explotacion 
al conocer de antemano su situacion exacta. 

La tabla 2 nos da los costos medibs unitarios de 
algunas de estas labores. Estos costos son directos, 
sobre los cuales hay que gravar en el caso de las 
Ia bores min eras un 30 % de costos indirectos mina y, 
en todos, los gastos generales de Ia Seccion o Servicio, 
que suponen otro 30 %, por termino medio entre unos 
y otros Servicios y los gastos generales de Division 
que son el ~ % exceptuandose de esto los de sondeos 
cuyos gastos generales Servicio, solo son un 15 %. 

Claro es que estos datos son muy variables entre 
los distintos terrenos a trabajar y de los yacimientos 
filonianos a los de pizarras, pero aqui solo se ha que
rido dejar constancia de la media resultante de Ia 
agrupacion de todos ellos. 

Coste de las explotaciones 

Teniendo en cuenta que para llegar a explotar una 
mina hay que hacer aparte de las labores de investi
gacion ya seiialadas, otras de preparacion, mante
nimiento de las labores hechas hasta su abandono 
(conservacion, ventilacion y desagi.ie), construcciones 
y varios, los gastos hechos hasta la fecha en las zonas 
a que antes hemos hecho mencion, suponen 106 
millones de pesetas (1,76 millones de $) cuyo reparto 
aproximado se da en la tabla 3. 

Tabla 1. Distri buci6n del coste de Ia investigaci6n 

Prospecci6n geologica . 
Prospecci6n geofisica . 
Sondeos con testigo. . 
Sondeos con wagon-drill 
Investigaciones mineras y sondeos a percusi6n 

Total 

% 
16,57 
1,13 

20,97 
3,54 

57,79 

100,00 

Tabla 2. Costes medios unitarios de algunos laboresa 

Prospecci6n geofisica . . 
Sondeos con testigo . . 
Sondeos con wagon-drill 
Pozo de 3,20 x 2,20 .. 
Pozo de 2,40 x 1,40 .. 
Chimeneas 2,- x 1,-. 
Cruceros 3,20 x 2,20. 
Galerias 1,80 x 2,30 . 

a 60 pts = 1 d6lar. 

1 284 pts/Ha 
927 pts/m 
127 pts/m 

28 000 pts/m 
10000 pts/m 
7 000 pts/m 

12 000 pts/m 
4 500 pts/m 

Tabla 3. Distribuci6n del coste de explotaci6n 

Preparatorios . 
Mantenimiento. 
Construcciones . 
Varios ..... 

% 
26,89 
41,98 
29,24 

1,89 

Total 100,00 

En cuanto al costo directo medio, en las explota
ciones llevadas a cabo en los yacimientos filonianos 
es de 150 pts (2,5 $) el kg de U30 8, lo que habria de 
ser gravado en los tantos por ciento citados con ante
rioridad, o sea, un 65 %, para llegar a! precio total 
medio de 247 pts (4,1 $ el kg de U30 8.) 

Por lo que respecta al costo directo medio en las 
explotaciones llevadas a efecto en los yacimientos de 
pizarras es de 45 pts (0,75 $) el kg de U 30 8 y el total 
con los tantos por ciento correspondientes resulta a 
75 pts (1.25 $). 

TRATAMIENTO DE MINERALES DE URANIO 

El tratamiento de los minerales de uranio en Espana 
siguio un desarrollo paralelo al de Ia prospeccion 
y mineria. Los primeros estudios empezaron a finales 
de los aiios cuarenta, cuando habia muy poca infor
macion disponible sobre este tema. En aquella epoca 
se trataron concentrados ricos de brannerita, con !eyes 
hasta de 50% de U30 8 . Tambien se trabajo mucho 
sobre purificacion de concentrados con eter etilico 
llegando hasta Ia escala de planta piloto. Hacia los 
aiios 54-55 se realizaron los primeros trabajos con 
minerales secundarios de uranio con !eyes de 0,2-
0,3 % U30 8 y sustituyendo Ia purificacion con TBP 
al empleo del eter etilico. A partir de Ia primera 
Conferencia de Ginebra sobre usos pacificos de la 
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Tabla 4. Minerales tratados en Ia f<ibrica de uranio «General Hernandez Vidal » 
de Andujar 

Cantidad tratada Leyes, % 
Procedencia Propiedad Tipo 

Car dena JEN Granitos 108 011 
Santuario JEN Granito-sulfuros 38 809 
Alba hi JEN Granitos 26 564 
Salamanca JEN Pizarras 23 180 
Varios . Privados Pizarras 3 484 

Total 200 048 

Energia Atomica, Espana, con otras naciones del 
mundo, se benefici6 de la informacion presentada, 
haciendo un esfuerzo para el estudio de tres o cuatro 
de sus yacimientos, y elaborando el proyecto de una 
planta industrial, que empezo a funcionar a finales 
de 1959. La existencia de Ia fabrica supuso un estimulo 
considerable, aumentando paulatinamente las re
servas de mineral. Hubo que realizar el estudio de 
nuevos tipos de menas [I) y se puso en marcha un 
grupo de trabajo para considerar las posibilidades de 
beneficio de los nuevos yacimientos que Ia prospeccion 
geologica y minera puso de manifiesto. 

Fabrica de uranio « General Hernandez Vidal» 

La 1mica planta comercial de tratamiento de mine
rales de uranio en Espana esta situada en Andujar 
(Jaen) y proxima a los yacimientos de Andalucia. 
Su capacidad de trabajo es de 200 t/d para minerales 
de !eyes del orden de 1,5 por mil en U30 8• Su diagrama 
de flujo es el indicado en la figura I y corresponde a un 
proceso clasico de lixiviacion acida, lavado por doble 
linea de ciclones y espesadores y recuperacion del 
uranio por cambio de ion-precipitacion. Una carac
teristica adicional es que esta acondicionada para el 
tratamiento de minerales de uranio-cobre, con re
cuperacion de este ultimo como subproducto, en forma 
de cemento de cobre y de concentrado de flotacion. 

La fabrica [2) ha trabajado satisfactoriamente 
desde su puesta en marcha (rendimientos 85-95 %), 
mostrando una gran flexibilidad para adaptarse a los 
mas diversos tipos de minerales. Ha tratado minerales 
de las minas que la JEN tiene en Ia zona, lotes de 
minerales privados, y muestras de tonelaje apreciable 
procedentes de trabajos de investigacion minera en 
yacimientos que Ia JEN tiene en otras regiones de 
Espana. En total ha manejado unos veinte tipos 
distintos de minerales, solos o en forma de mezclas, 
y comprendiendo fundamentalmente minerales secun
darios de uranio aunque tambien a veces ha tratado 
minerales de pezblenda; las gangas fundamentales 
han sido graniticas y pizarras. En la tabla 4 se resumen 
los minerales tratados hasta finales de 1963, y sobre 
ella conviene indicar que el ultimo ano la fabrica 
funciono a capacidad limitada, de acuerdo con el 

% U 30 8 Cu 

54,0 0,08-0,15 0,20-0,60 
19,4 0,06-0,13 2,0 -7,5 
13,3 0,15-0,25 
11,6 0,15-0,25 

1,7 0,15-0,25 
--
100,0 

programa establecido, aunque actualmente trabaja 
a su ritmo normal. 

El trabajo a escala comercial ha permitido confirmar 
y completar los resultados obtenidos a escala de labo
ratorio y piloto proporcionando un solido fundamento 
de extrapolaci6n y sirviendo de base para la creacion 
de una industria espanola de tratamiento de minerales 
de uranio. Los concentrados obtenidos son de una 
calidad que cumplen las especificaciones interna
cionales para los mismos (U 30 8 80-84 %; P 20 5 0,1-
0,4 %; S04 1,0-4,0 %; Fe 0,2-0,8 %). Junto a estos 
concentrados se han recuperado unas 1 300 t de cobre 
metal entre concentrados de flotacion (18-28% Cu) y 
de cementacion (70-80 % Cu). 

Otra consecuencia del funcionamiento de Ia fabrica 
ha sido la obtencion de una experiencia directa sobre 
costes de instalacion y de tratamiento, asi como de 
su distribucion, que sera de gran valor para las futuras 
fabrieas. En Ia tabla 5 se dan los costes de instalacion 
mientras que en la tabla 6 se indica una distribucion 
media de los de transformacion para los tres primeros 
anos de funcionamiento. 

Tabla 5. Costes de instalaci6n de Ia fabrica 

Distribuci6n. % 
Concept a 

Terrenos ...... . 
Edificios y obras . . . . 
Instalaciones fabricaci6n 
Instalaciones auxiliares 
Gastos diversos . . . . 

Relativo 

Total 

Descomposici6n por secciones de fabricaci6n 

Parque de minerales . . 12,40 
Trituraci6n y desmuestre . . 12,35 
Silos y molienda . . . . . . 9,15 
Espesamiento neutro, ataque. 11,60 
Lavado CCD . . . . . . . 23,20 
Ajuste de pH, cambio de ion 18,30 
Precipitaci6n de concentrados 6,60 
Lechada de cal. . . . . . 2,50 
Neutralizaci6n de residuos. . 3,90 

Total 

1,41 
41,66 
42,19 
10,24 
4,50 

100,00 

7,09 
7,06 
5,21 
6,60 

13,24 
10,48 
3,77 
1,46 
2,22 

Total 100,00 57,13 
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Tabla 6. Descomposici6n por secciones (%) del coste del tratamiento de minerales de uranio 

Mana Reactivos Fuerza 
Secci6n material de obra motriz aux. 

Parque de minerales . 23,59 
Trituraci6n y desmuestre . 27,40 0,76 3,71 
Silos y molienda. 20,81 30,35 18,70 
Ataque .. 4,16 39,37 12,84 
Lavado CCD. 15,24 28,67 
Ajuste de pH . 18,82 31,35 
Cambio de ion 13,23 41,95 
Precipitaci6n de concentrados . 17,24 34,81 
Neutralizaci6n residuos. 22,51 34,82 
Costo neto fabricaci6n . 15,74 34,53 
Gastos generales . 36,90 
Servicios auxiliares . 32,39 8,32 
Gastos especiales 

Coste total tratamiento 21,74 24,23 

Los costes de tratamiento fueron variables de unos 
minerales a otros, ya que dependian de las caracte
risticas de la ganga y de la ley del mineral. Para la 
mayoria de los minerales, que requieren consumos 
de acido sulfllrico del orden de 45 kg/t 0 inferior se 
puede tomar como cifra tope unas 462 pts/kg de U30 8 

(3,5 $/libra de U30 8). No obstante con los minerales 
de cobre, el consumo de acido sube a veces basta 
130-140 kg/t, pero en este caso el acido adicional se 
compensa con creces por el cobre subproducto. 

Otros estudios de tratamiento 

Ademas de los minerales de la zona de Andujar, 
la JEN cuenta, como hemos dicho, con otras dos 
zonas en que la investigacion minera esta muy avan
zada; son la de Salamanca con pizarras y granitos 
y 1~ de Caceres con granitos, fundamentalmente. 
Sobre el tratamiento de los minerales de estas zonas 
se tiene mucho trabajo realizado y todavia se con
tinua. Para el tratamiento de las pizarras de Salamanca 
se ha realizado el anteproyecto de una fabrica de 
1 000 t/d de capacidad; estos minerales parece que en 
principio necesitaran un consumo de reactivos lige
ramente mayor que los de granito, pero el coste total 
se podra reducir a la vista de la experiencia de Andujar 
y con la mayor capacidad de la fabrica. 

AI lado de las fabricas convencionales, se han 
considerado otras posibilidades para el beneficio de 
minas pequeiias o de fracciones marginales que no 
interese transportar a las fabricas convencionales. 
Se trata de procesos con un paso de lixiviacion estatica 
del mineral triturado, seguido de la recuperacion por 
extraccion con aminas o por cambio de ion con resinas. 
Se ha trabajado en escala de laboratorio y piloto 
y se ha visto que en lixiviacion es factible la realiza
cion de una contracorriente consiguiendose ahorros de 
acido entre 25 % y 50 % del que se requiere en lixivia
cion con agitacion, especialmente con minerales que 
necesitan un ataque de gran acidez final. En la fabrica 

7,48 
5,12 
3,29 
2,12 
7,92 
8,09 

4,10 

5,99 

Com bus- Manteni· 
tibles Varios miento Amortizaci6n Total 

0,34 19,74 9,43 47,18 3,63 
7,16 13,09 16,10 31,75 6,93 
0,56 9,40 20,16 7,50 
0,12 1,54 7,30 14,63 15,72 
0,15 17,11 31,33 8,70 
0,008 3,63 13,83 27,22 4,45 
0,06 1,92 14,03 25,50 8,42 
0,05 4,15 13,89 27,71 5,84 
0,08 2,89 10,31 21,44 5,58 
0,87 3,88 11,95 24,90 66,81 

36,0 4,99 22,10 18,31 
8,67 3,63 8,59 34,00 13,76 

1,10 

1,80 10,79 10,08 25,37 100,00 

de uranio de Andujar esta actualmente en prueba una 
in.stalacion piloto de extraccion con aminas para 
50 m3/d, concebida con vistas a un traslado facil, y 
que despues de un periodo de estudio inicial se des
montara para instalarla en una mina pequeiia, traba
jando a un ritmo aproximado de 50 tjd. Otro proyecto 
que se tiene casi terminado es uno de lixiviacion 
estatica-cambio de ion, en el que el 75 % de esta ultima 
parte estara montado en un camion con el fin de que 
una misma instalacion pueda servir simultaneamente 
a dos minas pequeiias y proximas, empleando un 
regimen de trabajo alternativo por semanas, cbn 
periodos de almacenamiento y tratamiento de liquidos 
sucesivamente; su capacidad corresponde a unas 
20-30 t/d de mineral. 

Por otra parte, dentro de la misma filosofia de 
instalaciones sencillas se esta realizando un proyecto 
para el tratamiento de un mineral privado de uranio
vanadio-cobre a razon de 30-50 t/d, con un diagrama 
de flujo que comprende lixiviacion estatica, extraccion 
con disolventes para uranio y vanadio, y cementacion 
y flotacion para el cobre. 

Un caso que conviene seiialar en relacion con los 
estudios de tratamiento es el de las cuarcitas de 
Despeiiaperros, de las que ya hemos hablado, yaci
miento marginal de uranio (130-500 ppm) con titanio 
(14,3% Ti02), circonio (5% Zr02) y torio (600 ppm) 
del que existen reservas grandes, cuyo estudio se ha 
iniciado [3], y cuya valoracion seria factible en el caso 
de que simultaneamente se recuperasen titanio y 
circonio. 

CONCLUSIONES 

Los trabajos de prospeccion e investigacion de 
yacimientos de minerales de uranio en Espana han 
llevado al establecimiento de unas reservas de 10 000 t 
de U30 8 contenido, teniendo en cuenta unicamente los 
trabajos de la JEN en sus tres zonas min eras principales. 
Se espera que en un futuro proximo esta cifra se 
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incrementani considerablemente como consecuencia 
de los indices detectados en los ultimos meses y de los 
trabajos en curso. 

Nuestro pais cuenta con una fabrica de tratamiento 
de minerales de uranio con una capacidad de 200 t/d 
y esta realizando el anteproyecto de una nueva fabrica 
para 1 000 t/d, lo que elevaria nuestra capacidad 
basta una produccion de unas 400 t de U30 8 al 
afio. Una instalacion, ya existente, permitiria trans
formar estos concentrados en sales puras de 
uranio [4]. 

De acuerdo con el programa establecido en otro 
trabajo presentado a esta conferencia [5], en el afio 
1975 Espana contara con una potencia nuclear insta
lada de 2 280 MW y, como consecuencia, las necesi
dades de uranio basta dicha fecha seran del orden de 
6 500 t de U 30 8, cifra inferior a las reservas en 31 de 
diciembre de 1963. Por tanto, nuestro pais cuenta con 
reservas probadas para iniciar un programa de cen-

trales nucleares y con perspectivas prometedoras para 
el futuro. 
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A/494 Spain 

Uranium in Spain: present situation and 
prospects 

By V. Membrillera Membrillera et a/. 

Spain initiated the prospecting for uranium and 
thorium about 1948 and, since that time, a large portion 
of the surface of the country has been prospected and 
studied. This work has been accomplished largely 
by the Junta de Energia Nuclear with some assistance, 
in some cases, from private groups or companies. 

The results obtained to date have established known 
uranium reserves of more than 6 000 metric tons of 
contained U30 8, recoverable at present market prices. 
These reserves increase considerably at higher costs of 
recovery. Results for thorium have not been very 
satisfactory, as only small quantities have been found. 

In this paper is presented a description of the work 
completed to date and the results obtained in the 
various regions studied. The methods of prospecting 
and investigation followed are presented in detail 
and some economic data related to the area explored 
and the reserves discovered are given. 

The exploitation of several mines has been initiated 
to provide feed material for an ore concentration 
plant. Comparative technical and economic data 
related to various exploitations and to the treatment 
of various types of ore are also given. 

The future prospects for the mining of uranium in 
Spain are examined in view of the results obtained to 
date. 

Finally, the present uranium reserves iri Spain are 

compared with future needs in accordance with the 
programme described in another paper presented at 
this Conference. 

L'uranium en Espagne 
et perspectives 

A/494 Espagne 

situation actuelle 

par V. Membrillera Membrillera et a/. 

L'Espagne s'est mise vers 1948 ala prospection de 
1 'uranium et du thorium et, depuis lors, une grande 
partie du territoire national a fait ]'objet d'etudes et 
de recherches. Les travaux ont ete effectues surtout 
par la Commission de l'energie nucleaire, avec dans 
certains cas une modeste participation de societes ou 
de groupes prives. 

Les resultats obtenus jusqu'a present ont permis de 
fixer a plus de 6 000 tonnes de U30 8 contenu les 
reserves d'uranium d'ou il serait rentable, aux prix 
actuels, d'extraire U30 8 • Ces reserves augmentent 
considerablement avec le coftt de ]'extraction. En ce 
qui concerne le thorium, les resultats ont ete peu 
satisfaisants jusqu'a present, cette matiere n'ayant ete 
localisee qu'en petites quantites. 

Les auteurs exposent les travaux effectues jusqu'a 
ce jour ainsi que les resultats obtenus dans les diverses 
regions etudiees. Ils presentent en detail les methodes 
de prospection et de recherche suivies et quelques 
donnees sur les prix de revient en fonction de la super
ficie exploree et des reserves localisees. 

L'exploitation de plusieurs mines ayant ete entre-
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prise en vue d'alimenter une fabrique de minerais 
enrichis, les auteurs fournissent egalement des donnees 
techniques et economiques comparees relatives a plu
sieurs exploitations et a des usines de traitement de 
divers types de mineraux. 

Ils examinent les perspectives de I 'extraction de 
I 'uranium en Espagne, compte tenu des resultats 
obtenus jusqu'a present. 

lis comparent enfin les reserves actuelles d 'uranium 
du pays avec ses besoins au cours des prochaines 
annees, en fonction du programme decrit dans un 
autre memoire presente a Ia Conference. 

A/494 HcnaHH.R 

YpaH a HcnaHHH. CocroRHHe sonpoca 
H nepcneKTHBbl 

B. MeM6pHnnepa B. MeM6pHnnepa et at. 

feoRoru~ecKaH paaBe~Ka aaReiKeii: ypaHa H TO

puH Ha~aRacb B McrraHHH rrpnMepHo B 1948 ro~y. 
C 3TOrO BpeMCHH 60RbiiiaH ~aCTb IIOBCpXHOCTII 

cTpaHhl 6hma paaBep;aHa H uay~eHa. MccRep;oBa

HHH rrpoBOll;HRHCh rRaBHhiM o6paaoM XyHTOii no 

Hll;CpHOH 3HeprnH rrpH HeKOTOpoiJ: IIOMOJ~II ~aCT
HhiX rpyrrrr HRII KOMITaHHH. 

B peayRhTaTe noii: pa6oThl yp;aRoch orrpep;emiTh 

aarraChl ypana, KOTOpble K HaCTOHI~eMy BpeMCHU 

cocTaBRHIOT 6oRee 6000 r U30s, paapa6aThiBae

MLIX ITO cy~eCTBYIO~UM pbiHO~HhiM ~eHaM. 3TII 

aarraChl 3Ha~lfTCRhHO B03paCTYT IIpii 6oRee BbiCO

HifX ~enax Ha ypan. B OTHOIIICHUU TOpUH peayRh

TaTbl B HaCTOH~ee BpeMH p;aRCKO He yp;OBRCTBO

pHTCRhHbl, aarraCbl TOpHH UC~UCJI.HIOTCH B He60.1Jb

lliHX 1\0JIH~eCTBaX. 

B p;mmap;e orrnChiBaiOTCH cocTo.Hnue pa6oT u pe

ayJihTaThi npoBep;enHhiX uccJiep;oBannii:. AeTaJih

uo paCCMaTpHBaiOTCH MCTOl];hi pa3BCl);KH U ITOCJie

;(YIO~ero nay~eHII.H MCCTOpOiKl);CHIIii, a TaKiKe He

KOTOphie 3KOHOMII~eCKUC ll;aHHhiC, KaCaiO~UCC.H 

H3yqaeMhiX paiiOHOB If OTKpbiThiX 3aJieiKeH. 

B CB.H3H c BBOll;OM B aKcrrJiyaTa:u;uiO necKOJih:KIIX 

py p;HIIIWB u nycKa o6oraTIITeJihHoii tf>a6puKn B 

;J,OKJia~e rrpiiBOl];.HTCH cpaBHUTCJibHhie TCXHII'Ie

CKHe II 3KOHOMH~CCKHe ~aHHhJe, KaCaiO~IIeCH yc

.lJOBIIii 3KCIIJiya Tali,HH ll nepepa6oTKif pa3Jili~HhiX 
Bnp;oB pyp;. PaccMaTpnBaiOTCH nepcrreKTHBhi paa

Bep;Kn H 3KCITJiyaTall,lfll MeCTOpOiKp;eHIIH ypana II 

TopnH B McrraHHif. HaKone:u;, cy~ecTBYIO~ne B 

Jfcrrannu aanachi ypana cpaBHHBaiOTCH c rroT

pe6nocTHMn CTpaHhl B rrocJiep;yiO~ne ro~hi B co

oTBeTCTBIHI C rrporpaMMOii, li3JIOiKCHHOii: B ~pyroM 
f(OKJia~e, rrpe;(CTaBJieHHOM Ha ~aHHOfi KOHtf>epeH

li,IIH. 



Pf504 Portugal 

Portuguese requirements and supply capabilities 
regarding nuclear ·fuels 

By J. Rocha Cabral * and F. Marques Videira ** 

The main purpose of this paper is to make a 
rough evaluation of the requirements of nuclear fuel 
in Metropolitan Portugal for the production of electri
cal energy up to the end of the century, and to examine 
some aspects of the possible expansion of the uranium 
industry. 

Such long range estimates have necessarily a 
speculative character due to the large number of 
hypotheses which have to be taken into account. 
Hence a short description of the development of 
uranium prospecting and mining and of electrical 
energy production is briefly presented as a basis 
for the extrapolations made, it being understood 
that the latter represent mere orders of magnitude. 

URANIUM RESERVES 

The mmmg of uranium-bearing ores was initiated 
in Portugal in 1909 for recovering radium. The conver
sion of the industry to the production· of uranium 
concentrates was made in 1950-51, and approximately 
1 100 t U have been mined and exported since then. 
Systematic prospecting was initiated in 1955 by the 
Junta de Energia Nuclear (JEN), the uranium reserves 
in the metropolitan territory of Portugal having been 
provisionally estimated at 5 100 t U, contained in 
3.26 x 106 t of certain and probable ore. 

The cut-off value generally accepted for estimating 
these reserves is around 0.1 % U 30 8. It is likely 
that very important quantities of uranium may be 
contained in some other occurrences of low grade 
ores which have been found but not yet studied. 
Furthermore, because of the vein type of some 
deposits, their exploitation will probably add new 
reserves to those presently evaluated. Thus we will 
also consider as an alternative, 10 000 t U for the 
uranium reserves. 

The whole of the uranium mining industry is 
at present under the direct management of JEN. 
The latter also runs the chemical treatment plant at 
Urgeiri9a which has a capacity of 120 t orejday as 
well as a mobile plant for 35 t ore/day, thus having 
available a total capacity of about 75 t Ujyear in the 

* Companhia Portuguesa de lndustrias Nucleares, Lisbon. 
** Laborat6rio de Fisica e Engenharia Nucleares, Sacavem. 
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form of concentrates. A pilot plant for the production 
of nuclear pure uranium, with a capacity of 15-
50 t U /year is installed at the Sacavem Research 
Centre. 

ELECTRICAL ENERGY PRODUCTION 

The development of the Portuguese electrical 
energy production system can be more easily analysed 
with reference to periods of 25 years, because it has 
shown, and will probably continue to show, well 
defined and different patterns in different quarters of 
the century. 

The first quarter of this century was characterized 
by the constitution of the first public utilities at the 
main consumption centres. The system was almost 
exclusively thermal and the contribution of the 
autoproducers rather important. 

In the second quarter of the century the produc
tion developed at an annual mean rate of 7 %, the 
production by public utilities becoming predominant. 
Hydro power stations reached almost 50 % of the 

Table 1. Development of the electrical energy 
production system [5] 

Year 1927 1950 1963 

Installed capacity MW(e) 
Thermal 101 192 291 
Hydro . 33 153 1 204 

Total 134 345 1 495 

Production GWh 
Thermal 132 505 300 
Hydro . 55 437 4002 

Total 187 942 4 302 

Installed capacity MW(e) 
Public utilities . . 95 272 1 371 
Auto producers . 39 73 124 

Consumption GWh 
Public supply . 107 704 3 432 
Auto producers 52 76 208 

Total 159 780 3 640 

Average specific consumption kWh per 
inhabitant 26 99 439 
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total installed capacity but no interconnection existed 
between the production centres. The main figures 
for 1927 (first year for which we have reliable statistics) 
and for 1950 are shown in Table I. 

The intensive development of hydroelectric 
resources and the interconnection of the system 
took place from 1950 onwards, resulting in consump
tion growing at an annual mean rate of about 13 %, 
as can be deduced from the figures presented in Table I. 
The small increase in thermal capacity was necessary 
as a stand-by for the dry season. 

Further development of hydroelectric resources 
and an increase in thermal capacity is expected to 
continue until 1975. The load factor of the thermal 
capacity will gradually increase. The consumption 
growth rate should decline slightly, a tendency already 
noticeable in more recent years. 

The lack of important fuel resources and the 
expansion of thermal capacity favour the construction 
of nuclear power stations. It is hoped that the first 
nuclear plant may be installed before 1975. 

The fourth quarter of the century will be charac
terized by the complete development of hydroelectric 
resources and the predominance of thermal energy, 
a reasonable assumption being that after 1985-90 
the increase in capacity will have to be met exclusively 
by thermal stations. 

Estimates for the period 1965-2000 are based 
on studies involving the integration of nuclear energy 
within the Portuguese system [1], [2], [3], and take 
into account consumption growth rates generally 
derived from the work of J. A. Jukes [4]. Production 
capacity under construction and short term con
sumption estimates lead to the values for 1965 pre
sented in Table 2. Public utilities only were considered. 

Table 2. Estimated development of the electrical 
production system 

Year 

Installed capacity 
MW(e) 

Hydro . 
Thermal. 
Nuclear 

Production TWh 
Hydro .. 
Thermal. 
Nuclear. 

Total 

Total 

1965 

1 500 
150 

1 650 

4.8 
0.2 

5.0 

1975 

2 500 
615 
235 

3 350 

9.3 
2.3 
1.4 

13.0 

2000 

4400 
6 000 2400 
6 000 9 600 

16 400 

14.2 
18.0 7.2 
34.8 45.6 

67.0 

As previously mentioned, consumption growth 
rate will probably continue to decline after 1965, 
although, bearing in mind the general economic 
development of Portugal, this tendency is not expected 
to be too strongly marked. 

Assuming that annual mean rates of growth of 
production in successive quinquennia are 1 0.5, 9.5, 
8.5, 7.5, 6.5, 6.0 and 5.5 %, respectively, a value of 
67 TWh for the energy production in the year 2000 has 
been found. Taking into consideration the expected 
characteristics of the load diagram, a capacity of 
16 400 MW(e) (net) is predicted for that year. 

NUCLEAR PROGRAMMES 

It follows from these assumptions that an 
additional capacity of about 15 000 MW(e) would 
have to be installed between 1965 and the year 2000, 
and that a grand total of about 1 000 TWh would 
have to be produced during that period. 

The assignment of such additional capacity 
and total power produced as amongst hydroelectric, 
_conventional thermal and nuclear stations, will 
ultimately depend on the respective generating costs, 
under the conditions inherent to the system. 

The fallibility of such long range economic 
forecasts and the impossibility of a more precise 
treatment led to the assignment of the additional 
capacity and total power production amongst the 
different types of stations in accordance with a few 
assumptions that are deemed reasonable. 

Assuming that the full development of economic 
hydroelectric resources will be achieved by 1985-90, 
reaching a total installed hydro capacity of 
4 400 MW(e) and a production of 14.2 TWh in a 
normal year, a total of 410 TWh of hydroelectric power 
will be produced from 1965 to the year 2000. Under 
these circumstances a total of 590 TWh will have to be 
produced during that same period by thermal plants, 
the latter reaching a total capacity of 12 000 MW(e) 
(net) by the year 2000. 

The figures for capacity and production in 1975, 
which is estimated as the first year for effective 
nuclear production, are shown in Table 2. The esti
mated figures for the year 2000 are also given and 
two possible alternatives are then considered for the 
assignment of capacity and power between conven
tional and nuclear plants. 

It was assumed firstly that nuclear power stations 
would have relatively high and constant load factors. 
In such a case about 40 % of the capacity installed 
from 1965 to the year 2000 would be nuclear and 
nuclear production would amount to 410 TWh in the 
same period. 

If nuclear power stations should become com
petitive at lower load factors, as contemplated in the 
second alternative, capacity and production would 
be about 65% and 475 TWh, respectively. 

FUEL REQUIREMENTS 

If the introduction of nuclear power be postulated 
exclusively on economic grounds, the choice of reactors 
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will be limited to those types which will have been 
fully tested and for which there is a considerable 
amount of operational experience. 

For the purpose of this paper both natural 
uranium and enriched uranium reactors will be charac
terized according to the quantities of natural uranium 
per installed MW(e) net and per TWh produced. 
The following values of these parameters seem to 
be compatible with the expected development techno
logy: 

Nat ural uranium reactors: 0.2 or 0. 8 t/MW (e) net 
15 or 35 t/TWh 

Enriched uranium reactors: 0.8 tjMW(e) net 
30 tjTWh 

Capacity and power has been assigned amongst 
different types of reactors bearing in mind typical 
running costs. The various possible programmes 
which have been examined lead to an average of 
about 1/3 natural uranium reactors and 2/3 enriched 
uranium reactors. 

Obviously breeders should not be forgotten in 
the evaluation of nuclear fuel requirements. Never
theless, considering that the more advanced countries 
are assuming that breeders will not be competitive 
before the last decade of the century and considering 
also the economic and technological problems yet to 
be solved, one should not take the impact of breeders 
into account on a quantitative basis. In any case, 
however, it would appear most unlikely that the 
introduction of breeders could significantly reduce fuel 
requirements in Portugal before the year 2000. 

As a result of all these assumptions, fuel require
ments for the period 1965-2000 are of the order 
of 15 500 and 20 000 t of natural uranium for each 
of the nuclear programmes considered: 6 000 MW(e) 
and 410 TWh; 9,600 MW(e) and 475 TWh. 

Since such quantities would have to be mined 
and processed before being utilised in the reactors, 
it is expected that 17 000 to 22 000 t of natural ura
nium would have to be mined before the year 2000. 

SUPPLY CAPABILITIES 

National uranium requirements and supplies will 
thus depend on the following factors: 

(a) The first nuclear power station will probably 
be integrated within the production system by 1975; 
uranium mined and processed in Portugal will have 
to be available well in advance if national resources 
are to be used ; 

(b) It is not yet possible to define the planning 
for installing further nuclear capacity; 

(c) Natural uranium requirements will be relatively 
modest in the beginning, and will grow quickly there
after; 

(d) The existence of a uranium mining industry 
and the need to study further the development of 

national resources and to train personnel, must be 
taken into account. 

These considerations and the social and technical 
problems that would arise as a result of a temporary 
closing down of the mining industry, seem to justify 
that the exploitation of the existing installations be 
continued, although at a minimum rate of production. 

Moreover experience will be gained in this way 
on processing other ores and it will be possible to 
build up a reasonable stock of concentrate, allowing 
the production to fit the demand in the most convenient 
way, once the nuclear programme is established. 

Later the development of the mining industry 
will be dependent among other factors on the resources 
available (quantities and location) on the nuclear 
programme that is established and on the economics 
of the exploitation of various mines and of the pro
cessing units to be installed. 

A preliminary analysis of this problem seems to 
indicate a maximum annual mining capacity of about 
7 % of the resources available. This figure is only 
slightly dependent on the nuclear programme, which, 
obviously will dictate the rate of expansion of the 
industry up to the attainment of that maximum 
capacity and will "determine therefore the time when 
the reserves will have been exhausted. 

The anticipated annual fuel requirements and 
national supply capabilities are presented in Fig. 1. 

It can be seen that Portugal would have to import 
uranium from 1982-85 onwards, and that national 

tU 

1970 1975 1980 1985 1990 1995 2000 

Figure 1. Annual fuel requirements and supply capabilities 
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resources would have been exhausted by 1991-95, 
if the latter were to be used regardless of fuel cycles 
adopted. 

The fuel quantities to be imported during this 
century, expressed in terms of natural uranium, are 
presented in Table 3 for the various alternatives 
considered. 

Table 3. Fuel quantities to be imported 
up to the year 2000 (t natural uranium) 

National resources 
5 100. 

10 ()()() ..... . 

Requirements 

17 000 22 000 

11 900 
7000 

16 900 
12 ()()() 

The resources represented by the irradiated fuel 
and the possibilities offered by plutonium recycling 
and breeding will certainly allow Portugal not to 
depend so heavily on external supplies. 

Should national resources be used only in natural 
uranium reactors, their exhaustion is not likely 
to take place during this century. It will then be 

necessary to import enriched fuel from the beginning 
of the nuclear programme. 

The steadily growing demand for nuclear fuel 
will most certainly justify the installation in Portugal 
of some of the other fuel cycle industries, namely 
those which do not require high investments, e.g. 
fuel element fabrication. 

The possibility of making optimum use of 
national uranium resources will depend in any case 
on continued co-operation from other countries. 
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A;504 Portugal 

Besoins de combustibles nucleaires au Portugal 
et possibilites d'approvisionnement 

par J. Rocha Cabral et F. Marques Videira 

L'existence au Portugal de reserves considerables 
d'uranium et d'une industrie d'exploitation de ce 
metal ainsi que !'evolution previsible de Ia consom
mation d'energie electrique jusqu'a l'annee 2000 et Ia 
participation de l'energie nucleaire a !'augmentation 
correspondante de la production sont presentees par 
les auteurs en tant qu'elements de base pour cette 
etude. 

En prenant en consideration Ia consommation quali
tative et quantitative de combustible des differentes 
filieres de reacteurs, les auteurs definissent les quantites 
d'uranium necessaires pour chaque type de reacteur 
et pour chaque programme nucleaire envisage. 

Tenant compte des besoins ainsi precises et de 
!'importance des reserves, on examine le probleme de 
la dimension de 1 'industrie mini ere, ainsi que certains 
des facteurs qui la determinent. L'interet que l'on 
manifeste pour les industries de fabrication d'elements 
de combustibles, la possibilite de leur installation et 
les problemes de politique generale que souleve cette 
question sont aussi discutes. 

On analyse finalement les ditlerentes possibilites de 
mise en valeur des res sources d 'uranium, ainsi que les 
consequences dans le domaine de Ia cooperation inter
nationale qui resulteraient de !'application de certaines 
solutions. 

A/504 nopTyranHR 

norpe6HOCTH B HAepHOM TOnnHBe H 
B03MOJ+(HOCTH o6ecne4eHHH HM B nop
TyranHH 

X. P. Ka6pa11, CO. M. 8HAei1pa 

HaJIH'IHe B llopTyraJIHH 3Ha'IHTeJihHbiX ypano

BhiX 3aiiaCOB H ypaHOBOH ropHOA06hlBaiOII~eii: npo

l\fhiiiiJIOHHOCTH, a TaKme npeAIIOJiarae1110e ynemr

'IeHue noTpe6JieHHH aJieKTpo:meprnu 11,0 2000 r. 

H pOJib HAOpHOii aneprnn B COOTBOTCTBYIOill;OM yne

JIH'IeHHH IIpOH3BOACTBa 3JieKTpoaHeprnn npeACTaB

JIOHbl B Ka'IOCTBO OCHOBHhiX HOJIOiKOHUH HaCTOH

m;ero HCCJIOAOBaHHH. 

llpnHHMaH BO BHUMaHHO .KOJIU'IOCTBeHHOO U Ka

'IOCTBOHHOO . IIOTpe6JJOHHe TOIIJIHBa pa3JIH'IHbii\Hl 

peaKTOpaMH, aBTOphl OIIpOAOJIHIOT KOJIH'IOCTBO 

ypana, Heo6XOAHMOfO B KMRAOM CJiyqae. 
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Ha ocnonaHlUI ):laHHhiX o noTpe6nocTHX n ypa
nc H ):laHHhiX o aanacax ypana paccMaTpunaeTCH 
nonpoc o MaCuiTa6e pa6oT ypaHO):I06hiBaiO~cii 
npOMhiUIJTCHHOCTII, a TaK/Re HCKOTOphiC iflaKTOpbl, 
OT KOTOphlX 3aDHCUT ee pOCT. 06cym):laiOTCH TaR
me 3HaqeHHC II B03MO/RHOCTII npoMhllliJICHHhlX yc
TaHOBOK TIO npOH3BO):ICTBY TCTIJIOBhll);CJIHIO~UX 

3JICMCHTOB II p,pyrne CBH3aHHhie C 3TIIM DOIIpOChl. 
HaKone~, anaJinaupyiOTCH paaJinquhie noaMom

nocTu paapa6oTKn ncnoJih30BaHnH aanacon ypa
na, a TaKme ~onpocLr Memp,ynapop,noro coTpyp;
uuqecTna. 

A/504 Portugal 

Demanda portuguesa y capacidad de sumi
nistro en relaci6n con los combustibles 
nucleares 

por J. Rocha Cabral y F. Marques Videira 

Los autores de la memoria, al presentar los datos 
basicos, se refieren a la existencia en Portugal de 

grandes reservas de uranio y de una industria minera 
del uranio, asi como al aumento previsible del consumo 
de energia electrica hasta el aiio 2000 y a la posible 
participaci6n de la energia nuclear para satisfacer 
Ia creciente demanda de energia. 

Un examen del consumo de combustible en diversos 
tipos de reactores, tanto en terminos cualitativos 
como cuantitativos, conduce a la determinacion de 
las necesidades de uranio para cada uno de dichos 
tipos y para varios programas de energia nuclear 
supuestos por los autores. 

Despues se estudian el volumen de la industria 
minera del uranio y algunos de los factores de que 
depende, companindolos con las reservas de uranio 
y las necesidades de este, determinadas como se indica 
anteriormente. Tambien se discuten la conveniencia 
y las posibilidades de montar instalaciones de fabri
caci6n de elementos combustibles, asi como problemas 
anejos de politica general. 

Finalmente se analizan las posibilidades de desarro
llar la utilizaci6n de los recursos de uranio y las 
consiguientes repercu,iones en el campo de Ia coope
raci6n internacional. 
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A review of uranium and thorium deposits • 1n India 

By K. L. Bhola, K. K. Dar, Y. N. Ramo Roo, C. Suri Sastry and N. R. Mehta * 

Since the establishment of the Indian Atomic 
Energy Commission in 1949, the Atomic Minerals 
Division has been engaged in a country-wide syste
matic search for uranium and other atomic energy 
minerals. Ground surveys, car-borne and air-borne 
surveys, borehole drilling and underground develop
ment, etc., constituting a phased:"" programme of 
intensive prospecting and exploration for uranium, 
have yielded useful results in widely scattered areas 
of India, the most favourable being the Singhbhum 
Thrust Belt in Bihar, where recent investigations have 
brought to light significant uranium ore deposits. 
Some of the less important uranium deposits are 
located in parts of Rajasthan and, of late, favourable 
indications were found in the Himalayas in the Kulu 
district of Punjab and Chamoli district of Uttar 
Pradesh, which are currently being investigated. 
Most of these deposits are in pre-Cambrian meta
sedimentary rocks. 

Investigations have also brought to light some radio
activity in pre-Cambrian granites, syenites and rhyo
lites in Peninsular India, some of which may form a 
potential source of uranium when rich deposits are 
depleted. 

Monazite, the chief thorium mineral, together 
with useful quantities of ilmenite, rutile, zircon, etc., 
occurs in beach placers, coastal dune sands and in the 
sea bed along the west and east coasts of India. 
There are some rich inland placer deposits of mona
zite in Eastern India as well. The monazite deposits 
of India are perhaps the largest in the world. 

For India's nuclear power programme, it is expected 
that thorium will be used in breeder reactors and 
therefore, it is likely to play an important place amongst 
India's nuclear fuels. 

A brief review of India's uranium and thorium 
deposits is given in the following paragraphs. 

URANIUM DEPOSITS 

Bihar 

Singhbhum Thrust Belt 

Singhbhum district. Located in South Bihar, this 
east-west trending belt, 160 km long, is well known 

* Department of Atomic Energy, Government of India, 
New Delhi. 
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for copper, apatite-magnetite and kyanite deposits. 
The constituent rocks of the belt are the pre-Cambrian 
meta-sediments, comprising in order of superposition 
(a) the closely folded mica schists with subordinate 
hornblende schists and intermittent thin quartzite 
bands of the Chaibasa stage; (b) the chlorite schists, 
chlorite-sericite schists and banded quartzites with 
occasional magnetite of the Iron Ore stage, succeeded 
by (c) thick beds of quartzites, conglomerates and 
metamorphosed basic lavas of the Dhanjori stage 
(Figs. 1, 2). 

These rocks were subjected to orogenic forces, 
directed from the north, during which they were 
strongly over-folded and sometimes over-thrust. 
Such over-thrusting is discernible for a distance of 
more than 150 km, along the arcuate trend of the 
thrust, from around Duarapuram in the west to 
Bahargora in the southeast, in which the older 
Chaibasa and Iron Ore stages have been thrust over 
by the younger Dhanjori rocks, with Singhbhum 
granite massif on its southern edge acting as a buttress. 
The resultant structure is an anticlinorium of iso
clinally folded rocks dipping consistently towards the 
north, with the major thrust development at its 
southern limb, accompanied by severe crushing and 
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Figure 1. Location map of Singhbhum Thrust Belt 
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Figure 2. Geological map of Singhbhum Thrust Belt 

mylonisation of the rocks in a zone which, in the 
central part of the belt between the Garanala and 
Mosabani mines, is only about 100 metres wide while 
it widens out both to the east and west and also 
branches into two or more shear zones. 

Uranium mineralization is ascribed to the intrusive 
soda granite, providing the source of hydrothermal 
solutions, which found an easy passage through the 
shear planes. Uranium ore occurs as lenses in en 
echelon pattern both along the strike as well as at 
depth. Along the east-west strike length, these lenses 
have been observed to shift more towards the hanging 
wall side. The shear zones appear to form the main 
control for uranium as well as copper, although the 
lithological characters of the host rocks have also 
partly influenced the pattern and grade of minera
lization. Workable concentrations of uranium are 
however observed only where cross-folding and later 
fractures are dominant. 

Studies of mineral paragenesis indicate that mine
ralization along the thrust belt took place over a long 
period, the minerals being deposited in two stages, 
the first to form being apatite; magnetite, closely 
followed by uranium mineralization and the sulphides 

including chalcopyrite, were the last to be deposited. 
Preliminary reconnaissance in this area in 1950 

brought to light good indications of the existence of 
uranium minerals most of the way along the Thrust 
Belt and subsequent detailed exploration, especially 
along shear zone a some 300 m wide has led to the 
discovery of significant uranium deposits. 

During prospecting operations in the sector west 
of Garanala, uranium mineralization was recognized 
in a distinct rock type composed of chlorite and 
sericite in which the foliation was somewhat obliterated 
and silicification conspicuously absent. On the hanging 
wall side of this rock are hard, darkish sericite-chlorite 
schists with tourmaline, magnetite, apatite and patches 
of quartzite, while the foot wall is formed of chlorite 
schists with apatite and magnetite, with conspicuous 
lenticles of quartz. This mineralized host has been 
traced almost continuously through Narwa Pahar, 
Garadih, Bayanbil, Keruadungri, Dudra, Basurda and 
Tama Dungri, a distance of 24 kilometres. 

In the central sector, which extends from Garanala 
to the Mosabani mines, covering Bhatin, Jaduguda, 
Roam, Surda, etc., the shear zone passes along the 
foot hills north of Dhanjori Pahar; the host rocks are 
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quartzite breccias and granular biotite-quartz rock 
sandwiched between mylonites. 

In the eastern sector, two mineralized host rocks 
have been recognised, namely (a) the garnetiferous 
biotite schists of the Chaibasa stage along the eastern 
shear and (b) the apatite-magnetite lenses in the biotite 
schists which occur along the western shear. 

In an area having a heavy rainfall like Singhbhum, 
leaching of uranium from the outcrops and consequent 
low order of radioactivity is a common feature in 
most of the areas chosen for exploration. Particular 
attention was paid to this fact during detailed 
prospecting operations, so that, despite lower order 
radioactivity values on the surface, detailed explora
tion has at times yielded workable lodes at depth. 

Since the ore bodies occur as en echelon lenses of 
varying dimensions generally about 100 to 200m long, 
borehole drilling was carried out at rather close inter
vals. Boreholes were normally spaced at about 60 m 
centres, in a grid pattern, so that generally 3 lines of 
holes, progressively exploring deeper levels, have 
given a fairly good idea of the shape, size and extent 
of the ore bodies. Thus, by the end of 1963 this Division 
has carried out nearly 70 000 metres of exploratory 
drilling at 32 different localities, in the course of which 
many localities have yielded promising indications of 
substantial ore reserves. Some-which on the preli
minary estimates indicated ore reserves of at least a 
million tonnes-were considered for development by 
underground exploration, in order to obtain a clearer 
picture of the behaviour of the uranium lodes. In the 
central sector, uranium lodes are generally exposed 
in hills some 100-200 metres high, and ore bodies are 
reached by adits which serve also as the main outlets 
for excavated rock, men and materials as in Jaduguda 
and Bhatin. In the western sector, the ore bodies occur 
on low hills or flat terrain, as at Narva Pahar and 
Keruadungri, and they are reached by shallow explo
ratory shafts and inclines; levels have been driven 
from them. 

Important deposits 

A number of uranium deposits are located in the 
Singhbhum Thrust Belt among which are the impor
tant deposits, from east to west, at Dhantuppa 
(Khadandungri), Bhalki-Kanyaluka, Surda, Jaduguda, 
Narva Pahar, Garadih, Keruadungri, Tamadungri 
and Bijay (Fig. 3). These are briefly described below. 

Dhantuppa. Located some 29 km SE of Jaduguda, 
uranium mineralization was found in biotite schists 
containing quartz-apatite-magnetite lenses, each va
rying in length from a few metres to a maximum of 
80 m, uranium having a preferential association with 
the latter. Their uranium content increases with 
increased magnetite content, but this is not so with 
apatite. By means of closely spaced trench sampling 
and borehole drilling aggregating some 2 800 m, ore 
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lenses have been struck over a strike length of about 
800 m and it is estimated that approximately 0.63 
million tonnes of ore of grade 0.05% equivalent U30 8 
may be available from this locality. 

Occurrences of similar uranium-bearing apatite
magnetite lenses have also been found at Khejurdhari 
and Purandungri. 

Bhalki-Kanyaluka. About 26 to 27 km SE of 
Jaduguda in the Bhalki-Kanyaluka area, uranium 
mineralization appears to be confined to two shear 
zones, the eastern and the western. In the eastern shear, 
comprising garnetiferous biotite schists the distri
bution of uranium is more continuous than in the 
western shear zone and is traceable over a strike 
distance of 2 000 m. 

From drilling data an ore body of 1.5-2 m width 
with a grade of 0.05% equivalent U30 8 was indicated 
in which the ore mineral is uraninite associated with 
autunite and torbernite. The indications are that this 
deposit may reveal sizeable ore reserves on further 
investigation. 

Surda. This deposit situated about 14 km SE .of 
Jaduguda contains two uranium lodes in a quartzite 
breccia, one of which is exposed on a small hillock 
for a strike length of 116 m, while the other, on the 
eastern flank of the Surda hill, extends for 266 m. 
Exploratory drilling aggregating 4 200 m indicated 
the presence of a fan-shaped ore body in the small 
hillock, up to a depth of 166 m from the surface, 
having an ore potential of approximately 0.26 million 
tonnes of ore of an average grade of 0.05% equivalent 
U30s· 

Jaduguda. This is by far the best-explored deposit 
in the Thrust Belt. Extensive investigations by core
drilling (totalling approximately 9 200 m) and under
ground development have been carried out down 
to the fourth level through 5 adits and several winzes 
and drives. Arrangements are in hand to go into full
scale production and a 660 m deep vertical shaft is 
being sunk. 

Here the rocks of the Chaibasa stage are thrust 
against those of the Dhanjori stage and the inter
mediate Iron Ore stage has been cut out. The thrust 
zone is composed mainly of quartzite and quartz 
schists both of which have undergone various degrees 
of crushing, fracturing and brecciation with the re
sultant formation of mylonite, granular rock or 
breccia depending upon the intensity of shearing. 

Uranium mineralization is present as disseminations 
in a 120 m wide zone but the economic concentrations 
are restricted to the quartzite breccia surrounded by 
granular rock. There are two lodes: the main foot
wall lode extends for 700 m, while the subsidiary lode 
which occurs 50 m on the hanging-wall side of the 
main lode has been traced for about 200 m. The ore 
body was found to be more or less continuous with a 
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Figure 3. Uranium deposits in Singhbhum Thrust Belt, Bihar 

tendency to shift to the hanging-wall as it is followed 
from west to east. The result is that the richer ore 
lenses are separated by lean zones. The ore body was 
seen to persist in depth down to an inclined depth 
of 660 m up to which exploration has been under
taken. 

Uranium mineralization appears to have been 
controlled by minor cross-folds, the thicker and richer 

lodes having developed in their synclinal portions 
while the lean and very poor ones occur in the anti
clinal warps. The ore body which at the outcrop is 
about 3 m thick widens out to 15 m at about 330 m 
below the ground level. 

The chief ore mineral is uraninite occuring as 
discrete grains along with autunite and torbernite 
which are noticed frequently in the superficial zone 
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of weathering. Amenability tests have shown a high 
percentage recovery of uranium values from the ores 
by direct leaching. 

The indicated reserves calculated from drilling data 
are of the order of 4 million tonnes at an ore grade of 
0.067% equivalent U30 8• Some of the deeper boreholes 
have shown values as high as 0.2% equivalent U30 8 

and the reserves are thus likely to increase as the de
posit is· explored to greater depths. 

Bhatin. This deposit is about 3.2 km NW of Jadu
guda and, like Jaduguda, the host rock is a quartzite
breccia. About 6 000 m of exploratory drilling and 
some 1· 000 m of under-ground development work 
have indicated two uranium lodes, each 500 m long 
(Fig. 4). 

Down to 300 m depth, the indicated and inferred 
ore reserves are estimated at about 1 million tonnes 
of 0.045% equivalent U30 8 grade. 

Narwapahar. This is by far the largest deposit 
known in the Singhbhum Thrust Belt and is located 
8 km NW of Jaduguda, where uranium mineralization 
is confined to a 5.5-12 m wide band of a mylonitised 
chlorite-sericite schist, along a strike length of over 
2 000 m in the EW direction. Some of the richer 
uranium ore lenses are 200 m long and occur in an 
en echelon manner, with a tendency to shift towards 
the hanging-wall side (Fig. 5). 

Up to the end of 1963, about 7 300 m of drilling 
in 47 boreholes sunk to depths of 50-300 m in a grid 
pattern, over a portion of the area, has indicated a 
3.5 m thick lode and ore reserves of over I million 
tonnes at a grade of 0.077% equivalent U30 8• The 
inferred ore reserves down to a depth of 700 m over 
the entire mineralized length are estimated at 
14 million tonnes and are expected to yield some 
10-12 thousand tonnes of uranium oxide. 

Garadih. About 13 km NW of Jaduguda near 
Garadih, uranium mineralization was found along a 
narrow band, for a distance of about 730 m, in a 
highly weathered and intensely crushed chlorite
sericite schist. Although the assay values of samples 
from the surface were low, a few exploratory drill 
holes have indicated the presence of a 2-2.5 m wide 
uranium lode, and improvement of assay values up to 
0.052% equivalent U 30 8 at 66 m depth. 

The ore reserves are expected to be of the order 
of 1 million tonnes with an ore grade of 0.05% equi
valent U30 8. 

Keruadungri. This deposit is situated 8 km SW of 
Jamshedpur town. The host rock for uranium is the 
chlorite-sericite schist with intensely crushed quartz 
lenticles. Owing to the effects of weathering and 
consequent leaching, the ore grade is rather low 
towards the surface, but at a depth of 30-50 m it 
improves up to 0.04-0.05% equivalent U30 8. Borehole 
drilling aggregating 7 300 m has proved the existence 

''"""''"'"•·~---------------

K. L. BHOLA et a/. 

of two large ore lenses each about 180-200 m long, 
up to a depth of 100 m, indicating reserves of some 
1.25 million tonnes of ore, of grade 0.05% equivalent 
U30 8 (Fig. 6). 

Tamadungri. This deposit located some 34 km 
WNW of Jaduguda is one of the more recent finds 
in the western part of the Thrust Belt where minerali
zation has been observed in a 2-3.5 metre-wide band 
in the chlorite-sericite schists. Boreholes have indi
cated assay values up to 0.07% equivalent U30 8 and 
further exploratory work is in progress to prove its 
ore potential. 

Bijai. At this locality, situated S of Sanjaynala and 
about 37 km WNW of Jaduguda, moderately high 
radioactivity was observed in a 10-15 m wide and 
400 m long siliceous chlorite-sericite schist. Assay 
values of the representative samples from the surface 
indicated that thorium was present but that uranium 
had been leached away whereas the drill hole 
samples have assayed both for uranium and thorium 
at depth. Further investigations are in progress. 

Ore reserves 

On the basis of the borehole data and the available 
geological evidence, it is estimated that down to 700 m 
depth the four uranium deposits namely, Jaduguda, 
Bhatin, Narwapahar and Keruadungri and their 
extensions which are presently under development are 
capable of yielding uranium ore of the order of 20 mil
lion tonnes, which is equivalent to a uranium oxide 
supply of about 15 000 tonnes. Full scale development 
of other prospects is likely to increase substantially 
the present ore reserve estimates, and these may even 
be doubled as the result of future discoveries. The 
possibility of recovery of uranium economically as 
a by-product from copper tailings of the Mosabani, 
Roam-Sidheshwar and Rakha mines cannot be ruled 
out, in which case this may also become an additional 
source of uranium. Thus at this stage, the Singhbhum 
Thrust Belt appears to be the main source for the 
uranium required for India's nuclear power pro
gramme. 

Rajasthan 

Udaipur District. Hydrothermal epigenetic uranium
copper mineralization related to the Udaisagar 
granite boss (post-Algonkian) occurs at two localities 
on its western flank in Aravalli (Huronian) meta
sediments. That at Umra, about 4.8 km SW of the 
southern end of the boss, is confined to the lower 
limbs of remnant limestone synclines along four 
main, 1-1.5 m wide, shear zones at the contact of the 
limestone and the underlying carbonaceous phyllites. 
Uranium ore occurs as lenses of variable size on the 
footwall side of the copper zone. The deposit is not 
economically minable owing to the capricious occur
rence of ore lenses and low reserves and grade (0.03% 
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equivalent U30 8). A variety of colourful secondary 
minerals namely, uranophane, torbernite, meta
torbernite, fourmarierite, johannite, zippeite, kasolite, 
clarkeite, eleisite and gummite with occasional urani
nite, however, make the deposit geologically interesting. 

The other deposit consisting of streaks, stringers 
and specks of uraninite and chalcopyrite besides some 
secondary uranyl minerals, was located by borehole 
drilling in a brecciated shale zone 213 m long by 
6 m wide with abundant clay gouge, between depths 

of 27 and 46 m from the surface, west of the northern 
end of the granite boss. This occurrence also is not 
minable because of the low reserves and grade (0.04% 
equivalent U30 8). 

A/war District. In the old copper workings at Kho
Daribo, torbernite, autunite and infrequent specks 
of pitchblende occur on the hanging-wall side of the 
copper zone, in the north-westerly high-angle faults 
in the strongly folded phyllites, biotite-schists and 
arkosic quartzites of Delhi (Algonkian) age, intruded 
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Figure 6. Section along strike through boreholes K/R/D/9, 8, 22, 23, 25 and 12, Keruadungri Hill 
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by amphibolites, meta-dolerite, and post-Delhi (post
Algonkian) granite, the last named apparently being 
the source of mineralizing solutions. The fortuitous 
occurrence and grade of uranium ore (0.01 to 1.99% 
equivalent U30 8) provide little scope for its exploi
tation except, probably, as a by-product in copper 
mining. 

Jhunjhunu District. Uranium, represented by tor
bernite and autunite, occurs at Khetri in the 29 km 
long Babai-Singhana copper belt in Delhi (Algonkian) 
meta-sediments intruded by dolerite, epidiorite and 
granite. Samples have analysed up to 0.07% equivalent 
U30 8. Sulphidic copper and iron minerals occur in 
shears in the underlying garnetiferous schist. Mine
ralization may be due to the Khetri granite or, alterna
tively, the source of copper may be epidiorite, and 
that of uranium the aplite veins. The poverty of ore 
precludes its extraction. 

Punjab 

Kulu District. Uraninite associated with brownish 
quartz veins occurs at Chhinjra in the Parbati River 
Valley in fold fractures in a quartzite, over-folded to 
the west with a northerly pitch. This quartzite forms 
part of the pre-Cambrian (Salkhala) meta-sediments 
consisting of chloritic phyllites and schists carrying 
basic sills and some carbonaceous bands and a number 
of quartzite beds resting on the southwestern flank 
of the Central Himalaya Gneiss which is of intrusive 
origin and has invaded rocks of different ages at 
different periods. 

Mineralization is due to post-Salkhala intrusions 
in the area which are manifested at the surface only 
by quartz veins traversing the rocks. Test pit samples 
analysed up to 0.22% U30 8. Uraninite or sooty pitch
blende occurs as small lenticles, veinlets, dispersed 
grains, but more commonly as fracture fillings, coatings 
on the quartz grains or as marginal replacement of 
quartz grains, and is associated with secondary uranium 
minerals, tourmaline, occasional specks of chal
copyrite, pyrite, etc., and diagenetic ilmenite and 
magnetite. Another occurrence of uranium in quartzite 
was found recently on the western slopes of the 
Shakiran Dhar, about 45 km south of Chhinjra. These 
deposits are currently under detailed investigation. 

Uttar Pradesh 

Chamoli District. Old copper workings occur bet
ween Pokhri and Tunji, a distance of about 8 km, 
at elevations of 1 830-2 135 m in folded north-west 
trending phyllites and chlorite schists associated with 
several granite sills, quartzite and limestone bands, 
basic extrusions, etc., which are regarded by Auden 
to be a more arenaceous type of the Jaunsars to which 
Wadia assigns the age as probably Lower or Middle 
Palaeozoic. The general structure of the area appears 
to be that of a major anticline overturned to the south-
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west with possible thrusting and attenuation of the 
south-westerly limb. 

Pitchblende with occasional torbernite occurs in 
the chlorite-schist as hair-like stringers and minute 
disseminations along 'S' planes, replacing chlorite 
at places. Representative test-pit samples analyse up 
to 0.26% U30 8• The sulphide minerals observed are 
chalcopyrite, pyrite and occasionally stibnite. 

Mineralizing solutions appear to have emanated 
from post-Jaunsar granite intrusives forming part 
of the Central Himalaya Gneiss, which occurs abun
dantly about 65-80 km north of this area. The area is 
being explored for workable uranium deposits. 

Other occurrences 

Granite plutons and pegmatites 

Almost all pre-Cambrian granites and a few syenite 
occurrences in Peninsular India record some radio
activity, which is due to uranium and/or to thorium 
in minerals such as monazite, allanite, zircon, xeno
time, columbite-tantalite, hematite, magnetite and 
occasionally, disseminated uraninite, or as an inclu
sions in accessory minerals, as amorphous material 
along grain boundaries or in fractures in minerals. 
Potassium may also contribute substantially to the 
radioactivity of granites in some cases. Some of the 
granite occurrences with higher than average radio
activity are noted below. 

Salem District, Madras. The radioactivity in some 
parts of the Suryamalai granite batholith and its 
pegmatitic facies is due to thorium. In other parts, 
it is due to uraninite disseminations, secondary uranyl 
minerals, allanite, minute uraninite inclusions in 
ilmenite and magnetite and extends down to a depth 
of about 7.6 m. Bulk samples have assayed 0.03-
0.112% equivalent U30 8• 

Radioactivity in parts of some syenite occurrences 
at Samalpatti is due to thorite, monazite, an un
identified colourless isotropic vermicular mineral and 
iron oxide stains. 

Mehboobnagar District, Andhra. Low to high 
radioactivity in patches of gramte around Gadwal 
emanates from sporadic uraninite grains, autunite 
and possibly zircon. 

Udaipur District, Rajasthan. Secondary uranyl 
minerals, associated with specks of chalcopyrite, 
pyrite and galena, occuring in intrusive granite up to 
a depth of 3 m from the surface, are responsible for 
its radioactivity. Samples analysing 0.015-0.08% 
U30 8 generally show disequilibrium in favour of 
chemical analysis. 

Pegmatites occurring in the mica belts of Bihar, 
Rajasthan, Andhra and in some localities in Madras, 
Mysore and Madhya Pradesh, etc., apart from their 
being a source of beryl and occasionally lepidolite 
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and other minerals contain small pockets and nests of 
uraninite, e.g., in Bisundini mine (Rajasthan), Abraki 
Pahar (Bihar) and in Kadawal (Maharashtra). Veins 
and stringers of uraninite occur in cryolite in a mica 
pegmatite at Bhunas (Rajasthan). Samarskite, fer-· 
gusonite, columbite-tantalite, allanite, brannerite, 
tscheffkinite, triplite, monazite, etc., are also recovered 
from a few pegmatites during mica mining. Cheralite 
occurs in small quantities in some pegmatites at 
Kalkulam (Kerala) and carries 4-6% U30 8 and 19-
33% Th02• 

Disseminations of uraninitefpitchblende and smears 
of secondary uranyl minerals occur in parts of Madhya 
Pradesh and Maharashtra in three sheared and 
crushed rhyolite outcrops, sometimes associated 
with felsite intrusions. 

Although generally low-grade, some of the urani
ferous granitic outcrops are likely to form future 
sources of uranium when the richer deposits are 
depleted, as about 40% of their radioactivity is acid 
leachable. 

Sedimentary rocks 

The sedimentary formations of Peninsular India 
from the Cambrian upwards are essentially thoriferous 
and only rarely contain sporadic and insignificant 
amounts of uranium. One such occurrence is in the 
Motur arkosic sandstone (Middle Permian), a sample 
of which analysed 0.056% U30 8 and traces of Th02• 

Ash samples from a 1.8 m thick coal seam near 
Nangwal Bibra (Assam), analyse 0.016 to 0.08% 
U30 8 and up to 0.13% V20 5 • The carbonaceous clay 
bed overlying the lignite in the Neyveli lignite mine 
contains 0.004 to 0.086% U30 8 accompanied by 
3-180 ppm selenium and 90-910 ppm vanadium. 

THORIUM DEPOSITS 

Monazite, the principal source of thorium, together 
with ilmenite, sillimanite, zircon, rutile, kyanite and 
garnet, etc., occurs in beach placers, coastal dune 
sands and in the sea bed close to the shoreline in 
Kerala, Madras, Andhra, Orissa, Goa and Gujarat. 
Inland placers in Madras are locally known as teri 
deposits. River sands found in gneissic and granitic 
terrains contain variable amounts of these minerals. 
The inland placers of Purulia (West Bengal) and the 
adjoining Ranchi Plateau (Bihar), derived form the 
Archaean granites and gneisses, cover some 608 km2 

in area and contain rich concentrations of monazite. 
The current-bedded Upper Jurassic sandstones in 
Kutch and Kathiawar (Gujarat), some Gondwana 
sandstones and pre-Cambrian conglomerate beds 
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in Rajasthan and Andhra also contain monazite and 
contribute to its reserves. 

Indian monazite analyses 8-10% Th02 and contains 
up to 0.3% U30 8• 

The monazite deposits of India, perhaps the largest 
concentrations in the world, are estimated at around 
5 million tonnes with a thoria content of 0.45 million 
tonnes and uranium content of about 15 000 tonnes. 
The use of thorium in breeder reactors opens up great 
possibilities of utilizing monazite in the future nuclear 
power programme of India. 
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ABSTRACT -RESUME-AHHOTALV1JI-RESUMEN 

A/752 lnde 

Apers;us sur les depots d'uranium et de 
thorium en lnde 

par K. L. Bhola ef a/. 

La Division des mineraux atomiques de Ia Commis
sion de l'energie atomique de l'Inde a entrepris a 
I 'echelon national Ia recherche systematique des mine
raux radioactifs. Quelques depots d 'uranium ont ete 
decouverts dans les roches precambriennes en divers 
points du pays. 

Les depots les plus importants se trouvent dans les 
meta-sediments archeens des charriages de Ia zone de 
Singhbhum qui s'etendent sur 140 kilometres, genera
lement de l'est vers ]'ouest, dans le Bihar du Sud 
(Inde orientale), ou des etages plus anciens de Chai
basa et de minerais d 'or sont superposes aux roches 
Dhanjori plus jeunes. 

Les depots de valeur commerciale ne se rencontrent 
que dans certains sites et semblent dependre en partie 
de Ia structure et du caractere physico-chimique des 
roches, les chloritoschistes siliceux, les schistes biotites 
et les breches quartzites etant les plus favorisees. 

Des carottages exploratoires faits dans cette zone 
et representant au total 65 000 m environ ont permis 
d'entreprendre des travaux souterrains a Keruadungri, 
Marwapahar et Bhatin, cependant qu'a Jaduguda une 
exploitation miniere proprement dite a ete entamee 
afin d 'alimenter I 'usine d 'uranium. Les reserves en 
minerai de Ia zone sont evaluees a 20 millions de tonnes 
environ avec une teneur de 0,05 a 0,07% d'equivalent 
de U30 8 • Des recherches plus poussees actuellement 
en cours pourraient augmenter les reserves de minerais, 
faisant ainsi de cette zone Ia source principale d 'ura
nium en Inde. 

Des roches precambriennes au Rajasthan con
tiennent egalement quelques depots sporadiques et 
moins importants. Des indices tres encourageants 
quant a Ia presence d 'uranium ont ete decouverts 
recemment dans Ie Precambrien de Kulu et dans les 
roches du debut du Paleozoique du Garwhal dans 
!'Himalaya central. Dans tous ces cas, Ies depots sont 
associes au cuivre plutot qu 'au plomb, au zinc ou 
a l'or. La mineralisation est epigenetique et causee 
par I 'action hydrothermale des fluides provenant des 
magmas alcalins. 

La plupart des granites et des gneiss indiens sont 
radioactifs en raison de Ia presence, sous une forme 
disseminee, d 'uranium ou de thorium, ou de ces deux 
elements, principalement du dernier. Des minerais 
secondaires d 'uranyle, autunite, uranophane, bay
leyite, etc., se rencontrent dans les granites. La plupart 

·des pegmatites contiennent des poches sporadiques 
de minerais d 'uranium et de thorium. Des rhyolites 
brechiformes avec des intrusions felsitiques presentent 
parfois une mineralisation d 'uranium. 

Les depots de thorium sont tres disperses. La mona
zite, minerai principal de thorium, qui provient des 
granites et des gneiss du bouclier peninsulaire, se 
trouve concentree le long des cotes occidentales et 
orientales de I 'Inde. II y a quelques riches placers 
interieurs et les gres jurassiques de Ia region du 
Kutch et du Kathiawar qui contiennent de Ia monazite. 

Les reserves indiennes d'uranium (U30 8) et de 
thorium (Th02) sont evaluees respectivement a 30 000 
tonnes et 0,5 million de tonnes environ, ces dernieres 
etant parmi les plus importantes du monde. 

A/752 HH,D.H.A 

Ooaop aanacoe ypaHa H ropHs:~ e 
IIIHAHH 

K. 11. oxona et al. 

Y npanJieHI:te aToMHhiX MHHepaJioB KoMHCCHH no 
HTOMHOH :meprHH lfH,rJ;HH 33HHMaeTCH CHCTCMa
TH'ICCI\HMH IIOHCI\3MH pap;HOal\THBHbiX MHHepaJIOII 
na TeppHTOpHH cTpaHhi. PaA aaJieme:H ypaua pac
HoJiomeu B rropop,ax AOI\eM6pn:HcRoro nepnop,a 11 
pa3JIH'IHhiX paHOHaX CTpaHhl. 

Han6oJiee namHhie aaJiemn npnypoqeHhi I\ ap
xeiicRHM MeTaoca,n,o'IHhiM nopop;aM B npocTnpaiO
w;eMCH c nocToRa Ha aanap; noace o6pa~euuoro 
c6poca Cnurx6xyM P,JIHHOH 140 ~'>.M B IOmHoM Bw
xape (BoCTO'!HaH lfHP,HH), rp;e CTaphle CTaP,Hii 
lfai1:6aca H meneaopyp;Hhie HBJIHIOTCH o6pa~eH
HhiMH c6pocaMH uap; 6onee MOJIOP,hiMH nopop;aMH 
,U:xaup;mopn. 

KoMMep'IecRHe aanemn orpaHH'ICHhi onpe.n.e
,lieHHhiMH MCCTOpomp;eHHHMH H, IIO-Bll,ri;HMOMy, 
•raCTH'IHO CBH3aHbi co CTPYRTypoii: u I!J113HRo-xn
MI1'1ecRI1MM OC06CHHOCTHMH nopop;, IIpM'IeM HaH
OOJiee 6naroupMHTHhiMM HBJIHIOTCH KpeMHMeno
xnop11THhie CJiaH~bl, 6MOTJITHbiC CJI3H~bl H I\Bap-
1~11TH3H 6peK'II1H. 

BypeHMe pa:mep;o'IHhiX cRnamHH cocTannno 11 
o6~eii: CJIOffiHOCTM 65 000 .M B llOHCe 11 l103BOJIMJIO 
nponecTn IIOp;3eMHYIO paanep;Hy B paii:ouax Ke
pyap;yurpM, Hapnauaxap 11 BxaTI1H, Torp;a Hal\ n 
,U:map;yryp,a Ha'laTa npoMhiiiiJieHHaH :mcmryaTa
I\MH Ha o6ecue'!eHI1e o6oraTIITCJibHoii: ypauonoi1 
1pa6p11R11. IloTeH~I1aJibHhie aanachr pyp;hi B aToM 
IIOHCe O~CHHB3IOTCH B 20 MJIH. T HpH COP,epmaHIHl 
aal\HCH-OI\11CH 0,05-0,07%. IlpoBOLJ;HTCH ,li,3Jib-
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HCHIIIHC HCCJIC,IJ;OBaHH.H, 1\0TOpbiC, JIO-BH)J,HMOMy, 
upnnep,yT K yneJIIPieHHIO pa3nep,aHHhiX 3anacou 
n aToM pyp,noM noJie H II03BOJIHT eMy cTaTb rJian
HhiM ncToqnuKoM ypana n Mup,un. 

B p,oKeM6puii:cHnx nopop,ax Pap,macTaHa cop,ep
maTcH TaKme ne6oJibiiiHe cnopap,nqecKHe u Ma
.lJhiC 3aJiemH. Hep,anno 6hiJIH noJiy•reHhl nep
cneHTHBHbie yHa3aHH.H Ha HaJiuque ypaua n p,o
l\eM6pniicHux nopop,ax HyJiy H paHHeM naJieo3oe 
paiioua fapnaa n u;enTpaJibHhiX fnMaJiaax. Bo 
ncex aTHX cJiyqa.Hx n 3a.rremax 6oJihiiie Mep,u, qeM 
cnnnu;a, u;unHa HJIH 30JIOTa. MunepaJIH3au;n.H no
cuT anureneTnqecHuii xapaHTep n o6paaonaJiaCh 
liO)J; rnp,poTepMHqeCKHM B03)J,CHCTBHCM lf\H)J,KOCTCM 
ll3 CHJibHO IIJ;CJIQqHQM MarMhi. 

B6Jihiiia.H qacTh rpaHHTOB u rueii:con n Mnp,nu 
paP,HOaKTHBHa H3-3a IIpHCYTCTBH.H B HHX ypaHa 
u (nJin) Topu.H, qaiiJ;e Topu.H. B rpaHnTax BCTpeqa
IOTC.H BTOpuqHbie MHHepaJibi ypaHHJia: OTYHHT, 
ypauo<f>an, 6eiiJIHHT u p;p. BoJibiiiHHCTBO nerMa
THTOB cop,epmnT cnopap,uqecKue KapMaHbi ypa
HOBhiX H TOpHCBbiX MHHepaJIOB. YpaHOBbie MHHC
paJin3aiJ;HH BCTpeqaJOTC.H llHOr)J,a B pHOJIHTaX 
6peK•m:ii c <f>eJib3HTHhiMH HHTPY3H.HMH. 

lllupoKo pacnpocTpaneHbi n Mnp;llu 3aJiemu TO
pn.H. 3aJiemu ocnonnoro Topuenoro MHHepaJia Mo
nau;HTa, o6pa3onaniiieroc.H H3 rpaHHTOB u rueiicon 
noJiyocTponnoro THIIa, cocpep;oToqenLI B)J,OJib 3a
nap;noro H nocToqnoro no6epemull: MH~IHH. l1Me-
IOTC.H HCCKOJihKO 3aJiemeii BHyTpH CTpaHbJ, a TaK
me B ropcKnx necqanuHax paiionon HaT'I II lta
TIIanap. 

Mnp,IIikKIIe 3anaCbi ypana (U308) n Topmr 
(Th02) COCTaBJI.HIOT opneHTHpOBOqHO 30 000 T II 
0,5 MJIH. T COOTBCTCTBCHHO, IIpuqeM 3aiiaCbi TO
}H1H HBJIHIOTCH 0/l,IIHMH ll3 Kpynueii:HIIIX B MHpe. 

A/752 India 

Los yacimientos de uranio y de torio de Ia 
India 

por K. L. Bhola ef at. 

La Atomic Minerals Division de la Indian Atomic 
Energy Commission se dedica a la prospecci6n siste
matica de minerales radiactivos en toda la naci6n. 
Se han hallado varios yacimientos de uranio en 
formaciones precambricas de diferentes partes del 
pais. 

Los yacimientos mas importantes se han encontrado 
en sedimentos arqueanos, en la zona de fallas de 
Singhbhum que se extiende en direcci6n este-oeste a 
lo largo de 140 km en Bihar meridional (India oriental), 
en las que los estratos mas antiguos de Chaibasa e 
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Iron Ore se han corrido sobre las formaciones mas 
j6venes de Dhanjori. 

Los yacimientos explotables a escala industrial se 
hallan localizados en ciertas zonas donde parece que 
se han fijado debido en parte a la estructura y a las 
caracteristicas fisicoquimicas de las rocas, entre las 
que se encuentran los esquistos clorosiliceos, esquistos 
de biotitas y las brechas de cuarcita como las mas 
ricas en mineral. 

En dicha zona se han efectuado sondeos por un 
total de unos 65 000 metros, que han permitido 
emprender los trabajos suberraneos en Keruadungri, 
Marwapahar y Bhatin, mientras que en Jaduguda se 
ha iniciado la explotaci6n minera a plena escala para 
alimentar la fabrica de uranio. Se estima que las 
reservas de Ia zona se elevan a unos 20 millones de 
toneladas, con un contenido de U30 8 que varia entre 
el 0,05 y el 0,07 %. Se hallan en curso otras investiga
ciones que probablemente permitiran cifrar esas 
reservas en una cantidad superior, con lo que la 
zona se convertira en la principal fuente de suministro 
de uranio en la India. 

Las rocas precambricas de Rajasthan tambien 
contienen algunos yacimientos esporadicos y mas 
reducidos. Recientemente se han descubierto indicios 
favorables de uranio en las formaciones precambricas 
de Kulu y en las del comienzo del paleozoico de 
Garwhal (Himalaya central). En todos estos casos los 
yacimientos se encuentran asociadas mas al cobre 
que al plomo, cine u oro. La mineralizaci6n es epigene
tica, producida por Ia acci6n hidrotermica de fluidos 
procedentes de magmas fuertemente alcalinos. 

La mayor parte de los granitos y gneis de la India 
son radiactivos, pues contienen pequefias cantidades 
diseminadas de uranio y torio, principalmente este 
ultimo. Tambien se presentan en los granitos minerales 
secundarios que contienen uranilos como la autonita, 
Ia uranofana, la bayleyita, etc. La major parte de las 
pegmatitas contienen bolsas esporadicas de minerales 
de uranio y de torio, asi como las brechas de riolitas 
con intrusiones de felsita presentan tambien a veces 
mineralizaciones de uranio. 

Los yacimientos de torio se hallan ampliamente 
difundidos. La monacita, el principal mineral de 
torio que proviene de los granitos y gneis del escudo 
peninsular, se concentra a lo largo de la costa occi
dental y oriental de Ia India. En el interior se encuentra 
en algunos ricos placeres y en las areniscas jurasicas 
de Cutch y Kathiawar. 

Las reservas de la India en uranio (U 30 8) y to rio 
(Th02) se calculan en unas 30 000 y 500 000 toneladas 
respectivamente, figurando las del ultimo entre las 
mas importantes del mundo. 



P/883 Gabon 

Le gisement gabonais de Mounana 

Direction des mines* 

HISTORIQUE 

Decouvert au cours d 'un I eve radiometrique
auto au scintillometre le 21 decembre 1956 par une 
mission du CEA, Ie gisement de Mounana a ete 
reconnu et mis en exploitation a une allure record. 
La decision d'exploiter fut prise en effet fin 1958, 
en meme temps qu'etait mis a !'etude Ie traitement du 
minerai; les travaux d 'implantation sur Ie terrain 
debuterent en fevrier 1960. Bien que tout le materiel 
ait du etre amene par route dans des conditions tres 
difficiles, Ies usines de traitement mecanique et de 
concentration chimique du minerai, cette derniere 
confiee aux Etablissements Kuhlmann, etaient ter
minees au debut de 1961 et Ia production pouvait 
demarrer en marche industrielle des Ie mois de mars 
de Ia meme annee, apres un mois seulement d'essais 
et de mises au point. L'exploitation s'est continuee 
depuis sans Ie moindre incident serieux. 

CADRE GEOLOGIQUE 

Le bassin dit Francevillien, dans lequel se trouve 
Ie gisement de Mounana, recouvre en discordance 
to tale a I 'ouest Ie massif granitique du Chaillu; 
il est borde a !'est, en discordance egalement, par 
les sables et gres Batekes, continentaux, d 'age tertiaire. 

Le massif du Chaillu, qui represente l'ossature 
centrale du pays, est constitue par un vaste bathe
lite de granite heterogene contenant des enclaves 
de roches metamorphiques et des intrusions de roches 
basiques, auxquelles sont lies divers indices mineraux 
(or et banes de quartzites a oligiste en relation avec 
les enclaves de roches metamorphiques; colombo
tantalite, etain, dans Ies filons de pegmatites mis en 
place dans Ies roches metamorphiques encaissantes 
au moment de Ia formation du granite; nickel et 
chrome dans Ies intrusions de roches basiques ). 

Le bassin de Franceviiiien Iui-meme est constitue par 
une epaisse formation sub horizontale de sediments 
detritiques, surtout greseux, attribuee au Precambrien 
Moyen. II se presente comme une cuvette Iacustre 
ou Iagunaire remplie par des materiaux arraches 
aux chaines cristallines ou cristallo-phylliennes voi
sines. Sa stratigraphie apparait difficile; elle est carac
terisee par des alternances successives de sedimen-

* Ministere de l'economie nationale, du plan et des mines. 
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tation dans lesquelles on peut reconnaitre, en gros: 
i) Au sommet, des gres fins avec jaspe et dolomie; 
ii) Au centre, des schistes et argilites avec a Ia base 

un niveau dolomitique; 
iii) A Ia base des gres grossiers avec feldspath et 

calcite, avec un niveau inferieur conglomeratique. 

GISEMENT 

Le gisement se presente comme un amas de minerai 
situe dans Ies gres grossiers inferieurs remontes a 
Ia verticale, et limite d'une part par deux banes 
de gres, d'autre part par deux failles qui les recoupent. 
Les failles mettent en contact les gres grossiers infe
rieurs, d'une part avec un horst probable du socle, 
d 'autre part avec les series pelitiques sus-jacentes. 

La mineralisation de surface est constituee par une 
espece minerale nouvelle, de couleur jaune, denommee 
Francevillite. C'est un vanadate d'uranium et de 
plomb [(Ba,Pb)0.2U03.V20 5 .5H20]. A partir d'une 
quarantaine de metres de profondeur, Ie minerai 
consiste en divers oxydes no irs d 'uranium melanges 
a des quantites plus ou moins grandes d'oxyde de 
vanadium et de produits d'alteration sulfures; mais 
Ia Francevillite peut etre presente dans les cassures. 

Il semble que !'on puisse estimer les reserves connues 
a un million de tonnes d 'un minerai a une teneur de 
0,4%. 

EXPLOITATION 

Le gisement est exploite par Ia C• des mines d'ura
nium de Franceville, societe gabonaise dont le siege 
est a Libreville, et dont Ies principaux actionnaires 
sont Ia cie de Mokta et Ie Commissariat fran~ais 
a l'energie atomique. L'exploitation se fait pour 
1 'instant a ciel ouvert et se poursuivra ainsi jusqu'a 
Ia profondeur de 78 m (cote 340); mais parallelement 
un puits est en creusement pour preparer !'exploi
tation souterraine, qui viendra sous peu relayer 
I 'exploitation a ciel ouvert actuelle. 

Preparation mecanique et traitement chimique 

Apres concassage et broyage, Ie minerai est attaque 
a froid par l'acide sulfurique dilue, et transforme 
en sulfate d'uranyle soluble. L'uranium est precipite 
par la magnesie; l'uranate ainsi obtenu est enfin 
filtre, seche et mis en ffits. Afin d'eviter le transport 
de I 'acide sulfurique liquide, celui-ci est directement 
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fabrique dans une usine annexe, en utilisant du 
soufre en provenance de Lacq; quant a la magnesie, 
elle est importee de Gn!ce. 

Production 

La production de l'ordre de 120 t de concentres par 
mois, est evacuee par route jusqu'a M'Binda, qui est 
situe a 120 km de Mounana, et ou se trouve la tete 
du chemin de fer Comilog; elle emprunte ce chemin 
de fer sur 285 km jusqu'a Dolisie (Congo), puis le 
chemin de fer Congo-Ocean sur 200 km jusqu'au 
port de Pointe-Noire. 

Personnel 

L'ensemble des chantiers, ateliers et bureaux occupe 
actuellement 310 personnes; un effort a ete fait pour 
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le logement: les maisons, construites non loin des 
installations entre 500 et 600 m d 'altitude, sont relati
vement tres confortables et beneficient d'un site et 
d 'un climat agreables. 

CONCLUSION 

En depit de difficultes d'acces considerables au 
debut, !'installation industrielle de Mounana constitue 
l'exemple type de la mise en valeur d'un nouveau 
gisement par des moyens modernes, dans des condi
tions exceptionnelles de rapidite et de surete. II 
va sans dire que la collaboration a ete a tout 
moment complete entre l'Etat et la societe exploi
tante. 

ABSTRACT -RESUME-AHHOTAU111R-RESUMEN 

A/883 Gabon 

The Gabonese mineral deposits in Mounana 

Direction des mines 

The Francevillian basin, attributed to middle 
Precambrian, which covers the Chaillu massif (the 
central spine of Gabon) includes the uraniferous 
deposits of Mounana. 

These last contain, on the surface, a yellow type 
of mineral, called Francevillite, which is a vanadate 
of uranium and lead, [(Ba,Pb)0.2U03.V20 5 .5H20]. 
At greater depths black oxides of uranium mixed with 
varying quantities of vanadium oxides and contami
nated with sulphur products are found, but France
villite may be present in fractures. The known reserves 
are estimated at one million tonnes of mineral of a 
0.4 % content. 

The Mounana deposit has been worked since 1961. 
So far, the actual extraction has been by surface 
mining but underground mining will be used in the 
near future. The mineral is mechanically dressed 
and chemically concentrated in plants at the mine. 
The chemical treatment consists of a cold leaching 
with dilute sulphuric acid followed by precipitation 
of uranate from the resulting uranyl sulphate solution 
using magnesia. The precipitate is then filtered and 
dried. 

The production is of the order of 120 tonnes of 
concentrate a month. 

A/883 ral5oH 

YnpaeneHHe PYAHHKa 

YpanoBoe MecTopm«p,euue Myuaua uaxop,HTCH 

B <l>paHCBHJibCKOM 6acceiiue, OTHOCJIIII,CMCJI K 

cpep,ueii p,oKeM6puiicKoii arroxe u pacrroJiomeunoM 

B MaccuBe IIIeJIJIIO ( u;enTpaJibHaJI 'laCTh fa6oua). 

Ha rroBepxuocTH aToro MecTopomp,enuJI BCTpe

'faeTCJI MOJIOP,aJI rropop,a, IIOJIY'fHBIIIaH Ha3BaHHe 

lf>paHCBHJIJIHT, KOTOpaJI IIpe)l;CTaBJIJICT C060H BaHa

)l;aT ypaua u CBHHIJ;a (Ba, Pb)0·2UOa·V20s· 

• SH20); B rny6uue aaneraiOT paaJIH'fHhle 'lepnhle 

OKHCJihl ypaHa, CMeiliaHHhle C pa3JIH'fHbiMH KOJIH

'feCTBaMH OKHCH BaHaP,H.II H CepHHCThiMH IIpop,yK

TaMH, HO lf>paHCBHJIJIHT MOffiCT TaKme BCTpe'laThCJI 

u B CKJiap,Kax. MaBecTHhie aarrachl lf>paHCBHJIJIHTa 

OIJ;CHHB310TCJI B 1 MJIH. T C COP,epmaHHCM 0,4%. 
MecTopomp,euue Myuaua paapa6aTbiBaeTCJI c 

1961 f .B HaCTOJIIII,CC BpeM.II P,06hi'fa Bep,eTCJI OT

KpbiThiM cnoco6oM, op,naKo B 6numaii.meM 6yp,y

I.QeM H3MC'f3CTCJI TaKii\C UCIIOJih30B3Tb IIOP,3CMHbiC 

Bhipa6oTKH. MuuepaJI rrepepa6aThiBaeTcJI B KOH

u;enTpaT MCX3HH'fCCKHM H XHMH'fCCKHM MCTOP,3MH 

Ha YCT3HOBK3X, paCIIOJIOii\CIUihlX B paiioHe pyp,

HJII\a. XnMH'fecKaH rrepepa6oTKa BKJIIO'faeT B ce6JI 

o6pa6oTKY MHHepana XOJIO)l;HOH paa6aBJICHHOH cep

HOH KHCJIOTOH; 3aTCM IIOJIY'fCHHhiii paCTBOpHMhlii 

B BOP,e ypaHHJICYJihlPaT o6pa6aTbiBaiOT OKHChiO 

MafHHfl )l;Jifl IIOJIY'fCHHfl ypaHHTa, KOTOphlii BhiiiU

)l;aeT B OCa)l;OK, OTlPHJibTpOBhiBaCTCfl II BhiCYIIIII

BaeTCH. 

flpOH3BOP,HTCJihHOCTh - IIOpH)l;Ka 120 T KOHl~CH
TpaTa B MCCHIJ;. 
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Aj883 Gabon 

El yacimiento gabones de Mounana 

Direction des mines 

La cuenca denominada Francevillana, atribuida 
al precambrico medio, que recubre el macizo de Chaillu 
(armadura central del Gabon) contiene el yacimiento 
uranifero de Mounana. 

En dicho yacimiento se halla en superficie una especie 
mineral amarilla, denominada Francevillita, que es un 
vanadato de uranio y plomo [(Ba,Pb)0.2U03.V20 5 • 

5H20]; en profundidad se encuentran diversos oxidos 
negros de uranio mezdados a cantidades variables 
de oxido de vanadio y de productos de alteracion 

DIRECTION DES MINES 

sulfurados, pero la Francevillita puede existir en las 
fisuras. Las reservas conocidas se calculan en un 
millon de toneladas de mineral de riqueza del 0,4 %. 

El yacimiento de Mounana esta en explotacion 
desde 1961. La extraccion se efectua a cielo abierto, 
pero en un futuro proximo se proyecta Ia explotacion 
subterninea. El mineral se somete a tratamiento sobre 
el terreno en las fabricas de preparacion mecanica 
y de concentracion quimica. El tratamiento quimico 
comprende un ataque en frio con acido sulfUrico 
diluido; se trata despues el sulfa to de uranilo soluble 
asi formado con magnesio para obtener un precipitado 
de uranato, que se filtra y seca. 

La produccion es del orden de las 120 toneladas 
de concentrados al mes. 



Record of session 2.11 

Uranium and thorium resources and requirements 

Chairman: 0. A. Quihillalt (Argentina) 

Paper P/72 (presented by J. Mabi I e) 

DISCUSSION 

R. L. FAULKNER (United States of America): In 
the paper you presented it is noted that exploration 
and development are needed to find new deposits to 
meet future requirements. Do you think it probable 
that sufficient low-cost uranium will be found to meet 
requirements during a period of several decades? 

J. MABILE (France): It would be unreasonable to 
assume that the world reserves of low-cost uranium
bearing ores are found only in areas where traces or 
deposits were discovered long before the atomic age. 
I believe that economically exploitable deposits could 
also be found in other areas, but prospecting would 
have to be carried out in less familiar terrain than that 
in which the present deposits are mined. In this 
connection, France's experience in Africa prompts 
a certain degree of prudence. Expenditure on prospect
ing, as part of the cost-price, would certainly increase 
as a result of the difficulties involved and thus it 
would be difficult to maintain present prices. It 
should also be borne in mind that it has only been 
possible to exploit the rich deposits known at present 
by agreeing to pay higher prices for large quantities, 
$10-11/lb U30 8, than those obtaining at present. 

Paper P/883 (presented by F. N'Guema N'Dong) 

DISCUSSION 

J. GABELMAN (United States of America): Has 
prospecting indicated the possibility of finding other 
uranium deposits in Gabon similar to the one you 
described? 

I should also like to ask if the Mounana deposit 
bears any relation to the Congo uranium deposits or 
the Northern Rhodesian copper belt. 

F. N'GUEMA N'DONG (Gabon): Apart from the 
deposit worked at Mounana, there have been many 
indications that similar ores exist in various parts of 
Gabon and surveys are continuing, but it is still impos
sible to say whether such surveys will show that new 
deposits exist. 

As to your second question, the only thing that can 
be said at present is that the Mounana deposit lies in 
the same Precambrian formations as surround the 
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Congo basin. It is still impossible to correlate the 
Rhodesian Precambrian formations with those in the 
Francevillien basin in Gabon. 

Paper Pf636 (presented by J. J. Went) 

DISCUSSION 

E. SVENKE (Sweden) : Several papers allocated to 
this session have stressed the importance of continuing 
uranium prospecting and also expressed the fear that 
there would be a shortage of uranium within a few 
decades which would result in an increase in price. 
In the paper presented by Dr. Went, conclusions are 
drawn with regard to the course to be followed in the 
development of nuclear power and the choice of reactor 
types. It is stated in the paper that the present known 
reserves of uranium available at $10/1b U30 8 are 
450 000 metric tons and that the amount available at 
up to $30/lb U3 0 8 might be 1 650 000 metric tons. 
The last figure includes uranium available in the 
Swedish uranium-bearing shales. I can now give more 
details of this situation in Sweden. The shale resources 
are calculated to contain at least 1 million metric tons 
of uranium. They are located mainly in one homo
geneous deposit, easily accessible in the central-southern 
part of the country. A mine and a milling plant, 
which will be in operation from the middle of 1965, 
will be able to produce 120 metric tons of uranium 
per year and the plant will provide accurate informa
tion regarding the appropriate technique and the cost 
of recovery. However, I can already state that, when 
the operation is on a still larger scale, it will be possible 
to recover concentrates from this enormous potential 
body of ore at a cost well below half the maximum 
figure of $30 and perhaps even at a cost of about 
$10. 

The authors of paper P/636 also do not take account 
of the fact that there are already heavy water power 
systems which make very efficient use of uranium. 

Having regard to these factors, I do not agree with 
the conclusion in the paper that the fast development 
of breeder reactors is urgent, and I disagree, in par
ticular, with the conclusion that the large-scale 
application of present-day power reactors is undesir
able. The increase in the known world reserves result
ing from further exploration, together with the large, 
proven Swedish reserve of uranium, which will be 
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available with an extraction cost only slightly higher 
than that for existing rich raw material, will stabilize 
prices for a long time at a level not very much higher 
than at present and thus ensure that the existing power 
reactor systems can be utilized. 

J. J. WENT (Netherlands): While an extra 1 million 
tons of uranium in the $10-30/1b range would be very 
desirable, it would not fundamentally alter the con
clusions in the paper I presented since millions of 
tons of cheap uranium will be required to carry out 
future large-scale nuclear energy programmes. An 
additional million tons at a price two to three times the 
present price would merely extend by a few years the 
period in which breeder reactors could be developed. 
Thus the development of such reactors is urgently 
required to enable us to start the production 
programme in 1970, on the lines indicated in 
Table 4. 

I should also like to point out that the GCR and 
BWR reactors, not the heavy water reactor, are the 
proven types. Only small prototypes of heavy water 
reactors are available and, as stated in the conclusions 
to the paper, they could be useful during an inter
mediate period. 

Paper P/494 (presented by V. Membrillera Membrillera) 

DISCUSSION 

J. LECOQ (France): Are the figures given in the paper 
for the deposits discovered in shales in Spain regarded 
as definitive, or is any increase hoped for, particularly 
by extending the depth of workings? 

I should also like to ask if there is any reason to 
expect that the mobile or semi-mobile ore processing 
plants now planned or being tested will operate at 
cost-prices equal or similar to those obtained at 
conventional plants. 

V. MEMBRILLERA MEMBRILLERA (Spain): We esti
mate that the uranium reserves already discovered 
in the Cambrian shales in Salamanca amount to more 
than 3 500 000 tons, or 3 500 tons of U30 8 ; our 
surveys, however, lead us to believe that they will 
not exceed 4 000 or 5 000 tons of U30 8• Although 
core drilling has shown that there are mineral deposits 
at a depth of 60 metres, these are only sporadic, and 
we continue to believe that the average depth at 
which such deposits will be found is 25 to 30 metres. 

I should like to ask my colleague, Dr. Josa Garcia, 
to answer your second question. 

J. M. JosA GARciA (Spain): I do not think the ques
tion can be answered in general terms. With certain 
minerals, however, and in certain cases of small 
tonnage, etc., conversion costs can be obtained which 
are similar to those in a conventional lay-out, mainly 
because of a better use of reagents, a smaller volume 
of liquids and less depreciation. 

J. GABELMAN (United States of America): In view 
of the discovery of new uranium deposits, does 
Dr. Membrillera think that Spain will become an 
exporter of uranium? 

V. MEMBRILLERA MEMBRILLERA (Spain): My 
colleagues and I cannot give a definite answer, since 
the decision will obviously have to be taken at a higher 
level. It is reasonable to assume, however, that the 
answer to your question will depend on the Spanish 
nuclear energy programme and the market conditions 
with regard to uranium in the future. 

Paper Pj752 (presented by K. K. Dar) 

DISCUSSION 

V. ZIEGLER (France): Has the Atomic Minerals 
Division done any surveys on formations in the Gond
wana series? If so, what were the results? 

K. K. DAR (India): We have carried out radiometric 
surveys of almost all horizons of the Gondwana 
formations, but no significant concentrations of ura
nium have been found so far. On the other hand, local 
concentrations of thorium in narrow bands have been 
located. The remaining parts of the Gondwana forma
tions are being surveyed and the results to date show 
that these formations are essentially thorium-bearing. 

Papers P/256 (presented by R. L. Faulkner) and 
P/24 (presented by J. W. Griffith) 

(It was agreed that these papers should be discussed 
together.) 

DISCUSSION 

J. L. GILLAMS (United Kingdom): Could Dr. Faulk
ner please explain the grounds on which paper 
P/256 predicts a level of world U30 8 production in 
I 970 as high as I 4 000 tons per annum? Is it not pos
sible, and even likely, that stocks of uranium already 
in hand in the United States and in other countries 
will lead to a demand on new production in I970 sub
stantially less than this? 

R. L. FAULKNER (United States of America): 
The figure of 14 000 tons per annum in 1970 includes 
about 8 000 tons to be purchased in 1970 by the United 
States Atomic Energy Commission from United 
States mines. This leaves about 6 000 tons, the produc
tion of which is now planned by other countries such 
as South Africa, Canada, France, Australia, etc. It is 
expected that requirements will increase so rapidly 
after 1970 that the world stocks in hand would have 
no more than a temporary effect on the demand. 
The United States does not intend to sell any uranium 
it may have on hand in a manner which would be 
deleterious to the domestic mining industry. 

R. BLOCH (Israel): I gather from paper P/256 that 
after 1970 considerable quantities of lower-grade 
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uranium ores will have to be processed. Will this 
necessitate important changes and new processing 
techniques? 

R. L. FAULKNER (United States of America): 
I do not envisage any immediate change in the grade 
of material mined and processed. Provided that the 
exploration programmes are successful, the present 
grades may continue to be used for a long time. 
However, improved mining and milling techniques 
have made it possible to mine and process successively 
lower grades of material. 

J. MABILE (France): It would appear from these 
papers that the reserves reported in the $10-30/ I b 
U30 8 price range are relatively small, for they represent, 
including the potential resources, 700 000 tons of 
U3 0 8 in the United States and 300 000 tons in Canada, 
making a total of I million tons. This seems to be a 
small addition to the reserves in the $5-10 range 
(a total of 350 000 plus 450 000 tons, i.e. 800 000 tons) 
and it may therefore be assumed that the exhaustion 
of reserves at current prices ($8-10) will be followed 
closely by that of reserves at $30. Accordingly, it is 
to be feared that prices will quite soon rise to $30 
and more, taking into account the estimated require
ments for the next twenty years or so. Is such pessi
mism concerning the future development of nuclear 
energy in fact well-founded? 

R. L. FAULKNER (United States of America): 
I am optimistic regarding the probability of finding 
larger supplies of uranium in the $8-10 range, but I 
agree that such optimism should be tempered with 
caution. I believe that we shall discover many more 
deposits of the kind now supplying uranium. 

J. W. GRIFFITH (Canada): Our future reserves, 
including the present reserves, should amount to 
about 1 million tons of U30 8. In our view, this is a 
significant figure. 

R. L. FAULKNER (United States of America): 
The paper presented by Dr. Griffith states that Canada 
should be able to find as much uranium in the future 
as it has in the past. Does Dr. Griffith expect that the 
Canadian mining industry will take note of the rising 
demand and undertake the necessary exploration and 
development? 

J. W. GRIFFITH (Canada): Yes, I expect that the 
Canadian mining industry will take note of a rising 
demand for uranium when there is some firm indication 
that orders and long-term contracts will be obtained. 
In other words, the industry is not likely to undertake 
exploration and development until it can be assured 
of a market for its product. 

A. GANGLOFF (France): You say that the Canadian 
reserves in January 1964 amounted to 188 000 metric 
tons of U30 8• The EURATOM publication* referred 

* P/24, Ref. 1. 
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to gave a figure of 170 000 tons of U30 8 for January 
1962 or, taking into account the operations in 1962 
and 1963, 150 000 tons for January 1964. There is 
therefore apparently a considerable increase. The 
EURATOM publication drew attention to the possible 
existence of 70 000 supplementary tons at Elliot Lake 
but did not include them in the reserves. Do you 
think that the difference between your figures and those 
given in the EURATOM publication results from a 
re-assessment of the mine or is it due to the addition of 
the potential reserves which the EURATOM publica
tion did not take into consideration? 

J. W. GRIFFITH (Canada): Partly one and partly 
the other. In fact about one half of the 70 000 tons 
reported by EURATOM as a supplementary amount, 
was included in our reserve figure for January 1964. 
The reason for not including the entire 70 000 tons is 
that we felt the remainder should now be reported as 
potential ore, as explained in our paper. 

J. MABILE (France): With regard to the French 
reserves, you indicated in your oral presentation that 
the earlier estimate of 50 000 tons had been reduced 
to 28 000 tons. The estimate has not, in fact, been 
reduced: the figure of 50 000 tons, given in 1958, 
represented the total potential that could be hoped for 
in France and the figure of 28 000 tons of uranium 
metal represents the proven reserves today. The 
potential is still estimated at 50 000 tons, which 
represents a slight increase, taking into account the 
tonnage mined since 1958. 

Paper P/405 (presented by P. N. Stipanicic) 

DISCUSSION 

A. GANGLOFF (France): The paper mentions a 
certain number of lodes which, after a fairly small 
amount of work had been carried out, yielded ores of 
very high grade. Is the importance of these lodes 
fairly limited or do you think that additional investiga
tions should be carried out to determine their extent, 
both lateral and in depth, or that their satellite struc
tures should be scanned? 

P. N. SnPANICIC (Argentina): So far the two lodes 
in question, which are in the Estela and San Sebastian 
deposits, have yielded, after some years of work, 
small quantities of high-grade ore, amounting in all 
to 5 000 tons. In the first case the U30 8 content was 
0.5% and in the second 0.85%. Exploration of the 
San Sebastian deposits showed that the grade decreases 
with depth. Preliminary geochemical surveys in the 
San Sebastian area and the existence of various deposits 
not yet explored, because they are owned by private 
firms, indicate that the district may be of some interest. 
Near the Estela deposits only some small amounts of 
ore have been found (which are of current interest 
since the price is $8/1 b U30 8) but the development 
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of these deposits to date does not suggest that there 
are great possibilities of further development. For 
those reasons, even if further exploration shows that 
these lode deposits are larger, taking into account 
the parameters of those already known, it is prefer
able at present not to attach greater importance to 
them than to sedimentary deposits. 

J. LECOQ (France): In addition to the deposits and 
indications described in the paper, do you think 
uranium may be found in Argentina under the recent 
geological horizon in the pampas and is it intended to 
investigate this possibility? 

P. N. SnPANrcrc (Argentina): Almost throughout 
the entire area selected in Argentina as potentially 
uranium-bearing, totalling approximately 1 200 000 
square kilometres, there is no recent geological horizon. 
In the remaining area, which amounts to over 1 800 000 
square kilometres, there is a tertiary and quaternary 
sedimentary horizon, the depth of which ranges 
from hundreds to thousands of metres. The outcrops 
of these Cenozoic formations near the edges of the 
oldest cores have not yet shown any interesting indica
tions of uranium-bearing accumulations. For that 
reason, these areas are not likely to be of major 
importance in the immediate future and thus there are 
no current plans for investigating their possibilities. 

Under the terrain there are Triassic formations 
(sediments and vulcanites), Anthracolithic formations 
(sediments) and Devonian formations (sediments) 
which might be uranium-bearing, but on account of 
the depth at which they lie they have not been included 
in the present or future programmes as there are much 
more favourable zones available. 

L. GUTIERREZ JODRA (Spain) : In the heap-leaching 
process the pre-concentrates are obtained by precipita
tion with lime; if I understand correctly, they contain 
approximately 5% of U30 8 • I should like to know, 
first, what subsequent treatment is used to recover 
uranium and, secondly, the total cost of the nuclear
pure uranium obtained by this method or how it 
compares with that of uranium obtained by conven
tional leaching. 

P. N. SnPANrcrc (Argentina) : The pre-concentrates 
are sent to the Cordoba plant for final refining. At 
present they are treated with sulphuric acid solution 
and the charged liquids go through the amine-solvent 
plant, which yields concentrates with 82-85% U30 8 

content. In October the process will be varied in order 
to obtain ammonium uranyl tricarbonate of high 
purity (sub-nuclear). 

As to your second question, it has been found prefer
able to establish a comparison between the costs of 
yellow cake produced from the pre-concentrates and 
those of yellow cake produced by conventional plants. 
The Don Otto deposit contains an ore very suitable 
for heap leaching and the yellow cake obtained is 

lower in price, by about Sl-1.50 per lb, than that 
from conventional plants. 

T. BATUECAS RODRIGUEZ {Spain): What is the price 
of the uranium pre-concentrate when the Don Otto 
leaching process is used? I should also like to ask if 
you intend to use another method of recovery, apart 
from the direct precipitation of the leaching liquids. 

P. N. STIPANICIC (Argentina): The price is between 
$6 and $6.50 per 1 b of U30 8 to which must be added 
the cost of transport to the Cordoba plant and its 
final refining. It should be stressed that the price of 
sulphuric acid has a very considerable effect on the 
cost, since it must be transported a distance of 1 400 
kilometres over difficult roads. At present attention is 
being given to the possibility of reducing costs, by 
using other leaching agents, at least up to specified 
levels of extraction. These agents would be ferric and 
ferrous sulphates, the cost of which is low in Argentina. 

With regard to your second question, I should like 
to point out that the heap-leaching method is suitable 
for the extraction of uranium from ore. On the other 
hand, although the results obtained in the calcium 
precipitation of the loaded liquids are being improved, 
plans are being made for the establishment of an amine
solvent plant in Don Otto for the production of yellow 
cake with a U30 8 content of over 80%. 

GENERAL DISCUSSION 

R. SPENCE (United Kingdom): We have for some 
years been studying the extraction of uranium from 
sea water. This now appears to be technically feasible, 
but considerable development will be required before 
an industrial plant can be specified. Our estimates of 
cost are necessarily extremely tentative but we think 
production of U30 8 in the medium price range, i.e. 
about $20 per lb, will be possible Our findings will be 
published in the next issue of Nature.* 

J. J. WENT (Netherlands): If uranium can be extrac
ted from sea water on an industrial scale at a cost of 
about $20 per lb, breeder reactors will merely be 
interesting from the economic point of view. For this 
purpose, however, the proven types of existing power 
reactors may be very uneconomic. 

0. A. QurHILLALT (Chairman): Extraction of 
uranium from sea water at reasonable cost would of 
course have an important bearing on the whole situa
tion. The present position can, I think, be summed up 
as follows. The uranium reserves of the Western world 
can be estimated at 500 000 tons which can be reco
vered at a cost of $8 per lb. It is hoped that reserves 
will be doubled in the next 20 years. Some 3 million tons 
will be required by the year 2 000. If the use of heavy-

* Davies, R.V., Kennedy, J., Mcilroy, R.W., Spence, R. and 
Hill, K.M., Extraction of Uranium/rom Sea Water, Nature, 203, 
1110 (1964). 
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water reactors or breeders is intensified, the figure may 
be reduced to 1-2 million tons. All the estimated 
resources must be checked in the near future, and for 
this purpose it is essential to recommence prospecting 
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and exploration immediately. Finally, there are large 
thorium resources, but is it still rather premature 
to introduce them into present-day nuclear energy 
programmes. 

Ressources et besoins en uranium et thorium 

President 0. A. Quihillalt (Argentine) 

Memoire P/72 (presente par J. Mabile) 

DISCUSSION 

R. L. FAULKNER (Etats-Unis d'Amerique) : Le 
memoire que vous avez presente souligne qu'il est 
necessaire de continuer la prospection et les etudes 
des gisements pour trouver de nouveaux depots en 
vue de faire face aux besoins futurs. Estimez-vous 
qu'il est probable que l'on trouvera suffisamment 
d'uranium a bas prix pour satisfaire les besoins au 
cours d 'une peri ode de plusieurs decennies? 

J. MABILE (France) : Je pense qu'il serait paradoxa! 
d'affirmer que les seules reserves mondiales de minerais 
d'uranium a bas prix n'existent que dans les regions 
dans lesquelles des indices ou des gisements ont ete 
decouverts bien avant ce que l'on peut appeler l'ere 
atomique. Je pense que l'on pourra trouver aussi dans 
d'autres regions des gisements exploitables economi
quement, mais il faudra prospecter dans des zones 
moins familieres que celles dans lesquelles les gise
ments actuels sont exploites. A ce sujet, !'experience 
fran<;aise en Afrique incite a une certaine prudence. 
La part des prospections dans le prix de revient ira 
en croissant en raison des difficultes rencontrees, et 
il sera difficile de maintenir les prix actuels. II faut 
egalement se rappeler qu'il n'a ete possible d'exploiter 
les riches gisements actuellement connus qu'en accep
tant de payer pour des tonnages importants des prix 
plus eleves, 10 a 11 dollars par livre de U30 8, que ceux 
pratiques a I 'heure actuelle. 

Memoire P/883 (presente par F. N'Guema N'Dong) 

DISCUSSION 

J. GABELMAN (Etats-Unis d'Amerique) : Les pros
pections permettent-elles d 'envisager la possibilite de 
trouver d 'autres gisements d 'uranium au Gabon, 
analogues a celui que vous avez decrit? 

Je voudrais aussi demander si le gisement de 
Mounana a une relation quelconque avec les depots 
d'uranium du Congo et avec Ia ceinture du cuivre 
de Ia Rhodesie du Nord. 

F. N'GuEMA N'DONG (Gabon) : En dehors du 
gisement exploite a Mounana, il y a de nombreux 
indices de !'existence de minerais semblables dans 
diverses parties du Gabon, et les !eves continuent, 
mais il est encore impossible de dire si ces leves revele
ront 1 'existence de nouveaux gisements. 

En ce qui concerne votre seconde question, Ia seule 
chose que l'on puisse dire pour le moment c'est que 
le gisement de Mounana se trouve dans les memes 
formations precambriennes que celles qui entourent 
le bassin du Congo. 11 est encore impossible de lier 
les formations precambriennes de Rhodesie a celles 
du bassin de Franceville au Gabon. 

Memoire P/636 (presente par J. J. Went) 

DISCUSSION 

E. SVENKE (Suede) : Plusieurs memoires presentes a 
cette seance ont souligne !'importance que presente Ia 
prospection de 1 'uranium a 1 'avenir, et aussi exprime 
la crainte de voir apparaitre dans quelques decennies 
une penurie d'uranium, qui entrainerait une augmen
tation des prix. Le memoire presente par le or Went 
formule des conclusions concernant la fa<;on de deve
lopper 1 'energie nucleaire et le choix des types de 
reacteurs. 11 est indique dans le memoire que les re
serves actuellement connues d'uranium disponible 
a 10 dollars par livre de U30 8 s'elevent a 450 000 t 
et que les quantites disponibles a des prix allant 
jusqu'a 30 dollars par livre de U30 8 pourraient etre de 
1 650 000 t. Ce dernier chiffre comprend 1 'uranium 
disponible dans les schistes uraniferes suedois. Je peux 
donner maintenant plus de details sur la situation en 
Suede dans ce domaine. Les ressources en schistes 
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contiennent, d'apres les calculs, au moins 1 million 
de tonnes d'uranium. Elles sont essentiellement situees 
dans un seul gisement homogene, facilement acces
sible dans Ia partie centre-sud du pays. Une mine et 
une usine de traitement, qui entreront en service au 
milieu de 1965, permettront de produire 120 t d'ura
nium par an, et I 'usine fournira des renseignements 
precis sur Ia technique appropriee et Ie cofit du traite
ment. Cependant, je peux deja dire qu'en operant a 
plus grande echelle il sera possible de produire des 
concentres a partir de cette enorme masse potentielle 
de minerai a un prix qui sera nettement inferieur a Ia 
moitie du chiffre maximal de 30 dollars, et peut-etre 
meme a un prix voisin de 10 dollars. 

Les auteurs du memoire P/636 ne tiennent pas 
compte non plus du fait qu'il y a deja des reacteurs de 
puissance a eau lourde qui utilisent tres efficacement 
!'uranium. 

Compte tenu de ces facteurs, je ne suis pas d 'accord 
avec les conclusions du memoire, selon lesquelles Ie 
developpement rapide des reacteurs surgenerateurs 
est un probleme urgent, et je ne suis pas d'accord, 
en particulier, avec Ia conclusion selon laquelle !'uti
lisation a grande echelle des reacteurs de puissance 
actuels n'est pas souhaitable. L'augmentation des 
reserves mondiales reconnues grace a Ia continuation 
de Ia prospection, ainsi que Ies reserves d'uranium 
suedois, importantes et prouvees, qui seront dispo
nibles a un co fit d 'extraction legerement superieur 
seulement au prix correspondant pour les minerais 
riches existants, stabiliseront les prix pour longtemps 
a un niveau a peine superieur au niveau actuel, et 
assurent done Ia possibilite d 'utilisation des systemes 
existants de reacteurs de puissance. 

1. 1. WENT (Pays-Bas) :Bien qu'un million de tonnes 
supplementaires d 'uranium dans I 'intervalle de prix 
de 10 a 30 dollars Ia livre soit tres souhaitable, ceci ne 
change pas fondamentalement les conclusions du 
memoire que j'ai presente, car il faudra des millions 
de tonnes d'uranium a bon marche pour entreprendre 
les programmes futurs d'energie nucleaire a grande 
echelle. Un supplement d'un million de tonnes a un 
prix egal a deux a trois fois le prix actuel ne ferait que 
prolonger de quelques annees Ia periode au cours 
de laquelle les reacteurs surgenerateurs pourraient 
etre mis au point. Ainsi, le developpement de ces 
reacteurs est necessaire et urgent pour nous permettre 
de commencer la mise en ceuvre du programme de 
production en 1970, selon le plan indique dans le 
tableau 4. 

1e voudrais aussi souligner que les reacteurs a gaz 
et les reacteurs a eau bouillante, et non pas les reac
teurs a eau lourde, representent les types eprouves. 
11 n'existe que de petits prototypes de reacteurs a 
eau lourde et, comme l'indiquent Ies conclusions du 
memoire, ils pourraient etre utiles pendant une periode 
intermediaire. · 

Memoire P/494 (presente par V. Membrillera Mem
brillera) 

DISCUSSION 

1. LECOQ (France) : Les chiffres de reserves donnes 
dans ce memoire pour les gisements decouverts dans 
les schistes en Espagne sont-ils consideres comme 
definitifs, ou bien espere-t-on les augmenter, en parti
culier par une extension en profondeur de I 'extraction? 

1e voudrais aussi demander s'il y a des raisons 
d 'esperer obtenir dans les installations de traitement 
de minerai mobiles ou semi-mobiles, actuellement a 
I 'essai ou en projet, un prix de revient ega! ou voisin 
de celui qu'on obtient dans une usine de type clas
sique. 

V. MEMBRILLERA MEMBRILLERA (Espagne) : Nous 
estimons que les reserves d'uranium deja decouvertes 
dans les schistes cambriens de Salamanque s'elevent 
a plus de 3 500 000 t, soit 3 500 t de U30 8 ; nos !eves, 
cependant, nous conduisent a penser qu'elles ne 
depasseront pas 4 000 ou 5 000 t de U30 8• Bien que 
des sondages aient montre qu'il y avait des depots a 
une profondeur de 60 m, ces depots sont seulement 
sporadiques, et nous continuous a penser que Ia pro
fondeur moyenne a laquelle on trouvera de tels depots 
est de 25 a 30 m. 

1e voudrais demander a mon collegue, le nr 1osa 
Garcia, de repondre a votre seconde question. 

1. M. 1osA GARciA (Espagne) : 1e ne pense pas qu'il 
soit possible de repondre a cette question de fa~on 
generale. Pour certains minerais, cependant, et dans 
certains cas correspondant a des tonnages faibles, etc., 
on peut obtenir des coilts de conversion analogues a 
ceux que donnerait une installation de conception 
classique, principalement grace a une meilleure utili
sation des reactifs, a un plus faible volume de solutions, 
et a une depreciation plus faible. 

1. GABELMAN (Etats-Unis d'Amerique) : A Ia suite 
de Ia decouverte de nouveaux gisements d 'uranium, 

• le Dr Membrillera pense-t-il que l'Espagne va devenir 
un exportateur d'uranium? 

V. MEMBRILLERA MEMBRILLERA (Espagne) : Mes 
collegues et moi-meme ne pouvons pas donner de 
reponse definitive, car Ia decision sera evidemment 
prise a un echelon plus eleve. 11 est raisonnable de 
supposer, cependant, que Ia reponse a votre question 
dependra du programme nucleaire de l'Espagne, et 
des conditions du marche de !'uranium dans les annees 
a venir. 

Memoire Pj752 (presente par K: K. Dar) 

DISCUSSION 

V. ZIEGLER (France) : L'Atomic Minerals Division 
a-t-elle eu !'occasion d'effectuer des prospections sur 
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des formations appartenant a Ia serie des Gondwana? 
Dans I 'affirmative, quels ont ete les resultats? 

K. K. DAR (Inde) : Nous avons fait des prospections 
radiometriques de presque tousles horizons des forma
tions de Gondwana, mais nous n'avons trouve jusqu'a 
present aucune concentration notable d'uranium. 
D'autre part, nous avons repere des concentrations 
locales de thorium en bandes etroites. Le reste des 
formations de Gondwana est en cours de prospection 
et les resultats obtenus a ce jour montrent que ces 
formations sont essentiellement thoriferes. 

Memoires P/256 (presente par R. L. Faulkner) et 
P/24 (presente par J. W. Griffith) 

(Jl a ete convenu que ces memoires seraient discutes 
ensemble.) 

DISCUSSION 

J. L. GILLAMS (Royaume-Uni) : Le or Faulkner 
pourrait-il expliquer d 'a pres queUes hypotheses le 
memoire P/256 predit un niveau de production 
mondiale de U30 8 en 1970 atteignant 14 000 t par 
an. N'est-il pas possible, et meme probable, que les 
stocks d'uranium existant aux Etats-Unis et dans 
d 'autres pays conduisent a une demande portant sur 
les nouvelles productions en 1970 tres inferieure a 
ce chiffre? 

R. L. FAULKNER (Etats-Unis d'Amerique) : Le 
chiffre de 14 000 t/a en 1970 comprend environ 
8 000 t qui seront achetees par I' Atomic Energy 
Commission des Etats-Unis a des mines des Etats
Unis. Ce qui laisse environ 6 000 t, dont Ia production 
est actuellement envisagee par d 'autres pays tels 
que !'Afrique du Sud, le Canada, Ia France, l'Aus
tralie, etc. On prevoit que les besoins croitront si 
rapidement apres 1970 que les stocks mondiaux dispo
nibles n 'auront qu 'un effet temporaire sur Ia demand e. 
Les Etats-Unis veulent eviter que Ia vente de !'uranium 
dont ils pourraient disposer porte prejudice a leur 
industrie miniere. 

R. BLOCH (Israel) : Le memoire P/256 indique 
qu'il faudra traiter apres 1970 des quantites consi
derables de minerais d'uranium a plus faible teneur. 
Ceci entrainera-t-il des changements importants et de 
nouvelles techniques de traitement? 

R. L. FAULKNER (Etats-Unis d'Amerique) : Je ne 
prevois pas de changement immediat de Ia teneur des 
minerais extraits et traites. A condition que les pro
grammes de prospection reussissent, on pourra conti
nuer pendant longtemps a utiliser les qualites actuelles. 
Cependant, I' amelioration des techniques d 'extraction 
et de traitement a rendu possible I 'extraction et le 
traitement de minerais de teneurs de plus en plus 
faibles. 

J. MABILE (France) :II apparait d'apres ces memoires 
que les reserves correspondant au domaine de prix de 
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10 a 30 dollars la livre de U30 8 sont assez modestes, 
car elles representent, y compris Jes ressources pos
sibles, 700 000 t de U30 8 aux Etats-Unis et 300 000 t 
au Canada, soit un total de 1 million de tonnes. Ceci 
semble constituer un faible apport aux reserves pour 
les prix de 5 a 10 dollars (un total de 350 000 plus 
450 000 t, soit 800 000 t), et on peut done supposer 
que l'epuisement des reserves au cours actuel (8 a 
10 dollars) sera rapidement suivi par celui des reserves 
a 30 dollars. On peut done craindre que les prix 
s'elevent tres rapidement a 30 dollars et plus, compte 
tenu des besoins admis d'ici une vingtaine d'annees. 
Un tel pessimisme concernant Je developpement de 
l'energie nucleaire est-il fonde? 

R. L. FAULKNER (Etats-Unis d'Amerique) : Je suis 
optimiste en ce qui concerne Ia probabilite de trouver 
de grandes quantites d'uranium dans les limites 
8-10 dollars, mais je reconnais qu'un tel optimisme 
doit etre tempere de prudence. Je crois que nous trou
verons beaucoup d 'autres gisements du type de ceux 
qui no us donnent actuellement I 'uranium. 

J. w. GRIFFITH (Canada) : Nos reserves futures, 
y compris Jes reserves actuelles, doivent s 'clever a 
environ 1 million de tonnes de U30 8• A notre avis, 
c'est un chiffre significatif. 

R. L. FAULKNER (Etats-Unis d'Amerique) : Le 
memoire presente par le Dr Griffith indique que le 
Canada devrait pouvoir trouver a l'avenir autant 
d'uranium qu'il en a trouve dans le passe. Le Dr Grif
fith pense-t-il que I 'industrie mini ere canadienne va 
tenir compte de Ia demande croissante et entreprendre 
Ia prospection et le developpement necessaires? 

J. W. GRIFFITH (Canada) : Oui, je pense que I 'indus
trie miniere canadienne tiendra compte de la demande 
croissante d'uranium des qu'il y aura quelque indi
cation serieuse sur Ia possibilite de commandes et 
de contrats a long terme. En d'autres termes, il est peu 
probable que l'industrie entreprenne des prospections 
et des developpements tant qu'elle ne sera pas assuree 
qu'il y a un marche pour son produit. 

A. GANGLOFF (France) : Vous dites que les reserves 
canadiennes en janvier 1964 s'elevaient a 188 000 t 
de U 30 8• La publication de !'EURATOM citee * 
donnait un chiffre de 170 000 t de U 30 8 en janvier 
1962, soit, en tenant compte de !'exploitation en 1962 
et 1963, 150 000 t pour janvier 1964. II y a done 
apparemment une notable augmentation. Le rapport 
d'EURATOM signalait !'existence possible de 70 000 t 
supplementaires a Elliot Lake, mais sans les incorporer 
dans les reserves. Pensez-vous que Ia difference entre 
vos chiffres et ceux du rapport de !'EURATOM 
resulte d'une reevaluation des mines ou de ]'addi
tion de ces reserves possibles que le rapport de 
!'EURATOM n'aurait pas prises en consideration? 

* P /24, ref. 1. 
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J. W. GRIFFITH (Canada) : Les deux explications 
doivent intervenir. En fait, Ia moitie environ des 
70 000 t signalees par !'EURATOM comme quantite 
supplementaire figurait dans nos chiffres de reserves 
pour janvier 1964. Nous n'avons pas indus Ia totalite 
des 70 000 t parce que nous pensons que Ie reste devrait 
maintenant faire partie des minerais potentiels, comme 
I 'explique notre memoire. 

J. MABILE (France) :En ce qui concerne les reserves 
fran9aises, vous avez indique dans votre presentation 
orale que I 'estimation initiale de 50 000 t avait ete 
ramenee a 28 000 t. En fait, !'estimation n'a pas ete 
reduite : le chiffre de 50 000 t, donne en 1958, repre
sentait le total du potentiel que !'on pouvait esperer 
en France et le chiffre de 28 000 t d 'uranium metal
lique represente les reserves prouvees a I 'heure actuelle. 
Le potentiel reste toujours evalue a 50 000 t, ce qui 
represente une Iegere augmentation, compte tenu du 
tonnage extrait depuis 1958. 

Memoire P/405 (presente par P. N. Stipanicic) 

DISCUSSION 

A. GANGLOFF (France) : Le memoire mentionne un 
certain nombre de gisements filoniens qui, apres des 
travaux assez limites, ont livre des minerais a tres 
bonne teneur. L'importance de ces gisements filo
niens est-elle assez limitee, ou bien pensez-vous qu'il 
faudrait faire des etudes additionnelles pour deter
miner leur extension, tant lateralement qu'en profon
deur, ou que les structures satellites devraient etre 
explorees? 

P. N. STIPANICIC (Argentine) : Jusqu'a present les 
deux gisements filoniens en question, qui sont dans 
les depots Estela et San Sebastian, ont livre, apres 
quelques annees de travail, de petites quantites de 
minerai a haute teneur, representant au total 5 000 t. 
Dans le premier cas Ia teneur en U30 8 etait de 0,5 % 
et dans le second de 0,85 %. Les prospections dans les 
depots San Sebastian ont montre que la teneur diminue 
avec Ia profondeur. Les etudes geochimiques preli
minaires entreprises dans Ia region de San Sebastian 
et I 'existence de divers depots non encore prospectes, 
parce qu'ils appartiennent a des societes privees, 
indiquent que le district peut presenter un certain 
interet. Au voisinage des depots Estela on n'a trouve 
que de petites quantites de minerai (qui sont cependant 
interessantes parce que le prix correspondant est de 
8 dollars Ia livre de U 30 8), mais !'exploitation de ces 
depots a ce jour ne laisse pas esperer de grandes possi
bilites de developpement ulterieur. Pour ces raisons, 
meme si les prospections futures montrent que ces 
depots filoniens sont plus importants, compte tenu des 
parametres des gisements deja connus, il est preferable 
pour le moment, de ne pas leur accorder plus d'impor
tance qu'aux depots sedimentaires. 

J. LECOQ (France) :A part les gisements et les indices 
decrits dans le memoire, pensez-vous qu'on peut 
trouver de I 'uranium en Argentine so us Ia couverture 
geologique recente des pampas et envisagez-vous 
d 'explorer ces possibilites? 

P. N. STIPANICIC (Argentine) : Dans presque toute 
Ia region reconnue en Argentine comme potentielle
ment uranifere, au total environ 1 200 000 km2, 

il n'y a pas de couverture geologique recente. Dans le 
reste de Ia superficie, qui depasse 1 800 000 km2, 

il y a une couverture sedimentaire tertiaire et quater
naire, dont la profondeur va de quelques centaines 
a quelques milliers de metres. Les affieurements de 
ces formations cenozoi:ques, aux bords des anciens 
noyaux, n'ont encore donne aucune indication d'accu
mulations uraniferes. C'est pourquoi ces regions n'ont 
probablement pas une grande importance pour I 'ave
nir immediat, et nous n'envisageons pas actuellement 
d'en explorer Ies possibilites. 

Sous le terrain, il y a des formations triasiques 
(sediments et vulcanites), des formations anthracoli
thiques (sediments), et des formations devoniennes 
(sediments) qui pourraient etre uraniferes, mais en 
raison de leur profondeur on ne les a pas incluses 
dans les programmes presents et futurs car il existe 
des zones beaucoup plus favorables. 

L. GuTIERREZ JoDRA (Espagne) : Dans le procede 
de lixiviation en tas les preconcentres sont obtenus 
par precipitation a Ia chaux; si j'ai bien compris, 
ils contiennent environ 5 % de U 30 8• Je voudrais 
savoir, d'abord, quel est le traitement ulterieur en vue 
de recuperer I 'uranium et, ensuite, que! est le prix 
total de I 'uranium de purete nucleaire obtenu par 
cette methode, ou comment ce prix se compare aux 
prix de ]'uranium obtenu par attaque classique. 

P. N. STIPANICIC (Argentine) : Les preconcentres 
sont envoyes a l'usine de Cordoba pour le raffinage 
final. Pour le moment, ils sont traites par une solution 
d'acide sulfurique, et les solutions meres passent dans 
I 'usine de solvant amine, qui donne des con centres 
ayant une teneur en U30 8 de 82-85 %. En octobre, 
le procede sera modifie en vue d'obtenir du tricar
bonate d'uranyle et d'ammonium de purete elevee 
(so us-n ucleaire). 

En ce qui concerne votre seconde question, nous 
avons juge preferable de comparer les prix du gateau 
jaune (yellow cake) produit a partir des preconcentres 
et de celui fourni par Ies usines de type classique. 
Le gisement Don Otto contient un minerai convenant 
tres bien a Ia lixiviation en tas et le co fit du gateau 
obtenu est inferieur, d'environ 1-1,50 dollar Ia livre, 
a celui de l'oxyde des usines classiques. 

T. BATUECAS RoDRIGUEZ (Espagne) : Que! est le 
prix des preconcentres d'uranium avec le procede 
d'attaque Don Otto? Je voudrais aussi demander 
si vous avez I 'intention d 'utiliser une autre methode 
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de recuperation, en dehors de la precipitation directe a 
partir des liquides d 'attaque. 

P. N. STIPANICIC (Argentine) : Le prix est compris 
entre 6 et 6,50 dollars par livre de U30 8, auquel il faut 
ajouter le coilt du transport a 1 'usine de Cordoba et le 
raffinage final. 11 faut souligner que le prix de 1 'acide 
sulfurique a une influence considerable sur le coilt, 
car il doit etre transporte sur une distance de 1 400 km 
par des routes difficiles. Nous etudions actuellement Ia 
possibilite de reduire les coilts, en utilisant d 'autres 
agents d'extraction, au moins jusqu'a un certain 
niveau d'extraction. Ces agents pourraient etre des 
sulfates ferriques et ferreux, dont le coilt est faible en 
Argentine. 

En reponse a votre seconde question, je voudrais 
souligner que Ia methode de lixiviation d'attaque en 
tas convient a !'extraction de !'uranium des minerais. 
D'autre part, bien que les resultats obtenus dans la 
precipitation calcique des solutions meres aient ete 
ameliores, no us preparons un pro jet d 'usine d 'extrac
tion par solvant amine a Don Otto, en vue de produire 
un gateau jaune ayant une teneur en U30 8 superieure 
a 80%. 

DISCUSSION G EN ERALE 

R. SPENCE (Royaume-Uni) : Nous etudions depuis 
quelques annees !'extraction de !'uranium a partir 
de l'eau de mer. Ceci semble maintenant technique
ment realisable, mais il faudra des etudes de mise au 
point considerables avant de pouvoir faire le projet 
d 'une installation industrielle. Nos evaluations de 
coilt sont par necessite tres incertaines mais nous 
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pensons que la production de U30 8 dans un domaine 
de prix moyen, c'est-a-dire environ 20 dollars la 
livre, sera possible. Nos resultats seront publies dans 
le prochain numero de Nature*. 

J. J. WENT (Pays-Bas): Si on peut extraire !'uranium 
de l'eau de mer a l'echelle industrielle a un prix voisin 
de 20 dollars la livre, les reacteurs surgenerateurs ne 
seront interessants qu'au point de vue economique. 
A ce point de vue, cependant, les reacteurs existants 
de type eprouve seront peut-etre tres coilteux. 

0. A. QUIHILLALT (President) : L'extraction a un 
prix raisonnable de !'uranium a partir de I 'eau de mer 
aurait evidemment une influence importante sur 
!'ensemble de la situation. Je pense qu'on peut resumer 
ainsi les conditions actuelles. Les reserves d 'uranium 
du monde occidental peuvent etre estimees a 500 000 t 
recuperables a un prix de 8 dollars la livre. On espere 
que les reserves seront doublees au cours des vingt 
prochaines annees. 11 faudra quelque 3 millions de 
tonnes d'ici a !'an 2000. Si !'utilisation des reacteurs 
a eau lourde ou des surgenerateurs s'accroit, ce chiffre 
pourrait etre ramene a 1-2 millions de tonnes. Toutes 
les ressources estimees doivent etre verifiees dans le 
proche avenir, et il est essentiel de recommencer 
immediatement !'exploration et la prospection. Entin, 
il y a de grandes reserves de thorium, mais il est encore 
assez premature de les faire figurer dans les programmes 
actuels d'energie nucleaire. 

*Davies, R. V., Kennedy, J., Mcilroy, R. W., Spence, R., 
et Hill, K. M., Extraction of Uranium from Sea Water, 
Nature, 203, 1110 (1964). 

3anaCbl ypaHa M TOPMII M noTpe6HOCTM 

flpeiJceiJame.llb: 0. A. 

,lJ,oKnaA P/72 (npeACTasHn >+<. Ma6Hnb) 

,LJ,II1CKYCCI--1fl 

P. JI. <DOJIH'HEP (CillA): B AOKJiaAe, KoTo
pLIH Bhl npe)J.CTaBHJIH, oTMeqaeTCH, qTo )J.JIH o6ec
neqeHHH 6YAYI.QHX TIOTpe6HOCTeif Heo6XOAHMO npo
BeCTH pa3BeAKY H paapa6oTKY HOBhiX MeCTOpom
AeHHH. CqnTaeTe Jin Bhl B03MOJI\HbiM Haxom)J.eHHC 
AOCTaToqHoro KOJIHqecTBa AeiTieBoro ypaHa AJIH 
o6ecneqeHHH TIOTpe6HOCTeH Ha HeCKOJihKO AeCHTII
JieTHH? 

m. MABMJib (<DpaHQIIH): BhiJIO 6hl Henpa-

KHnnanbT (ApreHTHHa) 

BHJihHbiM cqnTaTh, qTo MHpOBble 3allaChl )J.eiUe
BbiX ypaHOBhiX PYA BCTpeqaJOTCH TOJihKO B paiio
Hllx, r)J.e PYAOnpoHBJieHnH HJIH MecTopomAeHHH 
ypaHa 6biJIH OTKpbiThl 3a)J.OJirO AO <<aTOMHOrO>> Be-
1\a. JI AYMaiO, qTo peHTa6eJihHhie AJIH paapa6oTKH 
MeCTOpomAeHHH MoryT 6hiTh TaKme HaifAeHhl B 
.n.pyrnx paifoHax, HO paaBeAoqHhle pa6oTbl npn
AeTCH BeCTH B OTJI0/1\eHHHX MeHee nayqeHHhiX, qeM 
Te, B KOTOpbiX B HaCTOHI.Qee BpeMH paapa6aThiBa
IOTCH MecTopomAeHHH. B CBH3H c 3THM onhiT 
<llpaHQHH B alf>pnKaHCKHX pa3BeAKaX TIOKa3hiBaeT 
onpeAeJieHHYIO Qenecoo6pa3HOCTh TaKHX pa6oT. 
PacXOAhi Ha paaBeAoqHhle pa6oTbl, cnaraiOI.QHe 
'faCTh ce6eCTOHMOCTH ypaHa, onpeAI~JieHHO TIOBbl-
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CHTCH B pe3yJILTaTe B03HHKIIIIIX Tpy~nocTeii, n no
:JTOMY 6y,n;eT Tpy,n;no no.n;.n;epmnnaTL :u;eHLI na 3a
panee ycTaHOBJiennoM yponne. CJie,n;yeT TaK/I<e 
JIMeTh B Bn,n;y, 'ITO OK333JIOCb B03MOmHhiM pa3pa-
6aTbiB3Th JIHIIIh nan6oJiee 6oraTLie MecTopom,J.e
HH.II H3 H3BeCTHhlX B H3CTOHIIJ;ee BpeMH IIpH CO
J'JI3CHII nJiaTHTh 6oJiee BhiCOKHe :u;eHhl - 26-
28,5 p;oJIJiapon 3a 1 Kz ypana - n npn 6oJILIIIeM 
o6'heMe npon3BO)J;CTB3, lfeM B H3CTOHIIJ;ee BpeMH. 

,ll,oHnaA P/883 (npeACTaBI111 CO. H~YaMa 
H~,ll,oHr) 

,D,I-1CKYCCI-1R 

,ZJ,m. Y. CE:tl:BJIX8H (CiliA): IloKa3aJin Jill 
}1a3Be)J;O'IHhle pa60Thl B03MOmHOCTb OTKphlTHH B 
fa6one p;pyrnx MecTopomp;enllii ypana, anaJiornq
HhlX MecTopomp;emuo, KOTopoe BLI onliCaJin? 

Mne TaKme 6bi xoTeJioCL cnpoCliTh, nMeeT Jill 
MeCTopomp;emm Mynana KaKoe-Jin6o oTnoiiienne 
K ypaHOBhiM MeCTOpomp;eHHHM f\onro IIJIII K Mep,
HOMY noHcy Cenepnoii Pop;eann. 

<1>. H'Y8MA H',ZJ,OHf (fa6on): IloMnMo Me
CTopomp;ennii, pa3pa6aTLIBaeMLIX B Mynana, 6Lwo 
Mnoro npnanaKoB, 'ITO TaKne me py,n;LI nMeiOTCH B 
pa3,'1H'IHhiX lf3CTHX fa6ona H nOHCKll IlpO)J;OJima
IOTCH; O)J;H3KO noKa HeB03MOmHO CK333Th, npnBe
flYT Jill OHH K OTKphlTIIIO HOBhiX MeCTopomp;ennii. 

q TO KacaeTCH Baiiiero BToporo nonpoca, ceiilfac 
MOmHO OTMeTHTh e)J,IIHCTBeHHO: MeCTOpomp;eHHH 
Mynana JiemaT B Tex me p;oKeM6pniicKnx lflopMa
:u;nHx, KOTOpLie oKpymaroT 6acceiin I\onro. Bee 
m:u;e neB03Momno nop;neprnyTL KoppeJIHIJ;Hll p;o

KeM6pniicKne lflopMa:u;nn Pop;e3liii c lflopMa:u;uHMII 
II <l>paHCBIIJIJihCKOM 6acce:iine ra6ona. 

,ll.oKnaA P/636 (npeACTaBHJl ,ll.m. ,D.m. YaHT) 

,ll,I-1CKYCCI-1fl 

8. CBEHKE (IIIBe:u;nH): B necKoJILKnx p;oKJia
;~ax, npe)J,CTaBJieHHhiX na aTo 3acep;anne, nop;qep
KnBaJioCL namnoe 3Halfenne npop;oJimenna pa3De
,n;o'IHhiX pa6oT no ypany n TaKme BLipamamtch 
onacennH, 'ITO qepe3 neCKOJihKO p;ecHTnJieTnii 6y
)J,eT m:u;yi:u;aTLCH nexnaTKa ypana, KOTopaH npn
ne)J,eT B pe3yJILTaTe K nonLIIIIennro :u;enLI na nero. 
B AOKJia)J,e, npe)J,cTaBJiennoM A-poM YanToM, C)J,e
JiaHLI 33KJIIO'IeHUH OTHOCIITeJibHO Kypca, KOTOpOrO 
CJie)J,yeT npn)J,epmnBaTLCH npn pa3DIITnn H)J,epnoii 
;mepreTIIKH n npu DLI6ope THnon peaKTopa. B 
AOKJia,n;e yKa3LIDaeTCH, 'ITO H3DeCTHLie n na
CTOHI:u;ee npeMH aanacLI ypana, penTa6eJILHLie 
IIpn :u;ene 26 )J,OJIJiapOB 33 1 KZ MeTaJIJia B 33KIICH
OKUCH, COCT3BJIHIOT 450 ThiC. T, a 33n3CLI ypana, 
penTa6cJILHLie npn :u;enax AO 30 )J,OJIJiapon 3a 
1 KZ, MoryT COCT3Bl1Th 1650 ThiC. T. B IIOCJie)J,HIOIO 
:u;nlflpy BKJIIO'Ien ypan, co.n;epmm:u;niicH n IIIBeA
CKHX ypauoBLix cJian:u;ax. H Mory ceifqac coo6-
I:u;HTh 6oJiee IIO)J,p06Hhie )J,3HHhie 0 IIOJIOmCHlUI B 
:JTOM oTnoiiiennn B IIIBe:u;nn. ITo pacqeTaM, 3ana-

eLI cJian:u;a co)J,epmaT no Kpaiineii Mepe 1 MJIH. r 
ypana. Onn naxo,n;HTCH rJiaBHhlM o6pa3oM B op;uoM 
fOMoreHHOM JierKO)J,OCTynHOM MeCTOpOm)J,eHHH B 
:u;enTpe romnoii qacTn CTpanLI. PyAHIIK n o6oraTn
TeJILHaH lfla6pHKa, KOTOphie H31IHYT pa60T3Tb C 
Cepe)J,HIIhl 1965 rop;a, 6y)J,yT npOH3BO)J,liTb 120 T 

ypana B roA; o6oraTnTeJILHaH lfla6pHKa noaBOJIHT 
nOJIY'IHTb TO'IHLie )J,3HHbie OTHOCHTeJibHO npneMJie
MOM TeXHOJIOfHH H CTOHMOCTII H3BJielfeHHH ypana. 
0)J,naKo yme ceifqac H Mory cKaaaT.L, 'ITO npn ei:u;e 
6oJILIIIeM M3CIIITa6e ::JTHX pa6oT MOmHO 6y,n;eT IIO
JIY'I3Tb Kon:u;enTpaTLI H3 PYA )J,annoro orpoMnoro 
noTeHIJ;H3JibHOI'O HCTO'IHHKa IIO CTOIIMOCTH, 3H31J:H
TeJibHO MeHbilleM M3KCHM3JibHOM BeJIH'IHHbl B 70 
)J,OJIJiapOB H, B03MOmHO, )J,ame no CTOHMOCTH OKOJIO 
26 p;oJIJiapoB. 

AnTopLI iJ.OKJia)J,a P/636 TaKme ne npnnnMaiOT 
BO BHHM3HIIe TO, 'ITO yme CyiiJ;eCTBYIOT THmeJio
BO)J,HLie :JHepreTnlfeCKHe CHCTeMhl, KOTOpLie OlfeHb 
alfllfleKTIIBHO HCIIOJIL3YIOT ypan. 

YlfnTLIBaH ynoMHHYTLie Mnoii lflaKTopLI, H ne 
COfJI3CCH C 33KJIIO'IenneM, li3JIOmeHHbiM B )J,OKJia
)J,e, 0 TOM, 'ITO 6LICTpOe pa3BHTHe peaKTOpOB-p33-
MHOmHTeJie:ii HBJI.HeTC.II Kpaifne He06XO)J,HMhlM, If 

oco6enno ne corJiacen c TeM, 'ITO ncnoJIL30Ba
nne B KpyiiHOM M3CIIITa6e Cyi:u;eCTBYIOIIJ;liX B 
H3CTO.IIIIJ;ee BpeMH :JHepreTH'IeCKIIX peaKTOpOB .IIB
JI.IIeTCH nemeJiaTeJILHLIM. YneJinlfenne n3BeCTHLIX 
MnpoBLIX 3anacon n peayJILTaTe ,n;aJILneiimnx no
ueKoB BMecTe c 6oJILmnMn 3anacaMH ypana, pa3-
Be)J,aHHLIMn B lline:u;nn, CTOIIMOCTb JI3DJieqeHIIH 
ypana n3 KoTopLIX 6y)J,eT JIJIUIL ne naMnoro npe
BLIIIWTL CTOHMOCTh H3DJielfeHJIH ero H3 Cyi:u;eCTBY
IOI:u;ero GoraToro CLiphH, 6YAYT cTa6nJin3npoBaTL 
:u;enLI n Teqenne ,n;JinTeJILnoro nepno.n;a na ypoBne, 
IWTOpLii[ M3JIO npeDLICHT COBpeMCHHbiH, H, T3KJIM 
o6pa30M, o6ecneqaT B03MOmHOCTb HCIIOJib30B3HHH 
cyi:u;eCTBYIOIIJ;HX CHCTeM :JHepreTH'IeCKHX peaKTO
poB. 

,ll,m. ,ZJ,m. Y8HT (HniJ.epJiaH)J,LI): XoTH .n;on0.1I
HnTeJILHLie 3anaCbl B 1 MJIH. T ypana, peHTa6eJih
Hble npu :u;e11ax B npe,n;eJiax OT 26 .n;o 78 ,n;oJIJI. 3a 
1 KZ, 6yiJ,yT BCChM3 meJiaTCJibHhi, OHH IIpHHIJ;Hilli
aJibHO He 1:13MCHHT 33KJIIOqeHHH )J,OKJia)J,a, KOTOphli[ 
.II npe)J,CT3BHJI, nOCKOJihKY ,ll;JIH ocyr:u;ecTBJICHUH 
GyiJ,yi:u;eii KpynHoii nporpaMMhi no aToMnoii anep
reTnKe noTpe6yiOTCH MUJIJIHOHbl TOHH )J,eUieBOfO 
ypana. ,ZJ,oiiOJIHUTeJILHhlll MI:IJIJII:IOH TOHH CO CTOII
MOCThiO, B )J,Ba-TpH pa3a npeBhlill3IOI:u;eii COBpe
MeHHYIO CTOHMOCTL, npOCTO npo,n;JIHT Ha neCKOJihi\0 
JieT nepno)J,, B Teqenne KOToporo 6YAYT paapa6a
TLIBaTLCH peaKTopLI-paaMnomnTeJin. TaKnM o6-
pa3oM, paapa6onm TaKnx peaKTopoB Kpaiine ne
o6xo)J,nMa, 'IT06hi Mbl IIOJiyquJIH B03MOmHOCTb Ha
qaTb npon3BOL\CTnennyro nporpaMMY B 1970 ro.n;y 
B nanpaBJiemm, yKa3annoM B Ta6JI. 4. 

H TaKme xoTeJI 6LI OTMeTnTL, 'ITO anpoGnpo
nannLIMH THII3MH peaKTOpOB HBJIHIOTCH peaKTOp 
C f330BbiM OXJiam)J,eHneM U KHnHIIJ;HH peaKTOp, 110 
He THmeJIOBOL(Hb!M peaKTOp. J1MeiOTCH TOJihKO He-
6oJILIIIHe npoTOTHllbl THmeJIOBO)J,HhiX peaKTOpOB H, 
KaK fOBOpHTCH B BbiBOL(3X )J,OKJI3)J,a, OHH MOryT 
6LITb IIOJie3Hbl TOJibKO B npoMemyTO'IHblll nepHO)J,. 
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,lJ,oKnaA P/494 (npeAcTasHn B. MeM6pHn
nepa) 

,lJ,HCKYCCI-'iR 

m. JIEHOK (<l>paHIJ;HH): MomHo JIH paccMaT
pnBaTh npHBe)J,eHHhle B )];OKJia)J,e ~H~pOBhle )J,aH
Hbie no OTKphiThlM MeCTOpom)J,eHHHM B CJiaH~aX B 
J1cnaHHH KaK OKOHlJ.aTeJibHhle HJIH cy~eCTByeT 
Ha)J,em)J,a yBeJIHlJ.HTh ux, oco6eHHO c yaeJIHtJ.eHHeM 
fJiy6HHhl pa6oT? 

MHe xoTeJIOCh 6w TaKme cnpocHTh, eCTh KaKue
JIH6o OCHOBaHHH HaAeHThCH, 'ITO CTOHMOCTb nepe
pa60TKH PYAhi Ha nepeABHmHhiX HJIH noJiynepe)J,
BHmHwx ycTaHOBKaX, KOTOphle B HaCTOH~ee Bpe
MH npoeKTHpyiOTCH HJIH HCllhiThiBaiOTCH, 6yAeT 
TaKOH me, KaK H Ha 06hilJ.HhlX 3aBOAaX? 

B. MEMBPMJIJIEPA (McnaHua): llo Hallieil 
O~eHKe yme OTKphlThie aanaChl B KeM6pHHCKHX 
cJiaHQax B CaJiaMaHKe cocTaBJIHIOT 6oJiee 
500 ThiC. T, HJIH 3000 T ypaHa; O)J,HaKO npoBeAeH
Hhle HaMH H3biCKaHHH noKa3hlBaiOT, 'ITO 3TH aana
Chl He npeBhlCHT 3500-4000 r ypaHa. XoTH Ko
JIOHKOBoe 6ypeHHe noKa3aJIO, 'ITO pyAa BCTpe
tJ.aeTCH Ha fJiy6HHe 60 .M, OHa npeACTaBJieHa 3AeCh 
TOJihKO OTAeJihHhiMH JIHH3aMH, H Mhl npO;r!;OJimaeM 
ClJ.HT3Th, 'ITO CpeAHeif fJiy6HHOH, Ha KOTOpoif MO
~YT 6hlTh Haifp;eHhl TaKHe MeCTOpOmAeHHH, 6y)];eT 
~5-30 .lt. 

.H xoTeJI 6hi nonpoCHTh Moero KOJIJiery A-pa Xo
aa fapCHH OTBeTHTh Ha Balli BTOpoif Bonpoc. 

X. M. XOCA f APCMH (McnaHHH): .H He AY
Maro, 'ITO Ha 3TOT BOnpOC MOmHO OTBeTHTh o6~H
MH noKaaaTeJIHMH. 0AHaKo AJIH HeKoTopwx PYA u 
B onpep;eJieHHhlX YCJIOBHHX: npH He6oJihlliOM o6'h
eMe nepepa60TKH H T. ;rJ;., MOmHO nOJIY'IHTh CTOli
MOCTh, aHaJIOfHlJ.HYIO BeJIHlJ.HHaM CTOHMOCTII AJIH 
oohitJ.HhlX aaBo;rJ;oB, rJiaBHhlM o6paaoM BCJieACTBHe 
JIYtJ.lliero HCnOJih30BaHHH peareHTOB, MeHblliefO 
o6'heMa paCTBOpOB II noHnmeHHOH aMOpTH3a~Hll. 

Ll,m. f8tlBJ1MEH (CiliA): C ytJ.eToM oTKphi
THH HOBhiX ypaHOBhiX MeCTOpomp;eHHll cquTaeT Jill 

p;-p MeM6piiJIJiepa, tJ.To McrraHnH CTaHeT aKcnop
TepoM ypaHa? 

B. MEMBPMJIJIEPA (McnaHHH): Mou KOJIJie
ru H 11 He MOmeM p;aTh OIIpe)];eJieHHOfO OTBeTa, 
IIOCKOJihKY TaHoe pellieHHe, OlJ.eBHAHO, AOJimHO 
npHHHMaThCH Ha 6oJiee BhlCOKOM ypoBHe. 0)];H3KO 
eCTh ocHoBaHHH noJiaraTh, tJ.To OTBeT Ha Balli Bo
npoc 6yp;eT 3aBHCeTb OT HCnaHCKOH nporpaMMbl 
no aTOMHOH aneprHH H OT nOJIOmeHHH Ha pbiHKe 
ypana B 6yp;y~eM. 

,lJ,oKnaA P/752 (npeACTasHn K. K. ,lJ,ap) 

,lJ,HCKYCCHR 

B. Ql1fJ1EP (<l>paHWIH): llpoBOAIIJIO mr OT
;:J,eJienne aToMnwx MnnepaJIOB KaKoe-Jinoo o6cJie
;:~,oaanne ~opMaiJ;Hii B cncTeMe foHABana? EcJin 
~~a, TO KaKHe 6hiJIII peayJibTaThi? 
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K K LI,AP (11HAHH): Mbi npoaeJin pa~J;noMe
TPHtJ.ecKoe o6cJiep;oBanne notJ.TH Bcex ropuaonToB 
B ~OpMa~HHX foHABaHa, HO AO CHX nop He 6hlJIO 
o6napymeHO 3HalJ.HTeJibHhlX KOHIJ;eHTpa~HH ypa
na. C Apyroii CTOpOHhl, MeCTHhle KOH~enTpa~HII 
Topwa 6hiJill o6napymeHhi B yaKHX rrepern6ax. B 
naCTOH~ee BpeMH o6cJieAyeTCH OCTaJihHaH lJ.UCTb 
<fJopM3IJ;liH foHJ~BaHa II llOJiytJ.eHHbie K naCTOH~e
MY BpeMeHH peayJihTaThi noKaahiBaiOT, 'ITO aTn 
<fJopMa~nH B OCHOBHOM HCCYT B ce6e TOpHii. 

,lJ,oKnaA P/256 (npeACTasMn P. 11. ttlonKHep) 
H AOKnaA P/24 (npeACTaBMn rpMcpcpHTC) 

( BhiJIO npHHHTO pellieHlle 0 COBMeCTHOM o6cym
;:J,eHHH 3THX AOKJiaAOB.) 

,11,1-'iCKYCCHH 

Ll,m. Ll,. Ll,lliMJIJIEMC (CoeAHHeHHoe KopoJieB
CTBo): He Mor 6w A-P <l>oJIKHep o6'hHCHHTh, na 
KaKou ocnoae B AOKJiaAe P/236 AaeTCH nporHoa 
MHpOBOfO npOH3BO)J,CTBa ypaHa B 1970 fOAY 
na ypoBHe 12 000 r B roA? He oKameTCH JIH TaK, 
'ITO yme HMero~ueca B CoeAHHeHHhlX IIITaTax II 
ilPYriix CTpaHax aanachi A06hiToro ypaHa npuae
;:J.YT K npoli3BOACTBY ypana B 1970 fOAY 3HatJ.n
TeJibHO Hllme :lTOfO ypOBHH? 

P. Jl. <:t>OJIHHEP (CiliA): B ~Hcppy 12 000 T 

B fO;rl; BXOAHT OKOJIO 7000 T, KOTOphie 6YAYT 3aKyn
JieHhl l\oMHCCHeif no aToMHoif aneprHH CiliA a 
1970 fOAY y PYiiHHKOB B CoeAHHeHHhiX IIITaTax. 
B peayJihTaTe ocTaeTCH oKoJio 5000 r, rrpouaBOII
cTBO KOTOphlX B HaCTOH~ee BpeMH nJiaHHpyeTCH 
p;pyrHMH CTpaHaMII, nanpHMep IOmno-Acf>puKan
cKoif Pecny6JIHKoif, KaHaAoif, <l>paHQHeif, AacTpa
JIHeif H T. p;. OmuAaeTCH, 'ITO nocJie 1970 ro;~.a 
ll0Tpe6HOCTH 6y)];yT B03pacTaTb naCTOJihKO 6hJCT
po, 'ITO HMeiO~HeCH MllpOBhie aanaChl )];06hiTOrO 
ypaHa oKamyT JIHllih apeMennoe BJIHHHHe na 
en poe. Coe)];HHennhie III TaT hi ne naMepeaaiOTCH 
npo)];aBaTh HMeiO~HHCH ypan, 'ITO MOmeT H3HCCTU 
Bpe)J, aMepHKaHCKOH ypaH0)];06hiBaiO~eii npoMhiiii
JieHHOCTII. 

P. BJIOX (l1apaHJih): Ha AOKJia)];a P/256 H aa
KJJIO'IHJI, 'ITO llOCJie 1970 fO)];a llPHileTCH rrepepa6a
ThlBaTb 3HalJ.HTeJihHbie KOJIHlJ.eCTBa 6e)];HhiX ypa
HOBhiX PYA· lloTpe6yeT Jill 3TO BBeAeHHH aHa•m
TeJihHhiX ycoBepllieHCTBOBaHHH H HOBhiX MeTO)J,OB 
rrepepa6oTKH? 

P. Jl. <:t>OJIKHEP (CiliA): .H He AYMaro, 'ITO 
B 6JIHmaifllieM 6y)J,y~eM npeABH)J,HTCH KaKHe-.TIH-
60 li3MeHeHHH B COAepmaHHH A06hlBaeMoif HJIH 
nepepa6aTwaaeMoii PYAhl. llpu ycJIOBHH, 'ITo 
HporpaMMbl llOHCKOB OKamyTCH ycnelliHhiMH, B 
TetJ.eHue AJIHTeJibHOfO BpeMeHH CMOfYT UCllOJih30-
BaThCH TaKne me no KaqecTny PYilhi, Hal\ u Te
rreph. 0AHaKO ycoaeplliCHCTBOBaHHhie MeTOilhi ).(0-
6hllJ.H ll nepepa6oTKH ll03BOJIHJIII 6hl ycnelliHO 
IIoJiylJ.aTh ypan na 6eAHhiX PYA· 
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m. MABHJib (<DpaH~MH): Ha OCHOBe aTMX ~0-
HJia~OB MomeT rroKaaaTLCR, 'ITO aarrachr py~Lr, 

peHTa6eJILHLre AJIR paapa6oTKM rrpM ~eHe aa 1 nz 
ypaHa B aaKMCM-OKMCM B rrpeAeJiax oT 26 AO 78 
,ll;OJIJiapoB, HBJIHIOTCH OTHOCMTeJihHO He60JihiiiMMM, 

IIOCKOJihKY OHM COCTaBJIHIOT, BKJIIO'Ia.H aa6aJiaHCO

nhle aarrachr, 600 ThfC. r ypaHa B CoeAMHeHHbiX 

III TaTax M 250 ThlC. r B HaHaAe, 'ITO AaeT BMecTe 

MeHee 1 MJIH. T. (ho, IIO-BMAMMOMy, HBJIHCTCH He

OOJihiiiMM AOIIOJIHeHMeM K aarracaM, peHTa6eJib

HhlM rrpM ~eHe B rrpeAeJiax OT 13 AO 26 AOJI

JiapoB (Bcero 300 ThiC. T IIJIIOC 380 TbiC. T, T. e. 

680 TbiC. r), IIOaTOMY MOmHO IIOJiaraTb, 'ITO aa 

<npa6oTKoii aarracoB, peHTa6eJILHhlX rrpM Terrepeiii

HMX ~eHaX (21-26 AOJIJiapoB), BCKOpe 6YAYT OT

pa6oTaHhl M aarracLr, peHTa6eJILHhle rrpM ~eHe 
78 AOJIJiapoB. lloaTOMY CJieAyeT OIIaCaTbCH, 'ITO 

~eHhl BeCbMa 6hiCTpO IIOAHMMYTCH AO 78 M 6oJiee 

AOJIJiapOB, IIpHHHMaH BO BHMMaHMe paCC'IMTaHHhle 

IIOTpe6HOCTM rrpuMepHO Ha CJieAYIOI.QMe ABaA~aTh 
JICT. l1MeeT JIM TaKOH IIeCCMMH3M OTHOCHTeJibHO 

6yAyi.Qero pa3BMTMH aTOMHOH aHeprMM KaKHe-JIH60 

tflaKTH'IeCKUe OCHOBaHMH? 

P. JI. <DOJIHHEP (CiliA): H OUTHMHCTH'IeCKH 

CMOTpiO Ha B03MOmHOCTh TOrO, 'ITO Mhl CMomeM 

pa3BeAaTb ei.Qe 60JihiiiHe AOIIOJIHHTeJibHhlC aanaCbi 

ypaHa, peHTa6eJILHhle ~JIH oTpa6oTKH rrpu ~eHax 
B rrpeAeJiax oT .21 AO 26 AOJIJiapoa, HO H corJiaceH 

C TeM, 'ITO TaKOH OIITHMH3M AOJimeH CO'ICTaTbCH 

C OCTOpomHOCThiO. lloJiaraiO, 'ITO Mhl OTKpOeM 

ei.Qe MHOrO ypaHOBhlX MCCTOpOmAeHHH TaKoro me 
THIIa, KaK M paapa6aTbiBaCMhle B H3CTOHI.Qee 

BpeMH. 

,[lm. Y. fPM$$MTC (KaHaAa): HaiiiH 6yAy

I.QHe aarrachl, BKJIIO'Ia.H yme paaBeAaHHhle, AOJimHLI 

AOCTH'Ih rropRAKa 850 Thlc. r ypaHa. Do Hallie

My MHeHHIO, 3TO AOBOJibHO 3Ha'IHTeJihHaH ~Htflpa. 

P. JI. <DOJIHHEP (CiliA): B ,n;oKJia,n;e, rrpe,n;

cTaBJICHHOM A-POM fpMtPtPHTcoM, roaopHTCR, 'ITo 

KaHaAa cMomeT HauTH MCCTopomAeHHH c Ta

KMMH me aarracaMH ypaHa B 6yAyi.QeM, KaKHe ohl

JIH paaae,n;aHhr B rrpoiiiJIOM. C'IHTaeT JIH ,n;-p fpu«J>

Q;lnTc, 'ITO KaHa,IJ;CKaH ypaHOA06hlBaiOI.QaH 

rrpoMhliiiJieHHOCTh y'ITeT omHAaeMoe yaeJIH'ICHHe 

crrpoca H rrpeAIIPHMeT Heo6xop,HMble Mephl P,JIR 

paCIIIHpCHHH IIOHCKOB H paapa60TKH MCCTOpomp,e

HHH? 

,[lm. Y. fPM<D<DMTC (KaHaAa): ,[(a, H AYMaiO, 

'ITO RaHaACKaH ypaHOA06hlBaiOI.QaH IIpOMhliiiJieH

HOCTh Y'ITeT yBeJIH'IeHne crrpoca Ha ypaH, rrocJie 

HO)J,TBepmAeHHH B03MOmHOCTH IIOJIY'ICHHH 3aKa30B 

H 3aKJIIO'IeHHH AOJirocpo'IHbiX KOHTpaKTOB. ,[(py

rHMH cJioBaMH, rrpoMLIIIIJICHHOCTh BPRA JIH Ha'IHCT 

pa3BC,ll;KY M IIO)J,rOTOBKY MCCTopom~eHHH AO Toro, 

KaK y6CAMTCH, 'ITO MMeeTCH pbiHOK AJIH ee npo

AYK~HH. 

A. fAHfJIOB (<DpaH~HH): BLr roBopnTe, 'ITO 

KaHaACKHe 3arraChl COCTaBHJIH B HHBape 1964 ro,J,a 

160 TbiC. r ypaHa. B OAHOii: rry6JIHKa~HH * EBpaTo-

* CcLIJIKa I u AOKJiaAe P f24. 

Ma AaeTCH ~Htflpa 145 ThlC. T ypaHa Ha HHBapb 

1962 roAa HJIH c y'IeTOM ,n;o6LI'IH B 1962 11 B 

1963 roAax 127 ThiC. r K RHBapiO 1964 roAa. llo

aToMy, BH~HMO, MMCeTC.JI 3Ha'IHTeJihHbiH IIpMpOCT 

aarracoB. B ny6mrKa~HH EBpaToMa o6paii~aeTCH 
BHMMaHMC Ha B03MOmHoe HaJIH'IHe AOIIOJIHHTeJib

HbiX 70 TbiC. T y 03epa 8JIJIMOT, HO 3TO KOJIM'IeCT

BO He BKJIIO'IeHo n 6aJiaHCOBLre aanacbl. KaK Bbi 

C'IMTaCTC, 'ICM Bhl3BaHO OTJIH'IMC IIpnBeAeHHhiX 

BaMn ~ntflp oT ~Htflp, KOTOpLre AaiOTCH B rry6JIH

Ka~HH EBpaTOMa, rrepeo~eHKoii aarracoB PYAHHKOB 

HJIH A06aBJieHHeM aa6aJiaHCOBhlX aanaCOB, KOTO

pbie ny6JIMKa~MH EBpaToMa He rrpHHRJia BO BHJI

MaHMe? 

,[lm. Y. fPM<D<DMTC (KaHaAa): KaK TeM, TaK 

n APYrHM. <DaKTH'IeCKH oKoJio IIOJIOBHHLI oT 

60 TbiC. T ypaHa, KOTOpbie EBpaTOM OTHCC K AO

IIOJIHMTeJibHOMY KOJIM'ICCTBy, 6hlJIO BKJIIO'IeHO B 

Haiiiy ~Mtflpy 3aiiaCOB Ha HHBapL 1964 rOAa. llpH

'IHHa, 110 KOTOpOH Mhl He BKJIIO'IaeM BCC 60 TbiC. T, 

COCTOHT B TOM, 'ITO, IIO HaiiieMy MHeHHIO, OCTaJIL

HaH 'laCTb B HaCTOHI.QCC BpCMH AOJimHa 6biTb OTHC

CCHa K aa6aJiaHCOBhlM aarracaM PYAhl, KaK o6'b.HC

HHCTCH B HameM AOKJiaAe. 

m. MABMJib (<DpaH~HH): qTO KacaeTCH 

tflpaH~yacKHx aarracoB, To Bhl yKaaaJIH B BameM 

YCTHOM BhlCTYIIJICHHH, 'ITO rrpemHHH o~eHKa B 

50 ThlC. r yMeHLmeHa AO 28 ThlC. r. <DaKTH'IecKH 

o~eHKa He 6LIJia yMeHLmeHa: ~utflpa 50 ThlC. r, 
AaHHaH B 1958 rOAY, npeACTaBJIRJia o6I.Qne rrpor

H03hl 33IIaCOB, KOTOphle MOfJIH HMCTLCH BO $paH

~HH, a ~Htflpa 28 ThlC. T MeTaJIJIH'IeCKOrO ypaHa 

03Ha'laCT paaBeAaHHhle B HaCTOHI.QCe BpCMH aana

Chl. llporHoaHLre aarrachl o~eHHBaiOTCH no-rrpem

neMy B 50 ThlC. r, 'ITO CBHACTCJILCTBYCT Aame 0 

He6oJILIIIOM yBeJIH'IeHHH, ecJIH y'leCTh KOJIH'leCTBO 

ypaHa, A06hlTOro Ha'IMHaR c 1958 roAa. 

,D.oKnaA P/405 (npeACTaBHn n. H. CrHna
HH~H~) 

,D.HCKYCCHfl 

A. fAHfJIOB (<DpaH~HH): B AOKJiaAe yrroMII

HaeTCH HCKOTOpoe KOJIH'IeCTBO mMJI, B KOTOpbiX 

IIOCJie OTHOCHTeJibHO HC60JihiiiOfO o6'heMa ITpOBC

ACHHhiX pa6oT BhlHBJieHLr PYAhl c o'leHL BhlCOKHM 

COAepmaHneM ypaHa. HBJIHIOTCH Jill aTn mnJILI AO

BOJihHO orpaHH'IeHHhlMH HJIH BLr c'lnTaeTe, 'ITO 

CJICAYCT npoBCCTH AOIIOJIHHTeJILHYIO paaBCAKY AJIH 

orrpeAeJICHHH HX paaMepoB IIO IIpOCTHpaHHIO H Ha 

rJiy6HHy, a TaKme H3y'IeHHH HX OTBeTBJICHHH? 

n. H. CTMTIAHJ1qMq (ApreHTHHa): ,[lo CMX 

nop ABC paCCMaTpHBaeMhlC mHJihl, KOTOpbiC Haxo

,ll;HTCH Ha MecTopom,ueHHHX 8c1'eJia H CaH-Ce6a

CTLRH, AaJIH IIOCJie HCCKOJihKHX JICT pa3pa60TOK 

HC60JibiiiHe KOJIJI'ICCTBa BhlCOKOKa'IeCTBeHHOH py

Ahl, COCTaBHBIIIHe B o6I.QCH CJIOmHOCTH AO 5000 T. 

B rrepnoM cJiy'lae COAepmaHne ypana 6hlJIO 0,42% 
n ao BTopoM 0, 72%. PaaBeAKa, rrpoBeACHHaR Ha 

MecTopomAeHHH CaH-Ce6acTLHH, rroKaaaJia, 'ITO c 
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yBeJIH'IeHneM rJiy6nHhl cop;epmaHne ypaHa B py
p;e CHHmaeTCH. Ilpep;BapHTeJihHhie reOXHMH'IeCJOte 
HCCJiep;oBaHHH, npoBep;eHHhie B paiioHe MeCTopom
p,eHHH CaH-Ce6acThHH, n HaJIH'IHe em;e HepaaBe
p;aHHhiX MeCTopomp;eHnii, npnHap;neman~nx qacT
HhiM WHpMaM, noKa3hiBaiOT, 'ITO p;aHHaH npOBHH
~HH MOllieT npep;cTaBJIHTh HeKOTOphiH HHTepec. 
Ilo6JIH30CTH OT MeCTOpomp;eHHH 3cTeJia 6hiJIH HaH
p;eHhl JIHlllh He6onhrnne aanachl pyp;hl (KoTopaa 
npep;cTaBJIHeT HHTepec B HaCTOHm;ee BpeMH npH 
~eHe 21 )J;OJIJiap 3a 11£Z ypaHa B aaKHCH-OKHCH), HO 
BCKphiTHe HX B HaCTOHm;ee BpeMH npe,IJ;CTaBJIHeTCH 
He~eJiecoo6pa3HhiM, noCKOJlhKY B ,IJ;aJihHeiirneM OHO 
MomeT 6h1Th cp;eJiaHo 6onee pai~noHaJihHO. Ilo 
3THM npH'IHHaM, p;ame eCJIH nOCJiep;yiOm;aH paa
Bep;Ka noKameT, 'ITO p;aHHhle mHJihi KpynHee, qeM 
npep;noJiaraJIOCh, npHHHMaH BO BHHMaHHe napaMe
Tpbl yme H3BeCTHhiX MeCTOpomp;eHHH, npep;nO'IH
TaiOT He npnp;aBaTh HM 6oJihrnoro aHa'leHHH B Te
qeHne HeKoToporo BpeMeHn no cpaBHeHHIO c oca
,IJ;O'IHhiMH MeCTOpomp;eHHHMH. 

m. JIEKOK (<l>paHIWH): KpoMe MeCTOpomp;e
HHH n pyp;onpoHBJieHnii, onncaHHhiX B ,IJ;OKJiap;e, 
KaK BLI p;yMaeTe, MOmHo JIH HaiiTH ypaH B Ap
reHTHHe nop; MOJIO)J;hiMH reOJIOrH'IeCKHMH OTJIOllie
HHHMH B naMne H eCTh JIH HaMepeHHH HCCJie,IJ;O
BaTh TaKyiO B03MOlliHOCTh? 

II. H. CTHIIAHJ1qJ1q (ApreHTnHa): IIo'ITII 
BO Bcex paiioHax, Bhl6paHHhiX B ApreHTHHe B Ka
qecTBe noTeH~HaJibHhiX HOCHTeJieH ypaHa H HMe
IOlll;HX nJiom;ap;h npnMepHo 1 200 000 J£.M2, HeT llfO

Jiop;oro reoJiorn'lecKoro ropnaoHTa. B ocTaJihHoii: 
o6JiaCTH, KOTopaH nMeeT nJiom;ap;h 6oJiee 
1800 000 1£M2, HMeeTCH TpeTH'IHhiH H 'leTBepTH'I
HhiH OCa,IJ;O'IHhiH ropH30HT, rJiy6HHa KOTOporo H3-
MeHHeTCH OT COTeH )1;0 ThiCH'I MeTpOB. 06HameHIIH 
3THX KaHH030HCKHX WOpMa~HH no6JIH30CTH OT rpa
HH~ CaMhiX p;peBHHX Hp;ep He noKa3aJIH em;e Ka
KHX-JIH6o HHTepeCHhiX npH3HaKOB ypaHOBhiX HaKO
nJieHHH. IIo 3TOH npH'IHHe ,IJ;aHHhle paifOHhl He 
paccMaTpnBaJIHCh KaK HMeiOm;ne KpynHoe aHa'le
Hne B 6JIHlliaHllleM 6yp;ym;eM, KaK CJie,IJ;CTBHe B 
HaCTOHm;ee BpeMH HeT nJiaHOB )J;JIH HX OIIOHCKOBa
HHH. 

IIop; 3eMHOH noBepXHOCThiO pacnoJiomeHhl TpHa
COBhle wopMa~HH ( oca,IJ;O'IHbie H BYJIKaHH'IeCKHe 
nopop;hi) , aHTpaKoJIHTOBhle «<>opMa~nn ( ocap;oq
Hble OTJIOllieHHH) H p;eBOHCKHe WOpMa~HH (oca
P,O'IHhle nopop;hl), KOTOphie MoryT cop;epmaTh 
ypaH, Ho, Y'~HThiBaH rny6nHy nx aaJieraHHH, OHM 
He 6biJIH BKJIIO'IeHhl HH B TeKym;yiO, HH B 6yp;y
~YIO nporpaMMY IIOHCKOB, nOCKOJihKY HMeiOTCH 
aHa'IHTeJihHo 6oJiee nepcneKTHBHhie aonhl. 

JI. fYTHEPPEC XO,l].PA (HcnaHnH): B npo
~ecce <<KY'IHoro Bhlm;eJia'IHBaHHH» rpy6hle KoH
~eHTpaThi nony'laiOT nyTeM ocamp;eHHH ypaHa na
BeCThiO; .eCJIH H nOHHMaiO npaBHJlbHO, B HHX CO
p;eplliHTCH npn6JIH3HTeJihHo 4-5% ypaua. MHe 
XOTeJIOCh 6hi 3HaTh, BO-nepBhiX, KaKaH nOCJiep;yiO
m;aH o6pa60TKa HCnOJih3yeTCH )J;JIH H3BJie'leHHH 
ypaHa H, BO-BTOpbiX, KaKaH o6m;aH ce6eCTOHMOCTb 
IIOJIY'IeHHOrO 3THM MeTO)J;OM H,IJ;epHO'IHCToro ypa-
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Ha H KaK OHa BhlrJIH)J;HT no cpaBHeHHIO C ce6eCTO
HMOCThiO ypaHa, noJiy'leHHoro o6hi'IHhiM Bhllll;eJI<l
qnBauneM. 

II. H. CTHIIAHJ1qJ1q (ApreHTHHa): fpy6hle 
KOH~eHTpaThl nOCbiJiaiOTCH )J;JIH OKOH'IaTeJihHOH 
o'IHCTKH Ha aaBop; B Kopp;oBe. B HaCTOHII~ee BpeMH 
OHH o6pa6aThiBaiOTCH cepHOH KHCJIOTOH H ypauo
Bhle paCTBOphi npOXO)J;HT qepea 3KCTpaK~HOHHYIO 
ycTaHOBKY C aMHHOpaCTBOpHTeJieM, B peayJihTaTe 
'Iero nonyqaiOT KOH~eHTpaThi c cop;epmaHneM ypa
Ha nopHp;Ka 70-73%. B OKTH6pe 3TOT npo~ecc 
6yp;eT H3MeHeH )J;JIH TOrO, 'IT06bl noJiy'laTh TpH
Kap6oHaT ypaHHJia aMMOHHH BhlCOKOH 'IHCTOThl 
( cy6'hap;epHoii:) . 

qTo KacaeTcH Barnero BToporo Bonpoca, C'IH
TaeTCH npep;nO'ITHTeJihHhiM npoBeCTH cpaBHeHHe 
Memp;y cToHMOCThiO meJIToro KeKa, noJiy'leHHoro 
H3 rpy6hlX KOH~eHTpaTOB H noJiy'leHHOfO Ha o6bi'I
HOM aaBop;e. B cJiyqae MecTopomp;euna ,l].oH OTTo, 
pyp;a KOTOporo BeCbMa nop;XO)J;HT )J;JIH KY'IHOrO Bhi
m;eJia'IHBaHHH, meJIThiH KeK, noJiy'leHHhiH no 3TO
MY npo~eccy, HMeeT ce6ecTOHMOCTh npnMepHo Ha 
2,2-3,3 ,IJ;OJIJiapa Hnme (a a 1 1£12), qeM ,IJ;JIH KeKa, 
noJiy'leHHOfO Ha 06hi'IHhiX 3aBO,IJ;aX. 

T. BATIOKAC PO,l].PHfEC (J1cnauna): Rano
Ba CTOHMOCTh rpy6oro ypaHOBOrO KOH~eHTpaTa, 
nOJIY'IeHHOfO nyTeM npo~ecca . Bhllll;eJia'IHBaHHH, 
HcnoJihayeMoro Ha MecTopomp;eHHH ,l].oH OTTo? .H 
xoTeJI 6hl Tanme cnpocHTh, npep;noJiaraeTe JIH Bhl 
JICnOJih30BaTh p;pyroif MeTO)J; H3BJie'leHHH, nOMHMO 
uenocpep;cTBeHHoro ocamp;eHHH ll3 pacTBOpOB Bhi
m;eJia'IHBaHnH? 

II. H. CTHIIAHJ1qJ1q (ApreHTHHa): CTon
MOCTh HaXO)J;liTCH B npep;eJiaX 15,5-17 )J;OJI'JJ.apoB 
aa 1 1£Z ypaHa, K KoTopoii Heo6xop;nMo p;o6aBnTh 
CTOHMOCTh TpaHCnOpTHpOBKll B Kopp;OBY ll CTOII
MOCTh oKOH'IaTeJihHOii O'IHCTKH. CJiep;yeT IIO,IJ;'IepK
HYTh, 'ITO ~eHa cepHOH KHCJIOThl OKa3hlBaeT BeChMa 
cym;eCTBeHHOe BJIHHHlle Ha o6m;y10 CTOIIMOCTh, 110-
CKOJihKY KHCJIOTY npHXO)J;liTCH nepeB03HTh Ha pac
C1'0HHHe 1400 1£M 110 nJioXHM p;oporaM. B HaCTOH
m;ee BpeMH ·o6pam;aeTCH BHHMaHHe Ha B03MOlli
HOCTh CHHllieHHH paCXO)J;OB nyTeM HCnOJih30BaHHH 
p;pyril:x Bhim;eJia'lnBaiOm;nx areHTOB, no KpaiiHeii 
Mepe p;o aap;aHH~X ·ypOBHeif H3BJie'leHHH. 3THMH 
areHTaMH 6yp;yJ; cepHOKHCJioe meJieao n cepHHCToe 
meJie.ao, cToHMOCTh KOTOphlx B ApreHTHHe neBhi
coKa. 

B OTHorneHnn Barnero BToporo Bonpoca H 

xoTeJI 6hi yKaaaTh, 'ITO MeTop; KY'IHoro Bhlm;eJia'In
BaHHH npnrop;eH ,IJ;JIH H3BJie'leHHH ypaua na 
pyp;hi. C p;pyroii cTopoHhl, xoTH nonyqeHHLie pe
ayJILTaThl no ocamp;eHHIO ypaHa H3 paCTBOpOB Bhl
m;eJia'IHB3HHH KaJIL~neM yJiy'lrnaiOTCH, cocTaB
JUTIOTCH IIJiaHhl nocTpoiiKn ycTaHoBKH c aMUHOBhiM 
pacTBopnTeJieM B ,l].ou OTTo )J,JIH nponaBO)J,CTBa 
meJIToro KeKa c co)J,epmaHneM ypaua oHoJio 70%. 

05LUAfl .D.HCKYCCHfl 

P. CIIEHC (Coep;nHeHuoe RopoJieBcTBo): B Te
'leHne uecHOJihKHX JieT Mhl nayqaJIH H3BJieqeune 
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ypaua ua MOpCJWH BO,:J;hl. B uacToa~ee npeMH aTo, 
nO-BH~HMOMy, TeXHHqeCKH ocy~eCTBHMhlH npo
~eCC, HO nOTpe6yeTCJI npoBeCTH auaqHTeJihHOe 
1\0JIHqecTBO :lKCnepHMeHTOB, npem~e qeM Mhl CMO
meM COCTaBHTb cne~H«fJHK8~HH Ha npOMhlillJieH
HYIO ycTaHOBKy. Hama o~eHKa pacxo~on 6eayc
JIOBHO HOCHT BeCbMa npe~BapHTeJibHhlH xapaKTep, 
O~H8KO Mhl cquTaeM, qTo HMeeTCJI B03MO)I(HOCTb 
noJiyqaTb ypaH B 38KHCH-OKHCH no CTOHMOCTH, Jie
ma~eH B cpe~HHX npe~eJiax, To ecTb nopa~Ka 
52 ~oJIJiapoB aa 1 J£e. IIoJiyqeuHLie uaMH peayJib
TaTbi 6y~yT ony6JIHKOB3Hbl B CJie~yiO~eM HOMe
pe mypuaJia Nature *. 

LJ:m. LJ:m. Y8HT ( Hn~epJiaH~bi): EcJIH ypau 
MO)I(HO H3BJieKaTb H3 MOpCKOH BO~hl B npOMLiill
JieHHOM MaCmTa6e CO CTOHMOCTbiO nopH~Ka 
52 ~OJIJiapOB aa 1 J£e, TO peaKTOphl-paaMHO)I(HTe
JIH 6y~yT npe,:J;CTaBJIJITb HHTepec npOCTO C :lKOHO
MHqecKOH ToqKu apeHHJI. O~uaKo c noH: ~eJibiO 
aapeKOMeH~OB3BillHe ce6JI THnbi cy~eCTBYIO~HX 

• R. V. D a v i s, Y. K e n n e d y, R. W. Mc.Irloy, R. 
S p e n c e and K. M. H i II. Extraction of Uranium from 
sea water. Nature, 203, 1110-1115 (1964). 
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auepreTHqecKHX peaKTOpOB MOryT OK838TbCJI 
BeCbMa He:lKOHOMHqHbiMH. 

C. A. KMJIJIAJibT (npe~ce~aTeJib): MasJieqe
HHe ypaHa H3 MOpCKOH BO~hl no npHeM
JieMOH ~eue, Kouequo, oKaaaJio 6M namuoe 
BJIHJIHHe ua BCIO cuTya~HIO. IIoJiomeuue, cy~e
CTBYIO~ee B H8CTOJI~ee BpeMJI, MomeT 6b1Tb, HO 
MOeMy MHeHHIO, OXapaKTepH30B8HO CJie~yiO~HM 

o6paaoM. 3anacM ypaua B cTpauax aana~uoro MH
pa, peHTa6eJibHMe npH ~eue 21 ~OJIJiap aa 1~£e, 
Momuo o~eHHTb B 500 TMC. r. KaK ua~eiOTCH, B 
6JiumaH:mue 20 JieT aTu aanachl 6y~yT y~noeHJ.I. 
l\ 2000 ro~y noTpe6yeTCJI oKoJio 3 MJIH. r. EcJIH 
HCllOJib30B8HHe TJI)I(eJIOBO~HbiX peaKTOpOB HJIH 
peaKTopon-paaMHO)I(HTeJieH: 6y~eT pacmupeuo, TO 
3T8 ~u«flpa MO)I(eT 6MTb yMeHbllieHa ~0 1-2 MJIH. T. 

Bee o~eueHHMe TaKnM o6paaoM aanachi ~oJimHhi 
6biTh paase~aHbl B 6JIII)I(8HilleM 6y~y~eM II C 
aTOH ~eJihiO He06XO~HMO HeMe~JieHHO B0306HOBIITh 
llOIICKH II .paaBe~Ky. 11 llOCJie~Hee, HMeiOTCJI 60Jih
IUHe 38ll8Chl TOpHH, HO BCe me noKa ~OBOJihHO 

npem~espeMeHHO yquThiB3Th HX B COBpeMeHHhlX 
nporpaMMax no paaBIITIIIO aTOMHOH auepruu. 

Recursos y necesidades en uranio y torio 

Presidente : 0. A. Quihillalt (Argentina) 

Documento P/72 (presentado por J. Mabile) 

DISCUS16N 

R. L. FAULKNER (Estados Unidos de America): 
En la memoria presentada por V d. se hace no tar 
que son necesarias exploraciones y desarrollos para 
encontrar nuevos yacimientos para hacer frente a las 
necesidades futuras. i,Piensa Vd. que sera probable 
el hallazgo de uranio a bajo coste que cubra las 
necesidades durante un periodo de varios decenios? 

J. MABILE (Francia): No seria razonable suponer que 
las reservas mundiales de minerales que contienen 
uranio de bajo coste se encuentran unicamente en las 
zonas donde se descubrieron indicios o yacimientos 
mucho antes de la era atomica. Creo que podrian 
encontrarse yacimientos economicamente explotables 
en otras zonas, pero la prospeccion tendria que reali
zarse en terrenos menos familiares que los correspon
dientes a las explotaciones mineras actuales. En este 
sentido la experiencia francesa en Africa seiiala cierto 
grado de prudencia. Los gastos en prospeccion, como 
parte del precio de coste, aumentaran sin duda como 
resultado de las dificultades surgidas y, en conse
cuencia, sera dificil mantener los precios actuales. 

Debe recordarse tambien que la explotacion de los 
ricos yacimientos conocidos actualmente ha sido 
posible unicamente mediante el convenio de pagar 
para grandes cantidades precios mas elevados -
de 10 a 11 dolaresjlibra de U 30 8 - que los que se 
consiguen en Ia actualidad. 

Documento P/883 (presentado por F. N'Guema 
N'Dong) 

DISCUSI6N 

J. GABELMAN (Estados Unidos de America): i,Ha 
indicado la prospeccion la posibilidad de encontrar 
en el Gabon otros yacimientos semejantes al descrito 
por Vd.? 

Desearia tambien preguntar si el yacimiento de 
Mounana tiene alguna relacion con los yacimientos 
uraniferos del Congo o el cinturon cuprifero de 
Rhodesia del Norte. 

F. N'GuEMA N'DoNG (Gabon): Ademas del yaci
miento explotado en Mounana hay muchas indica
ciones sobre la existencia de minerales semejantes en 
diferentes partes del Gabon y continuan las explora
ciones, pero por ahora es imposible decir si tales 
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exploraciones indican1n la existencia de nuevos yaci
mientos. 

En cuanto a su segunda pregunta, lo unico que 
puede decirse en la actualidad es que el yacimiento 
de Mounana se encuentra en las mismas formaciones 
precambricas que rodean la cuenca del Congo. Por 
ahora es imposible relacionar las formaciones pre
cambricas rhodesianas con las de la cuenca de Fran
cesville en el Gabon. 

Documento Pj636 (presentado por J. J. Went) 

DISCUS16N 

E. SvENKE (Suecia): Varias memorias correspon
dientes a esta sesion han resaltado la importancia 
de continuar la prospeccion de uranio y han expresado 
tambien el temor de una escasez de uranio en el 
transcurso de unos pocos decenios que originaria 
una subida de precio. En la memoria presentada por 
el Dr. Went se han sacado conclusiones en relacion 
con el camino a seguir en el desarrollo de la energia 
nuclear y la eleccion de tipos de reactores. En la 
memoria se afirma que las reservas conocidas en la 
actualidad de uranio explotable a 10 dolaresjlibra 
de U30 8, son 450 000 toneladas metricas y hasta 
30 dolaresjlibra de U30 8 1 650 000 toneladas metricas. 
Esta ultima cifra incluye el uranio disponible en las 
pizarras uraniferas suecas. Ahora puedo dar mas 
detalles sobre el particular relativos a Suecia. Se calcula 
que los recursos de pizarras contendran del orden 
de 1 millon de toneladas metricas de uranio como 
minimo. Estos recursos estan situados principalmente 
en un yacimiento homogeneo, facilmente accesible 
en la parte centro-sur del pais. Una mina y una fabrica 
de concentrados que estara en funcionamiento a 
mediados de 1965, podran producir 120 toneladas 
metricas de uranio por aiio y la fabrica aportara 
informacion exacta sobre la tecnica apropiada y el 
costo de la recuperacion. Sin embargo, me encuentro 
ya en condiciones de afirmar que cuando la explota
cion se efectue a una escala aun mayor, sera posible 
recuperar concentrados de esta inmensa masa potencial 
de mineral a un costo bastante inferior a la mitad del 
valor maximo de 30 dolares y quiza incluso a un coste 
de unos 10 do lares. 

Los autores del documento P/636 tampoco tienen 
en cuenta el hecho de que existen ya sistemas de agua 
pesada productores de energia que hacen un uso muy 
eficaz del uranio. 

Teniendo en cuenta esos factores, no estoy de 
acuerdo con la conclusion a que se llega en la memoria 
sobre la urgencia de un desarrollo acelerado de los 
reactores reproductores y disiento especialmente con 
la conclusion de que no es de desear la utilizacion 
en gran escala de las centrales nucleares actuales. El 
aumento de las reservas mundiales conocidas como 
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consecuencia de mas amplias exploraciones, junto 
con las grandes y comprobadas reservas suecas de 
uranio, que podrian explotarse a un costo solo ligera
mente superior al de las materias primas ricas exis
tentes, establizaran los precios durante largo tiempo 
en un valor no muy superior al actual, asegurando de 
este modo la posibilidad de utilizacion de los tipos 
actuales de centrales nucleares. 

J. J. WENT (Paises Bajos): Aunque sea muy bien 
recibido otro millon mas de toneladas de uranio en 
el intervalo de 10-30 dolares/libra este aumento no 
alteraria fundamentalmente las conclusiones que 
presente en mi memoria, puesto que se necesitarian 
millones de toneladas de uranio barato para llevar a 
cabo los futuros programas energeticos nucleares a 
gran escala. Un millon adicional de toneladas a un 
precio doble 0 triple que el actual no haria mas que 
ampliar en unos pocos aiios el periodo de desarrollo 
de los reactores reproductores. En consecuencia, el 
desarrollo de tales reactores se necesita de modo 
urgente para permitirnos iniciar el programa de 
produccion en 1970 con las lineas de conducta indica
das en la Tabla 4. 

Desearia tambien resaltar que los reactores refrige
rados por gas y los reactores de agua en . ebullicion 
(no los reactores de agua pesada) son los tipos com
probados. No se dispone mas que de pequeiios pro
totipos de reactores de agua pesada y, como se dice 
en las conclusiones de la memoria, podrian ser utiles 
durante un periodo intermedio. 

Documento P/494 (presentado por V. Membrillera 
Membrillera) 

DISCUSI6N 

J. LECOQ (Francia): (,Se consideran definitivas las 
cifras dadas en la memoria para los yacimientos 
descubiertos en pizarras espaiiolas o se espera un 
aumento en elias, especialmente al aumentar la pro
fundidad de los trabajos? 

Desearia tambien preguntar si hay alguna razon 
para esperar que las plantas movil y semimovil de. 
tratamiento de mineral que se proyectan o ensayan 
en la actualidad funcionen a costes iguales o seme
jantes a los obtenidos en plantas convencionales. 

V. MEMBRILLERA MEMBRILLERA (Espana): Estima
mos que las reservas ya descubiertas en las pizarras 
cambricas de Salamanca ascienden a mas de 3 500 000 
toneladas, es decir, 3 500 toneladas de U30 8 ; sin 
embargo, las exploraciones realizadas nos inducen 
a creer que no se sobrepasaran las 4 000 o 5 000 tone
ladas de U30 8• Aunque los sondeos con testigo han 
indicado la presencia de mineralizaciones de uranio a 
una profundidad de 60 metros, la localizacion a tal 
profundidad ha sido esporadica y seguimos creyendo 
que la profundidad media de mineralizacion es de 
25 a 30 metros. 
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Ruego ami companero Dr. Josa Garcia que conteste 
a su segunda pregunta. 

J. M. JosA GARciA (Espana): No creo que la pregunta 
pueda contestarse de forma general. Con ciertos 
minerales y en casos de pequeno tonelaje, etc., 
pueden conseguirse costes de transformaci6n an{tlogos 
a los de un diagrama convencional, a causa funda
mentalmente del mejor aprovechamiento de los 
reactivos, el menor volumen de liquido y Ia menor 
influencia de las partidas de amortizaci6n. 

J. GABELMAN (Estados Unidos de America): En 
vista del descubrimiento de nuevos yacimientos de 
uranio, ~piensa el Dr. Membrillera que Espana se 
convertin1 en un pais exportador de uranio? 

V. MEMBRILLERA MEMBRILLERA (Espana): La res
puesta a su pregunta no corresponde exactamente 
a Ia competencia de mis companeros ni a Ia mia, 
puesto que Ia decision ha de tomarse por las autori
dades de mi pais. Sin embargo, parece razonable 
suponer que Ia respuesta dependera principalmente 
del programa nuclear espaiiol, asi como de las 
condiciones futuras del mercado del uranio. 

Documento P/752 (presentado por K. K. Dar) 

DISCUS16N 

V. ZIEGLER (Francia): ~Ha hecho la Division de 
Minerales Atomicos alguna exploracion de las forma
ciones de Ia serie de Gondwana? En caso afirmativo 
~ cuales fueron los resultados? 

K. K. DAR (India): Hemos realizado exploraciones 
radiometricas de casi todos los horizontes de las for
maciones de Gondwana, pero no se han encontrado 
basta Ia fecha concentraciones importantes de uranio. 
Por otra parte, se han localizado concentraciones 
locales de torio en bandas estrechas. Las partes 
restantes de las formaciones de Gondwana se estan 
explorando y los resultados obtenidos hasta Ia fecha 
indican que estas formaciones contienen principal
mente torio. 

Documento P/256 (presentado por R. L. Faulkner) y 
P/24 (presentado por J. W. Griffith) 

( Se convino en que estos documentos se discutieran 
conjuntamente.) 

DISCUS16N 

J. L. GILLAMS (Reino Unido): ~ Seria tan amable el 
Dr. Faulkner de explicar los motivos por los que el 
documento P/256 predice un valor tan elevado como 
14 000 toneladas anuales para la produccion mundial 
de U30 8 en 1970? ~No es posible, e incluso probable, 
que las existencias de uranio de que se dispone ya en 

los Estados U nidos y en otros paises ongmen una 
demanda sobre la nueva produccion en 1970 consi
derablemente menor que la indicada? 

R. L. FAULKNER (Estados Unidos de America): 
La cifra de 14 000 toneladas anuales en 1970 incluye 
unas 8 000 toneladas procedentes de minas del pais 
que la Comision de Energia Atomica de los Estados 
Unidos comprara en ese aiio. Con esto quedan unas 
6 000 toneladas para la produccion prevista por otros 
paises como Sudafrica, Canada, Francia, Australia, 
etc. Se espera que las necesidades aumenten tan 
rapidamente despues de 1970 que las existencias 
mundiales disponibles no tendran mas que un efecto 
transitorio sobre la demanda. Los Estados Unidos 
no tienen intencion de vender uranio en condiciones 
que perjudiquen a la industria minera nacional. 

R. BLOCH (Israel): Deduzco del documento P /256 
que despues de 1970 habra que tratar cantidades 
considerables de minerales de uranio de pequeiia 
riqueza: ~Supondra esto cambios importantes y 
nuevas tecnicas de tratamiento? 

R. L. FAULKNER (Estados Unidos de America): 
No preveo ningun cambio inmediato en la riqueza 
del mineral extraido y tratado. Si tienen exito los 
programas de prospeccion podran continuar utili
zandose durante largo tiempo las riquezas actuales. 
Sin embargo, las mejoras realizadas en las tecnicas 
de minerfa y tratamiento han hecho posible la ex
traccion y tratamiento de materiales de riquezas cada 
vez inferiores. 

J. MABILE (Francia): Podrfa parecer a la vista de 
estas memorias que las reservas citadas en el margen 
de precios de 10-30 dolaresjlibra de U30 8 son relati
vamente pequenas, puesto que representan, incluyendo 
las reservas potenciales, 700 000 toneladas de U30 8 

en los Estados Unidos y 300 000 toneladas en Canada, 
haciendo un total de I millon de toneladas. AI parecer 
esto representa una adicion pequena a las reservas en 
el intervalo de 5 a 10 dolares (un total de 350 000 mas 
450 000 toneladas, es decir, 800 000 toneladas) y 
podria, por tanto, suponerse que el agotamiento de 
las reservas a precios actuales (8-1 0 do lares) estaria 
seguido muy de cerca por el de las reservas a 30 dolares. 

En estas condiciones hay que temer muy proxi
mamente una subida de los precios a 30 dolares o mas, 
teniendo en cuenta las necesidades estimadas para los 
proximos 20 aiios. ~ Esta realmente bien fun dado tal 
pesimismo respecto al futuro desarrollo de la energfa 
nuclear? 

R. L. FAULKNER (Estados Unidos de America): 
Soy optimista respecto a la posibilidad de encontrar 
mayores reservas de uranio en el intervalo de 8 a 
10 do lares, aunque estoy de acuerdo con que· tal opti
mismo debera estar moderado por la prudencia. 
Creo que se descubriran muchos mas depositos del 
tipo de los que actualmente proporcionan uranio. 
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J. W. GRIFFITH (Canada): Nuestras reservas futuras, 
incluyendo las actuates, representaran aproximada
mente 1 millon de toneladas de U30 8• En nuestra 
opinion, esta es una cifra importante. 

R. L. FAULKNER (Estados Unidos de America): 
La memoria presentada por el Dr. Griffith afirma que 
el Canada podn1 encontrar tanto uranio en el futuro 
como el ya encontrado. ~ Espera el Dr. Griffith que 
la industria minera canadiense tome nota de la de
manda creciente y emprenda los trabajos necesarios 
de exploracion y desarrollo? 

J. W. GRIFFITH (Canada): Si; espero que la industria 
minera canadiense tome nota de esa demanda de 
uranio creciente cuando haya alguna indicacion firme 
de obtencion de pedidos y contratos a largo plazo. 
En otras palabras, no es probable que la industria 
emprenda los trabajos de exploracion y desarrollo 
hasta que pueda asegurarse de que existe un mercado 
para sus productos. 

A. GANGLOFF (Francia): Vd. dice que las reservas 
canadienses en enero de 1964 ascendian a 188 000 
toneladas metricas de U30 8• La publicacion de EURA
TOM a que hace referenda daba una cifra de 170 000 
toneladas de U30 8 para enero de 1962 o, teniendo en 
cuenta las operaciones de 1962 y 1963, 150 000 tone
ladas para enero de 1964. Por tanto hay, al parecer, 
un aumento considerable. La publicacion de EURA
TOM * llamaba la atencion sobre la posible existencia 
de 70 000 toneladas suplementarias en el !ago Elliot, 
pero no las incluia en las reservas. ~ Piensa V d. que la 
diferencia entre sus cifras y las dadas por la publi
cacion de EURATOM procede de una reestimacion 
de la mina o se debe a la inclusion de las reservas 
potenciales que la publicacion de EURATOM no 
tenia en cuenta? 

J. W. GRIFFITH (Canada): La diferencia se debe 
en parte al primero y en parte al segundo de los 
motivos. En realidad aproximadamente la mitad de 
las 70 000 toneladas citadas por EURATOM como 
suplementarias se incluyeron en nuestra cifra de 
reservas para enero de 1964. La razon de no incluir 
la totalidad de las 70 000 toneladas fue que, en nuestra 
opinion, el resto deberia considerarse, por ahora, 
mineral potencial, como se explica en nuestra memoria. 

J. MABILE (Francia): En relacion con las reservas 
francesas indico V d. en su presentacion verbal que la 
primitiva estimacion de 50 000 toneladas se habia 
reducido a 28 000 toneladas. En realidad, la estima
cion no ha sufrido reduccion; la cifra de 50 000 
toneladas dada en 1958, representaba el potencial 
total que podria esperarse en Francia y la cifra de 
28 000 toneladas de uranio metal representa las 
reservas comprobadas hoy dia. El potencial sigue es
timandose en 50 000 toneladas, lo cual representa un 

* P/24, Ref. [1]. 
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ligero incremento teniendo en cuenta las toneladas 
extraidas desde 1958. 

Documento P/405 (presentado por P. N. Stipanicic) 

DISCUSI6N 

A. GANGLOFF (Francia): La memoria menciona 
ciertos tipos de lodos que, sometidos a algunos pro
cesos poco laboriosos, proporcionan minerales de 
concentracion muy elevada. ~ Es la importancia de 
estos lodos mas bien limitada 0 piensa v d. que de
berian realizarse mas investigaciones para determinar 
su extension, tanto lateralmente como en profundidad, 
o bien que deberian investigarse las estructuras 
acompaiiantes? 

P. N. SnPANICIC (Argentina): Respecto a los dos 
lodos en cuestion, que se encuentran en los yacimientos 
Estela y San Sebastian, han producido, despues de 
varios aiios de trabajo, pequeiias cantidades de mineral 
de elevada riqueza, ascendiendo a un total de 5 000 
toneladas. En el primer caso el contenido en U30 8 

fue 0,5% y en el segundo 0,85 %. La exploracion de 
los yacimientos San Sebastian indico que el conte
nido disminuia con la profundidad. Estudios geoqui
micos preliminares realizados en la zona San Sebastian 
y la existencia de varios depositos aun sin explorar 
(por pertenecer a compaiiias privadas) indican que 
el distrito puede tener cierto interes. Junto a los 
depositos Estela se han encontrado unicamente pe
queiias cantidades de mineral (que son de un interes 
actual puesto que su precio es de 8 dolaresjlibra 
U30 8), pero la evolucion de estos depositos basta 
la fecha no sugiere la existencia de grandes posibili
dades de desarrollo futuro. Por estos motivos, aunque 
exploraciones posteriores indicaran que estos depositos 
de lodos son mayores, teniendo en cuenta sus carac
teristicas ya conocidas, se piensa que, por ahora, 
es preferible no atribuirles mayor importancia que a 
depositos sedimentarios. 

J. LECOQ (Francia): Ademas de los yacimientos e 
indicios descritos !::n la memoria, ;, piensa V d. que 
podria encontrarse uranio en Argentina bajo el 
horizonte geologico reciente de las pampas y se piensa 
investigar tal posibilidad? 

P. N. STIPANICIC (Argentina): En casi toda la zona 
seleccionada en Argentina como potencialmente 
uranifera, que abarca aproximadamente 1 200 000 
km2, no hay horizonte geologico reciente. En el area 
restante, que sobrepasa 1 800 000 km2, hay un hori
zonte sedimentario terciario y cuaternario, cuya pro
fundidad varia de cientos a miles de metros. Los 
afloramientos de estas formaciones cenozoicas junto 
a los hordes de los nucleos mas antiguos no han 
presentado basta ahora indicios interesantes de acu
mulaciones uraniferas. Por este motivo no es probable 
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que estas zonas puedan ser de gran importancia 
en un futuro inmediato y, en consecuencia, no hay 
en Ia actualidad planes para investigar sus posibi
lidades.-

Bajo el terreno hay formaciones triasicas (sedi
mentos y vulcanitas), formaciones antracoliticas 
(sedimentos) y formaciones devonianas (sedimentos) 
que podrian ser uraniferos, pero que, teniendo en 
cuenta Ia profundidad a que se presentan, no se han 
incluido en los programas presentes o futuros puesto 
que hay disponibles zonas mucho mas favorables. 

L. GuTIERREZ JonRA (Espana): En el proceso de 
lixiviacion en pila los preconcentrados se obtienen por 
precipitacion .con cal y el Sr. Stipanicic ha indicado que 
contienen el 5% de U30 8• Desearia un comentario 
del Sr. Stipanicic sobre los siguientes puntos: En 
primer Iugar sobre el tipo de tratamiento posterior 
para recuperar el uranio, y en segundo Iugar sobre 
el costo total del uranio nuclearmente puro obtenido 
por este metodo comparado con el obtenido por 
lixiviacion convencional. 

P. N. STIPANICIC (Argentina): Los preconcentrados 
se envian a la planta de Cordoba para su purificacion 
final. Actualmente se tratan con solucion de acido 
sulfurico y los liquidos de tratamiento pasan por Ia 
planta de disolventes aminados que produce concen
trados con un contenido de 82-85 % de U 30 8• En 
octubre el proceso se modificara para obtener uranil 
tricarbonato amonico de gran pureza (sub-nuclear). 

En cuanto a su segunda pregunta, parece preferible 
establecer una comparacion entre el coste del concen
trado de uranio producido a partir de los preconcen
trados y el correspondiente a Ia produccion del mismo 
por plantas convencionales. El yacimiento Don Otto 
contiene un mineral muy adecuado para lixiviaci6n 
en pila y el concentrado obtenido por este proceso 
es de precio inferior en 1-1,50 d6laresjlibra al corres
pondiente a plantas convencionales. 

T. BATUECAS RODRIGUEZ (Espana): j,Cual es el 
precio del preconcentrado de uranio cuando se utiliza 
el proceso de Iixiviacion Don Otto? Me gustaria 
tambien saber si se piensa utilizar algun otro metodo 
de recuperacion ademas del de precipitacion directa 
de los liquidos de lixiviacion. 

P. N. STIPANICIC (Argentina): El precio esta entre 
6 y 6,5 dolares/libra de U30 8, al que hay que anadir 
el coste de transporte a Ia planta de Cordoba y su 

· purificacion final. Debe hacerse resaltar que el precio 
del acido sulfurico tiene un efecto muy importante en 
el coste, puesto que hay que transportarlo a distancias 
de 1 400 km por carreteras dificiles. En la actualidad 
se esta prestando atencion a la posibilidad de reducir 
los costes utilizando otros agentes de lixiviacion, al 

menos hasta ciertos valores especificos de extraccion. 
Estos agentes serian sulfatos ferroso y ferrico cuyo 
coste es bajo en Argentina. 

En relacion con su segunda pregunta, me gustaria 
hacer notar que el metodo de lixiviacion en pila es 
adecuado para Ia extraccion de uranio del mineral. 
Por otra parte, aunque se estan mejorando los resul
tados de Ia precipitacion calcica, existen planes para 
Ia instalacion en Don Otto de una planta de disol
ventes aminados que produciria concentrados con 
un contenido en U30 8 superior al 80 %. 

DISCUSI6N GENERAL 

R. SPENCE (Reino Unido): Hemos estado estu
diando durante algunos anos la extraccion del uranio 
del agua del mar. Actualmente parece que puede 
realizarse tecnicamente este proceso, aunque se 
necesitara un desarrollo considerable antes de poder 
hacer las especificaciones de una planta industrial. 
Nuestras estimaciones de costos son por necesidad 
muy provisionales, pero pensamos que sera posible Ia 
produccion de U30 8 en el intervalo de precios medios, 
es decir, a unos 20 dolares por libra. Nuestros resul
tados se publicaran en el proximo numero de Nature*. 

J. J. WENT (Paises Bajos): Si puede extraerse uranio 
del agua del mar a escala industrial y a un precio de 
unos 20 dolares por libra, los reactores reproductores 
seran interesantes unicamente desde el punto de vista 
economico. Sin embargo, para este objetivo los tipos 
comprobados de reactores de potencia que existen 
pueden ser muy poco economicos. 

l. 
0. A. QuiHILLALT (Presidente): La extraccion del 

uranio del agua del mar a un coste razonable tendria, 
naturalmente, un infiujo importante en toda la situa
cion. Las circunstancias actuales creo que podrian 
resumirse de la siguiente forma. Las reservas de 
uranio del mundo occidental pueden estimarse en unas 
500 000 toneladas que podrian extraerse a un coste 
de 8 dolares por libra. Se espera que las reservas se 
dupliquen en los proximos 20 anos. En el ano 2 000 
se necesitaran unos 3 millones de toneladas. Si se 
intensifica Ia utilizacion de reactores de agua pesada o 
reproductores Ia cifra puede reducirse a 1-2 miilones. 
Todas las reservas estimadas deberan comprobarse 
en un futuro proximo y con este fin es indispensable 
reanudar inmediatamente los trabajos de prospeccion 
y exploracion. Por ultimo, hay grandes reservas de 
torio pero es aun algo prematuro incluirlas en los 
programas actuales de energia nuclear. 

* Davies, R. V., Kennedy, J., Mcilroy, R. W., Spence, R., 
y Hill, K. M., Extraction of Uranium from Sea Water, Nature, 
203, 1110 (1964). 
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Pf56 France 

, . 
Evoluhon de l'industrie de l'uranium en France 

par P. Maget *, P. Vertes * et F. Bazile** 

Depuis 1958, le developpement de l'industrie fran
<;aise de l'uranium a ete caracterise par le maintien 
d'une importante activite de recherches tant en France 
qu'en Afrique et a Madagascar, par l'achevement 
du programme d'equipement des ensembles miniers, 
des usines de concentration et des usines de raffinage 
qui etait deja amorce lors de la precedente Conference, 
et par la mise en regime des exploitations au fur et a 
mesure de leur equipement, a un rythme qui est cepen
dant reste inferieur au rythme primitivement prevu. 

Quelques chiffres caracterisent ce developpement: 
La production des mines fran<;aises est passee de 

700 t de metal contenu en 1958 a 1 075 ten 1963; 
La production de concentres marchands, uranates 

de magnesie et nitrate d 'uranyle, de 500 t en 
1958 a 1 470 t en 1963; 

La production d'uranium raffine de 400 t en 1958 
a 1 200 t en 1963. 

En raison de la conjoncture des recentes annees, 
ces productions ont ete stabilisees des 1961 sensi
blement au niveau actuel, tandis que les capacites 
annuelles des installations sont de l'ordre de 2 000 t 
de metal pour les usines de concentration et de 1 800 t 
pour les usines de raffinage. 

LES PROSPECTIONS ET LES RECHERCHES 

Les prospections et recherches en France se sont 
poursuivies dans les principaux districts uraniferes 
deja connus en 1958. Parallelement, elles se develop
paient dans d'autres regions et en mettaient de nou
veaux en evidence, tant dans des regions cristallines 
a formations filoniennes que dans des regions sedi
mentaires. De plus, le Commissariat a poursuivi 
ses recherches au Gabon et a Madagascar, et en a 
entrepris de nouvelles dans differents Etats africains, 
tels que le Niger et la Republique Centre-Africaine. 

Les gisements filoniens 

Nous rappelons brievement que les districts ura
niferes deja decrits sont ceux du Limousin, du Forez 
et de la Vendee. IIs ont pour caractere commun 
d'appartenir a ce qu'il est convenu d'appeler les 
massifs hercyniens, essentiellement granitiques et 
metamorphiques. Tous les gisements connus y sont 

* Commissariat a 1 'energie atomique. 
** Societe industrielle des minerais de l'Ouest. 
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d'origine hydrothermale et se presentent sous forme 
de filons ou d'amas dont la mise en place est etroite
ment determinee par des facteurs tectoniques. 

Depuis 1958, les travaux du CEA dans ces trois 
districts ont surtout porte sur la mise en valeur, 
!'exploitation et le developpement des gites connus. 
D 'une fa<;on generale, on observe un accroissement 
des reserves, compensant largement le minerai exploite 
durant le meme temps. II est a noter cependant que 
les niveaux profonds, au-dela de 200 m, n'ont pas 
ete etudies de fa<;on systematique; les espoirs de deve
loppement existent done encore de ce cote. 

De nouveaux districts uraniferes se sont dessines, 
qui sont, comme les precedents, en relation avec les 
massifs cristallins hercyniens: 

1) Le district de Ia Margeride, immediatement a 
1 'ouest de la haute vallee de 1' Allier et de la ville de 
Langogne, a ete decouvert et mis en valeur par la 
Compagnie fran<;aise des minerais d'uranium (CFMU). 
Actuellement, deux gisements importants situes dans 
le massif granitique de Grandrieu sont en cours de 
reconnaissance : Le Cellier et Les Pierres Plantees. 

Le gisement du Cellier a ete reconnu par travaux 
miniers jusqu'a 100 m de profondeur et par sondages 
jusqu'a 150 m. II est en liaison avec une zone tec
tonique de direction NNW-SSE suivie sur plusieurs 
kilometres. La mineralisation principale est constituee 
d'oxydes noirs d'uranium en enduits dans un granite 
finement diaclase et broye. Le gisement des Pierres 
Plantees, situe a 3,5 km au nord-ouest du precedent, 
est d'un type tres different. II s'agit d'une episyenite 
mineralisee en pechblende et produits secondaires. 
Cette episyenite, contenue dans un granite a deux 
micas, a la forme d 'une colonne de section irreguliere 
convexe dont le plus petit diametre est de 20 m et 
le plus grand de 50 m. Elle est a peu pres verticale 
sur les 100 premiers metres; elle a ensuite une extension 
horizontale de 80 m, apres quoi, a partir de 140 m 
de nrofondeur, elle se digite en plusieurs rameaux 
plus ou moins verticaux reconnus jusqu 'a 200 m. 

2) Le district de Bretagne, dont I 'interet est actuel
lement beaucoup moindre que les precedents, est 
localise dans un massif de granite a deux micas situe a 
l'ouest de Pontivy. Un certain nombre de petits 
gisements y ont ete trouves. Le principal est celui 
de Bonote, appartenant a la Societe industrielle et 
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m1mere de l'uranium (SIMURA). II s'agit d'un 
riche filon de pechblende qui n'a malheureusement 
qu'une extension limitee a 180 m de longueur et 
150 m de hauteur. 

L'effort de prospection et de valorisation d'indices 
consenti depuis la fin de 1958 dans le domaine des 
massifs cristallins hercyniens a done permis un develop
pement substantiel des ressources uraniferes fram;aises. 
Depuis cette date, les gisements intragranitiques ont 
vu leurs reserves croitre de 15 000 a 21 000 t tout en 
assurant une production de 4 000 tonnes d'uranium. 

Les gisements sedimentaires 

Parallelement, les recherches se sont developpees 
dans les terrains sedimentaires. Dans ce domaine, 
nous assistons a une croissance rapide des reserves 
qui, pendant la meme periode, se sont elevees de 
2 000 a 7 000 t d'uranium, auxquelles s'ajoute une 
production de 500 t. La part du sedimentaire dans les 
ressources est done passee de 8,5 a 25 %. Ceci souligne 
toute !'importance que peut avoir egalement en France 
ce type de mineralisation. II est a noter que toutes les 
recherches poursuivies actuellement par le Commis
sariat en Afrique portent sur des regions de ce genre, 
et que le gisement de Mounana, actuellement exploite 
au Gabon, se situe egalement dans des terrains sedi
mentaires. 

Parmi les plus importants gites sedimentaires 
fran9ais, en dehors de celui des Vosges qui a deja 
ete decrit par le CEA [1] et n'a pratiquement pas 
fait l'objet de travaux depuis 1958, citons: 

1) Les gisements du Permien de /'Herault, mis en 
evidence par le CEA dans la region de Lodeve. Le 
principal est celui de Mas-d'Alary. La mineralisation 
est loca1isee dans les pelites de 1 'Autunien plus ou 
moins carbona tees et chargees de matieres organiques; 
elle peut etre stratiforme (sans mineraux exprimes) 
ou en remplissage de filonnets (pechblende). 

2) Les gisements du Tertiaire continental, qui ont 
fourni de nombreux indices dans le Massif Central. 
Deux d 'entre eux sont plus importants: 

a) Saint-Pierre-de-Cantal, travaille par la Societe 
centrale de l'uranium et des minerais et metaux 
radioactifs (SCUMRA), au sud de Bort-les-Orgues; 
la mineralisation est y constituee par des phosphates 
et vanadates d'uranium dans des sables fluviotor
rentiels oligocenes. 

b) Grezieux-le-Fromental, situe dans des argiles 
sableuses lacustres de la region de Montbrison; 
la mineralisation y est rarement exprimee et le minerai 
a une tres faible teneur. 

LES EXPLOITATIONS MINIERES 

Les mines du CEA 

La production fran9aise est essentiellement assuree 
par le Commissariat dans ses trois divisions minieres 
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de La Crouzille (Limousin), de Vendee et du Forez. 
La mise en exploitation des mines de ces divisions 

a ete conditionnee, d'une part, par l'equipement 
des sieges miniers eux-memes, d 'autre part, par 
!'implantation d'usines de traitement au creur de 
chaque district. 

Caracteristiques generales des exploitations du Com
missariat 

A l'exception de la Division du Forez dont l'usine 
est alimentee par une seule mine d'une capacite de 
1 000 t/j de minerai, les autres divisions comprennent 
plusieurs sieges miniers ou exploitations a ciel ouvert, 
dont les productions sont transportees sur au plus 
50 km a une station centrale de stockage et de prepa
ration des minerais, situee elle-meme a proximite 
de l'un des gisements et de l'usine de traitement. 
Les capacites journalieres de ces sieges miniers, 
equipes en fonction de leurs reserves connues, sont 
de l'ordre de 300 a 1 000 tjj. 

Les equipements des mines sont normalises, !'extrac
tion en particulier est assuree par des tours, des poulies 
Krepe et des skips a marche automatique permettant 
la desserte de plusieurs etages. 

On a generalement adopte, pour les releves d'etage, 
une hauteur de 40 m, qui parait le maximum compa
tible avec la reconnaissance de gisements le plus 
sou vent complexes et irreguliers; un etage sur deux 
est normalement equipe pour }'extraction. 

Les profondeurs d'exploitation actuelles ne de
passent pas 200 m, mais les sieges principaux sont 
equipes pour permettre d'abord des travaux de 
reconnaissance et ensuite I' exploitation jusqu'a 400 m. 

Les gisements exploites par le Commissariat sont 
tous filoniens. Les teneurs en uranium varient de 
0,8 kg a plusieurs kilogrammes par tonne et se situent, 
en general, entre 1 et I ,6 °/oo· 

Les formations sont le plus souvent lineaires et 
subverticales, avec des puissances de l'ordre du 
metre; cependant, certaines colonnes mineralisees, 
en particulier dans la mine des Bois-Noirs au Forez, 
atteignent et depassent 10 m de puissance. Dans 
d'autres cas, comme a la mine de l'Ecarpiere, en 
Vendee, eta la mine du Brugeaud, dans le Limousin, 
des reseaux filoniens tres denses, avec des encaissants 
mineralises, forment de veritables amas de grandes 
dimensions. 

Les methodes d 'exploitation 

Ces diverses formes de gisements, ainsi que la 
nature des encaissants, ont conduit a mettre en reuvre 
des methodes d'exploitation assez variees, telles que: 

a) Les sous-niveaux et chambres vides, dans les 
formations lineaires et les amas dont les epontes 
sont suffisamment solides. Cette methode se montre 
particulierement efficace en Vendee, ou, dans une 
roche relativement saine, 1e reseau filonien est tres 
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irregulier et tres dense, les sous-niveaux constituant 
non seulement une phase de l 'exploitation, mais un 
moyen de reconnaissance que l'on complete par de 
tres nombreux sondages percutants dans les parements; 

b) Les chambres charpentees, dans les lentilles 
particulierement riches a epontes ebouleuses dans 
certains gisements du Limousin; 

c) Les tranches montantes avec remblayage hydrau
lique, dans les formations puissantes et de tenue 
mediocre du Forez; 

d) Les exploitations a ciel ouvert, utilisees soit pour 
l 'exploitation d 'amas particulierement importants 
comme celui du Brugeaud, en Limousin, soit pour 
!'exploitation des tetes de filon. Ce type d'exploi
tation a fourni 15% des minerais produits en 1963. 

L'experience de huit annees d'exploitation indus
trielle des mines filoniennes a permis de degager 
certaines conclusions: 

a) L'irregularite tres generale des mineralisations 
justifie dans tous les cas un controle geologique 
extremement minutieux, avec releve geologique et 
radiometrique des fronts, radiocarottages de nombreux 
sondages percutants faits a partir des galeries et des 
chantiers, radiocarottages dans les carrieres de tous 
les trous de foration pour !'identification des minerais 
avant l'abattage; 

b) Dans les formations minces et riches, les metho
des les plus couteuses sont souvent preferables aux 
autres parce qu'elles permettent de reduire le salis
sage; 

c) La reconnaissance des encaissants par sondages 
percutants en cours d 'exploitation conduit dans la 
plupart des cas a augmenter tres sensiblement les 
reserves prevues ; 

d) La diffusion de la mineralisation dans les parties 
superficielles des gisements justifie frequemment leur 
exploitation par decouverte meme dans le cas de 
formations lineaires apparemment etroites et simples; 

e) Le sterile des usines, convenablement cyclone 
( + 44 f.J,), constitue un excellent remblai hydraulique 
utilisable tant dans les methodes montantes remblayees 
que dans les methodes de chambres vides pour le 
remplissage des cavites laissees par 1 'exploitation. 

Economie des exploitations du Commissariat 

Les prix de revient obtenus dans les exploitations 
du Commissariat sont de l'ordre de 40 a 50 Fft rendue 
sur le carreau des usines, ces prix s'entendant sans 
amortissement, frais generaux et taxes. Ceci conduit, 
suivant les gisements exploites, a des couts variant 
de 2,5 a 4 dollars par livre de U30 8 contenu. 

La conduite des exploitations est basee sur l'etablis
sement de bilans previsionnels qui permettent Ia 
recuperation des minerais marginaux et une stricte 
economie des reserves. Sont consideres comme 
exploitables to us les minerais, a quelque stade qu 'ils 
se trouvent, pour lesquels les depenses restant a 
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engager pour recuperer sous forme de concentres le 
metal contenu sont inferieures a la valeur de ce metal. 

Les bilans previsionnels sont etablis grace a une 
estimation aussi precise que possible des teneurs des 
minerais en place, a une bonne connaissance des 
couts des differentes operations elementaires de 
!'exploitation, et a une comptabilite precise des 
productions permettant, dans chaque cas particulier, 
une bonne estimation des resultats d'exploitation 
et, notamment des salissages et des pertes. 

Cette comptabilite est basee sur des mesures faites 
a la sortie du puits dans un dispositif automatique 
original de triage et de comptage radiometrique. 

Les produits sortant du skip sont deverses dans un 
cylindre, garni exterieurement de compteurs Geiger
Muller et monte sur ressorts dynamometriques, 
ou ils sejournent 40 secondes. La radioactivite et les 
poids mesures sont inscrits sur bande par un tele
scripteur ainsi qu'4n numero indiquant l'origine 
du produit, transmis directement au telescripteur 
depuis la recette du fond; a pres comptage, une 
commande automatique oriente la goulotte de dever
sement du cylindre sur Ia position « sterile » ou Ia 
position « minerai » suivant que la radioactivite 
est inferieure ou superieure au seuil pour lequel 
l'appareil a ete regie. 

Ce cylindre de comptage, outre qu 'il assure une 
premiere elimination du sterile, permet au geologue 
de faire des bilans journaliers des productions pour 
!'ensemble de la mine comme pour chaque chantier 
elementaire dont l 'origine a ete distinguee. Les 
correlations radioactivitefteneur sont verifiees par des 
echantillonnages journaliers de skips test. Ces corre
lations sont generalement suffisamment bonnes pour 
que le geologue renonce au procede couteux d 'echan
tillonnage par rainurage et utilise les resultats du 
cylindre pour evaluer les teneurs des chantiers de 
reconnaissance et etablir ses calculs de reserves. 

Pour les mines du Commissariat, les teneurs de 
coupure auxquelles on arrive varient suivant les 
exploitations: 

Pour un produit en place dans un panneau vierge 
reconnu par voie de base et voie de tete: de 0,5 a 
0,7 °/oo U; 

Pour un minerai abattu en place: de 0,3 a 
0,4 °/oo U; 

Pour un minerai sorti du puits: de 0,2 a 0,35 °/oo u. 

Les exploitations privees 

Outre les chantiers de recherches, dont les produc
tions globales restent peu importantes, situes surtout 
en Bretagne et dans le Massif Central, des societes 
privees exploitent regulierement et a petite cadence 
quatre gisements : 

Celui du Bonote en Bretagne; 
Ceux du Cellier et de Pierres-Pl'antees dans le 

district de Margeride, en decouverte; 
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Celui de Saint-Pierre-du-Cantal egalement en decou
verte. II est a noter que ce gisement est le seul du 
type sedimentaire actuellement en exploitation 
en France. 

Ces minerais sont a teneurs elevees (de 2 a 5 °/00 U) 
et sont transportes sur des distances de plusieurs 
centaines de kilometres jusqu'aux stations d'achats 
du Commissariat situees sur Ia Division de Ia Crouzille 
et celle de Vendee. 

LA CONCENTRATION 

Les minerais fran9ais, tant du Commissariat que des 
exploitants prives, apres une preparation plus ou 
moins sommaire dans les ateliers de preparation 
du Commissariat, sont concentres dans les trois 
usines de Bessines sur la Division de la Crouzille, 
du Forez sur la Division du Forez, et de l'Ecarpiere 
sur la Division de Vendee. 

A ces usines de concentration des minerais metro
politains, il faut ajouter I 'usine de Gueugnon, ou 
le Commissariat retraite les preconcentres produits 
a la mine de Mounana par la Compagnie des mines 
d'uranium de Franceville (COMUF) et importes 
du Gabon. 

De plus, des concentres physiques d'uranotho
rianite sont importes de Madagascar et traites direc
tement dans I 'usine de raffinage du Bouchet. 

Les precedes de concentration physique 

Ces procedes, assez largement utilises il y a une 
dizaine d 'annees (flottation, separation par liqueur 
dense), ont ete peu a peu abandonnes. 

Actuellement, ils ne sont plus employes que dans 
les cas suivants: 

1) Triage radiometrique en continu dans I 'atelier 
de preparation de Bessines. 

Le minerai concasse a 120 mm est debourbe puis 
crible. Les deux fractions granulometriques (40-70 mm 
et 70-120 mm) sont envoyees sur deux convoyeurs 
de triage et l'on effectue en continu la mesure du 
poids et de la radioactivite. La separation entre 
minerai et sterile, basee sur cette double donnee, 
est faite par un valet mobile, lors de la chute des 
cailloux a l'extremite de chaque convoyeur. Chaque 
convoyeur de triage peut traiter entre 20 et 25 t par 
heure; les rejets ont une teneur en uranium de 0,10 a 
0,12 °/00 et representent environ 15% en poids du 
minerai entre dans }'atelier. 

Cette installation fonctionne depuis l'ete 1963. 

2) Traitement par appareils gravimetriques 

Dans le sud de Madagascar le CEA exploite en 
carriere des minerais d'uranothorianite tenant environ 
0,6 °/oo U et 2 °/oo Th. 

Le principe du traitement est le suivant: apres 
concassage et broyage a environ 2 mm par broyeur 
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a barres, un premier traitement par jigs permet de 
recuperer de 30 a 40 % de la th9rianite. Les rejets 
des jigs sont cribles a 1,5 mm et traites par spirales; 
le pn!concentre obtenu par spirales est enrichi sur 
tables a secousses. 

Ces operations de concentrations gravimetriques 
ont d'abord ete effectuees dans de petites Iaveries 
situees a proximite des chantiers a partir de 1954. 
Depuis 1959, le CEA a regroupe ses installations 
et, actuellement, seule fonctionne une laverie a 
Betioky, d'une capacite de 500 t de minerai par 24 h. 

On obtient ainsi des concentres qui titrent de 15 a 
22 %o en U et de 50 a 60 % en Th. Le rendement de 
recuperation est compris entre 80 et 85 % et le taux 
d 'enrichissement est voisin de 300. 

Les precedes de concentration chimique 

Les usines exploitees par Ia societe industrielle des 
minerais de I'Ouest (SIMO} 

Au cours des dernieres annees, la SIMO a exploite 
regulierement les trois usines de traitement de minerais 
fran9ais: Bessines et I 'Ecarpiere, qui sont ses proprietes 
et le Forez, qui lui est donne en gerance par le CEA. 

Dans les deux premieres usines, qui mettent en 
reuvre une lixiviation sulfurique et des resines, les 
resultats obtenus ont ete en constante amelioration, 
tant en ce qui concerne les capacites de production 
que les rendements d'extraction et les prix de revient. 

A titre d'exemple, l'usine de l'Ecarpiere a traite un 
peu plus de 300 000 t de minerais en 1963, avec un 
rendement global d 'extraction de I 'uranium voisin 
de 96 %, pour des minerais ayant des teneurs en ura
nium voisines de 1 °/00 • Le prix de revient moyen de 
l'usine a ete de 26 Fjt, ce qui equivaut approxima
tivement a 2 dollars par livre de U30 8 produite. 

Dans les memes conditions, I 'usine de Bessines, 
avec des minerais d 'une teneur moyenne voisine de 
1,5 °/00 , a obtenu un prix de revient de 31 F/1, soit 
1,6 dollar par livre d'U30 8 produite, bien qu'elle ne 
soit pas alimentee a pleine capacite. 

Ces prix s'entendent sans amortissement et frais 
financiers, et hors taxes. 

La SIMO a parallelement continue son effort dans 
le domaine des procedes nouveaux. 

Ainsi, a l'usine de Bessines, l'atelier d'extraction 
par solvant, prevu en parallele avec les resines echan
geuses d 'ions, pour une part de la production de 
l'usine, a ete essaye avec plein succes. II a ete possible, 
en particulier, de mettre au point des dispositifs 
evitant toutes difficultes dues aux emulsions, qui se 
presentent souvent avec ce procede. 

Un effort particulier doit etre mentionne, qui 
concerne le procede dit « calcique », brevete par la 
SIMO en 1958 et qui avait fait l'objet d'une commu
nication a la seconde Conference de Geneve [2]. 

Ce procede permet, apres une precipitation en 
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deux temps, par la chaux, des solutions d'attaque 
sulfurique des minerais et la lixiviation nitrique de 
l'uranate de chaux obtenu, de produire du nitrate 
d'uranyle tres pur par purification au tributyl
phosphate. 

11 constitue done un raccourcissement important 
du cycle habitue! de fabrication des produits nucleaires, 
puisqu 'il exclut les resines et les difficultes (risques 
d'empoisonnements) toujours attachees a ce procede, 
et la fabrication des produits tres impurs et peu 
utiles, quant au but cherche, que sont les uranates. 

L'usine du Forez, mise en route dans le courant de 
l'annee 1960, utilise ce procede (sa capacite de traite
ment est de 180 000 t de minerais et elle peut produire 
330 t d 'uranium). 

Elle produit actuellement du nitrate d'uranyle 
liquide, tout a fait conforme a ce qui etait prevu, dont 
la purete deja tres grande (quelques centaines de parties 
par million seulement d'impuretes) pourrait tres aise
ment etre rendue de qualite dite « nucleaire » si on le 
souhaitait. Des difficultes normales de mise au point 
ont du etre surmontees, mais il est important de noter 
qu'elles ont eu pour seules causes l'appareillage utilise, 
sans que jamais le processus chimique soit mis en 
defaut. 

11 demeure done tres probable que ce procede, qui 
ne s'adapte pas sans precautions a toutes les qualites 
de minerais, permettra de faire progresser l'economie 
d'ensemble du cycle de matieres premieres a base 
d'uranium. On peut ajouter qu'en utilisant seulement 
la premiere partie de ce procede (les deux precipi
tations aboutissant a un uranate tres impur) on dispose 
d'un procede de traitement sommaire, qui peut s'appli
quer dans certains cas particuliers, comme celui 
d 'une usine tres isolee situee loin de toute industrie. 

C'est cette position qui a ete adoptee pour 
l'usine d'uranium qui a ete construite en Republique 
gabonaise pour la COMUF. 

L'usine de Gueugnon 

L'usine de Gueugnon a ete la premiere usine cons
truite par le Commissariat en France pour traiter 
des minerais pauvres. Elle a demarre en 1955. D'une 
capacite d'environ 35 000 t de minerais par an, elle a 
subi differentes modifications de procedes et est 
devenue de plus en plus, entre 1959 et 1961, une usine 
experimentale a mesure que le demarrage d 'unites 
plus importantes (Ecarpiere, Bessines) la liberait des 
taches de production. 

En 1961, elle a ete reconvertie pour assurer la 
purification des preconcentres produits par la COMUF 
a Mounana et achetes par le CEA. 

Ces preconcentres sont obtenus apres lixiviation 
sulfurique d 'un minerai complexe d 'uranium et de 
vanadium, lavage par decanteurs a contre-courant, 
et precipitation directe par la magnesie. 

11s titrent de 25 a 35% en u et de 5 a 10% en v. 
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Ils sont seches a 3-4 % d 'humidite pour le transport, 
charges en sacs papier places a 1 'interieur de filts en 
bois et transportes en France par bateau. 

Le procede de traitement utilise a Gueugnon est 
le suivant: 1 'uranium est malaxe pendant au moins 
une demi-heure avec de l'acide sulfurique. On ajoute 
ensuite du nitrate de chaux et, apres environ une 
heure de melange, on filtre le residu de sulfate de 
chaux. Le nitrate d 'uranyle obtenu est purifie par 
solvant TBP. Apres reextraction a l'eau, on obtient 
un nitrate d 'uranyle qui est concentre par evapo
ration jusqu'a 400 g U/1. 

Le raffinat de !'extraction par TBP est neutralise 
en deux temps par un lait de chaux; dans le premier 
temps a pH 2,5, on recupere du vanadate de chaux a 
15-20 % de V sur sec; dans un deuxieme temps a 
pH 10, on precipite les hydroxydes de fer et d 'alumine 
qui sont elimines et on recupere un jus de nitrate 
de chaux qui est concentre par evaporation puis 
recycle a la lixiviation. 

Le rendement est compris entre 99 et 99,5 %. 
L'usine est capable de produire, sous forme de nitrate 
d 'uranyle, environ 430 t d 'uranium par an. 

Elle emploie un total de 50 personnes. Le prix du 
traitement est voisin de 5,80 F par kg de U produit, 
soit environ 0,5 dollar par livre d'oxyde U30 8• 

Autres precedes de lixiviation 

Apres des etudes eillaboratoire [3], on a experimente 
a l'echelle semi-industrielle divers procedes pour 
tirer parti de certains minerais, ou trop pauvres pour 
justifier leur traitement dans une usine classique, 
ou possedant des caracteres qui genent ce traitement [4] 

1) Les schistes houillers des Vosges contiennent une 
mineralisation extremement diffuse rendant la recupe
ration de !'uranium difficile. On a essaye la lixiviation 
alcaline par capillarite d 'une part, et par immersion 
d'autre part. Cette derniere methode a donne de 
meilleurs resultats mais les essais se poursuivent; 

2) Le minerai granitique de Bauzot, qui consommait 
beaucoup d'acide en usine, contient des elements 
provoquant l'empoisonnement des resines. Un tas 
de 5 000 t a ete soumis, pres de l'usine de Gueugnon, 
a un arrosage par acide dilue. Une recuperation 
voisine de 85 % a ete obtenue avec une consommation 
d'acide plus faible et les jus n'ont pas cree les memes 
ennuis aux resines. U ne souche de bacteries ferro
oxydantes a ete ensemencee sur le tas et y a subsiste; 

3) L'arrosage acide d'un minerai tres pauvre, et 
normalement irrecuperable, abattu dans la mine de 
Brugeaud et laisse in situ, a donne des jus a teneur 
extremement elevee pendant un mois. 

Sur ces premiers resultats encourageants, la methode 
va etre etendue a d'autres minerais qui seront traites 
dans des installations a l'echelle industrielle. 

Des reunions periodiques entre ingenieurs des 
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JEN espagnole et portugaise et du CEA ont permis 
de mettre en commun leurs experiences respectives 
et de perfectionner les applications du procede. 

PRODUCTION DES PR.ODUITS 
NUCLEAIR.EMENT PUR.S 

A PARTIR. DES CONCENTR.ES 

Deux usines appartenant au CEA assurent Ia 
transformation des concentn!s d 'uranium en produits 
nucleairement purs: 

a) L'usine de Malvesi (dans le Midi de Ia France, 
pres de Narbonne), geree par Ia Societe de raffinage 
de !'uranium (SRU), ou le CEA est associe avec les 
societes Saint-Gobain et Potasse et engrais chimiques. 

b) L'usine du Bouchet, exploitee directement par 
le CEA. Sa capacite de production est environ Ia 
moitie de celle de Malvesi en uranium metallique, 
mais elle est en plus equipee pour le traitement des 
minerais d'uranothorianite de Madagascar et dotee 
d'ateliers pilotes pour le developpement des procedes. 
Ce developpement est pousse au Bouchet jusqu'au 
stade industriel, ce qui fait que ce Centre, beaucoup 
plus ancien en date, possede certaines installations des 
plus modernes. 

Le Bouchet est egalement specialise dans- Ia produc
tion de l'oxyde d'uranium (U02) frittable, destine a 
Ia preparation d'elements combustibles ceramiques. 

A l'exemple des pays anglo-saxons, Ia production 
fran<;aise s'oriente vers l'emploi du magnesium comme 
metal reducteur dans !'elaboration de !'uranium. Tou
tefois, fidele a Ia technique des fours verticaux (moving 
bed) pour Ia preparation du tetrafluorure, elle a porte 
le maximum d'effort au perfectionnement de ces 
procedes qui lui permettent actuellement d'obtenir 
une qualite de fluorure particuliere a un prix de revient 
tres bas. 

La reactivite de ce fluorure a conduit a Ia simpli
fication de Ia technique d'elaboration du metal, 
qui se fait de plus avec un excellent rendement, queUe 
que soit Ia taille des !ingots. Cette elaboration se 
fait encore principalement en calciothermie, mais une 
unite pilote de magnesiothermie (300 t/an) fonctionne 
regulierement en donnant toute satisfaction, grace 
notamment a Ia reactivite du tetrafluorure. L'extension 
de ce procede a toute !'elaboration est en cours. 
Les !ingots produits par ce procede sont de I 00 a 
1 000 kg, mais Ia taille Ia plus couramment fabriquee 
est de 200 kg environ en raison des exigences des 

. equipements deja existants pour les traitements 
ulterieurs. 

La refusion des !ingots bruts produits par magne
siothermie a ete egalement experimentee· au Bouchet 
dans un four prototype muni d'un dispositif de 
condensation des produits volatils. 

Ce four permet en meme temps l'affinage du metal 
et Ia division des !ingots de gros modele en fonction 
de Ia demande. 
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L'equipement le plus recent mettant en reuvre 
Ia technique des fours verticaux consiste en un four 
combine effectuant Ia transformation directe de 
l'oxyde U03 en UF4• 

Dans ce four (modele LC), qui est une variante per
fectionnee du four en « L » signale deja a Ia conference 
de Geneve en 1958 [5], Ia descente du produit est 
realisee dans un tube unique, par une vis d'extraction 
unique, cette derniere agissant en meme temps comme 
finisseur de fluoruration. 

Les reactifs gazeux sont introduits dans le four a 
differents niveaux, mais Ia sortie des gaz residuels 
est unique. 

Les reactifs employes sont !'ammoniac et l'acide 
fluorhydrique. L'absorption de ce dernier par l'oxyde 
d'uranium est totale, ce qui, en dehors de l'economie 
en reactif, permet une simplification de l'appareil
lage qui ne comprend pas de dispositifs de recyclage 
ou de recuperation. 

Le courant gazeux n'entrainant pratiquement pas 
de poussieres, le probleme de depoussierage est 
egalement supprime. 
. Le four, qui ne comprend qu'un minimum de 
partie mecanique est d 'une robustesse remarquable 
et d'un entretien facile. La regularite de son fonction
nement a permis de reduire le personnel de surveil
lance au strict minimum. 

La capacite unitaire des fours LC est de 100 a 
400 t d'uranium par an. 

L'oxyde U03 a employer dans le four LC se presente 
sous forme de granules obtenus a partir du diuranate 
par calcination moderee, sans dispositif particulier 
de granulation. 

Le desir de pouvoir adapter le procede a l'oxyde 
obtenu par denitration thermique a conduit le CEA 
a etudier Ia possibilite d'obtention directe de granules 
d'U03 dans un appareillage original dont Ia premiere 
version industrielle est en construction a l'usine du 
Bouchet. 

La production d'oxyde d'uranium de qualite frit
table a fait !'objet de nombreuses etudes et d'essais 
pratiques au stade demi-industriel. 

Le Bouchet est actuellement equipe pour cette 
production en fours de differents modeles permettant 
!'obtention de plusieurs qualites d'oxydes. 

C'est ainsi qu'une installation con<;ue pour Ia fabri
cation d 'oxyde legerement enrichi effectue Ia reduction 
en four tournant . 

D'autres fours, comportant des installations de 
preparation et de finissage, procedent a Ia reduction 
en systeme vertical par l'hydrogene ou par !'ammoniac. 

La capacite et Ia souplesse de ces installations 
permettent au Bouchet de faire face largement a Ia 
demande en oxyde nature! ou legerement enrichi. 

Une partie des matieres premieres employees au 
Bouchet arrive sous forme de concentre physique 
de minerais d'uranothorianite. Bien que Ia teneur 
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en uranium (10 a 20 %) soit trois a cinq fois plus 
faible que celle en thorium, ce concentre n'en constitue 
pas moins une source d'uranium tres interessante. 

La separation des deux elements, suivant le mode 
primitivement employe au Bouchet, a eu lieu par 
precipitation oxalique. Ce procede est actuellement 
abandonne en faveur de la separation par extraction 
selective au phosphate tributylique. Ce perfection
nement, tres interessant sur le plan economique, 
permet en meme temps une purete plus poussee des 
deux produits finaux, qui sont les nitrates nucleai
rement purs de ces deux elements. 

L'usine de Malvesi, construite en 1958, utilise encore 
des techniques anterieures a cette date. En particulier, 
!'elaboration du metal y est encore effectuee par calcio
thermie. 

La modernisation de cette usine est en cours (intro
duction des fours LC de fluoruration et de la magne
siothermie), en collaboration avec les societes qui 
en assurent la gestion. Les transformations s 'effectuent 
par etapes pour ne pas arreter la production indis
pensable. On prevoit en meme temps une augmentation 
notable de la capacite du Centre, qui doit assurer 
le gros de la production fran~aise d 'uranium metal 
par magnesiothermie des 1966. 

I1 parait superflu de rappeler que 1 'interet de la 
magnesiothermie est surtout d 'ordre economique, 
le calcium etant actuellement un reactif encore tres 
couteux. 

I1 convient de remarquer toutefois que les techniques 
procedant par calciothermie ont ete notablement 
ameliorees ces dernieres annees et qu'en particulier, 
en effectuant des elaborations par le calcium dans des 
creusets du type magnesiothermie, on est parvenu 
a abaisser de fa~on appreciable la consommation 
de ce reactif. 
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CONCLUSIONS 

Les six annees qui se sont ecoulees depuis la prece
dente Conference de Geneve, ont vu les reserves 
fran~aises connues se consolider et s'accroitre de 
telle fa~on qu'elles garantissent a la France une 
trentaine d'annees de production ala cadence actuelle. 

Le developpement de l'industrie de l'uranium, 
s'il a ete freine par les circonstances, n'en a pas 
moins permis de mettre en service un outil suffisant 
pour assurer les besoins de la France dans les pro
chaines annees au moins et de mettre au point, surtout 
dans les domaines de la concentration et du raffinage, 
des methodes industrielles en vue de developpements 
nouveaux. 
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A/56 France 

Evolution of the uranium industry in France 

by P. Maget et a/. 

The main feature in the development of the French 
uranium industry during the last few years is the 
completion of the programme, started in 1958, 
for the equipping of mining units and treatment 
plants. 

It was thus possible by 1961 to reach a production 
capacity of about 2 000 t of metal contained in 
concentrates, and about 1 800 t of metal of nuclear 
purity. 

The prospecting and research carried on in France 
by the Commissariat and by private industry have 

brought about not only a satisfactory renewal of the 
reserves under exploitation, but also the development 
of two new uranium-producing regions. One is of 
the usual type in France, in the crystalline formations 
to the south-east of the Massif Central, the other in 
the Permian sedimentary formations in the depart
ment of Herault. 

Ore extraction is essentially taken care of by the 
Commissariat a l'energie atomique in the three 
mining districts Vendee, Limousin and Forez, private 
industry having been unable to form any large produc
tion unit under the conditions prevailing in recent 
years. 

Physical methods of concentration have been 
gradually abandoned, with the exception of a con
tinuous radiometric sorting at the Bessines plant and 
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the gravimetric concentration of uranothorianite 
ores in Madagascar. 

Uraniferous concentrates are produced in two 
forms. On the one hand, two chemical plants run 
by a combined Commissariat-private industry firm, 
the Societe industrielle des min era is de l 'Ouest, 
produce magnesium uranates by a conventional pro
cess in the Vendee and at La Crouzille. On the other 
hand, two Commissariat plants, one managed by the 
same Society in the Forez, the other run directly 
by the Commissariat at Gueugnon in the Grury 
mining district, at present inactive, produce uranyl 
nitrate. The former from ore extracted in the Forez 
region, the latter from magnesium uranate precon
centrates imported from Gabon. 

Two Commissariat plants convert the concentrates 
into a product of nuclear purity. One at Le Bouchet, 
run by the CEA also deals with development studies. 
The other at Malvesi, managed by a Commissariat
private industry combine, the Societe de raffinage de 
l'uranium has a production capacity about double 
that of Le Bouchet and uses the same manufacturing 
processes. 

The bulk of the uranium metal is still produced 
by calcium reduction, but the Le Bouchet plant is 
already equipped for magnesium reduction and is 
using this process. 

Uranium fluoride is obtained, by a technique 
peculiar to the French process, in combined vertical 
furnaces giving a direct transformation of trioxide 
(U03) to fluoride with a very low oxygen content; 
particularly adventageous production yields can thus 
be obtained. The equipment of the Malvesi plant will 
be modernised in the near future to make use of this 
process. 

The plant at Le Bouchet also contains equipment 
for the treatment of uranothorianite concentrates 
imported from Madagascar. The original process, 
based on solvent purification and oxalic separation, 
has been replaced by a more modern method using 
selective dissolution, which enables pure nitrates to 
be produced under excellent conditions. 

A/rJ6 ttlpaHLIH A 

PaasHTHe ypaHoso~ npoMblwneHHOCTH 
BO UJpaH~HH 

n. Mame et al. 

3a nocne~uue ro~hl pa3BHTHe iflpau~y3clwll: 
ypaHOBOH npOMhiiiiJieHHOCTH xapaRTepH3yeTCH B 
OCHOBHOM 3aBeprneHHeM nporpaMMhl TeXHH'IeCRO
ro ocua~eHHH py~HHROB u 3aBo~oB no uepepa-
6oTRe ypaua, ROTopaH 6LIJia npuHHTa R ucnoJiue
uuro B 1958 ro~y. 

·~""""'-·-·-,.,.----~"".''!1' __ ,..._1;-¢11.0 
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B cooTBeTCTBHH c aToii nporpaMMoii yme B 
1961 ro~y <l>paH~HJI nOJIY'IHJia 2000 T ROH~eHTpa
TOB H OROJIO 1800 T MeTaJIJIH'IeCROfO ypaua, npu
fO~HOfO ~JIH HCnOJih30BaHHH B peaRTOpaX. 
Bnaro~apH reonoru'IeCRHM uccne~osaHHHM u 

pa3pa6oTRaM, ne~y~uMCH RoMuccapuaToM no 
aTOMHOH ;meprHH H 'IaCTHOH npOMLirnJieHHOCTbiO, 
BO <l>paH~HH He TOJihRO B030UHOBJieHLI paapaoOT
RH aa6porneuuLIX py~uHROB, uo u uaqaTa paapa
ooTRa ~BYX HOBhiX MeCTOpom~eHHH ypaHOBhiX py~: 
o~uo ua roro-BOCToRe ~euTpaJILHoro Maccu:na 
<l>pau~uu, r~e py~LI aaneraiOT B RpucTaJIJIH'Iec
RHX iflopMa~uHx, ~pyroe - B ~enapTaMeHTe 8po, 
B nepMCRHX oTJiomeHHHX. 

Bsu~y Toro 'ITO qacTHaJI npoMLirnneuuoCTh aa 
nocne~uue ro~LI ue cMorJia coa~aTL uu o~uoro 

Rpynuoro npoMLirnJieHHOfO npOH3BO~CTBa, paapa
UOTRa py~ ne~eTCJI rnaBHLIM o6paaoM RoMucca
puaToM no aTOMHOH aueprHH B Tpex ropHLIX pai!
OHaX ~enapTaMeHTa Bau~e11, B npoBHHIWHX Jlu
Myaeu u <Pope3. 

OT MeTo~a RoH~eHTpn:posauuH py~ ifluauqecRHM 
nyTeM llpHrnJIOCh nocTeneHHO OTRaaaTLCH; TOJibRO 
ua 3aBo~e B BeccuHe npuMeHJIIOT MeTo~ Henpe
pLIBHoll: pa~uoMeTpuqecRoii copTitpoBRH PYA, a Ha 
MaAaracRape - MeToA rpaBHTa~HoHHOii ROH~eH
Tpa~uu ypaHo-TopuaHHToBLIX PYA· 

flpoU3BOACTBO ROH~eHTpiipOB3HHhiX ypaHOBbiX 
PYA BeAeTCJI ABYMJI MeTOA3MH: 

- ABa XHMH'IeCRHX aaBoAa CMernaHHOH ROMIIa
HHU <<CocLeTe aHAIOCTpueJIL p;e MuHepe Ae n'YecT>>, 
co3p;aHHoii RoMuccapuaTOM no aToMHoii aueprulf 
H 'laCTHhiM RanHTaJIOM, noJiyqaiOT ypaHaT MarHIIJI 
B BaHAee u B Rpyaeiie RJiaccuqecRuM MeTOAoM; 

- ABa aasoJJ,a RoMuccapuaTa no aTOMHoii auep
ruu ( OJI,HH B <l>opeae HaXOAHTCJI B BeJJ,eHHH CMe
rnaHHOfO o6~eCTBa, Apyroii: B reuLoHe B paiioHe 
Gea~eiicTsyro~ero PYAHHRa uaxoJJ,HTCH B BeAeuun 
KA3 <l>paH~uu) npouaBOAHT ypaHHJIHHTpaT: nep
Bhlii - ua PYA, A06LmaeMLIX B <l>opeae, p;pyroii -
ua o6ora~cHHhlX PYA ypaHaTa MarHHH, HMnopTu
pyeMLIX H3 faooHa. 

,D;sa 3asop;a, npuuaAJiema~ux HoMHccapuaTy 
no aToMuoii: auepruu, nepepa6aThlBaiOT RoH~eHT
puposaHHhle PYJI.hl B MeTaJIJIH'IeCRHii ypaH: 

- 3asop; B Byrne, ROTophlii, RpoMe Toro, BeAeT 
UCCJieJJ,oBaHHH ,JI H3hlCRaHHH B o6JiaCTH npoH3BOA
CTBa ypaua; 

- 3aBo~ B MaJII.Beau, ynpaBJIHeMhlii: cMernaH
uoii: ROMnauueii: «CocLeTe p;e paifluuam p;e n'ypa
uuyM», co3p;aHHhlM RoMuccapuaToM no aToMHoii 
aueprHH H 'IaCTHhlM RanHTaJioM. 

llpoH3Bop;uTeJILHoCTh 3asop;a B MaJILBe3H no'ITII 
sp;soe BLirne npoH3Bop;HTeJILHOCTH 3asop;a B Byrne, 
XOTJI Ha HHX npuMeHHeTCJI O~HH If TOT me TeXHO
JIOflf'IeCRHH npo~ecc. 

Hau6oJILrnaH qacTL MeTannnqecRoro ypaua npo-
113BoAHTCH MeTOfl;OM RaJih~IIHTepMH'IeCRoro BOCCTa
HOBJieHIIH, xoTH 3asop; B Byrne yme nepeo6opyp;o
sau ua np0113BOll;CTBO 'IIICTOfO MeTaJIJIII'IeCROfO 
ypaua MarHHHTepMII'IeCRHM BOCCTaHoBJieHHeM, 1\0-
TOphiH yme npHMeUHeTCH B npoH3BOACTBe. 
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~nn nonyqeunn ~Topn~a ypaua npnMeHHIDT 
lf>paH~Y3CKHH MeTO~, KOTOphlH 3aKnroqaeTCH B cno
~YIDUWM: B ~Byx KOMOHHHpoBaHHLIX, BepTHKanL
no pacnonomeuuhlx ne'lax nponaBo~HTCH npnMoe 
npeBpa~eune TpexoKHCH ypaua (U03) Bo lf>Topn~ 
C O'leHb HH3KHM CO~epmaHHeM KHCnopo)J;a, 'ITO 
ooecne'JHBaeT BbiCOKYID :3KOHOMH'IHOCTb npOH3BO~
CTBa. B 6nnmaftrnee BpeMH aaBo~ B ManLBean 6y
p,eT nepeooopy~OB3H fl,nH paOOThl no :3TOMY MOTO
AY· 

l\poMe Toro, ua 3aBo~e B Byrne HMeeTc'n ycTa
HOBKa ~nH nepepaooTKH ypaH-TOpHaHHTOBhlX KOH
~eHTpaTOB, HMnopTnpyeMLIX H3 Ma~aracKapa. 
IlpHMeHHeMhlH nepBOO BpOMH MOTO;:J;, OCHOBaHHhiH 
ua O'IHCTKe py)J; nyTeM paCTBopennH n nocne)J;yro
I~ero ~aa)J;enennH c noMo~hro ~aBeneBoii KHcno
Thi, 3aMeHeH oonee COBpeMeHHhiM MeTO,ii;OM O'IHCT
KH nyTeM ceneKTHBHOfO paCTBOpeHHH, KOTOphlrl 
II03BOnHeT nony'laTb qHCThiO HHTpaTbl no HH3KHM 
~enaM. 

A/56 Francia 

Evoluci6n de Ia industria del uranio en 
Francia 

por P. Maget ef a/. 

El desarrollo de la industria francesa del uranio 
en los ultimos aftos, se ha caracterizado, sobre todo, 
por Ia terminaci6n del programa para equipar los 
conjuntos mineros y las H1bricas de tratamiento, que 
ya se habia iniciado en 1958. 

Como resultado se ha alcanzado desde 1961 una 
capacidad de produccion de unas 2 000 t de uranio en 
forma de concentrados y de unas 1 800 t de metal 
nuclearmente puro. 

Las prospecciones y las investigaciones realizadas 
en Francia por el Commissariat y la industria privada 
han tenido como resultado, ademas de una renovaci6n 
satisfactoria de las reservas explotadas, el desarrollo 
de dos nuevos distritos uraniferos : uno, de tipo 
clasico en Francia, en las formaciones cristalinas del 
sudeste del Macizo Central, y el otro en las formaciones 
sedimentarias permianas del departamento del 
Herault. 

La extracci6n de los minerales esta esencialmente 
a cargo del Commissariat a l'energie atomique en 
los tres distritos mineros de Vendee, Limousin y 
Forez, ya que la industria privada no ha podido crear 
ningun centro de produccion importante en la coyun
tura de los ultimos aftos. 

Los procedimientos de concentraci6n por via fisica 
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han sido abandonados paulatinamente, con excepcion 
de una preparacion radiometrica continua que se 
utiliza en la fabrica de Bessines y la concentracion 
gravimetrica de los minerales de uranotorianita en 
Madagascar. 

La producci6n de concentrados de uranio se 
realiza de dos formas : Por una parte, dos fabricas 
quimicas pertenecientes a una sociedad mixta (Com
missariat-industria privada) la Societe industrielle des 
min era is de 1 'Ouest que, siguiendo un procedimiento 
clasico, producen uranatos de magnesio, en Vendee y 
en La Crouzille. Por otra parte, dos fabricas del 
Commissariat : una en Forez, administrada por la 
misma sociedad y la otra en Gueugnon, en el distrito 
minero de Grury, inactivo en la actualidad, explotada 
directamente por el Commissariat, que producen 
nitrato de uranilo; la primera partiendo del mineral 
extraido en Forez, la segunda partiendo de concen
trados de uranato de magnesio importados del Gabon. 

Dos fabricas pertenecientes al Commissariat realizan 
la transformacion de los concentrados en un producto 
nuclearmente puro. La de Bouchet, explotada por el 
CEA, que se encarga tambien de los estudios de 
desarrollo; la de Malvesi, administrada por una 
sociedad mixta (Commissariat-industria privada) la 
Societe de raffinage de 1 'uranium. 

Esta ultima tiene una capacidad de producci6n de, 
aproximadamente, el doble que la de Bouchet y 
utiliza los mismos procedimientos de fabricacion. 

La partida mas importante de la produccion total 
de uranio metalico se obtiene todavia por calciotermia, 
pero la fabrica de Bouchet esta ya equipada para 
realizar Ia magnesiotermia y trabaja segun este ultimo 
procedimiento. 

El fiuoruro de uranio se obtiene por una tecnica 
apropiada para el procedimiento frances en homos 
verticales combinados en los que se transforma el 
trioxido (U03) directamente en fiuoruro, con muy 
bajo contenido de oxigeno, lo que permite unos 
rendimientos muy interesantes. El equipo de la 
fabrica de Malvesi va a ser modernizado en un futuro 
proximo, para utilizar este procedimiento. 

En la fabrica de Bouchet esta tambien la instalacion 
de tratamiento de concentrados de uranotorianita 
importados de Madagascar El procedimiento que se 
empleaba inicialmente, basado en Ia purificaci6n con 
disolvente y en la separaci6n oxalica, ha sido reempla
zado por un procedimiento mas moderno basado en la 
disoluci6n selectiva, que permite obtener los nitratos 
puros en condiciones excelentes. 



P/408 Argentina 

Concentraci6n fisica de menas 
de uranio arcilloso-calcareas de baja ley 

por M. Mochulsky * 

Las menas utilizadas como materia prima para la 
obtencion del uranio y de sus compuestos se carac
terizan por tener leyes superiores al 0,1 % U30 8• 

E1 progreso de las tecnicas de beneficio por metodos 
fisicos o fisico-quimicos (procedimientos gravita
cionales, flotacion, etc., ha posibilitado el aprove
chamiento de menas de leyes inferiores al 0,1 % U30 8, 

asimismo como el de otras en que los minerales de 
uranio se hallan asociados con calcita, materias 
bituminosas o arcillas. Estos componentes interfieren 
en el tratamiento quimico eficiente de las menas y 
afectan a la economia del proceso, por lo que se 
recurre a su separacion por algunos de los procedi
mientos indicados [1-7]. 

Las menas de uranio de baja ley, motivo del presente 
estudio, procedian de varios puntos del sector sur 
del yacimiento « Don Rodolfo » (Cosquin, Dpto. 
Punilla, provincia de Cordoba, Republica Argentina) 
y fueron extraidas en el curso de los trabajos de 
exploracion efectuados por la Delegacion Centro 
de la Comision Nacional de Energia Atomica (CNEA). 

La mineralizacion uranifera se presenta en parte 
como impregnaciones de carnotita y tyuyamunita 
y bajo Ia forma de cristales de 0,1-0,5 mm de longitud, 
en globados en conglomerados arcilloso-calcareos 
que tambien contienen cuarzo, feldespato y regular 
a pequefia proporcion de yeso [8, 9]. 

La ley media del yacimiento en el sector explorado 
es del 0,03 % U30 8 y su reserva geologica ha sido 
estimada en 3 millones de toneladas. La consideracion 
de los sectores de ley media del 0,053 % U30 8 ha 
indicado una reserva de 765 000 t de mena, y la de 
ley media 0,04% U30 8 ascenderia a 2 millones de 
toneladas. 

A continuacion se expone el analisis quimico del 
lote comun (CQ-300), obtenido por la mezcla de 
cuatro lotes representativos (CQ-1000, CQ-2000, 
CQ-3000 y CQ•4000), y de leyes comprendidas entre 
0,014% y 0,056% (tabla 1): U30 8 : 0.035 %; VP5 : 

0,03 %; Si02: 43,30 %; Al20 3 : 11,60 %; Fe20 3 : 

3,90 % CaO: 13,80 %; MgO: 2,30 %; MnO: 0,60 %; 
(Na20 + K20): 2,60 %; C02 : 7,10 %; P20 5 : 0,20 %; 
Humedad: 7,8 %. 

De la observacion de estos valores resalta el conte-

* Comisi6n Nacional de Energia At6mica. 
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nido de V20 5 , que no exhibe la relacion con el U30 8 

que debiera existir en la carnotita y tyuyamunita. 
Se ha comprobado que el excedente de V20 5 se halla 
en la fraccion arcillosa, probablemente combinado 
con algunos de sus constituyentes y su recuperacion 
no es posible por metodos fisicos ni economica 
por procedimientos quimicos. La investigacion de 
otros elementos cuya presencia en tenor suficiente 
favoreceria el tratamiento economico de estas menas, 
tales como el Mo, W y Se, acuso solamente vestigios. 

En la tabla 2, se dan los datos correspondientes 
al analisis granulometrico y distribucion del U30 8 

en ellote citado, y el de los lotes componentes; tam bien 
se incluye el relativo al lote CQ-7000 y CQ-X-1. 

El proposito de este trabajo ha sido: 
I. La determinacion de las posibilidades de con

centracion por metodos sencillos, de una muestra 
del comun de cuatro menas de distintas leyes represen
tativas del yacimiento; 

2. El ensayo, con tecnica similar, del tratamiento 
de los cuatro lotes individuales, con el fin de decidir 
sobre la conveniencia de incluir los en el comun; 

3. La experimentacion del ciclonado de dos muestras 
de menas en aparatos de I, 2 y 3 eta pas. 

APARATOS Y DISPOSITIVOS UTILIZADOS 

Para la realizacion de los ensayos se han utilizado 
los siguientes aparatos (figura I): 

Un ciclon hidraulico tipo Dutch State Mines de 
75 mm 0 interior, de chapa de hierro [10, 11] capa
cidad de tratamiento 1800-3000 1 pulpajh. 
Un ciclon hidraulico tipo Krebs compuesto de un 
ante-ciclon (70 mm 0) y de un ciclon conico de 
50 mm, de chapa de fundicion. Ambas camaras 
estan provistas de sus respectivos capta-vortices. 

Tabla 1. Composici6n del lote comun CQ-300 

Lote CQ-1000 . 
Lote CQ-2000 . 
Lote CQ-3000 . 
Lote CQ-4000 . 

CQ-300 

Peso 
% 

18,6 
35,0 
15,6 
30,8 

100,0 

0,014 
0,024 
0,036 
0,056 

0,033 

Distrib. 
del 

u,o,% 

8,0 
25,1 
17,5 
49,4 

100,0 

Leyes limites de los 
componentes 

. U30s% 

0,001-0,019 
0,020-0,029 
0,034-0,040 
0,042-0,068 
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Figura 2. lnstalaci6n de alimen
taci6n y circulaci6n de pulpas para 
ciclones hidrciulicos (esquema) 
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CICLON HlDRAULICO 
I 

AGUA--..._ 

Figura 1 

a: Cicl6n simple tipo DSM 

b: Cicl6n de dos eta pas, tipo Krebs 

c: Cicl6n, tipo Raffinot 

d: . Cic16n de tres eta pas 

e: Cicl6n de dos etapas, tipo Krebs 
(esquema) 

I 

___ j 
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Tabla 2 

Malia 
n.• 

Lote CQ-300 ( com1in) 35 . 
65 . 

100. 
-100. 

Lote CQ-1000 . . 35 . 
65 . 

100 . 
-100. 

Lote CQ-2000 . . 35 . 
65 . 

100. 
-100. 

Lote CQ-3000. . 35 . 
65 . 

100 . 
-100. 

Lote CQ-4000 . . 35 . 
65 . 

100. 
-100. 

Lote CQ-7000 . . 35 . 
65 . 

100 . 
-100. 

Lote CQ-Xl. 35 . 
65 . 

100 . 
-100. 

SESI6N 2.12 

Peso 
% 

9,2 
5,8 
2,4 

82,6 

100,0 

6,3 
3,7 
1,7 

88,3 

100,0 

14,7 
5,2 
2,1 

78,0 

100,0 

u,o, 
% 

0,068 
0,134 
0,137 
0,018 

0,032 

0,034 
0,063 
0,110 
0,008 

0,014 

0,032 
0,062 
0,086 
0,017 

0,023 

8,4 0,100 
10,4 0,100 
3,9 0,125 

77,3 0,022 

P/408 

Distri
buci6n 

% 

19,4 
23,9 
10,1 
46,6 

100,0 

15,2 
23,3 

6,5 
55,0 

100,0 

20,2 
13,8 
8,2 

57,8 

100,0 

20,8 
25,8 
12,0 
41,4 

100,0 0,040 100,0 

5,0 0,190 
5,5 0,270 
2,3 0,213 

87,2 0,029 

17,4 
27,4 

9,0 
46,2 

100,0 0,054 100,0 

18,9 0,226 
19,1 0,153 
13,4 0,116 
48,6 0,062 

100,0 0,117 

16,0 0,033 
16,3 0,074 
5,3 0,100 

62,4 0,026 

36,2 
24,8 
13,2 
25,8 

100,0 

d,5 
31,5 
13,6 
41,4 

100,0 0,039 100,0 

El rebose del ciclon conico puede ser retornado al 
tan que de alimentacion. Capacidad: 1 800-3 200 1/h. 
Un ciclon de tres etapas, basado en la adaptacion 
al aparato precedente de un ciclon conico suple
mentario (35 mm 0 ), con lo que se in ten to reunir 
en un solo aparato las ventajas de los dispositivos 
Krebs y Denver-Morton. Capacidad: 2 600-3 200 1/h. 
Un cliclon tipo Raffinot de 30 mm 0 interior, 
realizado en acero inoxidable. Capacidad: 300-
500 1/h [14]. 
Los dispositivos de alimentacion empleados han 

consistido en un tanque alimentador c6nico (en la 
primera serie de ensayos) y de otro cilindrico y de 
fondo conico; sus capacidades eran de 80 y 430 1, 
respectivamente. La alimentacion de las pulpas a 
los ciclones se efectuo por gravedad (diferencia de 
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nivel: 4,70 m) en primer termino y, posteriormente, 
mediante una bomba centrifuga vertical de arenas 
Denver de 25 mm 0 . 

La pulpa procedente del tanque cilindrico-conico 
se inyecto en los ciclones mediante una bomba centri
fuga de barros Worthington (38 X 25,4 mm 0), 
conectada con una derivacion lateral y un tubo de 
retorno al recipiente (figura 2). 

Los ensayos de tratamiento en mesa vibratoria 
se realizaron utilizando un equipo Deister-Overstrom 
de laboratorio (con cubiertas para gruesos y para 
finos, de 920 x 490 mm). El empaste de las menas 
con agua se hizo, en la segunda serie de experiencias, 
mediante el empleo de una hormigonera de tambor 
basculante (capacidad 240 I). Los ciclones hidn'tulicos 
y los dispositivos de alimentacion de pulpas se cons
truyeron en los talleres de la CNEA. 

PROCEDIMIENTO 

La tecnica aplicada fue similar para ellote CQ-300 y 
para los componentes del mismo (lotes CQ-1000, 
CQ-2000, CQ-3000, CQ-4000), y consto de las si
guientes eta pas: 

a) Empaste de la mena con agua hasta 30% de 
solidos, con remocion continua; 

b) Tamizado de la pulpa por la malla n. o 20 ( escala 
Tyler), trituracion de la fraccion de + 20 mallas 
a -20 mallas y su incorporacion al resto de la pulpa; 

c) Remocion y sifonado doble de la suspension 
sobrenadante. El residuo obtenido se reunio con el 
primero. Se obtuvieron dos fracciones: lamas y 
residuo de deslamado; 

d) Las lamas se diluyeron a 20-25 % solidos y 
desde el tan que conico ( desnivel 4, 70 m), se alimento 
por gravedad, mediante un tubo de goma de 19 mm 0 
al ciclon hidraulico de 30 mm 0 (capta-vortice de 
5 mm 0 y boquilla de descarga: 2 mm 0 ). Resultaron 
dos productos: descarga inferior (Underflow) y rebose 
(Overflow); 

e) El underflow se trato en la mesa vibratoria (pro
vista de la cubierta para finos), obteniendose un 
concentrado y una cola finales; 

f) AI margen del procedimiento anterior, se experi
mento el fraccionamiento del residuo de deslamado 
por tamizado a traves de las mallas n. 08 35, 65 y 
100 y las fracciones obtenidas se alimentaron a la 
mesa vibratoria (cubierta para gruesos). En todos 
los ensayos se lograron concentrados de alta ley, 
apreciable reduccion de peso, pero a la vez la recupe
racion disminuyo sensiblemente; por lo tanto, se 
considera que sus perspectivas economicas son poco 
alentadoras. 

RESULTADOS EXPERIMENTALES 

A continuacion se resumen los datos correspondientes 
a los ensayos tipicos efectuados sobre los lotes men-
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Tabla 3 

Ley Distri- Raz6n 
Peso de N.• Producto 
(%) 

u,o, buci6n concen-
(%) (%) traci6n 

Lote CQ-300 Ciclonado: 
(comun). CQ-536 Residuo de de~lamado . 22,0 0,100 66,7 Pulpa: 21 % s61idos. 

CQ-537 Lamas .. 78,0 0,015 33,7 Velocidad de alimentaci6n: 230 kg 
{pulpa/hora (48 kg so lidos/ 

CQ-300 (Alimentacion) . 100,0 0,033 100,0 hora). 
Pulpa underflow: 45,8% s6lidos. 

CQ-538 Underflow ciclonado . 40,8 0,021 60,4 Pulpa overflow: 16% s61idos. 
CQ-539 Overflow. 59,2 0,012 39,6 

CQ-537 100,0 O,D15 100,0 

CQ-550 Reunion de CQ-536 + 0,25 
CQ-538 30,0 0,080 71,7 3,3 

CQ-551 Reunion de CQ-539 + 0,75 
CQ-538 70,0 0,014 28,3 

CQ-300 100,0 0,034 100,0 

Lote CQ-1000. CQ-1002 Residuo de deslamado . 21,2 0,036 54,7 Ciclonado: 
CQ-1001 Lamas. 78,8 0,008 45,3 Pulpa: 23% s6lidos. 

CQ-1000 (Alimentacion) . 100,0 0,014 100,0 
Velocidad de alimentaci6n: 450 kg 

pulpajhora (103 kg so lidos/ 
CQ-1004 Underflow ciclonado . 28,4 O,D15 46,6 hora). 

Pulp a underflow: 51% s6lidos. 
CQ-1005 Overflow ciclonado. 71,6 0,006 53,4 Pulpa overflow: 16,5% so lidos. 
CQ-1001 100,0 0,009 100,0 

CQ-1037 Concentrado mesa. 3,7 0,092 21,0 
CQ-1038 Cola mesa . 96,3 0,013 79,0 

CQ-1004 100,0 0,015 100,0 

CQ-1100 Reunion CQ-1002 + CQ-1037 22,0 0,038 59,7 4,3 
CQ-1101 Reunion CQ-1005 + CQ-1038 78,0 0,008 40,3 

CQ-1000 100,0 0,015 100,0 

Lote CQ-2000. CQ-2003 Residuo de deslamado . 36,7 0,036 57,0 Ciclonado: 
CQ-2002 Lamas. 63,3 0,016 43,0 Pulpa: 22,8% s6lidos. 

Velocidad de alimentaci6n: 455 kg 
CQ-2000 (Alimentacion) . 100,0 0,023 100,0 pulpa/hora (104 kg so lidos/ 
CQ-2004 Underflow ciclonado . 34,2 O,D25 52,0 hora). 

Pulpa underflow: 54,6% s61idos. 
CQ-2005 Overflow ciclonado 65,8 0,012 48,0 Pulpa overflow: 15,1% so lidos. 
CQ-2002 100,0 0,016 100,0 

CQ-2070 Concentrado de mesa 4,0 0,180 28,6 
CQ-2071 Cola de mesa . . 96,0 0,019 71,4 

CQ-2004 100,0 O,D25 100,0 

CQ-2100 Reuni6n de CQ-2003 + CQ-2070 37,6 0,040 61,6 2,6 
CQ-2101 Reuni6n de CQ-2005 + CQ-2071 62,4 0,014 38,4 

CQ-2000 100,0 0,024 100,0 

Lote CQ-3000. CQ-3002 Residuo de deslamado . 37,2 O,D78 72,0 Ciclonado: 
CQ-3001 Lamas. 62,8 O,ol8 28,0 Pulpa: 20,8% s6lidos. 

Velocidad de alimentaci6n: 387 kg 
CQ-3000 (Alimentacion) . 100,0 0,040 100,0 pulpa/hora (80,5 kg so lidos/ 

CQ-3004 Underflow ciclonado . 32,7 0,028 50,5 hora). 
Pulpa underflow: 5!,6% s6Jidos. 

CQ-3005 Overflow ciclonado 67,3 0,014 49,5 Pulpa overflow: 12,5% s6Jidos. 
-

CQ-3001 100,0 O,D18 100,0 

CQ-3076 Concentrado de mesa 1,2 0,242 10,2 
CQ-3080 Cola de mesa . . 98,8 0,026 89,8 

CQ-3004 100,0 0,028 100,0 

CQ-3100 Reunion de CQ-3002 + CQ-3076 37,4 0,080 72,5 2,7 
CQ-3101 Reunion de CQ-3005 + CQ-3080 62,6 0,018 27,5 

CQ-3000 100,0 0,041 100,0 
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Tabla 3 (continuaci6n) 

N.o Producto 

Lote CQ-4000. CQ-4002 Residuo de deslamado . 
CQ-4001 Lamas. 

CQ-4000 (Alimentacion) . 

CQ-4003 Underflow ciclonado . 
CQ-4004 Overflow cidonado 

CQ-4001 

CQ-4070 Concentrado de mesa 
CQ-4071 Cola de mesa . 

CQ-4003 . 
CQ-4100 Reunion de CQ-4002 + CQ-4070 
CQ-4101 Reunion de CQ-4004 + CQ-4071 

CQ-4000 

cionados. En la tabla 3 se exponen los valores obte
nidos por las fracciones intermedias y las condiciones 
experimentales: 

Ellote CQ-300 (comun) (ley 0,034% U 30 8) rindio 
un concentrado con una ley de 0,080% U30 8 y una 
recuperacion en U y peso de 71,7% y 30,0% respec
tivamente. 

El lote CQ-1000 (ley O,Ql 5 % U 30 8), permitio 
obtener un concentrado de ley 0,038% U30 8 y recu
peraciones en U y peso de 59,7% y 22 %. 

Ellote CQ-2000 (ley 0,024% U30 8) rindio un concen
trado de ley 0,040% U 30 8, recuperacion de 61,6% 
del U y de 37,6 % en peso. 

Ellote CQ-3000 (ley 0,041 % U30 8) dio por resultado 
un concentrado de ley 0,080% U30 8 y recuperaciones 
de 72,5 % y 37,4 % del U y peso, respectivamente. 

El lote CQ-4000 (ley 0,055% U 30 8) produjo un 
concentrado de ley 0, 150 % U 30 8 y recuperaciones 
de 74,5 % y 27,5 % en peso. 

El examen de los datos que preceden permite 
observar lo siguiente: 

1) Con el incremento de las leyes de los lotes se 
lograron concentrados de leyes mas elevadas. 

2) Las recuperaciones del U aumentaron a la 
vez con la ley del lote: 

Ley 
Lotes Ley U 30s% del concentrado Recuperaci6n % 

UaOs% 

CQ-1000 0,015 O,D38 59,7 
CQ-2000 0,024 0,040 61,6 
CQ-3000 0,041 0,080 72,5 
CQ-4000 0,055 0,150 74,5 
CQ-300 0,034 0,080 71,7 

Esto permite predecir que la exclusion de los lotes 
CQ-1000 y CQ-2000 del comun CQ-300, hara posible 
la obtencion de concentrados de leyes y recuperaciones 
mas elevadas (ver tabla 1). 

Peso 
(%) 

19,1 
80,9 

100,0 

38,1 
61,9 

100,0 

27,4 
72,6 

100,0 

27,5 
72,5 

100,0 

0,175 
0,026 

0,055 

0,043 
0,016 

0,026 

0,089 
0,027 

0,044 

0,150 
0,019 

0,055 

Distri
buci6n 

(%) 

60,4 
39,6 

100,0 

62,5 
37,5 

100,0 

55,4 
44,6 

100,0 

74,5 
25,5 

100,0 

Raz6n 
de 

concen
traci6n 

3,6 

Ciclonado: 
Pulpa: 20,6 % so lidos. 
Velocidad de alimentaci6n: 400 kg 

pulpa/hora (82 kg so lidos/ 
hora). 

Pulpa underflow: 53,6% s6lidos. 
Pulpa overflow: 12,5% s6lidos. 

Ensayo de concentraci6n del lote CQ-7000 

La mena correspondiente al lote CQ-7000 procedia 
del mismo yacimiento que las anteriores y de minera
lizacion analoga, si bien su ley era de 0,115% U30 8 

y sus reservas de volumen mucho menor. 
El procedimiento de ensayo se efectuo con las 

siguientes variantes : la pulpa se alimento mediante 
la bomba de arenas vertical, al ciclon simple de 
75 mm 0 ; el underflow primario obtenido se reciclon6 
(previa diluci6n) por el mismo aparato y el overflow 
resultante se reunio con el similar primario. Esta 
suspension se inyecto en el ciclon de 30 mm 0. 

Se obtuvo un concentrado de ley 0,173% U30 8 y 
recuperaciones de uranio y en peso de 91,0% 
y 60,5 %, respectivamente (tabla 4). Los valores 
obtenidos demuestran que esta mena exhibe condi
ciones de concentrabilidad muy favorables, que 
confirman la deduccion relativa a los lotes de leyes 
crecientes. 

Ensayo de concentraci6n dellote CQ-/-1 

Este lote era de constitucion similar al del CQ-
4000: U30 8 ; 0,052 %; V20 5 : 0,035 %; CaO: 17,0 %. 

El empaste y agitacion de la mena con agua se 
llev6 a cabo en la hormigonera (con alimentaci6n 
continua de agua y rebalse de las lamas). Estas 
ultimas y el residuo se tamizaron por Ia malla n. o 20 
y el rechazo se trituro a -20 mallas. El ciclonado se 
efectu6 con el dispositivo integrado por el tanque 
cilindrico-c6nico, bomba centrifuga Worthington, 
circuito corto (by-pass), cicl6n compuesto tipo Krebs, 
ciclon conico de 75 mm 0 y ciclon de 30 mm 0. 
El segundo overflow del ciclon compuesto se retorno 
al tan que alimentador; el similar procedente del 
anteciclon se alimento al ciclon de 75 mm 0 y 
el underflow producido por este se inyecto en el 
ciclon de 30 mm 0 . 



SESSION 2.12 Pf408 

Tabla 4. Lote CQ-7000 

Peso 
Ley Distri-

N.• Producto 
(%) UsOa buci6n 

(%) (%) 

CQ-7101 Underflow ciclonado 48,3 0,198 84,5 
CQ-7102 Overflow ciclonado. 51,7 0,034 15,5 

CQ-7000 (Alimentacion). 100,0 0,114 100,0 

CQ-7103 Underflow ciclonado 66,3 0,276 92,4 
CQ-7104 Overflow ciclonado . 33,7 0,045 7,6 

CQ-7101 100,0 0,198 100,0 

CQ-7106 Underflow ciclonado 41,6 0,052 58,4 
CQ-7107 Overflow ciclonado . 58,4 0,026 41,6 

CQ-7105 (Reunion de 
CQ-7102 + CQ-7104) 100,0 0,037 100,0 

CQ-7130 Reunion de 
CQ-7103 + CQ-7106a 60,5 0,173 91,0 

CQ-7131 Colas (overflow) . 39,5 0,026 9,0 

CQ-7000 100,0 0,115 100,0 

a Razon de concentracion: 7,60. 
Ciclonado Ciclonado Ciclonado 
primario secundario de lamas 

Ciclonado: 
Ciclon (mm 0) . 75 75 30 
Pulpa (% sol.) . 20 16,9 14,6 
Velocidad de alimentacion pulpa 

(kg/h) .. .......... 2140 I 890 357 
Velocidad de alimentacion solidos 

(kg/h) .. ••••• 0 428 320 52 
Pulpa underflow (% sol.) 43,7 50,5 40 
Pulpa overflow (% sol.) 9,7 7,3 10,1 

Rindio un concentrado de ley 0,103% U30 8 y 
recuperaciones de uranio y en peso de 81, 1 % y 
43,1 % respectivamente (tabla 5). La determinacion 
de CaO en el concentrado acuso 26,6 %, equivalente 
a 61,1 % del CaO presente en la mena. Este enrique
cimiento gravitacional de Ia calcita, se registro en 
todos los ensayos de las menas de Cosquin. 

Ensayo de concentracion del lote CQ-X-1 

La composicion de esta muestra era semejante 
ala dellote CQ-3000: U30 8 : 0,041 %; V20 5 : 0,027 %; 
CaO: 9,7 %. 

Se opero de igual manera que en el ensayo prece
dente, hasta el ciclonado, en el que se utilizo el ciclon 
de tres etapas (figura 4). Se obtuvieron 3 overflows 
y 2 underflows. Los overflows se alimentaron al ciclon 
de 30 mm 0. Resulto un concentrado de ley 0,080 % 
U30 8 y recuperaciones de U y en peso de 78,1% y 
39,9% (tabla 6). 

Este ensayo rindio una recuperacion superior a la 
del ensayo sobre el lote CQ-3000. La ley en CaO 
del concentrado fue de 16,8% CaO y distribucion 
de 71,9% del CaO total. 

ENSA YOS DE FLOT ACI6N 

Se realizaron numerosos ensayos de flotacion 
selectiva sobre el lote CQ-300 (comun), en los que 
se utilizaron combinaciones de reactivos especificos 
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ya sea para la carnotita o para los minerales de ganga, 
con resultados negativos. Se estima que la presencia 
de particulas de arcilla y calcita, de tamaiios del orden 
de los micrones y en muy abundante proporcion, 
interfieren con la accion de los reactivos de fl.otacion. 

La friabilidad de los cristales de carnotita y tyuya
munita tambien puede ser causa de la reduccion 
rapida de los mismos a particulas de tamaiio submi
cronico, por accion de Ia atricion que en mayor o 
menor grado se registra durante la molienda y agitacion 
previas a la flotacion. 

CONCLUSIONES 

Las menas del yacimiento «Don Rodolfo ll (Cos
quin, provincia de Cordoba, Republica Argentina), 
caracterizadas por su baja ley media (0,03 % U30 8) 

y la importancia de sus reservas, ofrecen posibilidades 
de ser beneficiadas por metodos gravitacionales 
sencillos. 

Los ensayos efectuados hasta el presente permiten 
concluir que las tecnicas de tratamiento de mejores 
perspectivas, se basan en la dispersion en medio 
acuoso de la fraccion arcilloso-calcarea, deslamado, 
clasificacion del residuo por la malla n. o 20, molienda 
del rechazo a- 20 mallas y ciclonado de Ia pulpa resul
tante total, en una o mas etapas. La recuperacion 
puede aumentar por el pasaje de las medianias de 
ciclonado por mesa vibratoria. 

Los resultados obtenidos han demostrado que es 
posible llegar a concentrados de uranio cuyas leyes 
se hallan entre el doble y el cuadruple de la 

Tabla 5. Lote CQ-1-1 

N.o Producto 

CQ-1-43 Underflow 1.0 ciclonado 
CQ-1-46 Overflow 2. 0 ciclonado 
CQ-1-47 Underflow 3.0 ciclonado 
CQ-1-48 Over/low 3.0 ciclonado 

CQ-1-1 (Alimentaci6n). 

CQ-1-49 Reunion de 
CQ-1-43 + CQ-1-47a 

CQ-1-50 Reunion de 
CQ-1-46 + CQ-1-48 

CQ-1-1 

a Razo\) de concentracion: 2,3. 

Peso 
(o/o) 

34,4 
51,1 
8,7 
5,8 

100,0 

43,1 

56,9 

100,0 

Ley Distri-
U308 buci6n 
(o/o) (o/o) 

0,120 75,1 
O,o18 16,8 
O,o38 6,0 
0,021 2,1 

0,055 100,0 

0,103 81,1 

0,018 18,9 

0,055 100,0 

Ciclonado Ciclonado Ciclonado 
primario secundario de lamas 

Ciclonado: 
Cicl6n . Comp. Simple, Simple, 

(Krebs) 75 mm 30 mm 
1.0 capta-vortice (mm 0) . 16 16 6 
2. 0 capta vortice (mm 0) . 10 
Boquillas de descarga (mm 0) 5 5 3 
Pulpa (alimentacion) (% sol.) 1,91 11,6 16,3 
Veloc. de alim. pulpa (kg/h) . 1 980 2 795 545 
Veloc. de alim. solidos (kg/h) 378 324 89 
Pulpa underflow(% sol.) 61 24,5 51,1 
Pulpa overflow(% sol.) . 11,6 9,8 7,9 
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Tabla 6. Lote CQ-X-1 

N.o 

CQ-X-53 
CQ-X-57 
CQ-X-59 
CQ-X-60 

CQ-X-1 

CQ-X-150 
CQ-X-151 

CQ-X-1 

Producto 

1. 0 underflow . . . . . . 
2.0 underflow . . . . . . 
Underflow ciclonado lamas 
Overflow ciclonado lamas. 

Alimentaci6n . . . . . 

Reunion 3 underflowsa . 
Overflow . 

• Raz6n de concentraci6n: 2,5. 

Ciclonado: 

Ciclon ........... . 
Pulpa (alimentaci6n) (% s6lidos) . 
Velocidad de alim. pulpa (kg/h) . 
Velocidad de alim. s6lidos (kg/h). 
Pulpa 1. 0 underflow(% s61.) . . . 
Pulpa 2. 0 underflow(% s61.) . . . 
Pulpa comun 3. 0 overflow(% s61.) 
Pulpa overflow (% s61.) . . . . . 

alimentaci6n, con recuperaciones de uranio y en 
peso del orden de 80-70 % y 40-20 %, respectivamente. 

Se observ6 que con el incremento de las leyes de 
las menas aumentaron las recuperaciones y las leyes 
de los concentrados obtenidos, siendo esos valores 
mas favorables a partir del lote de ley 0,041 % U30 8• 

Las menas de leyes inferiores a 0,040 % pueden 
ser beneficiadas por tecnicas similares pero que 
incluyen cierto numero de etapas de reciclado de 
medianias. 

Simultaneamente con el enriquecimiento del uranio, 
se produce el del CaC03 en los concentrados, lo 
que hace previsible la aplicaci6n de procedimientos 
de lixiviaci6n alcalinos. 

El empleo del cicl6n de tres etapas permiti6 obtener 
una recuperaci6n de uranio mas elevada. 

Se debera estudiar intensivamente la recuperaci6n 
de las particulas muy finas de los minerales de uranio 
que se pierden en las lamas y colas de tratamiento 
(equivalente a 20-30% del uranio total). 
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A/408 Argentina 

The physical concentrat.ion of low-grade argil
localcareous uranium ores 

By M. Mochulsky 

The Don Rodolfo (Cosquin, Province of Cordoba) 
uranium ore deposit is characterized by large reserves 
of low content, thus necessitating preliminary con
centration by physical methods to achieve economic 
recovery of the uranium they contain. 

In this deposit the metal is present as carnotite and 
tyuyamunite, contained in argillocalcareous gangue, 
with contents ranging between 0.014% and 0.10% 
UaOs. 

Assays of concentration were carried out as de-
scribed below: 

Malaxation of the ore in water, 
Sifting through a Tyler 20-mesh screen, 
Milling the oversize from + 20 mesh to - 20 

mesl,, 
Desliming the pulp by siphoning, 
Treatment of the suspension by hydraulic cyclone 

separator in one or more stages to obtain concen
trate and middlings, followed in some cases by 
processing of the fraction on shaking tables, in 
accordance with various operational techniques. 

The results obtained show that concentrates with a 
uranium content 3-4 times higher than that of the 
unsorted ore can be achieved, as well as recoveries of 
close on 70%. 

A supplementary operation consisting in processing 
with a shaking table leads to higher recovery of the 
uranium contained in the middlings. 

From a study of the results of upgrading the ore 
by these gravitational processes which are based on 
using hydraulic cyclone separators in conjunction 
with shaking tables, it is concluded that the higher 
the uranium content of the ore processed, the higher 
will be the content and recovery of the concentrate 
obtained. Since calcium carbonate enrichment of 
the concentrates occurs simultaneously with that of 
uranium, acid leaching is excluded as a method for 
the subsequent processing of the products obtained. 

Af408 Argentine 

Concentration physique des minerais argi
leux-calcai res d 'uranium a basse teneu r en 
Argentine 

par M. Mochulsky 

Le gisement de minerais d'uranium «Don Rodolfo » 
(Cosquin, province de Cordoba), est caracterise par 
ses grandes reserves et sa basse teneur, ce qui impose 
une preconcentration par des moyens physiques pour 
permettre une extraction economique de !'uranium. 

Dans ce gisement, le metal est sous la forme de car
notite et tyuyamunite, ces mineraux etant englobes 
dans des conglomerats argileux-calcaires, avec des 
teneurs comprises entre 0,014% et 0,10% de U30 8 • 

Les essais de concentration ont ete realises comme 
decrit ci-dessous : 

a) Malaxage du minerai dans l'eau; 
b) Tamisage par un crible a 20 mesh (Tyler); 
c) Broyage du refus de + 20 mesh a- 20 mesh; 
d) Deschlammage de la pulpe par siphonnage; 
e) Traitement de la suspension par des hydro

cyclones en une ou plusieurs etapes avec obtention 
d'un concentre et de mixte suivi, dans certains essais, 
d'un triage sur tables a secousses, selon le schema de 
traitement. 

Les resultats obtenus ont demontre qu'il est possible 
d'obtenir des concentres avec des teneurs en uranium 
trois a quatre fois superieures a celles du minerai 
initial et des extractions proches de 70 %. 

Le traitement par table a secousses, en tant qu'opera
tion complementaire, se traduit par une augmentation 
de !'extraction de l'uranium contenu dans les mixtes. 

De 1 't!tude des resu1tats de 1 'enrichissement des mine
rais a I 'aide de tels procedes par gravite fondes sur 
1 'utilisation d 'hydro-cyclones completes par des tables 
a secousses, on peut conclure que plus est haute la 
teneur en uranium du minerai traite, plus seront ele
vees }'extraction du metal et sa teneur dans le concen
tre obtenu. L'enrichissement des concentres en carbo
nate de calcium est parallele a celui en uranium de sorte 
que l'attaque acide est a exclure en tant que traitement 
ulterieur des produits obtenus. 
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A/408 ApreHTHHa 

06orall.\eHHe 6eAHbiX r11HHHCTO·H3Be
CTKOB~X ypaHos~x PYA s ApreHTHHe 

M. MowynbCKHH 

YpaHonoe MecTopomp,eHne «,ll;oH Pop,OJibqJO)) 
(l\ocKJIH, nponnHu;nn l\opp,ona) xapaKTepnayeTcn 
ooJibJIIJfMH aanacaMn py,n; c HH3KUM co,n;epmaHneM 
ypaHa, 'ITO aacTaBJIHeT npn6eraTb K nx o6oral.l\e
HHIO <f>H3HlfCCRHMH MCTO,ll;aMH P,JIH ,ll;OCTHiKellltH 
:lKOHOMHlJCCKH BhirO,ll;HOfO H3BJIClfeHHH ypaHa 113 

:JTHX PYA· 
B aToM MecTopom,n;emm ypaH cop,epmnTCH n 

KapHOTIITaX II TIOHMYHUTaX, <JTH MHHepaJihl BCTpe
lJUIOTCH B rJIHHHCTO-H3BeCTKOBhiX 6e,n;HhiX py,n;HhtX 
mnJiax. l\oJIHlfeCTBo ypaHa B nn,n;e UaOs B Hnx co
cTaBJIJieT 0,014%-0,10%. 06oral.l\eHne npono
,n;nTcJI cJie,n;yiOI.l\HM o6paaoM: 

CMalfnBaHne py,n;LI B no,n;e. 
llpoCCUBaHne 'Iepea CUTO RpyiiHOCThiO 20 Melli. 
,ll;po6JieHne oTcena ( OT + 20 ,n;o -20 Mem). 

M. MOCHULSKY 

,ll;ernJiaMau;nJI nyJILIILI cu<f>oHnpoBaHueM. 
06pa6oTKa cycneHann B ,n;nyx uJin 6oJiee 

CTYIICHlfaThiX rup,pOI.l;HKJIOHaX ,ll;JIH IIOJiyqeHUJI KOH
ll;CHTpaTa U IIOCJIC,ll;YIOI.l\aH no,n;aqa B HeKOTOphlX 
CJiyqaJIX :lTOH -<f>paKI.l;Hll Ha KOHI.l;CHTpau;noHHhie 
CTOJiht corJiacHo paaJIUlJHhiM cxeMaM o6oral.l\eHnJI. 

B peayJILTaTe noJiylJaiOTCH KOHI.l;eHTpaTLI c co
;~epmauneM ypaHa B 3-4 paaa uoJILrne nepBoHa
'laJILHor~l KoJinlfeCTBa ypaHa B IieoTcopTnponan
uoii pyp,e, nanJieqeune ypaua npuuJiumaeTcH 
I\ 70%. 

,ll;OIIOJIHUTCJibHaJI o6paUOTKa Ha KOHI\eiiTpau;n
OIIIIhtX CTOJiaX IIpiiBOJliiT K IIOBhtiiiCHUIO 1\0JIII'ICCT
lla ypaua B KOHI.l;CHTpaTaX. 

Ha OCHOBaHIIII uayqeHIIJI peayJILTaTOB oooral.l\e
HUH paCCMaTpiiBaeMhiX py,n; rpaBIITall;IIOHHhlMU Me
TO,ll;aMH, OCHOBaHHhiMH Ha IIpiiMeHCHUII riiP,pOI.l;IIK
JIOHOB li KOHI.l;eHTpau;uoHHhiX CTOJIOB, ycTaHOBJICHO, 
'ITO lfeM Bbirne co,n;epmauue ypaHa B o6pa6aThtBa
eMoii pyp,e, TCM BhiiJJe BhiXO,ll; IIOJIYlfCHHhiX KOH
ll;CHTpaTOB. 06oral.l\CHHC KOHI.l;CHTpaTOB Rap6oHa
TOM RaJihll;IIH liCKJIIOlJaCT llpOI.l;CCC RHCJIOTHOrO 
BJ,uu;eJialJIIBaHHH KaR MeTo,n; nocJiep,yiOIJ~eii nepe
pa6oTRn npop,yKTa. 



P/450 Hungary 

Recent 
ores 

results • 1n the processing of Hungarian uranium 

By E. Szabo, L. Bakos, B. Czegh~di, M. Fodor and P. Muller* 

Some problems arising in the processing of Hun
garian uranium ores were discussed in a paper pre
sented at the Second Geneva Conference [I]. Further 
investigations in this field are reported below. 

WEIGHTING OF RADIOMETER READINGS 
AND DETERMINATION 

OF OPTIMUM SIZE DISTRIBUTION 
IN RADIOMETRIC ORE CONCENTRATION 

In concentrating uranium ore with the help of 
gamma counters, the pieces of ore are sorted by the 
activity detected, irrespective of particle size. Efficient 
concentration, however, calls for classification by 
relative concentration of uranium. This can be achie
ved by automatic weighting of the particles and corres
ponding weighting of the activities measured. 

This can be done by one of three methods: the 
photo-effect, the inductive feeler, or the dielectric. 
The choice between them depends primarily on the 
contrast properties of the ore and on the design of the 
sorting machinery. Chutes are used for concentrating 
ores with high contrast and in this case the photo
effect provides a good estimate of the weighting factor 
to be applied. For classifying ores with low contrast, 
particularly in small pieces, the sensitivity must be 
higher (threshold < 70 mg U) and the time of measure
ment longer. Conveyer belts are therefore used, 
but it was found that the conventional weightometer 
type of scale was inadequate for our automatic weight
ing procedure because of the irregular spacing of 
the pieces of ore and their light weights. 

An apparatus based on the photo-effect was accor
dingly constructed in 1958. It consisted of photocell 
screens mounted on either side of the belt ahead of 
the radiation detector. The maximum weight pulse 
was first stored and subsequently combined with 
the radiation signal, the combined signal being used 
for controlling the sorting machinery. The photocells 
were later replaced by photo-resistances. The system
atic errors in this procedure result from the fact 
that the signals are proportionate to the particle 
length along the axis of the belt, and therefore not 
fully linear with the actual particle weight, and from 

* Central Research Institute for Physics, Budapest. 
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the accumulation of dust from the ore on the photo
resistances, which affects their reliability. 

In the case of larger lumps, inductive electric 
feelers work satisfactorily and have been found 
efficient even for the preliminary screening of ore 
conveyed in bulk by belt. This method is particularly 
convenient where radiometric devices cannot be 
installed (e.g., underground). In this apparatus, 
illustrated in Fig. I, the electric feelers are angularly 
displaced by the particles moving along the belt. 
The angular displacements are converted to voltage 
pulses by the inductive device located at the point 
of suspension of the feelers. The converter comprises 
emitting and receiving coils. The transmitted pulses 
can be shaped by the movement of an aluminium 
plate attached to the feeling arms. By choosing a 
plate of suitable shape the weighting factor can 
be varied at will. The emitter is fed from a power 
supply at 40kHz. Each of the receiving coils has a peak 
rectifier, which is charged to amplitudes correspond
ing to the magnitude of the angular displacement. 
The output voltage of the integrating capacitor 
senses the number of feelers, the amplitudes and the 
time involved. In this way, the three dimensions 
of the particle that are of interest can be covered. 
The radiation pulse superimposes on the weight 
pulse. The threshold values for both are shown in 
Fig. 2. The apparatus is simple, reliable and easily 

Figure 1. Mechanical sorter for pieces 
of uranium ore with inductive feelers for weighting 
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Radioactivity 

Figure 2. Characteristic threshold curves ct radioactivity 
and weight signals 
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Figure 4. Nomogram of optimum indices for two free-surface 
explosions 

0.3 

i 0.2 

0.1 

t: 

time, hours 

Figure 6. Variation in Ca, Mg. AI concentrations of leaching 
liquor with leaching time 
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Figure 3. Weight vs. voltage curve of the dielectric device 
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Figure 5. Uranium content of residue as a function of the number 
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Figure 7. Uranium content of residue for ores with different 
carbonate concentrations 
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installed. Its particular advantage is that the weighting 
factor can be applied to the integrating circuit of 
the radiometer without amplification. The introduc
tion of this method raised efficiency by 6 per cent. 

For the radiometric concentration of small particles, 
the dielectric weighting method was found to be 
the most suitable. Ore particles travelling on a belt 
induce variations in the capacities of capacitors placed 
above and below the belt which are measured by a 
bridge. The dielectric weighting curve is illustrated 
in Fig. 3. The weight signal is used to correct the 
radiation pulse in the same way as with the electric 
feelers. 

Weighting makes radiometric concentration simpler 
and more efficient even for ores with poor contrast. 

The economics of radiometric concentration are 
strongly influenced by the size of the ore particles 
to be treated. This in turn depends on the physical 
properties of the ore, but can be controlled to some 
extent by appropriate mining techniques. This is 
why the breaking parameters were thoroughly 
studied with a view to obtaining the optimum size 
distribution of ore from sandstone deposits. The 
effect of depth of drilling, packing density, specific 
consumption of explosive, type of explosive and shot 
timing were investigated. The drill-hole diameter 
and pattern were those established for maximum 
output, and were not varied during the experiments. 

Drilling depth seems to have no appreciable bearing 
on particle size, which was found to be affected mainly 
by the quantity and type of explosive, by the packing 
density and by the breaking technique used. In the 
experiments, rather weak explosives causing no 
excessive shattering werre used. 

The experimental results are shown in a nomogram 
(Fig. 4) with drilling depth per cubic metre as ordinate 
and thickness of deposit as abscissa. The solid lines 
represent the parameters for rock of varying hardness 
on the Protodyakonov scale. The dotted lines are the 
isotherms for optimum specific consumption of explo
sive. The nomograms can be used to determine the 
packing density and specific consumption of explosive 
to give the best size distribution for .a given deposit. 

Similar nomograms have been ,plotted for breaking 
technique and shot timing. It has been found that 
the use of these nomograms results in a 5 to I 0 per 
cent improvement in particle size distribution. 

MINIMIZING LEACHING LOSSES FROM URANIUM 
ORES CONTAINING CARBONATES 

In the sulphuric acid leaching of sandy ores con
taining 6 to 12% carbonate (dolomite), the amount 
of uranium in the residue cannot as a rule be reduced 
below about 0.008-0.009%. Experiments were therefore 
carried out to determine the chemical form of the 
uranium present in the residue. 
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The sulphuric acid residue was pulped repeatedly, 
using different concentrations of sulphuric acid, at 
a solid to liquid ratio of 1 : 1.5 and filtered after 
vigorous agitation for 20 minutes before the uranium 
content of the solid phase was determined. The 
results (Fig. 5) show that at best, with 5 g/1 H2S04 

and 15-16 pulpings, the residual uranium can be 
reduced from 0.009 to about 0.005%. This implies 
that uranium has entered the solid phase during the 
leaching process by becoming bound to a component 
that has low solubility in weak sulphuric acid. Co
precipitation with gypsum was suspected. Further 
reduction in the uranium content on washing the 
residue with sulphuric acid-Complexon Ill confirmed 
this assumption. 

Considering, on the other hand, the variations 
in the calcium, magnesium and aluminium contents 
of the leach with time (Fig. 6), it is apparent that 
since the sulphuric acid-dolomite reaction highly 
supersaturates the solution at the beginning with 
calcium, which is precipitated shortly afterwards, 
co-crystallization of uranium and gypsum could also 
be responsible for the loss of uranium. Some super
saturation is apparent even later in the process. Similar 
behaviour could be observed, though with less 
variation, for the concentration of aluminium and 
magnesium. Thus, considerable co-precipitation with 
gypsum is to be expected, and this was accordingly 
studied during the peak leaching period (1.5 to 2 hours). 
Since gypsum has a known tendency to recrystallize 
with magnesium and other metallic sulphates, the 
concentration of each leaching component in the 
precipitates was studied. Analysing the components 
co-precipitated in 48 hours with gypsum from the 
filtrate from the sulphuric acid leach after leaching 
the ore for 30 minutes containing 9% dolomite, the 
concentrations in mg/1 were found to be: Ca, 840; 
Mg, 405; Fe, 80; AI, 40; U, 30 and sulphate, 4 710. 

Thus the precipitate is seen to contain an appreciable 
amount of uranium as well. This agrees well with 
the earlier results. But, though effective, repeated 
pulping and washing of the residue is impractical 
for economic reasons. 

Experiments on ores with various contents of 
carbonate show, as is apparent from the uranium 
residue vs. carbonate concentration curves in Fig. 7, 
that the precipitation of uranium falls off in the 
range 0.5 to 0.7% C02 and ceases below 0.4% C02• 

It has thus been established that about half the loss 
in uranium experienced with sulphuric acid leaching 
can be attributed to co-precipitation with gypsum 
from the liquid phase. For ores with medium carbonate 
content (7 to 10%), the los can be reduced by flotation 
before leaching. The flowsheet in Fig. 8 is used with 
2-3 kg reagent per run, and 150,u particles of ore and 
silicates containing less than 0.4% C02 are obtained 
which can be efficiently leached with sulphuric acid. 
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The uranium content of the residue is about 0.0030 
to 0.0035% for 5-10 g/1 of free H2S04 at 460 mV 
redox potential at room temperature with 1.5 h 
agitation. 

The flotation agent (90% sulfo-soap and 10% 
Turkey red oil) is added only to the primary flotation 
cells. The concentrate obtained from secondary 
(cleaning) flotation, containing 15% carbonate by 
weight of ore, can be alkaline leached at 2 to 2.5 at
mospheres overpressure at 100-105 oc in 7 to 9 hour 
runs. 

Flotation followed by leaching reduces the uranium 
losses, as compared with simple sulphuric acid leaching, 
by a factor of 2. Moreover, the cost of leaching 
agents is lower for the combined method, and for 
ores containing 6 to 7% dolomite the savings are 
sufficient to cover the cost of installing and operating 
the flotation plant. 

RECOVERY OF HIGH PURITY URANIUM 
COMPOUNDS BY EXTRACTION METHODS 

The direct recovery of uranium from eluates of 
ion exchange resins was studied. It is known that 
from anion exchange resins the adsorbed uranium 
is most simply and cheaply eluted by chloride in 
dilute hydrochloric acid. The concentrations in the 
eluate vary with the nature of both ore and resin, 
and lie in the g/1 range, i.e., uranium: 4 to 18; chloride: 
15 to 40; sulphate: 15 to 40; iron: 0.5 to 4; hydro
chloric acid: 10 to 25. 
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For extracting the uranium from this eluate, 
dialkyl phosphoric acid, suggested in the literature, 
was chosen because of its efficiency. With the extraction 
methods described [2-6], the raffinate contains 
appreciable quantities of uranium in addition to 
sulphate or nitrate anions partly in their acid form. 
This is why the solution still rich in uranium has 
to be recycled. 

In the present experiments, uranium is eluted from 
the anion exchange resin by a chloride-rich eluent, 
which means that the raffinate cannot be recycled. 
An extraction procedure has accordingly to be 
developed in which the uranium concentration in 
the raffinate would not exceed the permissible maxi
mum of 0.003 g/1 for spent solutions. 

Considering the various properties of extractants 
(including possible synergism), the use of dialkyl 
phosphoric acid, trialkyl phosphates, their mixtures 
and tri-n-octylamine was tried. Kerosene was used 
as diluent. The extraction isotherms were determined 
for multi-stage counter-current extraction and re
extraction (Table 1). The experimental data determined 
the choice from among 18 extractants of those to be 
studied further. 

Good results were obtained with di-octyl phosphate 
(DOP) and tri-octyl phosphate (TOP) in I :I mixture. 
The uranium distribution isotherms are shown in 
Figs. 9 and 10. It is apparent that the concentration 
of uranium in ·the eluate fell to 0.003 g U/1 if the 
acidity of the liquid phase was not higher than 0.25 and 
the uranium concentration in the recycled organic 

Table 1. Characteristics and composition of extractants 
(aqueous phase : 10 gjl uranium; stripped with ammonium carbonate) 

Symbol 
of solution 

Reagent concentration M/1 
kerosene diluent 

TBP ... 0.1 TBP 
TnOA .. 0.1 TnOA 
D2EHPA Mixture of mono- and di-2-(ethylhexyl) phosphate, assay 

60% (di- 59%, mono- 41%) concentration of di-ester 
0.06 

DlMHPA Mixture of mono- and di-1-(methylhexyl) phosphate, assay 
46% (di- 49%, mono- 51%) concentration of di-ester 
0.046 

D2EHPA 
R I . 
R II. 
R III. 
RIV. 
R 2I . 
R2111. 
R 2IV. 
T I . 
Til. 
T III. 
TIV. 
TV 
T21. . 

0.1, titratable 98.4% (di-97.9%) 
0.061 D2EHPA; 0.06 M2EHPA; 0.1 TBP 
0.061 D2EHPA; 0.06 M2EHPA; 0.1 TnOA 
The same as DlMHPA + 0.1 TnOA 
The same as DlMHPA + 0.1 TBP 
0.1 D2EHPA; 0.1 M2EHPA; 0.1 TBP 
0.064 DlMHPA; 0.052 MlMHPA; 0.1 TnOA 
0.064 DlMHPA; 0.052 MlMHPA; 0.1 TBP 
0.1 D2EHPA (97.8%); 0.1 TBP 
0.1 D2EHPA (97.8%); 0.1 TBP 
0.1 DIMHPA; 0.1 TnOA 
0.1 DlMHPA; 0.1 TBP 
DOPA+ TOPa 
0.1 D2EHPA (99.18%); 0.1 TBP 

• Prepared from synthetic C8 alcohols. 

Distribution coefficient 
Dota Da/o 

uo-4 

4.10-2 

95 

34 
5 

139 
541 

97 
193 
228 

44 
203 

3 
8 

10 

+ 
1 

166 

95 
31 

11 

92 
2 

+ 
6 000 

Remarks 

High losses in extraction 

Emulsion, high separation time 

High losses in stripping 
High separation time 
High separation time 
High separation time 
Good 
High separation time 
High separation time 
Good 

High separation time 
Emulsion 
Good 
Good 
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Figure 8. Separation by flotation of uranium 
ore with medium carbonate content into carbonate and silicate 
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Figure 9. Effect of acid concentration in the aqueous phase 
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Figure 11. Differential thermogravimetric curve 
of hydrated U03.2H20 samples 
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phase less than 0.5 gjl before extraction~ Uranium 
concentrations of this order can be obtained by strip
ping with ammonium carbonate if the concentrations 
of both extractant and ammonium carbonate, as well 
as the solid to liquid phase ratio, are kept at suitable 
values. Some difficulties may arise from the presence 
of mono-octylphosphoric acid (MOP) in the extrac
tant. In the stripping process, ammonium salts may 
precipitate, causing appreciable loss in extractant and 
uranium. In a solution containing kerosene, ammo
nium salts of DOP are not precipitated in the presence 
of alcohols with long carbon chains and trialkyl 
phosphates. As established in earlier studies, the 
solubility of ammonium salts in kerosene is increased 
by the formation of associates. 

The TI, T21 and D2EHPA solutions (see Table 1) 
proved to be suitable extractants. Owing to its high 
mono-ester content, R21 cannot be used in a continuous 
countercurrent process. The T21 solutions are prefer
able to the TI solution. 

Pure D2EHP A has better extracting and T 21 better 
stripping properties. Mixtures of0.2 to 0.4MD2EHPA 
and 0.05 to O.IM tributylphosphate (TBP) were 
found to be the most suitable extractants in the present 
case. For re-extracting uranium, 

proved the most successful. Products of reactor 
grade purity were obtained. 

Study of the methods of purifying uranium con
centrates [7] has shown that using TBP diluted with 
xylene better values can be achieved than with a 
40% TBPjkerosene system reported in the literature [8]. 

In order to reduce the separation time when re
extracting with water, and also to increase the variety 
of starting materials for the production of U02, 

other potential re-extraction methods were studied. 
Uranium was recovered from 38% TBP/xylene solvent 
using a solution of urea. The time required for the 
separation of the phases could then be reduced by 
a factor of 10 to 20 as compared with water re
extraction. A further advantage is the distinct separa
tion of the phases. In two stage re-extraction using 
8M and 4M solutions of urea, 97.2% and 95.1% 
respectively of the uranium could be brought into 
the aqueous phase, from which it could most con
veniently be recovered by homogeneous precipitation. 
I M ammonium carbonate solution works equally 
well; in addition, in this case the end product is 
precipitated in crystalline form so that the re-extractant 
can be recycled. The product proved to be of the 
highest purity (e.g., Cd < 1 ppm) achieved in the 
current series of experiments. 

For purifying uranium concentrates, a laboratory, 
counter-current, gravitation type mixer-settler with 
a total throughput of 13 1/h was used. The usual 
stages of the operation can be carried out continuously. 

E. SZAB6 et a/. 

Using conventional technology, U02 pellets with more 
than 95% theoretical density could be obtained [9]. 

STUDIES ON THE THERMAL DECOMPOSITION 
OF URANIUM TRIOXIDE HYDRATES 

AND AMMONIUM URANATES 

In developing ceramic U02 fuel elements, the 
thermal decomposition of ammonium uranates preci
pitated at different pH was found to differ, but to 
a progressively varying extent; a close analogy with 
the thermal decomposition of uranium trioxide 
hydrates is also observable. It seemed of interest, 
therefore, to study the formation and thermal decom
position of these compounds. 

Thermogravimetric measurements were carried out 
by derivatograph [10]. The differential thermogravi
metric (DTG) and thermo-analytic (DT A) curves 
plotted simultaneously allowed accurate evaluation 
of the thermogravimetric (TG) curve even in cases 
where some of the thermal decomposition processes 
seemed partly to overlap. 

The hydration (hydrolysis) of ,B-U03 produced 
from ammonium uranate, and that of amorphous U03, 

was studied in the liquid and vapour phases of water. 
The infra-red spectra of the initial and amorphous U03 

samples were the same as those reported by 
Hoekstra [11]. 

The ,B-U03 sample was hydrolised in distilled water 
for various periods, with continuous agitation. The 
products were filtered, washed with acetone, dried 
in vacuum at room temperature and stored in a 
desiccator with silica gel. The DTG curves for the 
original material and for samples hydrolised for 
different periods are shown in Fig. 11. 

So long as the water content of each sample does 
not exceed that required by the composition 
U03.0.66H20, dehydration occurs in a single step. 
It will be seen from the DTG curve that dehydration 
at 110 oc involves the maximum change in weight. 
The DTG curve, however, is not symmetrical, the 
second half being flattened and the dehydration rate 
decreasing with increasing temperature to end at 
400 oC. An endothermic effect is involved, and the 
DT A and DTG peak temperatures are equal. Consider
ing the rather low DTG peak temperature, this 
water can be attributed to poor water bonding; 
all the water can be removed, but only over a broad 
temperature interval. 

The conversion of U03 to U30 8 at 610 oc is a 
single stage process up to 0.66 water per uranium 
atom. The decomposition of oxygen has a similarly 
high endothermic effect with DT A and DTG peaks 
occurring at the same temperature. 

As soon as the water content per uranium atom 
in the sample exceeds 0.66, the decomposition step 
characteristic of the fully hydrolysed U03.2H20 
composition manifests itself; this is assumed to 
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correspond to three different dehydration and two 
oxygen decomposition processes. 

The thermal decomposition characteristics are 
best seen on the DTG curve of a fully hydrolysed 
U03.2H20 sample (Fig. 12). It is apparent from this 
curve that the two water molecules per uranium 
atom are removed in three steps. Loss of water 
occurs at 120 oc at a point of inflexion, whereas 
at 160° and 350 oc it definitely takes place at a DTG 
peak. On the TG curve, the steps corresponding to 
the first two peaks are seen to merge. The DTG 
curve nevertheless makes it possible to determine 
the change in weight involved in each of the individual 
stages of decomposition. The elimination of water 
corresponding to the inflexion point at 120 oc on 
the DTG curve amounts to about 0.33 mole, and 
that up to the DTG minimum after the second peak 
to 1.0 mole, while the loss calculated from the DTG 
minimum following the third peak is 0.66 mole per 
uranium atom. On the other hand, the shapes of the 
DTG curves for samples with various contents of 
water show the gradual superimposition of two 
other dehydration peaks on the first one on the DTG 
curve at 102 oC, but extending almost up to 400 oc 
as the water content increases. The loss of water 
reflected by the 160 oc DTG peak actually sets in 
above 120 oc, with the result that the two peaks 
are still distinct. For samples with a higher water 
content, the second stage sets in earlier (close to the 
120 oc peak) and the first stage in water removal 
cannot manifest itself except at the point of inflexion. 
The abrupt DTG peak at 160 oc results from the 
superposition of nearly all the seond half of the 
first peak and all of the second peak. By plotting 
the components of the resultant peak at 160 oc, 
a second stage is obtaine'd, starting at about 110 oc 
and ending at about 220 oc. The third stage of dehy
dration is superimposed on the trailing edge of the 
first stage. This is apparent also since the first half 
of the third stage is flattened, and even exhibits, 
around 300 oc, a slight inflexion. Consequently, 
the third stage in water removal starts at about 
300 oc and ends at 420 oc. 

The areas bounded by the peaks thus plotted, 
shown by the dotted line on the DTG diagram in 
Fig. 12, are nearly equal. This means that dehydration 
per uranium atom occurs in three steps, with 0.66 mole 
water lost at each step. It can be inferred from this 
that U03.2H20 is not a monomer, but a trimer 
or a whole-number multiple thereof. Assuming a 
trimer, two H20 molecules are removed per decompo
sition step; but they are present in different forms 
and with different bond strengths. 

With the onset of the three dehydration steps, 
the oxygen also is progressively removed, in two 
steps. For samples of composition U03.2H20, the 
DTG peak corresponding to the first loss of oxygen 
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Figure 12. Complete derivatogram for U03.2H20 sample 

appears at 530 oc, the second at 630 oc. The two 
steps involve opposite changes in enthalpy: the DT A 
curve for the first loss indicates low exothermic, 
the second high endothermic, effects. It can be inferred 
from the thermogravimetric curve that two-thirds 
of the oxygen is lost in the first step and one-third 
in the second. Relating this to the specific loss of 
1/3 oxygen atom per atom of uranium, the two 
steps correspond to losses of I /9 and 2/9 of an oxygen 
atom respectively. 

The composition and thermal decomposition of 
the system U03-H20-NH3 was also investigated. 
U03.2~0 was used as the starting material and 
subsequently combined at varying mole ratios with 
an ammonium hydroxide solution. Filtering and 
washing with acetone gave final products with com
positions in agreement with Cordfunke's results [12]. 

As the NH4.0H concentration of the solution was 
increased, the composition of the solid compounds 
varied according to the formula U03.(2- x) H 20.xH20. 
A high NH3 to U03 mole ratio (> 80) yielded a 
product with a NH3 : U03 mole ratio close to 0.66, 
with maximum ammonium content. 

The derivatograms of the individual products 
indicate progressive variation. With initially low 

·ammonium content, the derivatogram is similar in 
shape ot the U03.2H20 curve, while with increasing 



144 SESSION 2.12 P/450 

ammonium content the decomposition peak corres
ponding to the loss of two oxygens turns gradually 
into a peak representing the loss of one oxygen atom 
observed for /)-003 • The loss of ammonium sets 
in with intense exothermic effect in the temperature 
range of the third water removal step. 

The thermal decomposition of ammonium uranates 
produced by direct ammonium hydroxide precipi
tation from uranyl nitrate was also studied. In one 
set of experiments the separation was performed 
at various, but during precipitation constant, pH 
values, while in another case precipitation at constant 
end pH was practised. In these cases the decomposition 
curves were even more intricate, since the nitrate 
contamination could not be removed from the samples 
and produced additional, separate peaks on the deri
vatogram. 

At low pH ( ,......,3.5) precipitation, even the U02.9 

peak characteristic of the decomposition ofamorphous 
U03 and U03.2H20 could be identified on the deri
vatogram. For products precipitated at higher pH, 
oxygen is lost in a single step. 
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ABSTRACT -RESUME-AHHOTA(4Vt.R-RESUMEN 

A/450 Hongrie 

Progres recents dans le traitement des 
minerais 

par E. Szabo et a/. 

Les auteurs indiquent les principes physiques a Ia 
base des methodes de ponderation des lectures de 
radiametres, fondees sur l'effet photoelectrique, 
I 'induction et les effets dielectriques; ils decrivent les 
radiametres construits d'apres ces principes. Les pro
cedes ainsi mis au point permettent de reduire le 
nombre des fractions granulometriques traitees par 
des methodes radiometriques, et ameliorent I 'efficacite 
de Ia separation. 

Les auteurs decrivent les essais experimentaux de 
methodes d'abattage et de triage ayant pour objet 
d'obtenir la granulometrie optimale pour le triage 
radiometrique; ils donnent des exemples de !'applica
tion des resultats de laboratoire a I 'echelle industrielle. 

Lorsque des minerais d 'uranium con tenant des car
bonates sont soumis a une attaque sulfurique, il se 
produit une coprecipitation de sulfate de calcium et 
d 'uranium a partir de la phase Iiquide. On peut eviter 
les pertes d 'uranium qui en resultent en traitant au 

prealable le minerai par flottation, pour reduire sa 
teneur en carbonate. Le concentre de carbonate obtenu 
par flottation peut etre traite efficacement par lessi
vage alcalin. Le concentre qui contient moins de carbo
nate et plus de silicate est alors attaque a I 'acide sulfu
rique. Cette double attaque permet de separer sensible
ment plus d'uranium que l'attaque simple a l'acide 
sulfurique. Le cofit des agents chimiques est egale
ment abaisse. L'economie realisee couvre les frais 
d 'installation et d 'exploitation de I 'atelier de flotta
tion. 

Les auteurs ont etudie certains solvants d 'extraction 
qui semblaient convenir pour Ia purification de solu
tions obtenues par elution a partir de resines echan
geuses d 'ions. lis ont determine les isothermes de 
]'extraction, ainsi que les effets des ions en phase 
liquide (sulfate, chlorure, acide chlorhydrique, etc.) 
sur Ia vitesse d 'extraction. lis ont etabli les conditions 
optimales d'extraction et examine Ia possibilite de 
proceder a une seconde extraction, a partir de la phase 
organique. 

Au cours d'experiences de laboratoire, on a constate 
que les melanges de diethyl-2-hexylphosphate et de 
tributylphosphate etaient les solvants d'extraction Ies 
plus satisfaisants. Pour Ia seconde extraction, Ies meil-
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leurs resultats ont ete obtenus avec une solution de 
carbonate d'ammonium. 

Un melangeur-decanteur a gravite et a contre
courant a ete construit a I 'echelle du laboratoire pour 
etudier Ia purification des concentres d 'uranium. On 
peut obtenir ainsi des pastilles d'oxyde d'uranium de 
purete nucleaire a 95 % de Ia densite theorique. 

On a etudie les effets des conditions de precipitation 
et de calcination des uranates d 'ammonium sur Ia 
composition et les proprietes physiques des pro
duits. 

Des recherches fondamentales ont ete effectuees sur 
Ia structure des uranates d 'ammonium et des tri
hydroxydes d 'uranium, ainsi que sur leur decomposi
tion sous l'effet de Ia chaleur. Les auteurs ont etudie 
Ia formation, Ia composition et les proprietes thermo
chimiques des systemes U02(N03h-NH3, U03-H20 
et U03-H20-NH3• A partir d'etudes par les infra
rouges et par thermo-analyse differentielle, ils ont 
etabli de nouvelles relations entre les structures des 
trihydroxydes d'uranium et des uranates d'ammonium 
et leur decomposition sous l'effet de Ia chaleur. 

A/4~0 BeHrpHR 

YcnexH a o6nacrH nepepa6orKH eeH
repcKHX ypaHoe~x PYA 

S. Ca6o et al. 

OrrucLIBaiOTCH <f>uauqeci<ue npuun;ImLI neconoii 

Roppei<QHif, OCHOB8HHOH Ha <f>oToa<f><f>eKTe D HH

AYRD;HH, a TaKme ROHCTpyRn;uu pap;uoMeTpon c ne

conoii KOppeKD;HCH. .lJ:aHHLIH MCTOl!; II03BOJHieT 

CORpaTHTb 'IHCJJO <!>paRQHH, IIOtJ;BepraeMblX paP,HO

MeTpH'ICCI\OH COpTDpOBRe, If DOBblCHTb KOa<f><f>HD;U
CHT H3BJJClfCHH.R MCT8JJJJa. 

l1aJJararoTc.R aKcrrepuMeHTaJJbHble uccJJep;onaHu.R 

6yponapbiBHhiX pa6oT u copTupoBRH c n;eJJbiO rro

JJyqeHH.R OIITDMaJJbHblX paaMepoB I<YCKOB l!;JJ.R 

pap;HoMeTpuqecRoif copTHpOBRH. Coo6rn;aeTC.R o 

IIpOMbliiiJJCHHOM BHep;peHHH JJa6opaTOpHbiX pe-

3Y.TihT8TOB. 

IJpu cepHOKHCJJOTHOH nepepa6oTKe ypaHOBhiX 

PYA, cop;epmarn;ux Kap6ouaTHble MHHepaJJLI, D3 

mup,Roii !f>aabl Bbliia)J,aeT B ocap;oK cepHOKHCJJhiti 

RaJJLn;nii, aaxnaTbiBaiOrn;uii 'IaCTb ypaHa. Bbirrap;e

Hne ocap;Ra, corrponomp;arorn;eec.R noTepeii ypaua, 

MomHo npe)J,oTnpaTHTb rryTeM yMeHhiiieHHH co)J,ep

maun.R Kap6oHaToB B pyp;e <f>JJoTan;ueii. floJJy'leH

HblH B peayJJbTaTe <f>JJoTaD;HH Kap6oHaTHblH rrpo

;~yRT M01KHO a<f><f>el\THBHO nepepa6aTbiB8Tb MCHb

IIIUM COl!;OBblM BbliiJ;CJJa'IHBaHHCM. <!>JJOT8D;HOHHbie 

XBOCTbl C MCHbiiiHM Cop;epmaHHCM Rap60H8TOB II 

60JJbiiiHM COp;epmaHHCM CHJJHK8TOB M01KHO 3aTeM 

nepepa6aTbiBaTb MCHbiiiHM cepHOKHCJJOTHhiM Bhl

ID;CJJ8'1HBaHHCM. fipHMCHCHHe COBMCCTHOrO BbiiiJ;C-
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JJa'IHBaHH.R 3Ha'IHTCJJbHO IIOBbliiiaeT H3BJJC'ICHHC 

ypaua 110 cpaBHCHHIO C MCTOl!;OM TOJJbKO cepH0-

1\HCJJOTHOH rrepepa6TRH ncxop;uoii pyp;LI. CToH

MOCTb peareHTOB TaRme cuumaeTCH. YMeHbiiiaeT

C.R CTOHMOCTb MOHTama H 3KCIIJJyaTaD;HH <f>JJoTan;n

OHHOH ycTaHOBKD. 

llccJJep;onaHbl cnoiiCTBa ueKOTOpbiX aKcTpareu

TOB HJJH HX CMeceii, DpHrOtJ;HblX l!;JJH O'IHCTI\H 

TexuuqecKoro pereuepaTa. Orrpep;eJJeHLI ux aKCT

paKn;noHHble H30TepMb1, H3Y'ICHO BJJDHHHe Ha 

3KCTpaKD;HIO HOHOB (cyJJb<f>aTa, XJJOpHp;a, COJJJIHOi:i 

1\HCJJOTLI H p;p.), H8XOl!;HID;HXCH B BOtJ;HOH <f>aae. 

Orrpep;eJJeHbl orrTuMaJJLHLie ycJJOBH.R aKcTpaKn;uu. 

lfay'leHa B03M01KHOCTb peaKCTpaKn;HH D3 opraHH

qCCKOH <f>aabl. 

Jla6opaTOpHbiC HCCJJCl!;OB8HHH IIOK838JJH, 'ITO 

HCIIJJOXDMH 3KCTpareHT8MH HBJJHIOTCH CMCCH 

p,u-2-aTHJJreKcnJJ<f>oc<f>aTa u Tpn6yTnJJ<f>oc<f>aTa. 

.lJ:JJH peaKCTpaKD;HH HaD60JJee IIOl!;XOl!;HT paCTBOp 

yrJJeKDCJJoro aMMOHHH. B uacToH~ee npeMH roTo

BHTCH IIOJJyaaBOl!;CKDe DCIILIT8HDH. 

,[J;JJH DCCJJCl!;OBaHDH Dpon;eCCOB O'IHCTKH ypaHO

BLIX KOHU:CHTpaTOB CROHCTpyDpOBaH JJa6opaTOp

HLIH MHOrOCTYIICH'I8TLIH CMCCHTCJJL-OTCTOHHDK 

rpaBDTa:n;uouuoro Tuna. B aTOM anrrapaTe uomuo 

DOJJy'IaTL rpaHyJJLI U02 peai<TOpHOH 'IDCTOTbl 

95% TeopeTD'ICCI<OH DJJOTHOCTD. 

Jlaylfeuo BJJIIHHne ycJJosnii ocaa:.J,eHnH n IW.Tib

n;HnnpoBaHHH ypaHaTOB aMMOHIIH na COCTUB H !fm

auqecKOC COCTO.HHHC IlOJJyqeHHOfO IIpO,!I,YRTa. 

llpoBe,J,enhi ocHoBHhie uccJie,J,onanu.H CTPYRTY

pbi H TCpMif'lCCKOfO pa3.'l0ii\CHH.H ypaHaTOB aMMO

IIJI.H H TpHOI\CHfHtJ;paTOB ypana. lfay'leHhl o6pa30-

B8HHC, COCTaB H TCpMH'ICCKOC IlOBC)J,CHHe CHCTCM 

UOz(N03)z-NH3, U03-H20 u U03-Hz0--HN3• 

Y CT8HOBJJCHhl HOBhiC 38BHCHMOCTII MCii\AY CTpyK

Typoii II TCpMnqecKIIM pa3.TIOii\CHIICM TpiiOKCIIfii;:J:

paTOB ypaHa If ypaHaTOB aMMOHH.H 118 OCHOBC .J:ll<fJ
<flepeHD;HaJibHOfO, TCpMorpaBJIMCTpHqCCKOrO Jl TCp

MHqCCI\OfO aHUJJH3a. 

A/450 Hungria 

Resultados recientes en el tratamiento de los 
minerales de uranio hungaros 

por E. Szabo et a/. 

Se examinan los fundamentos fisicos de los metodos 
utilizados para ponderar las lecturas radiometricas, 
basados en un efecto fot6nico, en pulsadores induc
tivos y en efectos dielectricos, y se describen los 
correspondientes radi6metros empleados. Siguiendo 
los metodos expuestos es possible disminuir el numero 
de fracciones de tamaiios de grano que se someten 
al enriquecimiento radiometrico, y mejorar el rendi
miento del proceso. 

Se describen las investigaciones sobre las tecnicas de 
voladura y de clasificaci6n que permiten obtener 
la distribuci6n de granos optima para la clasificaci6n 
radiometrica, y Ia aplicaci6n de los resultados obte-



146 SESSION 2.12 P/450 

nidos en ellaboratorio a la producci6n en gran escala. 
En el tratamiento con acido sulfurico de los mine

rales de uranio que contienen componentes carbona
tados, el precipitado de sulfato calcico que se separa 
de la fase liquida contiene una cantidad de uranio 
considerable. Se puede evitar esta perdida de uranio 
disminuyendo el contenido de carbonatos en el 
mineral mediante flotaci6n. La lixiviaci6n alcalina 
del producto carbonatado obtenido por flotaci6n, 
da buen rendimiento. Mediante el tratamiento, por 
acido sulfurico, del mineral empobrecido en carbo
natos y la lixiviaci6n alcalina de los productos carbo
natados, es posible conseguir un considerable aumento 
en la producci6n de uranio, si se compara con el 
metodo de lixiviaci6n directa con acido sulfurico del 
mineral de partida. Tambien disminuye el gasto de 
los reactivas. Los ahorros que asi se realizan cubren 
los gastos que supone la instalaci6n y funcionamiento 
de la fabrica de flotaci6n. 

Se han investigado las propiedades de algunas 
sustancias extractoras puras o en mezclas, que parecian 
adecuadas para la purificaci6n de los eluidos de 
resinas cambiadoras de iones. Se han determinado las 
isotermas de extracci6n y se ha estudiado la influencia 
de los iones que se encuentran en la fase acuosa 
(fosfatos, cloruros, acido clorhidrico, etc.) sobre la 
velocidad de extracci6n. Tambien se han fijado las 
condiciones 6ptimas para esta y se ha estudiado la 

E. SZAB6 et a/. 

posibilidad de reextracci6n de la fase orgamca. 
Los experimentos de laboratorio han puesto de 

manifiesto que las mezclas de fosfato de di-2-etil
hexilo con fosfato de tributilo constituyen los agentes 
de extracci6n mas satisfactorios. Para la reextracci6n, 
lo mas conveniente es una disoluci6n de carbonato 
am6nico. 

Se ha construido un extractor por gravedad en 
contracorriente del tipo mezclador-sedimentador en 
escala de laboratorio para estudiar la purificaci6n de 
concentrados de uranio. A partir de estos se pueden 
obtener pastillas de uo2 de pureza nuclear de 95 % 
de densidad te6rica. 

Se ha estudiado la influencia de las condiciones de 
precipitaci6n y calcinaci6n de los uranatos de amonio 
sobre la composici6n y las propiedades fisicas del 
producto obtenido. 

Se han llevado a cabo investigaciones basicas acerca 
de la estructura y la descomposici6n termica de los 
uranatos de amonio y de los hidratos de tri6xido de 
uranio. Se ha estudiado la formaci6n, la composici6n 
y el comportamiento termico de los sistemas uo2 
(N0a)2 - NHa, U03 - H 20 y U03 - H 20 - NH3• 

Datos obtenidos mediante estudios con rayos infrar
rojos y termoanalisis diferencial han permitido esta
blecer nuevas relaciones entre la estructura y la des
compo sici6n termica de los trihidr6xidos de uranio 
y los uranatos de amonio. 

c"~-----------
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Reactor grade uranium from UAR monazite by newer 
technologies 

By M. Y. Farah* 

Chemical processes for treating monazite have 
both advantages and disadvantages and are, in general, 
directed towards separating the major constituents, 
rare earths [1] or thorium [2,3]. Since thorium utiliza
tion is slow to be realised, interest has justifiably 
turned again towards monazite's uranium content. 
The sulphuric acid process suffers from incomplete 
separation during the subsequent thorium and rare 
earth fractionation, and leads to rapid plant depre
ciation from corrosion effects; while in the alkali 
process [4] very fine grinding is required, a drawback 
also encountered in chlorination and reduction 
methods [5], and necessitates replacement of rotating 
parts of grinding mills every fortnight [6]. Vibro
mills, suggested by some workers [7], are still used 
only on a small scale. Some preliminary trials under
taken in this laboratory to optimise alkali attack on 
unground placers resulted in a 32% efficiency, only 
when the sand to sodium hydroxide ratio was 1:1.5 and 
90% when 1 :3; on sodium hydroxide recycling, there 
was some loss of uranium in the filtrate. The approach 
was not therefore pursued. 

The present investigation introduces two newer 
approaches which make use of the advantages of 
both processes, namely: 

(a) Omitting ore dressing and grinding operations; 
(b) Stripping the phosphates and overcoming the 

overlapping effects; 
(c) Reducing the dilution, neutralisation or recycling 

operations; 
(d) Obtaining directly a high-purity product, or 

eventually using a single solvent for the direct refining 
of leach liquors. 

The two methods are: (i) CaC03 heat-treatment 
followed by HCl leaching, and ion exchange fixation 
of complex chlorides and (ii) extraction by trilauryla
mine of the rare earth bearing monazite sulphate 
digests. 

SINTERING-HCI LEACHING 
AND ION-EXCHANGE URANIUM FIXATION 

APPROACH 

This investigation was described before [8] and 
has now been developed fully. It consists in carbonate-

* UAR Atomic Energy Establishment, Cairo. 

147 

oxidation sintering of the run-of-mine sands and in 
fact continues the geochemical processes by which 
tetravalent thorium was able to get inside the monazite 
lattice during crystallisation of the rare earth phos
phates. Both anionic and cationic defects are again 
exploited following Hume-Rothery's rule of 15% 
deviation in ionic radii [9] for solid solutions. Calcium 
because of its favourable dimension and its affinity 
for phosphate is used to crack the monazite, whilst 
the chloride ion serves as a binding agent in this 
solid state interaction. Calcium carbonate was chosen 
because of its simultaneous thermal decomposition, 
leading to dilatation of the crystal cracks by gaseous 
diffusion of the carbon dioxide. 

EXPERIMENTAL 

Laboratory samples of unground monazite assaying 
between 50 and 98% were obtained by heavy media 
separation, using methylene iodide, and electro
magnetic sorting by the Franz isodynamic separator. 
For subsequent experiments on t kg monazite, the 
concentrate was obtained by one of the versatile 
techniques developed in the UAR laboratories [10], 

50 250 450 650 850 ' c maintain for 3h at 8500 C 

1 Monazite 250 mg 

CaC03 500 mg 

1 NaCI 250 mg 

"' E Loss of weight 
0 

"" ~ at end : 237 mg 0> 
·;; 

1 "' 

50 250 450 650 850 ' c Temperature 

Figure 1. Example of thermogravimetric experiment 
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namely (a) screening-electromagnetic-tabling; (b) flo
tation using amines or carboxylates; (c) flotation using 
sulphonates while activating by oxalate; (d) flota
tion whilst modulating with boiled starch. In each 
sintering experiment the sands were moistened with 
5-10% by weight of chloride which could be obtained 
from recycled washings of resin columns. The sand 
was then intimately mixed with twice its weight of 
calcium carbonate, the mass dried and introduced 
into the muffle furnace. For the thirty explora
tory runs on the thermobalance, quantities weighed 
were _quarter or half-grams of sand. Both Rosetta 
and Madagascar sands were used, as well as precipi
tated calcium carbonate, Meudon white, magnesium 
carbonate, geobertite, dolomite, chalk, calcite, fluorite, 
etc., as fluxes; pyrolusite and sodium or calcium 
chloride were used as exidants or binders. The extent 
of sintering was followed by heating gradually at the 
rate of ten degrees centigrade per minute on an 
automatic thermobalance ADAMEL model, for the 

range 150 to I 050 oc, then under isothermal con
ditions in the open atmosphere (Fig. 1). The samples 
were shock cooled then carefully scrubbed and quar
tered. For mineralogical examinations a Leitz binocular 
and Richter petrographic microscope were used, 
followed by Krumbein and Pettijohn counting 
techniques [II]. Another alternative consisted in 
examining the extent of leaching within I5 minutes in 
4 times the weight of sand of boiling I :I hydrochloric 
acid, appropriate corrections being made for zircon, 
ilmenite and garnet. 

RESULTS AND DISCUSSION 

Figure 2 (a, b) and Table I illustrate the development 
of the heat-treatment process and its effect on monazite 
leaching for various fluxes and recorded temperatures 
and also the optical and colour variations on sintering. 
It is evident that optimum results are obtained in 
experiment 2I (Table I), in which sintering was carried 

Table 1. Studies on sintering of monazite 

Experiment 
No. 

1 
2 
3a 
3b 
3c 
4 
5 
6 

7 

8 
9 

10 

11 
12d 
12b 

13a 
13b 
14 
15 
16 

17 
18 
19 
20 

21 
22 
23 

Conditions 

Monazite alone 
As above but twice heating and shock cooling 
1: 1 monazite/NaCl 
As 3a 
1: 2 monazite/NaCl 
1 : 1 monazite/NaF, followed by quenching 
1: 1 monazite/CaF2, heating 
1: 1: 1 .monazite/NaCl/NaOH heating up, 

then at constant temperature 

1: 2: 1.5 monazite/NaCl/NaOH 

As7 
1: 2 monazite/NaOH 
1: 1: 1 monazite/CaO/NaCl 

1: 2: 1 monazitefchalk/NaGl 
As 11 
1 : 1 : 1 monazite/chalk/Nacl 

1 : 2 monazite/precipitated calcium carbonate 
1 : 2 monazite/calcite 
1: 2 monazite/geobertite 
1 : 2 monazite/dolomite 
1 : 1 : 1 : 1 moilazite/NaCl/MgC03/CaC12, 

heating up to 400 'C then constant at 900 'C 
1 : 1 : 1 monazite/Mn02/MgC03 

1 : 1 : 1 monazite/Mn02/CaC03 

1 : 1 : 1 : 1 monazite/Mn02/NaCl/CaC12 

1 : 2: 1 monazitefcalcite/NaCl 

1: 2:0.05-0.1 monazite/CaC03/NaCI 
1: 2 monazite/Ca3(P04) 2 

1 : 2: 1 monazite/Ca3(P04) 2/NaCI 

Sintering 
temperature 

oc 

1 050 
850 
850 
850 
815 
850 

I 050 

1 050 

450 

250 
250 

1 050 

1 050 
815 
815 

825 
825 
425 
900 
400 
900 
600 
950 
660 
850 

815 
950 
825 

Duration 
of constant 
temperature Observations 

stage 
(Hours) 

0.5% wt loss at 500 'C 
Segregation of inclusions, red dots appear. 

0.33 Peripheral obliteration 
3 7.2% wt loss; rusty coloured melt left 
I No wt loss; 80% of sand is leachable 
0.33 Complete fusion 
1 4.2% wt loss at 370-550 'C 

7.5% wt loss at 250 oc; 11.2~/. wt loss at 370 oc; 
19.4% wt loss at 1 045 'C; Fusion complete 
at end 

3 5% wt loss brick sinter, almost completely 
soluble in nitric acid 

5 Cracking more or less pronounced 
Good attack, more or less leachable 

2.5 7.9% wt loss at 400 'C; 9.1% wt loss at 650 'C; 
37.7% wt loss at 1 045 'C; complete attack; 
chlorides partly volatilize 

3 Complete attack, mass leachable 
1.5 23% wt loss as C02 ; 4% wt loss for NaCl flash 
1.5 50% of placers obliterated; 99% are leachable in 

1: 1 HCl 
2 29% wt loss 
2 3/4 grains attacked 
4 1 /3 grains cracked 
3 36% wt loss; 1/3 grains attacked 
1 1/3 grains attacked 25.3% wt loss, cracking 
1 complete 
3 1/3 grains attacked 
3 90% grains attacked 
5 All grains cracked but resist leaching 
2 Complete cracking and dissolution of sintered 

grains in 1 : 1 HCI or in concentrated nitric 
acid 

2 Complete cracking and dissolution 
2 t grains attacked; l dissolve in 1: 1 HCl 
3 1.5% wt loss and 1/3 grains attacked 
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Figure 2. a : 50 % monazite, mounted 1.772, petro x 100. 
before heal treatment; b: Same, after heal treatment 

out for 1.5 hours at 815 oc, using a calcium carbonate: 
monazite: NaCl weight ratio of 2 : 1 : 0.1, indepen
dent of grain size, provided careful homogenisation 
is ensured. As carbon dioxide can be recovered, the 
re-use of precipitated calcium carbonate could render 
the operation economic in subsequent exploitation. 

During the heat treatment stage, a series of 
interactions occur which have not been explained 
completely. Probably they include conversion of 
rare earth phosphates into carbonates, which 
decompose in the order praseodymium, cerium, 
samarium, neodymium, lanthanum [12]. Dimorphism, 
double salts and solid solutions are believed also 
to occur. Petrographic mountings show (Fig. 2) the 
appearance before and after sintering. Taking cerium 
as an example the reaction can be represented as 
follows: 

3CaC03 + 2CeP04 ___, Ca3(P04) 2 + Ce2(C03) 3 

the latter meanwhile decomposes above 500 oc, 
to give 

Ce2(C03) 3 ---. 2Ce02 + 3C02, 

so that around 800 oc, when all the chalk decomposes, 

3CaC03 ___, 3Ca0 + 3C02, 

there would be a cumulative gas diffusion from calcium 
and rare earth carbonates. Moreover, to this dilating 
effect, contraction of tetravalent cerium (1.02 A) 
formed from decomposing cerous carbonate (1.18 A) 
also results in the appearance of brick-red dots of 
eerie oxide, with subsequent rupture of the crystal 
and friability of the sand. This series of autocatalysed 
kinematic reactions leads to complete cracking of 
the monazite. It is worth mentioning that attack 
of monazite by perchloric acid and nitrate attack of 
monazite, which also are oxidation methods [13], 
proceed six times faster than sulphuric acid leaching. 
The sintered mass becomes extremely soft on cooling, 
and does not stick to the container walls. 

Table 2 shows also that to render the sintering 
approach selective, zircon and ilmenite could remain 
unattacked; garnet, however, shows exception. Never
theless, the sintering treatment could thus be equally 
as advantageous as the sulphuric acid attack, since 
extraneous minerals remain unattacked and the 
extra expense of upgrading middlings to 98% could 
be avoided. This would constitute a second advantage 
over the alkali process, after omitting grinding. 
The oxidised monazite could be used as an inorganic 
ion exchanger similar to zirconium phosphate [14] 
or as a catalyst, since cerium phosphate has proved 
valuable in this field [15]. 

EXTENDED PROCESS 

The above considerations were sufficiently encou
raging to warrant extending the sintering approach 
to a complete process (Fig. 3). After many trials it 
was evident that the best method would involve 
scrubbing the cooled mass with two to three times 
its own weight of water containing 5-10% the sand 
weight of sodium hydroxide, keeping the temperature 
at 60 oc, then decanting the lime-bearing phosphate. 
Unless this measure is adopted, 1% uranium and 2% 
rare earths are liable to get entrained in the overflow. 

Table 2. Comparative studies on zircon, ilmenite and garnet 

Experiment 
No. 

24 
25 
26 
27 
28 

Conditions 

I: 2: 0.1 zircon/CaC03/NaCl 
Same as 24 
I: 2:0.1 ilmenite/chalk/NaCl 
Same as 26 
I: 2: 0.1 garnet/CaC03/NaCl 

Sintering 
temperature 

oc 

1 050 
825 

I 050 
825 
825 

Duration 
of constant 
temperature Observations 

stage 
(Hours) 

2 30% wt loss, all grains cracked 
2 30% wt loss; rare zircon grains crack or dissolve in HCl 
3 30% wt loss, all ilmenite crack 
2 No ilmenite cracking or leachable in HCl 
2 ! garnet grains only cracked and are leached in HCl 
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Unground 
2 

3 

5 
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10 

CaC0 3 - -, 
I 
I 
I 
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s% NaOH I 
I 
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I 
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+ (Lime) + P04 
L._ _______ j 

NaCI 
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• I 
17 I 
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- -·-- ------_____ <:!..__j 
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20% TBP: 
1 refining 1 
L.-----J 

r----, 
119 20% TLA I 

_..~ + 30% MIK : 
L_ -- - __ J 

Figure 3. Flowsheet of extended process 

In the proposed method, four-fifths of the phosphates 
are also skimmed off with the dross, and the residual 
amount scarcely affects [16] the exchange capacity 
of the anionic strong base resin subsequently used 
for uranyl chloride complex fixation. Dissolution 
was effected in 4-5 times the sand weight of I :1 HC, 
using a galvanic couple and trace fluorides to enhance 
leaching within fifteen minutes and to control the 
redex potential to 0.4 volt. After filtering, solid NaCl 
was added to about 5.8 molarity. The clear feeds 
assayed usually 1-2 g uranium per litre, with phosphate 
about 0.2M. The resin in-pulp technique was tried, 
followed by subsequent phosphate elimination at 
pH 1.8, but 200 ppm iron, 0.1% thorium and up 
to I% cerium, lanthanum and neodymium were still 
left in the uranium eluate. To minimise such contami
nants, ascending and descending fixations were 
preferred, provided washing with 2.5 bed volumes 
I: I HCl was ensured. 

The recommended fixation: washing: elution ratios 
were 4: 4: I, by this means a four-column system, 
(3 for adsorption and I for elution) was feasible. 
Figure 4 illustrates the fixation of five litres of monazite 
chloride feed on a column containing 180 ml resin. 
In practice the column was considered fully loaded 
when the effluent uranium was 80% of the head 
strength. Recovery was always around 98.5%. Elution 
was achieved using HCI at pH 1 ; regeneration was 
effected weekly. 

Spectrographic analyses were made of yellow cake 
simulating fractions obtained by ammonia precipi
tation (pH 6.5) of eluates, the inferred purity being 
comparable with that of nuclear grade material, i.e. 
iron 500 ppm, aluminium, manganese 50-100 ppm, 
titanium 20-50 ppm, yttrium 20-50 ppm, boron 20 ppm, 
lead 20 ppm, ytterbium 10 ppm (with respect to dry 
uranium oxide). Only samarium gadolinium and 
cerium sometimes assayed 0.2-0.5%. It is clear that 
controlled washing by some means above 2.5 bed 
volumes could remove these rare earths. However, 
a second alternative was to use the chloride eluate 
diluted to volume by concentrated HCl or saturated 
with sodium chloride. 20% TBP (tributylphosphate) 
or 20% TLA (trilaurylamine) + 30% MIK (methyliso
butylketone-hexone) in white spirit diluent were 
used. With a maximum of four stages and scrubbing 
with extra uranium, a re-extract of nuclear purity, 
assying 40-50 gU/1 is obtainable with separation 
factors, for U/Th, cem, Zr of 103, 103 and 102, 

respectively, Rare earth traces were within the speci
fication and the intermediate yellow cake stage had 

2
·
0 

---------------Feed: 1.95g U/1 

1.5 

:::::. 
~ 

"' 

1.0 

Column 

180 ml 
Amberlite IRA-400 

brine regenerated 

0.5 

Effluent 

Figure 4. Fixation chromatogram 
of uranyl chloride complex on Amberlite IRA-400 
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been avoided thus economising in nitric acid, which 
is expensive, provided the valencies. Cem, Fen and 
uvr were observed. 

Versatile reducers were also tested for the production 
of high purity eluates, followed by wet precipitation 
to produce the dioxide fuel material or the tetrafluoride 
by evaporatiDn from the fluoride eluted. 

DIRECT EXTRACTION OF URANIUM 
BY TRILAURYLAMINE FROM MONAZITE SULPHATE 

DIGESTS CONTAINING RARE EARTHS 

The extraction of uranium from sulphate solution 
can be performed either by the Dapex or the 
Amex process. The first implies the use of organo
phosphorus extractants [17]; it has been adapted for 
UAR monazite extraction of thorium [18] and of 
uranium [19]. The second, the Amex process, deserves 
special attention as it makes use of a single alkylamine. 
It was first proposed by Crouze [20] then by Kawamura 
[21] who used Primene-JM-T for isolating nuclear 
grade thorium. The mechanism of uranium extraction 
was later established by Allen [22], Boirie [23] and 
Verstgen [24]. In a second extension of the method, 
Crouze and Brown [25] used a 0.05 molar tri-iso
octylamine sulphate solution in eight stages at a pH 
of 0.1 and at an organic aqueous phase ratio of 1.3: 1 to 
enhance quick phase separation [26]; later introduc
tions at Oak Ridge were better scrubbing methods, 
controlled pH stripping, and the use of ammonium 
carbonate or calcium nitrate to strip in-tank solutions 
to refineries, thus avoiding dust hazards and the 
expense of precipitating yellow cake [27, 28]. 

The aim of the present investigation is to re-examine 
the possibility of obtaining high nuclear purity 
uranium from rare earth bearing monazite sulphate 
digests at a pH of 1.15, thus optimising partition 
coefficients and avoiding contamination. TLA was 
used for the purpose at an optimum ratio of aqueous 
to organic phase, thereby achieving good decontamina
tion and eliminating multi-stage scrubbing introduced 
by Japanese workers. 

INVESTIGATION TECHNIQUES 

TLA was obtained from the Usine Rhone-Poulenc. 
0.1 and 0.05 molar solutions were prepared by measur
ing 66 or 33 ml amine, adding 51 or 25.5 ml secondary 
octanol and bringing to 1 or 0.5 litre. Before use, 
every amine was re-equilibrated by shaking for 
fifteen minutes with 25 or 12.5 ml 4N sulphuric acid. 

The batch equilibrium isotherms and partition 
coefficient measurements were carried out by shaking 
aliquots until equilibrium was attained for various 
organic to aqueous ratios and determining the uranium 
concentration in both phases. Fluorimetric or X-ray 
fluorescent methods were used depending ypon the 

. . .. .. .. ,, ,, 
I 

0 0 

Figure 5. Unit chamber of mixer-settler assembly 

concentration range; the first employing a Caratom 
model, and in the second a Philips assembly. The 
characteristics of the latter were: X-tube 48kV and 
24 rnA, plateau 1 750 V and multiplication factor 
16 [29]. When quenching difficulties were encountered 
in fluorimetry, an ethyl acetate [30] extraction was 
also necessary or partition chromatography was used. 

The mixer-settler assembly, of a cascade type, 
was kindly put at our disposal by the SERAC Labo
ratories at Fontenay-aux-Roses, CEA. Figure 5 shows 
a single unit. The organic phase falls under gravity 
and the aqueous phase is pumped, countercurrently, 
by means of a diaphragm mechanism. Flow rates 
were controlled by capillary level meters and the 
interface controlled by submerged electrode relays. 

The average uranium content of a typical monazite 
extract obtained by digesting sand with liquor in the 
ratio 1:10 (weight) was around 320 mg/1 uranium; 
after adjusting to the desired pH, usually 1.15. The 
filtered liquor was always refiltered before a run 
because fine crystals precipitate on ageing. 

CONCLUSIONS 

(a) Some exploratory measurements were under
taken on pure uranyl sulphate at various concentrations 
of H 2S04, using O.lM TLA and an organic to aqueous 
phase ratio of 1: I. The results are shown in Table 3. 

It should be noted that some analytical uncertainties 
in the concentration of very weak solutions analysed 
by fluorimetry, particularly in the steep increase of 
the curve, were encountered, so that values at the 
higher concentrations should be more reliable. In 
fact, preliminary measurements made on natural 
50% monazite solutions, gave partition values around 
14-15 for liquors containing 120 mg/1 of uranium 
and 0.23M in H2S04• 
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Table 3. Partition coefficients 
of pure uranyl sulphate solutions in TLA 

Distribution Feed concentration mg/1 U Sulphuric acid coefficient 

800 pH 1.0 900 
I 200 1.0 360 
1400 1.0 360 
2000 1.0 100 

6.2 0.23M 30 (?) 
23.0 0.23M 75 
30.1 0.23M 58 
62.0 0.23M 205 (?) 

232.0 0.23M 60 
2 232.0 0.23M 30 
5 760.0 0.23M 8.3 

11.8 !.33M 6.4 (?) 
24.0 !.33M 9.2 (?) 
53.5 !.33M 10.9 

100.3 !.33M 13.5 
223.0 !.33M 8.7 

2 325.0 !.33M 7.0 

(b) As the average composition of natural liquors, 
with respect to uranium, is 10 to 12 times the thorium 
content and about 80 to 100 times the rare earth 
content, some tests were carried out on synthetic 
liquors simulating actual digests analysing 230 mg/1 
uranium, 4.285 g/1 thoria and 16.5 g/1 Ce20 3 at two 
acidities, namely 0.23M and 1.33M sulphuric acid. 
These solutions gave partition coefficients of 0.028, 
0.0046, 0.024 and 0.024 for thorium and cerium 
respectively, from which a decontamination factor 
around 2 000 (i.e., 2 143, 2 500, 1 891, etc.) was 
deduced. 

(c) The results obtained when actual monazite di
gests were examined in separating funnels are reported 
in Table 4, from which it is evident that at optimum 
loading, for a sand-to-1iq uor ratio of I :I 0, the uranium 
should not exceed 0.674 mg/I per stage. Even by 
three-fold co-current cascading no more than 
0.795 mg/I uranium was attained and not more than 
l.l03 mg/1 when a 0.2M TLA solution was employed. 
By minimising the acidity to pH 0.5, a value of 
1.176 was obtained; while at pH 1.0 (Fig. 6, curves c 
and d), still higher loadings were possible with O.I M 
TLA than with the 0.05M TOA (curves a and b 
obtained by Crouze, and reproduced for comparison). 
Since the slope of the isotherm apparently increased, 
it was hoped that fewer stages would be permissible. 

(d) Figure 7 is an example of the parallel study of 
the effect of pH variation on TLA extraction of ura
nium at 0.05M and 0.1M solvent solutions; the study 
was extended to the weaker 0.05 molarity because 
occasionally low grade monazite leaches, low in ura
nium, are unavoidable. Details of the extraction 
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Figure 8. Continuous bench-scale, mixer-settler extraction 
diagrams and resaturation for completion 
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Table 4. Partition coefficients for uranium extraction from actual monazite feeds at high 
acidities 

Uranium concentration Sulphuric acid Organic to aqueous U found org/1\Q. Distribution 
mg/1 molarity ratio mg/1 U coefficient 

110.6 0.23 1: 1 103/7.6 13.5 
110.6 0.23 1: 4 408/13.0 31.0 
110.6 0.23 1:9.6 674/44.8 13.5 
192.6 0.90 1: 1 135/57 2.4 
192.6 0.90 1: 2 170/107 1.5 
192.6 0.90 1: 3 178/132 1.3 
192.6 0.90 1:5 228/146.4 1.5 
192.6 0.90 1: 10 270/165 1.8 

Table 5. Distribution coefficients on actual feeds as function of pH value variation 

Curve number Uranium in feed pH Solvent (fLA) Organic to aqueous U found org/aq. Distribution 
mg/1 molarity ratio mg/1 U coefficient 

Fig. 7 curve a 230 1.1 0.1 
230 1.1 0.1 
230 1.1 0.1 
230 1.1 0.1 
230 1.1 0.1 
230 1.1 0.1 

Fig. 7 curve b 308 1.2 0.05 
308 1.2 0.05 
308 1.2 0.05 
308 1.2 0.05 
308 1.2 0.05 

Fig. 7 curve c 272 1.0 0.05 
272 1.0 0.05 
272 1.0 0.05 
272 1.0 0.05 
272 1.0 0.05 

procedure for the optimum cases (curves a, b, c), 
are shown in Table 5. 

From the results obtained at constant temperature, 
it was deduced that extraction around pH 1.1 with 
0.05M TLA would be equally applicable to all digests 
assaying between 230 and 320 mg uranium per litre; 
accordingly a thorium stripping step seemed to be 
compulsory and the work with liquors containing 
only rare earths was preferable. Therefore it seemed 
feasible to reduce the number of theoretical stages 
(Fig. 7) from eight as used by Crouze, to four or 
five. This is in good agreement with the work of 
Rames (31] with LAI and XE 204 (Rohm and Haas), 
as also with TFA (General Mills Inc. (pH 1.1)). At 
the higher pH 1.3 (curve d), turbidity was inevitable 
and hence the feed rate was lowered. In fact the 
amine used for this series had aged and was effectively 
only 0.025M. It is not improbable, also, that the thirty 
second contact time used and recommended by 
Wells [32] for TOA, was insufficient. 

(e) The above results in terms of continuous 
operation necessitated working with 5 kg batche~> 

of monazite, bringing each batch to 30 Iitres volume, 
stripping thorium by the addition of 1.5 litre ammonia 

1: 1 191/39 4.9 
1: 2 335/60.5 5.5 
1: 3 499/52.2 9.6 
1: 5 718/86.4 8.3 
1: 10 1 286/101.2 12.3 
1:20 1 635/1 483 11.0 

1: 0.5 144/20 7.2 
1: 1 263/45 5.8 
1: 2 425/95.5 4.5 
1: 5 708/166 4.3 
1: 15 2 060/171 (?) ? 

1: 1 223/49 4.6 
1: 2 352/96 3.7 
1: 3 356/153 2.3 
1: 5 596/153 3.9 
1: 15 970/207.3 4.7 

25 oB, leaving overnight and filtering (the final pH 
was alway around 1.15). The uranium concentration of 
a representative batch was found to be 322 mg/1. One 
portion (10 litres) was subjected to separating funnel 
equilibration and another portion (20 litres) to a 
bench scale mixer-settler run. The amine used, of 
0.05M, had not aged. Figure 8, curves a and c, repre
sent the results from analyses of both phases for a 
·batch (a) and a continuous run (c) respectively. 
The simultaneous analysis of a I litre fraction of 
raffinate proved that equilibrium was attained 
after four hours; the organic solvent was fed in at a 
rate of 500 ml/h and the aqueous at 1 500 mljh. It 
should be noted when interpreting these results that 
the contactor efficiency was only 70-80% theoretical. 
Indeed when the contents of the first, second and third 
stages were equilibrated at the end of the run with 
original feed, their respective points were enhanced, 
as shown in curve b. Another mixer-settler design 
satisfying such needs could prove more efficient. 
However when the one-stage washed, two-stage 
re-extracted uranium (using 9% sodium carbonate) 
was treated with sulphuric acid to expel C02 and 
uranium subsequently precipitated at pH 6.5, the 
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spectrographic analysis inferred: barium and manga
nese 20 ppm, ytterbium lO ppm, a~uminium ·and iron 
100 ppm; only thallium, gadolinium and cerium 
assayed between 500 and l 000 ppm. The last three 
were 8.0, 0.5 and 0.5% in the original work of Crouze. 
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ABSTRACT -RESUME-AHHOTAU.111R-RESUMEN 

A/454 Republique arabe unie 

Preparation d'uranium de purete nucleaire 
a partir des monazites de Ia RAU par des 
precedes nouveaux 

par M. Y. Farah 

Le procede acide tout comme le procede alcalin ser
vant a separer de l 'uranium et du thorium de purete 
nucleaire ou diverses terres rares d'un haut degre de 
purete presentent des inconvenients : i) fractionnement 

assez long en presence des phosphates; ii) broyage 
excessif avant la lixiviation alcaline; iii) necessite 
d'employer plusieurs solvants organiques pour raffiner 
tant Ie thorium que }'uranium avant d'atteindre Ia 
purete nucleaire, et cela par des methodes couteuses, 
lentes et compliquees. 

Le memoire decrit deux nouvelles techniques : 

a) Frittage a Ia craie, attaque chlorhydrique et fixa
tion de l'uranium par echange d'ions sous forme de 
complexe de chlorures, suivie de reduction par voie 
humide en dioxyde d 'uranium ou de fluoration. 
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Cela est une modification du brevet fran~ais, ou 
i) Le broyage et la preparation de la monazite a 

98 % sous forme de poudre passant au tamis 325 sont 
remplaces par un frittage a 825 °C a 1 'aide de plusieurs 
fondants, en particulier la craie;· 

ii) Apres lavage du produit fritte, on attaque la 
monazite avec de 1 'acide chlorhydrique dilue par un 
volume equivalent d'eau; 

iii) On sature la solution avec du sel commercial et 
on ajuste le potentiel a 0,4 v; 

iv) On fixe les complexes de chlorures d 'uranyle sur 
une resine echangeuse a base forte; 

v) On lave la colonne pour eliminer le thorium et les 
terres rares avec 2,5 fois son volume de HCll/1, puis on 
elue !'uranium a pH I au moyen de HCl ou de fluorure; 

vi) On reduit l'eluat par des reducteurs varies et on 
precipite l'oxyde d'uranium qui sera utilise comme 
combustible; 

vii) On raffine enfin les eluats de chlorure directe
ment au moyen de TBP ou de trilaurylamine-methyl
isobutylcetone (TLA/MIK). 

b) Extraction d'uranium de purete nucleaire directe
ment par la trilaurylamine sur les jus d'attaque de 
monazite charges en terres rares. ' 

Cette seconde technique est une modification origi
nale du procede AMEX : 

i) On ajuste les jus sulfates d'attaque de monazite 
a pH 1,1 par differents procedes pour extraire la 
majeure partie du thorium en laissant leur charge de 
terres rares; 

ii) On extrait ensuite 1 'uranium au moyen de sulfate 
de trilaurylamine tout en definissant les parametres, 
les conditions optimales d 'extraction, en tra~ant les 
isothermes et en deduisant la cinetique du systeme et le 
nombre d, etages theoriques suivant les diagrammes 
de McCabe et Thiele; 

iii) On presente les resultats des essais discontinus 
de meme que ceux obtenus en continu sur une batterie 
de melangeurs-decanteurs en vue du raffinage de 
1 'uranium, en donnant egalement les resultats des 
analyse spectrographiques et leur degre de coincidence 
avec les specifications. 

A/4M OAP 

Hos~e cnoco6~ nony~eHHR peaKTOp
HO ~HcToro ypaHa H3 MOHa~HTa OAP 

M. H. ttlapax 

l\aK KHCJIOTHhiH, TaK H rn;eJIO'IHOH npo~ecc H3-

BJie'leHHH peaKTOpHO 'IHCTOfO ypaHa, TOpHH JIJIH 
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OT~eJibHhiX pe~K03eMeJILHhiX aJieMeHTOB BhiCOKOH 

'IHCTOThl CTpa~aiOT TaKHMH He~OCTaTKaMH, KaK 

f.IJIHTeJILHLiii npo~ecc pacrn;enJieHHH B cJiy'lae ua

JIII'IHH <floc<flaTOB, BhiCOKaH CTeiTeHL li3MeJIL'IeHHH 

nepe~ rn;eJio'IHLIM BLIID;eJia'IHBanneM, ueo6xop,n

MOCTL HCllOJlh30BaHHH peP,KHX paCTBOpHTeJieH npn 

O'lliCTKe TOpHH IIJIH ypaua P,JIH P,OCTHmeHHH peaK

TOpHOH 'IHCTOThl C UOMOID;hlO P,OpOrOCTOHID;HX H 

CJI071\HhlX MeTOP,OB. 

B ~OKJiap,e orrncLIBaiOTCH p,Ba HOBLIX cnoco6a: 

1. CneKaune c MeJioM, BLin~eJia'lnBaune coJiauoi'r 

KHCJIOTOH, HOH006MeHHOe H3BJieqeune B BHP,e XJIO

pHP,HOfO KOMllJieKCa C UOCJiep,yiOID;HM MOKphiM BOC

CTaHOBJieHHeM ~0 P,BYOKHCH ypaua HJIH <fJTopnpo

BaHHeM. 

::hoT cnoco6 npep,cTaBJIHeT co6oii Mop,n<flnKa~niO 
!flpau~yacKoro naTeHTa, 

a) BMeCTO onepa~HH p,po6JieHHH H H3MeJIL'IeHHH 

98% Monan.nTa p,o nopouma - 325 Mern npona

Jiop,HTCH cneKanne npn 825° C c paaJIH'IHLIMH 

<fJJIIOCaMH, B 'laCTHOCTH C MeJIOM; 

b) H3BJie'leuuaa cneqeuuaa Macca BLIID;eJia'ln

BaeTCH paBHLIM o6'heMoM HCI ( 1 : 1); 
C) llOJiy'leHHhiH paCTBOp HaCLIID;aeTCH TeXHH'Ie

CKOH IIOBapeHHOH COJILIO H ero a. P,. C. )J;OBOP,liTCll 

)1;0 0,4 8; 
d) C llOMOID;hiO CHJILHOOCHOBHOH HOH006MeHHOH 

CMOJihl H3BJieKaeTCH ypaHHJIXJIOpHP,HhiH KOMUJieKc; 

e) )J;JIH yp,aJieHHH TOpHH II pep,K03eMeJILHhiX ;)Jie

MeHTOB qepea KOJIOHKY nponycKaeTCH 2,5 KOJIO

HO'IHLIX o6'heMa HCI 1 : 1 n aaTeM ypau aJIIOH

pyeTca COJIHHOH KHCJIOTOH HJIH <fJTopn~OM npn 

pH=1; 
f) BOCCTaHOBJieHne UOP,XOP,HID;HMH BOCCTaHOBH

TeJIHMH H MOKpoe ocamp,eHne )J;BYOKHCll ypaua, liC

UOJlb3YeMOH B Ka'leCTBe Hp;epuoro TOUJIHBa; 

g) OKOH'IaTeJibHaH O'IHCTKa XJIOpHP,HhiX ;)JIIOa

TOB, uarrpnMep TEet> nJin TJIA B MMBH'. 

2. IIpaMaH aKCTpaK~HH peaKTopno •mcToro 

ypaua TpnJiaypnJiaMnHoM H3 MoHa~nToBLIX rn;eJio-

1\0B, cop,epmarn;nx pep,HoaeMeJILHLie aJieMeHThi. 

8ToT cnoco6 npep,cTaBJIHeT co6oii opnrnnaJIL

uyiO MOAH!flHKaiJ.HIO aMeKC-rrpo:u;ecca, rrpH KOTOpOM 
a) cepHOKHCJibie rn;eJIOKa llOCJie cepHOKHCJIOTHOll 

o6pa60TKH MOHaD;HTa fi,OBOP,HTCH pa3JIH'IHLIMU 

cpep,CTBaMH ~0 pH= 1,1, 'IT06hl OTP,eJIHTh OCHOB

HYIO Macey TOpHH, yp;epmHBaH B 71\HP,I\OCTH TOJibl\0 

pep,KoaeMeJihHLie aJieMeHThi; 
b) nocJie aToro ypau aKcTparnpyeTCH cepuo-

1\HCJILIM TpHJiaypnJiaMHHOM npn onpep,eJieHHbiX 

OllTHMaJibHhiX YCJIOBHHX C OP,HOBpeMeHHblM onpe

p,eJieHneM napaMeTpoB. IIpep,cTaBJieHa naoTepMa, a 

TaHme nayqeua KnHeTnHa B p,auuoii cncTeMe n on

pep,eJieuo 'IHCJIO TeopeTn'leCHnx TapeJioH no MeTo-

AY MaH-ReH6a - TnJie; ' 

c) npep,cTaBJieHhi p,aHHhie no O'IHCTI\e ypaua, 

noJiy'leHHLie ua nepnop,n•Jecl\oM n uenpephiBHO 

p,eifCTBYIOID;eM CMeCHTeJie-OTCTOHHJII\e Jia6opaTOp

HOf0 MacrnTa6a, a TaHme nop,po6uo onncaua MeTo

p,nHa cneHTporpa<J!nqecHoro aHaJinaa. 
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R/454 Republica Arabe Unida 

Uranio de calidad nuclear a partir de mona
cita de Ia RAU por tecnologfas nuevas 

por M. Y. Farah 

Para la separaci6n de uranio y torio de calidad 
nuclear, o de tierras raras individuales de pureza 
elevada, los procesos acido y alcalino presentan los 
inconvenientes de : 

un fraccionamiento largo en presencia de fos
fatos; 

una molienda muy fina antes de Ia lixiviaci6n 
alcalina; 

Ia necesidad de emplear varios disolventes para la 
purificaci6n del uranio o del torio para alcanzar una 
calidad de pureza nuclear, con metodos caros y muy 
complicados. 

Esta memoria describe das nuevos procedimientos : 

a) Sinterizaci6n con yeso, lixiviaci6n con acido 
clorhidrico y fijaci6n del uranio, como complejo 
cloruro, por intercambio de ion, seguida luego por 
Ia reducci6n, por via humeda a di6xido de uranio o 
por la ftuoruraci6n. 

Es una modificaci6n de una patente francesa en Ia 
que: 

i) la molienda y la preparaci6n de Ia monacita hasta 
que el 98 % es inferior a 325 mallas se sustituye por 
la sinterizaci6n a 825 °C empleando distintos fundentes, 
especialmente yeso; 

ii) despues de lavar el sinterizado, la monacita se 
lixivia con un volumen 1:1 de HCl; 

iii) luego se satura el liquido con sal comun y se 
a justa el potencial a 0,4 voltios; 

iv) se fija el complejo de cloruro de uranilo sobre 
una resina de cambio i6nico fuertemente basica; 

v) se lava Ia columna con 2,5 volumenes de lecho de 
HCI 1:1, para separar el torio y las tierras raras, 
eluyendo luego el uranio con acido clorhidrico o 
ftuoruro a pH 1; 

vi) luego se reduce el uranio con distintos reduc
tores y se precipita, en humedo, el producto comb us-
tible como di6xido de uranio; 

vii) como alternativa se pueden purificar los eluidos 
de cloruro por TBP o por TLA/MIK. 

b) La extracci6n directa, con trilaurilamina de 
uranio de calidad nuclear a partir de liquidos esteriles 
de tierras raras procedentes del ataque de monacita. 

Es una modificaci6n original del proceso AMEX : 
i) en Ia que los liquidos procedentes del ataque de Ia 

monacita por sulfatos se ajustan a pH 1,1 de distintas 
formas, para precipitar Ia mayor parte del torio 
manteniendo su contenido de tierras raras; 

ii) luego se realiza una extracci6n del uranio con 
trilaurilamina, se dan los parametros controlantes, 
las condiciones 6ptimas, las isotermas, asi como las 
investigaciones sobre Ia cinetica del sistema y el 
numero de etapas te6ricas segun los diagramas de 
McCabe-Thiele; 

iii) para el refino del uranio se presentan los datos 
de laboratorio en escala discontinua y continua, de 
mezcladores-sedimentadores, asi como los analisis 
espectrograficos que indican en que medida se satis
facen las especificaciones. 
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Prospecting for 
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and new results 
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By H. Closs* 

During the years 1958 and 1959, uranium prospect
ing, largely supported by public finance in the Federal 
Republic of Germany, experienced a period of relatively 
strong intensity [1]. 

From 1961 to 1963, however, the interest in ura
nium prospecting tapered off due to overcapacity on 
the world market, only to be increased again at 
present as a result of the EURATOM report [2]. 
In the first phase of the programme, a large number of 
geological possibilities was investigated. In the crystal
line basement the well-known concepts of the forma
tion of uranium deposits were taken as a basis, whilst 
for the work in sediments paleogeographical aspects 
played a prevalent part in determining areas to be 
investigated. 

To-day's most promising deposits, including those 
actually being mined, can be regarded as chance 
findings or the result of extended exploration rather 

·than discoveries arising from scientific considerations, 
if a very general classification of rock types or provinces 
of mineral deposits are considered only as a guiding 
motive for prospecting. 

The first stage of the prospecting consisted of 
establishing a general survey of the chances of finding 
uranium in the Federal Republic of Germany. In 
the present stage, the most promising districts have 
been studied with particular intensity. 

Up to now no associated elements or mineral 
associations have been found in the crystalline base
ment which could be regarded as truly reliable indica
tors for uranium deposits, although Co, Bi, F, Zn etc. 
are frequently encountered in places of higher uranium 
concentrations. In the sediments, paleogeographic 
considerations have certainly pointed in the right direc
tion for the finding of large quantities of uranium, but 
they have not led to any deposits with concentrations 
of economical interest. This does not mean that scien
tific predictions derived from a known general geolo
gical situation are entirely worthless, but nowadays more 
reliance is placed on fortuitous finds than in earlier times. 
Methods capable of rapidly prospecting large areas 
in a routine fashion are therefore of most interest [3]. 

* Bundesanstalt fiir Bodenforschung, Hannover. 
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The Federal Republic does not contain any large 
deposits of world-wide interest. Those discovered so far 
are only useful to our country in view of the present 
stage of development in reactor technology. Never
theless the general experience gained in prospecting 
work may assist in reducing the element of chance 
in the search for uranium deposits. 

PROSPECTING IN CRYSTALLINE REGIONS 

In a tin- and tungsten-bearing carboniferous granite 
(Rudolfstein near Weissenstadt, Fichtelgebirge), tor
bernite was found on joints in considerable concentra
tions and quantities.** Since this granite contains 
uraninite [4, 5], the probability of the formation of the 
deposit from uraniferous hydrothermal fluids was 
obvious. The torbernite encountered at a depth of 
50 m was interpreted by some experts as a secondary 
formation in the roof of a deposit, by others as a 
primary concentration due to special conditions. It 
was agreed that at greater depths higher contents and 
larger quantities of uranium, perhaps in other ore 
minerals, might be expected [6]. Torbernite was found 
at depths down to 200m, though to a decreasing extent. 
Absolute dating of the torbernites from 50-200 m 
depth furnished the explanation for this negative 
result of the investigations, as the torbernites were 
found to belong to the tertiary period (15-18 million 
years). Therefore, a primary ore formation was out of 
the question, since at that time relevant volcanic 
events had not taken place; the uranium concentration 
is due to lateral secretion of weathering solutions 
which have descended to the surprisingly great depth 
of nearly 300 m. If in this case continuous absolute 
datings had been made simultaneously with the sinking 
of the shaft, the mining could most probably have 
been stopped at an earlier stage and considerable 
investment could have been saved. 

In another granitic region in the western part of 
the Bohemian Massif(Falkenstein Granite), a scintillo
meter test** yielded indications of several uranium 

** Work carried out by Eisengewerkschaft Maximilianshiitte. 



158 SESSION 2.12 

enrichments. In the weathering zone high uranium 
concentrations (prevailingly uranium micas) of more 
than 1 kg/t with a total of 10 to 20 tons of U30 8 

were found. Absolute datings on samples revealed 
very young ages (6-8 million years), a fact pointing 
clearly to secondary formations in the weathering 
cycle. But higher ages (70 to 80 million years) were 
also obtained which encouraged further examination, 
especially as intensive mineralogical examinations in 
the weathered material yielded preliminary indications 
of a primary uranium mineralization [7, 8]. After 
several drillings, 500 samples were investigated by 
microscopic, polarographic and X-ray spectral and 
structural analyses. After very contradictory predic
tions, intensive examinations led to the following 
conclusions : The granitic region is crossed by a frac
ture zone of up to 50 m width with sericitization and 
strong chloritization. The latter does not run completely 
parallel to the uranium enrichment, because the ura
nium mineralization has developed prior to the chloriti
zation through early ascending solutions. Subsequent 
to the uranium mineralization, a substantial addition 
of magnesium and iron took place and, as a result of 
chlorite formation at the expense of the granite, a 
potassium-aluminium loss occurred, which in combina
tion with desilification in the region near the surface, 
led to the formation of sericite. These processes took 
place at temperatures of about 300 to 400 oc and, 
therefore, this type of deposit is to be assigned to the 
pyrometasomatic to hydrothermal range. While such 
features render the distribution of uranium ore irre
gular, the width of the dyke-shaped prospect, the 
certainly primary nature of the ore formation, and 
uranium concentrations of up to 5 kg/t of several 
metres encourage continued investigation. Only a 
combination of various methods of prospecting and 
research yielded this result. 

It was shown that the area west of the Bohemian 
Massif could be considered as promising for uranium 
deposition and that there was reason to assume that 
up to three or more different intrusions of granite had 
taken place. Their importance for uranium enrichment 
may not be uniform. Therefore, it is now planned to 
cover the area with a grid of absolute age datings 
by the rubidium-strontium and potassium-argon 
methods and, if possible, also by the uranium-lead 
method using zircon. Perhaps a clarification of the 
age relationships in this area may be helpful for ura
nium prospecting (this plan was in part the subject of 
a EURATOM Research grant). Even now a few 
rubidium/strontium age determinations have suggested 
that the principal phase of the varistic-carboniferous 
orogeny with which the intrusion of granites was 
connected must be older (about 300 million years) 
than has been assumed. 

In the extreme west of the Bohemian Massif 
(Wolsendorf), prospecting dealt very intensively 
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with pitchblende-bearing fluorite dykes [9, 10]. Here 
attempts to find trace elements which could be used 
as indicators for uranium enrichments in the immediate 
and more distant vicinity of known uranium deposits 
were made. After preliminary investigations using 
optical spectrography, bismuth appeared most pro
mising, as other elements, such as cobalt, nickel, 
silver etc., were practically non-existent. A rapid 
chemical method for the detection of very small bis
muth concentrations was developed (20% error at 
0.5 ppm, 10% at 100 ppm) and ample sample material 
was investigated. This showed that although high 
uranium concentrations were always associated with 
higher bismuth concentrations, bismuth enrichments 
were found, which were by no means associated with 
parallel uranium enrichments. 

Therefore, in this mineral assemblage which has a 
certain similarity to that of Joachimsthal, bismuth 
cannot be considered a reliable indicator for uranium, 
and thus bismuth aureoles cannot be used as an aid 
to uranium prospecting. 

The occurrence at Ellweiler on the Nahe river, SE 
of Trier, of a deposit of approximately 100 t of U30 8 

down to a depth of about 100m which is being mined 
at present, is also situated in a fracture zone of a 
crystalline massif, a permian porphyry (Porphyry of 
Nohfelden) [11]. This deposit was discovered through 
scintillation measurements without recourse to scien
tific predictions. This deposit was at first considered 
to be of secondary origin and it was expected that it 
would become impoverished with increasing depth. 
A first revision of this assumption was due to a systema
tic analysis of fractures which traverse the deposit 
in various densely populated systems. Correlations of 
uranium enrichments in the fractured porphyry with 
the fracture systems were discovered. A thorough 
mineralogical investigation followed during which a 
great abundance of secondary uranium minerals 
including several new ones, such as ellweilerite and 
paulite, as well as several primary minerals of one or 
more hydrothermal stages, were found. Thus the 
correctness of the results of the fracture analysis was 
confirmed. Examples of primary minerals are uranium 
pitchblende and probably primary coffinite. A spe
ciality were highly uraniferous hydrocarbons for which 
hydrothermal origin is assumed [12, 13]. 

During the prospecting for the Ellweiler deposit 
radon measurements of the ground air and geochemical 
investigations proved to be very valuable. The latter 
showed mainly that samples from underneath a young 
cover of weathering products contained far more 
information than samples which were taken near the 
surface. Both methods indicated a probable dyke
shaped outline for the deposit and therefore indirectly 
a primary origin. As a consequence of various inves
tigations over several years, deep mining is now being 
carried out at Ellweiler. Absolute dating of the deposit 
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has not been possible so far because of the high content 
of non-radiogenic lead. 

At present, the Ellweiler deposit has an annual 
production of approximately 10 t of U30 8. The 
concentration of the ore fluctuates between 300 and 
1 000 ppm U30 8• The ore serves mainly for technical 
experiments in the dressing plant at Ellweiler and as 
an addition to richer ores. 

It was hoped that, on the basis of the experience 
described thorough structural and geochemical inves
tigations in the entire porphyry complex would yield 
several other deposits of the same type. However, it 
now appears likely that primary concentrations in 
other places were later redissolved by hydrothermal 
action and carried away. This example again shows 
the difficulty of specific prediction even when they are 
made on the basis of a good knowledge of the local 
geological setting. 

In the southern Black Forest [14, 15, 16, 17] a 
deposit was found in a granite SE of Freiburg on the 
southern slope of the Feldberg massif (Menzensch
wand). Pieces of highly radioactive black rock were 
found in a diluvial moraine. After this discovery 
systematic surveys by the Gewerkschaft Brunhilde 
were started from a helicopter and by ground crews. 
This led to the exposure of a highly concentrated 
uranium occurrence after several metres of till had 
been dredged away. Large parts have uranium 
contents of 10-15 kgft. The ore consists almost exclu
sively of pitchblende and a little coffinite. Associated 
minerals are hematite and manganese oxide, occasional 
magnetite, small amounts of various sulphides and 
some arsenides of iron, copper, nickel, and traces of 
lead selenides. Gangues are chert, quartz, fluorite and 
baryte. This makes it a deposit of the iron-baryte 
formation type which is generally considered as very 
promising for large uranium deposits. The age of the 
deposit has been determined* as 229.4 + 3.3 million 
years. Hahn-Weinheimer et at. [18] give an age of 
218 ± 10 million years for the granite containing 
the deposit by the rubidium-strontium method 
(total rock) that means that within the limits of 
error the deposit is syngenetic with the granitic 
intrusions. 

The survey of the deposit is not very advanced yet. 
Estimates of the yield lie between 1 000 and 3 000 tons 
U30 8, which are worthwhile exploiting. 

The Menzenschwand deposit is situated on the 
fringe of a granite complex near a gneiss. Several 
other uranium enrichments not yet investigated have 
been found near the contact. This makes it appear 
possible that the granite is especially promising for 
uranium in the contact zone (see below Geochemical 
prospecting). 

* Bundesanstalt fiir Bodenforschung, Hannover, Wiesenstr. 1. 
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PROSPECTING FOR URANIUM IN SEDIMENTS 

As the most productive deposits in the world are of 
a sedimentary nature, promising sediments and 
localities which appeared favourable from a paleo
geographic point of view were investigated. The varistic 
(permo-carboniferous) cycle of granite or porphyry 
formation associated with the well-known orogeny 
in Central Europe appeared to be a possible source 
for direct or indirect uranium concentration. This 
equally concerns physico-chemical precipitation of 
uranium in sediments as an enrichment in detrital 
formations which had their source area in the varis
ticum (as well as reworked uranium in detrital 
sediments). 

At the time of the carboniferous coal formation 
(Ruhr and Saar areas), the basement of the varisticum 
was either not yet eroded to such an extent that econo
mically useful uranium concentrations could be formed 
in the coal substance, or the areas, i.e., the amounts 
of coal substance, were too large, so that the content 
of the uraniferous solutions was spread very widely 
preventing the formation of deposits. 

In the lower Zechstein of central and northern Ger
many, marine sediments were formed in the regions of 
the former varistic mountains. All these sediments 
are typical of anaerobic facies of stagnant waters: 
black shales with sulphides of iron, copper, zinc, 
vanadium, bismuth, silver, etc., the so-called Kupfer
schiefer. As low grade copper ores have been mined 
from these horizons for a long time, the conditions 
of sedimentation and of the supply of metalliferous 
weathering solutions from the remainder of the varistic 
mountains were rather well known. This knowledge 
could be taken into acount during the prospecting. 
The slags of copper smelting works were also tested. 
Uranium contents of 100 ppm and more were fre
quently found. Thus, uranium reserves of the order of 
100 t U30 8 could be calculated for relatively small 
areas, but economically useful enrichments were not 
found. 

The variegated sandstone of the lower Triassic [19] 
consists of a continental detrital sequence, mainly 
of red rocks, with intermittent occurrences of marine 
water ingressions [20, 21]. Gamma-log measurements 
in boreholes through these horizons revealed little 
variation from the maximum radioactivity (22). 
Small concretions of heavy metals with high contents 
of lead, copper, vanadium and uranium were also 
frequently found [23, 24]. Therefore, the entire sequence 
was thoroughly investigated. Only one of the many 
investigations is mentioned briefly because it deviates 
strongly from the general pattern. North of the town 
of Gottingen, west. of the Harz Moutains, a marine
shale horizon in the middle variegated sandstone 
(Hardegsen clay) proved especially uraniferous [25]. 
Detailed geologic mapping and a few shallow drillings 
determined the extent and the properties of the hori-
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zons. A bay-shaped area of deposition about 40 km 
wide and 50 to 60 km long with a thickness of0-10 m 
was found. A petrographic investigation showed that 
the detritus came mainly from an area of paleozoic 
sediments and igneous rocks to the South, i.e., from 
an area which was promising for primary uranium 
content. Subsequently, the sedimentological character 
of the deposits was analysed in detail with the aim of 
determining the hydrodynamic mode of formation. 
It appeared probable that in the past the water level 
changed seven times from low to relatively high with 
a few areas being dried up occasionally. Spectral and 
subsequent chemical analyses for U, Zn, Cu, Pb, 
C and C02 and autoradiograms were made on systema
tically selected samples. The evaluation of all data 
showed that uranium was deposited syngenetically 
with the finest clay suspension, only during periods 
of higher water level when preferential precipitation of 
heavy metals took place. Zinc prevails in sediments of 
shallow water while lead was precipitated mainly in 
deep water. However, no uranium enrichments of 
economic value were found on the basis of this study 
although uranium contents of up to 700 ppm were 
encountered locally and the total uranium content 
is considerable. 

As far as the geological environment is concerned, 
the two examples mentioned so far are very similar. 
Both cases are conducive to the formation of uranium 
deposits, but the amounts of metal brought in were not 
large enough either due to the great distance from 
the source area or due to unfavourable erosional 
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Figure 1. Geochemical prospecting for uranium (Black-Forest) 
in waters of creeks and springs 
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conditions there. It would be premature and over 
pessimistic to consider this result as indicating that 
the uranium available in the primary source area 
is small and therefore to consider the chances of 
finding uranium deposits in the crystalline regions 
poor. 

As was shown above, the Bohemian Massif as a 
whole must be considered as promising with respect 
to uranium. Therefore, care was taken to investigate 
the most closely situated sediments. Indeed consider
able enrichments of radioactive matter were found in 
places in the Triassic, especially in those sediments 
containing arkose [26, 27], but deposits of economic 
value were not found. Near the Bohemian-Bavarian 
crystalline Massif some lignite deposits were formed 
during the Tertiary. Solutions bringing uranium from 
the basement came into contact with these formations 
of the upper Miocene to form uranium enrich
ments [28, 29]. At 300 ppm, these may be of economic 
value so long as they are contained in the lignites 
which can be burnt. But these reserves totalling about 
150 t of U30 8 were not exploitable in spite of the 
possibilities for easy strip mining (cf. Mineral dressing). 

From these and other examples it can be concluded 
that predictions on economic enrichments of uranium 
in sediments cannot at present be considered as more 
than basic guide lines for prospecting, even in geolo
gically well-known areas, such as the Federal Republic 
of Germany. Here, too, direct scientific means are not 
sufficient for reaching a quick decision but it is neces
sary to employ routine geophysical and/or geochemical 
methods before the actual scientific evaluation. 

GEOCHEMICAL AND GEOPHYSICAL 
PROSPECTING 

In our country, with its well-known meteorological 
conditions, geochemical prospecting for uranium in 
rivers and springs has proved useful especially after 
periods of protracted dryness during the summer 
months [30, 31 ]. An example of such a survey is shown 
in Fig. I . 

In the VICmity of the Menzenschwand deposit 
mentioned above, high uranium concentrations are 
found in waters. But it is to be expected that due to local 
features in the water circulation or water chemistry 
not all areas of high uranium concentrations will 
give information on deposits. If one can be sure that 
no large areas of importance are missed by this method, 
this type of survey cannot be overestimated as a pre
liminary to more detailed work. This method has 
already been reported in literature [32, 33, 34]. In 
the areas staked out by water prospecting, geochemical 
prospecting of soils and bedrocks and eventual radia
tion measurements and detailed geological investiga
tions follow. Depending on the type of programme, 
the geochemical prospecting is preceded by an air
borne survey. 
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The analyses were carried out as follows. The traces 
of uranium in the water samples are co-precipitated 
with iron hydroxide. The uranium is dissolved with 
hot nitric acid from these precipitates as well as from 
soil or rock samples. It is then extracted from the acid 
with tributylphosphate and separated from most of 
the other elements. After re-extraction of the uranium 
using ammonium acetate solution, the polarographic 
determination in strong sulphuric-perchloric solution 
is carried out on a cathode-ray polarograph. This type 
of analysis for uranium has the advantage that 
uncontrolled interference by other elements is elimi
nated. The limit of detectability was 1 ppm U for 
soils and rocks and 0.1 ppb U for waters. 

Optimization of this process was achieved by carry
ing out the various steps of the operation (drying, 
grinding, filtration, shaking, polarography) in sets 
of 30 samples in an assembly-line array. One unskilled 
worker and one expert can produce 90 analyses includ
ing sample preparation in one 8-hour day. 

A 4-ton laboratory truck was developed for field 
work. It is equipped with a modern laboratory fume 
hood, glow and drying furnaces, apparatus for water 
analysis, a 12 kV-220 V generator and air-condition
ing. It can be used anywhere a source of water is 
available. An example of its application was the 
processing of 1 200 water samples from an area of 
1 000 km2 in the southern Black Forest in 20 days 
(for a section of this area see Fig. 1 ). In areas of 
consistently higher uranium content, a programme 
of analysing 4 500 soil and rock samples for uranium 
followed over the next three months. This led to the 
discovery of uranium enrichments of up to 2 000 ppm 
in the soil which were hitherto unknown. The 
economic-geological investigation of this area is still 
going on. 

The equipment of the mobile laboratory was versa
tile to allow for rapid analyses for other elements, for 
example copper, which might yield useful hints as to 
the origin of newly discovered uranium enrichments. 
This approach has been tested not only in Germany 
but also in the High Andes in Peru under very dif
ficult conditions. 

A few years ago, we still believed that geochemical 
prospecting was best employed as a complement 
to a radiation survey. To-day we prefer this method 
for fast surveys whenever air-borne surveys are 
impossible due to the terrain. But geochemical pros
pecting can also be recommended in combination 
with an air-borne survey. 

In spite of the great value of radon measurements in 
prospecting, some limitations of this method are 
worth mentioning [35]. Weathering at times produces 
a layer of low permeability at a depth of a few deci
metres. Calculations and experimental work have 
shown that, below such a layer, the radon concentra
tion can easily rise because of low diffusion rates 
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and then may be erroneously interpreted as an 
indication of a uranium deposit or some special 
structure. 

Moreover, it is a well-known fact that absolute age 
dates may, in spite of correct treatment and measure
ment, have values which geologists reject as erroneous. 
An example of this are the ages ranging from 0 to 
180 million years, which were measured in the labo
ratories of the Bundesanstalt fiir Bodenforschung on 
samples from deep mines in late varistic fluorite dykes 
on the edge of the Bohemian Massif, even pitchblendes 
of various ages were among them. Therefore, great 
care must be taken to investigate the samples minera
logically prior to the absolute dating. On the other 
hand, the variety of ages obtained on samples from a 
certain deposit may give information on the occurrence 
and frequency of special events, which may have had 
an influence on the deposit. 

MEASURING EQUIPMENT FOR PROSPECTING 

For air-borne surveying, a fully transistorized air
borne scintillometer was designed and constructed 
in the laboratories of the Bundesanstalt fiir Boden
forschung. The unit consists of a 5 in diam by 5 in 
high Nal (Tl) crystal and its electronic control unit. 
The lower energy barrier for the detecting of gamma
rays can be varied within wide limits by means of 
high voltage and discrimination adjustments. Record
ings is by means of a Varian compensation recorder. 
An accessory unit makes possible digital recording 
for the simultaneous registration of additional data 
such as flight altitude, aeromagnetic data etc. Double 
marks can also be registered for the exact co-ordination 
of measurement pattern and topography. The entire 
unit consists of three parts with a total weight of 35 kg, 
and thus is very adaptable and suited for incorporation 
in any airplane. 

Prospecting experiences of the Gewerkschaft Brun
hilde showed that a portable radiometer should not 
exceed 1 000 g in weight to be convenient for routine 
fieldwork. By employing printed circuits and transis
tors, smaller and lighter units could be developed 
without sacrificing sensitivity. It was also found con
venient to design the units for one-hand operation to 
render possible the carrying, switching and changing 
of ranges by one hand. To lower the costs of daily 
use, the units were equipped with batteries which do 
not require servicing. 

A variety of instruments are used for the various 
tasks such as mining control of a deposit, monitoring 
of transport vehicles, field prospecting, concentration 
measurements on ore samples and monitoring for 
the purpose of protection against radiation. The 
Gewerkschaft Brunhilde has constructed a number 
of types where the weights vary between 300 and 
800 grammes. 
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Figure 2. Flow-diagram for dressing uranium ore to nuclear-pure uranate using ion-exchange 
and liquid-liquid extraction 
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EXPERIENCES IN MINERAL DRESSING 

Uranium and lignite (Wackersdorf, OberpfalzfBavaria) 

Laboratory investigations* aimed at preparing a 
mineral dressing procedure have shown that uranium 
is present in the lignite as a uranium-iron complex 
of humic acid. There was no proof that the uranium 
was adsorbed or held in inorganic compounds. A 
slightly basic extraction brought up to 95% of the 
uranium into solution. An attempt to concentrate the 
uranium by combustion of the material led to tech
nical difficulties because of the high clay and water 
content. Moreover, the combustion temperature had 
to be kept below 700 oC to avoid strong sintering. 
On the other hand, combustion at low temperatures 
showed that a greater fraction of the clay would enter 
the subsequent solution. 

Uranium and fluorite 

In the fluorite dykes mentioned above, uranium was 
found in considerable amounts. The extraction of the 
uranium ore was only acceptable if the valuable 
fluorite was not rendered useless. Detailed minera
logical and physico-chemical investigation showed 
that up to 900 ppm uo2 were present in the fluorite 
lattice. This, however, is not a solid solution but rather 
an incorporation of more or Jess large molecular 
groups [36]. These lattice disturbances influenced the 
cleavage, This explains why about 60-80% of the total 
uranium content could be extracted by leaching from 
the ground fluorite (grain size smaller than 0.2 mm). 
During the usual flotation of fluorite using oleic acid, 
pitchblende partly enters the fluorite fraction and 
partly the waste [37]. After grinding the material to 
the grain size required for fluorite flotation (about 
0.1 mm), an enrichment of 65% of the uranium con
tent of the ore in 10 to 15% of the original material 
was achieved by making use of the density diffe
rence. But the loss of uranium in this type of flotation 
appeared to be too high [38]. 

To obtain a maximum yield of uranium, leaching 
had to be done prior to the fluorite flotation. Prelimi
nary experiments have shown that acid as well as basic 
leaching in weak concentrations can be applied without 
influencing the present fluorite flotation method. 
It is only necessary to increase the amount of flotation 
media, especially that of the oleic acid. 

Ellweiler pilot plant 

The Ellweiler pilot plant was constructed with 
Government support by the Gewerkschaft Brunhilde 
in the years 1958/59. It began production in 1960. 
Its design has been described in detail [39]. A great 
number of dressing experiments for various ores have 
been performed and improvements of dressing pro-

* M. Salger, Geologisches Landesamt, Miinchen. 
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cesses are now being developed. Recently a combina
tion of ion exchange and liquid-liquid extraction has 
been developed using the plant for the production of 
nuclear-pure solutions and uranates on a technical 
scale directly from the ore. The uranium is dissolved 
out of the ore with sulphuric acid and subsequently 
collected on strongly basic anion exchange columns. 
The columns are eluted with acidic sodium nitrate 
solution from which the uranium is extracted with 
tributylphosphate and petroleum. It is re-extracted 
with hot pure water and then precipitated as nuclear
pure uranate. A flow diagram of the technical process 
is shown in Fig. 2. 

The extraction of heavy metals, particularly uranium, 
from lowgrade ores by means of chlorine gas has 
recently been reported [40]. Chlorine is passed through 
the ore at 1 100 oC and the uranyl chloride is drawn 
from the furnace together with the chlorine gas and, 
cooling to 450 ac, separated as uranium oxide. To 
make this expensive process economically acceptable, 
it is necessary to make use of the chlorides of the other 
heavy metals as well, as there as those of Fe, Mn, V, 
Ti, etc. 
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ABSTRACT -RESU M E-AH HOTA U111 R-RESU MEN 

A/478 Republique federale d'AIIemagne 

Prospection et preparation de minerai d'ura
nium dans Ia Republique federale d'AIIe
magne, progres en methodologie et nouveaux 
resultats 

par H. Closs 

Le progres technique en matiere d'appareils de 
mesure des rayonnements a suivi, en Allemagne, Ia 
tendance generale des techniques de mesure. Ainsi 
a-t-on, par exemple, deja fait d'importants pro
gres dans !'enregistrement et le traitement numeriques 
des donnees obtenues par des mesurages aeriens. La 
prospection geochimique de I 'uranium a !'aide de 
laboratoires mobiles a ete a tel point perfectionnee 
qu'une petite equipe mobile peut examiner I 500 echan
tillons de sol ou d'eau par mois. A !'aide des methodes 
modernes de Ia mineralogie, y compris !'analyse de 
structure et !'analyse aux rayons X, on a pu faire, 
d 'a pres les affieurements, des predictions sur les asso
ciations minerales a des profondeurs plus grandes. De 
meme, des determinations par diverses methodes d'age 
absolu de minerais et de roches constituent, conjoin
tement avec Ia spectroscopie a rayons gamma, un 
autre moyen important pour I 'appreciation de Ia 
genese des gisements. Particulierement dans Ia Foret
Noire meridionale, Ia prospection a donne d'excellents 
resultats; on y a decouvert dans les filons de quartz
hematite rouge-baryte des depots contenant de Ia 
pechblende. Dans une grande partie des depots on a 
trouve des concentrations de plus de 1 % d'uranium. 
Etant donne les prix actuellement extremement bas 
sur le marche mondial des gateaux d'oxyde d'uranium, 
on a. cherche a abaisser les prix de revient de Ia pre
paration des minerais riches et des minerais pauvres 
par des recherches et etudes technologiques intensives. 
Ces etudes ont ete faites a I 'usine de traitement 
d 'Ellweiler en utilisant des minerais provenant de 
dix gisements. Ce n'est que recemment qu'on a soumis 
a des essais finals un procede permettant, par une 
combinaison d 'echange d 'ions et d 'extraction liquide
liquide, Ia production de solutions et d 'uranates 
nucleaires purs au cours du traitement du minerai 
d'uranium. 

A/478 llJPr 

PaaeeAKa H o6ora~eHHe ypaHOBbiX 
PYA B ¢1eAepaTHBHO~ Pecny611HKe rep
MaHHH: nporpeCC B MeTOA0110rHH H HO
Bble peayl1bTaTbl 

r. Knocc et al. 

3a TeXHH'IeCKHM ycoBepmeHCTBOBaHHeM pa~HO
MeTpOB B <I> Pf nocJie~yeT o6~quii nporpecc B Me

To~ax reolfluauqecKux HaMepeuuii. TaK, uanpu

Mep, B 3Ha'IHTeJibHOH CTeneHH COBepmeHCTByeTC.II 

~ulflpoBa.ll perucTpa~H.II u o6pa6oTKa ~aHHLIX, no

Jiy'leHHLIX B peayJibTaTe aaporpaMMa-c'beMKH. feo

XHMH'IeCKa.ll paaBe~Ka ypaua c noMOiqbiO ne

pe~BH>KHLIX Jia6opaTOpHH ycoBepmeHCTBOBaHa ~0 
TaKoii CTeneuu, 'ITO ue6oJibmue noJieBLie napTHH 

MoryT npoBO~HTb B MCC.II~ ~0 1500 3H3JIH30B nO'IBLI 

n BO~LI. CoBpeMeHHLie MeTo~LI MHHepaJioru'le

cKHx HCCJie~OB3HHH, B TOM 'IHCJie peHTreHorpalfln

'IeCKHH H cTpyKTYPHLiii aHaJIH3LI, noaBOJIHJIH npe~
CKaaLIBaTL no llOBepXHOCTHLIM BbiXO~aM xapaK

Tep MHHepaJibHLIX aCCO~Ha~HH Ha 3H3'1HTCJibHLIX 

rny6uuax. Onpe~eJieHH.II a6coJIIOTHoro BoapacTa 

py~ H nopo~ paaJIH'IHLIMH MeTo~aMH, uap.11~y c 

npOBC~CHHCM raMMa-cneKTpOCKOllHH, OKa3aJIHCb 

Ba>KHLIMU BCITOMOraTCJibHLIMH Cpe~CTB3MH f];JI.II Oll

pe~eJieHll.ll reueaHca MecTopomp;euuii. Oco6euuo 

ycneiDHhJMII OK333JIHCb nOUCKU B IO>KHOH 'laCTII 

illBap~BaJib~a, rp;e 6LIJIO OTKphiTO MCCTOpomp;eHHC 

uacTypaHa B KBap~-reMaTHT-6apHTOBbiX >KHJiaX. 

Co~epmauue ypaua B pyp;ax aToro MecTopomp;euun 
no 6oJILmeii qacTH npeuLimaeT 1% . BBup;y HCKJIIO

'IHTCJihHO HH3KOH ~CHLI ypaHOBOrO KOH~CHTpaTa 
Ha MHpOBOM pLIHKe B H3CTOHiqee BpeM.II 6LI
JIH npoBe~eHLI lliHpOKHC HCCJICf];OB3HH.II H TCX

HH'IeCKHC paapa60TKH no CHH>KeHHIO ce6eCTOII

MOCTH o6ora~qeHH.II 6oraTLIX H 6e~HLIX pyp;. Ha 
o6oraTHTCJibHOH ycTaHOBKC B 8JibBeiiJiepe npOBC

{l;CHhl TCXHOJIOrH'ICCKRe uccJie~oBaHu.ll pyp; p;ec.IITH 

paaJIH'IHLIX MecTopom~euuii. CouceM ue~aBHo 
nposo~UJIHCh aauepmaiO~qHe onbiTLI no o6ora~qe
HHIO ypauouoi1 py~LI KoM6uuupoBaHHLIM MeTo~oM 
UOHHOrO o6MCHa II >KHf);KOCTHOH 3KCTpaK~HH1 n03-

BOJI.IIIO~IIM ITOJIY'I3Tb 'IHCTLIC paCTBOpLI H ypa

H3Tbl. 
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A/478 Republica Federal de Alemania 

Prospecci6n y concentraci6n de mineral de 
uranio en Ia Republica Federal de Alemania, 
progresos en metodologfa y nuevos resul
tados 

por H. Closs 

El progreso tecnico de los aparatos detectores de 
radiaciones en Alemania ha seguido las tendencias 
generales de las tecnicas de medidas. Asi, por ejemplo, 
se encuentran muy avanzados los sistemas digitales de 
registro y elaboraci6n de datos, recogidos en medidas 
tomadas desde aviones. La prospecci6n geoquimica 
de uranio con laboratorios m6viles ha progresado 
tanto que un pequefio equipo de campo puede efectuar 
hasta 1 500 amilisis de suelos y aguas por mes. Los 
metodos modernos de mineralogia, incluyendo los 
amilisis por rayos X y estructurales, han logrado 
que, a partir de los aftoramientos superficiales, se 
puedan precedir las asociaciones minerales a mayores 
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profundidades. Las determinaciones de edad absoluta 
en minera1es y rocas por varios metodos, junto con 
la espectroscopia gamma, ha demostrado ser un 
medio auxiliar importante para estimar la genesis 
de los yacimientos. Ha tenido un exito particular 
la prospecci6n de la parte meridional de la Selva 
Negra, donde se descubri6 un yacimiento con pech
blenda en filones de hematites-barita-cuarzo. Se encon
traron leyes mayores de 1 %de uranio en zonas extensas 
del yacimiento. Debido a los precios mundiales 
extremadamente bajos del concentrado, la investi
gaci6n se dirigi6 principalmente a tratar de conseguir 
una disminuci6n de los costes de la concentraci6n 
de minerales ricos y pobres. Se han realizado investi
gaciones con minerales procedentes de 10 yacimientos 
distintos en la instalaci6n de concentraci6n de Ellweiler. 
Hace poco tiempo que fueron realizados los ensayos 
finales de un metodo que permite la recuperaci6n 
de soluciones de pureza nuclear y uranatos en el 
curso del tratamiento del mineral, mediante una 
combinaci6n de las tecnicas de extracci6n por inter
cambia de i ::m y liquido-liquido. 



P/484 ·Brazil 

Developments in thorium production technology 

By K. J. Bril and P. Krumholz* 

The thorium industry started at the beginning of 
this century using monazite as raw material and 
producing thorium nitrate mainly for the incandes
cent gas-mantle industry. During the period between 
the two world wars this thorium market disappeared 
progressively. Since the advent of the atomic era, and 
although some non-nuclear applications of thorium 
did develop, the revival of the thorium market still 
awaits the future development of atomic power genera
tion programmes. However, prospects of using thorium 
in power reactors seem hopeful enough to justify and 
stimulate research to develop thorium technology 
further. In this paper the recent developments in the 
processing of thorium bearing ores and in the produc
tion of nuclear grade thorium oxide are reviewed with 
special reference to industrial and pilot plant expe
nence m Brazil. 

MINERAL RESOURCES 

The known reserves of low cost thorium (5-10 US$/ 
lb Th02) in Western countries were recently reported 
to be only about 5 x 105 tons of Th02 [I] and Kaplan 
et al. [4] give an account of thorium mineral resources 
in the USSR. Thus, there is little doubt that the long 
range nuclear fuel supplies for power production will 
depend chiefly on the low grade sources [2]. A compre
hensive bibliography containing numerous references 
to the mineralogy, prospecting, exploration and 
reserves of thorium has recently been released [3]. 
The list of thorium bearing minerals exceeds 100, 
among which about 60 contain over 1% of thorium. 
However, besides monazite, which is the most impor
tant source of thorium, thorianite, brannerite and to 
a lesser extent thorite, are the only thorium minerals 
which are commercially exploited. In the particular 
case of monazite dressing plants [5], their installed 
capacity throughout the world greatly exceeds the 
present production rate, and the tendency in several 
countries is to reduce production even further [6]. 

THE PREPARATION OF THORIUM CONCENTRATES 

The starting material for the production of nuclear 
grade thorium is generally a more or less rich thorium 
salt concentrage. This situation will certainly prevail, 

* Instituto de Energia At6mica and Research Laboratory of 
Orquima S.A., Silo Paulo. 
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at least in the near future, because of the existence 
of important thorium stockpiles accumulated mainly 
as a result of monazite processing. The development 
of solvent extraction technology and the continuing 
search for more selective solvents however, make it 
probable that this intermediate step could some day 
be omitted [7]. 

In Table 1 references to recent papers relating to 
processing of thorium raw materials are listed together 
with a brief description of the processes. Attempts 
to recover high cost thorium (up to 500 US$/lb of 
thorium + uranium) from low grade resources have 
also been considered. 

Numerous methods for the treatment of monazite 
have been reviewed [5]. The relative advantages of 
the many flowsheets which have been proposed still 
remain open to discussion. Industrial practice is based 
either on H2S04 or NaOH breakdown. Cost compari
son of both methods [7-9] gives a slight advantage to 
the H2S04 process. 'However, due credit has not been 
given to the values of the rare earths and Na3P04• 

Because it gives a high quality thorium concentrate 
at an early stage of the process and because the rare 
earths can be obtained practically free from thorium 
and phosphate, the caustic soda breakdown of mona
zite is particularly useful where further purification of 
thorium and/or splitting of the rare earths into the 
individual elements is considered. 

Brazilian practice of thorium recovery 
from monazite 

Chemical processing of monazite started in Brazil 
in 1948. The actual production capacity is 3 000 tons 
of monazite per year. The process is based upon the 
caustic soda breakdown. Several years' experience 
with large scale operation have led to many improve
ments of the original process [10]. 

Monazite is processed as a + 98.5% concentrate. 
It contains about 64% of rare earth oxides, 5.5-6.5% 
of Th02 and 0.15-0.35% of U30 8• The high purity of 
the sand used greatly improves the performance of the 
chemical processing [11-12]. The monazite is ground 
to 99% minus 300 mesh. The attack with caustic soda 
(about 55 wt%) is carried out under a pressure of 
several atmospheres and at 170 °C. This results in a 
readily controllable operation. NaOH is used in an 
excess of about 100% over the theoretically necessary 
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Table 1. Chemical processing of thorium raw materials 

Raw material 

Monazite ... 

Uranothorianite 

Thorite. 

Blind River ores 

Granites, etc. . 

Breakdown 
agent 

NaOH 

Main process steps and references 

Selective pptn. of Th: as basic phosphate by NH3 [18, 19], 
MgO [20, 21], electrolytically [21]; as pyrophosphate [22, 
23]; as oxalate [24-26]; as sulfate [24, 25, 27]. Caustification 
and TBP extn. [18, 23] or basicity sepn. [20]. 

Selective pptn. of rare earths as double sulfates [28-32], or 
anhydrous sulfates [33]. Th recovered as oxalate [28-31], 
as fluoride [33]. Caustification followed by basicity sepns. 

Selective extn. of Th by amines [34-37], esters of H3P04 [34, 
38], other solv. [34], cellulose [24, 25, 40, 41]; ion exchange 
resins [43, 44]. 

Total pptn. with oxalate [8, 19, 45] or fluoride [46]. Caustifica
tion or calcination; TBP extn. [8] or basicity sepns. [20]. 

Selective leaching of rare earths [39] in HCl [13, 47]. Crystn· 
of Th(S04)z from HCl [47], H2S04 [13, 16]. Dissoln. in HNOa 
and TBP ext. 

Total dissoln. in HCl [47-53] or HN03 [49]; basicity sepn. [55]; 
TBP extn. [49, 56]; ion exchange sepns. [42, 57]. 

Ce oxidation; selective dissoln. of 3+ rare earths; reductive 
dissoln. of Ce; Th recovery as basic salt [15, 16]. 

Miscellaneous Pressure digestion with aq. NaOH [13, 107]; fusion or sintering 
with NaOH [52], Na2C03 [52, 58], CaO [52], CaO + CaC12 

[59], Na2S04 + C [60]. Chlorination and fract. distn. [27, 
61, 62]. 

HN03 

H2S04 

HN03 

H2S04 

[67] 

H 2S04 

Pptn. as sulfate or oxalate; caustification and TBP extn. [63]. 
TBP extn.; U separation by oxalate pptn. or pre-extn. with dilute 

TBP [63-65]. 

Extn. with amines; NaCl stripping; pptn. with oxalate or soda 
ash [75]. 

Concn. by pptn. with NaOH; TBP extn. [25, 66]. 

Extn. of U-barren liquors with esters of H3P04 [25, 34], amines 
[25, 34, 68], ion exchange resins [69]. 

Extn. of leach liquors with amines [34, 70]. 

Extn. with primary amines [71-74]; stripping and purification 
with trioctylphosphine [73f]. 

amount. The hydroxides of thorium and rare earths 
are suspended in water and separated from Na3P04 

and excess NaOH by filtration. After crystallization 
of Na3P04, the mother liquor is concentrated. About 
50% of the recovered NaOH is recycled. 

A satisfactory separation of thorium from rare 
earths cannot be obtained by selective leaching with 
H2S04• Thus, if the rare earths are to be recovered as 
sulfates, or double sulfates, the mixed hydroxides are 
suspended in water to give a final total oxide concen
tration of 80 g/1 and dissolved completely with H2S04 

at 45 oc. Thorium hydroxide is thrown down with 
NH3 until a final pH of 6 is reached. Co-precipitated 
rare earths are leached with dilute HCl. 

Addition of reducing agents (e.g. glucose) during the 
caustic soda attack prevents the oxidation of cerium, 
thereby avoiding difficulties experienced by other 
workers [49, 54] during the dissolution of the bulk 
of rare earths. 

The process followed in the separation of thorium 
from rare earths depends upon the form in which the 
latter are required by the consumer. If rare earth 
chlorides are required the mixed hydroxides are 
suspended in water to give a final rare earth concentra
tion of 300 g/1, and the rare earth chlorides are leached 
selectively, at 70 oc by the addition of HCl (final 
pH about 4.5). Thorium recovery is quantitative and 
that of uranium nearly complete. The decontamination 
factors of thorium from the rare earths and phosphate 
are of the order of 100 [11, 13]. 

An alternative flowsheet has been devised for the 
possibility of a commercial outlet for cerium free 
rare earths and/or for the separation of the individual 
members of this group. The mixed hydroxides of 
thorium and rare earths are either dried and subjected 
to air oxidation of cerium [14], or suspended in water 
and the cerium is oxidized with Cl2 [15]. Cerium-free 
rare earths are leached with HCl. Separation of 
thorium from cerium is carried out by dissolution 
in the presence of a reducing agent (methanol, glucose, 
S02, etc.), followed by selective precipitation of tho
rium with ammonia. 
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The crude thorium cake obtained according to one 
of the above processes is next submitted to leaching 
with a Na2C03/NaHC03 mixture. In this operation, 
70-80% of the uranium content is dissolved and re
covered after filtration as sodium diuranate. At the 
same time chlorides are largely removed. 

The final crude thorium hydroxide has the composi
tion given in Table 2. For some time a technical grade 
Th(S04) 2 has been produced starting with this material. 
Details of this process have been published else
where [16]. 

Table 2. Typical compositiona of crude thorium 
hydroxide (dry basis) 

Th02 • 

Ln20ab 
Fe20 3 • 

Ti02 

PbO 
UaOs 
Cd 
v 

Concentration 

58% 
5-7% 

3% 
0.5% 
0.3% 
0.5% 

50 ppm 
200 ppm 

Li . 
Mo. 
As . 
Si02 • 

P20s 
F. 
Cl. . 
B .. 

Concentration 

Insoluble in 4N HN03 : 24% 

200 ppm 
5 ppm 

60ppm 
4% 

1.7% 
0.5% 

100 ppm 
25 ppm 

• Except for silica the analysis refers to that part of thorium 
hydroxide which is soluble in 4N HN03 • 

• Ln 20 3 stands for total rare earth oxides. According to the 
monazite composition [II], about 5% of Ln 20 3 consists of rare 
earths with high thermal neutron cross sections: Sm, Eu, Gd and Dy. 

PREPARATION OF NUCLEAR PURITY THORIUM 
OXIDE 

Published specifications of nuclear purity are rather 
scarce for thorium. It is generally necessary to maintain 
samarium, europium, gadolinum and dysprosium 
(i.e. the rare earths having very high thermal neutron 
cross sections) below 0.05 ppm each. If breeding of 
233U is considered, the 238U content of thorium should 
be as low as possible and preferably about 1 ppm [17]. 
The purification process starting with a raw material 
having a composition similar to that given in Table 2 
must thus ensure a decontamination factor of 105 

for the rare earths and 104 for uranium. 
Methods used (or proposed) for the large-scale 

production of nuclear grade thorium are all based on 
solvent extraction, although processes involving ion 
exchange [7, 66, 76, 78] are currently being studied. 
Tributylphosphate (TBP) is the most popular solvent 
used. However, great efforts are being made to find 
and employ better solvents [80-89], in particular 
because of the need for the reprocessing of irradiated 
fuels [79, 90, 106, 108]. Further improvement of 
solvent extraction separations may be expected from 
the studies of synergistic effects [95-98] and from a 
systematic investigation of diluents [99]. 

The TBP processes have been studied in several 
countries i.e. France [63, 64], India [47, 91], United 

Kingdom [20, 24, 56, 66], Brazil [92, 931, etc. The 
recent monograph of Cuthbert gives a comprehensive 
account of the USA practice. The present discussion 
will be confined to the production of nuclear grade 
Th02 from monazite concentrates. 

According to the UK practice described by Jam
rack [66], uranium is separated first by extraction from 
nitrate solution with 5~fo TBP in xylene [94]. Next, 
thorium is separated from the rare earths and other 
impurities by extraction with 40% TBP in xylene. 
Each cycle of operations requires 9 extraction, 5-6 
scrubbing and 5 stripping stages. Thorium stripping 
is performed with 0.02N HN03• The final product is 
obtained by denitration, oxalate precipitation or 
precipitation with NH3 according to the required 
properties of the Th02• A similar process has been 
investigated in India [91]. 

According to the USA process as developed at the 
Battelle Memorial Institute [48, 49, 51], the separation 
of uranium is performed after the extraction of tho
rium nitrate into TBP by using selective stripping of 
thorium and a backwash of eventually stripped 
uranium. In order to secure further decontamination 
from uranium, thorium is precipitated as oxalate. The 
alternative developed at Ames [8, 9, 19], starts with 
a feed produced via oxalate precipitation, from 
which most ofthe uranium has been already eliminated. 

Brazilian pilot plant experience in the preparation 
of nuclear purity thorium oxide 

The ftowsheet established for the production of 
nuclear grade Th02 (see Fig. I) differs in several 
respects from current practice: 

(a) Thorium is extracted from a low acidity feed; 
(b) Thorium is extracted from non-clarified solu

tions (slurries containing up to 150 g/1 of solids), 
using active carbon to prevent emulsion forma
tion [100]; 

(c) Thorium is stripped from the solvent by extrac
tive precipitation of Th(S04) 2 [101]; 

(d) A separate step for the decontamination of 
thorium from uranium is eliminated, the selectivity 
of the extractive precipitation being sufficiently high; 

(e) About 60% of HN03 is recovered and recycled 
into the dissolution process. 

The difficulties of obtaining filterable suspensions by 
dissolving crude thorium hydroxide in HN03 are 
well known and have led many workers to attempt 
the direct extraction of slurries with TBP. The reported 
results have not been fully satisfactory [104, 105]. 
A thorough study of the conditions of the dissolution 
and the use of active carbon to prevent emulsion 
formation permits a novel approach to the problem 
of slurry extraction. 

The efficiency of the separation of thorium from 
uranium by precipitation of Th(S04) 2 can be greatly 
increased if precipitation is carried out directly 
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from TBP. The resulting high nitrate concentration and 
the presence of the organic phase allow the uranium 
concentration in the aqueous phase to be held at very 
low levels, which decreases co-precipitation by a 
factor of up to 100 as compared with the extent of 
co-precipitation of uranium in pure aqueous solu
tions (101, 102]. 

Feed preparation 

About a third of the wet crude thorium hydroxide 
is introduced into the aqueous solution coming 
from the scrubbing stage (see Fig. 1). Next, recovered 
nitric acid and crude thorium hydroxide are introduced 
alternately. Acid-deficient conditions are maintained 
while the suspension is boiled down* to 350 g/1 of 
Th02• Fresh HN03, 36-44 oB, is added to give a free 
acidity of 2-2.5N. The mixture is digested for 6 hours 
at a temperature near the boiling point. Na2C03 

is added to reduce the free acidity to 0.8N. The final 
suspension contains about 280 g/1 of Th02, 2.2M 
NaN03 and 100-150 g/1 of solids. 

Purification of thorium by solvent extraction 

For reasons discussed elsewhere [93] the solvent 
used is a mixture of 46 vol% of TBP and 54 vol% 
of Varsol (trade name of a paraffinic naphtha! fraction). 
The diluent was treated with H 2S04 to eliminate most 
of the non-saturated and aromatic hydrocarbons. 
With the particular solvent mixture used, separation 
into a TBP-rich and a diluent-rich phase occurs at 
a thorium concentration of about 130 g/1 at 30 oc. 

It is well known that the distribution coefficients of 
many elements decrease very significantly as the tho
rium concentration in TBP approaches the saturation 
limit [7]. In order to take full advantage of this effect 
it was decided to operate at high thorium concentra
tions in TBP. 

Starting with a feed containing 280 g/1 of Th02 and 
maintaining the concentration of Th02 in the organic 
phase at 125-126 g/1, the extraction yield of thorium 
was 98 and 99% in 4 and 5 stages respectively. At a 
concentration of 120 g/1 the extraction yield increases 
to 99 and 99.5% respectively. At the same concentra
tion of the salting agents the extraction of thorium 
in pure solutions should exceed 99.8% in all these 
cases. The observed decrease of extraction yield in 
real systems is due to the complexing action of fluorides 
and phosphates. 

The efficiency of decontamination of thorium from 
rare earths has been followed by using europium as 
a tracer. Europium can be readily determined polaro
graphically, even in the presence of a great excess of 

. ~ Evaporating this slurry to 220 1/100 kg Th02, introducing 
It mt~ 10~ 1 of 36 oB HN03 at 70-90 oc, diluting to ~ 400 I 
and d1gestmg for 3 hours at 90 oc results in readily filterable 
solutions. ' 
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Figure 2. Variation of distribution coefficients 
of thorium (KTh) and europium (KEu) with the concentration 

of thorium in 46 vol% TBP in Varsol 

thorium. Furthermore, the decontamination factor, 
Dr,;\ gives a fairly conservative estimate for the efficiency 
of thorium separation from the other elements of this 
group, because, as shown earlier [92], the separation 
factor KThjKEu is one of the lowest for the rare earth 
elements. The knowledge of the experimental variation 
of KEu with thorium concentration in TBP (93] 
(see Fig. 2) allows a fairly correct prediction of the 
behaviour of the system. It has thus been found, in 
accordance with the expected values, that at 125 g/l 
of Th02 in TBP, Dr,; in the extraction section is about 
120 and that the decontamination from the total rare 
earths is even better. 

Most of the published results have been obtained 
in a battery of glass mixer-settlers having a useful 
volume of 1 liter per stage. The experiments have 
been scaled up to a 10 l stainless steelmixer-settler. 
Maintaining water-in-oil emulsions was found to 
be preferable. Using a solvent containing 0.2-0.5 g/1 
of active carbon no stable emulsions were formed and 
entrained TBP was controlled to within 0.2-0.3%. 
Preliminary experiments with continuous operation of 
the mixer-settlers have been successful. 

The TBP leaving the extraction section is filtered 
through diatomaceous earth in order to remove any 
colloidal impurities and coalesce traces of entrained 
aqueous phase. The filtered solution is scrubbed 
with 2.2M NH4N03 + 0.8N HN03• In view of the 
high decontamination achieved in the extraction step, 
the scrubbing section need only secure a decontamina
tion of 103 for the rare earths. From the known equili
brium data [93], it may be inferred that starting with a 
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solution containing 120-125 g/1 of Th02, such deconta
mination can readily be achieved in three stages, 
using an aqueous/organic ratio of about 0.1. This 
fact has been confirmed experimentally using the 
battery of discontinuous mixer-settlers. 

The performance of pulsed columns during the 
scrubbing operation is rather puzzling. It appears 
that D~~~ does not vary with thorium concentration in 
TBP in the manner to be expected from theoretical 
considerations. Thus, in a 2 in pulsed sieve-plate 
column (total height 2 m, working height 1.2 m) [103], 
at thorium concentrations above 110 g/1, D~~ decreases 
with increasing thorium concentration in TBP. At 
IIO g/1 of Th02, the values of the height equivalent 
to a theoretical stage are about 50 em whereas at 
I25 g/1 the values increase to 2 m. The net effect 
is a 5-fold decrease of D~~· A similar effect has 
been found during the separation of uranium from 
thorium [103]. 

Among the elements listed in Table 2, only arsenic, 
boron, molybdenum and vanadium have appreciable 
distribution coefficients (O.OI-0.03) [93]. Even for these 
elements a three stage scrubbing system provides 
sufficient decontamination. Due to the decomposition 
of TBP the only element not behaving in a predictable 
manner is phosphorus. 

Extractive precipitation of thorium sulfate 

The organic solution is now introduced with vigo
rous stirring into a small excess of 4N H 2S04• Th (S04) 2 
precipitates readily and is filtered off. Depending upon 
the temperature of precipitation the aqueous mother 
liquor still contains 3-IO g/1 of Th02. After elimination 
of sulfates by precipitation of BaS04, the resulting 
~ 3N HN03 is recycled into the dissolution process 
(see Fig. I). Th(S04)2 is washed with some dilute 
H 2S04 and the filtrate is used to prepare the solution 
of 4N H2S04. 

The organic phase, which still contains 2-5 gjl 
of Th02, is contacted with a fresh portion of 4N H2S04 • 

TBP, which thus becomes practically free from thorium, 
is poured off. A fresh portion of loaded TBP is 
introduced into the remaining acid and a new cycle 
of the extractive precipitation started. 

The extractive precipitation of Th(S04h results in 
a D~h as high as 2 x I04 [10I]. In the concentration 
range of 10 - 100 ppm the decontamination factors 
for Na, K, Ca, Ni, Co, Cu, Zn, Cd, Cr, Fe, Mo and 
Ti are of the order of 100, for boron of the order 
of I 03. Lead and rare earths are decontaminated by a 
factor of 10, phosphorus by a factor of 5 [I02]. Despite 
being small, the D~h achieved during the extractive 
precipitation is particularly valuable. 

Thorium is recovered with a yield of 96-97%. 
It has an uranium content of about I ppm. 

Experiments were performed in a I5 I stainless 
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steel vessel. Th(S04) 2 has been easily filtered with a 
cake height of 20-30 em. Finally the crystals were 
washed with a small amount of alcohol in order to 
remove any traces of adhering TBP. 

The only difficulty so far experienced was the forma
tion of crusts on the walls of the precipitation vessel. 
It is believed that this problem can be overcome by 
recycling a greater amount of the Th(S04) 2 slurry 
to provide a greater surface for crystallization. 

Preliminary experiments of a continuous extractive 
precipitation have been successfully performed using 
a stirred column. 

Recovery of uranium and nitric acid 

The thorium-free TBP still contains about 30% 
of the original HN03 and practically all the uranium. 
HN03 can be selectively stripped with water and part 
of it recirculated to the dissolution process (see Fig. I). 
Only 40% of the total acid required for the dissolution 
of the crude thorium hydroxide needs to be fresh 
HN03 if the acid recovered from the Th(S04) 2 mother 
liquor is taken into account. 

Uranium is finally extracted with Na2C03 and 
recovered as sodium diuranate. The extraction with 
Na2C03 serves a dual purpose, since the solvent is 
regenerated at the same time. 

Transformation of Th(S04h into basic carbonate 

The transformation ofTh(S04) 2 into basic carbonate 
is performed at 70 oc by introducing a solution of 
3.5N (NH4)2C03 and 1.5N NH+3, into an aqueous 
slurry of Th(S04)2• After extensive washing, the moist 
basic carbonate contains about 30-35% of Th02 

and IOO-I50 ppm of SO!-. Calcination at 900 oc, 
1 100 oc and 1 250 oc lowers the so~- content to 
75, 25 and 10 ppm respectively (i.e. down to 3 ppm 
of sulphur). 

The purity of a typical sample of thoria is illustrated 
in Table 3. 

Table 3. Typical analysis of pure thorium oxide 

Impurity Concentration ppm 

U. 1 
Ba 0.2 
Cd 0.1 
Si. 4 
P. 5-10 
Zn 1 

Impurity 

Ln203b 
Fe. 
Ni. 
Pb. 
Cu 
Mo 

Concentration ppm 

1 
1 
1 

0.5 

a The B content does not reflect the real efficiency of the process, 
since Pyrex glass has been used in some steps of the process. 

b Ln 20 3 stands for total rare earth oxides. 

The production of Th02 via the basic carbonate 
process promises to result in a very readily sinterable 
thoria [77]. 
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A/484 Bresil 

Developpements recents dans Ia technologie 
de Ia production du thorium 

par K. J. Bril et P. Krumholz 

Les developpements recents dans le traitement des 
. minerais de thorium et dans la production d'oxyde 
de thorium de qualite nucleaire sont passes en revue, 
en particulier en ce qui concerne !'experience acquise 
au Bresil a l 'echelle industrielle et a l 'echelle de l 'usine 
pilote. 

Du point de vue de la production de thorium, le pro
cede alcalin de traitement de la monazite, utilise au 
Bresil a l'echelle industrielle depuis 1948, offre un 
avantage considerable en comparaison avec les autres 
techniques. En particulier, le rendement est pratique
ment de 100 %, les facteurs de separation du thorium 
d'avec les terres rares et le phosphate sont de l'ordre 
de 100, et le thorium est obtenu sous une forme bien 
appropriee a une purification finale par extraction aux 
solvants. On presente les conditions d'execution per
mettant d'obtenir des resultats satisfaisants dans de 
bonnes conditions economiques. 
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La purification du thorium par extraction au moyen 
de solvants est discutee, tout particulierement en rela
tion avec les problemes suivants : a) extraction des 
solutions non filtrees, b) decontamination du thorium 
par separation des terres rares, c) separation du tho
rium d 'avec 1 'uranium. 

On decrit !'experience acquise a l'echelle pilote, 
dans un systeme de melangeurs-decanteurs, sur 
1 'extraction des solutions non filtrees. La formation 
d'emulsions pendant !'extraction des solutions non 
filtrees du produit brut de thorium, resultant de 
1 'attaque alcaline de la monazite, est eliminee par 
l'emploi de charbon actif comme agent desemulsifiant. 

Une decontamination satisfaisante du thorium par 
separation des terres rares, qui constituent 1 'impurete 
principale (10 %) dans le concentre brut de thorium, 
presente un aspect particulier lorsque !'operation de 
lavage est faite dans des colonnes d'extraction pulsees. 
L'augmentation de la concentration du thorium dans 
le tributylphosphate ameliore les facteurs de separa
tion a un etage entre le thorium et les terres rares; 
cependant, dans une colonne pulsee, on remarque une 
diminution du facteur de separation avec une grande 
augmentation resultant de la hauteur du plateau 
theorique. 

On obtient des separations tres nettes du thorium 
d'avec !'uranium par l'emploi d'un procede base sur 
1 'extraction et Ia precipitation simultanee; ce procede 
consiste a mettre en contact une solution de nitrate de 
thorium dans le solvant organique avec de 1 'acide sul
furique a 20-30 %. Le thorium est en meme temps 
extrait et precipite sous forme de sulfate de thorium, 
qui reste entierement en phase aqueuse. On peut 
atteindre des facteurs de separation thorium-uranium 
allant jusqu'a 20 000 en une seule operation. Une 
decontamination appreciable du thorium par elimina
tion de beaucoup d'autres elements accompagne cette 
separation. 'un avantage particulier du procede 
consiste dans une recuperation facile de 1 'acide nitri_que, 
qui peut etre recycle dans le processus initial de disso
lution du concentre de thorium brut. 

Apres transformation du sulfate de thorium en car
bonate basique, on obtient par calcination un oxyde 
de thorium de haute purete. 
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PaaeHTHe texHonorHH npoHaBOACTBa 
TOpHH 

PaccMoTpeuM paaBHTHe MeTo~oB nepepa6oTKH 
Topuiico~epmai.I\HX py~ aa nocJie~uee BpeMH u 
npoH3BO~CTBO H~epHO~HCTOH OKHCH TOpHH; OCO-

6oe BHHMauue y,n:eJieuo onMTy pa6oTM npoMI>Im
Jienuoii u noJiyaaBo,n:cKoii ycTaHOBKH B BpaaHJIHH. 

llpoD;ecc I.l\eJio~uoro paci.I\enJieHnH MoHaD;HTa, 
ucnoJIMyeMMH B BpaaHJIHH c 1948 ro,n:a B npo
MbiiiTJieHHOM MacmTa6e, HMeeT 60JibiDHe npeHMy
lll;eCTBa nepe,n: ,n:pyrHMH MeTO,U:aMH C TO~KH apeHHH 
uaBJie~euua TopuH. B ~acTHOCTH, B aToM npoD;ec
ce y,n:aJIOCb ,U:06HTbCH npaKTH~eCKH KOJIH~eCTBeH
HhlX BhlXO,U:OB; KOa<IJ<JlnD;HeHThl paa,n:eJieHHH TOpHH 
OT pe,U:KHX aeMeJib H <J!oc<J!aTa COCTaBJIHIOT ITOpH,n:
Ra 100; Topuii noJiy~aeTCH B <J!opMe, o~eHb y,n:o6-
uoii ,U:JIH O~HCTKH :JKCTpaKD;HeH paCTBOpHTeJieM. 
Onucauhl pa6o~ue ycJIOBHH, noaBOJIHIOIIl;He noJiy
'laTb y,n:oBJieTBopuTeJibHhle peayJII>TaThl npu y,n:o
BJieTBopnTeJibHoii :JKOHOMHKe. 

flpu 06cym,n:eHHH O~HCTKH TOpHH :JRCTpaKD;HeU 
pacTBopuTeJieM oco6oe BHHMauue y,n:eJieno: a) aRc
TpaKD;HH IDJiaMOM, b) O~HCTKe TOpUH OT pe,U:KUX 
aeMeJib U C) Bbi,U:eJieHHIO TOpHH H ypaua. 

Coo61Il;aeTCH o6 onMTe, HaKonJieHHOM B noJiy
aaBo,n:cKoM MacmTa6e, no aKcTpaKD;HH mJiaMoM B 
CMeCHTeJIHX-OTCTOHHHKaX. 06pa30Banue :JMYJib
CUH npu :JKCTpaKD;UU He<IJUJibTpOBaHHhlX paCTBO
pOB Heo6pa6oTaHHbiX TOpHeBhlX npo,n:yKTOB, ITOJiy
'laeMbiX npH I.l\eJIO~HOH o6pa60TKe MOHaD;UTa, 
npe,U:OTBpalll;aeTCH 6Jiaro,n:apH HCITOJib30BaHHIO aK
TUBHpOBaHHO_ro yrJIH B Ka~eCTBe ,n:eaMyJII>rHpyiO
IIl;ero arenTa. 

Y,n:oBJieTBOpHTeJII>HaH o~ucTKa TopHH OT pe,n:
Rux 3eMeJib, COCTaBJIHIOIIl;HX OCHOBHYIO Macey 
( 10% ) llpHMeceif B Heo6pa6oTaHHOM TOpHeBOM 
npo,n:yRTe, npe,n:cTaBJIHeT cBoeo6pa3Hhle npo6JieMM, 
ecJIH onepaD;HH npoMMBKH ocyi.I\eCTBJIHeTcH B 
nyJII>cupyrolll;ux aKCTpaKD;HOHHbiX RoJiouuax. C 
yBeJIU~euueM ROHD;eHTpaD;HH TOpHH B Tpu6yTHJI
<J!oc<J!aTHOM pacTBopnTeJie yJI~maeTcH Koa<J!<Jlu
D;HeHT paa,n:eJieHUH TOpUH H pe,U:KUX aeMeJib ~JIH 

O,U:HOH CTyneuu, HO B HMITYJibCHOH KOJIOHHe Ha-
6JIIO,U:aeTCH yMeHbmeuue Koa<J!<JluD;HeHTa paa,n:eJie
HHH, COOTBeTCTBYIOIIl;ee 60JibiDeMy yBeJIH~eHHIO 
BbiCOThl, :JKBHBaJieHTHOH O,U:HOH TeopeTH~eCKOH 
cTyneuu. 

BMcoKoa<J!tfJeRTHBHoe paa,n:eJienue ypaua u TO
pua ,U:OCTHraeTCH aa C'leT HCITOJib30BaHHH npo
D;e,n:yphl :JKCTpaKD;HH - OCam~eHHH, KOTOpaH npo
BO,U:HTCH nyTeM KOHTaKTOB paCTBOpa HHTpaTa 
TOpHH B oprauu~eCKOM paCTBOpHTeJie/ C 20-
30%-HbiM pacTBopoM cepuoii KHCJIOTbi. To
puii O,U:HOBpeMeHHO :JKCTparupyeTCH H ocam,n:aeT
CH B BH,U:e CYJib<JlaTa, KOTOpbiH D;eJIHKOM OCTaeTCH 
B BO,U:HOH <Jlaae. llpu pa6oTe Ha O,U:HOH CTyneHH 
6I>IJIH noJiy~eHbi Koa<J!<JlnD;HeHThl paa,n:eJieHHH To
pH» H ypaua BITJIOTb ,n:o 20 000. B TO me BpeMH 
,U:OCTHraeTCH 3Ha~HTeJII>HaH O~HCTKa TOpHH OT MHO
rHX ,n:pyrux aJieMeHTOB. AonoJIHHTeJII>HbiM npeuMy
lll;eCTBOM :JKCTpaKD;HOHHOrO ocam~eHHH HBJIHeTCH 
B03MOlliHOCTb JierRO BOCCTaHaBJIHBaTb aaOTHYIO 
KHCJioTy, KOTopaH MomeT 6I>ITb BoaBpalll;ena B 
D;HKJI B npoD;ecce nepBona~aJibnoro pacTBopenuH 
ueo6pa6oTanuoro Topuesoro KOHD;enTpaTa. 

llocJie npeBpai.I\eHHH CYJib<JlaTa TOpHH B OCHOB
HOH Kap6onaT MOffiHO nyTeM o6mura ITOJIY'IHTb 
OKHCb TOpHH BbiCOROH ~HCTOTbl. 
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A/484 Brasil 

Avances en Ia tecnologla de Ia producci6n 
del torio 

por K. J. Bril y P. Krumholz 

Se resumen los recientes avances en .el tratamiento 
de minerales que contienen torio y en Ia producci6n 
de 6xido de torio de pureza nuclear, con especial 
referencia a Ia experiencia adquirida en planta piloto 
e industrial en el Brasil. 

El tratamiento alcalino para el ataque de monacitas, 
tal como se practica en el Brasil desde 1948 en escala 
industrial, presenta, desde el punto de vista de Ia 
recuperaci6n del torio, considerable. ventaja sobre 
otros metodos. En particular, los rendimientos son 
practicamente cuantitativos, los factores de separaci6n 
del torio de las tierras raras y fosfato son del orden 
de 100, y se obtiene el torio en una forma muy ade
cuada para Ia purificaci6n por extracci6n con disol
ventes. Se presentan, asimismo, las condiciones de 
trabajo que permiten obtener resultados satisfac
torios en buenas condiciones econ6micas. 

Se discute Ia purificaci6n del torio por extracci6n 
con disolventes con especial referencia a: a) extracci6n 
de Ia pulpa, b) descontaminaci6n del torio de las 
tierras raras y c) separaci6n de torio y uranio. 

Se da a conocer la experiencia en planta piloto 
con extracci6n de Ia pulpa en mezcladores-decanta
dores. La formaci6n de emulsiones en Ia extracci6n 
de soluciones no filtradas del producto crudo de 
torio, procedentes del ataque alcalino de monacitas, 

K. J. BRIL and P. KRUMHOLZ 

se impide usando carbon activo como agente anti
emulsionante. 

La descontaminaci6n satisfactoria del torio de las 
tierras raras, que constituyen Ia principal impureza 
(10 %) en el producto crudo de torio, plantea algunos 
problemas peculiares si Ia operaci6n de lavado se 
lleva a cabo en columnas de pulsaci6n. Incrementando 
las concentraciones de torio en el disolvente fosfato 
de tributilo mejoran los factores de separaci6n en un 
solo contacto de torio-tierras raras, pero en una colu.m
na de pulsaci6n se observa una disminuci6n del 
factor de separaci6n correspondiente al gran aumento 
de las alturas equivalentes de la etapa te6rica. 

Se consigue una separaci6n de alta eficiencia de 
torio-uranio usando un procedimiento de extracci6n
precipitaci6n, que consiste en poner en contacto 
Ia soluci6n de nitrato de torio en el disolvente org{mico 
con una soluci6n de acido sulfUrico de 20-30 %
El torio es simultaneamente extraido y precipitado 
como sulfato, el cual permanece integramente en 
Ia fase acuosa. Se obtienen factores de separaci6n 
de torio-uranio de hasta 20 000 en una operaci6n 
en una sola etapa. AI mismo tiempo se logra una 
apreciable descontaminaci6n del torio de otros muchos 
elementos. Una ulterior ventaja de procedimiento 
de extracci6n-precipitaci6n es Ia facil recuperaci6n 
de acido nitrico, el cual puede reciclarse en el proceso 
original de Ia disoluci6n del concentrado crudo de 
to rio. 

Despues de la transformaci6n del sulfato de torio 
en carbonato basico, se obtiene por calcinaci6n un 
6xido de torio de alta pureza. 



P/501 Portugal 

Prospecting and mining of nuclear raw materials 
in Portugal 

By R. Cavaca * 

This paper describes the practical tesults achieved 
in the metropolitan territory of Portugal and its 
overseas provinces of Angola and Mozambique, in the 
field of prospecting and mining nuclear raw materials. 

It is not necessary to make an extended reference 
to the prospecting methods adopted since they have 
been the subject of papers previously presented at 
Geneva meetings in 1955 and 1958 and, since then, 
such methods have not undergone significant modi
fications. 

The main radioactive ores, uranium and thorium ores, 
will be examined separately from other nuclear raw 
materials, beryllium, tantalum and zirconium because 
the methods used for studying them and their genetic 
characteristics are distinct. 

As a result of some research parallel to the exploring 
operations the former provisional metallogenic classi
fication has been adjusted to classify adequately 
the most important uraniferous ore deposits in this 
country. 

The data concerning reserves will be grouped 
regionally with a view to future exploitation pro
grammes. 

The available economic data, either unitary costs 
for prospecting operations or costs of production, 
will be given when properly documented. 

METROPOLITAN TERRITORY OF PORTUGAL 

Radium and uranium 

The discovery of radium by M. and P. Curie was 
followed in Portugal by active prospecting for uranium
radiferous ore deposits and most of the production 
was then used on research work supervised by those 
scientists. 

In 1909 the exploitation at Rosmaneira, the earliest 
uranium and radium Portuguese mining concession, 
lying to the east of the granitic massif of Serra da 
Estrela, was started. 

From 1909 to 1923, prospecting proceeded inten
sively, using the rudimentary means then available, 
with 94 claims by the end of this period. Although 
some of the most important Portuguese uranium-

• Prospecting and Mining Services, Junta de Energia Nuclear• 
Lis boa. 
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radiferous deposits were found during this period, 
the fact is that most of the discoveries were plain 
supergenic occurrences of secondary mineralization, 
sometimes rather spectacular but without important 
reserves. 

Prospecting activities declined after 1923, the number 
of concessions remaining constant at about its maxi
mum figure of 98. These activities declined even more 
sharply after 1931, the number of concessions having 
been reduced to 61 and 52 by 1936 and 1955, respec
tively, through abandonment of some concessions. In 
the meantime, private prospectors recorded more than 
83 uraniferous occurrences, most of them of no econo
mic value at all, as had happened before with some 
of the earliest concessions. Such was the situation 
when the government took the decision of holding all 
national territory as a reserve in favour of the State. 

Up to the advent of the atomic era, marked by the 
devastating effect of nuclear explosions and the pro
digious pacific applications of atomic energy, the 
exploitation of Portuguese uraniferous ore bodies 
was carried out exclusively with a view to producing 
radium and was subject to several vicissitudes as 
happens frequently with mining activities. 

During the earliest period (1908-1910), Portuguese 
ores, concentrated by hand-picking, were exported 
to France and processed at the Nogent plant. 

As the transportation charges weighed heavily 
on the cost of radium, some plants were built in 
Portugal for the preparation of concentrates or pure 
salts and, later on, of radiferous barium sulphate. 
This was the situation prevailing from 1910 to 1926. 

Some mines were closed in 1913 when the exploita
tion started at Urgeiri<;a, which came to be considered 
later as one of the most important European urani
ferous deposits. A plant for the preparation of radium 
was built there, using a more efficient and economical 
method than the ones formerly employed. 

Although exploitation of the Urgeiri<;a mine was 
considered to be economically viable, its radium 
production ceased between 1923 and 1930 as it was 
unable to meet the competition from Congolese 
ores, due to the prices fixed for the latter. 

The exploitation at Urgeiri<;a mine, still exclusively 
for the production of radium ore, was resumed on a 
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Table 1. Treatment of uranium ores in Urgeiric;a mine 

Chemical treatment 
Tons 

Plant 485 000 
~aturalleaching 70000 

Total/average 555 000 

moderate scale from 1931 to 1938 and, more inten
sively, from 1939 to 1944. 

The ore production during these periods of activity 
may be estimated at 25 000 tonnes of high grade ore, 
0.50% to 1.5% U30 8 , obtained by hand-picking and 
pre-concentration. The production of radium is 
estimated at about 50 grammes. 

Production costs as reported by A. Ingles (1929) 
and Lepierre (1931) were, respectively, £4 000 and 
£4 500 per gram of radium, while commercial values, 
as reported by the same authors, were about £14 000 
and £12 000. On the whole, exploitation was not 
accompanied by prosperity, owing to the vicissitudes 
that affected it. 

The exploitation at Urgeiri'Ya mine was resumed 
in 1949, this time however for the production of 
uranium which earlier had been a mere by-product 
with limited application and demand and hardly 
any commercial value at all. 

A chemical treatment plant was built at Urgeiri'Ya in 
1950-1951 with an annual capacity of 125 tons of 
U30 8• The process was based on the treatment of 
the ore with sulphuric acid followed by precipitation 
of uranium by magnesia. 

As a result of laboratory and pilot scale testing, 
a new method named "natural leaching" was developed. 
This process was essentially an attack of low grade 
ore by sulphuric acid resulting from the oxidation 
of pyrites present. in the ore or added in ~dequate 
proportions, followed by the precipitation of U30 8 by 
magnesia. This method was adopted in five plants 

Ore Yield of Obtained U 30s 
chemical 
treatment % U 30 8 in 

% UaOs % Tons concentrates 

0.30 84-89 1 278 12-24 
0.11 55-75 47 8-12 

0.276 85 1 325 15-20 

built from 1953 to 1959, at Urgeiri'Ya, Rosmaneira, 
Bica, Valinhos and Vale de Area. It was a method 
of particular interest for economical processing close 
to the mine of low grade ores which would not bear 
transportation costs to the Urgeiri'Ya plant. 

The exploitation of Portuguese uraniferous ores 
and their concentration by methods referred to above 
became a rather important business owned by one 
corporation,* its rights being assured at the time over 
more than 50 mining concessions. 

From 1951 to April 1962, the exploitation and 
chemical treatment of ores proceeded continuously 
and regularly in 16 mines, 7 with a major potential. 
Urgeiri'Ya and Bica supplying 75% of the total pro
duction, and the remaining 25 % coming from small 
exploitations or mining exploration. 

On the whole, 555 000 tons of ore were extracted, 
having an average grade of 0.276 % U30 8. Treatment 
was as shown in Table I. 

Production costs were influenced by several factors, 
of which the most important ones are the size of 
deposits, facilities for mining extraction, physical 
and chemical characteristics of the ores including 
their grades and transportation charges to the plant. 
For most of the mines, these costs were quite acceptable 
and amongst the cheapest prevailing at the time. 

Table 2 contains data concerning seven of the most 
important mines, which account for 94.4 % of the 
total production. 

* Companhia Portuguesa de Radio, Lda. 

Table 2. Cost of U30 8 contained in concentrates 

(USA dollars per pound of U30g} 

Mines Years 

Urgeiri9a . 1951-62 } 
Id. Aluviao 1959-62 
Bica 1953-62 
Vale de Area. 1957-62 
Carrasca 1953-60 
Valinhos 1956-62 
Reboleiro. 1951-55 
Rosmaneira . 1951-58 

%of total 
production 

54.2 

20.2 
7.0 
4.2 
4.2 
2.3 
2.3 

Drilling 

0,02 
0.28 
0.15 
0.13 
0.47 
0.48 
1.63 

Mining 
exploi
tation 

2.19 
1.03 
2.38 
1.90 
1.95 
6.41 
7.90 

13.76 

Cost including amortization 

Ore Chemical 
trans- treat-

oortation ment 

0.03 1.58 
0.03 2.12 
0.89 1.70 
0.91 1.56 
0.54 1.09 
0.08 1.56 
0.76 2.36 
1.14 1.94 

Taxes 

0.17 
0.17 
0.15 
0.15 
0.16 
0.17 
0.16 
0.13 

General 
expenses 

0.47 
0.22 
0.40 
0.30 
0.31 
1.05 
1.58 
2.38 

Chemical 
treatment 

4.45 
3.59 
5.81 
4.96 
4.17 
9.75 

13.24 
20.98 

Total cost 

Chemical 
Natural treat. olus 
leaching natural 

leaching 

2.24 4.41 
2.73 3.58 
3.31 5.61 
6.35 5.00 
4.55 4.17 
2.99 8.61 

2.45 17.69 
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By the end of the second period of Portuguese 
uranium mining activity an over-all production of 
1 325 tons of U 30 8 was reached, which though limited 
by the resources, started when the prospects for 
world reserves were less promising than at present. 

The whole production was sent to the USA and 
the UK through the Combined Development Agency, 
due to a firm desire to co-operate with countries 
having traditionally friendly connections with Portugal. 

All mines and plants under the control of the former 
concessionnaire were transferred to the Junta de 
Energia Nuclear in June 1962. Work is proceeding 
now on mining reconnaissance work and development 
and exploitation between the 380 metre and 460 metre 
levels at the Urgeiri~a mine, where there are still 
important ore reserves already partially defined by 
drilling. At present, the chemical treatment plant is 
being modernized to produce higher grade U30 8 

concentrates. 
In 1955, the Junta de Energia Nuclear set up a pros

pecting programme for uranium in the Portuguese 
metropolitan territory. The earliest phase of this 
programme was practically completed in 1959 and 
consisted essentially of: 

(a) Expeditious and economical preliminary radio
active reconnaissance; 

(b) Air-borne and car-borne scintillometric surveys 
over areas geologically favourable to the occurrence 
of uraniferous mineralization; 

(c) Systematic radiometric prospecting following 
a grid which was progressively more dense in areas 
selected as the most favourable and almost exclusively 
in the provinces of Beiras and Alto Alentejo, together 
with a detailed geological survey. 

The geological and radiometric surveys were con
ducted with a double objective of discovering and 
selecting uraniferous occurrences bearing in mind 
their metallogenic types and economical importance. 
It was shown that the mineralization is essentially 
conditioned by the tectonic nature of some regions in 
this country. 

It was found that the uraniferous occurrences can 
often be examined through their outcroppings or 
by trenching or rudimentary mining work. However, 
in most cases the structures causing the mineralization 
do not result in outcrops or only in very small out
crops, since they are covered with residual weathering 
deposits thick enough to prevent useful results being 
obtained from geological and radiometric surveys. 
The complex structures and characteristics of minera
lization distribution of the ore bodies hardly show 
up on surface. Such elements can actually be defined 
only through drilling and mining exploration according 
to individual deposit characteristics. 

Where geological and radiometric classical sur
veyings are not accurate enough or where structural 
problems present too much complexity, electrical 
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prospecting has been applied and has helped to solve 
some important structural problems. 

The broad outline of the prospecting work was 
planned according to the interest of different regions 
of the country from the knowledge acquired previously 
by private prospecting for radium and uranium. 
Thus, the prospecting began in the uraniferous areas 
of Nelas, Trancoso, Guarda, Belmonte and Sabugal, 
later on extending to areas where some radioactive 
indications were already known or where a favourable 
geological facies was shown. 

The radiometric prospecting methods, during diffe
rent stages, covered the following regions: 

(a) Granitic and crystalline massifs of northern 
and central parts of the country; 

(b) Contact aureoles of ante-Ordovician meta
sediments with metamorphosising granites; 

(c) Continental formations of Permian-Carboni
ferous and in the Tagus River tertiary basin. 

The extent of several prospecting operations and 
their unit costs are briefly shown in Table 3. 

The major concentrations of Portuguese uraniferous 
ore deposits correspond to highly tectonized regions 
formed either by monzonitic Hercynian granites 
or by ante-Ordovician metasediments, located: 

(a) West, north and east of Serra da Estrela in the 
great belt involving this stable granitic massif; 

(b) In the metamorphic contact zone surrounding 
the Castelo de Vide granitic massif and within the 
same massif. 

A total amount of 342 ore bodies and occurrences 
of varying importance was reported. From the point 
of view of their metallogeny, those deposits can be 
grouped according to the following types. 

Epithermal vein deposits 

(a) Siliceous epithermal veins with gangue predo
minantly of jasper and chalcedony, mineralized with 
pitchblende, secondary uraniferous minerals and sul
phides enclosed in Hercynian granites. 

These comprise 72 deposits of which Boavista, 
Borrega, Bica, Joao Antao and Urgeiri~a are the 
most important. 

(b) Siliceous epithermal veins with gangue predo
minantly of white or smoked quartz, zoned growing 
and frequent crystallizations in geodes, mineralized 
with pitchblende, secondary uranium minerals and 
sulphides enclosed in Hercynian granites or along their 
contact zones with ante-Ordovician metasediments. 

These comprise 53 deposits of which Cruz da Faia, 
Cunha Baixa, Freixiosa, Pinhal do Souto, Reboleiro 
and Tarabau are the most representative. 

(c) Epithermal veinlet systems, hardly siliceous, 
mineralized with pitchblende secondary uraniferous 
minerals and iron sulphides, in highly tectonized 
zones enclosed in Hercynian granites or in contact 
metamorphic rocks. 
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Table 3. Prospected areas 

Adopted methods of surveying 

Photogeology . . . . 

Geological survey . . 

Scintillometer survey: 
Air-borne . 

Car-borne 

Radiometric prospecting on 
ground: 
General ... 
Regional .. 
Semi-regional 
Local .... 

Subsurface reconnaissance: 
Trenches ... 
Wagon-drilling . . . 
Core drilling . . . . 

Electrical prospecting . 

Covered areas 

21 354 km2 

12 066 km2 

4 184 km2 

49 613 km2 

16 952 km2 

1 947 km2 

130 km2 

1 146 ha 

61 271m 
70 600 m 

149 500 m 

1900 m 

These comprise 54 deposits of which Alto do Gorgo, 
Barroca Funda, Nisa, Palheiros de Tolosa and Senhora 
das Fontes are the most important. 

Alteration and lixiviation deposits 

(a) Impregnation of secondary uraniferous minerals 
in quartz-limonitic breccias in the wallrocks of white
quartz veins or in granitic breccias. These comprise 
120 deposits, the largest number of all, of which 
Barregao, Freixinho, Ribeira do Ferro and Sacouto 
are the most important. 

(b) Impregnation of uraniferous secondary minerals 
in altered granites. Only one deposit of this type, 
Meada, has significant reserves; there are three more 
occurrences of little interest. 

(c) Impregnation of uraniferous secondary minerals 
in altered zones of doleritic dykes. These comprise 
20 deposits of which A-do-Cavalo, Prado Velho and 
Quinta das Seixas are the most important. 

(d) Impregnation of secondary uraniferous minerals 
in metamorphic contact rocks. These comprise 18 de
posits almost all with a relative high potential, those 
of Azere, C6timos, Cunha Baixa, Mato da P6voa, 
Nisa and Senhora das Fontes deserve special mention. 

(e) Impregnation of uraniferous secondary minerals 
in recent alluvial deposits. Only one small deposit 
of this type is known, adjacent to the Urgeiric;a 
vein deposit. 

Notwithstanding the preponderancy of epithermal 
vein deposits, both in number (62% of total) and 
in actual reserves (68 % of total), other metal
logenic types are also well represented. Those 
formed by impregnation in schists include a small 
number of deposits (5.3 % of total) but correspond 
to 24% of all reserves defined up to now. 

Unitary costs 
(escudos) 

30 per km2 

233 per km2 

378 per km2 

28 per km2 

350 per km2 

772 per km2 

6 045 per km2 

396 per ha 

26 perm 
38 perm 

209 perm 

550 perm 

Observations 

Scales 1/25 000 and 1/50 000 

Ground clearance, 100 m flight-
lines distance .of 400 m 
Density of routing 1 221 km per 
km2 

Grid from 200 to 300 m 
Grid 25 x 50 m 
Grid from 5 x 25 m to 5 x 50 m 
Grid from 2 x 4 m to 1 X 1 m 

With drilling done by C.P.R. Lda. 

Impregnations in more or less brecciated wallrocks 
of barren white quartz veins, though numerous 
(35% of the total) contain hardly 5% of estimated 
reserves. 

Cameron suggests that the uraniferous veins in the 
province of Beiras are contemporary with the upheaval 
of Serra da Estrela and are related to the medium 
or upper-Oligocene. Cerveira considers them to 
be later than the formation of the doleritic dykes 
which Tadeu sets at the initial phases of Alpine 
movements. 

Recent age determinations of pitchblende samples 
from Urgeirir.;a and Reboleiro, done by Horne and 
Stieff and Stern date the primary uraniferous minera
lization down to medium or upper-Cretaceous (respec
tively 83 million years according to former author 
and 60 to 100 million years according to latter authors). 

Up to now all attempts to relate the distribution 
of uraniferous mineralization, either in vein or in 
impregnation deposits, to the structural, mineralogical 
and petrological conditions of shearing zones and 
to the type of alteration of host rocks, has not led to 
definite practical conclusions. An extremely irregular 
distribution can be noted in all Portuguese deposits, 
which does not follow any known laws, though in 
some cases, a predominance of higher grade ores in 
the junction zones of certain structures and an inten
sive hematitization of host rocks is revealed. 

These circumstances have conditioned in some 
degree the reconnaissance methods adopted for the 
definition of ore reserves, taking into consideration 
the statistical analysis of obtained results in the earlier 
phases of our activities. 

Of all deposits and occurrences (342) referred to 
above, only 120 have been investigated so far. They 
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were selected from amongst the most promising. 
For vein deposits, diamond drilling reconnaissance is 

in progress with holes at distances of 25 to 30 metres 
at levels between 25 and 160 metres. A recon
naissance with a wagon-drill following a close grid 
(10 x 10 metres), is beirrg carried out on the extensive 
impregnation deposits in schists. Additional mining 
work at 40 deposits has been done to obtain more 
accurate data on mineralization distribution by explora
tion and systematic sampling. This work will also 
give a more accurate interpretation of the surface 
indications of structural features, and of the estimation 
of reserves from drilling results. 

The reconnaissance work being carried out on 
some of the most important Portuguese ore deposits, 
Nisa, Cunha Baixa, Urgeirir,;a, Pinhal do Souto and 
Palheiros de Tolosa, will be completed by the end 
of 1964. A systematic study, in accordance with the 
pattern mentioned above is still required on more 
than two hundred uraniferous deposits. Special 
attention should be devoted to the schistous complex 
of Azere which, notwithstanding its low grade (0.1 0% 
U30 8), is likely to contain important reserves. 

Therefore the data resulting from reconnaissance 
work up to April 1964 are provisional and are certain 
to be a great deal below the real uraniferous potential 
of the country. 

Present reserves estimated for the metropolitan 
territory of Portugal are about 3 260 000 tons 
of certain and probable ore with an average content 
of 0.184% U30 8, corresponding to 6 000 tons of 
UaOs. 

If preliminary geological and radiometric prospect
ing costs are not taken into account (and logically 
they should be spread over total reserves yet to be 
defined), the weighted average incidence of the cost 
of drilling reconnaissance work, is US$ 0.06 per pound 
of U30 8• 

The regional distribution of these reserves is shown 
in Table 4 which shows a possible arrangement 
of the several centers of production with a view to 
reducing the cost of transportation to the treatment 
plants. Future production costs of U30 8 can not 
be anticipated at this time. 

Table 4. Distribution of uranium reserves in Portugal 

Ore Reserves 
Regions tons of 

Tons % UsOs UsOs 

Bragan~a 8 200 0195 16 
Coimbra. 32 600 0187 61 
Viseu 1 158 300 0 193 2 236 
Guarda 539 500 0 216 1 165 
Castelo Branco 173 600 0 186 322 
Portalegre 1 347 800 0 163 2 200 

Totals 3 260 000 0 184 6 000 
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Beryllium, niobium and tantalum 

Beryllium occurrences, exclusive of Hercynian 
granites outcropping in the north of the country, 
consist of beryllium mineralization in granitic pegma
tites, which are mineralogically and morphologically 
irregular, sub-vertical and up to 15 metres in width. 
The essential elements are the ones common to 
pegmatites. The more common ancillary elements, 
are: beryl, cassiterite, wolframite, molybdenite, phos
phates of uraninite and triphilite groups, iron sulphides, 
tourmalines and columbite-tantalites. 

Scattered throughout Braga, Castelo Branco, Guar
da, Vila Real and Viseu regions, there are at present 
17 beryllium mining concessions, of which 9 were 
claimed exclusively for this element and the remaining 
for lithium, tin, tungsten, niobium, tantalum and 
others. The earliest concessions date from 1935 and 
the newest one from 1957. The deposits discovered 
last have been worked as quarries, the beryllium being 
a by-product of quartz, feldspar and kaolin exploita
tions. The production also sometimes contains cassi
terite, columbite-tantalites, wolframite, mica and, 
rarely, lithiofilite. Beryllium is concentrated by hand
picking to a product with 10% to 12% of BeO. 

The production of industrial beryllium, a small 
one because of the low demand, was about 1 500 tons 
from 1951 to 1963. 

Prospecting for beryllium in pegmatites has been 
done privately and may be considered complete. 
However, beryllium may occur under mineral species 
difficult or impossible to identify at sight. It would 
therefore be advisable to conduct a systematic study 
in this country, using beryllometers, of wolframite, 
sheelite, molybdenite, manganese fluorite mines and 
their wastes, of quartz veins enclosed in granites 
whether apparently mineralized or not, ferruginous 
skarns (with tungsten, molybdenum and fluorine), coals 
and other geological formations already considered 
in other parts of the world as possible beryllium 
sources. 

Niobium and tantalum, in addition to associating 
with beryllium as referred to above, also occur 
together with cassiterite in pegmatitic and quartz veins, 
enclosed in metamorphic micaceous schists, in the 
basement complex contacting the Hercynian granites. 
Nearby these primary deposits, eluvial and alluvial 
deposits may be found, certainly of small tonnage 
but frequently containing useful minerals chiefly 
cassiterite and columbite-tantalite. 

There are 23 niobium and tantalum mining con
cessions in the regions of Braga, Guarda, Viana do 
Castelo, Vila Real and Viseu, of which 7 are exclusively 
for tantalum or tantalum plus niobium, 4 for these 
elements plus beryllium, and the remaining 12 for 
niobium and tantalum plus tin, tungsten, titanium 
and lithium. 

The production of concentrates of columbite-
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tantalites, from 1951 to 1963, was only about 23 tons, 
a portion of which came from recovery of tin mining 
wastes. 

The production of beryllium, niobium and tan
talum could be substantially increased if demand 
reached a higher level and caused an interest in such 
mining exploitation. 

ANGOLA 

The indications of radioactive mineralization known 
up to the present are not numerous. The following 
deserve particular attention: 

(a) The phosphate formations ofCabinda on account 
of its uranium content; 

(b) The ring structures of the so called Volcanic 
Belt of Angola on account of its abundant and 
varying thorium, niobium and zirconium mineraliza
tion contained either in carbonatites and eruptive 
rocks or in their adjacent eluvial deposits. 

Other occurrences were discovered, although with
out economical interest, and may be grouped as 
follows. 

(a) Pegmatite formations in Alto Dande and 
Lucala; 

(b) Quartz-cupreous vein at Caquete; 
(c) Alluvial deposits of the Planalto de Benguela, 

on which we will comment briefly. 
Some radioactive indications were detected in 1950 

in the pegmatitic area of Alto Dan de belonging· to 
the basement complex, in the contact of pegmatites 
with their enclosing gneisses which were caused by 
the accidental occurrence of uranimite, autunite 
and torbernite. 

Radioactivity, detected in 1953 in the region of 
Lucala, was caused by the presence of complex 
minerals, samarskite and euxenite, in graphic pegma
tites intersecting the gneissic granites and gabbros 
of the basement complex. Radiometric surveys and 
trenching have shown the limited extent of anomalies 
and the scarceness of uraniferous mineralization. 

An extensive quartz vein is known in Caquete, 
with copper and gold sporadically associated with 
occasional torbernite. Prospecting did not confirm the 
persistence of radioactive mineralization. 

Some radioactive indications attributed to monazite, 
were also found in 1953 in the auriferous concentrates 
of alluvia proceeding from some Cunene river tribu
taries (Samboto, Cassongue and Chivira) on the Ben
guela Plateau. 

The phosphate deposits of Angola are scattered, 
with some regularity, along the coastal zones of 
Cabinda and Sui do Zaire, the former ones being 
better known. They are scattered through a NW-SE 
zone, probably corresponding to a structural direction. 
There are several levels of phosphates which are 
discontinuous and of lenticular morphology, with 
characteristics differing from place to place. Barren 
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intercalations sometimes divide the phosphated com
plex into thin beds and are frequently found. 

The reported age of some deposits is Maestrichtian, 
others are Eocene. They are covered by argillaceous 
sands with beds of rolled pebbles (Pleistocene). 

The deposits studied in detail up to now, Cambota, 
Chibuete Chivovo and Mongo-Tando, are very large, 
from 2 to 5 kilometres long and 3 to 10 metres wide. 
The measured reserves amount to 16.5 million tons 
and the possible reserves to 10 millions tons. 

High radioactivity which was registered over these 
formations, was caused either by the presence of 
uranium fixed by the iron and manganese hydroxides 
existing in the phosphates, or by the frequency of 
torbernite in well individualized lamellae. 

Chemical analysis of phosphate samples collected 
from locations with higher radioactivity revealed 
uranium contents of between 0.08 and 0.20% of 
U30 8, which is considerably higher than the ones 
reported by Nininger, Butler, Lenoble, Salva, Zigler 
and Yrigoyen in similar formations from other parts 
of the world. 

Should the persistence of uraniferous minerali
zation and grades be confirmed throughout the depo
sits, which may be expected from the reconnaissance 
already done, the uraniferous reserves corresponding 
to the Cabinda deposits will be very high, between 
15 000 and 30 000 tons of U30 8• 

Laboratory research for the possible recovery of 
uranium from phosphates is being carried out and, 
in the near future, a large wagon-drill reconnais
sance programme will be started with a view to 
defining exactly the uraniferous potential of these 
deposits. 

The ring structures, in the Benguela Plateau, 
first referred to by Giesecke (1955), are about 300 kilo
metres long and lie along a SW-NE direction, 
going through west of Nova Lisboa, and were named 
the Volcanic Belt of Angola by that author. Eleven 
such structures have been recognized with diameters 
of between I and 10 kilometres, of circular shape, 
generally prominent over the enclosing older forma
tions (basement complex and granitic massif), and 
possibly related with great fractures. Their volcanic cha
racter is shown by volcanic rocks, tuffs and brecciae, 
frequently associated with carbonatites. The age of 
this volcanic activity seems to be Karroo and is 
probably contemporary with similar formations of 
Southwest Africa. 

Iron mineralization has been known since the 
most remote times in some of the structures (Andulo 
and Bail undo) and varying mineralizations of manga
nese, titanium, niobium, tantalum, rare earths, tho
rium, gold, silver, apatite, florite and barite have 
later been recognized; uranium has not been found 
so far. 

Among the structures studied in more detail, 
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the more important ones are Bailundo, Longonjo 
and Capula, formed by two concentric rings, essen
tially comprising, inwardly, carbonatites and syenitic 
intrusions disposed circularly, and outwardly, volcanic 
brecciae, tuffs and highly altered syenites. There 
are large bodies of titaniferous hematites and magne
tite regarded as resulting from replacements in the 
carbonatites. 

The radioactive mineralization, probably related to 
carbonatites, is represented by complex minerals of 
niobium, tantalum rare earths and thorium it being 
generally considered that the pyrochlore is the mineral 
principally responsible for the radioactivity. 

The content of Th02 plus rare earths is between 
0.10 and 5.85%. 

In the immediate proximity of these first two 
structures, large eluvial deposits were formed, con
stituted from residuals of carbonatite alterations in 
which dense minerals were naturally concentrated. 
For a deposit adjacent to the Longonjo structure, 
the reserves were estimated to be 4.5 millions of tons 
containing 0.37% of Nb20 5 and 2.5% of Th02 

plus rare earths. 
The Oinata structure corresponds to a large depres

sion contrasting with peripheral elevations which 
bestows its typical morphology on that structure. 
Although the petrographical constitution is comparable 
to the preceding structures and the mineralization 
identical, the radioactive indications are less pro
nounced. 

In the alluvia of the Cubal and Balombo Rivers, 
relatively important concentrations of ilmenite and 
zircon were recognized and probably result from the 
weathering of the Sulima ring structure. 

At the present stage of our knowledge, it is not 
possible to give definite figures for reserves of nuclear 
raw materials existent in the Volcanic Belt of Angola. 
However, provisional figures given by a private 
enterprise working in this area are given in Table 5. 
These figures will be adjusted after exploration opera
tions to be conducted by the Junta de Energia Nuclear. 

Table 5. Probable reserves of nuclear 
materials in Angola 

Location Nb 
tons 

Longonjo . . . 10 800 
Cuba! and Balombo Rivers 

MOZAMBIQUE 

Zr 
tons 

16 000 

ThO, 
tons 

41 850 

In Mozambique there are important deposits both 
of radioactive ores and of beryllium, niobium, tanta
lum, and other typical elements of pegmatitic forma
tions. However, no economical deposit of pitchblende 
or its derived minerals has been found yet. 
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The more common radioactive minerals known 
at present are davidite, alanite, pyrochlore, samarskite, 
euxenite, polycrase, monazite and zircon. 

Davidite occurs predominantly in the Tete region 
in quartz-ankeritic veins generally enclosed in gabbro 
rocks. These veins contain a varying mineralization 
which includes davidite with about 7% of U30 8 

and magnetite, ilmenite, rutile, molybdenite, pyrite 
and chalcopyrite. 

The Mavuzi * mine lies in the most representative 
davidite ore body. The possible reserves were assessed 
at 80 000 tons of ore with 0.1% U30 8• However, 
production has been small for lack of a market. 
Thus, from 1949 to 1957 400 tons of davidite were 
produced, and there has been no production at all 
since 1957. 

Pyrochlore occurs in carbonatite formations, lying 
in the Tete region, some of them (the Salamabidua 
and Muambe hills) defining typical ring structures. 

The remaining uranium-thoriferous products re
ferred to above occur in several pegmatitic areas located 
in the Tete and Zamhezia regions, in concentrations 
suitable for economic exploitation. 

Monazite and zircon occur also in coastal deposits 
of generally radioactive dense sands, between the 
Rovuma, and Zambesi rivers. All these deposits 
are recent and consist of beach sands and dunes. 
Those of Pebane, Portinho, Lagoa, Gorai, Idugo, 
Tanino and Manaepa are particularly interesting and 
are estimated at 4 million tons of mineralized sands. 
Their thickness is about 4 metres although it is 
irregular, and they are sometimes 400 metres long. 
These sands have a characteristic mineralogical 
composition with a high content of dense opaque 
minerals, always more than 50%, among which 
ilmenite is predominant. They also contain monazite 
(0.24 to 2.40%) zircon (1.56 to 5.6%) and rutile 
(0.2 to 2.2%) which are considered of economic 
interest, as well as quartz in irregular concentrates 
and several other minerals characteristic of sands, 
all of them in small percentages. Radioactivity is 
caused almost exclusively by thorium contained 
in monazite. 

Air-borne prospecting (radiometry and magnetome
try) was conducted over 4 selected areas totalling 
30 000 km2• The selection was done in relation to 
the following geological structural characteristics: 

(a) Continental formations of the Karroo system 
representing conglomeratic beds rich in carbona
ceous matter and with frequent cross-bed structures; 

(b) Rocks in granitic-gneissic complexes; 
(c) Rocks belonging to the gabbro-anortositic 

complex, related to zones where good radioactive 
indications had been previously registered; 

* Concession made to the Companhia de Uranio de Mo9am
bique. 
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(d) Highly tectonized metasediments related to 
gneisses and old granites. 

The flight directions were selected on the basis of 
the results of photogeologic interpretation. 

As a result of the interpretation of the field work, 
it was concluded that the radioactive anomalies, 
however numerous, are mostly small and caused by 
thorium though some are related to uranium and, 
possibly, to potassium-40. Although a discrimi
natory method was adopted, based on the energy level, 
the results are not conclusive. The intensity of the 
anomalies depend on several factors and do not 
give an indication of absolute values on regions 
where metallogenic characteristics are not yet well 
known. 

Thus, so far as radioactive mineralization is con
sidered, it would seem premature to reach any con
clusions about the practical scope of these surveys. 
But as the possibility of the occurrence of pitchblende 
and related minerals is not excluded, it is intended 
to proceed with radiometric and geochemical prospect
ing in selected zones, on the basis of these surveys. 

Beryllium, niobium and tantalum occur predo
minantly in pegmatites located in the Zambezia 
region, one of the world's most important pegmatitic 
centers, so far as the frequency and dimension of 
pegmatites or their mineralization are concerned. 

These pegmatites, scattered throughout several 
pegmatitic fields, were discovered around 1930. 
Their exploitation, initially for mica, was considerably 
expanded in 1944, for the production of beryllium 
and columbite-tantalites. From the geological point 
of view, this region is essentially constituted of 
two pre-Cambrian series, intensively metamorphized, 
locally crossed over by basic and granitic intrusions. 

The most important pegmatitic fields of Zambezia 
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are those of Alto Ligonha, followed by those of M utala, 
Mocuba, Marropino, Mugeba, Ile and Nauela, the 
latter three having predominantly radioactive minera
lization. These pegmatitic fields are distributed around 
granitic intrusions in sometimes well defined tectonic 
zones. 

The pegmatites of Zambezia may be grouped as 
homogeneous or heterogeneous from the point of view 
of their structure. The former are usually barren while 
the latter are rich in useful minerals and present 
varying facies as regards their zoning and minerali
zation. Beryllium and columbite-tantalites are the most 
valuable products. 

Beryllium and columbite-tantalites are undoubtedly 
the products with a high industrial value and corre
spond to a high economic potential. Beryllium occurs 
mainly in the zone of large feldspars in perfect crystals 
and in irregular masses. It may also be found in the 
quartz nucleus and quartz-muscovitic zones. The 
production of beryllium from 1956 to 1963 was 
7 822 tons with grades of from 11.5 to 13% of BeO. 

Columbite-tantalites also occur preferentially in the 
zones of large feldspars (predominantly columbite 
and tapiolite) and of lithic minerals (predominantly 
tantalite, manganotantalite and microlite). The global 
production of columbite-tantalites, from 1956 to 
1963, was 985 tons of concentrates, sometimes exceed
ing a grade of 80% Ta20 5• 

There are estimated reserves for only some of the 
most important deposits. The activity of the last 
few years and the large number of unexplored pegma
tites indicate excellent prospects for beryllium, 
niobium and tantalum. 

A beryllometer and conventional radiometric por
table equipment were used in prospecting for these 
pegmatites. 

·ABSTRACT -RESUME-AHHOTAUli1.R-RESUMEN 

A/501 Portugal 

Prospection et exploitation de matieres pre
mieres nucleaires au Portugal 

par R. Cavaca 

La premiere decouverte de gisements uraniferes au 
Portugal metropolitain a eu lieu en 1909. Elle a ete 
suivie d'une periode d'intense activite de prospection 
et d'exploitation en vue exclusivement de la production 
de radium. Cette activite a toutefois varie avec le 
prix de revient et les conditions de l 'offre et de la 
demande. 

Une extraction totale d'environ 25 000 tonnes de 
minerai de haute teneur (0,50 a 1 % de U30 8) a ete 
enregistree de 1910 a 1944. La production de radium 
provenant de ce minerai s'est elevee a environ 
50 grammes. 

L'avenement de l'age atomique a conduit a l'exploi
tation de certaines mines d 'uranium. La production 
de 0 30 8, a atteint 1 325 tonnes pour la periode s'eten
dant de 1960 a 1962. 

Un vaste programme de prospection radiometrique 
systematique a ete mis en reuvre a partir de 1955; il a 
porte sur les facies geologiques favorables, c'est-a-dire 
tous les massifs granitiques hercyniens, tous les 
complexes schisteux ante-ordoviciens contigus a ces 



SESSION 2.12 

massifs, et les formations continentales de 1 'autunien 
et du miocene-pliocene. 

De nombreux depots et gisements uraniferes de 
divers types metallogeniques ont ete identifies. Parmi 
eux predominaient des gites filoniens aux gangues 
plus ou moins complexes, jusqu 'alors les seuls conn us 
et exploites; ces gites etaient caracterises par des 
impregnations superficielles de metaux secondaires 
dans le pourtour metamorphique de quelques massifs 
granitiques. Ces depots semblaient ouvrir des perspec
tives favorables. 

Ces travaux ont ete suivis a partir de 1959 par 
!'exploration systematique par sondages et par travaux 
miniers des gisements les plus importants. Celle-ci se 
pousuivra selon les previsions jusqu'a la fin de 1965. 

Les reserves nationales ne pourront etre determinees 
avec certitude qu'apres la conclusion de ces travaux 
d'exploration. Dans l'etat actuel des connaissances, 
on ne peut qu'indiquer un chiffre preliminaire des 
reserves du Portugal metropolitain, a savoir 
6 000 tonnes de U 30 8 dans des minerais ayant une 
teneur moyenne de 0,20 %. 

La possibilite d'obtenir du beryllium, du niobium 
et du tantale dans le Portugal metropolitain fait 
l'objet d'une discussion. 

Des releves aeriens radiometriques et magnetiques 
ont ete faits au Mozambique en 1961 et 1962, sur 
quatre emplacements choisis selon leurs caracteris
tiques geologiques et structurelles. Ceux-ci com
prennent les formations du complexe de base, roches 
ignees, systeme Karoo et carbonatites, ayant au total 
24000 km2• 

On a enregistre un nombre eleve d 'anomalies, gene
ralement d'amplitude reduite, imputables a des mine
rais complexes d'uranium et de thorium, avec predo
minance de ce dernier. On entreprendra sous peu 
I 't~tude systematique de ces anomalies. 

Les gisements bien connus de Tete, qui se situent 
pres d 'un de ces emplacements, ont une mineralisation 
refractaire (davidite et samarskite) decouverte en 1947. 
Leur production totale de 1949 a 1959 s'est elevee a 
388 tonnes. Des travaux complementaires y sont 
actuellement en cours pour Ia determination des 
reserves. 

Les champs de pegmatite du district de Zambezia 
ont ete etudies en 1963, en ayant comme objectif de 
coordonner tous les elements geologiques, metallo
geniques et economiques concernant les importants 
gisements qui ont ete decouverts depuis 1940. Leur 
mineralisation est riche et variee, les minerais predo
minants etant le beryl et les colombo-tantalites dont 
la production entre 1956 et 1963 s'est elevee a 7 822 
et 985 tonnes respectivement. Les calculs qui permet
tront de definir l'ordre de grandeur des reserves sont 
actuellement en cours. 

Le memoire fournit aussi des donnees provisoires 
sur les depots existant en Angola. 
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A/1501 nopTyranHR 

PaseeAKa H A06bl~a RAepHoro Cblpbs:t 
B nopryra11HH 

P. KasaKa 

llepnoe ypauonoe MecTopmKp;euue B llopTyra
.:run OLIJIO OTKPLITo B 1909 rop;y. 3a aTHM nocne- ' 
~oBaJI nepnop; ero HHTeHCHBHoii paanep;Ku u paa
pa6oTI<H HCKJIIO'IHTeJihHO p;JIH IIpOH3BOACTBa pap;HH 
B 38BifCHMOCTH OT MCHHBillHXCH KOH'hiOHKTypHhiX 
YCJIOBHH CTOHMOCTif npOH3BOACTBa, cnpoca H npe;~
:IOiKCHHH. 

C 1910 no 1944 rop;LI 6LIJIO B o6~eii cnomHocTn 
~ooLITo oKoJio 25 000 r 6oraToii pyp;hl c cop;epma
HneM OT 0,50 AO 1,00% ypaHa. llpOH3BOiJ:CTBO 
pa~nH ua ::noif PYALI cocTaBnJio oRono 50 e. 

C H8CTynJieHHCM aTOMHOI'O BeKa HaqaJiaCh paa
pa6oTKa MeCTOpomp;eHHH ,[J,JJH nOJJY'ICHHH ypaHa. 
C 1950 no 1962 rop;LI OhiJio p;o6LITO 1325 r ypaHa 
B Blf/l:C 381\IICH-OKHCH. 

C 1955 rop;a Ha'IaJIOCh ocy~eCTBJieHne cncTeMa
TH'Iecxoii nporpaMMLI pap;noMeTpnqecxoif paane;~,
HH ncex reonornqecxn 6naronpHHTHhiX lf>a~uii, a 
lfMeHHO: BCeX repu;HHCKJIX rpaHHTHhiX MaCCHBOR, 
UpUJieraiOII~JIX K HUM CJI8HQeBbiX KOMIIJieKCOR 
AOOpiJ:OBJIKCKOI'O nepuop;a H KOHTHHCHTaJihHhiX 
tpopM8QJIH, OTHOCH~JIXC.Il K OTeHHTCKOMY II MHOQe
HO-nJIIIOIJ;CHOBOMY HpycaM. 

06HapyiKeHbi MHOl'O'IHCJJ('HHhle pyp;onpOHBJIC-
HHH H ypaHOBhie MCCTOpOiKp;eHJIR pa3JIJI'IHhlX Me
T8JIJIOreHH'ICCKHX THnOB. llpeo6nap;aiO~HMll cpe
,[1,11 Hnx 6LIJIH iKHJihHLie MecTopomp;eHnH c TeM nnn 
JIHhlM KOMnJICKCOM iKHJibHhiX MHHepaJIOB (AO TIO

CJiep;Hero npeMeHu 6LIJI nanecTeH n paapa6aThiBaJI
CH TOJlhKO TaKOII Tlfn MeCTOpOm,[J,eHnii) H BKpan
JICHHOCThlO BTOpH'IHhlX MCT8JIJIOB B 30He KOHT8KT
HOfO MeTaMoplf>naMa HeKOTOphiX rpaHHTHbiX 
MaCCHBOB. 3Tu MeCTOpom,a.e~HH OK838JIHCb BeChMa 
nepciieKTHBHhiMH. 

B 1959 rop;y 6hiJIH Ha'laThl cucTeMaTH'IecKue 
paapa6oTKH uau6oJiee BamHhiX MecTopomp;euuii c 
IIOMO~hlO 6ypeHJfH H no,a.aeMHhlX paOOT. llpe,a.no
Jiarae'TCH, 'ITO OHH 6y,a.yT npO,[J,OJiffiaThCH ~0 KOHIJ;a 
1965 ro,a.a. 

llo,a.C'IHTaTb aanachi c onpep;eJieHuoif cTeneHhiO 
TO'IHOCTH MOlliHO 6yp;eT TOJihKO llO OKOH'I8HlfH 
aTnx paanep;o'IHLIX pa6oT. Ha ocHoBaHnu uanecT
HhlX ,[1,8HHbiX B HaCTOH~CC npeMR npe,a.BapnTeJII,
H8H ou;eHKa a ana con llopTyraJinu ( MeTpononnH) 
MOmeT COCT8BHTh 6000 T ypaHa B pyp;ax CO cpep;
HHM cop;epmaHueM 0,20%. 06cymp;aeTCH noaMom
Hoe npucyTCTBne 6epnnnu1:1, Hno6un u TaHtana B 
llopTyranuu ( MeTponomr.R). 

B 1961-1962 rop;ax B MoaaM6uxe 6LIJIH npone
p;eHLI aaporaMMa-noucxu u aapoMarHHTHaH paa
nep;Ka 'IeTLipex paiioHOB, oTo6paHHLIX no ux reo
noruqecKuM u reonorocTpyxTypHLIM xapaKTepuc
TnKaM. 0HH npep;CTaBJieHhl CBHTaMH lf>yHp;aMeHTa, 
uanepmeHHhiMH nopop;aMn, cucTeMoif Rappy u 
xap6o~aTnTaMu Ha o6~eii nno~a,a.n 24 000 ~~:.M2 . 
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3aperHCTpHpOBaHO 3HaqHTC~bHoe RO~HqeCTBO 
aHOMa~Hii:, RaR rrpaBH~O C HeOO~biDHMH aMII~HTY
l.l;aMH, ROTOpbie MOii\HO IIpHIIHCaTb ROMII~eRCHbiM 

py~aM, co~epma~HM ypaH H Topuii c rrpeo6~a~a
HHeM noc~e~Hero. BcKope 6y~eT HaqaTo CHCTeMa

THqecKoe HayqeHHe 3THX aHOMa~Hii. 

l1asecTHLie MecTopom~eHHH TeTe, pacuo~omen
nLie He~a~eKO OT 3THX paiiOHOB H HMeiO~He Tyro

IWaBKYIO MHHepa~H3a~HIO (~aBH~HT H CaMap

Cl\HT), 6hl~H OTKpbiTbl B 1949 ro~y. 3a nepHO~ 
1949-59 l'O~OB ~06blqa Ha HIIX COCTaBHJia 330 T 

ypaHa. B HaCTOHII~ee speMH nposo~HTCH no;~c·reT 
aanacos. 

B 1963 fOAY 6biJIH IICCJieAOBaHbi nerMaTIITOBhlc 

paiioHhi oKpyra 3aM6eau, B ~eJIHX o6oraJ.QeHHH 

scex reo~orHqecKnx, MeTaJIJioreHHqecHHX 11 aKo

HOMIIqecKIIX ~aHHbiX 110 BamHeHIDIIM MeCTOpOiK~C
IIIIHM, 1\0TOphle 6LIJIII OTHpbiThi, Ha'IIIHaH C 1940 
ro~a. MnHepa~11aa~11H nx IIHTeHciiBHa 11 paaHoo6-

paaHa. I1peo6~a~aiO~IIMII MHHepa~aMII HB~HIOTCfl 
oepiiJI~IIH II l\O~yM611TO-TaHTa~OBble MIIHepaJihl. 

,[{o6hJqa nx c 1956 no 1963 ro~ cocTaBIIJia cooT

seTCTBeHHo 7822 11 985 r. B HacToHII~ee BpeMH 

llp0113BO~HTCH IIOACqCT aanaCOB. 

A/501 Portugal 

Prospecci6n y mineria de materias primos 
nucleares en Portugal 

par R. Cavaca 

El primer deposito uranifero del territorio metro
politano portugues fue descubierto en 1909. Esto 
fue seguido por una prospeccion y explotacion minera 
intensivas, exclusivamente para Ia produccion de 
radio, sujeta a las condiciones variables de castes 
de produccion, oferta y demanda. 

De 1910 a 1944 fueron extraidas cerca de 25 000 t 
de mineral de ley alta (0,50% a 1,00% de U30 8) y 
la produccion de radio ascendio a unos 50 g. 

La mineria para la produccion de urania comenzo 
con el advenimiento de Ia era atomica, siendo Ia 
produccion entre 1950 y 1962 de 1 325 t de U30 8• 

En 1955 comenzo un programa de prospeccion 
radiometrica sistematica con el que se cubrieron 
todas las areas geologicas favorables, a saber: todos 
los macizos graniticos hercinianos, los complejos 
de pizarras pre-ordovicienses adyacentes y las forma
ciones continentales pertenecientes al Autuniense 
y Mioceno-Plioceno. 

Se identificaron muchos yacimientos uraniferes de 
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variada metalogenia. Entre estos predominaban 
los yacimientos filonianos con ganga mas o menos 
compleja - siendo estos hasta entonces los unicos 
yacimientos que se habian reconocido y explotado -
y con impregnaciones superficiales de metales secun
darios sobre las aureolas metamorficas de algunos 
macizos graniticos. Estos depositos ofrecian perspec
tivas favorables. 

En 1959 se continuo esta labor con Ia exploracion 
sistematica de los yacimientos mas importantes por 
media de sondeos y trabajos de interior. Se espera que 
estes trabajos continuen h.asta fines de 1965. 

No sera posible determinar las reservas de urania 
con precision antes de Ia conclusion de este trabajo. 
Sabre Ia base de los actuates conocimientos, una 
estimacion preliminar de las reservas en Ia metropoli 
portuguesa puede situarse en 6 000 t de U30 8 en mine
rates de una ley aproximada de 0,20 %. 

Se examina Ia disponibilidad del berilio, el niobio 
y el tantalo en Portugal (territorio metropolitano ). 

Se hicieron prospecciones aereas radiometricas y 
magneticas en Mozambique durante 1961 y 1962, 
cubriendo cuatro areas elegidas de acuerdo con 
sus caracteristicas geologicas y estructurales. Estas 
comprenden, Series Basement, rocas igneas, Sistema 
Karoo y carbonatitas, totalizando 24 000 km2• 

Se registraron un gran numero de anomalias, 
teniendo en general pequefias extensiones, lo cual 
puede ser debido a minerales complejos de uranio 
y torio, en los que predomina este ultimo. El 
estudio sistematico de estas anomalias sera iniciado 
pronto. 

Los bien conocidos yacimientos de Tete, ubicados 
en Ia vecindad de una de estas areas, contienen minera
lizacion refractaria (davidita y samarskita) encontrada 
en 1947. La produccion total desde 1949 a 1959 
ascendio a 388 t. Se trabaja ahara en la determinacion 
de las reservas. 

Las areas pegmatiticas del distrito de Zambezia 
han sido prospectadas en 1963 con vistas a una 
coordinacion de todos los datos geologicos, metalo
genicos y economicos concernientes a este importante 
yacimiento descubierto en 1940. Su mineralizacion 
es rica y variada. Los minerales predominantes 
son berilo y columbita tantalita. La produccion 
desde 1956 a 1963 ascendio a 7 822 y 985 t, respecti
vamente. Se esta preparando una estimacion del 
arden de magnitud de las reservas. 

Se facilitan tambien datos provisionales sabre los 
yacimientos disponibles. 
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• . 
Chemical treatment of uran1um ores at the m1nes 
in a semi-mobile plant 

.BY J. Freire de Andrade, H. Carreira Pich and F. Marques Videira * 

A few small dispersed deposits are found in the 
uraniferous area of the district of Guarda, in the north
east of Portugal, containing about 10 to 50 tonnes of 
uranium each. 

Following the prospecting and mining development 
of that region, the need arose in 1957 to study a process 
for uranium recovery from these ores. On the one 
hand, most of the ores would not bear transportation 
costs to the only existing uranium chemical treatment 
plant, at Urgeiri9a. On the other hand, the relatively 
small reserves and the dispersion of the deposits 
did not justify the building of a conventional plant 
in that area. For this reason, studies were directed to 
developing a process for uranium recovery at the mines, 
the main purpose being the simplification of the con
ventional process, so that the equipment might be 
easily carried from mine to mine. In such a way trans
portation costs of the ore could be avoided. 

A solution to this problem was urgently required 
since it was also necessary to deal with the ores 
which were being removed as a result of the prospect
ing work in several mines. 

Among the apparently suitable solutions to this 
problem, natural leaching seemed to be worth consider
ing. This process has been developed by Companhia 
Portuguesa de Radium since 1953, and considerable 
experience has already been acquired [1 ]. The process 
was being applied at the mines for the recovery of 
uranium from low grade ores. It is based upon the 
oxidation by air of existing or added pyrites in the 
presence of moisture. Under these conditions, ferric 
and sulphate ions, responsible for the oxidation and 
dissolving of the uranium are produced [2, 3]. 

However, this process was slow. About 12 months 
were required for recovering 60 to 70 per cent of the 
uranium. Furthermore, large terraces were necessary 
for the leaching of the ore, thereby increasing invest
ment costs per mine. As the composition of the liquors 
changes considerably during leaching, ion exchange 
or solvent extraction processes for uranium recovery 
could not be considered, unless the uranium solutions 
from different stages of the leaching were mixed, in 
order to obtain an homogeneous liquor. Because the 

concentration of salts in solution was rather high, 
direct precipitation produced a low grade concentrate. 

As a general rule, the slow natural leaching process 
seems to be more suitable for the treatment of low 
grade ores from large mines, which are close to a 
conventional chemical treatment plant which can 
absorb the small amounts of liquors or low grade 
concentrates produced by the process. 

However, natural leaching has the advantage of 
requiring a reduced amount of equipment, since the 
bulky operations, typical of chemical treatment plants, 
such as milling, conventional leaching and thickening, 
are eliminated. It was considered advisable, therefore, 
to study a process which could benefit from the sim
plicity of the natural leaching technology, although 
it was early recognised that research should be directed 
to faster leaching. 

LABORATORY EXPERIMENTS 

Materials and experimental conditions 

The following ores were studied: 
Ore A, (Forte Velho ore) ferruginous, quartzeous, 

weathered granitic rock with torbernite mineraliza
tion; 

Ore B, quartzeous, ferruginous, rather clayey 
granitic rock, mainly mineralized by autunite; 

Ore C, quartzeous, kaolinized, granitic rock with 
autunite mineralization; 

Ore D, basic doleritic highly weathered rock with 
autunite mineralization; 

Ore E, clayey graphite, tourmaline shale with 
autunite mineralization. 

The following processes have been tried: 
(a) The ore was impregnated with a sulphuric acid 

solution and left for different periods of time to cure. 
After the cure the ore was sprinkled with water or 
with a very dilute sulphuric acid solution to remove 
soluble uranium; 

(b) The ore was sprinkled with sulphuric acid solution 
and rinsed with water or with a very dilute sulphuric 
solution to remove soluble uranium. 

In the first process advantage is taken of the strong 
dissolving power of a rather concentrated sulphuric 

* Laborat6rio de Fisica e Engenharia Nucleares, Sacavem. acid solution absorbed in the solids. Also, during the 
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cure, good conditions for the oxidation process are 
provided by air circulation. 

In the second process, as the ore is being sprinkled. 
a permanent extraction of uranium is carried out. 
Capillarity leaching developed in France [4] is similar 
to this process. However we have adopted higher acid 
concentrations and flow rates and therefore shorter 
treatment periods. 

In the first stage of the experimental work, several 
ores were treated to compare these two processes and 
to make a rough evaluation of their technical and 
economical possibilities. The main parameters exa
mined were sulphuric acid consumption, leaching time 
and ease of percolation through the various ores, 
ground to particles of less than tin diameter. Leaching 
was carried inside columns of 40 em diameter and 
60 em high. 

The treatment of Forte Velho ore was systematically 
studied in the second stage of the experimental work 
since that mine would be the first one to be exploited. 
Columns 20 em in diameter were employed in this case. 
Although the cure process appeared to be more efficient 
it is more difficult to apply in practice, as it involves 
the mixing of the ore with a rather concentrated 
sulphuric acid solution. For this reason, the cure 
process was not considered for the systematic study 
of the Forte Velho ore. 

Sprinkling was performed by means of a nozzle, 
the flow rate being about 100 I hr-1 m-2• Uranium 
concentration, pH and total content of dissolved salts 
in leach liquors were always checked during the tests. 

Results and conclusions 

From the first set of preliminary experiments the 
following conclusions were drawn: 

(a) About 60 to 70 per cent of the uranium was 
recovered in a week, when coarse ores ground to 
minus tin were treated with 15 to 50 kg of sulphuric 
acid per tonne of ore; 

50 
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Figure 1. Forte Velho ore. Effect of cure 

A: Uranium in the leach liquor; 
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B: Uranium in the leach liquor plus the uranium in the solution 
wetting the ore 
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Figure 2. Forte Velho ore. Single stage leaching 
with a 5 per cent sulphuric acid solution 

A: Uranium concentration (g(l}; B: pH; 
C: Total volume (I); D: Total U30 8 extracted (g); 

E: Sprinkling end point 
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(b) In most cases the uranium was dissolved during 
the cure or during the first contact with the acid sprink
ling solution, the following leaching stages being carried 
out for rinsing purposes only. This result is clearly 
shown in Fig. I. The total dissolved uranium was cal
culated assuming that the solution still impregnating 
the ore had the same uranium concentration as the 
last fractions of the leach liquor obtained; 

(c) To a certain extent, the cure process leads to 
a higher extraction of uranium than the sprinkling 
process; 

(d) Recycling through fresh ores of leach liquors 
having high quantities of free acid resulted i(l higher 
recoveries. 

The treatment of Forte Velho ore was studied in 
greater detail after these preliminary experiments. 
It was found that, in single stage leaching, the uranium 
concentration of the leach liquor rises at the beginning 
of the leaching, then reaches a plateau before decreas
ing. It was also found that an interruption of the acid 
sprinkling was always followed by an increase in the 
uranium concentration of the leach liquor. These 
results for single stage leaching of Forte Velho ore, 
using 25 kg of sulphuric acid per tonne of ore in a 
5% (wt/vol) solution are shown in Fig. 2. Taking 
into consideration the pH curves there is evidence 
that, during the leaching, the uranium extraction and 
acid consumption are as follows: 

(a) The uranium dissolving rate and acid. consump
tion are rather high at the beginning; 

(b) Later on, the uranium dissolving rate decreases 
and the pH of the leach liquor becomes constant. 

It seems advisable, therefore, to interrupt sprinkling 
when the uranium concentration begins to fall and to 
leave the acid solution impregnating the ore to carry 
on leaching. It was found that at least 12 hours' 
contact time was necessary. The effect of this interrup
tion becomes more evident when the leaching is 
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Figure 3. Forte Velho ore. Two stages of leaching with a 5 per cent sulphuric acid solution 
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Figure 4. Forte Velho ore. Four stages of leaching with a 5 per cent sulphuric acid solution 
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Figure 5. Forte Velho ore. 
Single stage leaching with a 10 per cent sulphuric acid solution 

A: Uranium concentration (g/1); B: pH; C: Total volume (!); 
D: Total U30 8 extracted (g). E: Sprinkling end point 

performed in several stages. The results of 2 and 
4leaching stages are shown in Figs. 3 and 4. 

When a 10% sulphuric acid solution is employed, 
the shape of the curves is quite different, as shown 
in Fig. 5. This is probably due to the small volume 
of leaching solution used. 

Following these experiments, the influence of the 
important leaching parameters on uranium recovery, 
namely, acid concentration, acid consumption, number 
of leaching stages, and column height, was studied 
in a systematic way. The results are shown in Tables I 
and 2. 

Table 1. Tests on 20 kg columns 50 em high 

5. 
10. 

15 
20 
25 
50 

Effect of the number of leaching stages. 
Quantity of acid: 25 kg per tonne of ore. 

Acid solution 
concentration 

% 

U 30 8 extraction % 
Number of leaching stages 

58.5 
64.2 

2 

64.3 
66.5 

4 

71.2 
60.0 

Effect of the quantity of sulphuric acid. 
5% acid solutlon concentration. 

Single stage leaching. 

Quantity of acid oer tonne of ore kg U 30 8 extraction % 

40.0 
52.0 
58.5 
83.2 
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Table 2. Tests on 80 kg ore columns 1.8 m high 

5 . 
10. 

15 
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25 
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10 

Effect of the number of leaching stages, 
Quantity of acid: 25 kg per tonne of ore. 

Acid solution 
concentration 

U 30 8 extraction % 
Number of leaching stages 

% 

83.7 
82.0 

2 

83.5 
78.6 

4 

88.9 
76.2 

Effect of the quantity of sulphuric acid. 
5 % acid solution concentration. 

Four leaching stages. 

Quantity of acid per tonne of ore kg 

Effect of the acid concentration. 

Ua08 extraction % 

72.3 
80.9 
83.5 
84.8 

Quantity of acid: 25 kg per tonne of ore. 
Four leaching stages. 

Acid concentration % Ua08 extraction % 

74.3 
88.9 
76.2 

The effect of recirculating the leach liquors was 
also studied. It was found that some of the liquors 
resulting from leaching with a 5% acid solution were 
still rich in free acid. Thus, the richest ones were 
recycled through fresh ore which, later on, was also 
leached with a 5% acid solution. With this procedure, 
79 to 82% uranium recovery was obtained, with an 
acid consumption of about 17.5 kg per tonne of ore. 

The laboratory results lead to the following main 
conclusions: 

(a) The sulphuric acid sprinkling process has given 
reasonable uranium recoveries with fairly low acid 
consumptions. Therefore testing this process on a 
pilot plant scale is justified; 

(b) There is an increase of uranium recovery with 
column height resulting from the longer contact time 
between the ore and the acid solution; 

(c) It is convenient to carry the leaching in several 
stages with interruptions of at least 12 hours; 

(d) Acid consumption is less than 25 kg per tonne 
of ore, when a 5% acid solution is used on ore ground 
to minus t in; 

(e) Recycling of acid leach liquors can increase 
the uranium recovery and diminish the acid consump
tion; 

(f) When the Forte Velho ore is leached under these 
conditions, uranium recovery reaches about 80%. 

These conclusions and the experimental laboratory 
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results were used for the design of a semi-mobile pilot 
plant. 

Uranium recovery from leach liquors 

To recover the uranium from the leach liquors the 
following three methods were available: 

(a) Precipitation by means of lime or magnesite; 
(b) Solvent extraction; 
(c) Ion exchange. 
As a high grade concentrate was required, the direct 

precipitation method could not be considered. Pre
ference was not given to the solvent extraction method 
due to the changing characteristics of leach liquors. 
Therefore because of these characteristics, and taking 
into consideration the experience previously gained by 
the authors, the ion exchange methud was chosen. 

The strongly basic ion exchange resin, Zerolit FF, 
was selected. Its main characteristics were analysed 
after several adsorption cycles, using the liquors 
obtained during the leaching tests. It was found that 
the resin lost about 12% of its initial capacity, which 
is considered to be normal. The shape of the leakage 
curves did not vary significantly and the resin ashes 
had a low percentage of silica and no traces of resin 
poisons. 

SEMI-MOBILE PLANT 

Plant description 

Leaching is performed in a set of six cells where the 
ore is heaped up after crushing to minus ! in by means 
of a jaw crusher and a roll crusher. The cells are made 
of bricks, covered with cement and lined with an 
asphaltic product, each one able to contain 90 tonnes 
of ore, corresponding to 2 m useful height. During 
the charging of the cells, the ore is watered in order 
to facilitate solid-liquid contact and to avoid the 
formation of dust, 50 to 200 litres of water per tonne 
of ore being necessary for this purpose. 

Nozzle sprayers are used for sprinkling the leaching 
and washing solutions. They are geometrically ar
ranged 2 m above the ore. The leaching solutions are 
prepared by injecting concentrated sulphuric acid 
into a water flow with the aid of two dosing pumps. 
Leaching is initiated by the recycling of the acid leach 
liquors from previous treatments and is continued 
by sprinkling, in 3 or 4 stages, with a fresh 5 % 
sulphuric acid solution. The ore is finally washed 
several times with water or with a dilute sulphuric 
acid solution. The flow rate of the leaching and washing 
solutions is about 100 1 hr-1 m-2• The acid consump
tion is about 25 kg per tonne of ore with a uranium 
content of the order of 0.2% U30 8 • The leach liquors 
are collected and mixed in six tanks of 45 m3 capacity, 
built in granite protected by an asphaltic product. 

Sodium hydroxide is added to these tanks to adjust 
the pH of the liquor which is then filtered in a sand 
filter before entering the ion exchange colu'mns, each 

holding 500 I of Zerolit FF resin (3 columns in adsorp
tion and 1 in elution). Backwashing of the resin is 
carried out in a special column of a larger volume and 
diameter, the resin being transferred to and from this 
column by hydraulic means. In this way it is possible 
to have shorter columns for adsorption and elution 
which can be easily transported when transferring the 
plant to another mine. 

Eluting solutions are prepared and stored in a set 
of four 3 m3 tanks. The dilute uranium eluate is recycled 
as eluting solution. The richer effluent is pumped to 
a fifth tank where the uranium is precipitated, in a 
single stage, with sodium hydroxide, and filtered in a 
filter press. Part of the filtrate is returned to the eluant 
make up system. The other part is bled off in order to 
avoid the build up of ions, such as sulphate and phos
phate in the eluting solution. As the pregnant liquor 
is rather rich in phosphate ions, it was necessary to 
raise the volume of the eluting solution. 

After filtration the yellow cake is washed in the 
filter press with water and dried in a small stove. 
The barren liquors are sent to a small natural dam and 
there neutralized with lime. 

The plant has a working capacity of about 35 tonne 
of ore per day and has been in operation since 
May 1962. 

Cost of equipment and consumption of reagents 

The total cost of the plant was about 1. 7 x I 06 

Escudos (ca. 59,000 Dollars). The value of the mobile 
equipment is about ! of the total cost. The remainder 
is lost whenever the plant has to be moved and it 
corresponds mainly to the civil engineering and 
installation costs. The consumption of reagents is 
given in Table 3. 

Table 3. Average consumption 
of reagents per tonne of ore · 

Process Reagent Consumption 

Leaching: sulphuric acid 27.9 kg H2S04 

Ion exchange 
pH adjustment: sulphuric acid 0.26 kg H2S04 

sodium hydroxide 5.3 kg NaOH 
elution: nitric acid 3.3 kg HN03 

sodium hydroxide 0.08 kg NaOH 
resin washing 
and transfer: sulphuric acid 0.17 kg H2S04 

Precipitation: sodium hydroxide 2.4 kg NaOH 

Barren liquors 
neutralization: lime 3.5 kg 

It should be mentioned that, in this plant, ores 
resulting from the prospecting work on other mines, 
have been treated. This justifies the slightly higher 
acid consumption on leaching, in relation to the 
laboratory results obtained for the Forte Velho ore. 
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The possibility of reducing the sodium hydroxide 
consumption, used for the pH adjustment of the ion 
exchange pregnant liquor, is being investigated. 

Characteristics of the concentrate 

It was found that the uranium grade of the concen
trate is closely dependent on the washing. With an 
efficient washing, the uranium grade in the dried 
concentrate is of the order of 75% U30 8• Analytical 
results on the concentrate are given in Table 4. 

Table 4. Analysis of the uranium concentrate 
produced in 1962 

ImpuritY 

Halogens (Cl + Br + I) . 
Nitrogen .. 
Sulphur .. 
Phosphorus 
Silicon ... 
Aluminium. 
Iron .... 
Magnesium. 
Calcium. 
Copper . 
Sodium . 
Potassium 
Cadmium 
Uranium. 

Concentration 

Not detected 
0.81% N02 

1.25% S03 

4.86% P20 5 

0.80% Si02 
1.04~{ Al20 3 

2.14% Fe203 

0.01% MgO 
0.36% CaO 

Traces 
8.00% Na20 
0.46% KP 

14 ppm CdO 
76.66% Ua08 

Behaviour of the ion exchange resins 

The behaviour of the ion exchange resins has been 
systematically checked. Their capacity and nitrogen 
contents have been periodically analysed, the results 
are shown in Table 5. It can be seen from these results 
(and from the loading and elution curves), that the 
resin is in good condition and that a caustic regenera
tion does not yet appear to be necessary. 
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Table 5. lon exchange resins capacity 
and nitrogen content 

Time 
months 

Total uranium 
passed through 

the resins 
kg u,o, 

1 148 
2 987 
4 222 
8 710 

12 430 

Nitrogen content 
% on basis of 

dried 
resin-chloride 

5.72 
5.45 

5.19 

5.24 

Resin capacity 
for nitrate 

meq. per g of 
dried 

resin-chloride 

4.02 
3.62 
3.25 
3.58 
3.31 
3.41 

Phosphate interference in the elution 

Elution becomes rather difficult due to the high 
concentration of the phosphate ion in the leach liquor. 

J. FREIRE DE ANDRADE et a/. 

The analysis of the pregnant liquor gave results 
within the following figures: 

Uranium. 
Iron ... 
Phosphate 

0.3- 0.7 g/1 U30 8 

0.4- 1.0 g/1 Fe 
o.3 - o.s g/I Po:-

If all the iron were oxidised, the molar ratio Fe/PO~
would still be very low. As a result, a considerable 
amount of phosphate is adsorbed by the resin, the 
elution curves becoming less sharp and the uranium 
being more difficult to remove. Although the volume 
of the eluting solution equals 12 bed volumes, the 
uranium concentration in the last fractions of the 
eluate is sometimes as high as I to 2 g/1 U30 8 (Fig. 6 
curve a). 

Attempts were made to eliminate this interference. 
Two processes were employed. 

Increasing the filtrate bleed off. A 25% filtrate bleed 
off had been foreseen initially. An increase of this 
volume to 3 bed volumes greatly favoured the elution 
(Fig. 6 curve b). 

Increasing the eluate solution acidity. The elution is 
normally performed with a 0.3N HN03 and 0.7M 
NaN03 solution. An increase of the nitric acid con
centration to 0.5M (total nitrate 1.1 M), greatly im
proved the elution (Fig. 6 curve c). 

These improvements are, however, counterbalanced 
by an increase in the reagent consumption. Elution 
costs rose about 70% in the first case, and 30% in the 
second case. 

Immersion leaching 

Recently, the ore has also been processed by immer
sion leaching. The advantages of immersion over 
sprinkling are: 

(a) A longer contact time between the ore and the 
leaching solution; 

25 

Bed volumes 

Figure 6. Elution curves 

a: Eluant 0.3N HN03, 0.7M NaN03 1 ! bed volume purge; 
b: Eluant 0.3NHN03 , 0.7MNaN03 3 bed volume purge; 

c: Eluant 0.5N HN03, 0.6M NaN03 approx. 1 t bed 
volume purge 
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(b) An easier access of the acid to the whole solid; 
(c) A more uniform solid-liquid contact. 
On the other hand, this process has the following 

disadvantages: 
(d) A faster attack on the cell linings; 
(e) The access of the fresh leaching solution to the 

ore, is not continuous, as happens when the acid 
solution is sprinkled over the ore; 

(f) A greater danger of the ore becoming imper
meable; 

(g) The quantity and the concentration of the acid 
are closely dependent on the void volume of the ore. 

For uranium recovery, both processes seem to 
give similar results. 
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A/503 Portugal 

Traitement chimique de minerais d'uranium 
aupres des mines, dans une installation semi
mobile 

par J. Freire de Andrade ef a/. 

Dans Ia region uranifere du nord-est du Portugal 
se trouvent quelques petits gisements epars ayant des 
reserves d 'uranium de 10 a 50 tonnes par gisement, 
situes a des distances considerables de Ia seule instal
lation industrielle portugaise de traitement chimique 
de I 'uranium. La construction d 'une installation fixe 
pour le traitement de minerais dans Ia region n'est pas 
justifiable, en raison de Ia dispersion des gisements 
et de I 'importance relativement reduite des reserves. 
Aussi a-t-on entrepris !'etude d'un procede simple 
et economique pour Ia recuperation de !'uranium 
aupres des mines, avec un equipement reduit pou
vant etre transporte facilement d 'une mine a 
!'autre. 

Les etudes ont ete orientees en vue de reduire ou 
d'eliminer les grosses operations de broyage et de 
separation solide-liquide. On a essaye de faire le trai
tement apres broyage grossier. Apres des etudes de 
laboratoire, deux procedes de traitement ont ete 
essayes : 

a) Impregnation du minerai par une solution sulfu
rique et, apres des periodes de temps variees, arrosage 
du minerai avec de I'eau pour entrainer !'uranium 
solubilise; 

b) Arrosage du minerai avec une solution d'acide 
sulfurique; ensuite, arrosage avec de I 'eau pour 
en trainer I 'uranium solubilise. 

Les deux methodes ont ete appliquees avec succes 
a plusieurs types de minerais, exception faite des 
minerais basiques et peu permeables. En particulier, 
une etude tres detaillee a ete faite concernant Je trai
tement du minerai' de Forte Velho, principalement 
compose d 'une roche granitique alteree, avec min era-

lisation de torbernite. Les essais au laboratoire a !'aide 
de petites colonnes de minerai broye a moins de 
0,5 pouce ont permis, pour un lot a 0,2% de U30 8, 

d 'atteindre des rendements d 'environ 80 %, Ia consom
mation d 'acide sulfurique ne depassant pas 25 kg 
par tonne de minerai traite. Les resultats ont suggere 
qu'il y avait avantage a faire recirculer les liqueurs 
d'attaque encore riches en acide a travers des minerais 
frais et a employer des colonnes plus hautes permet
tant d'augmenter le temps de contact entre Je minerai 
et Ia solution sulfurique. 

D'apres ces differents essais, on a cree une installa
tion pilote de traitement de minerais ayant une capa
cite d 'environ 35 tonnes par jour. Elle est constituee 
essentiellement par : 

a) Une installation de broyage de minerai a moins 
de 0,5 pouce; 

b) Une batterie de cellules ou ce minerai est entasse 
et arrose; 

c) U ne batterie de bassins permettant de recueillir 
les liqueurs d'attaque et de regler le pH; 

d) Une installation de colonnes echangeuses d'ions; 
e) Un equipement pour Ia precipitation et Ia filtra

tion du concentre. 
Cette installation a commence de fonctionner en 

mai 1962. Le rendement d'extraction d'uranium est 
d'environ 75% malgre les variations frequentes des 
caracteristiques et des teneurs des minerais employes. 
Des concentres contenant environ 75% de U30 8 sont 
obtenus. 

Des elements concernant l'equipement et le cout 
d 'exploitation de I 'installation sont indiques. On a 
donne aussi des renseignements concernant quelques 
problemes souleves par son exploitation, dont les 
suivants : 

a) Comportement des resines echangeuses d 'ions; 
b) Tentatives d 'elimination de Ia perturbation causee 

par I 'ion phosphate dans !'elution; 
c) Emploi du procede d'immersion du minerai dans 

une solution sulfurique. 
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A/~03 nopTyramtR 

XHMHYecKaR nepepa6orKa ypaHos~x 
PYA Ha PYAHHKax a nonynepeABHmHo~ 
ycTaHOBKe 

B ypaHoHOCHoM pailoHe Ha ceBepo-BoCToKe llop

Tyr3JIHH OTKphiTo HeCKOJihi\O HOOOJihiiiHX paa6po

C3HHbiX MecTopom~eHHH ypaH3 c aarr3caMH 

MeTaJIJia oT 10 ~o 50 r, p3crronomeHHbiX H3 aH3'IH

TeJihHOM paCCTOHHHH OT e~HHCTBeHHOrO B CTp3He 

ypaHoBoro ru~poMeT3JIJiypru'IecKoro 33B0~3. OT

HOCHTeJihHO He6onhrnHe a3II3Cbl u p3a6poc3H

HOCTh MeCTOpom~eHHH He OIIp3B~biB3IOT CTpOH

TeJibCTB3 HOBoro aaBo~a B aTOM p3iioHe. B CBHaH 

C aTHM 6biJIIf IIpOBe~eHbl HCCJie~OB3HHH IIO lf3biC

I\aHHIO aKoHOMH'IHOro rrpon;ecc3 o6or3IIJ;eHHH ypa

HOBblx py~ B 3IIrrap3Ty.pe, KOTOp3H Morna 6bl ner

KO rrepeBoaHThCH c py~HI\3 H3 py~HHK. 

33~3'I3 HCCJie~OB3HifH 331\JIIO'I3JI3Cb B COKpaiiJ;e

HHif HJIH HCI\JIIO'IeHHH TaKHX CJIOlliHhiX OIIep3IJ;Hft, 

1\31\ uaMeJib'IeHue u cpHJibTp3IJ;HH. McrrbiTbiB3JI3Ch 

nepep360TK3 py~ nocne KpyrrHoro ~po6neHHH. B 

uopH~Ke na6opaTopHoro uay'IeHHH 6biJIH ucrrhiTa

Hbl ~B3 crroco63 rrepep360TKH: 

1. Py~y 33MeiiiHB3JIH c paCTBopoM cepHoii KHc

JIOThi H 3aTeM IIpOMbiB3JIH BO~OH ~JIH y~aJieHifH 
p3CTBopeHHoro ypaHa. 

2. Pyp;y orrpb1CKHB3JIH p3cTBopoM cepHoii KH

cJIOTbl H aaTeM IIpOMbiBaJIH BO~OH ~JIH y~aJieHHH 
paCTBopeHHoro ypaHa. 

063 aTH crroco6a 6biJIH np_oBe~eHbl c o6eiiJ;aro

IIJ;HMH peayJihTaTaMH Ha HeCI\OJihi\HX THII3X py,n;, 

aa HCI\JIIO'IeHHeM IIJ;eJIO'IHbiX H BO~OHeiipOHHIJ;ae

MbiX py,n;. 

B 'laCTHOCTH, BeCbMa ,n;eTaJihHO uccne,n;oB3Jiach 

nepep36oTKa pyp;bl MecTopom~eHH.H Cf)opTe-BeJib

xo, KoTopoe cnomeuo rJiaBHbiM o6p330M apo~upo
BaHHbiMH rp3HHTHbiMH rropop;aMH C TOp6epHHTO

BOH MHHepaJIH3aiJ;Heii. llpH Jia6opaTOpHb1X HCCJJe

,D;OBaHHHX aToii py~bl, co,n;epmaiiJ;eii 0,17% ypaH3, 

paa,n;po6JieHHOH ~0 MHHYC 12,5 M.M H IIOMeiiJ;eHHOit 

B He60JihiiiHX KOJIOHH3X, ~OCTHrHyT KOacpcpHIJ;HeHT 

naBJie'IeHHH MeT3JIJia 80%, npu p3cxo~e cepHoii 

ImCJIOThi He Bbiiiie 25 ne Ha TOHHY py~bl. 0TMe'Ie

Hhl T3Kllie npeHMyiiJ;eCTB3 pen;HpKyJI.HIJ;HH 6oraTbiX 

KHCJibiX p3CTBOpOB 'Iepea CBemyiO py,n;y H npHMe

HeHHH ,D;JIHTeJibHOCTH KOHTai\Ta py,ll;bl C 1\HCJIOTOii. 

Ha ocHOB3'HHH aTHX orrbiTOB 6hiJI3 a3rrpoeKTH

poBaH3 IIOJiyiipOMbiiiiJieHH3.H ycTaHOBI\a npOH3BO

,!l;HTeJibHOCThiO 35 r py~bl B cyTKH. B CHCTeMy arr

II3paToB ycTaHOBKH BXO~HT: 

a) o6opy~oBaaue ~JI.H uaMeJib'IeHHH py~M ~o 
MHHYC 2,5 MM, 

b) rpyrrrr3 KaMep, B KOTOphle py~a a3rpymaeT

cH, o6pa63TLIB3eTC.H KHCJIOTOH H npOMbiBaeTCH BO

~oii; 
c) rpyurra eMKOCTeil ~JI.H c6op3 p3CTBopoB no

cne Bbiiii;eJia'IHB3HH.H H peryJIHpoBKH pH; 
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d) rpyrrrr3 HOH006MeHHhiX KOJIOHH; 

e) o6opy~ouaHue ,n;JI.H ocamp;eHn.H u cpHJihTpa

IJ;HII KOHIJ;eHTpaTa. 

::ha ycTaHOBI\3 p360TaeT c MaH 1962 ro~a. 1\o

acpcpun;HeHT H3BJie'IeHH.H ypaH3 COCT3BJI.HeT 01\0JIO 

75%, HeCMOTpH H3 'I3CThle H3MeHeHH.H BeiiJ;eCTBeH

HOrO cocTaBa u co~epm3HH.H yp3H3 B py~e. Ypa

HOBhiii 1\0HIJ;eHTpaT CO~eplliHT 01\0JIO 65% Me

TaJIJia. 

llpunop;.HTC.H ~eT3JihHhie ,11;3HHble no o6opyp;oB3-

HHIO u a.KcrrnyaTan;uoHnhiM pacxo,n;aM. PaccMaT

punaiOTCH TaHme Hei\OTOpble BOIIpOChl, CB.H3aH

Hhie. C pa60TOH YCT3HOBKH, a HMeHHO: 

a) IIOBe,ll;eHHe HOH006.l\feHHbiX CMo.n; 

b) crroco6hi na6emaTb BJIIIHHH.H cpoccpaTOB rrpu 

perenepan;uH; 
c) rrepep36oT.Ka py~ norpymeHueM B cepHoHuc

JIOTHhiii paCTBOp. 

A/503 Portugal 

Tratamiento qufmico de minerales de uranio 
a bocamina en una instalaci6n semim6vil 

per J. Freire de Andrade et a/. 

En Ia region uranifera situada al noreste de Portugal, 
Iejos de Ia (mica instalaci6n industrial de tratamiento 
quimico de uranio existente en el pais, se encuentran 
dispersos unos pocos yacimientos pequefios, cada 
uno de los cuales tiene alrededor de 10 a 50 t de uranio. 
Las reservas, relativamente pequefias, y Ia dispersion 
de los yacimientos no justificaria Ia construccion 
de una fabrica convencional en dicha region. Por 
esta raz6n los estudios se orientaron a Ia elaboraci6n 
de un proceso economico de concentracion - del 
urania, con equipo que se pudiese trasladar facil
mente de una mina a otra. 

Se realizaron estudios con elfin de reducir o eliminar 
las operaciones que requerian mucho volumen, 
tales como Ia molienda y Ia separacion liquido
solido. Se ensayo el tratamiento de los minerales 
despues de una trituracion gruesa. Se realizaron 
estudios a escala de laboratorio, investigando los 
dos procesos siguientes: 

a) El mineral se impregnaba con una solucion 
de acido sulfUrico y despues de periodos de tiempo 
diferentes, se lavaba con agua para separar el uranio 
disuelto. 

b) La mena se regaba con solucion de acido sulfurico 
y luego con agua para extraer el uranio soluble. 

Estos dos procesos se aplicaron a varios tipos de 
menas con resultados alentadores, con excepcion 
de las menas alcalinas e impermeables. 

En particular se estudi6 con gran detalle el trata
miento del mineral de Forte Velho, que consta funda
mentalmente de roca granitica alterada y con minera
lizacion de torbernita. En los experimentos de labora
torio se obtuvo una recuperacion del 80 % del uranio, 
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con un consumo de acido de 25 kg/t de mena, a 
partir de un mineral que tenia el 0,2% de U30 8 

triturado a menos de t in y colocado en columnas 
pequeiias. Los resultados tambien sugirieron las 
ventajas de recircular, a traves de mineral nuevo, 
los liquidos mas ricos en acido, y el emplear columnas 
mas altas con el fin de aumentar el tiempo de contacto 
entre el mineral y Ia soluci6n acida. 

Basados en estos experimentos se proyect6 una 
planta piloto de 35 t/dia. La instalaci6n comprende 
fundamentalmente: 

a) Equipo para Ia trituraci6n de Ia mena a menos 
de t in; 

b) Un conjunto de celdas donde se almacena, 
se riega con acido y con agua; 

c) Un conjunto de depositos para recoger los 
liquidos de lixiviaci6n y ajustar el pH; 

d) Columnas de cambio de ion; 
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e) Equipo para Ia precipitaci6n y filtraci6n del 
concentrado. 

Esta instalaci6n lleva funcionando desde mayo 
de 1962. La recuperaci6n del uranio ha sido de aproxi
madamente el 75% a pesar de las variaciones frecuen
tes de las caracteristicas y !eyes de las menas de uranio 
que se han tratado. El concentrado de uranio con
tiene aproximadamente el 75 % de U30 8. 

Se mencionan detalles sobre el equipo y los costes 
de operaci6n. Tambien se hace referencia a algunos 
problemas relacionados con Ia operaci6n de la 
fabrica tales como: 

a) Comportamiento de las resinas de cambio de 
wn; 

b) Tentativas para eliminar las interferencias de 
los fosfatos en la eluci6n; 

c) T ratamiento de los minerales por inmersi6n 
en soluciones de acido sulfllrico. 



P/521 Australia 

A new technique for upgrading Australian thorium 
resources 

By A. W. Wylie and E. S. Pilkington* 

PRODUCTION POTENTIAL 

Although workable thorium deposits comparable 
with the complex oxide and silicate ores of the Cana
dian uranium fields have not yet been discovered in 
Australia, thorium is found as monazite in many 
localities of the Commonwealth [1, 2]. High grade 
concentrates of this mineral are recovered as a by
product of industries processing beach sands for 
ilmenite, rutile and zircon. The Bureau of Mineral 
Resources, Geology and Geophysics [I, 3] reports the 
latest production statistics for monazite : 

1961 1962 1963" 

Queensland . 156 167 57 
New South Wales 152 162 320 
Western Australia 362 570 1 150 

Total, tons 670 899 1 527 

a For nine months 

It is difficult to infer a reliable figure for the produc
tion capacity of the industry, as plant may be used 
only intermittently to upgrade accumulated stocks of 
lower grade concentrates. Assessment of reserves is 
equally difficult as these are intimately associated 
with life-expectancy of the beach sand industry as a 
whole [4]. New producers entering the industry should, 
however, assure production of monazite at a level at 
least equal to that for 1963 for some years to come. 
There may be some increase in production in later 
years, but a tapering off by 1980 is expected to follow 
exhaustion of high grade reserves of beach sand 
minerals and the opening-up of lower grade deposits [4 ]. 

Most of the recent production of monazite has 
been exported, the average f.o.b. price in 1962 being 
£41.2/ton for a grade containing not less than 60% 
combined thorium and rare earth oxides [1]. ** The 
thorium content of a number of Australian monazites 
is variable [2] but for most beach sand concentrates 
it lies between 5 and 7.5% thorium oxide. 

* Commonwealth Scientific and Industrial Research Organiz
ation, Melbourne. 

** Units used throughout this paper are: 1 long ton 
2 240 lb = 1 016 kg; £1 (Australian) = £0.796 (British) 
$2.23 (USA). 
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It is feasible to recover at least 80%, of the thorium 
in a high grade beach sand concentrate on a technical 
scale [5]. If it is assumed that the full 1963 level of 
production applies to a 6% concentrate, then Austra
lian production of thorium as oxide could, if required, 
approach 100 tons per annum. Present indications are 
that this output would be more than sufficient to satisfy 
the needs of a future power programme based on 
nuclear reactors of the type under study by the Austra
lian Atomic Energy Commission [6]. 

Thorium costs 

An important factor in deciding on a suitable extrac
tion process is the cheapness of sulphuric acid in 
Australia compared with the cost of reagents such as 
sodium hydroxide and hydrochloric acid. Reagent costs 
are therefore lowest for processes utilising sulphuric 
acid provided end-products of comparable quality are 
obtained, and for the production of crude thorium 
hydroxide they should not exceed 9 to 10 shillings 
(Australian) per lb of thorium oxide. This cost is 
exceeded in many processes which have been proposed 
in the literature. There would be a further charge in 
all processes for refining the above product to nuclear 
grade. Various direct and indirect conversion costs 
cannot be estimated for any process until a likely 
scale of operation is established. 

Some reduction in process costs should follow from 
the scale of production of by-products such as various 
rare earth and sodium salts.* In favourable circum
stances this could lead to a drastic reduction in such 
costs or even to the reversal of the role of product 
and by-product. These considerations also affect the 
scale of operation desirable. However, it is a matter 
of conjecture whether any significant demand for large 
quantities of such by-products exists at present in 
Australia or its export markets, and the present 
investigations have been conducted on the basis 
of extracting thorium at lowest possible reagent 
cost without undue dependence on the sale of by
products. 

* Authors of some processes have not always described how 
to recover by-products. Before comparisons can be made, 
additional stages must be added to these processes and costs 
adjusted accordingly. 
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Figure 1. Flowsheet of process 

(a) Or uranium recovery if warranted; (b) Optional step- see text; 
(c) Or used to precipitate sodium rare. earth sulphates free from thorium 
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CHEMICAL EXTRACTION OF THORIUM 

Various processes proposed up to 1958 for the extrac
tion of thorium from ores and mineral concentrates 
[7, 8, 9] have been critically reviewed by Wylie [10]. 
In a more recent development due to Crouse, Brown 
[11, 12] and others [13], the amine liquid-liquid extrac
tion process has been applied to the separation of tho
rium from liquors obtained by decomposing monazite 
with sulphuric acid. In all these processes the thorium 
produced must be further refined by solvent extraction 
to obtain material of nuclear grade. Tributylphosphate
thorium nitrate systems have been favoured for this 
purpose [16, 17, 18]. 

In an earlier sulphuric acid process designed chiefly 
to yield rare earth hydroxides for conversion to glass 
polishing powders, Pilkington and Wylie [14, 15] and 
Urie [5] proposed to recover thorium from monazite 
in two approximately equal fractions, one associated 
with rare earths and the other with "waste" sulphuric 
and phosphoric acids. Conditions have now been found 
for channelling all thorium into a single rare earth 
fraction, leaving the bulk of the uranium in the waste 
acid solution and thus greatly simplifying the whole 
process. Rare earths and thorium are later separated 
by a simple and economic process leaving a crude 
thorium concentrate in laboratory yields exceeding 94%. 

The principal features of this simplified process 
are, firstly, the quantitative co-precipitation of thorium 
with rare earths by means of recycled sodium sulphate 
liquor; secondly, conversion of the double sulphate 
precipitate to hydroxides; and finally, the selective 
leaching of the hydroxides with sulphuric acid to 
separate thorium from the rare earths. Further 
refining by chemical means is considered unjustifiable 
and the hydroxide concentrate may be treated with 
excess nitric acid to obtain thorium nitrate solutions 
suitable for refining to nuclear grade material by 
either of the solvent extraction techniques developed 
by Menzies and Rigby [16] from earlier work by 
Audsley and co-workers [17, 18]. 

Description of process 

Stage I. Decomposition of monazite. Unground 
monazite sand, preferably a high grade concentrate 
similar in composition and grain size to the material 
previously described, is decomposed with 96% sul
phuric acid at 220 oc. The 2 : 1 weight ratio of acid 
to sand representsthe minimum quantity of acid re
quired to obtain a stirrable paste at the end of the 
3 hour digestion period. Decomposition of monazite 
is virtually complete [14]. 

Stage 2. Co-precipitation of sodium rare earth double 
sulphate and thorium sulphate. For maximum elimina
tion of phosphoric acid and recovery of over 99% 
thorium and rare earths, the pasty mixture ofsulphates 
containing phosphoric acid and excess sulphuric acid 
is cooled to 50 oC and vigorously stirred into a cold 
concentrated solution of sodium sulphate recycled 
from Stage 3. A suitable uranium oxidant is added 
beforehand to avoid co-precipitation of uranium(IV) 
with rare earths and thorium. Although the amount of 
sodium sulphate recommended (Fig. I) is only slightly 
in excess of that found in the precipitate, Table I 
shows that high yields of thorium can be obtained 
provided a high sulphate concentration (i.e., low 
precipitation volume) is maintained. In addition, 
phosphate contamination of the double sulphate is 
minimised (Table 1). A temperature of 90 oc should 
be maintained for approximately 1 hour and the preci
pitate filtered hot to ensure a virtually quantitative 
yield of thorium. Filtration is rapid if 0.5% gelatin 
solution is added to the suspension to flocculate col
loidal silica. 

Stage 3. Conversion of mixed sodium rare earth and 
thorium sulphates to mixed rare earth and thorium 
hydroxides. The mixed double sulphates are heated 
with a 10% excess of 15% sodium hydroxide solution. 
Exothermic decomposition forms a dense, easily 
settling form of mixed hydroxides. Heating at boiling 
point should be continued for 30 minutes to complete 

Table 1. Effect of precipitation volume on yield of thori urn co-precipitated '!Yith 
sodium rare ear!h sulphates 

Conditions : I 00 g sand decomposed; paste stirred into various 
volumes containing 45 g of sodium sulphate; immediate filtration after I h at 90 oC 

Weight ratio of sulphuric acid: monazite sand 

Solution volume. 
ml 

ThO, 
Yield% 

500 
250 
125 

a Ratio formerly used [14]. 
• In air-dried material. 

86 
97 
99 

2:1 

' Phosphate elimination from thorium, 99%. 

2.8 : I" 

P20/~ ThO, 
content % yield % 

1.50 94 
1.10 98 
0.60 99 

P205b 
content % 

1.33 
0.53 
0.27C 
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the reaction and improve filtration properties. The 
relic structure of the hydroxide particles has been 
described [14]. To prevent oxidation of cerium(lll) 
to cerium(IV), which follows thorium in the process, 
the filter cake should be kept covered with water or 
blanketed with nitrogen. Alternatively a little sul
phurous acid should be added to the wash water and 
the filter cake immediately leached as described in the 
following section. 

The filtrate from Stage 3, with the addition of the 
prescribed quantity of wash water (Fig. 1), contains 
sodium sulphate at a concentration of 340 g/l. It is 
kept above 32 oc to prevent crystallisation and 
recycled in part as shown in Fig. 1. The bulk of the 
remainder is evaporated to recover sodium sulphate in 
anhydrous or hydrated form, or used as described 
in Stage 4. 

Stage 4. Selective leaching to remove thorium from 
mixed hydroxides. The filter cake of mixed hydroxides 
is slurried with cold, 33% sulphuric acid at a pulp 
density of 130 g/1 (9% solids). The acid requirement is 
85% of that needed for complete dissolution. The pH 
is allowed to fall.over a period of several hours to a 
near equilibrium value of 4.7 +0.1 at 20 oC, The 
semi-gelatinous thorium "hydroxide" filters slowly 
from the solution of rare earth sulphates. It should be 
washed by dispersion in water, the first wash being at 
pH 4.7. The over-all yield of thorium is 96%, quantita
tive recovery being possibfe only at the expense of the 
quality of the product. A typical washed concentrate 
loses approximately 50% in weight on drying in air. 
In terms of anhydrous oxides its composition is : 

Wt% 38 44 0.07 0.5 6.0 

so3 

3.0 

Acid 
insoluble** 

9.0 

The air-dried material dissolves readily in concentra
ted nitric acid to give feed solutions approximately 
1 M in thorium and 3-4M in nitric acid as required 
for the selected refining process [16]. Any yellow colour 
due to inadvertent oxidation of cerium(IIl) to cerium 
(IV) should be discharged by small additions of 10% 
hydrogen peroxide to the hot solution. 

Alternative chloride route. The more expensive 
chloride route can be followed if there is sufficient 
demand for by-product rare earth chlorides. The acid 
requirement is now 95% of theoretical and the final pH 
should be adjusted as before. The thorium concentrate, 
obtained in 95% yield, contains less sulphate (:::: 1 %) 
than the product of the all-sulphate route, but is 
otherwise similar in composition. Chloride ion in the 
washed product is less than 0.1 %. 

* Oxides of the lanthanons. 
** Silica and undecomposed beach sand minerals such a~ 

zircon, rutile, etc. 

Products and yields 

Thorium product. From 100 lb high grade monazite 
concentrate containing 6.9 lb thorium oxide, 6.6 lb 
thorium oxide is obtained by either the sulphate or 
chloride routes. This oxide is in the form of a crude 
hydroxide suitable for further purification by an 
established process. The over-all yield of thorium is 
thus 95-96%, and Urie [5] has shown that pilot plant 
yields in a similar process equal 90% of those obtained 
in the laboratory. 

By-products 

Sulphate route. The concentrated rare earth sulphate 
solution filtered from the final thorium concentrate 
(Fig. 1) is free from major impurities including phos
phate. It contains 56 lb rare earth oxides, equivalent 
to a yield of 90%. This solution is well suited for use 
as a feed solution in processes designed to separate 
rare earths by use of ion exchange resins [19], or 
solvent extraction with long chain alkylamines [20]. 
Alternatively, it could be treated with the 77 lb sodium 
sulphate otherwise available as a by-product of the 
process (see Fig. 1) to obtain high yields [14] of easily 
filterable sodium rare earth double sulphates contain
ing only traces of thorium. 

Chloride route. The rare earth chloride solution fil
tered from the final thorium concentrate may be eva
porated to a syrup and cooled. Mixed chlorides of the 
following composition (in terms of anhydrous oxides) 
solidify as hexahydrates : 

Wt% 

Th02 

0.5 

S03 

0.05 

There is no significant difference in yield of rare earths 
between the chloride and sulphate routes. 

Thorium-free rare earths. If required, the major 
proportion of the rare earth by-products can be 
obtained free from all traces of thorium, irrespective 
of which leach acid is used in Stage 4. For this, selective 
leaching should be halted when approximately 75% 
of the total rare earth oxides have been dissolved, and 
the suspension filtered to obtain a thorium-free pro
duct. Leaching of the thorium fraction is continued as 
before. The second and smaller rare earth fraction 
will, unavoidably, contain a higher proportion of 
thorium than quoted in the preceding paragraph. 

Reagent consumption and costs 

Reagents required per 100 lb monazite concentrate 
are 200 lb 96% sulphuric acid, 86 lb 33% sulphuric 
acid, and 55 lb sodium hydroxide as a solution of 
appropriate concentration. If the more expensive 
chloride route is justified because of a demand for 
by-products in chloride form, 110 lb hydrochloric 
acid would be needed in place of 86 lb 33% sulphuric 
acid. In either case adoption of the optional phosphate 
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removal stage (q. v.) would require an addition of 
12-15 lb sodium hydroxide. 

Cost of these reagents per lb thorium oxide is 
approximately 9s 4d for the sulphate route. For 
monazite purchased at £40 (Australian) per ton, 
total raw material and reagent costs therefore total 
14s ld to ISs 2d per pound of thorium oxide. Rare 
earth oxides are available in a concentrated sulphate 
solution or as sodium double sulphates at 1 s 6d 
per pound of oxide. 

This thorium is significantly cheaper in reagent cost 
than that produced by the French alkali process [21 ], 
(19s 6d per lb thorium oxide), and recent versions of 
the sulphuric acid process [22, 23]. It is almost identical 
in reagent cost with thorium produced by the process 
of Crouse and Brown, but the process described is 
considered to offer considerable advantage over the 
latter process with respect to flexibility and potential 
returns from disposal of by-products. 

DISCUSSION 

Co-precipitation of thorium with rare earths. The 
partial co-precipitation of thorium with mixed sodium 
lanthanon sulphates has been known for some 
time [14], the extent of co-precipitation depending on 
experimental conditions. The discovery of conditions 
for achieving quantitative co-precipitation of thorium 
has greatly facilitated subsequent processing. The 
quantity of sodium sulphate added, viz., 1.7 moles per 
mole of Ln20 3 , is much smaller than formerly used 
to precipitate the rare earths and may be compared 
with the composition of the air-dried precipitate, which 
is approximately 1.6 Na2S04 , Ln2(S04)a, 2.3 HP 
and 0.07 Th(S04)2• 

Phosphate content of products. The phosphate con
tent of the double sulphate product is less than a third 
of that obtained in the earlier process. As phosphate 
strongly complexes thorium, and may cause its preci
pitation at low acidities, separation of 97%-98% of 
the total phosphate in a single operation notably 
facilitates subsequent purification of thorium by solvent 
extraction. Up to 20% of phosphate* can be tolerated 
in the refining process of Menzies and Rigby [16]. 
The thorium concentrate prepared in this work 
contains 10-13% of phosphate and may therefore be 
dealt with satisfactorily. 

If greater flexibility of operation is required for the 
refining process it may be obtained by reducing the 
phosphate content of the final product to 1-2%. 
This can be accomplished most simply by digesting 
the crude thorium hydroxide concentrate in a closed 
vessel with sufficient 50% sodium hydroxide at 140-
150 ac to form a stirrable slurry. Approximately 
twice the theoretical requirement of sodium hydroxide 

to convert all basic oxides to hydroxides is needed and 
the expense of this operation can only be justified if 
equivalent economies result from improved operation 
of the refining process. 

Selective leaching ~vith sulphuric acid. Selective 
leaching of mixed thorium and rare earth hydroxides 
with sulphuric acid has occasionally been proposed 
in the literature but seldom applied in practice, in 
contrast to the use of hydrochloric acid. The separation 
offers no technical difficulties if adequate time is 
allowed for an equilibrium state to be approached. 
Simple control measures can be devised to prevent 
loss of thorium exceeding 4-5%. 

Problems of carbonate leaching processes. The relati
vely high cost of sodium hydroxide in Australia has 
stimulated investigation of processes designed either 
to replace sodium hydroxide or to leach sodium penta
carbonate selectively from sodium rare earth sulphates. 
Use of sodium carbonate in place of sodium hydroxide 
is technically feasible in Stage 3 of the process just 
described, but is complicated by formation of double 
sodium rare earth carbonates. Sodium carbonate must 
be removed from these before separating rare earth 
salts by selective leaching and no significant economy 
of operation can ultimately be achieved. 

The principal drawback to selective leaching of 
sodium rare earth sulphates with aqueous sodium 
carbonate is the low recovery of thorium. Although 
thorium can be quantitatively recovered from the 
resulting sodium thorium pentacarbonate solution 
by precipitation as a high grade hydroxide con
centrate* the over-all yield of thorium does not exceed 
80 + 5~~ however the process is carried out. Experiment 
showed that this was caused by co-precipitation of 
thorium in the lattice structure of the double sodium 
rare earth carbonates produced from the simple 
carbonates formed initially. Thus initially: 

1.5 Na2S04,Ln2(S04)a + 3Na2C03 

-----" Ln2(C03) 3 + 4.5 Na2S04, 

with a similar equation holding for thorium sulphate. 
The resulting thorium carbonate dissolves in excess 
reagent to give sodium thorium pentacarbonate. 
Co-precipitation then occurs : 

Na6Th(C0 3) 5 + Ln2(C03) 3 + 1.6 N~C03 
(soln.) (solid) (soln.) 
~ Na6(Th,Ln)(C03)s + 1.6Na2C03, (Ln,ThMCOa)a 

(soln.) (solid) 

The unsatisfactory yield of thorium obtained in 
attempts to leach sodium thorium pentacarbonate 
from mixed thorium and rare earth hydroxide is 
also attributed to the same basic cause. 

Role of uranium. The role of uranium(IV) and ura
nium(VI) in precipitation of sodium rare earth and 
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thorium sulphates has been previously investigated 
[24]. Since adequate decontamination of thorium 
from uranium can be achieved by solvent extraction if 
the initial uranium to thorium ratio in the feed solution 
is reduced to the levels investigated by Menzies and 
Rigby, an oxidant is added to the sodium sulphate 
liquor used in Stage 1 of the present process. Uranium 
(IV) is then converted to uranium(VI) and 90% of 
the total uranium passes into the waste acid liquor. 
It may be recovered, if required, by extraction with a 
suitable tertiary amine. Omission of an oxidant would 
cause a high proportion of the uranium to pass into 
the thorium concentrate. 

A further separation of two-thirds of the residual 
uranium occurs during the leaching operation of 
Stage 4, making the over-all separation of uranium 
in the process approximately 97%. Decontamination of 
thorium from uranium in the refining process should 
therefore offer little difficulty. 

CONCLUSIONS 

Present indications are that sufficient thorium could 
be obtained from Australian production of monazite 
to supply the needs of a nuclear power programme 
based on reactors of a type now under development in 
Australia. 

An inexpensive, sulphuric acid-based process has 
been developed to produce a crude thorium hydroxide 
concentrate suitable for solution in nitric acid and 
subsequent refining to nuclear grade thorium by a 
preferred solvent extraction process. 

The extraction process devised channels all thorium 
and rare earths into a single sodium double sulphate 
product, leaving phosphate and uranium in a waste 
acid solution. The double sulphates are converted to 
hydroxides which are then selectively leached to pro
duce a thorium concentrate with thorium, rare earth 
and phosphorus oxides in the weight ratio 1 : 1 : 0.1. 
There is a useful preliminary decontamination of 
thorium from uranium, and rare earth salts are useful 
by-products. 
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ABSTRACT -RESUME-AHHOTA~V1.s:I-RESUMEN 

A/521 Australie 

Une nouvelle technique de valorisation des 
ressources de thorium en Australie 

par A. W. Wylie et E. S. Pilkington 

L'Australie ne disposant pratiquement d'aucun gise
ment exploitable de thorium qui puisse etre compare 
au minerai d'oxyde et de silicate des regions uraniferes 
du Canada, le thorium s'obtient Iocalement a partir 

de Ia monazite. Les reserves totales de ce minerai ne 
sont pas connues avec precision, mais la production 
s'est rapidement accrue grace au developpement des 
industries s'occupant de !'extraction de !'ilmenite, du 
rutile et du zircon a partir des sables de plage. En 1962, 
Ia production de monazite raffinee a ete de 899 tonnes, 
provenant principalement des installations de traite
ment de !'ilmenite en Australie occidentale. Le reste 
est venu de Ia Nouvelle-Galles du Sud et du Queens
land. La presque totalite de cette production, y compris 
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les reserves accumulees de concentres, a ete exportee 
en Europe et aux Etats-Unis comme produit a haute 
teneur contenant 95 % et davantage de monazite. 

L'extraction du thorium a partir de Ia monazite 
n'a pas ete realisee commercialement en Australie. 
Cependant, il existe de nombreuses possibilites de le 
faire avantageusement si Ia Commission de I 'energie 
atomique australienne continue a s'interesser aux cycles 
de combustion Th-233U et Th-239Pu ou si d'autres 
debouches interessants se presentent. Plusieurs proce
des d'extraction inutilement compliques ont ete pro
poses. D 'autre part, plusieurs procedes abreges ne 
donnent ni un produit suffisamment pur, ni un rende
ment satisfaisant. On propose ici un procecte acide 
simplifie permettant d 'obtenir un concentre de thorium 
en effectuant un nombre limite d'operations avec des 
quantites minimales de reactifs peu couteux. Le rende
ment en thorium est superieur a 95 %. Le concentre 
contient un poids approximativement egal de terres 
rares so us Ia forme de carbonates ou d 'hydroxydes. 
En le dissolvant dans l'acide nitrique on obtient une 
solution-mere de nitrates se pretant a I 'extraction par 
le tributylphosphate comme solvant, procede de 
raffinage necessaire a Ia production du thorium de 
qualite nucleaire. 

Les phases principales du procede sont les suivantes : 
1) coprecipitation totale du thorium avec les terres 
rares au moyen d 'une solution recyclee de sulfate de 
soude; 2) conversion du precipite de sulfates doubles 
en carbonates doubles par I 'action d 'une solution de 
carbonate de sou de; 3) lixiviation selective des carbo
nates mixtes au moyen de l'acide sulfurique ou d'un 
autre acide afin de separer le thorium d'avec Ies terres 
rares. Au besoin, Ia teneur en phosphate du concentre 
de thorium residue! peut etre diminuee par un traite
ment a Ia soude caustique. 

Les sels des terres rares sont des sous-produits de 
valeur et on fait observer que, n'importe ou, le choix 
entre ce procede et le procede alcalin le plus rentable 
depend dans une large mesure du profit que I 'on peut 
retirer de Ia vente des sous-produits et de Ia forte 
difference de prix qui favorise I 'usage de I 'acide sulfu
rique en Australie. 

A/521 AacTpanHR 

HoBbiA MeTOA o6oraw.eHHH TOpHeBbiX 
PYA s AscTpanHH 

llocKoJihKY AncTpaJIHH no cyiQeCTBY He pacuo
JiaraeT npOMbiiiiJieHHbiMH MeCTOpO>Ki'];eHHHMH TO-

pHH, CpaBHHMbiMH C aanacaMH OKHCJieHHbiX H CH
JIHKaTHbiX PYA ypaHOBhlX MecTopomp;eHHH Rana
Ahl, TOpHH npHXOi');HTCH noJiylJaTb H3 MOHaiJ;HTOB. 
06IQHe 3aiiaCbl ::lTOfO MHHepaJia TOlJHO He H3BeCT
Hhi, op;HaKo p;o6M'Ia ero 6McTpo noapacTaeT no Me
pe pa3BHTHH nepepaOOTKH IIpH6pe>KHbiX neCKOB C 
n;eJihiO noJiy'leHHH HJihMeHHTa, pyTHJia n n;apKoua. 
B 1962 ro,a:y 6MJIO ,a:o6MTo 899 r o6oraiQeHuoro 
1\.IOHaiJ;HTa, B OCHOBHOM Ha aaBOi');aX, npoH3BOfl:H
~HX HJihMeHHT B 3anap;uoU: AncTpamiH. OcTaJib
nau 'laCTh 6MJia noJiyqeua B HonoM IOmuoM Y:mt
ce H RnHHCJieH,a:e. llo'ITH ncu aTa npop;yKn;nu BMe
cTe C HaKOIIJieHHhiMH aarraCaMH KOHIJ;eiiTpaTa 
oMJia BMBeaeHa B Enporry H CiliA B BH;'\e BhlCOKo
KalJeCTBenHoro npo,a:yKTa, co,a:epmaiQero CBhiiiie 
95% MOHaiJ;HTa. 

B AncTpaJIHH He npe,a:rrpaunMaJioCh rrorrMTor.; 
opraHH30BaTh H3BJielJeHHe TOpHH H3 MOHaiJ;HTa B 
npoMhiiiiJieHHOM MacrrrTa6e. O,a:uaKo HMeeTCH p;o
CTaTo'lnoe KOJIHlJeCTBO ycTaHOBOK, 'ITOObl p;eJiaTh 
:lTO peuTa6eJibHO, ecJIH y RoMHCCHH no aToMuoii 
:mepnm AncTpaJIHH coxpaHnTCH aanuTepeconau
nocTh B TOIIJIHBHbiX IJ;HKJiaX Th - U233 a Th -
Pu239 HJIH IIOHBHTCH ,a:pyrne BblfOJ!Hble B03MO>K
HOCTH COhiTa. Ilpe,a:JIO>Keno MHOfO CJIO>KHbiX Tex
HOJIOrJi'leCKHX CXeM H3BJIC'IeHHH TOpHH H MHOfO 
ynpoiQeHHhiX npon;eccon, He ,a:aiOIQnx, o,a:uai<o, 
J(eiiiCBOfO IIpo,a:yKTa COOTBeTCTBYIOIQCH 'IHCTOTbl. 
B HaCTOHIQee npeMH npe,a:JiaraeTCH ynpoiQeHHbiH 
«KHCJIOTHhiH>> npou;ecc, n peayJILTaTe IWToporo npn 
ue6oJihiiiOM liJfCJie ouepan;nii c ncrroJihaonauneM 
MHHHMaJibHbiX KOJIUlJCCTB He,a:oporHX peareHTOR 
liOJIY'IaCTCH TOpHCBblH 1\0HIJ;eHTpaT. JfanJielJeHHC 
TopHH upenhirrraeT 95%. B KoHn;euTpaTc co,a:ep
>KHTCH npn6JinanTeJihHo o,a:nuaKonoe no necy Ko
JrnqecTno pep;KoaeMeJibHbiX aJieMeHTOB, n BH)J;e Kap-
6ouaTon nmi ra,a:pooKnceii. IlocJie ero o6paooTKH 
aaoTHOH KHCJIOTOH IIOJIYlJaeTCH COOTBeTCTBYIOIQHH 
pacTBOp HHTpaTa fl:JIH Hpon;ecca >KHfl:KOCTHOH 3KC
TpaKIJ;HH TpHOYTHJI(poclf>aTOM, IT03BOJIHIOIQero pa
lf>auupoBaTb Topali: )1;0 H)J;epuoli: lfHCTOThi. 

0CHOBHhiMH OCOOeHHOCT HMH 3TOrO npon;ecca HB
JIHIOTCH: 1) KOJIH'IeCTBeHHoe coocam)J;eHue To pun 
C pe)J;K03CMCJlbHbiMH 3Jie:MeHTaMH pen;HpKyJIHpYJO
IQHM paCTBOpOM CYJII.tPaTa HaTpHa; 2) npenpa
IIJ;CHHe 6acyJILtPaTHoro oca)J;Ka B 6uKap6oHaT o6-
pa6oTKoii COfl:OBhiM paCTBOpoM; 3) CCJICKTHBHOC 
BbiiiJ;eJia'IHBaHHe CMerrraHHhiX Kap6oHaTOB cep
HOH HJIH )J;pyroii KHCJIOTOH )J;JIH OT)J;eJieHHH OT 
pe,a:KoaeMeJihHhix aJieMeHToB. Co)J;epmauae tl>octl>a
Ta B ITOJiylJaiOIIJ;eMCH TOpHeBOM KOHIJ;eHTpaTe MO
>KCT OhiTh npn Heooxo,a:nMOCTH cuameHo o6pa6oT
Koii 1\0HIJ;CHTpnpoBaHHOH KayCTH'IeCKOit CO)J;OH. 

fioJiy'laeMhie COJIH pe,a:K03eMeJibHbiX 3JICMCHTOB 
Irpep;cTaBJIHIOT co6oli: n;euuhle no6olJHhle npo)J;yK
Thi. 0TMeqaeTcH, 'ITO Bhi6op fl:JIH JII06oro aano.u;a 
JTOfO npon;ecca HJIH HaHOOJiee KOHKypeHTOCnOCOO
HOii: «IIJ;eJIOlJHOH>> TeXHOJIOfHH MO>KCT 3aBHCCTb B 
:m'alJHTeJihHOH cTeneua oT npa6I.IJIH, noJiy'laeMoii: 
B peayJihTaTC npo,a:a>KH IIOOO'IHbiX COJieH H KOJJe-
6auuif pbiHO'IHhiX n;eu ua xaMHKaTM. Mcxo)J;H ua 
nocJiep;uero tf>aKTopa, n AncTpaJJIIH npe)J;ITO'ITH
Tl'JihHee UCII0.1Jb30BaTb CepHyiO KHCJIOTy. 
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Aj521 Australia 

Un nuevo procedimiento para incrementar 
Ia importancia de las reservas australianas de 
to rio 

por A. W. Wylie y E. S. Pilkington 

AI no existir en Australia depositos explotables 
de torio comparables a los de minerales de oxido 
y de silicatos de los campos uraniferos canadienses, 
el torio local debe obtenerse a partir de Ia monacita. 
Las reservas de este mineral no se conocen con pre
cision, pero Ia produccion se ha incrementado nipida
mente con el crecimiento de las industrias de tratamien
to de arenas de playa para Ia obtencion de ilmenita, 
rutilo y circon. En 1962 se produjeron 899 toneladas 
de monacita refinada, procedente Ia mayor parte de 
las instalaciones de tratamiento de ilmenita del oeste 
de Australia, el resto de Nueva Gales del Sur y de 
Queensland. Casi toda esta produccion, junto con 
reservas acumuladas de concentrado, fue exportada 
a Europa y a los Estados Unidos en forma de produc
to de alto contenido, con mas del 95 % de monacita. 

La extraccion de torio a partir de Ia monacita no 
se ha intentado en Australia a escala comercial. 
Sin embargo, existen instalaciones capaces de reali
zarla en condiciones economicas si Ia Comision 
Australiana de Energia Atomica mantiene su interes 
en los ciclos de combustible Th-233U y Th-233Pu, 
o bien si surgen otras salidas comercialmente atrac
tivas. Para esta extraccion, algunosde los procesos pro
puestos son innecesariamente complicados, mientras 
que muchos otros procesos simplificados, no conducen 

a un producto de puerza adecuada con rendimiento 
economico. En esta memoria se propone un nuevo 
proceso acido simplificado en el que se produce un 
concentrado de torio despues de un corto numero 
de pasos con cantidades minimas de reactivos baratos. 
La produccion de torio es superior al 95% (del 
contenido ). El contenido en los concentrados aproxi
madamente iguala, en peso, al de tierras raras en 
forma de carbonatos e hidroxidos. Despues de disol
verse en acido nitrico, se suministra una solucion 
apropiada de nitrato para el proceso de extraccion 
con fosfato de tributilo como solvente, proceso 
necesario para separar el , torio basta alcanzar Ia 
pureza nuclear. 

Las caracteristicas principales del proceso son: 
a) precipitacion cuantitativa simultanea del torio 
con tierras raras por medio de una solucion reciclada 
de sulfa to sodico; b) conversion del precipitado doble 
de sulfatos en precipitado doble de carbonatos me
diante el tratamiento con una solucion de carbonato 
sodico; c) lixiviacion selectiva de los carbonatos 
mezclados con una Jechada de sulfUrico o de otro 
acido para separar el torio de las tierras raras. El 
contenido en fosfato del concentrado residual de 
torio puede disminuirse, si interesa, tratandolo con 
hidroxido sodico concentrado. 

Las sales de tierras raras son subproductos valiosos; 
se sefiala que Ia eleccion, en un Iugar dado, entre este 
proceso y el mas competitivo proceso alcalino puede 
estar determinada en gran parte por el aprovecha
miento de los subproductos y Ia marcada diferencia 
de precios que favorece el uso del acido sulfUrico en 
Australia. 



Pf768 Argentina 

Aplicaci6n de Ia lixiviaci6n en 
en el tratamiento de minerales 

pilas (heap-leaching) 
argentinas 

por A. M. Cecchetto, R. C. Coppa, R. Del Boca, A. Licha y P. N. Stipanicic * 

Dentro del territorio argentino existe un numero 
de depositos uraniferos, en los que a causa de Ia inci
dencia desfavorable de diversos factores no se hace 
posible la concentracion economica de Ia totalidad 
o parte de sus minerales por debajo de 8 US $/Ib U30 8, 

aplicando los metodos convencionales de proce
samiento, por Io que los mismos no resultarian apro
vechables en el presente. AI respecto, se distinguen 
tres casos fundamentales: 

a) Yacimientos de volumenes discretos o grandes, 
con menas de baja ley, las que no soportan los costos 
de tratamiento ni la amortizacion de las plantas 
chisicas; 

b) Yacimientos con menas de ley norm~! o aun 
altas y aptas para su proceso por las vias conven
cionales, pero cuyas reservas no justifican la instala
cion de plantas en sus cercanias, a la vez que sus 
distancias basta los centros de concentracion impiden 
su trans porte, por la fuerte incidencia de los fletes; 

c) Yacimientos parcialmente aprovechables en sus 
sectores con leyes normales, cuyas menas soportan 
los gastos de explotacion minera, transporte y procesa
miento convencional, pero en los que se hace necesario 
dejar en mina cantidades importantes de uranio, 
contenido en minerales de baja ley, los que no pueden 
hacerlo si inciden los tres factores citados en toda 
su extension. 

Ejemplos tipicos del primer caso lo constituyen los 
yacimientos de los distritos Tinogasta (Catamarca) y 
Punilla (Cordoba), en los cuales las reservas uranife
ras alcanzan cifras de consideracion, pero sus minerales, 
por su baja ley, no resultan economicamente apro
vechables en la actualidad, ya que no pueden soportar 
los costos totales de procesamiento. 

En Ia tabla I se incluyen algunos de los yacimientos 
uraniferos argentinas que quedarian comprendidos 
en los casos citados en b) y c). Sus minerales, entre el 
costo del flete y el precio propio, entrarian en la 
planta mas cercana con un valor tan elevado que 
dejarian a veces un margen insuficiente para su 
concentracion economica y otras, Io impedirian 
directamente, salvo que se recurriera a explotar en 
forma muy selectiva los sectores mas ricos de los 

* Comisi6n Nacional de Energia At6mica. 
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respectivos depositos, dejando en los mismos canti
dades apreciables de uranio sin extraer. 

Asi, varios yacimientos con !eyes normales, como 
los distritos Sierra Cuadrada y Rio Chico, en Chubut 
(« Sierra Cuadrada », « Canadon Gato », « Cana
don Kruger», etc.); Rahueco y Chihuidos, en Neuquen 
(« La Primera », « Maria Teresa», etc.);· Jachal, en 
San Juan (« Cerro Aspero », « La Cuesta», etc.) 
y « San Roque », en La Rioja, no podrian ser explo
tados en el presente, pues sus respectivos minerales 
Ilegarian a las plantas mas cercanas con un valor 
complexivo por flete y costo propio, oscilante entre 
10 y 22 dolares por kg de U30 8 recuperable, aun 
para el caso de menas con tenores uraniferos elevados 
(p. ej., « Maria Teresa», con 0,39% U30 8). 

En otro grupo de yacimientos, como los de los 
distritos Sanogasta (« San Victorio », « Santa Brigida», 
etc.) y Guandacol (« Sonia », « La Martita », « Ureal », 
etc.) en La Rioja; San Isidro (« Soberania », etc.) 
en Mendoza y Comechingones (« Estela », etc.) en 
San Luis, solo resultarian aprovechables los minerales 
mas ricos, con !eyes por lo general superiores a 
0,2% U30 8 , debiendo dejarse en mina, sin extraer, 
volumenes importantes de uranio, contenido en menas 
con ten ores discretos y aun normales (0, I a 0,2 % 
UaOs). 

Finalmente, otro ejemplo tipico lo constituyen los 
depositos del grupo Huemul, en Mendoza(« Huemul », 
« Agua Botada », << Arroyo Seco », etc.), los que aba
stecen de mineral a Planta Malargi.ie, con ley media 
de entrada a la misma de 0,18% U30 8• Para alcanzar 
tal contenido, el tenor de corte minimo en boca mina 
no puede bajar de 0,06 % U30 8, lo que obliga a dese
char proporciones elevadas de material ya extraido 
con valores que oscilan entre 0,04 y 0,06 % U30 8, 

o bien dejar de explotar panos enteros del yacimiento, 
con leyes del mismo orden. 

Los casos anteriores movieron a Ia Gerencia de 
Materias Primas de Ia CNEA a buscar una solucion 
a los problemas citados, tendiendo a posibilitar no 
solo el aprovechamiento economico de los minerales 
de yacimientos alejados o de baja ley, sino tambien 
lade permitir una explotacion mas integral y organica 
de los mismos y de otros que poseen reservas apre
ciables con tenores marginates, a! !ado de las actual-
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Tabla 1 

Yacimiento Planta concentraci6n Cos to kg U 30 8 recuperable en 
mineral entrado planta (en US $) 

Ley Distancia Rto. 
Minas ?~ km % Flete Valor Cos to 

U30s mineral total 

San Yictorio, etc. (La Rioja) 0,1 85 6,60 3,90 12,50 
0,15 470 90 5,40 4,25 9,65 
0,25 90 3,25 4,25 8,50 

San Roque (La Rioja) . 0,175 430 70 7,15 5,50 12,65 

La Martita, etc. (La Rioja) . 0,15 85 9,15 4,45 13,60 
1,0 580 95 1,25 5,00 6,25 

Cerro Aspero, etc. (San Juan) . 0,15 90 9,75 4,25 14,00 
0,25 750 90 5,85 4,25 10,10 

Soberania, etc. (Mendoza) 0,15 90 6,50 4,25 10,75 
0,22 650 90 4,40 4,25 8,65 

Estela (San Luis) 0,1 90 8,45 3,90 12,35 
0,15 620 94 5,40 4,05 9,45 
0,28 95 2,85 4,05 6,90 

La Primera, etc. (Neuquen) . 0,165 400 90 14,25 4,25 18,50 

Maria Teresa, etc. (Neuquen) . 0,15 400 90 15,70 4,25 19,95 
0,39 90 6,00 4,75 10,75 

Cafiad6n Gato, etc. (Chubut) . 0,15 2 450 90 15,15 4,25 19,40 

Sierra Cuadrada (Chubut) 0,15 2 570 90 17,85 4,25 22,10 

Nota: En los costos de los fletes inciden no solamente las distancias sino tambien las ubicaciones geograficas y 
topograficas de los yacimientos, Ia calidad de los caminos, cercanias a las rutas principales, etc. 

mente recuperables. La situacion de estos depositos 
argentinas se relaciona, por otra parte, con un hecho 
indiscutible y perfectamente fundamentado por varios 
autores [1-3] sobre la necesidad creciente de recurrir 
a minerales de uranio, que por sus caracteristicas, 
ubicacion de sus yacimientos o por su baja ley, no 
permiten un tratamiento por el ch1sico metodo de 
agitacion. 

La tecnologia a aplicar, en lineas generales, se oriento 
en Ia Argentina segun dos sentidos: a) eliminacion 
de la incidencia del cos to del trans porte; b) maxima 
reduccion de los costos totales de procesamiento. 

Sobre tales bases quedo sentada la absoluta necesi
dad de que el procesamiento, total o parcial, se hiciese 
en las minas o en sus cercanias y que en Ia etapa de 
lixiviacion deberia reducirse al maximo Ia incidencia 
de cuatro factores que afectan fundamentalmente a 
los costos de produccion: grado de molienda, consumo 
de reactivos, consumo de energia y amortizacion de 
equipos de alto precio. Desde un principio, se considero 
que dos variantes ofrecian soluciones posibles al 
problema: a) lixiviacion del mineral in situ, dentro 
de la mina; b) lixiviacion del mineral en pi las. 

El primer sistema tiene posibilidades de aplicacion 
muy limitadas, y por el momento solo se lo piensa 
ensayar en algunos sectores del yacimiento « Don 
Otto », en Salta, para recuperar el uranio de sectores 
con baja ley, cuyos minerales no soportan los costos 
de explotacion minera. 

Por dicho motivo, se presto especial atencion al 

segundo camino, el de Ia lixiviacion en pilas, al que 
se dedi co un grupo de trabajo, creado al efecto: el 
Departamento de Lixiviacion Natural de Ia Gerencia 
de Materias Primas, el cual comenzo a estudiar y 
ensayar el comportamiento a la lixiviacion en pilas 
de un numero elevado de minerales uraniferos argen
tinas, sea bajo tratamiento acido, alcalino 0 mediante 
sales hidrolizables, investigando en cada caso Ia 
influencia de diversos factores, como se detalla mas 
adelante. 

MliTODO APLICADO 

Consideraciones fisico-quimicas 

Son conocidas las condiciones basicas que rigen el 
proceso de Ia lixiviacion y que se han definido asi [4]: 
a) las substancias a extraer deben quedar expuestas; 
b) las partes expuestas de las substancias han de ser 
accesibles al agente lixiviante; c) debe producirse el 
transporte de las substancias desde los lugares 
expuestos al seno de Ia solucion lixiviante. 

Salvo el tercero, estos criterios son de naturaleza 
fisica, debiendose notar que Ia movilidad de los 
compdnentes desde puntos expuestos en Ia super
ficie de una particula se puede hacer efectivo por 
conveccion (extraccion por agitacion), mientras que 
el transporte desde puntos interiores de la particula 
se efectua generalmente por difusion. 

El metodo de lixiviacion en pilas es una aplicacion 
caracteristica de extraccion solido-liquido basada 
en el ultimo concepto. Pero Ia definicion de los 
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panimetros adecuados que caractericen los aspectos 
fisicos de este tipo de lixiviacion es un problema aun 
no completamente esclarecido. 

En principio, hay que considerar el equilibrio que 
se tiende a alcanzar durante la operacion y la velocidad 
con que se llega al mismo, en funcion de los diversos 
factores que pueden afectar a una y otra. Estos factores 
pueden ser: la porosidad, la superficie especifica, la 
permeabilidad, la difusibilidad y la tension superficial. 
La determinacion de los dos primeros (porosidad y 
superficie especifica) permitirian asimilar este caso al 
escurrimiento laminar de un fluido a traves de una 
capa porosa, entrando en el dominio gobernado por 
la ecuacion de Kozeny-Carman [5]. 

El conocimiento que se posee sobre la interfase liqui
do-solido es escaso y por ello el mecanismo primario 
del cambio de fase de un soluto presente inicial
mente en forma solida, del cual depende la cinetica 
del proceso, permanece oscuro, haciendo imposible 
el desarrollo de una teoria general para esta operacion, 
similar a las que se establecen para el intercambio 
liquido-liquido o liquido-gas. Ademas, la aplicacion 
de las ecuaciones de difusion conduce a resultados 
dudosos debido a la inftuencia de otras fuerzas, como 
p.ej. la capilaridad. 

Puestos en la necesidad de obtener datos valederos 
para su utilizacion en escala productiva industrial, 
esta primera etapa de estudios se encaro en la Argen
tina en funcion de su aplicabilidad inmediata, pero 
permitio, no obstante ello, evidenciar ciertas obser
vaciones interesantes. 

Glosario de terminos adoptados 

Con el objeto de uniformar una terminologia que 
defina el concepto de ciertos factores empiricamente 
adoptados y de algunos estados que rigen la opera
cion, se establecio el siguiente glosario: 

I. Lixiviaci6n en pilas: es el equivalente a la expre
sion anglo-sajona heap-leaching y a la expresion 
francesa lixiviation en tas. No define el mecanismo de la 
operacion, sino la conformacion geometrica del sistema. 

2. Velocidad de percolaci6n: es el volumen de Jiquido 
que atraviesa una seccion de la pila en la unidad de 
tiempo. Se expresa en litros por bora y por metro 
cuadrado (1/h m2). 

3. Velocidad de circulaci6n: es el volumen de liquido 
que circula a traves de cierta masa de mineral en la 
unidad de tiempo. Se expresa en litros por dia y por 
tonelada (1/d t). 

4. Volumenes de soluciones que intervienen en la 
lixiviacion: 

a) Volumen total ( Vt): es igual a la sum a de los 
volumenes circulante, humectante y empapante 
(Vt = Vc + Vh + Ve); 

b) Volumen circu!ante ( Vc): es la cantidad de 
liquido al exterior del sistema; 

A. M. CECCHETTO et a/. 

c) Volumen humectante (Vh): es la cantidad de 
liquido que retiene una pila una vez drenado el 
volumen empapante. Corresponde a la « humedad 
maxima » que retiene el mineral en las condiciones 
de la experiencia o del proceso; 

d) Vo/umen empapante ( Ve): es la cantidad de 
liquido circulando en el interior de la pila mientras 
se realiza un riego constante. Corresponde al 
volumen de solucion distribuido en los espacios 
intergranulares del mineral. 

5. Neutralizaci6n: periodo comprendido entre el 
comienzo de la acidificacion y el momento en que los 
liquidos de salida alcanzan pH 3,0. 

6. Extracci6n: periodo que se extiende desde el 
momento en que los liquidos de salida acusan pH 3,0 
basta que se alcanza la maxima solubilizacion del 
uranio presente en el mineral. 

7. Lavado: periodo definido por el desplazamiento 
de la solucion fertil empapante mediante soluciones 
frescas, basta llegar en la solucion de salida a la minima 
concentracion compatible con la economia del 
proceso *. 

TECNOLOGfA 

Como se ha dicho, hay una necesidad mundial 
creciente de recurrir a minerales de uranio que por 
sus caracteristicas, ubicacion de sus yacimientos o 
por su baja ley no permiten su beneficio economico 
por el metodo clasico de extraccion solido-liquido 
con agitacion. Para estos casos adquiere singular 
importancia la definicion de un metodo de lixiviacion 
que reduzca cuatro factores que inciden notoriamente 
en los costos de produccion: grado de molienda, con
sumo de reactivos, consumo de energia y amortiza
cion de equipos. A la vez, si el objetivo es llegar a un 
preconcentrado intermedio, se deben regular las 
condiciones de tratamiento a fin de alcanzar la mayor 
selectividad de extraccion con respecto al uranio, 
ya que reduciendo la incorporacion de elementos 
extrafios se obtiene una mayor ley en dicho metal 
en el producto intermedio. La tecnologia a aplicar en 
el metodo de la lixiviacion, sea en columnas o en pilas, 
es la siguiente: 

El mineral, reducido al grado optimo de granulo
metria y dispuesto segun cierta forma geometrica, es 
regado desde la superficie superior por la solucion 
lixiviante. El riego se realiza mediante la formacion 
de un espejo de liquido y la velocidad de circulacion 
se regula con una capa de arcilla de espesor variable. 

La solucion que se difunde a traves de la masa de 
mineral, en el transcurso de recirculaciones sucesivas 
neutraliza, en primer termino y tratandose de 
lixiviacion acida, la alcalinidad del mineral y luego 

* Evidentemente, no hay una delimitaci6n neta entre los tres 
periodos con relaci6n al grado de extracci6n del uranio. Se 
adoptan estas definiciones al solo efecto de una mejor interpre
taci6n de la evoluci6n del proceso. 
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Imcm la extracci6n neta del uranio y parte de los 
elementos acompafiantes. 

Cuando la soluci6n lixiviante llega ala carga maxima 
en uranio, definida por el maximo rendimiento de 
extracci6n obtenible, se separa del sistema y se pre
cipita con lechada de cal. 

Ensayos en escala de laboratorio 

Un primer ensayo exploratorio se realiza en colum
nas de vidrio de 0,50 m de altura y 0,05 m de diametro. 
Demostrada la aptitud del mineral para ser tratado 
por este metodo, se pasa al primer ensayo riguroso en 
columnas de 2,00 m de altura y 0,30 m de diametro. 

A continuaci6n se detallan algunos ejemplos de 
ensayos efectuados sobre minerales de yacimientos 
argentinos. 

« Estela » (San Luis) 

Mena de ganga acida, constituida por un granito 
brechoide, en partes muy meteorizado y atravesado 
por venas de fluorita fetida. La especie uranifera domi
nante es uranofano, la cual impregna en delgadas 
capas el granito y la fluorita. Los datos corresponden 
al caso extremo de una recuperaci6n de escombreras 
con ley 0,032% U30 8• El mineral, triturado a 10 mm, 
de modo tal que se obtiene un 50% entre mallas 2 y 
5 Tyler, se trat6 durante 140 dias con soluci6n de 
acido sulfurico a pH 2, manteniendo una velocidad 
de percolaci6n de 15 1/h m2

• El rendimiento de extrac
ci6n fue de 87,5% en U30 8• 

« Los Adobes» (Chubut) 

La mena esta constituida por un sedimento arenoso 
conglomeradico, con cemento siliceo y minerales 
amarillos de uranio (uranofano, schroeckingerita 
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y fosfuranilita), que tapizan los granos menores. La 
muestra, con una ley de 0,16 % U 30 8 , triturada a 
10 mm, fue sometida a dos tratamientos comparativos: 

a) Con acido sulfurico en so1uci6n a pH 1,5; 
b) Con sulfato ferroso incorporado en la masa 

del mineral, en una relaci6n del 4 % de S04Fe 
· 7 H20 y regado con agua. 
En este ensayo orientativo, los rendimientos de 

extracci6n alcanzaron al 85 y 75 %, respectivamente, 
para los dos casos sefialados (figura 1 ). 

«Palo Quemado>> y «Marfa Teresa» (Neuquen) 

Caracterizados como menas complejas de uranio, 
vanadio y cobre. La mineralizaci6n de uranio consiste 
principalmente en carnotita, a la que se asocian mine
rales carbonatados de cobre, volborthita, hematita, 
jarosita y materia carbonosa. 

Elementos 

Granulometria . 
Velocidad percola-

ci6n ...... . 
Tiempo tratamiento. 
Soluci6n lixiviante . 

« Palo Quemado )> 

Ley Rto. 

0,14% 90,0% 
3,21% 96,7% 
2,74% 27,0% 

75% entre M 5 y 50 

10 1/h m 2 

160 dias 
S04H2 a pH 1,0 

« Maria Teresa >> 

Ley Rto. 

0,33% 91,0% 
0,69% 93,2% 
4,50% 22,3% 

80 % entre M 5 y 50 

10 1/h m 2 

135 dias 
S04H 2 pH 2,0 

(60 dias) 
S04H 2 pH 1,0 

(75 dias) 

<< Don Otto » (Salta) 

La mena esta constituida por material areniscoso y 
lutitico. El componente psamitico se integra con granos 
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de cuarzo cementados por material arcilloso y el 
lutitico esta constituido por arcilla levemente compac
tada en forma de laminas. Las especies minerales son: 
meta-autunita, tyuyamunita, schroeckingerita y car
notita. 

En Ia figura 2 se reproducen los resultados de dos 
ensayos comparativos: a) incorporando sulfato ferroso 
en Ia masa del mineral, a razon de 30 kg de S04Fe 
· 7 H 20/t; b) incorporando sulfato ferrico a razon de 
21,6 kg de (S04) 3Fe2 por tonelada de mineral, regando 
en ambos casos con agua. 

Los rendimientos de extraccion para los dos casos 
seiialados fueron de 82 y 74 %, respectivamente. 

Estos resultados abren favorables perspectivas 
para el reemplazo del acido sulfUrico, de dificil y 
costoso acarreo basta el yacimiento « bon Otto >>, 
por materias solidas productoras de acido por bidro
lisis en el seno de una pila. 

Ensayos en escala piloto 

La realizacion del ensayo en esta escala permite 
definir con razonable exactitud las condiciones optimas 
de operacion. La experiencia se lleva a cabo en una 
columna de 4 m de altura y 1,30 m de diametro, que 
en la parte inferior posee un lecbo filtrante de 0,30 m 
de espesor, constituido por capas sucesivas de grava 
de 2 y 1 pulgada, arena gruesa y fina. U n deposito 
superior permite mantener el riego constante de Ia 
columna durante 24 boras. Un deposito colector en Ia 
base reune los liquidos de drenaje: cad a 24 boras se 
reajusta el pH y por bombeo se lo envia nuevamente 
al deposito superior para repetir el ciclo. Cuatro 
embudos colectores dispuestos en el seno del mineral 
a distintas alturas permiten recibir muestras de 
liquido. 

Se reproducen los resultados del ensayo que se 
efectuo sobre el mineral del yacimiento cc Don Otto », 
cuya composicion es Ia siguiente: 

Perdida por calcinaci6n 
U 30 8 . 

P205. 
Al20 3 

CaO. 
Fe20 3 

Si02 • 

Condiciones de operacion: 

Tiempo de tratamiento . 
(neutralizaci6n y extracci6n). 
Consumo de acido sulfurico. 
Volumen total de liquido 
Relaci6n s6lido-liquido. 

Rendimientos: 

a) Por fracci6n granulometrica: 

7% mayor de 22,6 mm (0,33% U30 8) 

38% entre 22,6 y 4 mm (0,22% 
UaOs) ........... . 

55% menor de 4 mm (0,12% U30 8) 

2,2% 
0,165% 
0,195% 

16,0% 
2,0% 
1,7% 

72,0% 

206 dias 

18 kg/t 
229 1/t 

4,4/1 

87,9% 

90,0% 
90,9% 

A. M. CECCHETTO et a/. 

b) Por altura de columna: 
Basta 1 metro. 
Basta 2 metros 
Basta 3 metros 
Basta 4 metros 

94,0% 
88,5% 
87,3% 
87,3% 

Como solucion lixiviante se empleo en princ1p10 
acido sulfUrico a pH 1,5 y a partir de los 125 dias 
a pH 1,2. Un pH mayor no es aconsejable en razon 
de la interferencia del fosforo presente en Ia especie 
mineralogica. 

El sistema de riego adoptado (recicle permanente 
de la solucion con ajuste de pH), permitio alcanzar 
una concentracion en U30 8 de basta 7 g/1. El tiempo 
de tratamiento es susceptible de ser reducido a 180 dias 
si se lo inicia directamente a pH 1,2 y si simultanemente 
se abrevia el periodo de neutralizacion aplicando la 
maxima velocidad de percolacion admitida por el 
sistema (30 1/b m 2), basta llegar a pH 3,0 en los 
liquidos de salida. 

En la curva que representa el consumo de acido 
en funcion del tiempo se evidencia un becbo intere
sante: en el periodo de extraccion se revel a a paren
temente una condicion de equilibrio indicada por la 
relacion (( kilogramo de acido consumido por tonelada 
y por dia », y que para este caso especifico resultaria 
igual a 0,08 kg/t dia, aproximadamente. 

Esta condicion estaria ligada con la tendencia a 
mantenerse constante la diferencia de los pH de 
entrada y de salida de los liquidos durante el periodo 
de extracion, para condiciones estables de percolacion. 
La misma podria der el valor de la relacion cc acidez
velocidad de circulacion-tiempo de contacto ». Es 
posible que este concepto indique una constante para 
cada tipo de mineral, definida como su capacidad 
para ser extraido en funcion del tiempo. 

Con el objeto de establecer una relacion mas ajustada 
entre los resultados de un ensayo experimental y los 
de una pila de produccion, es conveniente ampliar 
el criterio de representacion grafica: a) graficando las 
variables fisico-quimicas del proceso en funcion del 
tiempo, como control de las condiciones de trabajo 
del proceso; b) graficando las variables quimicas puras 
en funcion de los kilogramos de acido consumido por 
tonelada de mineral, como observacion de las condi
ciones quimicas del proceso. El factor cc kg/t » aparece 
en el sistema 1 como curva operativa y en el sistema 
2 como coordenada. Este factor relaciona los dos 
sistemas. 

La figura 3 es un ejemplo de representacion segun 
el segundo criteria, y corresponde a la evolucion de 
los valores de concentracion, rendimiento y pH de 
salida en funcion de los kilogramos de acido sulfurico 
por tonelada de mineral consumidos por el sistema. 

Con los datos obtenibles de estas curvas es relati
vamente sencillo predecir en forma aproximada la 
composicion del precipitado calcico en cualquier 
momenta de la operacion. Para ello, basta aplicar la 
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formula que se acompafia, en Ia cual los simbolos 
entre parentesis expresan « concentracion en gjl », 
y cuya resolucion da por resultado los gramos de 
preconcentrado calcico seco a obtener por litro de 
solucion a precipitar: 

Ps = I,7(U30 8) + 5,0(Al20 3) + 3,5(Fe20 3) 

+ (P20 5) + I,4) S04H 2 libre) 

Ensayo en escala ex peri menta I 

Se realiza para verificar la repeticion de los datos 
ofrecidos por el ensayo piloto. Consiste en el funcio
namiento de una pila de 700 toneladas de mena, de 
forma tronco-piramidal, condos de sus !ados limitados 
por el talud natural del mineral y los otros dos 
por un cerco perimetral, tal como se describe mas 
adelante. 

La conclusion mas importante que permitio esta
biecer este ensayo es la inftuencia del talud. Este sector 
prismatico triangular no se humecta uniformemente y 
las soluciones que provienen del cubo central migran 
por Ia parte inferior del talud bacia los hordes de la 
pila, desde donde ascienden por la cara exterior, se 
evaporan y precipitan sales de uranio cristalizadas. 

DESCRIPCI6N DE UNA INSTALAC16N 
PRODUCTIVA INDUSTRIAL 

El objetivo de esta primera instalacion fue el tra
tamiento de 36 000 toneladas del yacimiento « Don 
Otto», con una ley media de 0,15% U30 8• 

El mineral, groseramente triturado (30% entre 12 
y 50 mm y 70% de I2 mm), se dispuso sobre plan
chadas impermeabilizadas y con suave declive bacia 
uno de los angulos, con una capacidad de carga de 
2 000 toneladas cada una y con una altura media de 
4 metros. La impermeabilizacion se obtuvo disponiendo 
bandas de fieltro asfaltico sobre la superficie lisa de la 
planchada, superponiendo los bordes de las bandas 
y soldandolas con asfalto fundido. Se depositaron 
luego capas sucesivas de asfalto fundido basta alcanzar 
un espesor de 5 mm, distribuyendo finalmente arena 
muy fina para lograr una mayor consistencia. El 
cerco perimetral se construyo con parantes de madera, 
reforzados con puntales a 45°. Para unir los parantes 
se dispusieron 5 filas horizontales de rieles decauville 
en desuso. Sobre los rieles y bacia el interior de la pila 
se extendio tejido de alambre de malla rombica de 
I ,5 pulgadas y finalmente, sobre el tejido, se colocaron 
sucesivamente bandas de fieltro asfaltico, con super
posicion de 10 em entre dos contiguas y sin adhesivo 
entre elias. Entre dos pilas consecutivas no existe 
ningun elemento de separacion. Entre Ia superficie 
impermeabilizada de Ia planchada y el mineral 
apilado se dispuso un !echo filtrante de cantos rodados, 
que permite el drenaje de los liquidos. Estos se colectan 
en tanques de fibro-cemento recubiertos con pintura 
asfaltica. 
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En definitiva, cada pila tiene una forma paralepi
pedica, de 36 metros de largo, 8 metros de ancho y 
una altura media de 4 metros. El conjunto de las 
I8 pilas apareadas constituyen una instalacion de 
I44 metros de largo por 36 metros de ancho. 

La solucion lixiviante se vierte sobre Ia superficie 
de cada pila, regulandose Ia velocidad de percolacion 
mediante una capa de arcilla de espesor variable, 
dispuesta sobre el mineral. La solucion circula a traves 
del mineral y se colecta en Ia base de Ia planchada, 
donde el !echo de cantos rodados facilita el drenaje 
normal. En el tanque colector se ajusta el pH de Ia 
solucion y se recircula por bombeo a la superficie 
de Ia pila. 

Este ciclo (percolacion, ajuste de pH, bombeo, 
percolacion) se repite sucesivamente basta obtener la 
maxima solubilizacion del uranio presente en el 
mineral. En ese momento, se desplazan del sistema las 
soluciones ricas mediante lavados con soluciones 
frescas a pH 1,2. Las soluciones se precipitan con 
lechada de cal y el producto, escurrido y seco, se despa
cha como preconcentrado calcico a Ia planta de retina
cion sita en Cordoba. Para este caso particular del 
mineral del yacimiento « Don Otto », la evolucion 
promedio de la operacion esta representada sintetica
me'nte en la figura 4. 

CONCLUSIONES 

El metodo de la lixiviacion en pilas, cuando 
es factible de ser aplicado, presenta las siguientes 
ventajas: 

I. Una economia del 35 % en las amortizaciones 
de equipo respecto a una planta convencional, consi
derando solamente las etapas de preparacion fisica 
y lixiviacion del mineral. 

2. Una economia del 20 % en el consumo de reacti
vos (acido sulfUrico) respecto al de la planta conven
cional, aun incluyendo el acido necesario para Ia 
redisolucion del preconcentrado. 

3. Una economia del 35 %en el consumo de energia, 
respecto al de una planta convencional. 

4. Una mayor selectividad en Ia lixiviacion, al 
trabajar con debil acidez, lo que evita Ia incorporacion 
de impurezas, hecho inevitable en las plantas clasicas, 
donde se trabaja con concentraciones elevadas de 
acido. 

5. Reduce sensiblemente, de 50 a IOO veces, el 
costo del ftete, pues suplanta el transporte del mineral 
de baja ley por el de un preconcentrado con alto 
tenor. 

6. Posibilita el aprovechamiento de los minerales 
de yacimientos muy distantes o de dificil acceso, en 
los cuales el costo del transporte de los mismos es 
muy elevado. 

7. Posibilita el aprovechamiento economico de 
minerales de uranio de baja ley, y permite ademas 
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Figura Sa. Vista general de Ia estaci6n de lixiviaci6n 
« Don Otto », cargada con 17 000 t de mineral 

Figura Sc. Vista de los tanques colectores de soluciones 
y bombas para movimiento de liquidos 

una explotaci6n min era mas integral de los yacimientos, 
al hacer factible una disminuci6n de la ley de corte. 
Inclusive, puede transformar en util el mineral de 
escorribreras. 

8. La posibilidad de utilizaci6n de reactivos s6lidos 
productores de acido por hidr6lisis (sales ferrosas 0 

ferricas), disminuye los inconvenientes y costos del 
transporte de drogas corrosivas liquidas. 

9. Permite una mayor simplicidad en las opera
ciones y medio de control, factores que pueden revestir 
importancia en relaci6n con la calidad de mano de 
obra y supervision disponibles en algunos lugares. 

10. Permite la utilizaci6n de materiales rusticos y 
baratos, obtenibles generalmente en las zonas de 
operaci6n. 
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Figura Sb. Vista lateral de las pilas, mostrando detalles del cerco 
perimetral, tanques de cicido sulfurico, tanques colectores de 

soluciones y bombas para movimiento de liquidos 

Figura Sd. Vista de Ia superficie superior de las pilas, 
mostrando en Ia parte posterior el espejo de riego 

BIBLIOGRAFIA 

1. Mouret, P., y Pottier, P., Energie Nucleaire, 4, 3, Paris (1961)· 
2. Mouret, P., Comunicaci6n al VIII Congreso Latinoamericano 

de Quimica, Buenos Aires (1962). 
3. Upchurch, T. P., Perspectivas para Ia investigacion y esfuerzos 

de desarrollo para reducir los costos de recuperaciOn del urania 
a partir de sus menas, Aetas de la segunda Conferencia 
internacional sobre la utilizaci6n de la energia at6mica con 
fines pacificos, P/508, vol. 2, pag. 429, Naciones Unidas 
(1958). 

4. Hassialis, M. D., y Musa, R. C., Algunos problemas poco 
corrientes planteados por Ia recuperacion del urania a partir 
de una mena uranifera muy pobre, Aetas de la primera Con
ferenda internacional sobre la utilizaci6n de la energia ato
mica con fines pacificos, P/521, vol. 8, pag. 15, Naciones 
Unidas (1956). 

5. Gibert, R., Mecanique des Fluides, 1, 271, Paris (1960). 



212 SES16N 2.12 Pf768 A. M. CECCHETTO et a/. 

ABSTRACT -RESUME-AHHOTAL...lV1}1-RESUMEN 

A/768 Argentina 

Application of heap-leaching to the processing 
of Argentine ores 

By A. M. Cecchetto et a/. 

The great area of Argentina and the scattered 
distribution thereon of numerous uranium ore bodies 
possessing special characteristics has made it necessary 
to study the possibility of applying heap-leaching as 
an economic method .of ore processing. 

The need to attempt processing with unconventional 
methods arises from the presence of various unfavou
rable factors, such as: 

(a) The existence of deposits of reasonable size 
but low grade, whose ores do not justify the cost of 
transport to distant processing centres and whose 
low uranium content makes the installation of a 
convet1tional processing plant an uneconomic propo
sition; 

(b) The existence of many uranium ore bodies 
of medium, normal or even high grade, but of in
sufficient size to justify setting up conventional concen
trating plants, added to the considerable freight costs 
entailed in transporting to the processing plant; 

(c) The existence of deposits from which normal 
grade ores can be obtained by selective working 
methods but which, fail to extract appreciable quanti
ties of uranium present in marginal or low grade ores, 
so that the deposits are not fully exploited. 

The paper briefly reports the results of heap
leaching trials carried out with various Argentine 
uranium and copper-uranium ores, on both laboratory 
and semi-pilot plant scale, more particular attention 
being devoted to the results for one typical ore, that 
from the Don Otto deposit (Salta Province). 

The study for this special case includes: 
(a) General considerations regarding the method; 
(b) Laboratory tests using !-metre columns; 
(c) Intermediate-stage tests using 4-metre columns; 
(d) Results of treating an experimental heap of 

700 tons of ore; 
(e) Description of a production plant for the 

treatment of 36 000 tons of ore. 
The method adopted can be summarized as follows: 

the coarsely-milled ore is placed on a water-proofed 
platform tilted slightly towards one corner. The 
parallelepipedal heap of ore, with vertical sides 
held in place by a suitable surround, has a horizontal 
top surface. The leaching solution is poured over the 
surface of the heap and the percolation rate is con
trolled by a layer of clay of variable thickness on top 
of the ore. The solution circulates through the mass 
and collects at the level of the platform, where a 

pebble bed facilitates normal drainage, thence passing 
into a collecting tank. Here the pH of the solution, 
which has been partially neutralized during its passage 
through the ore, is adjusted and the solution is then 
pumped to the top of the heap: This cycle (percolation
pH adjustment-pumping-repercolation) is repeated 
until the maximum quantity of uranium has been 
leached out of the ore, after which the rich solutions 
are removed by washing with acid water. The uranium
bearing liquids are then recovered by precipitation 
with milk of lime and, after drying, the lime precon
centrate is sent to a plant for final purification. 

Af768 Argentine 

Application de Ia lixiviation en tas (heap
leaching) pour le traitement des minerais 
argentins 

par A. M. Cecchetto et a/. 

La grande extension du territoire argentin, et la 
distribution irreguliere des nombreuses manifestations 
uraniferes, avec caracteristiques speciales, ont oblige 
a etudier les possibilites de !'application des methodes 
de lixiviation en tas (heap-leaching) en vue d 'un 
traitement economique de ces minerais. 

Le besoin d'essayer de concentrer ces minerais par 
des methodes non classiques est dfi a plusieurs facteurs 
defavorables, entre lesquels on peut mentionner prin
cipalement : 

a) L'existence de gisements relativement grands mais 
pauvres, dont les minerais ne justifient pas Ie cofrt du 
transport jusqu'aux centres de traitement eloignes, 
dont la basse teneur en uranium ne justifie pas non 
plus 1 'installation d 'une usine classique de traitement 
qui puisse fonctionner de maniere rentable. 

b) L'existence des nombreux gisements uraniferes, 
a teneurs moyennes normales, et meme elevees qui, 
etant trop petits, ne permettent pas d 'installer des 
usines classiques de traitement d'une part et, d'autre 
part, sont trop eloignes des centres de traitement 
existants en raison de quoi leur transport devient trop 
onereux. 

c) L 'existence de gisements d 'ou 1 'on peut extraire 
un minerai a teneur normale grace a une exploitation 
selective, mais oil restent des quantites appreciables 
d 'uranium en concentrations marginales ou basses, 
qu'il est impossible d'utiliser integralement. 

Le memoire rend compte succinctement des resul
tats des essais de lixiviation en tas realises avec diffe
rents minerais argentins d 'uranium ou de cuivre et 
uranium, aussi bien en laboratoire que dans des instal-



SESSION 2.12 Pf768 

lations semi-pilotes, avec une analyse plus detaillee 
des resultats correspondant a un minerai caracteris
tique, celui du gisement Don Otto (province de Salta). 

L'etude de ce cas special s'est faite selon le plan 
suivant : 

a) Etudes d'ordre general sur Ia methode appliquee; 
b) Essais de laboratoire avec colonnes de 1 m; 
c) Essais a l'echelle moyenne, en colonnes de 4 m; 
d) Resultats de I 'operation sur un tas experimental 

de 700 t; 
e) Description d 'une installation pour le traitement 

de 36 000 t de minerai. 
La methode adoptee peut etre decrite rapidement 

de Ia maniere suivante : Le minerai grossierement 
concasse est depose sur un dallage impermeable pre
sentant une pente tres douce vers I 'un des angles. Le 
tas de minerai a Ia forme d 'un parallelt~pipede a des 
faces laterales verticales, maintenues sur son peri
metre et a face superieure horizontale. La solution de 
lixiviation est versee sur Ia surface du tas, le debit 
de percolation etant regie au moyen d'une couche 
d'argile d'epaisseur variable disposee sur le minerai. 
La solution circule a I 'interieur du tas et est collectee 
a Ia base du dallage, ou se trouve un lit de gravier qui 
permet un drainage normal. De Ia elle est conduite a 
un bassin collecteur. Dans ce bassin, on ajoute le pH 
de Ia solution partiellement neutralisee pendant son 
passage a travers le tas de minerai puis on renvoie Ia 
solution a Ia surface du tas. Ce cycle (percolation
ajustement du pH-pompage-percolation) est repete 
jusqu 'a Ia dissolution maxim ale de I 'uranium contenu 
dans le minerai. · Ensuite les solutions riches sont 
deplacees au moyen d 'un lavage a I 'eau acidulee. Les 
liqueurs uraniferes sont traitees par precipitation a Ia 
chaux et le preconcentre, une fois sec, est expedie a 
une usine pour le traitement final. 

A/768 ApreHTHHa 

npHMeHeHHe KY4HOro Bblll.\e11a4HBaHHH 
AnH nepepa6oTKH apreHTHHCKHX PYA 

A.M. 4eKerro eta( 

BoJihlllaH TeppnTopnH ApreHTHHhl n paa6pocarr
rroe paCnOJIOiRCHHC Ha Heif. MHOfO'IHCJieHHhiX ypa
HOBhiX aaJiemeif., nMeiO~nx paarroo6paanhle xa
paRTepncTHRH, noTpe6oBaJIH H3Y'IHTh B03MOiRHO
CTH Ry'lrroro BhillteJia'IHBaHHH PYA RaR p;ewesoro 
cnoco6a nx nepepa6oTRH. 

Heo6xop,HMOCTh npn6ernyTh R rreo6bi'IHoii Tex
noJiornn 6hiJia Bhiasarra IJ,CJihiM PHAOM ne6Jiaro
npnHTHhiX <lJaRTOpOB, cpep;H ROTOpbiX CJiep;yeT 
yRaaaTh rJiaBHhiM o6paaoM rra CJiep,yiO~ne. 

a. HaJIH'IHe AOBOJihHo RpynHhiX, no 6ep,HhiX no 
cop,epmarrniO MeTaJIJia MeCTopomp,errHif., PYAY Ro
TophiX HeBhlfO)J;HO nepeB03HTb ,11;0 yp;aJieHHhiX He-
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pepa6aThiBaiO~HX Il,CHTpOB, a CTpOHTCJibCTBO Ha 
MeCTe o6hi'IHoro rnp,poMeTaJIJiyprnqecRoro aaBo;~a 
TaRiRC HepeHTa6eJibHO IIOTOMY 'ITO CTOHMOCTb 
uepepa6oTRH TaRoif 6ep,noif. PYAhi nc MorJia 6Lr 
yJIOiRHThCH B 3ROHOMH'IHhic paMRH. 

b. HaJIH'-IHe MHorHx ypanoBhiX MecTopomp;enHii 
co cpep;nHM n p,ame c BbiCORHM cop;epmaimeM ypa
Ha B pyp,ax, HO H3CTOJlhRO He60JiblllflX 110 33IIH
C3M, 'ITO opraHH33Il,flH nepeB03RH HX R cy~eCT
BYIO~HM aaBop,aM TaR me 6Lma 6hi neBhirop;noii. 

c. HaJIH'lfle MecTopomp;eHflH, noaBoJIHIOIIl,HX p;o
OhiBaTh pyp;hi c nopMaJihHhiM cop;epmanueM yparra, 
IIOCpep;CTBOM CCJICRTHBHOII paapa60TRH, HO C OC
T3BJICHHCM ana'lflTeJihHhiX ROJIH'ICCTB 6e;:J.Hhlx py,u,, 
TO CCTh C yCJIOBHCM nenoJIHOif OTpaOOTRH 3THX MC
CTOpOiRiJ,CHHH. 

B HaCTOH~eM iJ,OHJiap;c cooout,aiOTCH OCHOBHhlC 
peayJILTaThi OIIhiTnoro RY'!Horo Bhiiil,eJia'IHBaHHH, 
HpOBC)J;CHHOI'O C HCCROJihRHMH THnaMH ypaHOBhiX 
n Mep;rro-ypanoBhiX apreHTHHCRHX PYA RaR B .rra
fiopaTopnoM, TaR H B IIOJIYIIpOMbllliJICHHOM Mac
liiTa6e; oco6oe BHflManuc yp,cJicno peayJihTaTaM 
ucnhiTannH TfliiH'IHoif PYAI>l c MecTopomp,eHnH 
<<Aon-OTTO>> (B upoBHHIJ,HH Ae-CaJibTa). 

JiccJie,t~;oBaHnH aToro oco6oro cJiy'IaH BRJIIO'!aiOT: 
06IIl,He C006pameHflH OTHOCHTCJihHO IIpHMeHHI:'

MOI'O MeTOp,a. 
Jia6opaTOpHhlC HCTlhlT3HifH B ROJIOHHaX Bhi

COTOH 1 M. 

IlpoMeiRyT<PIHbie HCIIbiTaHHH H l\OJIOHHe BhJ-
COTOii 4 ,lt. 

PeayJihTaTLI o6pa6oTRII 3I<CnepnMCHTaJILHoii 
l'Y"~II 700 T. 

Onucarrue npoMhiiiiJienrroii: ycTaHOBRH AJIH 
ncpepa6omii 36 000 r pyp;LI. 

II p1IHHThiH MeTop; MomeT 6hiTh BRpaTIJ,e H3JIO
men cJie)lyiO~uM o6paaoM: 

Kpynrrop;po6JieHaH pyp;a noMe~aeTcH rra no
iJ.OHenporrnu.aeMoif. IIJiaT<iJopMe, cp;eJiarrrroii c uc-
6oJihiiiHM yRJIOHOM B HanpaBJICHHH O;:J,HOI'O U3 
yrJioB. IlapaJIJieJiemmep,oo6paanaH HY'-Ia pyp;LI, 
y;:J,epmnBaeMaH no nepnMeTpy BepTimaJibiihil\m 
CTCHR3MH, IIMCCT I'OpH30HT3JlbHYIO BCpXHIOIO IIO
nepXHOCTb. Bhl~eJia'IHBaiOIIl,HH pacTBop nop,aeTcH 
na 3TY ITOBepXHOCTb RY'IH, H CKOpOCTb ero npoca-
1IHBaHH.fl KOHTpOJIHpyeTC.fl CJIOeM rJIHHhl pa3JIH'IHOli 
TOJI~HHhl csepxy PYALI. PacTBop npoca'!IIBaeTcH 
1Iepea TOJI~Y HY'III H CTeRaeT no UOBepXHOCTU 
HJiaT<iJopMhl, rp;e cJioif. rpaBHH o6ecne'IHBaeT nop
MaJihHhiH p,perram; aaTeM pacTnop co61IpaeTCH n 
ROJIJieRTop. B ROJIJieRTope peryJIIIpyeTCH pH pac
TBopa, TIOP,BepraeMOI'O 'l3CTH'IHOH HeifTpaJIII33Il,l111 
HO BpeMH IIpOC3'-IHB3HHH 'Iepea pyp;y; 3aTCM pac
TBOp crrosa no):l;aCTCH rra nosepxrrocTb pyp;rroif. RY'-IH. 
::hoT IJ,HRJI ( npoca'II!Barrne, peryJinpoBanne pH, 
BbiKa'-IHBUHIIC, npoCa'IHBaliiiC) UOBTOpHeTCH )],0 
MaRCflMaJILHoro Bhl~eJia'IHBaHnH ypana na pyp,hi. 
Iloc;w noro o6ora~eHHhie ypanoM pacTBOphi Uhi
MhiBaiOTCH liOP,RHCJif'HHOH BO;l,OII II IIOP,BepraiOTCH 
OC3iRP,CHHIO ypana li3BCCTI<OBhiM MOJIOROM; UOCJIC 
o6eaBO/f\HB3HIIH II CYIURH RapooiiaTHhiii: rpyOhiii 
IWHIJ,eHTpaT OTIIpaBJIHCTCH Ha 33BOP, ,ll;Jl.fl OROH'Ia
T<'JlbHOif pa<lJnnupOBRH. 
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Tecnicas de prospecci6n aerea radimetrica y emanometrica 
terrestre aplicadas en Ia Republica Argentina 

por C. T. Friz, J. L. Gamba, R. J. A. Jemma, K. Marinkeff y C. G. M. Martinez* 

PROSPECCION AEREA RADIMETRICA 

Yacimientos radiactivos 

En Ia Republica Argentina, los primeros trabajos 
de prospeccion aerea destinados a Ia busqueda de 
yacimientos radiactivos se iniciaron a mediados 
del aiio I958. A partir de dicha fecha, y como con
secuencia de los resultados obtenidos, el metodo se 
fue aplicando en forma progresiva, hasta llegar a! 
aiio I960, en que paso a ser utilizado con canicter 
regular y en forma casi exclusiva para el reconoci
miento y prospeccion de amplias zonas con interes 
uranifero. Las ventajas del sistema, juntamente con 
las caracteristicas naturales del pais, demostraron 
que en areas previamente seleccionadas, Ia prospeccion 
aerea resulta altamente eficaz por su rapidez y econo
mia. 

El perfeccionamiento alcanzado en el desarrollo 
de instrumental y equipos, en las tecnicas operativas 
de campaiia y en Ia interpretacion de los registros 
en gabinete, permiten afirmar que aplicando correc
tamente este metodo, el hallazgo de un deposito 
uranifero depende casi exclusivamente de Ia presencia 
de aftoramientos pr6ximos a la superficie. 

Instrumental y eq u i pos 

El instrumental y equipos utilizados no difieren 
en general de los ya clasicamente usados en otros 
paises y estan constituidos por un escintjlometro 
de gran sensibilidad, un radioaltimetro, registradores 
graficos para las unidades anteriores y una camara 
fotografica aerea de registro continuo, sincronizada 
con aquellos y suplementada con un sistema de 
marcacion de Ia pelicula. En los trabajos que asi 
lo exigen, se utilizan radiofaros para Ia orientacion 
de los vuelos y ademas equipos transceptores espe
ciales para Ia comunicacion entre avion y superficie. 

El escintilometro aereo transistorizado MP 10 fue 
desarrollado y construido en Ia Gerencia de Materias 
Primas de Ia CNEA y diseiiado especificamente para 
Ia utilizacion aerea. Se usa con uno o dos cabezales 
provistos de cristales de INa activados con Tl, de 
5 in de diametro por 2 in de espesor. El amplificador 
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permite variar las escales de tiempo entre 0,05 y 
I ,5 segundos y los rangos son 250, 500, I 000, 5 000 
y 10 000 cuentas por segundo. El error entre las 
distintas escalas es inferior a 5 %, teniendo en cuenta 
que sus rangos oscilan entre 250 y I 0 000 cuentas 
por segundo. 

A los efectos de contar en todo momento con Ia 
distancia entre el avion y Ia superficie del terreno 
y poder aplicar el factor de correccion correspon
diente a Ia perdida de radiactividad que se produce 
por Ia absorcion del aire interpuesto entre Ia fuente 
emisora y el detector, se instala un radioaltimetro 
del tipo AN-APN-1 que permite Ia exacta medicion 
de Ia altura de vuelo. 

Las Iecturas correspondientes al escintilometro 
y radioaltimetro se grafican en forma sincronica 
en un registrador doble, continuo, que permite asi 
efectuar las correcciones correspondientes. Los regis
tradores electromecanicos utilizados poseen una 
constante de tiempo acorde con Ia sensibilidad del 
equipo, son totalmente transistorizados, de doble 
banda rectilinea y poseen tres rangos de sensibilidad 
(10 V, 1 V y 100 mY). 

A los efectos de referir los valores obtenidos en 
el vuelo a · puntos reales del terreno, se· acop1a a1 
instrumental de detecci6n una camara aerea de 
registro continuo, sup1ementada con un sistema de 
marcacion de accionamiento automatico y/o manual. 
Se obtiene en esa forma una banda fotografica del 
terreno, que se puede aplicar sobre el fotomosaico 
o sobre los pianos topograficos, posibilitando una 
mayor exactitud en Ia ubicaci6n de los puntos con 
in ten~~. 

Para lograr una correcta orientaci6n de las lineas 
de vuelo, en los trabajos de prospeccion detallada 
con malla preestablecida, se recurre al empleo de 
Ia navegacion radioelectrica:, utilizandose radiofaros 
y radiobalizas diseiiados y construidos tambien en Ia 
Gerencia de Materias Primas de Ia CNEA, de acuerdo 
con las necesidades propias de este tipo de tareas. 

Para ayudar a corregir los efectos de deriva, con
trolar Ia verticalidad del pasaje del avi6n sobre los 
puntos de referencia y otras necesidades operativas 
de campaiia, se asegura un contacto permanente 
entre el avi6n y personal auxiliar de tierra, agregando 
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una etapa modulada a los radiofaros y dotando de 
receptores VHF a las unidades m6viles. 

El material de vuelo lo constituyen las clasicas 
avionetas Cessna 180-182 o Piper PA 18, cuyas carac
teristicas (alta maniobrabilidad, velocidad de crucero, 
costos de operaci6n y mantenimiento, etc), se ajustan 
a los requerimientos propios de esta tecnica de pros
pecci6n. 

Tecnicas aplicadas 

Reunida toda Ia documentaci6n existente de Ia 
zona a sobrevolar y de acuerdo con los antecedentes 
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Figura 1. Prospecci6n aerea en Ia Rep ubi ica Argentina 
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que se tengan de cada una de elias, se inician los 
trabajos con algunos vuelos de reconocimiento, los 
que permitiran ajustar los Jimites de Ia zona y deter
minar el tipo de vuelo que se aplicara en cada caso. 
Se hacen Jineas de vuelo con equidistancias que varian 
entre los 1 000, 500 o 250 m segun el caracter de Ia 
prospecci6n, expeditiva, regular o detaliada, respecti
vamente y en los casos que Ia topografia asi lo exija, 
se realizan vue los de ladera. La altura de vuelo utilizada 
es de 75 m, termino medio. 

Toda Ia documentaci6n obtenida (registros radi
metricos, altimetricos, fotografia, etc) se elabora 
diariamente por el personal en campana, efectuando 
las correcciones correspondientes y volcando en los 
pianos adecuados los resultados, para su posterior 
examen y analisis. 

Resultados 

Las areas sometidas a trabajos de prospeccwn 
aerea fueron previamente seleccionadas de acuerdo 
con sus caracteristicas y posibilidades, en las que la 
geologia juega como principal factor en la elecci6n 
de las prioridades asignadas a cada una de elias. 
En esta forma se delimitaron 395 000 km2 con posi
bilidades uraniferas de interes inmediato, discrimi
nadas en Ia siguiente forma: 115 000 km2 con 
prioridad I, 130 000 km2 con priori dad II y 150 000 km2 

con prioridad III. 
Hasta el presente, se cubrieron 75 000 km2 de areas 

con prioridad I y II, para lo que fue menester utilizar 
mas de 2 000 h de vuelo (figura 1). Como consecuencia 
de estos trabajos se descubrieron 550 anomalias de las 
cuales se recomendaron 250 para su revision en super
ficie, habiendose constatado en 50 de elias Ia existencia 
de acumulaciones uraniferas de variada importancia, 
muchas de las cuales revisten interes econ6mico, 
como las correspondientes a los yacimientos « Don 
Otto >>, (( Emmy )), (( Pedro Nicolas )), (( Pepe Luis )), 
(( Los Berthos )), (( M. M. de Gi.iemes )), etc en la 
provincia de Salta, (( La Escondida >> en Mendoza y 
(( Los Adobes )), ((.Cerro Chivo », (( Carhue Niyeo )), 
etc, en Chubut. 

Radimetrfa aerea en relaci6n con cuencas petrolfferas 

En base a los antecedentes mundiales disponibles 
sobre la aplicaci6n de la radimetria aerea como 
metodo de exploraci6n para la delimitaci6n 'de 
cuencas petroliferas [1-6 y 8], la CNEA realiz6 algunos 
trabajos tendientes a ensayar y desarrollar este metodo 
y determinar practicamente los reales alcances y 
resultados que del mismo podrian esperarse. 

Tal como se consigna en la bibliografia respectiva, 
la utilizaci6n del metodo radimetrico en la explo
raci6n de estructuras petroliferas, se basa en Ia 
redistribuci6n zonal de los elementos radiactivos sobre 
las acumulaciones de hidrocarburos en profundidad. 
Esta redistribuci6n obedeceria, en todos los casos, 
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a las condiciones geoquimicas creadas por Ia presencia 
de los hidrocarburos en el subsuelo, hecho que dese
quilibra el ordenamiento primitivo, modificando 
o alterando las condiciones del ambiente geoquimico 
original, ya sea por migracion de gases o liquidos bacia 
Ia superficie, ya sea creando tensiones superficiales, 
etc. En el caso de los radiactivos, este hecho se registra 
en forma directa con las mediciones radimetricas. 

Los citados cambios en el ritmo normal de los 
fenomenos geoquimicos de superficie tienen Iugar 
especificamente en las zonas relacionadas con las 
acumulaciones de hidrocarburos en profundidad 
y no gravitan en las areas circundantes, donde los 
procesos de equilibrio geoquimico continuan sin ser 
afectados, resaltando por ello las diferencias enume
radas anteriormente. 

La interferencia que otros factores pueden tener 
en Ia determinacion de las anomalias resultantes, 
hacen en muchos casos dificil Ia interpretacion de 
los resultados. 

Basandose en Ia informacion acumulada durante 
los ultimos aiios [2, 5-8] se ha constatado que los 
yacimientos petroliferas se reflejan en superficie 
con un registro irregular de radiacion gamma, pues 
encima de los mismos Ia intensidad radiactiva es 
menor que el « fondo general » de Ia zona circundante 
o back ground regional. En muchos casos, los hordes 
o limites del campo petrolifero se corresponden 
perfectamente en superficie con un « halo » radiactivo,. 
en el que se registran actividades superiores a Ia 
normal. Las zonas anomalas asi delimitadas coinciden 
con gran aproximacion con los limites de las acumu
laciones de hidrocarburos. 

Trabajos efectuados 

Los trabajos que se realizaron en Ia Argentina 
abarcan una superficie de 5 000 km2, distribuidos 
en tres regiones distintas del pais (provincias de Neu
quen, Salta y Santa Cruz), cubriendose sectores 
productores de hidrocarburos y extendiendose en 
parte bacia otros cyuas posibilidades no eran total
mente conocidas, de manera que pudiera apreciarse 
el rendimiento del metodo. Es asi, como quedaron 
incluidos en elias diversos yacimientos controlados 
por condiciones geologicas y estructurales variables, 
lo que permitiria una informacion diferencial y 
comparativa para cada caso. 

En todas las etapas previas del trabajo fue necesario 
considerar y conciliar las exigencias inherentes a Ia 
tecnica del metodo a utilizar, con las reales posibili
dades, operativas en campaiia. Las caracteristicas 
estructurales y geologicas fueron tambien consi
deradas y primaron en Ia decision final cuando se 
estudiaron los diferentes factores que podian gravitar 
en ese sentido. 

Dada Ia exactitud requerida, fue indispensable 
contar con el instrumental en condiciones optimas 
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de operacion y calibracion, motivo por el cual se 
debio asegurar un buen mantenimiento electronico y 
estricto control de los equipos. 

Los vuelos se ejecutaron con una separacion lateral 
de 500 m, asegurados con un apropiado apoyo radio
electrico y control fotografico. En cada zona se elaboro 
Ia correspondiente carta de isorradiactividad relativa, 
Ia que se obtuvo corrigiendo los valores sistema
ticamente y normalizandolos mediante metodos esta
disticos, que permitieron eliminar las variaciones 
ajenas a Ia radiactividad del terreno. Obtenida esta 
informacion, se analizola amplitud de Ia diferencia entre 
los valores minimos y maximos registrados, estable
ciendose asi el fondo relativo y determinando a su 
vez Ia zona de « alzas >> y « bajas », con los gradientes 
respectivos. 

Ademas del mapa isorradio, se confeccionaron 
algunos perfiles radimetricos, los que cortando estruc
turas petroliferas conocidas, pusieron de relieve 
Ia informacion suministrada por el metodo. 

Resultados 

Los trabajos que se cumplieron hasta el presente 
permiten demostrar que, en principio, este metodo 
de prospeccion para acumulaciones petroliferas es 
capaz de brindar resultados positivos, ya que del 
total de Ia superficie estudiada surgio a grandes rasgos 
Ia delimitacion de areas favorables en ciertos casos, 
eliminacion de zonas desfavorables en otros, y tambien 
coincidencias con estructuras ya conocidas. Como 
es logico, dado el caracter expeditivo del presente 
estudio, aparecen tambien sectores en los que los 
resultados radimetricos (por influencia de factores 
diversos) divergen con las condiciones geologico
estructurales que se tenia de ellos. 

En una proxima etapa y mediante un estudio 
complementario, Ia CNEA investigara cada uno de 
los factores superficiales lo cual permitira interpretar 
el papel que en conjunto desempeiian. Con tal motivo, 
se programaron una serie de nievos trabajos de 
campaiia, sobre las mismas areas, pero en sectores 
mas reducidos, que contemplan entre otros : levan
tamiento radimetrico aereo con discriminacion de las 
energias del U, Th y K, levantamiento ionometrico 
terrestre, levantamiento geoquimico, perfiles radime
tricos terrestres, correccion por interpretacion geo
logica, etc. 

Con toda esta informacion, se tratara de determinar 
que grado de exactitud puede alcanzar el levanta
miento radimetrico aereo para Ia busqueda de acumu
laciones de hidrocarburos. 

PROSPECCfON EMANOMETRICA TERRESTRE 

Como complemento de Ia prospeccion radimetrica 
aerea, se aplic6 en numerosas manifestaciones urani-
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feras y con buenos resultados, el metodo emano
metrico. La primera utilizacion del metodo data 
del afio 1948, en el que se aplic6 durante el estudio 
del yacimiento uranifero « Soberania », en la pro
vincia de Mendoza. Posteriormente, la emanome
tria se convirti6 en uno de los metodos de rutina 
para complementar la informacion previamente 
obtenida con prospecciones radimetricas aereas y 
terrestres. 

Las correspondientes observaciones de campo se 
realizaron con electrometros de Ambronn, efectu{m
dose las determinaciones de radon del aire telurico 
sobre perfiles adecuadamente espaciados o sobre 
reticulados con malla de 25 x 10m, segun el problema 
que se deseaba resolver. 

La prospeccion emanometrica se revelo como muy 
conveniente, tanto para los casos en que la minera
lizacion abarca franjas de considerable extension, 
como para la determinacion de cuerpos mas regulares, 
que estuviesen sustraidos a una observacion geologica 
directa, por cuanto es capaz de proporcionar casi 
de inmediato y a un costo operativo reducido datos 
de ponderable interes. 

Se enumeran, a titulo informativo, algunos casos 
donde el mismo evidencio la conveniencia de su 
aplicacion. 

Yacimiento «Rodolfo» 

Este yacimiento uranifero, ubicado en la provincia 
de Cordoba, fue prospectado en su sector austral 
sobre 6 km de extension mediante 28 perfiles emano
metricos de 150m de largo (termino medio), orientados 
de E-0, es decir, normales a la corrida de la faja 
mineralizada, que acusa un buzamiento promedio 
de 40° E y que en gran parte esta cubierta por acarreo 
moderno. 

Las mediciones mostraron en casi todos los perfiles 
dos maximos bien definidos, coincidiendo el que 
aparecia en la mitad oriental de cada perfil, con los 
bancos mineralizados que habia reconocido el laboreo 
superficial. Algunas labores de comprobacion, que se 
efectuaron en el sector sur del yacimiento, indicaron 
que la anomalia evidenciada en la mitad occidental 
de los perfiles, correspondia a un banco mineralizado 
desconocido hasta entonces y que pertenecia a un 
nivel inferior de la serie sedimentaria, igualmente 
mineralizado (figura 2). Este banco, que posterior
mente fue reconocido con perforaciones sobre una 
longitud de 2 km, permitio inferir, en base a estos 
resultados, la continuidad de la mineralizacion hasta 
el extremo norte de la zona bajo prospeccion, logran
dose de esta manera un sensible incremento de las 
reservas del deposito uranifero. 

Region de Caiiad6n Gato-Krueger 

En la exploracion geofisica de esta region del Chubut• 
se aplico la emanometria como metodo directo de 
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prospeccion por minerales de uranio. Paralelamente, 
para localizar las intrusiones basalticas que acompafian 
las grietas mineralizadas, se uso el metodo de perfi
les de resistividad obtenidos mediante sondeos elec
tricos horizontales (metodo de la trainee). 

Tanto para las mediciones emanometricas como 
para las de resistividad, se trazaron 31 perfiles, con 
separacion de 250 m aproximadamente entre ellos, 
a la vez que las estaciones sobre cada perfil se espa
ciaron 10 m. Para las determinaciones de resistividad 
aparente del terreno se eligio una profundidad cons
tante de 20 m, realizandose ademas, sobre un mismo 
perfil, algunas mediciones para profundidades de 
10 y 40 m. 

El analisis comparativo de las curvas de descarga 
electrometrica y las de resistividad, manifesto un 
incremento en los valores a medida que se pasa del 
sector norte de la zona mineralizada al del centro, 
alcanzandose maximos emanometricos y de resisti
vidad que afectan la misma estacion o dos adyacentes. 
Esto permitio la suposicion de la existencia de concen
traciones de mineral de uranio a lo largo de lineas 
definidas (diques basalticos, grietas tensionales, etc). 
El desplazamiento que se observa a menudo entre 
los maximos emanometricos y los de resistividad 
sobre un mismo perfil, indicaria que la mayor difu
sion del radon corresponde a zonas de contacto entre 
formaciones litologicas de alta resistividad (intrusiones 
basalticas) y otras de resistividad baja (arcillas o 
areniscas arcillosas mineralizadas ). Esta suposicion 
se vio confirmada en varios perfiles, donde los registros 
emanometricos y de resistividad mas elevados, 
coincidieron con afloramientos o destapes en que 
aparecieron las mencionadas formaciones litolo
gicas. Las anomalias recomendadas fueron luego 
ratificadas mediante perforaciones. 

Yacimiento «Los Adobes» 

Un ejemplo tipico de prospeccion emanometrica 
de detalle destinada a localizar un cuerpo mineralizado 
de dimension reducida, lo ofrece la investigacion 
que se efectuo en el Cafiadon La Orientala (Chubut), 
sobre una anomalia puesta de manifiesto por radime
tria aerea 

El plan de estudio geofisico de la zona anomala 
comprendio, en primer termino, la prospeccion 
radimetrica, mediante escintilometro, de un area 
de 3 x 5 km. La segunda etapa consistio en la pros
peccion emanometrica y de resistividad de la superficie 
previamente delimitada por la escintilometria, y en 
la cual se habia efectuado, ademas, un reconocimiento 
geologico preliminar, mediante algunos destapes y 
un pique de exploracion, con el cual se atraveso 
un banco uranifero de 10 m de poten~ia. 

Se efectuaron determinaciones de ensayo del radon 
telurico en las inmediaciones del pique, de manera que 
los valores de descarga electrometrica pudiesen rela-
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cionarse experimentalmente con el tenor del mineral 
y con el espesor y Ia naturaleza litologica de Ia cubierta 
esteril que lo ocultaba. Luego, en Ia zona a prospectar 
y con una separacion de 50 m, se trazaron 12 perfiles 
de 200 m de longitud promedio, perpendiculares al 
supuesto banco mineralizado, con lo que se cubrio 
un area de aproximadamente 10 Ha. Posteriormente, 
en Ia zona de mayor interes, se hizo necesario intercalar 
otros perfiles, a fin de posibilitar una mejor correlaci6n 
de los valores emanometricos registrados y de delimitar 
el area anomala mediante curvas que correspondiesen 
a descargas del electrometro, equivalentes 50, I 00, 
250 y 500 milivoltios por segundo. Esto permitio 
definir Ia continuidad del cuerpo, bajo una cubierta 
esteril de hasta 10 m con Ia curva de 100 mV/s y 
las zonas de mayor concentracion con las curvas de 
250 y 500 m V /s (figura 2). 

Sobre los mismos perfiles se efectuaron tambien 
mediciones de resistividad (sondeos electricos hori
zontales) a Ia profundidad constante de 20 m, con 
el fin de tratar de correlacionar los valores de resistivi
dad con Ia mineralizacion y la litologia del area 
prospectada. Se pudo constatar, de esta manera, 
que los val ores de e comprendidos entre 50 y 100 Qm 
caracterizan las formaciones conglomeradicas porta
doras de uranio, ya que coinciden en su mayor 
extencion con las areas en que se registraron valores 
de dispersion electrica superiores a los 100 mV/s, pero 
sin definir en forma neta la zona mineralizada de 
Ia esteril. 
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« Cuesta de Huaco » 

A 40 km a! norte de la ciudad de Jachal (San 
Juan), en Ia «Cuesta de Huaco », se habia localizado 
una manifestaci6n uranifera en sedimentos parcial
mente aftorantes La prospecci6n se efectuo en el area 
que se consideraba de mayor interes y en la cual se 
habia realizado, con anterioridad, un estudio geologico 
y un Ievantamiento radimetrico. Despues de ensayos 
ejecutados en las cercanias de labores bien conocidas 
(con el objeto de establecer alguna relacion entre los 
valores de descarga y Ia distancia de la masa minera
lizada), se realizaron las mediciones emanometricas 
que pusieron de manifiesto interesantes anomalias, 
cuya distribucion se correlacionaba perfectamente 
con lo que ya se conocia acerca de Ia mineralizacion 
en el area. 

En base a las correlaciones puestas en evidencia, 
se determin6 como valor limite de las zonas minera
lizadas, el que correspondia a una dispersion electrica 
equivalente a una descarga de 90 milivoltios por 
segundo, de manera que Ia curva que unia los puntos 
con dicho valor permitio delimitar el area de interes, 
que se extiende bacia el noroeste, fuera de la zona 
reconocida con labores. 

Los sucesivos trabajos de exploracion minera 
confirmaron las conclusiones a que se habia arribado 
con el levantamiento emanometrico, resultando que 
la curva de 90 m V /s correspondia, efectivamente, 
a la demarcacion de Ia zona mineralizada y otra 
debilmente impregnada o esteril. 

PERFIL GEOLOGICO Y CURVA EMANOMETRICA TIPO 

mV/s 
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90 

~ . 
~ Aglomerodo cuortono ITII[J Anteca'mbnco 

f:'""-\."'-.~1 Estrotos de Cosqum (Terciario) ~ MIIOnlto 

Figura 2. Prospecci6n complementaria en anomalias detectadas desde el aire 
A la izquierda, yacimiento Los Adobes, provincia de Chubut. A la derecha, yacimiento Rodolfo, 

provincia de Cordoba 
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Este metodo emanometrico como todo geofisico, 
tiene l6gicamente sus alcances y limitaciones y debe 
combinarse adecuadamente con ellos para tratar 
de obtener una informacion resultante que permita 
Ia interpretacion mas exacta posible del caso que se 
estudia. Naturalmente, es susceptible de mejorar 
sus tecnicas, y por ello, Ia CNEA estudia el empleo 
de instrumental de mayor precision (electrometros 
de alta sensibilidad selectiva, registadores con crista! 
de radiacion a, etc). 
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Aj838 Argentina 

Radiometric aerial and emanometric ground 
prospecting methods in Argentina 

By K. Morinkeff el a/. 

Radiometric aerial prospecting 

Sporadic aerial prospecting for radioactive ore 
deposits began in Argentina in the middle of 1958. 
Since 1960 the method has been applied systematically 
and, thanks to its greater economy and speed, has 
come to be used almost exclusively, in preference to 
ground prospecting, for the surveying of extensive 
uranium-bearing areas. 

Up to the present 75 000 km2 have been prospected, 
in various regions, and 550 radioactive anomalies 
have been discovered, 250 of which have been selected 
for surface examination. Fifty of these have already 
been investigated and found to contain uranium 
contents of varying amounts and, in many cases, 
of economic value. 

The techniques and instruments used in Argentina 
are essentially similar to those current in other 
countries. 

The authors describe the features of the instruments 
and the improvements made to them, and the methods 
used in field operations, for interpretation and correc
tion of records and for preparation of the final data. 

Mention is also made of a radiometric aerial 
prospecting trial over oil-bearing areas, covering 
5 000 km2, in three separate regions of the country 
(Salta, Neuquen, Santa Cruz), and of the modifi
cations made to the method for this purpose. The 
aim was to eliminate, by means of geological inter
pretation supported by geochemical analysis, the 

errors due to recording radiation from thorium and 
potassium. 

£manometric ground prospecting 

Along with the application of the radiometric aerial 
prospecting technique, there has recently been a 
revival of the use of electrometers for the detailed 
prospecting of uranium deposits, because of the ease 
of application of the emanation method, the speed 
of field operations, and the larger volume of data 
obtained. 

The National Atomic Energy Commission has 
carried out emanometric prospecting with Ambronn 
electrometers in various parts of Argentina. 

The authors quote examples of the use of this 
method to investigate the continuity of uranium 
mineralization including the Rodolfo (Cordoba), 
Los Adobes (Chubut) and Cuesta de Huaco (San 
Juan) deposits, and to direct trial drillings and logging 
in areas where the mineralized strata lay under 
a thick alluvial cover. Subsequent exploratory work 
(drilling and mining) has confirmed the results obtained 
with this method. 

A/838 Argentine 

Techniques de prospection aerienne radio
metrique et emanometrique terrestre appli
quees en Republique Argentine 

par K. Morinkeff el a/. 

Prospection aeri<-nne. radiometrique 

Vers Ia moitie de 1958 commencerent dans Ia Repu
blique Argentine les premieres operations (non regu-
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Iieres) de prospection aerienne, pour la recherche des 
gisements de minerais radioactifs. A partir de 1960, 
ces memes operations ont ete poursuivies de fa~on 
reguliere et le procede est maintenant utilise de 
maniere presque exclusive; il remplace la prospection 
terrestre dans Ia reconnaissance de grandes zones 
d 'interet uranifere, etant moins onereux et plus 
rapides. 

Jusqu'a present 75 000 km2 ont ete prospectes dans 
divers secteurs et I' on a decouvert 550 anomalies, dont 
on a retenu 250, par suite de leur importance, pour les 
controler en surface. On a controle 50 d 'entre elles et 
on a toujours constate !'existence d'accumulations 
uraniferes d 'importance variable, dont beaucoup pre
sen tent un interet economique. 

Les techniques et les appareils utilises ne different 
pas sensiblement de ceux qui sont employes dans 
d'autres pays. 

Dans le memoire, les auteurs traitent des caracte
ristiques et des perfectionnements apportes aux appa
reils ainsi que des methodes utilisees dans toute Ia 
phase operative de Ia campagne pour I 'interpretation 
et Ia correction des donnees enregistrees et pour I 'eta
blissement du rapport final. 

On fait aussi mention d'un essai de prospection 
aerienne radiometrique en relation avec des districts 
petroliers qui a ete effectue dans trois zones dis
tinctes du pays (Salta, Neuquen, Santa Cruz) sur 
une superficie de 5 000 km2, et de Ia nouvelle ten
dance que l'on donnera a Ia methode a cet effet, en 
essayant d'eliminer des enregistrements l'activite du 
thorium et du potassium, grace a des corrections 
fondees sur I 'interpretation geologique et Ia geo
chimie. 

Prospection emanometrique terrestre 

Parallelement a I 'application de Ia methode de pros
pection aerienne radiometrique, on est revenu, pen
dant les dernieres annees, a l'emploi des electrometres 
dans Ia prospection detaillee des gisements d 'uranium, 
en raison de Ia facilite d'application de Ia methode 
emanometrique, de Ia souplesse des operations sur le 
terrain et de Ia plus grande quantite de renseignements 
que I' on o btient. 

La Comision Nacional de Energia Atomica a pro
cede a des prospections emanometriques avec des 
electrometres d 'Am bronn dans differentes regions de 
I' Argentine. 

On donne des exemples dans Iesquels I 'application 
de Ia methode emanometrique a permis d'eclaircir 
des problemes de continuite de Ia mineralisation en 
uranium, comme dans les cas des gisements Rodolfo 
(Cordoba), Los Adobes (Chubut), Cuesta de Huaco 
(San Juan), et d'orienter les sondages de recherche et 
d'echantillonnage dans les zones ou Ies couches mine
ralisees se trouvaient sous une epaisse couverture allu
vionnaire. Des etudes ulterieures (sondages et travaux 

C. T. FRIZ et a/. 

miniers) ont confirme Jes resultats obtenus avec cette 
methode. 

AsporaMMa-noHCKH H 
CbeMKa npH nOHCKaX 

PYA 
K. MapHHKe~ et al. 

A/838 HcnaHHR 

3MaHa~..tHOHHaH 

paAHOaKTHBHbiX 

A3poraMMa-noHCKH 

0T,li;CJihHhlC aaporaMMa-IIOHCKH MCCTOpOffi,li;CHHii 

pa,li;HOB,KTHBHhiX PYA cTaJIH rrpoBO,lJ;HThCH n Ap

reHTHHe c cepe,li;HHM 1958 ro,11;a. C 1960 ro,11;a 

:JTOT MCTO,ll; CTaJI IIpHMCH.IIThC.II CHCTCMaTHqeCRII 

H 6JiafO,ll;apH 60JihiiiCH 3ROHOMHqHOCTH H 6LICTpO

TC C,li;CJiaJIC.II rroqTH HCKJIJOqHTCJihHbiM MCTO,li;OM, 

aaMCHHBIIIHM IICIIICXO,li;HbiC pa,li;HOMCTpHqeCRHC 

IIOHCRH IIpH fCOJIOfHqeCKOH pa3BC,li;KC RpyiiHhlX 

ypaHOHOCHhlX paii:OHOB. 

R uacToRI~eMy npeMeHH aaporaMMa-rroHcKaMH 

06CJIC,li;OBaHO 75 000 I£M2 B paaJIHqHhlX paHOHaX 

CTpaHLI, H 06HapymeHO 550 pa,li;HOaKTHBHbiX aHO

MaJIJIH, H3 ROTOpbiX 250 OT06paHM ,li;JI.II Ha3CMHO

ro HayqeHHH. llnTh,li;CCHT H3 HHX yme o6cJie~o
naHhi; IIO,li;TBepm,li;CHO, qTO OHH CO,ll;epmaT ypaH B 

pa3HbiX ROH~CHTpa~H.IIX BO MHOfHX CJIY'Ia.IIX rrpo

MbiiiiJICHHOfO 3HaqeHH.II. 

MeTO,ll;hi u anrrapaTypa, npuMeHneMbiC n ApreH

THHe, ITO cym;ecTBY aHaJIOfHqHhl HCIIOJih3YCMLIM 

n ,11;pyrHx cTpauax. 

B pa6oTe orrHCLIBaiOTCH oco6eHHOCTH arrrrapaTy

pLI, IIpHMCH.IIBIIICHC.II B IIOJICBLIX YCJIOBH.IIX, MCTO

~~hl HHTeprrpeTa~HH H KOppeK~HH perHCTpa~HOH

HbiX 3aiiHCCH H IIO,ll;fOTOBRH OKQHqaTCJihllbiX ,ll;aH

HhlX. 

RpoMe Toro, yp;eJieno BHHManHe orrhiTHhJM 

aaporaMMa-IIOHCKaM B HeqJTCHOCHhlX paii:onax, IIO

:KpbiBIIIHM 5000 I£M2 B Tpex paaJIHqHhiX o6JiaCTHX 

CTpaHhi (CaJITa, HhiOKnen, CaHTa-Rpya), u HaMe

ueHHHM 3TOfO MCTO,ll;a, C TCM qT06hi IIYTCM fCOJIO

rHqeCKOH HHTeprrpeTa~HH COBMCCTHO C fCOXHMH

'lCC:KHM aHaJIH30M YCTpaHHTh OIIIH6KH, B03HHRaiO

ll~HC IIpH perHCTpa~HH H3JIY'ICHHH TOpli.II H RaJIHH. 

8MaHa4HOHH~e Cb8MKH 

BMecTe c rrpHMeHeuneM aaporaMMa-rroHCKOB 

HC,D;aBHO BHOBh CTaJIH HCIIOJih30BaThC.II 3JICRTpO

MCTpbi ,li;JI.II ,D;CTaJihHbiX IIOHCI\OB ypaHOBhlX MCCTO

pOffi,li;CHHH BCJIC,ll;CTBHC IIpOCTOThl IIpUMCHCHHH 

:lMaHa~HOHHOH C'hCMKH, 6hiCTpOf0 OCYIIJ;CCTBJICHH.II 

noJieaHLIX pa6oT H 6oJihiiiero o6'heMa rroJiyqaeMhlX 

p;aHHhlX. 

Ha~HouaJihHan HOMHCCHH no aToMHoii: aueprHu 

nponeJia n paaJIHqHhiX pa:ifouax AprenTHHhl aMa

na~Houuyro C'hCMHy c ::lJieKTpoMeTpaMH AM-

6pouua. 
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oypeHHH H K3pOT3ii<a B paii:OH3X, rf(e MHHepaJIH-

3HpOB3HHble yqacTKH nepe:KpbiTbl MOill,HblMH 3JI

.TIIOBHaJibHbiMH OTJiomeHHHMH. IIocJief(yiOill,He paa

BCfJ;O'IHhle paOOTbl (6ypeHHC H fOpHbiC Bblp300TKK) 

llOf(TBepf(HJIH peayJihT3Thi, IIOJiyqeHHble C IIOMO

Ill,biO 3Toro MeTof(a. 
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B pa6oTe npnBop,HTCH npnMepbi ncnoJJh30BaHnH 

3M3H3~lf0HHOH C~CM:KH ~JIH H3yqeHII11 HenpepbiB

HOCTH ypaHOBOfO opyf(eHCHlfH, B:KJIIOqan paaBef(Ky 

MCCTopom,u;eHHii: «Po,u;oJihlPO» (Kopf(o6a), <<Jloc

A,u;o6ec>> (qy6yT) n <<KyecTa-f(e-XaKo» (CaH

XyaH), n f(JIH Henocpef(CTBCHHoro noncrmBoro 



P/844 Japan 

Uranium resources and recovery process in Japan 

Atomic Fuel Corporation 

PART 1. URANIUM RESOURCES IN JAPAN* 

DEVELOPMENTS SINCE THE SECOND GENEVA 
CONFERENCE 

Development of prospecting for uranium deposits 

The results of the reconnaissance over the whole 
country to discover new uranium deposits are as 
follows. 

In massif regions, mostly granitic and metamorphic 
rocks, indications of uranium mineralization occur in 
many hypogenic metallic ore deposits. Some have 
been prospected by underground workings, but none 
is exploitable economically. 

The uranium deposits in sedimentary rocks in 
Japan fall into two types, namely, syngenetic deposits 
in clay slate and chert of the Paleozoic or Mesozoic 
Era and epigenetic deposits in Neogene Tertiary 
sedimentary rocks overlying granites. 

The syngenetic type of deposit in clay slate has been 
found in more than twenty localities. All are closely 
related to the bedded manganese deposits. Ore bodies 
of this type that have been discovered cannot at 
present be regarded as uranium resources, because 
they are of small scale and low grade. In addition to 
these, however, continuous uranium occurrences have 
been discovered in widely extending chert and argil
laceous rocks, so that geologically large scale deposits, 
though the grade is low, can be expected. 

Another type of sedimentary deposit in Neogene 
Tertiary sedimentary rocks of which those of the 
Ningyo-toge area is typical is distributed from Hok
kaido to South Kyushu as shown in Fig. 1. At pre
sent, emphasis is on prospecting for deposits of this 
type which afford promise of economic development. 

In the Ningyo-toge area, several deposits have been 
found as well as many radioactive anomalies, in 
addition to the deposits reported at the Second 
Geneva Conference [1]. The most remarkable of 
these is the high grade ore body with average grade 
of 1% Ua08 • The mineralized layer is several deci
metres thick and extends for 8 000 m2 • The extent of 
uranium distribution in the Ningyo-toge area ranges 
approximately 20 km from north to south and 20 km 
from east to west. 

* M. Sato, H. Misawa, F. Togo. 
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Ore reserves 

Ore reserves in Japan, estimated at the beginning 
of the fiscal year 1964 (l April), are as follows: 

Ore (t). . . . . 
Grade (% U30 8). 

U 30 8 content (kg) 

Proven 

I I44 000 
0.06I 

693 000 

Probable 

280 000 
0.053 

150 000 

URANIUM DEPOSITS 

Possible 

I 900000 
0.064 

I 200 000 

IN NEOGENE TERTIARY SEDIMENTARY ROCKS 

Outline of geology 

The characteristics of the uranium deposits in 
Neogene Tertiary sedimentary rocks are summarized 
in Table I. 

The principal uranium-bearing layer is comprised 
mainly of conglomerate and sandstone whose prin
cipal components are derived from granites. The 
uranium mineralization is controlled mostly by the 

ITAKAMI MASSIF 

400Km ......_ ___ ...,~ 
• Branch offices of Atomic Fuel Corporation conduct intensive 

prospecting including underground workings 

• Detailed prospecting including drilling is under way 

• Of no economic seale 

Figure 1. Promising regions for uranium prospecting and 
distribution of uranium deposits in Neogene Tertiary 

sedimentary rocks in Japan 
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Table 1. Characteristics of uranium deposits in Tertiary sedimentary rocks in Japana 

Nyngyo-toge: 

Nyngyo-toge 
Mine. 

Togo Mine 

Lithologic feature 

Conglomerate, 
Sandstone 

Conglomerate, 
Sandstone, 
Tuffaceous clay, 
Tuff 

Host rocks 

Environment 
of deposition 

Nonmarine 

Nonmarine 

Okutango Conglomerate, Nonmarine 

Tono 

Sandstone, Coaly 
shale, Tuff breccia 

Conglomerate, 
Sandstone, 
Tuffaceous 
sandstone 

Tarumizu . Conglomerate, 

Kami-Akatani 
& Mikawa . 

Nakamaruke 

Oguni 

Sandstone, Tuff 

Sandstone, Coaly 
shale 

Sandstone 

Conglomerate, 
Sandstone, Tuff 
breccia 

Sunagawa Conglomerate 

Tazawako 

Hanamaki 

Conglomerate, 
Tuff breccia 

Conglomerate, 
Sandstone, Tuff 
breccia 

" Basement : Granite. 

Nonmarine 

Nonmarine 

Nonmarine 

Nonmarine 

Nonmarine 

Marine 

Nonmarine 

Nonmarine 

Age 

Lower Pliocene 

Lower Pliocene 

Overlying 
impermeable 

layers 

Lava, Argilla
ceous rock 

Lava, 
Tuffaceous rock 

Principal uranium 
minerals 

Ningyoite, 
Atunite 

Uraninite, Nin
gyoite, Coffinite, 
Uranophane, Beta-
uranophane, 
Autunite 

Characteristic 
associated 
materials 

Pyrite, Limonite, 
Gypsum, Kaolinite 

Pyrite, Mont
morillonite, 
Carbonaceous 
matter (locally) 

Middle Miocene Lava, Coffinite, Autunite, Pyrite, Calcite, 
Tuffaceous rock Uranocircite Zeolite, Carbona-

Middle Miocene Argillaceous 
rock 

Pliocene? Welded tuff 

Coffinite, Urano
circite, Autunite 

Yellow mineral 
(not identified) 

ceous matter 

Pyrite, Calcite, 
Carbonaceous 
matter 

Hydrated 
halloysite 

Middle Miocene Lava, 
Tuffaceous rock 

Uraninite, Coffinite Pyrite, Calcite, 
Carbonaceous 
matter 

Middle Miocene Argillaceous 
rock 

Middle Miocene Argillaceous 
rock 

Autunite 

Coffinite, Autunite 
Uranocircite 

Middle Miocene Tuffaceous rock Not identified 

Lower Miocene Lava, Coffinite 
Tuffaceous rock 

Lower Miocene Lava, Coffinite, Urano-
Tuffaceous rock phane, Autunite 

Apatite 

Pyrite, Limonite, 
Carbonaceous 
matter 

Pyrite, Calcite, 
Carbonaceous 
matter 

Pyrite, Carbona
ceous matter 

Hematite, Chlorite, 
Calcite, Kaolinite, 
Carbonaceous 
matter 

paleotopography of the basements, the deposits 
generally occurring at the basal parts of sedimentary 
rocks deposited on the basement depression. The 
depression is sometimes shaped like a paleostream, 
channel or sometimes it is a wider basin. Typical 
examples are shown in Figs. 2 and 3. 

Characteristics of uranium mineralization 

The characteristics of uranium mineralization are 
as follows: 

(a) All uranium ore deposits were formed after 
the sedimentation of the host rocks; 

E w 

+ : 

. 
'· Tuffbreccia - Tuffaceous sandstone 

- Coaly shale 

Arkose 

... Conglomerate 
+ + Granite + 

@ >0.05 %,U30 8 
@ >0.049%U 3o8 

Figure 2. Geologic cross section of the Kannokura No.2 ore body 
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(b) It is believed that primary uranium minerals 
were precipitated by reduction under conditions such 
that there was stagnant ground water; 

(c) The geochemical properties of solutions con
taining uranium have the regional peculiarities reflected 
in the species of uranium minerals, parageneses and 
distribution of minor elements; 

(d) There is wide support for the supergene hypo
thesis [2] for the origin of uranium in the deposits 
but the hypogene hypothesis of origin is also supported 
as for example for the genesis of the sandstone type 
deposits of the Colorado Plateau. 

Developments in prospecting techniques 

Prospecting for uranium deposits in Japan is being 
done under co-operation by the Geological Survey 
of Japan and the Atomic Fuel Corporation. 

The noteworthy developments in prospecting tech
niques are (a) the success of the seismic method for 
inferring the structure or the location of the depression 
of basements covered with thick formations [3, 4], 
(b) the use of paper chromatography for simple and 
speedy semi-quantitative determinations in geoche
mical prospecting [5], and (c) combined application of 
geochemical and electrical resistivity methods to 
locate the boundary between sedimentary rocks and 
granite in soil covered regions. 

ORES OF THE NINGYO-TOG E URANIUM DEPOSITS 
AND THEIR MILLING PROPERTIES 

Properties of uranium 

The following characteristics of the uranium ores 
are important in connection with mining and milling. 

Firstly, the uranium ores in this area comprise 
principally soft and loosely cemented conglomerates 
or young sandstones. 

Secondly, uranium minerals occur as fine-grained 
crystals (of several ntcrons) which cement voids of the 
arkose and matrices or cracks of the gravels of the 
conglomerate, or form a skin-like coating on the 
surface of gravels. This is one of the most favourable 
properties for the contact between leaching solutions 
and uranium minerals. In view of the relation between 
grade and grain size of the ore, these modes of ura
nium occurrence prove that it is quite natural for 
uranium minerals to concentrate in fine-grained ore 
fractions. Uranium distribution through the minera
lized layer is considerably heterogeneous and uranium 
contents range from O.On% to n% U30 8• 

Thirdly, the major constituent minerals of the ores 
are rock-forming minerals such as quartz and feldspar 
and their resultant products [6]. The ores bearing 
remarkably high clay mineral contents (locally up to 
70%) cause some difficulty in the milling process; 
however, these ores represent only a small percentage 

(MCtOpllneGI-tY 

~ lMinformity -- -
- FIUit 

~~ Ote body 

Figure 3. Contour map of the unconformity 
in the Kannokura area of Ningyo-toge, 

showing its channel structure 

of the total ore reserves. No conspicuous sulphide 
minerals are present but pyrite associates with the 
ores. Traces of carbonate minerals are detected only 
in the oxidized zone. The principal uranium minerals 
are ningyoite in the unoxidized and autunite in the 
oxidized zones. In addition coffinite, uraninite, . ura
nophane and beta-uranophane occur locally as prin
cipal ore minerals, and boltwoodite, carnotite, week
site, ranquillite, torbernite and other unidentified 
secondary uranium minerals are also found. Though 
uranium is present in the tetravalent state, ningyoite, 
hydrated calcium uranous phosphate, is easily soluble 
in acid, because of the tube-like vacancy in the crystal 
structure [7]. Fourthly, as indicated by the mineral 
composition, any elements troublesome in the chemi
cal treatment or elements with high neutron absorp
tion cross section are only minor constituents in the 
geochemical sense and in practice can be neglected. 

Wet screening and washing test 

The results of wet screening and washing analyses 
of unoxidized ores (including partly oxidized ores) 
have shown that weight-distribution of fractions is 
approximately even, but grade-distribution is uneven 
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Figure 4. Results of wet screening analyses 
of the unoxidized ores of the Ningyo-toge mine 

(Fig. 4) and uranium minerals are concentrated in 
parts where the grain is finer than 0.15 mm. The ura
nium content of the concentrate is 0.26% U30 8 and is 
6.6 times higher than that of crude ores, 0.04% U30 8• 

When the slime passing through a 0.15 mm diam 
screen is recovered, the weight of the concentrate is 
10.8%, that is one tenth that of the crude ore. The waste 
contains only 0.013% U30 8, and may be neglected. 
The percentage recovery of U30 8 contained in the 
concentrate is 71. 7%. 

Hydraulic mining test 

The characteristics of the ores which are beneficial 
for washing and screening should make it possible to 

raise the productivity of the mining and milling pro
cess. Hydraulic mining is now being tried out in the 
gallery of the Ningyo-toge mine, as it utilizes these 
properties and is one of the most efficient methods of 
exploiting low grade uranium ores (Fig. 5). This me
thod consists of the following : 

(a) Face excavation by high pressure water; 
(b) Separation of gravels and matrices by washing 

and excavating simultaneously; 
(c) Leaving sterile gravels at the site; 
(d) Hydraulic tramportation of the fine concentrate. 
The longwall method allows higher efficiency 

stoping and is suitable for complete exploitation of 
those parts where the ore is high grade. The hydraulic 
mining method gives a fair prospect of exploiting econo
mically the low grade parts of the Ningyo-toge ore 
bodies, which is impossible by conventional methods. 

Future prospects of 11ranium resources in Japan 

Most uranium ore reserves in Japan are concentrated 
in the Ningyo-toge deposits. Economically by, these 
ores are thought to be rather low grade compared 
with foreign ores now being exploited, so that Japan 
finds it difficult to compete in the open world marked. 
However, with the inevitable future demand for low 
grade ores, the favourable properties of the domestic 
ores for simplifying mining and milling, and the suc
cessful prospecting in the Ningyo"toge area and other 
promising regions, strengthen hopes for the future. 

PART 2. A NEW PROCESS FOR RECOVERY OF URANIUM FROM LOW GRADE ORE* 

Since 1958 the Atomic Fuel Corporation has been 
developing new processes for treating domestic low 
grade ore and has completed the fundamental expe
riments. The corporation is now constructing a pilot 
plant at the Ningyo-toge Mine. 

• T. Yamashita, T. Murase, T. Amanuma, and K. Hashimoto. 

Pipe for high pressured water Face excavation 
,Pipe 

In this new process three methods are combined : 
(a) washing and classifying to improve the grade of ore, 
as described earlier, (b) acid pug leaching process to 
extract the uranium content into the leaching solution 
as easily and fully as possible and (c) amine conversion 
process by which a high purity uranyl chloride solu
tion may be obtained from a pregnant sulphuric acid 
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Figure 5. Schematic flowsheet for hydraulic mining test now under way at the Ningyo-toge mine 
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solution. Purified uranyl chloride solution will be 
converted into uranium tetrafluoride by reduction of 
the uranyl ion and hydrofluorination in a wet process; 
it is used as a raw material for producing metallic 
uranium or uranium hexafluoride. 

ACID PUG LEACHING 

The wash concentrate contains from 25-50% clay 
minerals which prevents full contact between the 
uranium and the sulphuric acid in conventional acid 
leaching. Consequently, the extraction rate of uranium 
is comparatively low, and as soluble silica is extracted 
abundantly and colloids form in dilute acid, solid
fluid separation after leaching is very difficult. 

The method developed to overcome these diffi
culties is a technique which increases uranium reco
very and facilitates the solid-fluid separation, by 
heating and washing the concentrate with the addition 
of a small amount of concentrated sulphuric acid. 
By this means the uranium is soluble and silica is 
insoluble. 

Experiments and results 

Sulphuric acid pug leaching is comparatively easy and 
95% of the uranium can easily be leached out if the 
water content is reduced to between 20-25% and the 
amount of sulphuric acid added is greater than 75 kg/t 
ore and further if the concentration of sulphuric acid 
is kept above 200 gjl. 

When the temperature of the ore is kept between 
100°-120 oc to provide this heating after mixing, the 
result obtained is very good and practicable indus
trially. Dissolution of iron increases nearly propor
tionally to uranium, but it has little influence upon 
refining. 

The settling rate of the slimes after leaching is 
much faster than in the conventional method, and the 
same applies to filtration rate. This means good 
scrubbing efficiency when washing the pulp and thus 
a clean solution of high uranium concentration 
(2-3 g/1) is obtainable. 

A typical analysis of the -ore and the pregnant solu
tion is shown in Fig. 10. Compared with the conven
tional method, dissolution of impurities except iron 
is not greatly increased and there is a marked decrease 
of silica. This is one of the characteristics of this 
method, and occurs because various kinds of colloid 
particles, which consist mainly of soluble silica con
tained in the ore, are changed to an insoluble form 
after being hard dried at 120 oC in the presence of 
sulphuric acid. 

Apparatus for acid pug leaching 

The schematic diagram of the equipment used in 
the experimental acid pug leaching process is shown in 
Fig. 6. The equipment consists chiefly of filter, mixer and 
dryer; heating is by means of oil and steam. 

The wash concentrate is made into a pulp contain
ing 20% solid in a repulping unit. The water content 
of the pulp is reduced to 20-25% by filtration at 
normal temperature and then by filtration under 
steam conditions and finally by drying by hot air. 

Dried ore is carried to the roll mixer on a conveyor 
and pug leached with concentrated sulphuric acid 
addition and then carried further to a dryer by a 
paddle screw conveyor through which the pug leach
ing is continued. 

The dryer has a control device by which the tem
perature of the ore may be kept at approximately 
120 oC by means of hot air at 300 oc supplied from 
the oil burner. The ore becomes hard dry whilst it is 
maintained at this temperature for 10 minutes. 

The hard dried ore is sent to another repulper, 
warm water is added to leach out uranium and the 
pulp is filtered by an Oliver filter. 

CONVERSION PROCESS 

A new process was developed to convert sulphate 
pregnant solution into chloride solution in order to 
link directly with a wet hydrofluorination process. 

The uranyl sulphate complex in the pregnant solu
tion is extracted with a kerosene solution of tri-n
octylamine (TNOA) and then, on scrubbing the 
pregnant solvent with concentrated hydrochloric acid, 
this complex is converted into the chloro-complex 
while being retained in the organic phase. The sul
phate ion transfers from the organic to the aqueous 
phase. There is also a difference in the amine extrac
tion behaviour of impurities in sulphuric acid and in 
hydrochloric acid solutions. Uranium undergoes a 
double purification process in the organic phase by the 
treatments described. Purified uranyl chloride solu
tion i~ obtained when uranium is stripped from the 
amine solvent with dilute hydrochloric acid. This 
conversion process can be shown by the following 
relation: 

(R3NH)4U02(S04)a + 6HC1 
___, R3NH.U02CI3 + 3R3N.HCI + 3H2S04 

Experiments and results 

There is a great deal of literature [8-1 0] relating to 
the extraction of uranyl sulphate complexes by 
alkylamines and it is generally accepted that tertiary 
amines show comparatively good selectivity. 

To apply this method an amine must be selected 
which will fully extract the sulphate complex and 
also the chloro complex. In our experiment, 0.2M 
TNOA in kerosene plus 6% 2-ethyl-hexanol satisfacto
rily achieved this purpose. 

In the conversion process, the sulphate ion has to 
be transferred to the aqueous phase and the uranyl 
complex kept in the organic phase as completely 
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Figure 6. Schematic flow diagram of experimental apparatus for acid pug leaching 

I: Repulper; 2: Diaphragm pump; 3: Filter press; 4: Steam line; 5: Com presser; 6: Heater; 7: Conveyor; 8: Roll mixer; 9: Service tank (H2SO.); 
10: Pump; 11: Paddle screw mixer; 12: Hard drying apparatus; 13: Oil furnace; 14: Draft fan; 15: Cyclone scrubber; 16: Secondary cyclone; 

17: Tank; 18: Pump; 19: Repulper; 20: Pump; 21: Oliver filter; 22: Repulper; 23: Service tank (washing solution) 
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as possible. The sulphate is retained in the hydro
chloric acid waste solution from the conversion pro
cess, and some chloride is retained in the solvent after 
uranium stripping. Therefore the problem is whether 
hydrochloric acid can be used again in the conversion 
process and then as solvent in the extracting process. 

To clarify these points, the following experiments 
were carried out. 

103,-------~-------,-------,--------.-------, 

0 

Extraction equilibrium of uranium, 
chloride ions. 

sulphate and ~o 

The relations between equivalent fractions of 
sulphate ion in equilibrium and uranium extrac
tion coefficients, E~(U) are shown in (Fig. 7). E~(U) 
tends to decrease with increasing amounts of com
plexing substance, chloride· or sulphate ions. In prac
tice, the value of E~(U) should be more than 50 at the 
time of extraction. This v<>lue signifies that the equi
valent fraction of chloride allowable is 0.1 maximum, 
which corresponds to a limiting concentration of 
chloride of approximately I g/l. Figure 7 shows also 
that if the total acid concentration is kept at 8N in 
the conversion process, there is little change in E~(U), 
even though the concentration of uranium varies be
tween 0.8-7 gjl. Furthermore, for effective conversion, 
the maximum equivalent fraction of SO!- permissible 
is 0.2, or about 77 g/l. 

Conversion 

Two methods are considered for the actual conver
sion operation: (a) use, once, of the minimum amount 
of hydrochloric acid; (b) use of large amounts of 
hydrochloric acid and recycle until the equivalent 
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Conversion can be accomplished by either method, 
but the former is better because in (b) increase of 
chloride ion in the amine may hamper the stripping 
process. 

Stripping 

In the stripping process, the amine salt may be 
dissolved in the aqueous phase in which it is emulsified 
when it is contacted with water; therefore dilute 
hydrochloric acid solution of about 0.05N is preferred 
as stripping reagent. 

The distribution curve for chloride ions obtained in 
amine extraction is shown in Fig. 8. Chloride increases 
gradually in the organic phase if the chloride ion 
concentration exceeds 4N in the aqueous phase. 

Figure 9 shows the stripping equilibrium curves 
when the chloride ion concentration in the aqueous 
phase is kept at a determined level. 

Ci rcu lotion of the solvent 

The concentration of uranium in the solvent after 
stripping is less than 0.6 g/1 and the amine is present 
in the form R 3N.HC1, but the extractability of ura
nium is somewhat lower than if chloride ion were 
absent. The results of scrubbing tests of the organic 
phase after stripping showed that one stage scrubbing 
using 10% sodium carbonate solution is desirable to 
remove chloride from the organic phase, both as 
regards smooth operation and cost reduction. 

Decontamination effect of the conversion process 

Stripping coefficients were determined for some 
elements in the sulphuric acid and the hydrochloric 

Element 

Ore% 

Pregnant solutiong/1 

I Extraction 
OF 

Jeonversion 

Preg. soln. 
U 2.08g/ I 

Conversion 
soln. SN HCI 

Stripping 
so ln. 
O.OSN HCI 

u 

0.236 

2.08 

F. 

2.76 

18.5 

12 400 

43 

AI s; 

7.76 28.9 

6.81 0.618 

111 900 10 160 

253 6 

Scrubbing soln. 
10% Na2co3 

Scrubbing waste 
U 0.01 g/ I 

v 

0.0025 

0.0039 

64 

1 

Mo 

0.0012 

0.0027 

4 

0.4 

Figure 10. Results obtained with small scale conversion process 

acid systems, and the decontamination effects were 
estimated by comparing these coefficients with those 
of uranium in the respective system. 

The results of experiments are shown in Table 2. 
Decontamination from phosphorus, arsenic and 
boron is remarkably efficient by this method and 
it can be used for vanadium, molybdenum and other 
elements which are difficult to eliminate. 

Table 2. Separation coefficients 

Element Scrub a s~ <M> 

uvi 67 mg/11 ml A 0.020 
B 0.008 

vv 0.276 mg/11 ml A 1.473 
B 0.285 

pv 0.158 mg/11 ml A 14.8 
B 38.4 

AsV 0.153 mg/11 ml A 4.66 
B 24.5 

Mo VI 1.35 mg/11 ml A 0.012 
B 0.152 

Bill 2.02 mg/11 ml A 19.2 
B 10.9 

" A : 0.2N H,S04 B : 8N HCI 

S~(M)/S~(U) 

73.7 
35.6 

740 
4 800 

233 
3 100 

0.60 
19.0 

960 
1 360 

In connection with the acid pug leaching process, 
a small scale test has been carried out of an over-all 
process from leaching of ore to conversion to uranyl 
chloride solution in order to observe the purification 
achieved. The experimental conditions are outlined 
and the results are shown in Fig. 10; the same results 
could be obtained under actual operating conditions 
at the pilot plant. 

CONCLUSION 

A new processing technique has been described 
which would be suitable for the treatment of low grade 
ore containing large amounts of clay minerals which 
is difficult to treat by the conventional acid leaching 
method. Such ores are abundant in Japan. Economic 
aspects will be clarified by operating the pilot plant 
now under construction. We believe that this method 
will prove to be important in the future, in many 
countries of the world, when it becomes necessary to 
treat these low grade ores. 

REFERENCES 

1. Sato, M., On the Results of Prospecting for Promising Ura
nium Deposits in Japan, Proceedings of the Second Inter
national Conference on the Peaceful Uses of Atomic Energy, 
P/1359, Vol. 2, p. 110, United Nations (1958). 

2. Katayama, N., Genesis of the Uranium Deposit in Tertiary 
Sediments in the Ningyotoge Area, Western Japan, ibid., 
P/1356, Vol. 2, p. 402. 

3. Hirasawa, K., Tamura, Y., and Tanaka, A., Bull. Geol. 
Survey Japan 14, 157 (1963). 



230 SESSION 2.12 Pf844 ATOMIC FUEL CORPORATION 

4. Hirasawa, K., Bull. Geol. Survey Japan 14, 903 (1963). 
5. Sakanoue, M., Japan Analyst 7, 292 (1958). 

6. Muto, T., Mineralog. Jour. 3, 195 (1961). 

7. Muto, T., and Murano, T., Proceedings of the Third Sym
posium on Atomic Energy, Tokyo 1959, Vol. 2, 1-18, 32-39, 
Science Council of Japan (1959). 

8. Allen, K. A., J. Phys. Chern., 64, 677 (1960). 

9. Bauman, H. F., Buchanan, J. R., de Carlo, V. A., Guyman, 
R. H., Klima, B. B., and McLeod, J. M. Jr., USAEC report 
ORNL - 2025 (1955). 

10. Coleman, C. F., Brown, K. B., Moore, J. G., and Crouse, 
D. J., Ind. Eng. Chern., 50, 1756 (1958). 

ABSTRACT -RESUME-AHHOTAWV1R-RESUMEN 

A/844 Japan 

Les ressources en uranium et le traitement 
des minerais d'uranium au Japon 

Atomic Fuel Corporation 

La prospection systematique de !'uranium par le 
Service geologique du Japon et I' Atomic Fuel Corpora
tion a permis de reconnaitre des reserves naturelles 
de plus de trois millions de tonnes de minerais conte
nant plus de 0,01 % de U30 8 (leur teneur moyenne est 
0,06 %-0,07 %; Ia quantite d 'uranium contenu et pou
vant etre extrait est d'environ 2 000 tonnes). 

A I 'heure actuelle, Ia majeure partie des reserves est 
situee dans le district de Ningyo-toge, dans le massif 
Chugoku, dans le sud-ouest du Japon. Les gisements 
d 'uranium se sont formes horizontalement dans les 
parties de base des roches sedimentaires neogenes 
tertiaires qui recouvrent les granites. 

Au Japon, on connait beaucoup de regions dont les 
conditions geologiques ressemblent a celles de Ningyo
toge; dans ces regions, les recherches et Ia prospection 
se poursuivent activement et !'on s'attend a un accrois
sement rapide des reserves a bref delai. 

Si I 'on juge les minerais du point de vue de Ia teneur 
seulement, il est impossible au Japon de concurrencer 
les prix acceptes sur le marche mondial pour I 'uranium 
obtenu par les methodes classiques. Malgre leur faible 
teneur en uranium, les minerais japonais possedent 
nombre de proprietes interessantes : ils sont princi
palement composes de conglomerats tres legerement 
lies et d'arkose; les mineraux uraniferes qui se trouvent 
sous forme de petits cristaux dans les parties tendres et 
pore uses sont tres solubles dans les acides; ils ne 
contiennent pratiquement aucun mineral qui gene le 
traitement et ils ne contiennent pas d'elements a 
grande section efficace d'absorption des neutrons. 

Les caracteres decrits ci-dessus permettent non seu
lement de s'attendre a une reduction des cofits de 
!'exploitation miniere par Ia methode hydraulique, 
mais encore de mettre au point une technique de 
traitement economique des minerais pauvres natio
naux. 

Le procede de traitement des minerais uraniferes 
ainsi mis au point est le suivant : les minerais sont 

broyes, laves et classes et on obtient un concentre de 
particules passant au tamis 100. La teneur du concen
tre est d'environ 0,3% en U30 8, et 70% de !'uranium 
est recupere. Les particules de minerai sont condition
nees a une humidite d'environ 20 %, malaxees et 
homogeneisees avec une petite quantite d'acide sulfu
rique concentre, chauffees a 120 oc pendant quelques 
minutes, puis lavees a 1 'eau chaude pour lessiver 
!'uranium. 

La filtrabilite a pu ainsi etre grandement amelioree 
car Ia silice soluble colloi:dale est transformee en une 
forme insoluble et on obtient une solution-mere ayant 
une teneur en uranium plus elevee que celle que 
donnent les methodes classiques d 'attaque a I 'acide. 

On extrait !'uranium par une amine sous forme de 
complexe de sulfate d'uranyle, qui est converti ensuite 
en complexe de chlorure par lavage avec de 1 'acide 
chlorhydrique concentre, !'uranium restant toujours 
dans Ia phase organique. On obtient une solution de 
chlorure d'uranium raffinee en epuisant le solvant par 
l'acide chlorhydrique tres dilue. 

On prepare finalement le tetraftuorure d'uranium 
anhydre par reduction electrolytique, hydrofluoration 
et deshydratation. 

A/844 HnoHHR 

YpaHOBble pecypcbl H Haenel.feHHe 
ypaHa B flnOHHH 

COHpMa ,ATOMHK C0b10an" 

B peayJILTaTe CHCTeMaTH'IeCKHX TIOHCKOBLIX pa-
6oT, npoBOAHMLIX reoJioropaaneAoqHoii cJiym6oii 
HnoHHH H l}lupMo:ii «AToMHK l}lLIO::m)), 6LIJIO ycTa
HOBJieHo, qro HaD;HOHaJILHLie pecypcLI ypaHOBOH 
PYALI, coAepmaiD;e:ii CBLIIDe 0,01% UaOs, cocTaB
JI.fiiOT 3 000 000 T ( cpeAHee COAepmaHHe 0,06-
0,07% ; o6ID;ee KoJiuqecTBo ypaHa, KOTopoe MomeT 
6LITL H3BJieqeHO, COCTaBJI.fleT npH6JIH3HTeJILHO 
2000 r). 

B HaCTO.fiiD;ee npeM.fl aanacLI ypaHono:ii PYAhi 
cKoHn;eHTpHponaHLI B paiioHe HuHryo-Tore, B TaK 
Ha3LIBaeMOM MaCCHBe qyrOJ<y, paCTIOJIOmeHHOM 
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na roro-aana,IJ;e HnoHHH. 3anemu ypanonoii PYALI 
paCDOJiaraiOTCJI B ropH30HTaJibHOM HanpaBJieHHH 

B OCHOBaHHH HeoreHHhiX TpeTH'IHhiX OCa,IJ;O'IHhiX 

uopo,11;, HaJieraiOII.\HX na rpaHHTHhle nopO,Il;hi. 

B HnoHHH uMeeTCH MHoro paiiOHoB c TaRoii me 
reonorH'IecRoii cTpyRTypoii, RaR B Hunryo-Tore, H 

B ::lTHX paif:oHaX Be,IJ;yTCJI B HaCTOJIII.\eC BpeMJI 

;meprH'IHhie HCCJie,IJ;OBaHHJI H llO'HCROBhle pa60Thi, 

IIO::lTOMY B 6y,IJ;yll.\eM MOffiHO OffiH,IJ;aTh peaRoro yne

JIH'IeHHJI aanacon ypanonoii py,IJ;hl. 

llpu cyll.\eCTBYIOII.\eM co,IJ;epmaHHH ypaHa B py

p,ax HnoHHJI ne MomeT ycneumo ROHRypuponaTh 

HO CTOHMOCTH C ,IJ;eHCTBYIOII.\HMH MHpOBhiMH n;ena

MH, HCDOJih3YJI OOhl'IHhle MeTO,Il;hl IIpOH3BO,IJ;CTBa. 

HecMoTpH Ha HHaRoe co,IJ;epmanue ypana B py,11;ax 

fliiOHHH, OHH OOJia,IJ;aiOT MHOfO'IHCJieHHhlMH OJiaro

HpHHTHhiMH CBOHCTBaMH, a HMeHHO: JIDOHCRife 

ypanco,IJ;epmall.\He PYALI cocTOJIT ua cJia6on;eMeH

TifPOBaHHhiX ROHfJIOMepaTOB If apR030BOfO UeC'Ia

HHRa; ypaHOBhle MHHepaJibl, aaJieraiOII.\He B BH,IJ;e 

TOHRoaepHHCThiX RpHCTaJIJIOB B MJifRHX H UOpH

CThiX UJiaCTaX, JICfl\0 paCTBOpHMhl B RHCJIOTe H 

IIO'ITH He CO,IJ;epmaT HHJ\al\HX MHHepaJIOB, aaTpy,IJ;

HJIIOII.\HX npon;ecc OOpaOOTJ\H HJIH BRJIIO'IaiOII.\HX 

aJieMeHThl C BhiCOJ\HM a!JJ!J!eRTHBHhiM Ce'leHHeM UO

fJIOII.\CHHJI HeiiTpOHOB. 

8TH xapaXTepHCTHJ\H U03BOJIJIIOT OffiH,IJ;aTL CHH

meHHJI CTOHMOCTH ,Il;OOhl'IH ypaHa aa C'leT HCUOJib-

30BaHHJI rn,IJ;paBJIH'IeCRoro MCTO,IJ;a, a TaRme paapa-

6oTJ\H ::ll\OHOMH'IHOro TeXHOJIOfH'IeCJ\OrO npon;ecca 

o6pa6oTJ\H 6e,IJ;HhiX PYA HnoHHH. 
flpHBe,IJ;eHO OUHCaHHe npon;ecca H3BJie'leHHJI 

ypaHa, paapa6oTaHHOfO !JlupMOH «ATOMHR cPbiO

;m». Py,11;a paaMeJIL'IaeTcJI, npoMhiBaeTCJI H copTn

pyeTCJI B py,IJ;HhiH ROHil;CHTpaT H3 'laCTHil; paaMe

pOM MeHLme 100 Mem. Co,11;epmanne UaOs B ROH

n;eHTpaTe COCTaBJIJieT 0,3%, a H3BJIC'IeHHe - ,11;0 

70%. 

MeJIIme •IaCTHil;hl py,IJ;hl ,IJ;OBO,IJ;JITCJI ,11;0 20%-noii 

BJiamHOCT'll H paBHOMCpHO Bhlll.\eJia'IHBaiOTCJI He

OOJILlliHM ROJIHi:J:ecTBOM xonn;eHTpnponaHHoii cep

noii RHCJIOTbl, HarpeBaiOTCJI B Te'leHHe HCCROJib
RHX MHHYT ,[1;0 TeMDCpaTyphl 120° C H 3aTeM 06-

pa6aThiBalOTCJI ropH'ICH BO,IJ;OH ,IJ;JIJI BhiMblBaHHH 

ypana. 
TaRHM o6paaoM Momno aHa'lnTeJILHo noBLICHTh 

cPHJibTpyeMOCTh, TaR RaR paCTBOpHMhiH ROJIJIOH

,IJ;aJihHhiK RpeMHeaeM nepeXO,IJ;HT B HepaCTBOpHMYIO 

cPOpMy, H llOJiyqHTb paCTBOp C OOJICC BhiCOROH 

xonn;eHTpan;neii ypana, 'leM npu noMOII.\H o6hl'IHo

ro RHCJIOTHOfO Bhlll.\CJia'IIIBaHHH. 

8TOT paCTBOp llO,IJ;BepraeTCH npon;eccy ::lRCTpaR-

1.\HII aMHHaMH, UOCJie qero ROMUJICRC CYJILcPaTa 

ypaHHJia npenpall.\aeTCJI B XJIOpHCThiH ROMUJICKC 

nyTeM npOMhiBKH COJIHHOH RHCJIOTOH npH coxpaHe

IIHH ero B opranuqeciwii cl>aae. B peayJILTaTe o6-

pa6oTJ\H paCTBOpHTeJIJI CIIJibHO paaoaBJieHHOH CO

JIJIHOH RHCJIOTOH llOJiyqaJOT O'IHII.\eHHhiH paCTBOp 

U02CI2. 
M, HaRonen;, nyTeM anexTpOJIHTH'Iecxoro noc

cTano~JICHHJI, fH,IJ;POcPTOpHpOBUHIIJI H ,IJ;efH,IJ;paTa-

1.\HH UOJIY'IaiOT OC3BO,'J,Hhlii 'ICTbipexiJ!TopnCThiii 

ypaH. 

A/844 Jap6n 

Reservas de uranio y procesos de recuperacion 
en el Jap6n 

Atomic Fuel Corporation 

Los resultados de Ia prospeccwn sistematica 
efectuada por el Geological Survey del Jap6n y por 
Ia Atomic Fuel Corporation muestran que las reservas 
nacionales de mena de uranio con !eyes mayores de 
O,ol % U30 8 pasan de los 3 000 000 de t (su ley media 
esta entre 0,06-0,07 %; y el contenido total de uranio 
recuperable es unas 2 000 t). 

En Ia actualidad, Ia reserva de mena esta concentrada 
en el distrito de Ningyo-toge, en Ia Hamada region del 
Macizo Chugoku, a! Sudoeste del Jap6n. Las capas 
de menas de uranio se presentan horizontalmente 
en las partes basales de las rocas sedimentarias 
terciarias neogenicas que hay sobre los granitos. 

En el Jap6n hay muchas zonas con condiciones 
geol6gicas similares a la de Ningyo-toge y en esas 
zonas hay actualmente en curso investigaciones 
y prospecciones intensas, de modo que se puede 
esperar en el futuro un brusco incremento .de las 
reservas de mineral. 

Basandose solamente en las !eyes de esos minerales 
es imposible que el Jap6n compita con exito con el 
precio mundial del uranio obtenido merced a los 
metodos de producci6n convencionales. A pesar 
de sus !eyes tan bajas, los minerales japoneses de 
uranio tienen muchas propiedades favorables, esto 
es, constan de conglomerados y arkosa cementados 
de forma muy suelta; los minerales de uranio que se 
presentan como cristales de grano fino en las partes 
blandas y porosas son facilmente solubles en acido, 
y casi no hay minerales que interfieran con el trata
miento ni tampoco hay elementos de secci6n eficaz 
alta para la absorci6n de neutrones. 

Estas caracteristicas nos permiten no solo esperar 
una disminuci6n de los costes de mineria por metodo 
hidraulico, sino tambien desarrollar una tecnologia 
del tratamiento de las menas de baja ley del 
pais. 

El proceso desarrollado por nosotros para Ia recupe
raci6n del uranio es el siguiente. La mena se tritura, 
se lava y clasifica para concentrar el mineral de Ia 
fracci6n inferior a 100 mallas. La ley del concentrado es 
de aproximadamente 0,3% U30 8 y Ia recuperaci6n 
llega al 70 %. 

Las particulas finas de la mena se acondicionan 
a aproximadamente el 20 % de humedad y se humede
cen uniformemente con una pequefia cantidad de 
acido sulfUrico concentrado, se calientan a 120 oc 
durante unos pocos minutos y luego se tratan con 
agua caliente para lixiviar el uranio. 

Asi podemos mejorar mucho la filtrabilidad porque 
Ia silice coloidal soluble se transforma en insoluble, 
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y se obtiene una soluci6n fertil mas concentrada 
en uranio que Ia que se logra por Ia lixiviaci6n acida 
convencional. 

La soluci6n fertil se trata por el proceso de extrac
ci6n con aminas, y el complejo de sulfato de uranilo 
se conviete, por lavado con HCI concentrado en un 

ATOMIC FUEL CORPORATION 

complejo de cloruro que se mantiene en Ia fase orga
nica. Se obtiene luego una soluci6n refinada, de 
U02Cl2 por reextracci6n del disolvente con HCI 
muy diluido. 

Por ultimo se prepara UF4 por los pasos de reduc
ci6n electrolitica, hidrofluoruraci6n y deshidrataci6n. 
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Application of geologic concepts 
to future uranium exploration 

By R. D. Nininger, J. W. Gabelman and H. H. Adler* 

Uranium exploration in the USA was so successful 
from 1948 to 1958 that, toward the latter part of this 
period, uranium production threatened to exceed 
requirements and it was necessary to limit government 
purchases. This limitation resulted in the virtual 
cessation of exploration and the restriction of further 
development of deposits to that needed to provide 
ore to fulfil existing sales contracts. 

Present production rates could be maintained over 
a number of years beyond termination of the present 
government purchase program in 1970 from known 
reserves and ore discovered in the course of mine 
development in existing uranium mining districts. 
However, these districts cannot sustain prolonged 
production at present rates. Rapidly rising world 
requirements for uranium for nuclear power forecast 
for the late 1970s and beyond are of such magnitude [1] 
that they will have to be met by production from 
uranium mining districts yet to be discovered. 

The technology of sub-surface exploration by 
drilling has steadily advanced and will continue as the 
only certain means of establishing the presence of 

. uranium ore at depth. "Long-hole" underground 
drilling to guide mine development and explore ore 
body extensions has proved to be highly successful and 
is used extensively. Sample recovery from drill holes 
has been greatly improved through the addition of 
latex to drilling mud which coats drill cores and allows 
100% recovery of friable rocks. Better information 
can be obtained from non-core drilling because of 
improvements in gamma-ray, resistivity, density and 
other logging techniques and instrumentation and in 
log interpretation. 

Other geophysical as well as geochemical techniques 
will also continue to be important adjuncts of both 
regional and local exploration, but the initial selection 
of the most favorable regions for exploration will have 
to be based mainly on appraisal of the geologic factors 
governing uranium deposition. For this purpose it 
will be necessary to consider the geochemical cycle 
of uranium, its source, and the environment most 
suitable for its concentration. Although there is an 
abundance of empirical data available on the local 

* United States Atomic Energy Commission, Washington, 
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and regional distribution of uranium, there remains 
the important task of selecting the criteria which will 
be most useful in evaluating the many unexplored 
areas that have some degree of geologic favorability. 

Uranium deposits in sandstone are emphasized 
in this paper because they constitute 95 per cent of the 
present reserves of the United States. Although the 
geologic features of these deposits and their environ
ment are well documented, the source of uranium, 
the course of its migration, and the geochemical 
evolution of the deposits are problematical. However, 
they are also critical factors in selecting exploration 
targets. 

Fundamentally, the formation of sandstone-type 
uranium deposits is dependent on (a) a source of 
uranium and (b) a favorable environment for its 
deposition. Naturally, the probability of successful 
selection of target areas is increased where the geologic 
evidence points to the co-existence of favorable source 
and depositional areas. The concurrent use of such 
empirical evidence should, therefore, greatly simplify 
the task of discovering new deposits and reduce the 
time and cost required. The following concepts may 
suggest various ways of systematizing this quest. 

The concepts discussed here may well be equally 
applicable to the extensive conglomeratic deposits 
in other parts of the world. 

REGIONAL ZONING OF METALS 

The relative geographic and geologic positions of 
epigenetic metal deposits, including uranium, in 
parts of North and South America indicate that 
districts of similar mineralogy, or of similar develop
ment of mineral zoning, commonly are grouped in 
linear regional zones [2-6]. Groups of these regional 
zones parallel major tectonic features or are concentric 
around centers of igneous activity. Also, the zones 
are arranged in paragenetic sequence in response to 
gradients of decreasing temperature and intensity 
of mineralization. These gradients radiate outward 
from sites of strongest deformation. The kinds and 
relative quantities of metals represented in one entire 
group of zones characterize a particular metallogenic 
province. 

The consistent spatial relationships suggest mineral-
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ization intensity gradients that control significant 
concentrations of the various metals and offer evidence 
of a genetic association which is practically useful. 
Uranium is present in the mineralization gradients 
identified with the tectonic cycles of the southern 
Rocky Mountains and Basin-and-Range provinces 
of the western USA, the Sierra Madre Occidental of 
Mexico and the Andes of South America. It occurs 
in various temperature environments throughout the 
mineralization cycle, but increases in quantity toward 
the low temperature end of the gradient. Large uranium 
deposits in sandstone consistently tend to occupy a 
geographic position on the outer edges of mineralized 
areas or regions. No major deposits have been noted 
in regional zones of other metals, nor do uranium 
zones trend independently of other metal zones as 
would be expected if the different zones resulted from 
entirely different processes. 

In view of these associations it may be concluded 
that the respective mineralization processes of each 
zone are interrelated in some manner. By the time 
mineralizing solutions have reached the low tempera
ture and shallow depth typical of the depositional 
environment of uranium deposits in sandstone, 
however, they may have acquired the characteristics 
of ground waters, and their migration may be restricted 
largely to aquifers. 

If uranium is present in a metallogenic province 
and mineral zoning gradients can be recognized within 
the province, it may be possible to predict that the 
largest and most concentrated quantities of uranium 
will occur at or beyond the known termination of the 
gradients. These gradients can be complete and asso
ciated with major tectonic features such as mobile 

Figure 1. General features of uranium cycle 
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belts, or they can be short and associated with local 
and smaller tectonic features within mobile belts. 

A correlation is indicated between the temperature 
and intensity of mineralization and the age, depth, 
and intensity of tectonic deformation within an uplift 
or mobile belt, so that the mineralization gradient 
generally is superimposed on a deformation gradient 
progressing from early, strong, deep deformation 
to later, weaker, more shallow deformation. 

ENVIRONMENTAL FACTORS OF URANIUM 
DEPOSITION IN SANDSTONES 

Specific localities determined to be favorable for 
sandstone-type uranium ores on the basis of regional 
zonal relationships may be evaluated from the stand
point of the effects of geologic environment on uranium 
deposition. The ore-forming processes are evidently 
sensitive to pH conditions, Eh potentials, and oxidative 
and reductive capacities characteristic of natural 
environments. 

Uranium is transported mainly in the form of 
uranyl carbonate or sulfate complexes. Precipitation 
is induced by reduction of uranyl to uranous ions 
that are highly insoluble under normal ground-water 
conditions and combine to form uraninite or coffinite. 
These minerals comprise the major black ores in the 
USA. On re-oxidation to the uranyl state under 
atmospheric conditions, or by oxygen-charged waters, 
uranium is complexed with inorganic anionic radicals 
to form predominantly soluble ions, which are re
moved by ground-water solutions, or insoluble mine
rals such as the uranium vanadates, carnotite and 
tyuyamunite. The latter comprise the oxidized ores 
prevalent in the Colorado Plateau region of the USA. 
Less often, uranium combines with silicate, phos
phate, arsenate and other anionic radicals to form 
secondary minerals none of which is ordinarily as 
common in ores as uraninite, coffinite, or the uranyl 
vanadates. The general features of this uranium cycle 
are shown in (Fig. 1). 

It is apparent from geochemical considerations that 
the black sandstone-type ores could not have formed 
without the development of reducing loci in the sedi
ments. The organic matter that is virtually ubiquitous 
in sandstone-type ores functions in the dual capacity 
of absorbing and reducing uranium to form organo
uranium complexes [7] and providing the energy 
source for anaerobic bacteria which generate hydrogen 
sulfide, an effective uranium reductant and precipitant 
[8, 9]. Sulfur-isotope evidence, which evidently 
permits a distinction between bacteriogenic hydrogen 
sulfide formed in situ and petroliferous and magmatic 
hydrothermal sulfides [8-10], strongly points to 
the probability that the uranium ores were formed in 
a reducing environment created by bacteriogenic 
hydrogen sulfide. 
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All the important sandstone-type ores that have 
been analyzed isotopically, e.g. the Ambrosia Lake 
and Laguna deposits in New Mexico, the Gas Hills 
deposits in Wyoming, and the Big Indian Wash 
deposits in Utah, yield evidence of having been preci
pitated by bacteriogenic hydrogen sulfide. The ores 
are generally found in arkosic sediments containing 
large accumulations of organic matter that is now 
predominantly sub-bituminous in rank. The host 
sediments are presumed to have been derived from 
highlands under conditions favoring accelerated ero
sion by seasonal rainfall sufficiently intense to wash 
away periodically the vegetation cover and disintegrate 
the granitic rock slopes [11 ]. These conditions ac
counted for intermittent rapid deposition and burial of 
large quantities of organic debris as the coarse, 
feldspathic sediments swiftly accumulated in the inter
montane basins. Local heavy growth of vegetation 
marginal to streams meandering into the savannah 
basins probably also produced pockets of organic 
debris in the channel fill. Generally high water tables 
preserved the organic matter from aerobic conditions 
that are accompanied by oxidation. In the presence 
of this readily decomposable organic matter, sulfate
reducing bacteria generated hydrogen sulfide that 
later reacted with the metallic elements brought in 
by meteoric or juvenile waters during or subsequent 
to uplift of the basin flanks. 

The interchangeability of the uranyl and uranous 
ionic states as a function of the reduction-oxidation 
potential of the environment provides a mechanism 
for the gradual accretion of uranium in these sedi
ments. Uranyl ions carried into the sediments in oxygen 
charged waters are reduced. to the uranous state, 
forming uraninite and coffinite as they encroach on 
the reducing environment. Simultaneously, uranium 
is solubilized at the oxidized edge of this zone and 
carried again into the reducing zone where it is re
deposited. This cycling action appears to occur along 
a rather sinuous reduction-oxidation boundary which 
divides "bleached" pyritiferous sandstone containing 
black, unoxidized ore from oxidized limonitic or 
hematitic sandstone [12]. This reduction-oxidation 
interface constitutes the rather sharply defined edge of 
the familiar uranium roll structures evident in the 
black ore deposits of the Shirley Basin [13] and Gas 
Hills districts, Wyoming, and preserved in carnotite 
deposits of the Colorado Plateau. Similar boundaries 
have also been observed at the oxidized edges of the 
fracture-controlled "stack" ores in the Ambrosia 
Lake area, New Mexico, which are thought to have 
resulted from the redistribution of older more or 
less horizontal tabular or lenticular trend ores along 
zones of increased permeability [14]. The oxidation 
of the sediments has been recognized as an effective 
guide to ore in the Shirley Basin and Ambrosia Lake 
districts [13, 15] and in other major producing areas. 
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Much of the uranium in the deposits studied has 
been accumulating in recent times at or near ground 
water tables (Fig. 2), and in some the major part of 
uranium deposition occurred less than 130 000 years 
ago [16-19]. It seems reasonable to conclude, there
fore, that whereas uranium may have initially gained 
access to geochemically favorable environments in 
the host sandstones in either juvenile or ground waters, 
the ores have been extensively reworked more recently 
by meteoric solutions (Fig. 3). 

Potentially favorable ground may be recognized 
on the basis of specific or inferential evidence of (a) 
regional or local paleodrainage channelways related 
to paleotopographic or structural features and (b) 
the existence of both reduced and oxidized conditions 
in the sandstone. Although oxidized at their outcrops, 
all black ore-bearing sandstones are carbonaceous 
and unoxidized at depth. It is evident, therefore, that 
the sediments were not formed under extensive aerobic 
conditions that characteristically destroy the organic 
matter and result in red-bed formation. 

Uranium deposits are known in rocks of Penn
sylvanian and Permian age which consist predomi
nantly of reddish continental sediments [20], but the 
prospects of uranium discovery in such red-bed facies 
are minimal inasmuch as oxidizing conditions were 
evidently extensive at the time of deposition of these 
formations, thus destroying most of the organic 
matter necessary for ore deposition. 

The major ore-bearing formations in the USA are 
an assemblage of continental sediments consisting 
of unusually reducing facies and red-bed strata. The ore 
beds are, or were, in effect, reduced facies, extensive 
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in some areas and limited in distribution in others, 
with sufficient reducing capability to cause widespread 
deposition of uranous and sulfide minerals. These 
sediments were chemically extraordinary in that their 
reducing capacities could be regenerated by micro
organisms as long as the enclosed organic matter 
could sustain bacterial life. Many of these beds were 
extensively oxidized after uplift, rather than during 
deposition, causing basin-ward ingression of redox 
boundaries. These sandstones are potential sources 
of uranium wherever they have been only partially 
oxidized by ground-water solutions. 

Although the sandstone-type uranium deposits 
in the USA have a wide geographical distribution, 
they are restricted primarily to three major host rocks, 
the lower part of the Chinle Formation of Triassic 
age, the Morrison Formation of Jurassic age, and the 
Wasatch and Wind River formations of Tertiary 
(Eocene) age. Various Cretaceous and Miocene forma
tions are also ore-bearing, but uranium mineralization 
was apparently less intense and more local in distri
bution. While the distribution of ore deposits indicates 
a relationship to the regional transmissive capacity 
of the host rocks [21 ], the adjoining eolian and marine 
beds, although possessing relatively uniform trans
missive properties, seldom provide the geochemical 
environment suitable for ore deposition generally 
found in the fluvial carbonaceous sandstones. 

The most significant aspect of this concept of 
uranium deposition is that uranium accumulates in 
suitable permeable rocks only where it encounters 
chemical conditions precluding its further migration. 
Such chemical traps appear to be of no importance 
if they exist in sedimentary rocks of deep basins to 
which oxygenated uraniferous waters have had no 
access. Traps nearest the source of these solutions 
and in the path of migration will be the first to take 
up the uranium. 
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Figure 4. Gravitational gradient for migration of uranium 
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A logical inference from uranium discoveries to 
date is that the depositional sites along the flanks 
of uplifts were generally accessible to uraniferous 
solutions and that the most recent impact of these 
uplifts was to create a gravitational gradient for migra
tion of uranium into favorable depositional environ
ments (Fig. 4). In the USA virtually all important ore 
deposits in sandstones show evidence of such topo
graphic influence. 

Obviously, opportunities for migration and accu
mulation of uranium are especially favorable around 
structural highs. The deposits may be located near 
the basin rim if the sediments extend deeply into the 
basin and oxidation is relatively shallow, e.g. in the 
Grants area, New Mexico, or they may occur near 
the basin trough if the host sediments are relatively 
shallow and ground-water drainage is well developed 
into the basin interior, e.g. in the Shirley and Powder 
River basins, Wyoming. Where oxidation and erosion 
of the sands has been extensive, dip reversal caused 
by faulting or folding may halt the progressive basin
ward migration of the uranium and result in the pre
servation of ore in a subsidiary trough, as in the Gas 
Hills area, Wyoming. 

APPLICATION 

According to the concept of mineral zoning, the 
most favorable locations for major uranium minerali
zation within tectonic mobile belts are near or along 
the foreland side. These would lie at the low-tempera
ture ends of mineral zoning gradients of regional pro
portions commonly oriented across the mobile belt 
and also at the low temperature ends of more localized 
zonal gradients generally associated with smaller 
individual uplifts; more specifically on the gently 
dipping flank between an uplift and a closed or semi
closed basin of continental sedimentation. The ideal 
host rocks are permeable fluviatile sandstones rich 
in carbonaceous debris. 

The United States 

The most productive uranium districts in the Cor
dilleran mobile belt of the United States occur toward 
its eastern or foreland side [22] (Fig. 5). They are 
in interior regions of uncommonly weak deformation 
such as the Colorado Plateau and the Wind River 
and Shirley basins of Wyoming, as well as along 
the margin of the Great Plains in the Powder River 
Basin, Wyoming, and the Black Hills of Wyoming and 
South Dakota. Within these regions are other areas 
which contain uranium deposits but which have not 
yet proved to be productive districts of equal signi
ficance. Further exploration may well demonstrate 
their importance. 

Similar regions along the Cordilleran foreland 
contain much ground with zonal and host-rock 
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Figure 5. Important uranium districts of the USA in relation to zones of orogenic deformation 

favorability in which uranium has not been found. 
These regions offer fertile prospecting ground. Many 
intermontane areas lying within and toward the east
ern edge of the mobile belt are worthy of study; these 
include the Crazy Mountain-Reed Point syncline of 
southern Montana, the Rock Springs uplift and 
adjacent basins of Wyoming, the North Park Basin of 
Colorado, and the Rio Grande graben of New Mexico. 
Each of these is note worthy for one or more favorable 
criteria including epithermal mineral deposits, asso
ciated uplifts, carbonaceous, poorly sorted sandstones, 
and small uranium occurrences. 

Most depositional basins along the margin of the 
Great Plains are open and offer less possibility for 
uranium entrapment than closed basins within the 
mountain belt. Among many local areas offering some 
exploration possiblities, however, are the Bearpaw 
and Little Rocky Mountain laccolithic uplifts of 
southern Montana that are similar to the La Sal, 
Abajo, Henry, and La Plata laccolithic uplifts of the 
Colorado Plateau which have central small precious- or 
base-metal deposits and marginal uranium deposits. 
The Denver and Raton basins, along the mountain 
front in Colorado and New Mexico, are terminal to 
mineralization gradients in the neighboring Front 
Range and Sangre de Cristo ranges and contain favo
rable host rocks as well as small uranium occurrences. 

The Cordilleran region is the most recently active 
mobile belt of America and contains the structures of 
several Cenozoic superimposed or juxtaposed oro
genies. The only other prominent mobile belt in the 
United States is the Appalachian system of Hercynian 
age. This mobile belt has an associated mineralization 
gradient of similar age, but important concentrations 
of uranium are not known. However, this system 
swings westward through the southern states beneath 
Mesozoic and Cenozoic rocks and passes down the 
east coast of Mexico. Intersections of tectonic ele
ments or systems are known preferentially to localize 
mineralization which accompanied the later system. 
The existence of Tertiary uranium deposits in Karnes 
County, Texas, not too far distant from the Llano 
uplift focuses attention on this feature. The Ouachita 
and Ozark uplifts of Oklahoma and Arkansas are 
also worthy of examination. 

Worldwide possibilities 

The same criteria can be applied throughout the 
world for the evaluation of mobile belts as potential 
uranium provinces and the selection of local explora
tion targets. 

Many of the mobile belts throughout the world 
would be suspect, particularly the Cenozoic Cordil
leran belt of South America and the Precambrian and 
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Hercynian belts on the east margin of the Brazilian 
and Guianan shields; the active belts around the Aus
tralian shield; the Alpine-Himalayan belt and the 
Atlas Mountains of North Africa. Within or on the 
foreland sides of those belts the most favorable local 
areas are the flanks of small uplifts associated with 
low temperature mineralization gradients. The uplifts 
should be marginal to depositional basins with 
fluvial deposits. 

For the mobile belts mentioned, local areas of 
particular favorability include the Tucano and related 
Cretaceous-Tertiary coastal basins of north-east Brazil, 
the eastern foreland or intermontane basins of the 
Peruvian Andes from Colombia to Argentina, the 
transition shelf between the shield and the Great 
Dividing Range of eastern Australia, and the southern 
High Atlas and Saharan mountain chains of North 
Africa. 
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A/257 Etats-U n is d 'Amerique 

Application de concepts geologiques a Ia 
prospection future de !'uranium 

par R. D. Nininger el a/. 

La plupart des regions d'extraction de !'uranium 
actuellement importantes aux Etats-Unis ont appa-

remment atteint ou passe la periode de maturite. 
Les besoins rapidement croissants des centrales 
nucleaires prevues pour les annees 1970-1979 depas
seront largement l'accroissement des reserves que l'on 
peut attendre des mines en exploitation et des zones 
avoisinantes, et ces besoins devront etre satisfaits 
principalement par des gisements non encore decou
verts. La mise au point et I 'utilisation de criteres geo-
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logiques de Ia genese du minerai d 'uranium et de sa 
situation geographique seront les facteurs dominants 
dans le choix des regions favorables et des objectifs 
d'une prospection precise; on pense que Ia plus grande 
partie des reserves nouvelles d 'uranium a bon marc he 
se trouveront dans des gisements de gres. Les methodes 
geophysiques et geochimiques joueront un role impor
tant dans Ia prospection detaillee de nouvelles regions, 
mais il est moins certain qu'elles seront le moyen 
initial de Ia decouverte de telles regions. 

Des concepts geologiques fondes sur des donnees 
empiriques concernant Ia presence d'uranium dans des 
gisements de gres et de conglomerats sont exposes dans 
Je memoire, et !'on pense qu'ils constituent une base 
interessante pour !'evaluation des possibilites de pre
sence d'uranium dans des regions inexplorees des Etats
Unis et du monde. Ces concepts presupposent une 
correlation entre l'origine de !'uranium et certains 
evenements tectoniques (qui sont egalement associes 
a Ia formation de gisements hypogenes de divers 
metaux) mais n'exigent pas necessairement que !'ura
nium soit hypogene. 

D'apres des etudes concernant les gisements de 
minerais metalliques sur les continents americains, il 
est apparu que dans toute region les ceintures ou 
centres de mineralisation de plus grande intensite et a 
plus haute temperature coincident generalement avec 
des unites tectoniques lineaires ou bien apparaissent 
aux intersections de ces unites ou en des centres volca
niques. La mineralisation apparait en zones et en 
sequences paragenetiques le long de gradients d'inten
site decroissante rayonnant a partir de ces regions 
focales. Bien que I 'u~anium puisse etre present dans 
toutes les zones, il est le plus abondant dans les zones 
exterieures peu profondes et a basse temperature, ou 
il est depose a partir de solutions a caracteristiques 
telethermales ou d 'eaux d 'infiltration. Les liquides 
causant Ia mineralisation en zones peuvent deposer de 
I 'uranium hypogene ou enlever de I 'uranium du gra
nite, du tuf ou d 'autres roches au cours de modifica
tions et les modifier chimiquement assez pour per
mettre un lessivage supergene. Le lessivage supergene 
de roches nouvelles peut egalement etre declenche par 
des evenements tectoniques, et Je depot peut se pro
duire dans Jes memes regions marginales favorables 
a Ia mineralisation hypogene. 

Dans les zones a basse temperature, le depot d 'ura
nium dans les gres est determine par des caracteris
tiques particulieres aux milieux de roches sedimen
taires. Le caractere et la distribution de depots de 
minerais non oxydes dans des gres carbones permeables 
indique I 'importance des processus de reduction et 
d'oxydation dans Ia formation de minerais. Les depots 
de minerais ·sont directement lies aux interfaces formes 
par Jes incursions d'eaux d'infiltration oxydantes dans 
des zones de reduction produites par Ia decomposition 
bacterienne anaerobie de matieres organiques. On 
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peut localiser les terrains qui peuvent etre productifs 
en situant ces limites grace a leurs particularites mine
ralogiques evidentes. 

Les regions presentant une coincidence de zones 
hypogenes a basse temperature, de canaux de circu
lation de solutions supergenes et de milieux sedimen
taires favorables se trouvent generalement le long des 
bords communs a des saillies orogeniques et aux 
bassins continentaux adjacents. Une evaluation 
montre les possibilites de presence d 'uranium en 
diverses regions de,s Etats-Unis et d'ailleurs ou de tels 
lieux favorables semblent exister. 

Aj2r!)7 CWA 

npHMeHeHHe reonorHL!eCKHX nOHf1THI1 
s 6YAY~Hx passeAKax ypaHa 

P. ,lJ,. HaitHHHreM et al. 

BoJihiiiMHCTBo coBpeMeHHhiX nan6oJiee BaiRHhiX 
ypanop,o6b1Baro~nx paiionoB CiliA, no-BHfl.HMOMy, 
p;ocrnrJin HJIH nepeiRHJIH aran nan6oJihiiiero pa3-
BHTHH. Pacry~ne noTpe6nocTu B Hp,epnoM TonJIH
Be, npep,cKa3hiBaeMhle na 1970-e rop,hi, na11-moro 
upeB3oiip,yT omup,aeMhie npupoCThl 3anacoB ua 
p;eiicTBYIO~Hx pyp,nuKax. Yp,oBJieTBopenue ll(}T
pe6nocTeii 6yp,eT ocy~ecTBJIHThCH rJiaBHhiM o6pa
aoM 3a C'leT OTKpbiTHJI HOBbiX MeCTopomp,eHHH. 
Pa3BHTHe u ucrroJih30Banue reoJioru'leCKHx oco-
6ennocTeii rene3uca u ycJIOBHii o6pa3oBaHHH ypa
HOBhiX pyp, cTaHoBHTCH peiiiaiO~HM cpaKTopoM 
npn Bhl6ope nepBooqepep,nhlx rrepcrreKTHBHhiX 
paHOHOB H OIIpep,eJieHHH KOHKpeTHhiX o6'heKTOB 
pa:me11:Kn. OmHp,aeTCH, 'ITO 6oJihiiiaJI qaCTh BHOBh 
oTKphiThiX 3arracoB p,eiiieBoro ypa.ua 6yp,eT uaxo
;(UThCH B MUHepaJIH30BaHHhiX UeC'IUHHKaX. feo
lf!H3H'IeCKlfe H reoXHMH'IeCHHe MeTO;:J;hl 6yp,yT nr
paTh BaiRHYIO poJib B p,eTaJihHOH pa3Bep,Ke HOBhiX 
paHOHOB; Oll,HaHO Menee BepOHTHO, 'ITO HMeHHO 
OHII 6yp,yT CJIYiRHTb rrepBOHa'IaJibHbiMH cpeP,CTBa
MH IIOHCKOB. 

B nacToH~eM IJ:OHJia,n:e paccMaTpnBaiOTCH reono
rH•r('CHHC IIOHHTHH, OCHOBaHHhie Ha :JMIIHpHlfCC
Ck'HX JWHHhiX OTHOCHTeJibHO 3UJieraHHH ypana B 
l!('C'IaHUKaX U HOHI'JIOMepaTaX. 8TH IIOHHTHJI, J>aK 

llOJiaraiOT, COCTaBJIJIIOT OCHOBY P,JIJI OIJ,CHKH ypano
BblX aa11acon B nepa3ne,n:aHHhiX pai1onax ClllA n 

;~pyrnx cTpan Mnpa. 3Tn IIOHHTUH upell,IIOJiararoT 
CBJI3h MCiRlJ.Y OTJIOiRCHHJIMH ypaua H TCKTOHH'IC

CKHliHI HBJICHHHMH, 1\0TOpbie COIIpOBOiRAaiOTCJI 
TaKme o6pa3onauneM rurrorennhlx MecTopom~c
uuii pa3JIJilHihiX MCTaJIJIOB, HO He 06H3aTCJlhHO 

o6yCJIOBJ1HBaiOT runoreHHoe HpOHCXOif\P,CHIIC 

ypana. 

B pe3yJILTaTe nayqennH MeTaJIJinqecKnx PYA
Hb!X MeCTOpomp,eHHH Ha aMepHKaHCKOl<l KOHTH
HeHTe CTaJIO oqeBHP,HhiM, qTO llOHCa HJIH IJ,eHTphi 
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HaH60Jiee HHTCHCHBHOH H BhlCOKOTeMrrepaTypHOH 

MHHepaJIH381l;HH B JII060M paifoHe COBIIa)J;aiOT B 

06lll;eM C JIHHeHHhlMH TeKTOHHqecKHMH CTpyK

TypaMH, c rrepeceqeuueM TaKHX CTPYKTYP HJIH c 

BYJIKauuqecKHMH n;eHTpaMH. MuuepaJiuaan;uH 

IIpOHCXO)J;HT B 30H8JibHhlX KOHTypax H B rrapare

HeTHqecKOH IIOCJie)J;OBaTeJibHOCTH B HanpaBJieHIUI 

p8)J;H8JibHO yMeHbiii8IOlll;eHC11 HHTeHCHBHOCTH OT 

:nux n;eHTpaJILHLix oqaroB. XoTH ypaH MomeT 

OTJiaraTbCH BO BCeX 30HaX, 60Jibiiie BCero OH KOH

Il;CHTpHpyeTCH B HaH60Jiee yp;aJieHHhlX OT n;eHTpa, 

HerJiy60K038JieraiOlll;HX HH3KOTeMIIepaTypHhlX 30-

HaX, rp;e OH Bbiiiap;aeT H3 paCTBOpOB C TeJieTepMH

qecKHMH HJIH rroqBeHHO-BO)J;HhlMH XapaKTepHCTH

KaMH. PacTBopLI, coap;aiOlll;He MHHepaJILHoe aoHH

poBaHue, MoryT OTJiaraTb rHIIOreHHhlH ypaH HJIH 

Bhllll;eJiaquBaTh ypaH H3 rpaHHTa, Ty<IJa H p;pyrux 

IIOpO)J;, HJIH me IIpeoopa30BhlB8Tb HX XHMHqeCKH 

B p;ocTaToquoii Mepe )J;JIH ooJiee a<P<PeKTHBHoro rH

nepreuuoro Bbilll;eJiaquBaHHH. fu11epreuuoe Bhllll;e

JiaquBaHHe cBemux rropop; MomeT 6LITb TaKme Bbi

ahaHo TeKTOHHqeCKHMH HBJieHHHMH, H OTJIOa\eHtJe 

ypaua MomeT npouaoi:i:TH B Tex me nepu<IJepuii

HbiX. paiiouax, oJiaronpHHTCTBYIOlll;HX rurroreuuoii: 

MHHepaJIH381l;HH. 

B HH3KoTeMIIepaTypHhlX aouax oTJIO>KeHHe ypa

Ha B IIecqaHHKax KOHTpOJIHpyeTCH YCJIOBHHMH, 

npHCYlll;HMH oopaaoBaHHIO ocap;oqHhlX nopop;. Xa

paKTep H pacnpep;eJieHue neoKHCJieHHbiX pyp;nhiX 

Te.lJ B npouun;aeMbiX yrJIHCTbiX necqauHKax yKa-

3hiBaiOT na BamnyiO poJih npH pyp;oo6paaoBaHHn, 

BOCCT8HOBHTeJibHhlX H OKHCJIHTeJibHbiX npon;cc

COB. Pyp;Hble TeJia nerrocpep;cTBeHHo cB.aaaHbi c 

1\0HTypaMH, o6pa30B8HHbiMH BTOpiRCHHeM OKHCJIH

IOJII;HX IIO)J;3eMHhiX BOp; B 30Hbl BOCCT8HOB.lleHHH, 

C03,!1;8HHhle aHa3pOOHbiM 6aKTepHiiHbiM pa3JIOiRC

HlfeM opraHHqeCKHX Belll;eCTB. J1oTeHII;H8JlbHO 

npo,o;yKTHBHhle yqacTim MoryT 6LITb ycTaHoBJieHhi 

nyTeM H8XOa\)J;CHHH :'lTHX KOHTypoB IIO HX xa

paKTepHhlM MHHepaJIOI'HqecKHM CBOHCTB8M. 

Pai:i:oHhl, B KOTOpbiX HMeeTCH COBli8)J;CHIIe HI13-

IWTeMnepaTypHhiX rHIIOreHHbiX 30H, ~mrpall;HOH

IIbiX KaHaJIOB ]J;JIH rHnepreHHhlX paCTBOpOB H OJia

I'OIIpHHTHbiX OC8,!J;OqHhlX Cpep; BCTpeqaiOTCH B OC

HOBHOM B)J;OJih o6lll;HX rpaHHn; oporenuqecKHX 

IIO)J;HHTHH H CMea\HhlX KOHTHHeHT8JihHbiX 6acceii

HOB. ,[(aeTCH on;enKa nepcneKTHBHbiX 110 ypauy 

paaJIHqHbJX paiioHOB B CiliA H ]J;pyrHx cTpaH 

MHpa, rp;e npep;IIOJiaraeTCH H8JIHqlfe HO)J;OOHbiX 

oqaroB. 

A/257 Estados Unidos de America 

Aplicaci6n de conceptos geol6gicos a Ia futura 
exploraci6n del uranio 

por R. D. Nininger ef a/. 

La mayoria de las regiones mineras de los Estados 
Unidos que son importantes en Ia actualidad, aparente
mente han alcanzado o pasado el periodo de mayor 
produccion. Las crecientes demandas de energia 
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nuclear esperadas para los alios de 1970 a 1980 exce
den1n grandemente los aumentos que se espera se 
han1n en las reservas actuales con material sacado 
de las minas actualmente en explotacion y de zonas 
cercanas. Estas demandas tendr{m que ser satisfechas 
en su mayor parte con la produccion procedente de 
nuevas minas aun no descubiertas. El desarrollo y uso 
de conocimientos geologicos acerca de Ia formacion 
del mineral de uranio y de las regiones mas favorables 
para su desenvolvimiento seran factores dominantes 
para determinar las regiones que podran ser exploradas 
mas favorablemente. Se espera que Ia mayor parte 
de las reservas de uranio de bajo precio que seran 
descubiertas en un futuro proximo se encontraran 
en depositos de piedra arenisca. Los metodos geofisicos 
y geoquimicos tendran probablemente un papel 
importante en Ia exploracion detallada de las nuevas 
regiones, pero es menos probable que estos metodos 
sean los medios iniciales que se utilicen para localizar 
estas nuevas regiones. 

Se presentan datos geologicos que concuerdan 
con los datos empiricos en lo que respecta a Ia presencia 
del uranio en piedra arenisca y conglomerados. Se 
cree que estos datos forman una buena base para Ia 
evaluacion de Ia reserva potencial de uranio en regiones 
no exploradas de los Estados Unidos y de cualquier 
otro Iugar del mundo. Esto presupone una relacion 
entre Ia derivacion del uranio y acontecimientos 
tectonicos (que tambien estan asociadas a Ia for
macion de depositos hipogenicos de varios metales), 
pero no quiere decir necesariamente que el uranio 
sea hipogenico. 

Como resultado de los estudios hechos en yacimien
tos minerales en el continente americana, resulta 
aparente que las· bandas o centros de mineralizacion 
de mayor intensidad y mas alta temperatura de cada 
region coinciden generalrnente con unidades tecto
nicas lineales y ocurren en las intersecciones de dichas 
unidades o en centros volcanicos. La mineralizacion 
ocurre en zonas y en secuencias parageneticas cuya 
intensidad decrece radialmente a medida que se alejan 
de las areas de concentracion. Aunque el uranio 
puede formarse en cualquier zona, es mas abundante 
en las zonas mas exteriores y de baja temperatura, 
donde se deposita de soluciones con caracteristicas 
teletermales o de aguas subterraneas. Los fl.uidos 
que crean las bandas de mineralizacion pueden deposi
tar uranio hipogenico o pueden separar el uranio del 
granito, de rocas volcanicas u otras rocas durante su 
alteracion y modificarlas quirnicamente lo suficiente 
como para permitir una lixiviacion supergenica mas 
efectiva. La lixiviacion supergenica de las rocas nuevas 
puede tambien ser causado por fenornenos tectonicos 
y una deposicion puede ocurrir en las misrnas regiones 
marginales favorables para Ia mineralizacion hipo
genica. 

En las zonas de baja temperatura, Ia deposicion 
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del uranio en piedra arenisca es controlada por las 
caracteristicas peculiares de las rocas sedimentarias 
que rodean la piedra arenisca. Las caracteristicas y 
distribuci6n de masas de mineral que no ha sufrido 
oxidaci6n en piedra arenisca carbonosa permeable 
indica la importancia de los procesos de oxidaci6n 
y reducci6n en la formaci6n del mineral. Las masas 
minerales estan directamente relacionadas con las 
interfases formadas por la introducci6n de aguas 
subterraneas con caracteristicas oxidantes en zonas 
de reducci6n creadas por la descomposici6n de bac
terias anaerobias en la materia organica. Las tierras 
potencialmente productivas pueden ser delineadas 
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localizando sus contornos por medio de sus salientes 
caracteristicas mineral6gicas. 

Las regiones en donde coinciden las zonas hipoge
nicas de baja temperatura, los canales de migraci6n 
de soluciones supergenicas y las rocas sedimentarias 
favorables a la formaci6n de uranio se hallan general
mente a lo largo de los hordes comunes de los levan
tamientos orogenicos y de las cuencas continentales 
adyacentes. Un estudio de estas condiciones muestra 
las posibilidades de la existencia de uranio en varias 
regiones de los Estados Unidos y en otras partes del 
mundo donde se cree que existen estas condiciones 
favorables. 
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reTeporeHHOe OKMCneHMe M npo4eccb1 

BbllJ.\enalfMBaHMJI ypaHa a KMCnbtX pacTaopax 

E. A. KaHeBCKMM, A. n. CDMnMnnoa, r. M. HecMeSIHOBa 

Ilpo:qeccbl KHCJIOTHoro Bhli:qeJiaqnBaHHH ypana 

na py~ OTJIH'IaiOTCH 6oJihmoii: cJiomnocTbiO. O~na
Ko OCHOBHbie 3aKOHOMepHOCTH 9THX rrpo:qeCCOB, KaK 

IIOI\a3aHO B ~OKJia~e, CBH3aHhl C KHHeTHKOH OKHC

JieHHH H pacTBopeHHH OKHCJIOB ypana. IIonoMy 

cBoeo6paanhle oco6ennocTH reTeporennLix rrpo:qec

COB OKHCJieHHH H paCTBOpeHHH U02 B KHCJihlX paC

TBOpax rrpe~CTaBJIHIOT 60JiblllOH HHTepec. 

B panee orry6JIHKOBaiiHbiX pa6oTax 6LIJIH pac

cMoTpenhl reTeporennhle rrpo:qecchl ·B3aHMo~eiicT

BHH uo2 H Mn021' KaTaJIHTH'IeCKOe BJIHHHHe HOHOB 

meJieaa 2, BJIHHHHe nonnoro cocTaBa Fe (III) H 

KOHQeHTpa:qHH HOHOB BO~OpO~a Ha OKHCJieHue H 

pacTBopenne U02
3• B nacTOHD.J;eM ~oKJia~e rrpnBe

~eHhi HOBhle 9KCIIepHMeHTaJibHhle ~aHHhle H CJ:\eJia

Hhl HeKOTOpbie o6o6r:qaiOJQHe BhlBO~bi. 

1. PACTBOPEHI-1E U02 8 CEPHOKI-1CJ10M 
PACTBOPE C Y4ACTI-1EM 

OKI-1CJli-1TEJlEVI 

113 MHOroqHCJieHHhlX OKHCJIHTeJieii:, KOTOpbie 
MOfYT 6hlTb HCIIOJib30BaHbi IIpH paCTBOpeHHH U02 

B cepHOKHCJihlX paCTBOpax, orpanHqHMCH paCCMOT

peHHeM TeX •Bei:qeCTB, IWTOphle HMeiOT OCHOBHOe 

3HaqenHe B ypaHOBOH IIpOMhliUJieHHOCTH, TO eCTb 

a30THOH KHCJIOThl, XJIOpHOBaTOH KHCJIOThl H ~By
OKHCH Mapran:qa, a TaKme nonoB meJieaa (III). 

a) A30THAfl KI-1CJ10TA 

B cJiyqae rrpnMeneHHH aaoTnoii KHCJIOThl B cep

HOKHCJihlX paCTBOpaX Ha XOJIO~y ee OKHCJIHTeJib

Hhle CBOHCTBa 3aMeTHO IIpOHBJIHIOTCH TOJibKO B 

06JiaCTH OTHOCHTeJibHO KOHQeHTpHpOBaHHhlX pa

CTDOpOB H 2S04• C BoapacTanneM KOH.qeHTpa.qnn 

a30THOH KHCJIOThl a<fl<fleKTHBHOCTb 9T0f0 Ber:qeCTBa 

B KaqeCTBe OKHCJIHTeJIH TaKme IIOBhlmaeTCH 

(Ta6JI. 1). 
OrrLIThl rrpoBo~HJIHCb B aBTOKJiaBe. 'Y CJIOBHH 

OIIhlTa: HaBeCKa uo2 ---. 5 e, TeMnepaTypa 20° C, 
IIpO~OJiiKHTeJibHOCTb - 3 'l, a30THYIO KHCJIOTY ~0-
6aBJIHJIH B cTexnoMeTpHqecKoM KoJinqecTBe. B ana

nornqnhlx ycJioBHHX rrpoBo~HJIH nccJie~oBaHHe 

BJIHHHHH TeMrrepaTyphl, HO IIpO~OJiiKHTeJibHOCTb 

OIIhlTa COCTaBHJia 1 l(,. 8KcrrepHMeHTaJibHhle ~aHHble 
IIpHBe~eHhl Ha pHC. 1. 0KHCJIHTeJihHaH aKTHBHOCTb 

242 

Ta6nHI.Ia 1. 3aaHCHMOCTb creneHH pacraopeHHll ypaHa 

OT Kottl.le·HTp<M.~>HH CepHOH tf .UOl'HOH tcHCnoT 

KOHIICHTP8IIHII CTeneHb pacTaopeHHII npu KOHIICHTP8IlHB HNOa. 
H,SO., M B MOJJIIX, (%) 

0,032 0,094 0,186 
0,05 1,0 1,0 1,0 1,0 
0,10 1,0 1 '1 1,1 1,0 
0,26 1,0 1,1 1,0 1,8 
0,51 0,9 1,1 1,0 3,1 
1,02 0,9 1,1 1,9 7,2 
2,04 1,0 18,0 27,0 38,0 

U30THOH KHCJIOThl, TaK me KaK H IIpH IIOBhlllleHHH 

Kon.qenTpa.qHH HNOa H H2S04, pacTeT ne rrocTe

rrenno, a cKaqKoo6paano. HaqaJio aneprnqnoro 

OKHCJIHTeJibHOfO ~eiiCTBIIH a30THOH KHCJIOThl B yKa-

60 

40 

20-

0 ~o---=2~0~2=~4~o====~----8~0~--1~00 
t~ c 

PHc. 1. 3aBI1CHMC'CTb creneHH B3aHMOAeHCTBHll uo2 H a•301'

tlOH KHCnOTbl B H2S04 •KOHI.IettT.pai.IMH 10 r/n OTTeMnepary.pbl 

aannhlx ycJioBIIHX cooTBeTCTByeT TeMrrepaType 

70° C, TO ecTb TeMrrepaType, rrpn KOTopoii naqn

uaeTCH CIIJihnoe paaJiomeuue 4 HNOa. 

8TH OC06eHHOCTII a30THOH KHCJIOThl IIaH60Jiee 

ecTeCTBeHHO o6'hHCHHIOTCH IIpH ~orryr:qeHHH, qTo B 
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onpe,n;eJieHHLIX ycJIOBIIHX rrpo~ecc aBTOKaTaJIIITII

qecKoro paaJiomeHIIH HN03 npoTeKaeT 6LICTpo, 

rrpii'IeM rrpo,n;yKTLI pacrra.n;a rrpe,n;cTaBJIHIOT co6oii: 

CHJILHhle OKIICJIIITeJIII. 

<l>eTTep 5 npii IICCJie,!lOBaHIIII ;meKTpOXIIMII'IeCKO

ro BOCCTaHOBJieHIIH paCTBOpOB a30THOH KIICJIOThl 

cpe,n;Heii: II BLICOKOH KOH~eHTpa~HH c,n;eJiaJI BhlBOil: 

0 TOM, 'ITO OKIICJIHTeJILHO-BOCCTaHOBIITeJILHLIH IlO

TeH~IIaJI ( 0.-B. IT.) paCTBOpOB HaXOAHTCH B JIOra

pi1cpMH'IeCKOH 3aB!!CIIMOCTII OT KOH~eHTpa~HII 830-

TIICTOH KHCJIOTLI. HanpoTIIB, MoHR II 8JIJIHHreM 6 

IIOJiaraiOT, 'ITO IlOTeH~HaJIOIIpe,n;eJIHIO~eii: HBJIHeT

CH peaK~IIH 

HNOa + 2H+ + 2e~ HN02 + H20, (1) 

TO eCTL HeiiOCpe,n;CTBeHHhlH OKHCJIIITeJIL - a30THaH 

KHCJIOTa. B CBH3II c TaKIIMH IIpOTHBope'IHBLIMR 

MHeHIIHMH Heo6xo,n;HMO ,n;aJILHeii:rnee HCCJie,n;oBaHHe 

:noro BOIIpoca. 

PeayJILTaTLI o,n;HoBpeMeHHoro HCCJie,n;oBaHHH KH

HeTHKII paCTBOpeHHH U02 H yCTaHOBJieHHH IIOTeH

~HaJia B CHCTeMe uo2- H2S04- HN03 npH 20° c 
IIpHBe,n;eHLI Ha pHC. 2. IlpH BBe,n;eHHH B cepHOKHC-
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PHc. 2. 3aaHCIHIMOCTb een~t'IHIHbl o.-a. n. Cl~+eTeMbl H2S04-

HN03- uo2 (KpHBble 1, 2, 3) H creneHH pacraopeHHJI ypa
Ha (K·pHtlble 1', 2', 3') or 1<0H·L\eHTpau,.H·H HN03 +~ •npo,qomKH
renbHOCTH npOL\eCca ·npH 20° C. KpHBble 1 H 1' COOTBeTCT
BYIOT HNOs 20 rfn; 2 H 2'- 60 rfn; 3 H 3' -100 r/n; 

KOHL\eHrpaL\H'I H2S04 - 45 r/n 

JILIH paCTBOp a30THOH KHCJIOTLI H il:BYOKHCH ypaHa 

0.-B. II. llOBLilliaeTCH IIOCTeiieHHO H ,n;ame 3a ,n;Ba 

'IaCa He il:OCTHraeT IIOCTOHHHOH BeJIH'IHHhl. 

CorrocTaBJieHne KpHBLIX 1 II 1', 2 H 2', 3 H 3' 

IIORa3LIBaeT, 'ITO Mem,n;y KHHeTHKOH YCTaHOBJieHHH 

o.-B. II. II paCTBopeHHeM ABYOKHCH ypaHa HeT IIpH

Moii: aaBHCHMOCTH. B To BpeMH KaK OKHCJieHHe H 

paCTBOpeHHe U02 ,n;ame B paCTBOpe, co,n;epma~eM 
100 e/.tt HNOs, .n;ocTHraeT aa ,n;Ba qaca JIHlliL He

CKOJILKHX npo~eHTOB, 0.-B. II. aa 3TO BpeMH TIOBLI-
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rnaeTCH Ha 300 .M8. 8TH 3KCIIepi1MeHTaJILHhle <J>aK

Thl IIOHHTHhl, eCJIH a30THaH KHCJIOTa B ,n;aHHhlX 

ycJioBHHX He HBJIHeTCH Heiiocpe,n;cTBeHHLIM mmcJIH

TeJieM, a B IIpo~ecce oKHCJieiiHH IIpHHHMaiOT yqac

THe IIpo,n;yKThl ee pa3JIOiKeHIIH H HMeHHO OHH OIIpe

,ll,CJJHIOT 0.-B. II. CHCTeMLI. 
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Pt«:, 3. 3aeH01MOCTb aeJ~Ho&~~Htlbl 0."'18, n. OHCTeMbl· H2SOr
HNOs- uo2, (l<pHBbte f, 2, 3) M creneHK piiCTBOpettrH•JI 
ypaHa (KpHBble f', 2', 3') or KOHL\eHrpaL\HH HN03 H npo
AOn>KHTenbHOCTH npOL\ecca npH 70° C. KpHBble 1 H 1' co
oraercrayiOT KOHL\&HTpat4HH HN03 10 rfn; 2 H 2'- 25 rfn; 

3 H 3' -60 rfn; KOHL\etupai.\H'I H2S04 - 45 r/n 

Rei!: n CTepH 4 yKa3LIBaiOT, 'ITO HHme 70° C cl\o

pocTL pa3JIOiKeHHH ,n;ame 100%-HOH a30THOH I\HC

.10Thl HeHaMepnMo MaJia. IIoaTOMY Ha6JIIO,n;aiO~ee
CH paCTBOpeHHe U02, BepOHTHO, CBH3aHO C YCROpe

HHCM paaJio>lieHHH HN03 IIOA RaTaJIHTH'ICCRHM 

BJIHHHHCM npo,n;yRTOB ee BOCCTaHOBJICHHH - 01\HC

JIOB aaoTa. 

Ilpii TeMrrepaType 70° C B TOM me CHCTeMe IIpO

~eCChl ORHCJICHIIH H paCTBOpeHHH U02, RaR CJie,n;y

eT 113 pHC. 3, IIpOTel\aiOT 3Ha'IHTCJILHO 6LICTpee, 

'I eM rrpH 20° C. He MeHee cy~eCTBeHHo HaMeHHeT

ca H RHHeTHRa YCTaHOBJieHHH 0.-B. IT. 

ABTopLI orpaHH'IHBaiOTCH 1\a'leCTBeHHoi!: xapaR

TepncTHROH KIIHCTHRH paCCMaTpHBaeMoro rrpo~ec
ca B BIIil:Y HCKJIIO'IHTeJILHOH CJIOiKHOCTH HCCJie,n;ye

MOii: reTeporeHHOii: cncTeMLI, co.n;epma~e:H TBepp,oe 

TCJIO, paCTBOp H raa, IIpH'IeM 1\0JIH'ICCTBO IIOCJie,n;

Bero aaBHCHT OT ~eJioro pa.n;a napaMeTpoB. BMecTe 

C TeM H3 npHBe,n;eHHhlX Bhlllie )J;aHBhlX MOiKHO C)J;C

.ilaTL cy~eCTBCHHhle BhlBOfl,hl 0 CBOHCTBaX a30THOH 

KHCJIOThl npii ee B3aHMO)J;CHCTBHH C )J;BYORHCLIO 

ypaHa. 

MccJie)J;oBaaue cpaKTopoB, orrpe,n;eJIHIO~HX OKHC

JIHTCJILHYIO ai\THBHOCTL a30THOH RHCJIOTLI IIpH ee 

B3aHMO,!lCHCTBHH C )J;BYOKHCLIO ypaaa, IIOKa3LIBaeT, 

'ITO HNOs He HBJIHeTCH Herrocpe)J;CTBeHHLIM OKIIC

JIHTeJieM. Bee cpaKTOpLI, 6JiarorrpHHTCTBYIO~He IIO

BLIITieHniO OKHCJIHTCJILHOH aRTHBHOCTH a30THOH 
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KHCJIOThl, O~HOBpeMeHHO HBJIHIOTCH <fJaKTOpaMH, 
CIIOC06CTBYIOID;HMH YCKopeHHIO ee pa3JIOffieHHH. 
lloaTOMY O'leBH,ci;HO, 'ITO npH B3aHMO~eHCTBHH 
HNOa c OKHCJiaMH ypaaa aenocpe~CTBeHHhlM OKHC
JIHTeJieM HBJIHeTCH O~HH H3 npo~yKTOB ee pa3JIO
meHHH HJIH ~ame O~HOBpeMeHHO HeCKOJibKO o6pa-
3YIOID;HXCH npn aToM nem;ecTB, aanpnMep HN02 H 
N02. , 

6) XllOPA Tbl 

0KHCJieHHe ~BYOKHCH ypaHa XJIOpaTOM IIpH 
20° C, KaR R roMorermoe OK'll'CJieane U (IV) 7, rrpo
TeKaeT Me~JieHHo. B Ta6JI. 2 rrpH'Be~eHhl peayJihTa
Thl onhlTOB npn I<OHI~eHTpal\HH H2S04 100 e/.tt. 

Ta6nH!4a 2. l<iHIHeToH·Ka ,paCTBOpet+HJI uo2 npH 20" c 
C BB8A8HH8M CT8XHOMeTp11'1eCKI1X KOnH'I8CTB xnopaTa 

IIpo):IOJilRHTeJibHOCTb, ____ c_Te_n_e_Hb_Pa_CT_•_o_p_eH_u_n_. _% __ _ 

" 
1,0 
2,0 
3,0 
4,0 
5,0 
6,0 

aKcnepHMeHT 

0,020 
0,023 
0,026 
0,030 
0,031 
0,034 

IIo ypa&HeHHR> (9) 

0,020 
0,023 
0,026 
0,029 
0,032 
0,035 

CKopocTb reTeporenaoro rrpol\ecca c y'laCTHeM 
KOMnOHeHTOB paCTBOpa, 0003Ha'leHHbiX y H Z, MO
meT 6hlTb BhlpameHa no 3aKOHY ~eiiCTBYIOID;HX 
Mace ypannenneM 

w = kS [y] 0 [z]b, (2) 

r~e S - BeJIH'IHHa IIOBepXHOCTH TBepp;oii <fJa3hl, 
a H b - noKaaaTeJIH CTeiieHH, COOTBeTCTBYIOID;He 
nopn~ny peaKI\HH no p;aaHoMy KoMrroaeaTy. B TOM 
CJiyqae, KOr~a O~HH H3 KOMIIOHeHTOB B3HT B 60Jib
liiOM H36blTKe no OTHOilleHHIO K paCTBOpHeMOMY 
TBep~OMY TeJiy, 

(3) 

r~e k' = k(z)b ~ const. 
llpHMeM, 'ITO 3aROHOMepHOCTH RHHeTHRH rOMO

reHHOrO OKHCJieHHH U (IV) XJIOpaTOM B cepHOKHC
;JOM paCTBOpe MOffiHO pacrrpOCTpaHHTb Ha COOTBeT
CTBYIOID;HH reTeporeHHhlH IIpOI\eCC ORHCJieHHH H 
OTOffi~eCTBHTb (y) C ROHI\eHTpal\Heii XJIOpaTa, a (z) 
c KOH~enTpal\Heii nop;opo~HhiX noaon. CnopocTb 
rOMOreHHOH peaKI\HH BblpamaeTCH ypaBHeHHeM 

w = k [HC103]'/a, (4) 

r~e (HC103) - KOHI\eHTp8I\Pili He~HCCOI\HHponaH
HOH XJiopnonaToii KHCJIOTLI. Ha ocaonaHHH ypanne
HHii ( 3) H ( 4) 

w = k'S [y]'1• = k'S [y0 ]'
1•(1-e)'1•, (5) 

r~e e"'- CTeiieHb B3aHMO~eHCTBHH B MOMeHT 't. 

ITo )];oJinno-)];o6ponoJibCKoMy 8 ~JIH pacTnopeHHH 
MOHO~HCIIepCHbiX Bem;eCTB 

(6) 

E. A. KAHEBCKVIA d~. 

lloaTOMY 

w = k'S[y0 ]'
1'(1-e) = w0 (1- e). (7) 

C yqeTOM TOI'O, 'ITO CKOpOCTb npOI\eCca MaJia, B 
nepnoM npa6JinmeHHH 

dx 
w = d-e = Wo (1- e):::::::: w0 (8) 

IToaTOMY e = a:fxo orrpe~eJIHeTCH ypanaeaneM 

e = w0-r + const. (9) 

BeJIH'IHHa const CBHaaaa c co~epmaaneM U (VI) 
B ~BYOKHCH. 3KcnepnMeHTaJihHble ~aHHhle no~
TBepm~aiOT ypanaeifne (9). 

CTerreHb pa,cTBopeHHH uo2 B H2S04 KOHI\eHTpa-
1:\HH 100 e/.tt npH 80° C H CTeXHOMeTpH'IeCKOM RO
JIH'IeCTBe xJiopaTa rrpnne~eHa B Ta6JI. 3. B aTOM 
cJiyqae ypanneane (8) npno6peTaeT nn~ 

d (i; ) = ;~ = w~ ( 1 - e) 

HJIH 
d(1-8) , 

- d-e = w0 ( 1 - e), 

OTKy;:J,a CJie~yeT, 'ITO 

-lg(1-e)J-r = w~ = const. (10) 

B Ta6JI. 3 aTa 3aBHCHMOCTb conocTaBJieHa c anc
nepnMeHTaJibHhlMH ~aHHbiMH. Cpe~HHn ,BeJIH'IHHa 
wo" = wo' · 2,303 = 0,345 (no ~aHHhlM Ta6JI. 3), 
oTKy~a cJie~yeT, qro e = 1 - 10-0•345-r. 3aaqeanH e, 
Bhl'IHCJieHHhle ITO ypaBHeHHIO ( 11), HaXO~HTCfl 
B COrJiaCHH C aKCIIepHMeHTaJibHbiMH ~aHHbiMH. 

Ta6nH!411 3. npoaepKII yp11BH8HHi1 (10) H (11) Ha OCHOBIIHI4H 

~KcnepH·MeHTanloHbiX ~at!HbiX ,~npH 80° C) 

..... " ' 
lg (1 -t) 

tBbi'IHCJI, 
.... 

0,5 0,332 0,35 0,328 
1,0 0,590 0,39 0,548 
2,0 0,790 0,34 0,795 
3,0 0,875 0,30 0,908 
4,0 0,960 0,35 0,958 

s) ,D,BYOKII!Cb MAPr AH~A 

B paaee ony6JIHKonauaoii pa6oTe 1 6biJIO nona
aaao, 'ITO rrpn 6oJibillOM na6hiTKe Mn02 cnopocTb 
peaKI\HH OCTaeTCH HeH3MeHHOH BO BpeMeHH, HO 3a
BHCHT OT COOTHOilleHHH U02 H Mn02. llpH CTeXHO
MeTpH'IeCKOM KOJIH'IeCTBe Mn02 peaKI\HH 3aMe~
JIHeTcH (Ta6JI. 4), BJIHHHHe Te:amepaTyphl He3Ha
<mTeJibHO. 

ConocTanJieane peayJihTaTOB ce~nMeHTOMeTpH
qecnoro aHaJIH3a IIOJIH~HcnepCHOH ~BYOKHCH Map
raHI\a c reoMeTpnqecnoii rronepxHOCThiO aToro rro
pomna CBH~eTeJibCTByeT 0 cym;eCTBOBaHHH KOHrJIO
MepaTOB qacTHI\ B cepaoKHCJIOM pacTnope. Tanne 
me nonrJioMepaTbl o6paayiOTcn B cncTeMe, cop;ep
mam;eii uo2 H Mn02. Ilo-BH;:J,HMOMY, B aTHX YCJIO
BHHX CKOpOCTb npOI\eCca He orrpe~eJineTCH CKOpO
CTbJO XHMH'IeCKOfO IJ:;JaHldOtJ;eHCTBHn; npol\eCC npo-
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Ta6nH411 4. BnHliHHe npoAon>KwTenbHOCTH npo4ecca H 
TeMnepiiTypbl till CTeneHb p11CTBOpeHHll U02 npH ee 

B311HMoAei:icTBHH c Mn02 

5 
15 
30 
45 
60 

120 
180 
240 
300 
360 

20° c 

12,0 
15,8 
20,2 
23,0 
25,8 
29,6 
30,8 
35,3 
39,1 
44,3 

ao• c 

12,4 
17,5 
20,3 
22,9 
25,6 
29,6 
30,7 
35,4 
41,0 
46,5 

40° c 

14,6 
17,9 
24,4 
25,8 
30,4 
35,2 
38,2 
41,4 
46,6 
48,4 
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TeJ\aeT B ITOBepXHOCTHhiX rnp;paTHpOBaHHhiX CJIOHX 
qaCTHI~ uo2 H Mn02, KOTOphle HaXOiJ;HTCH B TeCHOM 
KOHTaKTe p;pyr c JJ.pyroM. llocKOJihKY ycJIOBHH 
<lTOfO KOHTaKTa CBH3aHhl C COOTHOITieHHeM lJHCJia 
qaCTH~ uo2 H Mn02 B IWHfJIOMepaTaX H OTHXH
TeJihllhiMH pa3MepaMH qacTH~, TO Ha6mop;aiOTCH 
pa3JIHlJHble KHHeTHlJeCKHe aaKOHOMepHOCTH npH 
cTexHoMeTpnqecKoM KOJinqecTBe n na6MTKe Mn02. 
BcJiep;cTnne pemaro~eii: poJIH KoHTaKTa lJaCTII~ 
B3aHMop;eii:CTBHe uo2 H Mn02 B cepHOKHCJIOM pac
TBOpe, eCJIH HeT 60Jihill0fO H36hiTKa ,IJ;BYOKHCH 
MapraH~a, npOTeKaeT cpaBHHTeJihHO Me,IJ;JieHHO. 

z) 1-iOHbl TPEXBAJlEHTHOrO }KEJ1E3A 

BoJihmaH pOJih nonon Fe (III) npn RHCJIOTHOM 
Bhl~eJialJHBaHHH ypana na pyp; OTMe'leHa n pHp;e 
pa6oT 2• 9- 12• Op;naKo HeKoTophle aaKoHoMepHOCTH 
B3aHMOp;eii:CTBHH uo2 c Fe (III) HCCJiep;oBaHhl He
)J;OCTaTOlJHO. B nep;anno ony6JIHKonaHHhiX pa6o
Tax 3 OTMelJeHa 3aBHCHMOCTh creneHH B3aHMOp;eii:
CTBHH npn onpep;eJieHHOH npO,IJ;OJiiKHTeJihHOCTH 
npo~ecca oT :SeJIHlJHHhl pH. 06Mqno npnnnMaiOT, 
'ITO no npo~ecc npoTeKaeT no ypannennro 

U011 + 2Fe3+ ~ uo:+ + 2Fell+, (12) 

110 eCJIH B HeM npHHHMaeT y'laCTHe TOJihl\0 HerH,IJ;
pOJIH30BaHHhlH non Fe3+, TO BJIHHHHe pH He p;oJim
HO Ha6JIIO)J;aThCH. 

B pa6oTe BeTTca 13 6hmo noKaa~n~o, lJTO CKopocTh 
OKHCJieHHH ypaHa (IV) meJie30M (III) B XJIOpHO
KHCJIOM paCTBOpe npH B03paCTaHHH KOH~eHTpa~HH 
KHCJIOThl c 0,105 p;o 1,02 1 M yMeHhmaeTCH. Ana
JIOrHlJHOe HBJieHHe e~e paHhille 6biJIO OTMelJeHO 14 

npn OKHCJieHHH iKeJie30M (III) HeiTTyHHH (IV) 
H ITOBhiilleHHH ROH~eHTpa~HH BO!WPO,IJ;HhiX HOHOB 
c 0,5 p;o 1,0 M. AnTophl o6'hHCHHIOT TaKoe BJIHHHHe 
KOH~eHTpa~HH BO,IJ;OpO,IJ;HhiX HOHOB TeM, lJTO B npo
~ecce OKHCJieHHH npHHHMaiOT y'laCTHe fH,IJ;pOJIH30-
BaHHhie HOHhl Fe (III), a HMenno FeOH2+ n 
Fe(OH)2+. 

llo-nnp;nMoMy, Fe (III) n Ka'leCTBe OKHCJIHTeJIH 
B :mfCJihiX paCTBOpax COXpaHHeT Te me CBOHCTBa II 
B cJiyqae reTeporeHHhiX npo~eccon. llpn TaKOM 
npep;noJiomeHIIH npo~eoc, BhipamaeMhiii: cyMMap-
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HhiM ypaBHeHHeM ( 12) COCTOHT H3 ,IJ;BYX ITOCJiep;o
BaTeJihHhiX peaK~Hll, K8K <lTO ITOKa3aHO B llpHBe
p;eHHOH HHiKe CXeMe )J;RH OKIICJieHIIH C YlJaCTHeM 
Fe0H2+: 

2Fe3+ + 2H20 ~2Fe0H11+ + 2H+, (13a) 

U02 + 2Fe0Hil+ + 2H+ ~ UO~+ + 2Fe2+ + 2H20 .(
136

) 

2Fea+ + uo2 ~ 2Fe2+ + uo:+ 

Cne~naJihHhiMH onMTaMn, B KOTOphlx nccJiep;o
naJIOCh BJIHHHIIe CKOpOCTII llOTOKa paCTBOpHTeJIH 
Ha B3aHMO)J;eHCTBHe U02 (B BH)J;e 3aKperrJieHHhiX 
npeCCOBaHHhiX Ta6JieTOR) C cepHOKIICJihiM paCTBO
pOM, cop;epma~nM Fe (I II), noKaaano, 'ITO B 
onpep;eJieHHhiX YCJIOBHHX npo~ecc HaXO)J;HTCH B RH
HeTIIlJeCKOH o6JiaCTH. ::hoT BhiBO)J; cnpanep;JIHB )J;JIH 
paCCMOTpeHHhiX p;aJiee <lKCITepHMeHTaJihHhiX p;aH
HhlX. 

PeaR~HH ( 13 a), npe~TaBJIHIO~aH co6oii: o6pa
THMhi:if npo~ecc, npoTeKaeT 6McTpo, nonoMy ne
poHTHo, 'ITO cKopocTh cyMMapnoro npo~ecca onpe
p;eJIHeT O,IJ;HY H3 CTa)J;HH reTeporeHHOfO OKHCJieHHH 
( 13 6). 0TCIO)J;a BhiTeKaeT, liTO CKOpOCTh paCTBO
peHHH p;nyoKHCII ypana p;oJimHa 6hiTh nponop~no·
HaJihHa ROH~eHTpa~HHM HOHOB Fe0H2+ HJIH p;py
fHX IIOHOB Fe (I II). If Halle ronopH, KHHeTHKa 
naaiiMop;eii:CTBHH U02 c noHaMH Fe (III) orrpep;e
JIHeTCH CKOpOCThW npo~eCCOB: 

UOil + Fe3+--+ UO~ +Fell+, (14a) 

uoll + FeOH2+ ~ uot +Fell++ OH-, (146) 

U02 + Fe (OH)~ ~ UO~ + Fe2+ + 20H-, (14e) 

UOil + +Fell (OH):+ ~ UO~ + Fe2+ + OH-, (14e) 

ecJIII paccMaTpnnaeMaH peaR~IIH IIMeeT nepnhlii 
nopHAOK n OTHomeHIIH Fe (III). 

flpH TaKOM npep;ITOJIOiKeHHH CKOpOCTII peaK~IIH 
(14 a- 14 e) BhlpamaiOTCH ypaBHef!IIIHMII: 

w1 = k1S [Fe3+], 

wll = k 2S [Fe0H11+], 

w3 = k3S [Fe (OH)~], (15) 

w4 = k4S [Fell (OH)~+]'111 • 

EcJin c noMo~hiO ypanHeHnii: ( 15) Bhipa3IITh 
ROH~eHTpai~HII ncex IIOHOB Fe (III) lJepea [Fe3+] 
H YlJeCTh, lJTO 

w=w1 +w2 +w3 +w4 , (16) 

TO 

( 
k.J(1 kaK1K2 k,K'j_•KI) s+ 

w = k1 + [H+] + [H+]Il +(IF] S [Fe ], 

(17) 

r~e K1 II K2 - cooTBeTeTnenno nepnaH n BTopaH 
KOHCTaHThi rnp;poJIII3a Fe3+, a Kd - KOHCTaHTa 
p;nMepnaa~nn Fe0H2+. llpii noCTOHHHoii: KOH~eHT
pa~IIH BO,IJ;OpO,IJ;HMX IIOHOB ypaBHeHHIO ( 17) MOiK
HO npnp;aTh BII)J; 

(18) 
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Ilpn ~orryru;eunn, 'ITO paccMaTpnnaeMhlii rrpo
~ecc HB.'IHeTCH peaK~Heii BTOpOrO IIOpH~Ka B OTHO
IIIeHHH Fe (II I), KaK Jiemo y6e~nToCH, 

( 
k2R:1 ksK~K~ k,KdK~) a+ 2 

w = k1 -f- [H+]z + [H+]' + [H+]z S [Fe ] , (19) 

a rrpn IIOCTOHHHOH KOH~eHTpan;nn BO,!I;OpOp;HbiX 
HOHOB 

MoHHhlii cocTaB pacTnopon Fe (III) cyru;ecTneH
HO aaBHCiiT OT KOH~eHTpa~HII BOp;OpOp;HbiX HOHOB, 
noaToMy Herrocpep;cTBeHHoe rrpnMeHeHne ypanHe
HH:ii ( 17) H ( 19) OKU3biBUeTCH HeB03MOii\HbiM. 
Momuo, op:HaKo rroKaaaTo 3, 'ITO n Toii o6JiaCTH 
pH, rp;e ein;e HeT Bhlrrap;eHiiH oca~Ra rn;a;pooRncu 
meJieaa, 

[Fes+] =- [H+] [([H+] + __&.._ + 1)-
4KdKt Kt [H+] 

- ((1 ~:1 + 1!~1 + 1 r + 8Kd Fe(III)] (21) 

Ma aToro ypanHeHnH cJie;a;yeT, 'ITO rrpn rroBMIIIeHnn 
KOHIJ;eHTpan;nn BOp;OpO~HhlX HOHOB BeJIH'IHHa 
(Fe3+] yneJIHliHBaeTCH. 

BcJiep;cTnne aToro, KaK cJiep;yeT na ypanHeHn:ii 
( 17- 20), CKOpOCTb peaKIJ;HH rrpn orrpep;eJIOHHOM 
aHa'leHnn pH p;oJimHa rrpoiiTn liepea MaKcnMyM, 
TaR KaK neJIH'IHHhl K' n K" rrpn noapacTaHnn KOH
~eHTpan;nn BO,!I;OpO,!I;HhlX HOHOB yMeHbiiiaiOTCH. 

liHTerpnponaHne ypanHeHnii ( 18) n (20) aa
Tpyp;HeHo BCJie~CTBHe TOrO, ~ITO He TOJibKO [Fe3+], 
HO H BeJIHliHHa S HBJIHIOTCH cpyHK~He:ii IIpO,!I;OJiiRH
TeJibHOCTH npon;ecca. CKopocTo JII06oro rrpon;ecca 
pacTnopeHnH TBep_l;oro TeJia, ecJin rrpon;ecc Haxo
p;nTCH B KHHeTHlieCKOll 06JiaCTH, MOiReT 6hlTb Bhl
paiReHa ypanHeHneM 

w = kSj(c), (22) 

r;a;e f (c) - cpyHKIJ;HH KOH~eHTpan;nn peampyro
ru;nx neru;ecTB. RpoMe Toro, neJinlinHa rronepxHo
cTn S - cpyHKD;HH MaCChi paCTBOpHIOID;erOCH TBep
p;oro TeJia. IIoaToey 

dm 
w =- d-r = kf(c)f(m), (23) 

HJIH 
dm 

- /(m) = kl(c)d-r. 

EcJin Mol o6oaHaliHM 

TO 

HJIH 

c = '1> (-r) n I (c)= I ['l> (T)] = F (-r), (24) 

dm d -f(m)=kF(-r) T, 

J dm 
m f (m) 

k=--
"t 

SF (-r) d-e 
0 

(25) 
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,[(JIH nnTaroru;nx TeJI mapooopaaHo:ii «f>opMoJ 
ypanHeHne 

m, 3 '/a 
C dm Ps (m'/•- m'l•) (26) 
~ f (m) = (36tt)'l• o ' 

m 

a TaR KaK m = m0 ( 1 - e) , TO 

I~~:) = 
m 

3p'l•m'/, ' 
=~[1-(1-e)'1']=A[1-(1-e) 1'] (27) 

(36tt)'/a 
"t "t 

BeJIH'InHa ~ F ('t) = ~ f(c)d-r MomeT 6MTb Haiip;e-
o 0 

Ha rpacpnlieCKn nuTerpnponaHneM npn npaBHJib
HOM BM6ope cpyHKn;nn f (c) , liTO rrponepHeTCH 
HeaaBHCHMOCTbiO BeJIHliHHhl k OT HaliaJibHOH KOH
n;eHTpan;nn. RoJinlieCTBeHHaH o6pa6oTKa aRcrrepn
MeHTaJibHhlx p;aHHbiX ,!I;JIH B3aHMOp;e:iiCTBHH MOHO
,!I;HCIIepCHOH p;nyoRncn ypaHa c Fe (I II) MomeT 
6MTb rrponanep;eHa no ypanHeHniO * 

k' = A [1- (1 - e)'/•] 
"t 

(28) 
SF (-r) d-e 
0 

F(-r) ==/(c) == [Fe3+], ecJin peaRn;nn nMeeT 
rrepnhlii rropn~oK B OTHomeHnn Fe (III), n 
F ( T) = f (c) = c2, ecJin rropHp;OK peaRn;nn paneH 
;a;nyM. Ilpn F(-r) =[Fe3+] KOHCTaHTa k' He aanncnT 
OT ncxop;uo:ii KOHIJ;eHTpan;nn Fe (I II). TaRHM rry
TeM yp;aJIOCb IIOKa3aTb, liTO peaKD;HH HMeeT rrep
Bhlll IIOpH)l;OK B OTHOIIIeHHH HOHOB il\eJie3a. Qqe
BH,!I;HO, U (VI) o6paayeTcH rryTeM p;ncrrporropn;no
HnponaHHH U (V). B pa6oTe 15 6omo rroRaaalio, 
liTO ~ncrrponopn;noHnponaHne U (V) B cepuoKnc
JihlX pacTnopax - 6oiCTphlii rrpon;ecc. 

IlOCKOJibKY k1 HBJIHeTCH cpyHKl~Heii KOHD;eHTpa
IJ;HH BO~OpO,!I;HhlX HOHOB, TO IIO ypa~HeHHIO ( 17) 
MOii\HO OIJ;eHHTb 3HalieHHH KOHCTaHT CKOpOCTH 
rrpon;eccon (14 a- 14 e). 0RaaaJioco, 'ITO k, = 1, 
k2 ~ 10, k3 ~ 10 000, a k4 = kz. 8Tn peayJioTaThl 
BhlliHCJieHHH KOHCTaHT CKOpOCTH OTp;eJibHhlX peaK
IJ;HH llOJIHOCTbiO IIO~TBepiR,l1;aiOT rrpep;ITOJIOil\eHne 0 
BeCbMa 60JibiiiOH pOJIH rH,l1;pOJIH30BaHHbiX HOHOB 
Fe (III) npn oRncJieHnn n pacTnopeunn U02• 

2. 3AKOHOMEPHOCTVI 
PACTBOPEHVIfl U02 B CEPHOKVICllOM 
PACTBOPE C YYACTVIEM PA3llVIYHbiX 

OKVICJlVITEllEVI VI VIOHOB J-KEJ1E3A 

B peaJihHhlX ycJionnnx BMID;eJia'lnnaHHH ypaua 
H3 pyp;, KaK yme OTMe'laJIOCb, rrpaKTH'IeCKH BCer,!l;a 
B paCTBOpax CO~epiRaTCH HOHhl il\eJieaa, liTO OKa3bi
BaeT cyru;ecTneHHoe BJIHHHne Ha npon;eccbl oKncJie
nnn H paCTBOpeHHH IIepBHliHhlX MHHepaJIOB ypaHa. 
PaccMoTpnM B CBH3H c 3THM HeKoTopoie aaRoHo
MepuocTn pacTnopeHnH rrpn mnpoRoM napbnpona-

* BhiBO~ ypaBHeHIIH onycKaeTCH, TaR RaK OH HBJIHCT

CH rpOM03~KBM. 
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HHH BeJilfliHHhl pH C HCIIOJI.h30BaHHeM B Ra'lecrne 
OKHCJIHTeJieii: a30THOH KUCJIOThl, ,D;BYOKHCH MapraH
n;a, xnopaTa KaJIHH n ,n:ooaBKH Fe (II). 

0KHCJIHTeJIH BBO)l;HJIH B CTeXHOMeTpH'IeCKOM KO
JIH'leCTBe 110 OTHOI.IIeHHIO K .D:BYOKHCH ypaHa, a KOH
D;eHTpan;HH Fe (II) (0,5 z/.n,) 11pn ,n:aHHOM ooMMe 
paCTBOpa COOTBeTCTBOBaJia 11pHMepHO 12% HCOO
XO,ll;HMOfO KOJIH'leCTBa Fe (III) ,!I;JIH oKncJieHHH 
uo2. BeJIB'lliHa pH B Te'lenne BCero OllhlTa 110,!1;
,!l;epmnBaJiaCL IIOCTOHHHOH. 011MThl 3 11pOBO,!J;BJIIICI> 
11pH TeMIIepaType 25° C li llpO,!J;OJimBTeJII>HOCTH fl.(,. 

Ha pRe. 4 COIIOCTaBJiena aaBHCHMOCTI> H3BJieqe
HBH ypaHa B paCT•BOp 11pli HCIIOJII>30BaHBli B Ka'le-

4,0 

PHc. 4. 3aBHCHMOCTb creneHH pacraopeHHSI uo2 OT aenH
<ItHoHbl pH '"'PH )'4acT,HtH oKHCn.Hrrene·H ,.,. ,qo6aaW•1· Fe (II) 

1- Fe (III); 2- Mn02 + Fe (II); 3- KCI03 + Fe (II); 
4- HN03 + Fe (II) 

CTBe oKHCJIHTeJIH Fe (I II), Mn02, HNOa n KCIOa. 
Ananorn'IHI>Iii xapaRTep KpBBhlX 1 n 2 CBHaaH c 
TeM, 'ITO B o6onx cnyqaHx paCTBopenne ypana 
Ollpe,!J;eJIHeTcH O,ll;HHM H TeM me 11pon;eccoM. Baa
BMO,IJ;eii:cTBHe HOHOB Fe (III) H uo2 nen;enecoo6-
pa3HO BhlpamaTb ypaBH8HH8M (12); TO'!Hee, TaKaH 
CXeMa B H3B8CTHOH Mepe CIIpaBe,!J;JIHBa TOJibKO 11pli 
BeJIH'IHHax pH < 1. II pn ,n:pyrnx BeJIH'IHHax pH 
11peo6na,n:arom;ee anaqenHe 11pHoopeTaiOT rn,!J;pOJIH
aoBaHHMe HOHhl Fe (III) H peaKn;HH IIPOTeKaeT, 
HallpBMep,llocxeMe 

U02 + 2Fe0H2+ ~ UO~+ + 2FeOH+, (29a) 

2FeOH+ + Mn02 + 4H+ ~ 2Fe0H2+ + 

+ Mn2+ + 2H20. (296) 

PeaKD;HH (29 6) 11poTeKaeT OhiCTpo, n CKopoCTb 
paCTBOpeHBH U02, a CJie,ll;OBaTeJibHO, llpH Ollpefl,e
JieHHOH 11pO,!I;OJimnTeJibHOCTH 11pon;ecca, H CTelleHI> 
paCTBOpeH'liH U02 Ollpe,!l;eJIHIO'I'CH ee B3aHMO,!I;eft
CTBHeM c rn,!l;pOJIHaonaHHbiMH nonaMn Fe (III). 
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J.Ina'le ronopH, noHM meneaa B aToM 11pon;ecce 
BrpaiOT pOJib liH,!I;YKTOpa B CBeTe llpe,n:CTaBJieHHH 
liiHJIOBa 16• 

Ha pnc. 4 naonro,!l;aeTcH neKoTopoe necOBIIa,!J;e
Hne MaKCHMYMOB KpHBMX 1 n 2. Onn cooTBeTCTBy
IOT pH 1,5 n 1,8. IIo-BH)l;HMoMy, aTo oo'l>HCHHeTcH 
paaJin'IHOii: neJIH'lnHoii: Konn;enTpan;Hn Fe (III), 
y"tJ:acTnyrom;ero B paccMaTpH·BaeMoM 11pon;ecce n 
11pH BBe,!l;eHHH CTeXHOMeTpB'IeCKOfO KOJIB'leCTBa 
Fe (III). 

Cnaoo BbipameHHMii MaKCHMYM na KpnBoii 3 
paCIIOJIOmeH 11pH 3Ha'IHTeJibHO MeHbi.IIeH BeJIH· 
'IHHe pH B cpannennH c KpHBoii: 1. Ecnn Obi pac
TBopeHne U02 C HCIIOJII>30BaHIIeM XJIOpaTa B Ka'le
CTBe OKBCJIHTeJIH n ,!I;OOaBJieHneM Fe (II) rrpoTe
KaJio ananorH'IHO pacTBopeHHIO c yqacTHeM Mn02 
n Fe (II), TO n rronomeHne Mai<CBMyMa Ha KpHBOii 
n naHOOJII>maH BeJIH'IHHa e ObiJin Obi B ooonx cny
'laHx O,!I;HHaKOBI>IMH. HaoJIIO,!J;aeMoe paaJIH'lne cTa
nonnTCH IIOHHTHhlM, eCJIH ,!I;OIIYCTRTb, 'ITO CKOpOCTb 
IIpon;ecca 110 ypaBHeHBIO (30 6) MeHbi.IIe CKOpocTR 
B3aRMO,!J;eii:cTBHH uo2 liFe (III): 

U02 + 2FeOH2+ + 2H+ ~ uo:+ + 

+ 2H20 +2Fe2+, (30a) 

2Fe2+ + + HC103 + H 20 ~ 2FeOH1+ + 

+i-ci- +i-H+. (306) 

Ilpn ncnoJihaonaHnn HN03 n HN03 + Fe (II) 
B Ka'leCTBe OKliCJIHTeJIH (KpHBaH 4) O'leBH,!J;HO, 'ITO 
rrpon;eccbi, no.n:ooHbie (29 6) HJIR (30 6), B pac
cMaTpnnaeMhiX ycJioBHHX ne rrpoTeKaiOT. 

~hli OCOOeHHOCTH paCTBOpeHHH U02 B KliCJihlX 
pacTnopa:x c yqacTHeM OKHCJIHTeJieii: H nonon mene
aa oo'l>HCHHIOT aaKoHoMepnocTH BbiiD;eJia'lnBaHHH 
ypaHa R3 py,n: C liCIIOJib30BaHHeM TeX me OKliCJIH
TeJieii. 

RaK nanecTHo, IIOIIMTKB HCIIOJII>aonaHHH aaoTHoii 
KHCJIOThl B Ka'leCTBe OKHCJIHTeJIH 11pH BhliD;eJia'IH
BaHIIH oea ITO,IJ;OrpeBaHHH ,!l;aJIH OTpHD;aTeJibHhlll 
peayJII>TaT 17• ::ho noJIHOCTbiO cornacyeTCH c pac
cMoTpeHHbiMH Bhli.IIe IIOBe,IJ;eHHeM a30THOH KHCJIO
Thl npn reTeporeHHOM npon;ecce oKHCJieHBH n pac
TBopeHHeM uo2 B KHCJII>IX paC'l'BOpax. BoJibi.IIaH 
acpcpeKTHBHOCTb a30THOH KHCJIOThl npn BhliD;eJia'IB
BaHHH ypaHa Ha py,n: c no,!l;orpeBanneM ,!I;O 80-90° C 
TaKme xopomo oo'l>HCHHeTCH a·BTOKaTaJIHTH'leCHHM 
paanomenneM HNOa no)"{ BJIHHHHeM npo,!J;yKTOB ee 
BOCCTaHOBJieHBH, OTJIH'laiOm;HxcH oqeHI> ooJibmoii: 
OKHCJIHTeJibHOH aKTHBHOCTI>IO. 

XnopaTbi Hamnn rrpHMenemre rrpR HHCJIOTHOM 
BbiiD;eJia'IHBaHHR B OCHOBHOM Oe3 ITO,ll;OrpeBaHBH, 
HO 11pli aTOM npon;ecc OTJIH"tJ:aeTCH CpaBHHTeJibHO 
6oni>moii rrpo,n:onmnTeJihHOCTbiO. TaK me rrpoTeKa
eT OKRCJieHBe H paCTBOpenne U02 C yqaCTHeM 3TO
f0 OKHCJIHTeJIH li liOHOB meJieaa B CepHOKHCJIOM 
pacTnope. 

CpaBHBTeJibHO ObiCTpoe paCTBOpenne uo2 c 
yqacTneM Mn02 n noHoB meJJeaa oo'l>HCHHeT ocHOB
noe anaqenne, KoTopoe npno6peJI 3TOT oKncJin
TeJib B rn,n:poMeTaJIJiyprnn ypana. BMecTe c TeM 
rrpn B~eJia'ln.BaHnR ypana na py,n: B ycJioBHHX 
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alf>lf>eKTIIBHOrO OKIICJieHHJI ero nepBJiqHhlX MHHepa

JIOB cyrqecTBeHHoe aHaqeHne npuo6peTaeT Apyroft 

<f>aKTOp - cKopocTI. A11WWY3HII no KanHJIJIJipaM, 

rropaM PYAhl. B iex CJiyqaJix, KOrAa AOCTyn peareH

Ta K MHHepaJiaM ypaHa He 3aTPYAHeH, OITTHMaJib

HaJI o6JiaCTb pH ( CM. p11c. 4) II ycJIOBIIJI BhliqeJia

qJIBaHHJI PYA npaKTnqecKn connaAaiOT. O;waKo B 

60JiblliliHCTBe CJiyqaeB BbiiqeJiaqiiBaHHe llpOBOAIIT

CJI npn 6oJiee Hli3KOM 3HaTieHIIII pH. 8To 06'bJIC

HJieTCJI Tellf, qTO CHIIiReHHe CKOpOCTII paCTBOpeHIIJI 

nepBIIqHhlX MHHepaJIOB ypaHa ITpii TaKHX 3Ha'Ie

HIIJIX pH, B03MOiRHO, KOMITeHCIIpyeTCJI paCTBOpe

fllleM BMerqaiOiqliX ITOpOA II CBJI3aHHhlM C 3TIIM 

ycKopeHneM npou;ecca. 
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A/353 USSR 

Heterogeneous oxidation of U02 and uranium 
leaching processes in acid solutions 

By E. A. Kanevsky et a/. 

Comparison of the standard potentials of oxidation
reduction processes with the rate at which uranium(IV) 
is oxidized by different oxidizing agents in acid solu
tion shows that the dominant part is played by kinetic 
factors. In the absence of oxidizing agents, the dissolu
tion of uo2 is practically undetectable, but when an 
agent is present the rate of solution coincides with 
that of oxidation. 

The kinetics of the oxidation of uranium dioxide by 
manganous dioxide in sulphuric acid solution are 
mainly conditioned by contact between the solid 
phases. When iron(IIl) ions are added, they function 
as direct oxidizing agents despite the lower oxidation
reduction potential of this system. 

Study of the process of oxidation of U02 by Felli 
ions shows the high efficacy of the hydrolysed ions 
Fe0H2+ and Fe(OH)2+. It was established that the 
reaction is of the first order with respect to Fem and 
that the disproportioning rate of uv in the sulphuric 
acid solution is higher than that of oxidation of uo2 
by hydrolysed ions Fern. Of these ions, Fe(OH)2+ is 
the most active. 

In the presence of HN03, the kinetics of the oxida
tion and solution of uo2 are determined by the rate of 
decomposition of the HN03 ; in this case, the presence 
of Fem ions is not so important as it is in the system 

U02-Mn02-Fem. At low temperatures, Fern ions do 
not accelerate the process. The causes of this effect 
are discussed in the paper. 

Study of the kinetics of the oxidation of urv in 
solution by chlorates shows that in this reaction the 
active part of oxidizing agent is played by the decom
position products of the chlorates. The rate of inter
action of uo2 with chlorates in acid solution is 
similarly determined by the concentration of undis
sociated chloric acid. 

The slow speed of the reaction at low temperatures 
is explained. The catalytic influence of Fe and Va ions 
on the process is studied. 

The significance of these conclusions for an under
standing of the kinetics of the acid leaching of uranium 
from its ores is discussed. 

A/353 URSS 

Oxydation heterogene de U02 et precedes 
de lixiviation de !'uranium en solution acide 

par E. A. Kanevsky et a/. 

La comparaison des potentiels standard d'oxydo
reduction et de vitesse d 'oxydation d 'uranium(IV) 
en solution acide par differents oxydants montre que 
les facteurs cinetlques jouent un role decisif. En 
)'absence d'un oxydant, on n'observe pratiquement 
pas de dissolution de U02 mais, Iorsqu'on introduit 
un oxydant, Ia vitesse de dissolution correspond a Ia 
vitesse d 'oxydation. 
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La cinetique de 1 'oxydation du dioxyde d 'uranium 
en solution sulfurique par le dioxyde de manganese 
est en general definie par les conditions de contact 
des phases solides. Si l'on introduit dans la solution 
des ions de feriii ceux-ci jouent le role d 'un oxydant 
direct malgre le potentiel d'oxydo-reduction plus bas 
de ce systeme. 

L'etude de l'oxydation de U02 par les ions Fem 
montre Ia grande efficacite des ions hydrolyses Fe0H2+ 
et Fe(OH)2 +. La reaction est de premier ordre par 
rapport a Fem, et Ia dismutation de uv en solution 
sulfurique se produit plus rapidement que l'oxydation 
de U02 par les ions hydrolyses Fem. Parmi ces 
ions, Fe(OH)2+ est le plus actif. 

En presence de HN03, Ia cinetique de l'oxydation 
et de Ia dissolution de U02 est determinee par Ia vitesse 
de decomposition de l'acide nitrique. La presence 
d'ions fer ne joue pas dans ce cas le meme role que 
dans le systeme U02-Mn02-Fem. A basse tempera
ture, les ions fer ne provoquent pas !'acceleration du 
processus. Les causes de ce phenomene sont etudiees. 

L 'etude de Ia cinetique de I 'oxydation de U1v en 
solution par des chlorates montre que les produits 
de decomposition des chlorates jouent le role actif 
dans cette reaction d'oxydation. La vitesse de Ia 
reaction entre uo2 et les chlorates en solution acide 
est egalement determinee par Ia concentration d 'acide 
chlorique non dissocie. 

On explique Ia vitesse lente de Ia reaction a basse 
temperature. On etudie I 'influence catalytique des 
ions fer et vanadium sur le processus. 

On discute de la valeur de ces conclusions pour Ia 
cinetique de Ia lixiviation acide de I 'uranium a partir 
des minerais. 

A/353 URSS 

Oxidaci6n heterogenea del U02 y procesos 
de Ia lixiviaci6n del uranio en soluciones acidas 

por E. A. Kanevsky ef a/. 

La comparaci6n de los potenciales tipo de los pro
cesos de oxidaci6n-reducci6n y de Ia velocidad de 
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oxidaci6n del uranio (IV) en soluci6n acida por dife
rentes oxidantes, prueba que los factores cineticos 
representan un papel decisivo. En ausencia de oxi
dantes, no se observa practicamente la disoluci6n de 
U02, pero si se introduce un oxidante, la velocidad 
de disoluci6n coincide con la de oxidaci6n. 

La cinetica de Ia oxidaci6n del di6xido de uranio, 
en una soluci6n de sulfato, por el di6xido de manga
neso viene determinada, en esencia, por las condi
ciones de contacto de las fases s6lidas. Si se introducen 
en Ia soluci6n iones de hierro, los iones hierro (III) 
representan el papel de un oxidante directo, a pesar 
del muy bajo potencial de oxidaci6n-reducci6n de este 
sistema. 

El estudio del proceso de oxidaci6n del U02 por 
iones Fem pone de manifiesto la muy elevada eficacia 
de los iones hidrolizados Fe0H2+ y Fe(OHh+. Qued6 
fijado que Ia reacci6n es de primer orden respecto del 
Fem y que el desproporcionamiento del uv en la 
soluci6n de sulfato tiene Iugar mas rapidamente que 
Ia oxidaci6n del U02 por los iones hidrolizados del 
Fem. De estos, el mas activo es el Fe(OH)2+. 

La cinetica de Ia oxidaci6n y de Ia disoluci6n del U02 

con participaci6n del HN03 viene determinada por Ia 
velocidad de descomposici6n del acido nitrico. La 
presencia de iones Felli no representa, en este caso, 
el mismo papel que en el sistema U02-Mn02-Fem. 
A baja temperatura, los iones Felli no ejercen una 
acci6n aceleradora sobre el proceso. Se examinan las 
causas de este fen6meno. 

El estudio de Ia cinetica de la oxidaci6n del U1v en 
soluci6n por los cloratos pone de manifiesto que los 
productos de Ia descomposici6n de los cloratos son, 
en esta reacci6n, los que inician Ia oxidaci6n. La velo
cidad de reacci6n del uo2 con los cloratos en solu
ci6n acida tembien viene determinada por Ia concen
traci6n del acido cl6rico. 

Se presenta una explicaci6n del hecho de que Ia 
velocidad de reacci6n sea tan pequefla a baja tempe
ratura. Se investiga Ia influencia catalitica de los iones 
hierro y vanadio sobre este proceso. 

Se examina el valor de estas conclusiones para 
fundamentar Ia cinetica de la lixiviaci6n acida del 
uranio contenido en los minerales. 
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Industrial application of catalytic precipitation of uranium 

By B. Bunji, B. Zogovic, R. Crnojevic, N. Pocovic and M. Secerov * 

The present paper describes the results of an inves
tigation into the hydrogen reduction of hexavalent 
to tetravalent uranium from an alkaline solution 
using uranium dioxide as catalyst, on the basis of 
which a treatment plant has been built. The process 
is described and the results critically reviewed. These 
results and their application present a contribution 
not only to the separation of metals in the form of 
their oxides from aqueous solutions using large-scale 
hydrogen reduction techniques generally, but more 
particularly to the hydrometallurgy of uranium. 

INTRODUCTION 

A plant has been built at Kalna, in south-eastern 
Yugoslavia, for treating uranium ores and for the 
technical scale production of uranium dioxide. The 
alkaline process chosen is based on the chemical 
and mineralogical composition of the ore. 

Hydrogen reduction techniques were used for the 
separation and concentration of uranium from carbo
nate leach solutions containing 0.5 to 0.7 g U/1 of 
solution. It is not possible to achieve complete sepa
ration of uranium or economic recycling of the reagents 
by precipitating the uranium from such solutions with 
hydroxides, or by concentration using ion exchangers. 

The reduction procedure adopted permits the 
quantitative separation and concentration of uranium, 
but as the reaction is catalytic the choice of the catalyst 
and its form greatly influence the applicability of the 
process. For the reduction of uv1 to U1v from car
bonate leach solutions, the most suitable catalyst 
is uranium dioxide, itself a product of the reaction. 

The reaction by which hydrogen reduction of 
metals in solution proceeds may be explained by the 
difference of potential between the metal and the 
hydrogen in much the same way as the well known 
cementation reactions [I). 

The precipitation of metallic nickel or cobalt by 
hydrogen reduction of an ammonium sulphate solution 
resulting from ammonia pressure leaching is being 
practised commercially in Canada [5]. 

Forward and Halpern [6] have described the 
reduction of uvi to UIV using a hydrogenation 
catalyst such as finely divided nickel powder. Bunji 
and Zogovic [7] used uranium dioxide as catalyst 

* Establishment for Nuclear Raw Materials, Belgrade. 
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since complete separation of nickel powder from the 
product is not feasible commercially. 

The reduction of hexavalent uranium can be 
represented as follows : 
Na4[U02(C03) 3] + H2 

--> U02 + Na2C03 + 2NaHC03 

The final object of the study was the use of uranium 
dioxide as a catalyst on the commercial scale. The 
process was first developed in the laboratory, then 
tried out in a pilot plant and finally put into practice 
at the Kalna plant. Briefly, it comprises carbonate
air leaching of the uranium bearing ores under 
pressure, clarification of the leach, and recovery of 
the uranium from the clarified solution by hydrogen 
reduction, the sodium carbonate recovered being 
returned to the leaching circuit. 

The technological development of the process to 
the industrial stage is described below and the technical 
and economic features of the reduction process are 
examined. 

RESULTS OF INVESTIGATIONS 

The rate at which the reduction reaction uv1_~U1v 

proceeds, and its completeness, depend on many 
factors, the most important of which are, as described 
elsewhere (6, 7]: the partial pressure of the hydrogen, 
the temperature, the catalyst, the concentration of 
uo~+ and the concentrations of carbonate and 
bicarbonate. 

When uranium dioxide is used as catalyst, the reac
tion rate is proportional to the square root of the 
partial pressure of the hydrogen for the intervals 
studied up to 30 atmospheres, as shown in Fig. 1. 

From the effect of the temperature on the reaction 
rate, and in accordance with Arrhenius' diagram 
(Fig. 2), it follows that the activation energy is 10.2 kcal/ 
mole, which, over a temperature range from 100 to 
150 oc, produces an increase in the reaction rate of 
about 35% for each 10 deg C rise in temperature. 
Most of the experiments were performed to investigate 
the action of the catalyst on the reaction rate. The 
investigations bore on the type of catalyst and the 
method of preparing it. 

In the first laboratory experiments, carried out 
in an autoclave with a mechanical mixer, uranium 
dioxide powder was used as catalyst. These investi
gations showed that the reaction rate depends on the 
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Figure 1. Effect of hydrogen pressure 
on the rate of uranium reduction 

Figure 2. Effect of temperature on the rate 
of reduction of UVI to UIV 

Figure 3. Effect of uranium concentration 
in the solution on rate of reduction reaction 

Ca = initial U concentration; r =I 5o 'C; uor = 1 g/1; 
U02 catalyst surface area = 150 cm2/l; 

Na2C03 = 10 g(l; Time= 40 min 

U022+ = lg/1; H2 pressure= 15 atm; 
U02, catalyst surface area= 150 cm2/l; 

Na2C03 = 30 g/1; NaHC03 = 10 g/1 
C = U concentration at time t; 

T = 150 oc; H2 pressure = 15 atm; 
U02 catalyst surface area= 150 cm2/l; 
Na2C03 = 30 g(l; NaHC03 = 10 g/1 

surface area of the catalyst, in the sense that the 
reaction proceeds more quickly as the total area 
of the catalyst increases The oustanding feature of 
the experiments was that the surface of the catalyst 
was continually being increased by the formation, as 
a product of the process, of new particles of the oxide, 
which themselves act catalytically. Under these 
conditions, the particle size of the uo2 also increases, 
although this was not measured. Experiments on 
the use of uo2 powder in a continuous process in 
the pilot plant or on the commercial scale failed 
to give satisfactory results. This was due in part to 
the difficulty of keeping the powdered catalyst in 
contact with the solution during reduction, and in 
part to that of recovering the uo2 from the spent 
solution so that it could be used again as the catalyst. 

Accordingly, experiments were carried out using 
uranium dioxide as a fixed catalyst instead of a 
catalyst in suspension for precipitating uranium 
from a carbonate solution. 

Preliminary tests, carried out with nickel wire as 
catalyst, showed that the layer of uo2 deposited 
on the wire grew continuously, without any adverse 
effect on the reaction rate, which remained constant. 
The thickness of the layer was more than 5 mm, 
and the density of the uo2 recovered varied from 
4-5 gfcm3

• In view of this encouraging result, expe
riments were begun using partly sintered uranium 
dioxide, pre-pressed into the desired shape, as a 
fixed catalyst. 

The results obtained on the reduction of the uranyl 
ion to uo2 using partly sintered oxide with a density 
of about 5 gfcm3 proved that in this case too rate of 
reduction is high; the reaction follows the same rules 
as when using U02 powder. In preparing the sintered 
catalyst, the aim was to achieve the maximum surface 
to weight ratio. 

From the point of view of the applicability of a 
process, it is necessary to know how long the reduction 

must be continued to give quantitative recovery, 
in the present case of uranium dioxide from uranyl 
carbonate solution. 

It was established that the reduction reaction half
time is 15 minutes, at 150 oc, using sintered uo2 
as catalyst with a total geometrical surface of 125 cm2 

for each litre of solution, and hydrogen at a pressure 
of 15 atmospheres. Under the same conditions, the 
reaction half-time in the pilot plant was 12 minutes. 
By reaction half-time is meant the time taken for 
the concentration to fall to one half its initial value. 
This value is constant for first-order reactions. 

From Fig. 3 it will be seen that the reduction of 
hexalent to tetravalent uranium, using uranium 
dioxide as catalyst, is a first-order reaction, so that 
the time taken to reach one-half of the initial con
centration is independent both of the initial concen
tration of uo~ 2+ in the solution and of the moment 
from which the reaction is being observed. 

Since, after reduction is complete, the concentration 
of carbonates is almost the same as in the initial 
solution, the spent liquor can be used again for leach
ing. It is therefore necessary that the concentration 
of uranyl ion in the spent solution be as low as possible; 
3-5 g/m3 is quite satisfactory, however. 

For a plant throughput of 200 m3 per day the 
following operating constants were adopted: hydrogen 
pressure, 15 atm; temperature, 150 oc; and relative 
initial geometrical surface of the catalyst (sintered 
U02), ca 150 cm2 per litre of solution treated. It 
was anticipated that with these constants the reaction 
half-time would be 15 minutes. This period was chosen 
to enable a larger amount of solution, and to some 
extent solutions richer in uranium, to be treated. 
The foregoing conditions having been taken on the 
basis of the results obtained in the laboratory and 
pilot plant, it became possible to determine the size 
of the reaction vessels and to work out the techno
logical flowsheet for the industrial plant. 
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DESCRIPTION OF REDUCTION PLANT 

A clear solution, produced by alkaline leaching 
of the ore, and containing about 600 g U /m3 and 
20 g Na C03 and about 10 g NaHC03 per litre, is 
fed by a centrifugal pump with a capacity of 200 !/mi
nute to the reaction vessel system The pump delivery 
pressure is the same as the working pressure in the 
vessels-namely, 20 atm. Before reaching the reaction 
vessels the solution passes through heat exchangers 
where it is preheated to about 100 oc by the solution 
leaving the reaction plant. The temperature of the 
spent solution is about 150 oc at the inlet to 
and about 70 oc at the outlet from the heat 
exchangers. 

The preheated solution then passes to vessels in 
which it is saturated with hydrogen. The saturated 
solution passes to three reaction vessels, each having 
a volume of 6m3• The vessels are interconnected so 
that they can be operated either in series or individually, 
in parallel. The solution enters at the bottom of the 
vessel and after passing over the catalyst overflows 
at the top; this provides the only agitation used in the 
reduction process. The initial catalyst is sintered 
uranium dioxide, in cylindrical lengths arranged 
in such a way that a geometrical surface of 150 cm2 

is available for each litre of solution, which is brought 
up to 150 °C by injecting steam into the vessels. 
The spent liquor, after passing through the heat 
exchangers, is either filtered or returned direct to the 
ore-milling circuit. In the conditions described, 
spent solutions have been obtained containing up 
to 3 g U Jm3, the concentrations of carbonate and bicar
bonate remaining almost unchanged. The U02 is 
deposited on the surface of the initial catalyst, thus 
increasing the surface of the latter. For this reason, 
the solution leaving the reduction plant is clear, 
and contains no particles of U02 ; this makes the use 

Figure 5. Aerial view of industrial plant 
for alkaline treatment of uranium ores at Kalna 
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Figure 4. Flowsheet of the hydrogen reduction process 
for the production of technical uo2 

from alkaline solutions at Kalna 

of a fixed catalyst preferable to that of powder in 
suspension. 

Figure 4 gives the flowsheet for the reduction process 
used at Kalna. Figures 5 and 6 are views respectively 
of the Kalna plant as a whole and the reaction
vessel installation. 

The U02 product contains 72-75% U (calculated 
on the basis of 85-88% U30 8). The U02 is removed 
batchwise from the individual reaction vessels. Each 
vessel is operated continuously until upwards of 
10 tons of U30 8 have accumulated in it. 

ECONOMIC AND TECHNICAL ASPECTS 
OF THE PROCESS 

It should be pointed out that rich ore deposits 
are becoming increasingly rarer, with the consequence 
that pyrometallurgical methods of treatment are 
giving way to hydrometallurgical processes. The 

Figure 6. Reaction vessels for reduction 
of uranium from alkaline leach solution at Kalna 
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recovery and concentration of metals from solutions 
is daily becoming a more and more important factor 
in choosing between hydrometallurgical processes 
themselves so far as their technical and economic 
aspects are concerned. 

In the hydrometallurgy of uranium, alkaline leach
ing under pressure followed by separation of the 
uranium from the leach solution is becoming more 
and more significant. This makes it necessary to 
gain insight into the economic and technical factors 
favouring one or other of the methods of separating 
and concentrating uranium from alkaline solutions. 
These mainly relate to the methods of precipitation, 
ion exchange and reduction under pressure. 

First of all, it should be emphasized that the precipi
tation of uranium from aqueous solutions of sodium 
carbonate is of rather restricted application, inasmuch 
as it can be practised only where the concentration 
of uranium in the solution exceeds 2 gjl, which 
presupposes a uranium content in the ore of more 
than 0.2%. For this reason, we shall limit ourselves 
here to some comparisons of the processes of ion 
exchange and reduction under pressure which enable 
uranium to be separated from solutions at low con
centrations. 

The use of the ion exchange method is based 
on the following reaction: 
4RC1 + Na4[U02(C03) 3] 

===" R4[UOiC03) 3] + 4NaCl 

It follows that during the adsorption of uranium 
a chloride ion is extracted from the resin, which 
leads to a steady increase in the concentration of 
chloride in the inlet solutions and hence to a constant 
decrease in the capacity of the exchanger. It should 
be added that in most cases the concentration of 
sodium carbonate in the leach is about 30 g/1, and 
that of sodium bicarbonate about 15 g/1, and that 
such concentrations greatly diminish the capacity 
of the exchanger (which generally does not exceed 
10 g U/1 of resin). In order to avoid the accumulation 
of chloride in the initial solution, and to reduce the 
carbonate and bicarbonate contents, three-stage 
filtration is essential. This means a 50% increase 
in the capital cost of the filtration plant as compared 
with two-stage filtration. On the other hand, the intro
duction of three-stage filtration results in high sodium 
carbonate utilization, while at the same time the 
capacity of the ion exchanger is increased. 

The ratio of the reagent and energy consumptions 
in the reduction and in the ion exchange processes 
respectively, when treating ore with a content of 
about 600 g U/t, is 1: 1.5. Here it must be remembered 
that these data have been obtained when using three
stage filtration in conjunction with ion exchange. 
Accordingly, the additional cost of providing the 
third filtration stage has not been taken into account, 
though this is a prerequisite for the process. 
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These data on the application of reduction and ion 
exchange are based on the operation of a pilot plant 
with a throughput of 50 tons of ore a day. The product 
contained 72-75% U, i.e., calculated on 85-88% U30 8, 

and the sodium diuranate about 76% U30 8• 

From these data it may be inferred that though 
the ion exchange process can be used for concentrating 
uranium from carbonate solutions, it is not the best 
method. As already mentioned, it was for this reason 
that our experiments were directed to establishing 
the technical and economic applicability of the process 
of reduction under pressure to the extraction of 
uranium dioxide from carbonate solutions. 

It should again be pointed out that the reduction 
process can be used as soon as a two-stage filtration 
plant has been installed; this cuts capital costs and 
also operating costs for the ore processing as a whole. 
The spent liquors, after reduction is complete, contain 
not more than 4 g Ujm3, with almost unaltered 
concentrations of carbonate and bicarbonate, and can 
therefore be used again in the process. 

The hydrogen used as the reducing agent is produced 
in situ by electrolysis; total consumption amounts 
to about 350 Nl/m3 of solution. These data have 
been obtained from pilot plant operations. The 
uo2 produced contained the following impurities: 
Si02, 2.3%; Zr, 1.1%; Na20, 2%; CaO 1.5%; and 
traces of iron, alumina copper, thorium, strontium, 
rubidium, antimony and other elements. 

Thus it has been proved that the reduction process 
for extracting uranium from carbonate solutions 
is technically and economically feasible on the industrial 
scale. 

It should be noted that there are further possibilities 
of improving this particular process; while at the 
same time real prospects are opened up of extending 
the use of pressure reduction techniques to other 
hydrometallurgical processes. 

CONCLUSIONS 

This study of the reduction process for uranium (VI) 
to uranium(IV) and its industrial scale application 
justify the following deductions: 

(a) Catalytic reduction of uvi to U1v is a first-order 
reaction with an activation energy of 10.2 kcaljmole. 
A reaction half-time of 10-15 minutes is possible, 
depending on conditions and the system in which 
the reaction is carried out. 

(b) The application of the process of hydrogen 
reduction to the separation and concentration of 
uranium from alkaline solutions is technically and 
economically feasible. The use of U02 as a fixed 
catalyst makes it possible on the industrial scale 
to separate uranium simply and quantitatively from 
solutions, with a high degree of recycling of the carbo
nate solution. 
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(c) Parallel technical and economic analyses show 
that for solutions containing about 600 g of uranium 
per cubic metre, hydrogen reduction is cheaper than 
ion exchange, the ratio being 1:1.5 in favour of 
reduction. 
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ABSTRACT -RESUME-AHHOTAI...lV1.R-RESUMEN 

A/414 Yougoslavie 

Application industrielle de Ia precipitation 
catalytique de !'uranium 

par B. Bunji ef a/. 

Les recherches effectuees recemment ont confirme 
que le processus de reduction de uvi en UIV est de 
nature catalytique; le choix du catalyseur et sa forme 
ont une grande influence sur 1 'applicabilite du pro
cede. 

On a demontre que pour reduire uvr en U 1v a 
partir de solutions aqueuses de carbonate de sodium, 
il est preferable d'utiliser comme catalyseur uo2, qui 
est, en meme temps, un produit de Ia reaction elle
meme. 

Les essais de laboratoire ainsi que les essais semi
industriels utilisant un fil de nickel comme catalyseur 
ont montre que l'oxyde d'uranium se depose sur Je 
fil de nickel. L'epaisseur de Ia couche d'oxyde depose 
atteignait jusqu'a 5 mm et sa masse specifique etait de 
4-5 g/cm3• Le processus de reduction de Uv1 a ete 
mis au point avec un catalyseur depose de cette 
maniere. En vue de determiner les qualites catalytiques 
de l'oxyde d'uranium en !'absence du fil de nickel, on a 
etudie Je processus de reduction et examine la possi
bilite d'utiliser uo2 en poudre et uo2 fritte et pre
comprime pour obtenir les formes voulues. 

L'accroissement de I 'energie d 'activation du cata
lyseur a des temperatures plus elevees dans un courant 
d'hydrogene est signale. Le processus de reduction 
est une reaction du premier ordre et on peut obtenir 
des demi-temps de reaction de 10 a 15 minutes. 

Sur Ia base des resultats a l'echelle du laboratoire 
et a I 'echelle semi-industrielle, on a construit une 
installation industrielle pour Ia precipitation continue 
de !'uranium a partir des solutions carboniques de 
lixiviation. 

On decrit I 'usine et les a vantages qui ont conduit 
au choix du procede ainsi que les n!sultats obtenus, et 
on fait une comparaison analytique avec d'autres 
methodes. 

L'effet de Ia precipitation de !'uranium est discute 
d'apres les caracteristiques du catalyseur et du sys
teme, notamment Ia surface de contact du catalyseur, 
Je demi-temps de reaction, Ia concentration de I 'ura
nium et des reactifs, Ia methode d 'agitation, Ia tempe
rature et Ia pression. 

A/414 IOrocnaBMR 

npoMbiWneHHOe npHMeHeHHe KaTanH
THl!eCKOrO OCamAeHHR ypaHa 

6. 6yHLfH et at. 

MccJief(oBaHHJI rrocJief(Hero BpeMeHu IIOJ(TBepf(H
JIH, 'ITO rrpon;ecc BOCCTaHOBJieHHJI ypaHa (VI) J(O 
ypaHa (IV) HOCHT KaTaJIHTH'IeCI\HH xapaKTep. 
BLI6op H cpopMa KaTaJIH3aTopa oKaaLIBaiOT 6oJIL
moe BJIHJIHHe Ha ocylll;eCTBHMOCTh aToro rrpon;ecca. 

B HaCTOJIIJ.l;eM J(OKJiaf(e rroKaaaHo, 'ITO rrpH Boc
cTaHoBJieHHH ypaHa (VI) J(O ypaHa (IV) H3 
BOJ(HLIX paCTBOpOB Kap6oHaTa HaTpHJI JIY'IIIIHM 
KaTaJIJI3aTopOM CJIYlliHT U02, KOTOpaJI OJ(HOBpe
MeHHO JIBJIJieTCJI IIpOJ(YKTOM CaMOH peaKJ.l;HH. 

Jla6opaTOpHLie H IIOJIYIIPOMLIIIIJieHHLie OllhiTbi 
C HHKeJieBOH IIpOBOJIOKOH IIOKa3aJIH, 'ITO OKHCb 
ypaHa ocamJJ:aeTCJI Ha noBepxHOCTH npoBOJIOKH. 
ToJIIJ.l;HHa CJIOJI ocamf(eHHOH OKHCH J(OXOJ(HT .LJ.O 
5 MM H 6oJiee rrpn nJIOTHOCTH 4-5 z/c.M-3• Ilpon;ecc 
HOCCTaHOBJieHHJI )'paHa (VI) 6LIJI npoBef(eH C Ka
TaJIH3aTopoM, ocamf(aeMLIM Tal\HM me crroco6oM. 
B n;eJIJIX upoBepKH KaTaJIHTH'IecKHX CBOIICTB ABY
oKncu ypaHa IIpH OTCYTCTBHH HHKeJieBOH IIpOBOJI0-
1\H 6hiJIO HCCJief(OBaHO BOCCTaHOBJieHue C IIpHMP
HeHHeM rroponmoo6paaHoii u cue'IeHHoU: J(Byol\n
cu ypaHa. 

IloKaaaHo yBeJIH'IeHue 3Heprun aKTnBan;nn Ka
TaJinaaTopa upn BLICoKoii TeMnepaType B noTol\e 
IIOJ(OpOJJ:a. Ilpon;ecc BOCCT3HOB.TieHHJI JIBJIHeTCJI pe
al\ll;IJeH nepaoro nopJIAKa rrpof(oJimMTeJibHOCThiO 
10-15 .ltUit. 

Ha ocHoBaHHII Jw6opaTopHhiX n uoJiynpoMhiUI
:wHHLIX OIILITOB 6LIJia CJ(eJiaHa IIpOMLIIIIJieHHaH 
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ycTaHOBKa lVIH HerrpephiBHoro ocam,n;eHHH ypamt 

H3 Bhi~eJia'IHBaiO~HX CO~OBhiX paCTBOpOB. 

,lJ;aeTCH OIIHCaHHe 3TOti YCTaHOBKH, IIpHBO,li;HTCR 

ocHoBaHnH ,li;JIH Bhi6opa upo~ecca, a TaKme no.1y

•reHHhie pe3yJihTaThl H aHaJIHTJl'ICCKOC cpaBHC'HUC 

C ,n;pyrUMU MCTO,IJ;aMU. 

PaccMoTpeHhi a<fllfleKTliBHOCTh ocam,n;eHnH ypa

na B 3aBliCHMOCTU OT KaTaJill3aTopa ll YCJIOBHii B 

CUCTCMC, HaiipHMep npo~OJiii\HTCJihHOCTH peaK~lfJI, 

KOH~eHTpa~nn peareHTOB 11 ypaHa, crroco6a rrepe

)ICUJHBaHnH, TCMIIepaTyphl ll ,n;aBJieHUH. 

A/414 Yugoslavia 

Aplicaci6n industrial de Ia precipitaci6n cata
Htica del uranio 

por B. Bunji ef a/. 

Investigaciones recientes han confirmado que el 
proceso de reducci6n de uvi a UIV es catalitico y 
que en ella selecci6n y la forma del catalizador tienen 
gran influencia sobre la posibilidad de llevar a cabo 
dicho proceso. 

Se ha comprobado que el proceso de reducci6n de 
UVI a U 1v en soluciones acuosas de carbonato s6dico 
se realiza mejor con U02 como catalizador, el cual se 
produce al mismo tiempo en la reacci6n. 

Los ensayos realizados en el laboratorio y en planta 
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piloto, con alambre de niquel, han hecho ver que el 
6xido de uranio se deposita en la superficie del alambre. 
El espesor del 6xido depositado alcanz6 5 mm o mas, 
oscilando la densidad entre 4 y 5 gjcm3 • El proceso 
de reducci6n se realiz6 con el catalizador depositado 
de esta forma. Para comprobar las propiedades cata
liticas del di6xido de uranio, sin la presencia del hilo 
de niquel, se ha estuiado el proceso de reducci6n asi 
como los resultados de Ia aplicaci6n del di6xido de 
uranio en forma de polvo y de anillos pretensados. 

Se ilustra la energia de activaci6n del catalizador a 
temperatura elevada en corriente de hidr6geno. 
El proceso de reducci6n es una reacci6n de primer 
orden y la reacci6n pue de efectuarse en un tiempo 
comprendido entre 10 y 15 minutos. 

Tomando como base los resultados de los ensayos 
en ellaboratorio y en planta piloto, se ha emprendido 
la construcci6n de una fabrica, en escalade producci6n, 
para la precipitaci6n continua de uranio a partir de 
soluciones de lixiviaci6n con carbonato. 

Se hace una descripci6n de la instalaci6n y se 
explican los motivos de la elecci6n del proceso, 
los resultados obtenidos una comparaci6n analitica. 

Se discute el efecto de la precipitaci6n del uranio 
en relaci6n con las condiciones del catalizador y del 
sistema como el area del catalizador, el tiempo de 
la reacci6n, la concentraci6n del uranio y de los 
reactivos, el metodo de agitaci6n, la temperatura y 
la presion. 
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Co-extraction of thorium and cerium 
by neutral phosphorus organic compounds 

By A. Alian * 

lhe study of co-extraction of the rare earth elements 
with thorium is of great importance due to their 
occurrence in thorium concentrates obtained in 
the processing of monazite. Tri-n-butylphosphate 
(TBP) is the usual extractant in the purification of 
thorium and uranium compounds [1-4]. Other neutral 
phosphorus organic compounds were studied as 
extractants, mainly for uranium [5]. The extraction 
of thorium and the rare earths by these compounds 
or their solutions in inert diluents was studied only 
recently [6-81. 

The aim of the present study is mainly to find the 
best conditions for the separation of thorium and 
lanthanides when these elements are extracted by 
neutral phosphorus organic solvents. As a first step, 
the structure of extractable species was investigated. 
The values of the separation coefficient (factor) were 
calculated on the basis of the confirmed extraction 
mechanism. 

In the trivalent state, the rare earths are extracted 
almost at the same rate. Consequently, one rare 
earth can be used to represent the whole group and 
since cerium is more abundant than any other lan
thanide in thorium concentrates, it has been selected 
for the present work. 

EXPERIMENTAL 

The solvents used, TBP and di-isoamylmethyl 
phosphonate (DAMPK), were purified by distillation 
under vacuum. Extraction was carried out by shaking 
equal volumes of organic and aqueous phases in 
graduated tubes or in separating funnels till equilibrium 
is attained. Experiments were at room temperature 
or in an air thermostat at 25 oC±l. 

Pure salts were used in experiments with macro
amounts of metal nitrates, while for micro-amounts 
the isotopes 234Th and 141Ce were used (UXl). 234Th was 
separated from pure uranyl solution by adsorption, 
from 7 M hydrochloric acid solution, on a cation 
exchange resin followed by elution with 2M oxalic 
acid solution. Oxalic acid was then decomposed 
by addition of hydrogen peroxide and evaporation. 

* Nuclear Chemistry Department Atomic Energy Establish
ment, Inshas. 
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234Th was also prepared by batch extraction with 
30% TBP solution in xylene from a uranyl salt solution 
in 6M HCl; 234Th remained in the aqueous phase. 
141Ce was prepared by irradiating Ce02 in the reactor. 

For the evaluation of the partition coefficient, 
thorium was determined either colorimetrically or 
radiometrically by counting the /)-radiations of 
234Th. Cerium was determined radiometrically by 
counting the /)-radiations of 141Ce. Two series of 
experiments were carried out to evaluate the separation 
coefficient. In the first, thorium was determined colori
metrically, whereas cerium, in the same sample, 
was determined radiometrically; in the second, 
both thorium and cerium were determined radio
metrically. In the latter case, equal parts from both 
organic and aqueous phases were evaporated to 
dryness and the total activity in these samples was 
measured using an end window G-M counter. This 
activity corresponds to the sum of 234Th and 141Ce 
radiations. The same samples were then counted 
using an aluminium absorber of 236 mgjcm2 thick
ness. All the radiations from 141Ce were thus cut 
off together with 79.20% of the radiations from 
234Th. By simple calculation, the activity from 141Ce 
and 234Th in both phases could be estimated and the 
separation coefficient evaluated. 

Extraction mechanism 

It was shown in a previous study [8] that thorium 
and cerium are extracted by DAMPK from nitric 
acid solutions, at low acidities, according to the follow
ing mechanism: 

Th4+ + 4NO;;- + 2 DAMPK 
-----. Th (N0;;-)4.2 DAMPK (1) 

Ce3 + + 3NO:J + 3 DAMPK 
-----. Ce (NO:J)3.3 DAMPK (2) 

It is clear that thorium and cerium are extrated by 
DAMPK forming in the organic phase thorium 
nitrate disolvate and cerium nitrate trisolvate, res
pectively. This means that the extraction of thorium 
and cerium by TBP and DAMPK takes place according 
to one and the same mechanism. Moreover, it was 
found that the values of the partition coefficients 
of the two elements for DAMPK are much higher 
than the corresponding values for TBP. 
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The comparison of the results of this work, on the 
extraction of thorium by TBP and DAMPK with 
those for its extraction by tri-n-octylphosphine oxide 
(TOPO) [6], from different acidic media, shows 
that the extraction efficiencies of phosphorus organic 
compounds regularly increase when passing from 
alkyl phosphates to phosphine oxides (Table 1) 
This is explained, as in uranium extraction, by an 
increase in the electronegative properties of these 
solvents in the same order. 

Table 1. Extraction of thori urn from different acidic 
media by TNP, DAMPK and TOPO 

Acid 

HCI 

Concentration of the solvent = O.IM 
Concentration of thorium = 0.008M 

Molar 
concentra-

Partition coefficient (D) 

tion 
M TBP DAMPK 

1 0.01 0.18 
2 0.02 0.32 
4 0.04 0.55 
6 0.04 0.34 

1 < 0.001 0.001 
3 < 0.001 0.003 
5 < 0.001 0.019 
7 < 0.001 0.085 
8 0.001 0.38 
9 0.003 1.90 

10 0.008 3.08 

1 < 0.001 < 0.001 
2 < 0.001 < 0.001 
3 < 0.001 0.001 

1 < 0.001 0.002 
2 < 0.001 0.006 
4 < 0.001 0.019 
5 < 0.001 0.070 
6 0.001 0.40 

TOPO 

2100 
420 

78 
27 

0.26 
11 

145 
208 
64 
28 
32 

0.3 
0.3 
0.3 

26 
9.9 
8.3 

16 
56 

In the present work, the structure of extractable 
species was confirmed cryoscopically: the molecular 
weights 'of the compounds formed when DAMPK 
was saturated with thorium and cerium nitrates 
were determined by measuring the depression in 
the freezing point of benzene The experimental 
values of the molecular weights were estimated at 
different concentrations of these solvates in benzene 
(Tables 2 and 3). 

The results indicate the formation of solvates with 
two molecules of DAMPK in the case of thorium 
nitrate and with three molecules of DAMPK in · 
the case of cerium nitrate, which is in accordance 
with the extraction mechanism described. 

The constancy of the values of the molecular weights, 
at different concentrations in benzene, shows that 
these compounds are not ionizing or polymerizing 
in the organic phase. 
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Table 2. Molecular weight of thorium n itrate-DAMPK 
solvate at different concentrations in benzene 

Volume of the Weight of Weight of solvate Molecular 
solution pure solvate pure benzene l'>t weight 

ml 
g g 

1 0.893 22.3075 0.195 945 
3 2.680 23.0095 0.582 970 
5 4.465 23.7115 0.932 970 
8 7.150 24.7645 1.430 965 

12 10.716 26.1685 2.057 946 

Table 3. Molecular weight of cerium nitrate-DAMPK 
solvate at different concentrations in benzene 

Volume of the Weight of Weight of solvate pure solvate pure benzene l'>t IvJolecular 
solution weight 

ml 
g g 

0.5 0.366 22.1300 0.074 1 099 
1.5 1.097 22.4800 0.227 1 030 
3 2.193 23.0095 0.440 1 062 
6 4.386 24.0625 0.838 1 051 

10 7.310 25.4665 1.365 1 009 
15 10.965 27.2215 1.874 I 023 

The formation of neutral solvates was also confirmed 
by measuring the infra-red spectra of pure solvents 
and of solvents saturated with the metal nitrates. 
The characteristic absorption bands of inorganic 
nitrates were observed only in the spectra of the sol
vates in the region 810 cm-1 for thorium and 820 cm-1 

for trivalent cerium. 

Evaluation of the stability 
of extractable compounds of thorium and cerium 

by TBP and DAMPK 

It is easy to show that, for the extraction of thorium 
or cerium by TBP and DAMPK from an aqueous 
solution of the same composition, the following 
relation is true : 

K D [DAMPK]n 
K' JY·-[TB~ (3) 

where K and K' are the equilibrium constants of the 
extraction reaction for TBP and DAMPK, respec
tively, D and D' are the corresponding values of the 
partition coefficient If TBP = DAMPK, then 

K D 
K' 

(4) 
D' 

The ratio K/ K' gives a comparative evaluation of the 
stability of extractable species by the two solvents. 
For the determination of this ratio, experiments 
were carried out on the extraction of the two elements 
by TBP and DAMPK at constant ionic strength 
of the aqueous phase. Sodium and calcium nitrates 
were used as salting out agents since nitric acid is 



258 

30 

20 

10 

SESSION 2.12 

0 

50 

50% DAMPK, 1M HN03 
Undiluted DAMPK, O.JM HN03 

50% DAMPK, 0.25M HN03 

50% TBP in benzene, 1M HN03 

100 

Concentration of thorium in the aqueous phase, g/1 

Figure 1. The effect of thorium concentration 
on partition coefficient for thorium 

. 0.16 u 
0 

0.12 

0.08 

0.04 

Th(N0 3) 4 concentration, g/ I 

Figure 3. The effect of thorium concentration 
on partition coefficient for cerium 

• 
150 

400 

P/455 

D 

150 

125 

100 

75 

50 

25 

A. ALlAN 

0.02 

0.01 

0 

0 

Cerium concentration M 

Figure 2. The effect of cerium concentration 
on partition coefficient for cerium 

• • 

2 

0 Theoreti col 

Only cerium is determined 
• rad·,ometrically 

Both thorium and cerium 
• are determined radiometrically 

6 

lNOj I aq M 

8 

Figure 4. The effect of [NO;) •• 
on separation coefficient of thorium and cerium 



SESSION 2.12 

not extracted by the two solvents at the same rate. 
The experimental values of D for thorium are presented 
in Table 4. 

The value of K was taken as 36 [9]. 
From Table 4 it is clear that the value of the stability 

constant of the thorium complex with DAMPK (K') 
is equal to 835± 72, which is about 23 times greater 
than the corresponding value for TBP. By the help 
of the calculated K' value, it is easy to calculate the D 
values for thorium at different nitrate ion concentra
tions in the aqueous phase, and at different DAMPK 
concentrations in the diluent using the following 
equation: 

D = K' [NO:J]!q [DAMPK]~ 
1 + ~ (31 [NO:J]1 

(5) 

where {31 is the stability constant of the thorium 
complex with the nitrate ions (Table 5). It is clear 
from Table 5 that the calculated and the experimental 
D values are satisfactorily the same, which is an 
indication of correctness of the extraction mechanism 
and of the calculated K' value. 

The values of D for cerium extraction from nitric 
acid solutions of the same composition are presented 
in Table 6. 

When Kis taken as 1±0.1 [10], the calculated value 
of K' is 8±0.7. 

Co-extraction of cerium with thorium 

The above mentioned work deals with the extraction 
of the individual elements. It is of greater importance, 
however, to study the extraction of the two elements 
when they are present together in solution. The values 
of the separation coefficient ~ of the two elements 
could be estimated on the basis of partition data: 

~ = DTh/Dce (6) 

The values of D are affected, however, by the metal 
concentration in the aqueous phase; consequently the 
value of~ is changed. The effect of the metal concen
tration, in the aqueous phase, on the extraction 
coefficient by DAMPK is shown in Figs. 1 and 2. 
In addition, it was found that the cerium partition 
coefficient sharply decreases with the increase of the 
thorium concentration in the aqueous phase (Fig. 3). 
This is explained by the competition between cerium 
and thorium for the free solvent; thorium forms a 
more stable complex with the solvent molecules. 

The separation coefficient of thorium and cerium 
(~) can be calculated, in general, on the basis of the 
confirmed extraction mechanism of the two elements. 
From the relation expressing the value of D it can 
be shown that ~ can be given by: 

~ = (KTh) ([N03] (1 + ~ (31 [NO:Jl)) (7) 
Kee [S](l + ~f3r(NO:Jlr) 

where KTh and Kce are the equilibrium constants 
of the extraction reaction of the two elements; f3i 
and f3i' are the stability constants of thorium and 
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Table 4. Thorium partition coefficient at different 
nitrate ion concentrations in the aqueous phase 

Nitrate ion Solvent (D) 
concentration K'/K K' 

M 0.4M TBP 0.4MDAMPK 

0.62 0.08 1.8 23 828 
1.0 0.13 3.2 25 900 
1.3 0.16 4.6 28 1 008 
1.5 0.24 6.0 23 828 
2.00 0.37 7.8 21 756 
2.20 0.41 9.0 22 792 
2.50 0.40 9.6 24 864 
3..00 0.52 10.5 20 720 

Table 5. Thorium partition coefficient for the extraction 
by DAMPK solutions in xylene 

HN03 0.1M 

Nitrate ion Equilibrium D 

concentration DAMPK 
n the aq. phase, M concentration, M Calculated Experimental 

0.1 0.80 0.26 0.31 
0.2 0.80 0.32 0.31 
1.0 0.50 5.1 5.9 
2.0 0.20 1.9 2.3 

Table 6. Cerium partition coefficient at different 
nitrate ion concentrations in the aqueous phase 

HN03 O.OlM, Ce(N03) 3 I0-6M 

Concn. of Solvent (D) 
Ce(NO,), K'/K K' in the aq. 

Phase, M 0.4M TBP 0.4MDAMPK 

1.26 0.0065 0.06 9.2 9.2 
1.68 O.ot7 0.138 8.3 8.3 
2.52 0,095 0.69 7.3 7.3 
3.50 0.193 1.39 7.2 7.2 

cerium complexes with the nitrate ions, and [S] 
is the solvent concentration. (31 and f3r and also KTh 
and Kce for TBP were determined by Fomin and 
co-workers [9, 10], KTh and Kce for DAMPK were 
determined in this work 

The value of ~ thus depends on the total nitrate 
ion concentration in the aqueous phase and on the 
free solvent concentration in the organic phase. 
Eq. (7) may be written in the following form: 

(
KTh) ( 1 ) _ ~ = Kce [S] j ([NOs]) (8) 

In Table 7 are given the values of f ([N03]) and 
the calculated ~ values at different nitrate ion concen
trations in the aqueous phase for IM TBP and 1M 
DAMPK. In the same table are also given the experi
mental ~ values. It is clear that the calculated and 
experimental ~ values satisfactorily agree with each 
other. 
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Table 7. Separation coefficient of thorium 
and cerium at different nitrate ion concentrations 

Separation coefficient 

[NO;J, f(N;O) TBP DAMPK M 

Calculated Experimental Calculated Experimental 

0.1 0.14 5.0 14.5 
0.3 0.50 18.0 17.5 14.8a 52 46 46.4a 
1 1.24 44.5 45 39.5a 129 115 109a 
2 1.29 46.5 47 44.7a 134 131 128a 

3 1.13 40.5 43 39.Ja 118 110 119a 
4 0.97 35.0 32.6a 101 
5 0.85 30.6 88.5 
6 0.75 27.0 78 
7 0.67 24.0 70 
8 0.60 21.6 64.5 

10 0.50 18.0 52 

• Both thorium and cerium are determined radiometrically. 

Table 8. Effect of the hydrogen ion concentration on extraction 
of thorium and cerium(lll) 

Ionic strength of the equilibrium aqueous phase = 4.8 

DAMPK Nitric acid 
concentration, M concentration, M 

Original Equilibrium Aqueous Organic 

4 4.8 3.05 
1.6 0.18 3.2 1.07 
0.8 2.8 0.59 
0.4 2.3 0.21 

The effect of the equilibrium nitrate ion concentra
tion on ~ is shown in Fig. 4. It is evident that the 
separation coefficient of thorium and cerium has a 
maximum value at an equilibrium nitrate ion con
centration of l.6M. This value for lM TBP is equal 
to 48, and for lM DAMPK is 136. 

In technology, thorium is usually extracted from 
solutions with high metal concentrations, and the 
solvent is, therefore, almost completely saturated 
with thorium. This brings about an increase in the 
value of ~ as indicated by Eq. (7). 

An important point is that DAMPK is not only 
more efficient for the extraction of the individual 
metals but also for their separation. 

It is also noteworthy that (7) holds for the extraction 
of thorium and cerium from solutions of low acidities 
only; i.e., when a neutral nitrate (as NaN03 

or Al(N03) 3) is used as salting-out agent. From 
data on the effect of nitric acid concentration on 
the value of D, for the extraction of thorium by 
TBP or DAMPK [8], it was clear that the two metals 
are extracted at high acidities through another mech
anism. This was confirmed by studying the effect of 
hydrogen ion concentration on the extraction of tho-

D 
LiNO, 

concentration, M 
Th Ce 

0 155 2.85 
1.6 74 0.25 
2.0 57 0.12 
2.5 40 0,03 

rium and cerium at constant ionic strength and cons
tant free solvent concentration (Table 8). 

The sharp increase in the value of D with increasing 
hydrogen ion concentration cannot be explained by a 
decrease in the hydrolysis rate of the two metal 
nitrates; hydrolysis is negligible under the given 
conditions. Moreover, it was found that the logarith
mic relation between D and [H+] aq is expressed by 
a straight line the slope of which is equal to 1.8 
and to 6 for thorium and cerium respectively. This 
can be interpreted by the formation of double salts 
or mixed solvates in which the solvent is a compound 
of nitric acid with DAMPK (DAMPK.HN03) or a 
mixture of the latter and DAMPK. 

Separation of macro-amounts 
of thorium nitrate from cerium nitrate 

For these experiments a solution 
of the following composition: 

Th02 

Ce03 

P205 
NaN03 

Free nitric acid 

was prepared 

160 g 
5 g 

1.5g 
1.5M 
0.4M 
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This solution is supposed to be similar in composi
tion to the aqueous feed solution for thorium extrac
tion in technology. Solvents used in this study were 
40% solution TBP and 40% solution DAMPK in 
xylene. A batch counter-current extraction, similar 
to that described by Fareeduddin et a/. [4], was used 
to compare the efficiencies of TBP and DAMPK. 
The solvent feed ratio was 2 to 1. In some series of 
experiments, the radioactive isotope 234Th was added 
to the aqueous solution after the second batch extrac
tion. The process was then continued till all radio
activity in the aqueous phase had disappeared. In other 
series, the radioactive isotope 141Ce was added to 
the original solution, in order to study the scrubbing 
process. Cerium extracted in the organic phase was 
scrubbed many times with 0.1 volume of a solution 
containing 0.5M NaN03 and O.IM HN03• 

It was found that whereas 7 stages were necessary 
for the complete extraction of thorium by the TBP 
solution, 4 stages were sufficient using DAMPK. 
Cerium was completely removed from the organic 
phase after 3 scrubbing stages in case of TBP and after 
4 stages in case of DAMPK. 

The subsequent stripping of thorium from the 
organic phase was carried out with 0.01M HN03 solu
tion. All the thorium could be recovered in 3 stages 
with TBP and in 4 stages with DAMPK. This means 
that the total number of stages could be decreased 
by using DAMPK instead of TBP 

However, when nitric acid•was used as a salting-out 
agent, thorium could be back-washed into the aqueous 
phase only with difficulty. In the latter case, the total 
number of stages for DAMPK could be decreased 
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by using other stripping solutions, carbonate or 
hydroxide for example. 

These studies are still in the laboratory stage of 
development. The above results indicate, however, 
that it will be quite possible to use DAMPK and other 
neutral phosphorus organic compounds in the tech
nology of thorium and to realize savings in costs. 
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ABSTRACT-RESUME-AHHOTAl4~R-RESUMEN 

A/455 Republique ·arabe unie 

Coextraction du thorium et du cerium par 
des composes organophosphoriques neutres 

par A. Alian 

L'etude de la coextraction du thorium et du cerium 
est tres importante en raison de la presence de ce der
nier dans les concentres de thorium obtenus au cours 
du traitement de la monazite. 

Les valeurs du coefficient de separation des deux ele
ments pourraient etre calculees sur la base des mesures 
de partage. Mais les valeurs du coefficient de partage 
sont elles-memes influencees par la concentration du 
metal dans la phase aqueuse; par consequent, les 
valeurs du coefficient de separation sont changees. De 
plus, on a trouve que le coefficient de partage du 
cerium diminuait rapidement avec 1 'augmentation de 

la concentration de thorium dans la phase aqueuse. 
Ceci est du a la competition entre le cerium et le tho
rium pour le solvant libre; le thorium forme des 
complexes plus stables avec les molecules du solvant. 
Le coefficient de separation des deux elements (~) 

peut etre calcule sur la base du mecanisme confirme 
d'extraction. ~ est exprime par !'equation 

~ = DTh/Dee. (1) 

Sur la base du mecanisme d'extraction des deux 
elements, il est facile de demontrer que ~ peut etre 
exprime par !'equation 

; = (KTh) ([N03] (1 + "L{Ji [N03]i)) (2) 
Kce [S] (1 + "L{Ji' [N03]i') 

KTh et Kce sont les constantes d'equilibre de la reaction 
d'extraction des deux elements; {Ji et {Ji' sont les 
constantes de stabilite des complexes de thorium et de 
cerium avec les ions NO;. 
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{Ji et flr et aussi KTh et Kc. pour TBP et DAMP 
(qui est un phosphonate d'alkyle) sont determines 
experimentalement. 

La valeur de ~depend ainsi de Ia concentration totale 
de I 'ion nitrate dans Ia phase aqueuse et de Ia concen
tration du solvant libre dans Ia phase organique. II est 
a noter que !'equation ci-dessus s'applique seulement 
a !'extraction aux basses acidites. L'equation (2) peut 
etre ecrite de Ia maniere suivante : 

~ = (~:) ([~]) j([N03]). (3) 

Les valeurs de f ([NO;]) et les valeurs correspon
dantes de ~ sont calculees aux differentes concentra
tions de I 'ion nitrate dans Ia phase aqueuse pour Ia 
concentration 1M du solvant. On a trouve que les 
valeurs de ~ calculees et experimentales sont en accord 
ce qui est une indication de 1 'exactitude du mecanisme 
donne. On a aussi trouve que le coefficient de separa
tion du thorium et du cerium atteint une valeur maxi
male a une concentration d'equilibre du nitrate de 
!,6M. La valeur maximum de ~ pour 1M TBP est 
egale a ~ 48. 

En technologie, le thorium est habituellement 
extrait des solutions a forte concentration de metal et 
le solvant sera ainsi presque completement sature de 
thorium. Ceci entraine une augmentation dans Ia 
valeur de ~ comme indique par I 'equation (3). 

A/455 OAP 

CoaMecrHaR sKcrpaK~HR ropHR H ~e
pHR Hel1rpanbHbiMH lfloclflopopraHH
YecKHMH COeAHHeHHRMH 

A. AmtaH 

B CBJJ3H c TeM 'lTO B noJiyqaeMLIX npn nepe

pa6oTKe MOHaQHTa TOpHeBLIX KOHQeHTpaTaX Ha

XO,li;HTCJI TaKme H QepHH, HCCJie,li;OBaHHe HX CO

BMeCTHOH 8KCTpaKQHH JIBJIJJeTCJI BeCbMa BamHoii 

aa,n;aqeii. 

BeJIH'lHHLI Koaljl«fJnQHeHTOB paa,n;eJieHnJJ aTnx 

3JieMeHTOB MO)I(HO BLI'lHCJIHTb Ha OCHOBe ,n;aHHhiX 

o pacnpe,n;eJieunn. O.u;naKo auaqennH Koaljlljlnn;H

eHTOB pacnpe,n;eJieHHJI MeHJJIOTCJI B 3aBHCHMOCTH 

OT KOHlWHTpaQHH MeTaJIJia B BO,li;HOH ljlaae H CO

OTBeTCTBeHHO H3MeH1IIOTC1I 3HaqeHH1I KOaljlljJHQH

eHTa paa,n;eJieHHR. RpoMe Toro, 6LIJIO Haii,n;eHo, 'ITo 

Koa«fJ<jlni~HeHT pacnpe,n;eJieHHJJ QepHR peaKo na

;.~:aeT C yneJIH'leHHeM KOHQeHTpaQHH TOpiUI B BOA

HOM ljlaae. 8TO nponcxo,n;nT 6Jiaro.u;apR cnoero 

po,n;a COpeBHOBaHHIO Mem,n;y TOpHeM If QepHel\1 

aa cno6o,n;nhiH pacTnopnTeJih, npnqeM Topnii o6pa

ayeT ooJiee npo'IHLie KoMnJieKcLI c MoJieKyJiaMH 

pacTBOpllTeJIJJ. Ha ocuone ycTaHOBJiennoro Mexa

HH3Ma 3KCTpaKQHH MO)I(HO BLI'lHCJIHTh KOaljlqm-
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I~HeHT paa,n;eJieHH1I ,li;BYX aJieMeHTOB ( ~). 8TOT 

IWacpcpHQHeHT BhipamaeTC1I COOTHOllleHHeM 

~=DTh!Dce· 

Ha ocnone MexannaMa aKcTpai\QHH aTnx .u;nyx 

aJieMeHTOB JierKo noKaaaTh, 'ITO ; MomeT 6hiTh 

BLipameH C.TJe,n;yiOIQHM ypaBHeHHeM 

KTh (N03) (1 + l:~;[NOaJi) 
~=Kce S(i+l:~i·fNOah·) ' (Z) 

r.u;e K Th H K ce- KoHcTaHTLI panHonecnJJ peaK

JJ,Hu npH aKCTpaKQHH aTnx .u;nyx aJieMeHTon; ~i H 
~i' -KOHCTaHTbl CTa6HJihHOCTH KOMllJICKCOB TO

pHil n JJ,epnR c NO; -nonaMn. 

~; H ~{, a TaKme K Th H Kce AJIJJ TBc:D n 

)J;AMI:Dl\ (KOTOpoe OTHOCHTCJI K aJIKHJI<jloccpoHa

TaM) Ollpe,n;eJIRIOT aKcnepHMCHTaJibHO. 

TaKHM o6paaoM, KoaljlljlnJJ,neHT paa,n;eJieHHR aa

BHCHT OT o6IQCH KOHQCHTpaJJ,HH HHTpaT-HOHa B 

BOAHOH ljlaae H OT KOHQCHTpaQHH CB060,li;HOrO pac

TBOpHTCJI1I B opraunqecKoii ljlaae. CJie,n;yeT OTMe

THTb, 'lTO npnne.u;ennoe BLime ypanneHne cnpa

ne,n;JIHBO Jllllllb ,li;JIJI 3KCTpaKQllll llpH HH3KIIX 

KHCJIOTHOCTRX. YpanHenne (2) MomeT 6LITb nann

caBo B nn.u;e 

6 = KTh _1 I ([N02]) (3) 
Kce S 

BeJIH'IHHLI f ([N 0 31) n cooTneTcTBYIOIQIIe neJin

'IHHLI ; paCC'IUTbiBaJIJlCb npn pa3.1JII'lHbiX KOHQCH

TpaQII1IX HllTpaT-IIOHa B BOAHOJI cpaae ~VIR 1 111 
KOHQCHTpaJJ,HII paCTBOpUTeJIR. 0Ka3aJIOCb, 'lTO pac

'leTHhie II 3KCnepHMeHTaJihHhle BeJIH'lHHLI ; CO

rJiaCyiOTC1I .u;pyr c .u;pyroM, 'ITO y«aahiBaeT ua 

IIpaBHJihHOCTh ,n;aHHOrO MeXaHII3Ma 81\CTpai\lJ,IIlf. 

Haii.u;eno, 'ITO KoaljlcpuQueHT paa.n;eJieHIIR Topn.R u 

I~epu1I IIMeeT MaKCHMaJihHYIO BeJUI'IIIHY npn paB

HOBCCHOH KOHJJ,CHTpaJJ,HII HIITpaT-IIOHa 1,6 111. )l..TJR 
1 M TB<I> MaKCIIMaJihHhiii Ko:JqlcpiiJJ,neHT paa;.~,eJie
HIIR COCTaBJI1ICT OKOJIO 48. 

B npoMhimJiennoii TexnoJiornii Topnii o6bPIHO 

3KCTpariipyeTC1I H3 paCTBOpOB C BhiCOKOii KOHQCH

TpaJJ,IICH MeTaJIJia H ll08TOMY paCTBOpiiTeJih 6yiJ,eT 

IIO'ITH llOJIHOCThiO HaChiiQeH TOplleM. 8TO 06CT01I
Te.TJhCTBO IIpUBOAHT K IIOBhlllleHUIO Be.TJU'IUHLI ;, 

KaK noKa3hiBaeT ypannenne ( 3). 

A/455 Republica Arabe Unida 

Coextracci6n de torio y cerio con compuestos 
neutros organicos de f6sforo 

por A. Alian 

Es muy importante el estudio de la extracci6n 
conjunta del torio y del cerio debido a la existencia del 
cerio en los concentrados de torio obtenidos en el 
tratamiento de la monacita. 

Los valores de los coeficientes de separaci6n de los 
dos elementos podrian calcularse en funci6n de los 
datos de partici6n. Como los valores de estos coefi-
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cientes estan afectados por Ia concentraci6n de dichos 
metales en Ia fase acuosa, varian por lo tanto los 
valores de los coeficientes de separaci6n. Ademas 
se ha encontrado que el coeficiente de reparto del 
cerio disminuye considerablemente a! aumentar Ia 
concentraci6n de torio en Ia fase acuosa, fen6meno 
debido a la competici6n entre el cerio y el torio frente 
a! disolvente libre; el to rio forma complejos mas 
estables con las moleculas de disolvente. El coeficiente 
de separaci6n de los dos elementos(;) puede calcularse 
basandose en el mecanismo de extracci6n confirmado. 
; se expresa por Ia relaci6n siguiente: 

; = DTh/Dee· (I) 

Basandose en el mecanismo de extracci6n de los 
dos elementos es facil demostrar que ; puede expre
sarse por Ia ecuaci6n siguiente: 

; = (KTh) ([N03] (1 + ~ f3~1N03]i)) (2) 
Kc. [S] (1 + ~ /31• [N03]i') 

en Ia que KTh y Kc. son las constantes de equilibrio 
de la reacci6n de extracci6n de los dos elementos; 
/31 y f3i' son las constantes de establidad de los com
plejos de torio y cerio con los iones NO;;-. 

/31, f3r y K,fh y Kc. para el TBP y DAMPK (que es 
un miembro de los alkilofosfonatos) se determinaron 
experimentalmente. 
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Los valores de ; dependen de Ia concentraci6n 
total del ion nitrato en Ia fase acuosa y de Ia concen
traci6n de disolvente libre en la fase organicia. Hay 
que hacer notar que la ecuaci6n anterior solamente 
se cumule en Ia extracci6n a baja acidez. La ecua
ci6n (2) puede escribirse en la forma siguiente: 

(KTh) ( l ) _ 
; = K~~ [S] f ([N03 ]) (3) 

Los valores de /([NO;;-]) y los correspondientes 
de ; se han calculado a diferentes concentraciones 
del ion nitrato en Ia fase acuosa para Ia concentraci6n 
I M de disolvente. Se ha encontrado que los val ores 
calculados y experimentales de ; concuerdan, lo que 
indica que el mecanismo propuesto es correcto. 
Tambien se ha visto que el coeficiente de separaci6n 
entre el torio y el cerio tiene un valor maximo a una 
concentraci6n de equilibrio de nitrato de l,6M. 
El valor maximo para el TBP I M es aproximadamente 
igual a 48. 

En el proceso de fabricaci6n, el torio se extrae 
corrientemente de disoluciones que lo contienen en 
concentraci6n elevada por lo que el disolvente esta 
casi completamente saturado con torio, lo cual da 
Iugar a un aumento del valor de ; como se deduce 
de Ia ecuaci6n (3). 



P/464 South Africa 

The production of uranium tetrafluoride 
by thermal decomposition 
of ammonium uranous fluoride in a fluidized bed 

By R. E. Robinson,* J. C. Geertsma * and J. C. Paynter** 

In 1958, Brodsky and Pagny [I] reported a process 
for the conversion of uranyl nitrate solution to sodium 
uranous fluoride (UF4.NaF) which could be used 
for calciothermic reduction to uranium metal in the 
standard bomb reduction process. Investigation of 
this process was commenced at the Government 
Metallurgical Laboratory, but work on the production 
of sodium salt was abandoned because only disodium 
salt (UF4.2NaF) could be made, which is unsuitable 
for calciothermic reduction. Since then, the production 
of ammonium salt has been investigated and a pilot 
plant is in operation. 

In this process, uranyl nitrate is reacted batch
wise with ammonium fluoride, formic acid and sulphur 
dioxide in solution to give a green crystalline preci
pitate of ammonium uranous fluoride (UF4.NH4F). 
The precipitate is filtered and dried to give a free
flowing powder of tap density about 2.8 gjcm3• 

When heated, the double fluoride salt decomposes 
according to the following reaction: 

UF4 • NH4F----. UF4 + NH4F 

The UF4 can be used for calciothermic reduction 
or for the production of uranium hexafluoride. 
For the former purpose, it should contain only the 
minimum amount of NH4F as any residual NH4F 
is vaporised in the metal reduction bomb thus causing 
an undesirable pressure build-up. Calculations based 
on the increase in pressure indicate that a nitrogen 
content (assumed to be present as NH 4F) below 
20 parts per million UF 4 basis, should not give rise 
to unacceptable pressure increases; and this figure 
has been provisionally accepted as the maximum 
permissible level for nitrogen content. 

Preliminary batch tests in a horizontal 5 in diam. 
stainless steel tube furnace heated to 450 oc showed 
that UF4.NH4F could be decomposed to give a 
product containing 5 ppm nitrogen. Further pilot 
plant experiments were therefore justified to develop 
a process for the decomposition of the UF4.NH4 F 

* Extraction Metallurgy Division, South African Atomic 
Energy Board, Pelindaba. 

and to investigate the possibility of recovering NH4F 
economically. 

Van Impe [2] has investigated the decomposition 
of a static bed of UF4.NH4F. At 500 oc in a vacuum 
furnace, the nitrogen content was reduced to 500 ppm. 
Further heating at 500 oc in a hydrogen atmosphere 
reduced the nitrogen content to 5 ppm. 

Galkin et al. [3] also studied the decomposition 
reaction and found that it occurs in two stages. 
The loss in weight in the temperature range 
320-360 oc was 5.9% and in the range 420-450 oc 
it was 4.2%. 

THERMAL DECOMPOSITION OF UF4.NHl IN A 
FLUIDIZED BED 

Reasons for choice of a fluidized bed 

(a) A fairly narrow temperature range is desirable 
for the final stages of the decomposition. If the 
temperature is too high, the material shows a tendency 
to sinter and form hard agglomerates; if too low, 
the decomposition is slow and incomplete. The uniform 
temperature characteristic of a fluidized bed is an 
advantage over other types of furnace. 

(b) Substantial quantities of heat are required 
to decompose the powder. The high heat transfer 
rates possible in a fluidized bed are an obvious 
advantage. 

(c) The fluidized bed contains no moving mechanical 
parts as for example in a stirred bed reactor. This 
is an important advantage at these high temperatures 
in the presence of very corrosive fluoride vapours. 

(d) Preliminary tests indicated that agitation of 
the powder and the rapid removal of NH4F gas 
increased the rate of decomposition. The use of a 
fluidizing gas (nitrogen was chosen because of its 
low cost and inertness) would achieve these conditions. 

Small-scale experimental work 

A 6 in diameter stainless steel fluidized bed reactor 
was constructed with a view to assessing the feasibility 
of using a fluidized bed, and obtaining design data 
for a larger pilot plant unit. The reactor was designed 

** Government Metallurgical Laboratory, Johannesburg. to process up to 40 lb UF4.NH4F per batch. 
264 
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Table 1. Corrosion rates in ammonium fluoride atmosphere at 450 oC 

Specimen size : 0.5 dm2 
Exposure time : 28 hours 

Corrosion Relative 
Sample 

Weight loss Composition (%) (g/dm2) 
rate cost of 

mg/ft'lh sheet 

Nickel 99Ni -0.0167a - 5.6a 2.25 
Monel 67Ni/30Cu/1.5Fe -0.0217a - 7.3a 2.08 
Ni-o-nel. 40Ni/35Fe/20Cr/3Mo/2Cu -0.03J8a -10.7a 2.00 
lnconel . 80Ni/13Crj7Fe -0.0336a -11.4a 2.16 
Stainless steel 18Cr/8Ni/3.75Mo/2.5Cu 0.2216 74.9 1.17 
Stainless steel (type 3 I 6). 18Cr/8Ni/3Mo 0.3142 106.3 1.00 
Stainless steel (type 310). 28Cr/18Ni 0.4782 161.6 1.25 
Corronel 230 55Ni/36Cr/5Fe/1 Cu/1 Mn 0.5373 181.6 3.16 

" The negative sign represents an increase in the weight of the test piece. 

Materials of construction 

Stainless steel proved to be unsatisfactory as a 
material of construction, due to the formation of a 
non-adherent scale of iron and chromium fluorides. 

The contamination caused by the scale resulted 
in a product with an impurity content above nuclear 
grade specifications. Corrosion test pieces were 
placed in the upper section of the reactor and the 
results are given in Table 1 which shows that the high 
nickel alloys all underwent a gain in weight which 
is due to the formation of an adherent nickel fluoride 
film. Of all the materials, Monel probably gives 
the best balance between cost and corrosion rate and 
is also the most readily available of the nickel alloys. 
Although its tensile strength decreases rapidly at 
temperatures above 460 oc, it is nevertheless adequate 
to withstand the operating conditions. 

Fluidization characteristics 

The bed fluidized satisfactorily in most runs at 
a nitrogen flow of approximately 1 ft3/min. A conical 
gas distributor was experimented with in the initial 
runs but this gave poor fluidization due to severe 
channelling in the bed. A porous metal distributor 
was then fitted and proved to be very satisfactory 
in all subsequent runs. It also had the advantage over 
other types of distributors of preventing powder 
leaking into the inlet gas line. Although some of the 
batches of UF 4 • NH4F would not fluidize at all, 
the work on this unit demonstrated that in most 
cases UF4.NH4F could be decomposed to UF4 con
taining less than 20 ppm nitrogen in approximately 
7 hours at a maximum temperature of about 450 oc. 
The design of a larger pilot plant reactor was therefore 
justified. 

Pilot plant design and operation 

Equipment 

The pilot plant as originally constructed is shown 
in Fig. 1. Additional details of the fluidized bed 

reactor are shown in Fig. 2. The plant was. designed 
to operate batch-wise to decompose approximately 
1 200 lb UF4.NH4F per batch, equivalent to a produc
tion rate of 100 tfyr. 

The fluidized bed unit was constructed of Monel. 
The heat required in the fluidized bed section was 
supplied by 36 sheathed resistance heating elements 
(Calrod elements) each of 900 watt capacity. These 
were arranged circumferentially around the outside 
wall of the unit at t inch spacing. Additional heating 
elements were also fixed to the conical section and 
the top coverplate, for heating up the entire unit to 
operating temperature to prevent condensation of 
NH4F. The heating elements were surrounded by a 
stainless steel reflector which was lagged externally. 

The bed heating elements were controlled by an 
on-off temperature controller actuated by a thermo
couple in the fluidized bed. The additional heating 
elements were controlled by Simmerstat bi-metal 
regulators. Four thermocouples indicated the tem
perature at various points in the bed. 

The bed of powder was supported by a porous 
metal plate distributor held between the two flanges 
as shown in Fig. 2. Grids above and below the distri
butor plate helped to support it. A porous Monel 
metal plate was used initially but it corroded and 
was replaced by a distributor made of Rigimesh 
Monel metal having a 10 micron pore opening. This 
latter material, which has a woven structure, has a 
much higher tensile strength than the porous Monel 
metal, which was made by sintering metal particles 
to form a coherent sheet. The Rigimesh metal distri
butor has been in use for over 150 hours without 
any signs of deterioration. The good distribution 
of fluidizing gas given by the Rigimesh resulted in 
very even fluidization over the entire bed area. 

A filter for the exit gases was necessary to remove 
the particles carried up by the fluidizing gas, and a 
sintered porous metal filter was used for the first 
few runs. This corroded to such an extent that the 
filter disintegrated. It appeared that the point of 
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Figure 2. Fluidized bed reactor 
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contact between the individual metal particles in 
the sintered metal is attacked by the corrosive NH4 F 
with the result that the material as a whole loses 
its strength. A cyclone was then installed and this 
operated satisfactorily with a powder loss of approxi
mately 2t% per batch at a gas rate of 20 ft3/min. 

The nitrogen preheater was an integral part of the 
fluidized bed unit as shown in Fig. 2. Experience 
on the small-scale unit had shown that unless the 
preheater was situated close to the fluidized bed the 
hot gas was cooled considerably by heat losses to 
the metal of the interconnecting pipes. Nine 1 000 watt 
Calrod heating elements at 2 in spacing provided 
the heat to raise the gas temperature to 450 ac. 
The radiation shield shown in Fig. 2. prevented direct 
radiant heating of the distributor plate. 

The asbestos gaskets used were slowly attacked 
by the NH4F vapour and where possible a solid 
Monel ring was placed just inside the inner perimeter 
of the gaskets to prevent the decomposition products 
contaminating the product. 

Operating procedure 

About 1 200 lb UF4.NH4F was charged into the 
fluidized bed reactor (see Fig. 2). The flow of fluidizing 
gas (nitrogen) was adjusted to about 20 ft3/min. 
The bed temperature was raised to about 315 ac 
when decomposition commenced, and the bed tem
perature was thereafter increased slowly over a period 
of approximately 9 hours until 460 ac was reached. 
Up to the present time the rate of heating has been 
limited by the rate of cooling of the NH4F gas stream 
so that at the most only 22 of the available Calrod 
heating elements have been in use. With this number 
of heating elements a heat transfer rate of 
6 000 Btu/hft2 has been achieved without overheat
ing the Monel metal wall. The upper section of the 
unit was maintained throughout at a temperature 
slightly above that of the bed to prevent condensation 
of the NH4F from the exit gas stream. 

When decomposition was complete, the nitrogen 
flow and the heating elements were switched off and 
the bed allowed to cool for 18 hours. In order to 
discharge the UF 4, the bed was fluidized and the 
fluidized powder flowed out through the open powder 
outlet valve into the UF 4 hopper. 

Care was taken throughout to maintain a positive 
pressure of nitrogen il) the system in order to prevent 
moisture or oxygen entering the unit. If the equipment 
had to be opened up for maintenance it was thor
oughly purged with nitrogen before the next run. 
The UF 4 was very hygroscopic and was stored in a 
dry nitrogen atmosphere. 

Operating characteristics 

A typical decomposition curve showing the variation 
of the bed temperature with time is given in Fig. 3. 
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Figure 3. Thermal decomposition of UF 4 .NH 4 F 
(temperature changes) 

The decomposition proceeded in three stages. During 
the first stage, which was of approximately 3 hours 
duration, the temperature rose from 315 to 330 ac 
and about 60% of the NH4F was removed. Thereafter, 
the rate of NH4F evolution decreased markedly 
resulting in a rapid temperature rise from 330 to 
420 ac. The second stage of the decomposition 
commenced at 420 oc and was of about 2 hours 
duration. The temperature was approximately constant 
(420-430 oq during this period when virtually 
all the remaining 40~~ of the NH4 F was removed. 
The rate of evolution of NH4F decreased to almost 
zero when the temperature reached 430 oc. The 
third stage was of about 1 t hours duration at a bed 
temperature of 460 ac. This ensured that a product 
containing less than 20 ppm nitrogen was obtained. 

The heat of sublimation of NH4F is reported by 
Luft [4] as being 36 kcaljmole at 25 ac. This value 
agreed closely with the heat of decomposition of 
UF4.NH4F as estimated from the heat input to the 
bed, and is considered to be sufficiently accurate 
for future design purposes. 

Using the operating sequence described above, a 
UF4 product containing not more than 20 ppm nitro
gen could be produced consistently. No U02F2 (uranyl 
fluoride) could be detected, but the product usually con
tained less than 0.5% U30 8, which was probably formed 
by reaction of UF4 with the small quantity of oxygen 
and m0isture introduced with the UF4.NH4F. Only 
trace quantities of other impurities were introduced 
by the operation, and a product conforming to nuclear 
grade specifications was obtained. In the early runs, 
a great deal of difficulty was experienced in obtaining 
satisfactory fluidization of the bed. This was found 
to be due to the poor low properties of the UF4.NH4F 
powder. Modifications were made in the precipitation 
process so as to produce a compound of larger 
average particle size, after which no further difficulty 
was encountered [6]. It is known that fine materials 
(e.g. copper or zinc filings) of particle size less than 
60 micron have a pronounced tendency to adhere 
to each other [7]. It may be of significance that the 
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unsatisfactory powder was predominantly in the 
10-20 micron particle size range, whereas the fluidi
zable powder was predominantly in the 40-50 micron 
size range. The unsatisfactory powder, when examined 
under a microscope, exhibited a definite tendency 
to form long chains of adherent particles. This pheno
menon may partly explain the poor flow properties, 
but it is probable that the particle shape was also 
a contributing factor [6]. 

The surface area of the UF 4 product, as determined 
by nitrogen adsorption at the temperature of liquid 
nitrogen, was approximately 1.5 m2jg. The tap 
densities of both the UF4.NH4F and UF4 were approxi
mately 2.8 gjcm3• 

The average dust losses from the reactor were 
approximately 2!% of the charge. 84% by weight 
of the powder was in the range 28-53 micron; 
about 2% was less than 10 micron. The cyclone 
was designed to recover approximately 97 % of 
10 micron material and the loss of 2!% of the charge 
is therefore to be expected. 

AMMONIUM FLUORIDE RECOVERY 
AND NITROGEN RECYCLE 

At ordinary temperatures NH4F is a solid, but at 
higher temperatures the solid sublimes and dissociates 
so that it is present in the vapour phase as NH3 

and HF[4]. It was economically desirable to recover 
the NH4F from the hot nitrogen stream in such a 
way that it could be reused and the nitrogen recycled 
to the fluidized bed. The following methods of recover
ing NH4F were investigated. 

Scrubbing with water 

Water scrubbing of the gases containing NH4F 
in a packed tower was investigated on the small 
scale unit. This method had the advantage of being 
a very efficient means of cooling the hot gases. The 
scrubbing was not complete (efficiencies were about 
95%) and a wet dense fume was evident in the exit 
gas from the scrubber. In addition, the use of water 
requires that the nitrogen would have to be thoroughly 
dried before recycling in order to prevent excessive 
reaction of water with the UF4• Various alternative 
methods of removal not involving the introduction 
of water were therefore investigated. 

Dry condensation 

Small scale tests 

An attempt was made to recover the NH4F as 
a solid sublimate by rapidly cooling the hot gases 
from the small scale fluidized bed unit. In every 
case, however, a liquid phase was first formed. This 
liquid solidified at approximately 110 oc to form a 
hard adherent substance which had a composition 
intermediate between that of NH4F and NH4HF2• 
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Euler and Westrum [5] have investigated the system 
NH4F-HF, and found that NH4F and NH4HF 
form a solid solution with an equimolar eutectic 
point at 109 oc. From these results, it would appear 
that on cooling a vapour containing equal mole 
ratios of NH3 and HF a liquid phase would always 
form before a solid sublimate. 

A two-stage recovery system was then investigated 
in which a liquid was condensed at about 115 oc 
in the first stage. In the second stage, the residual 
gases were cooled by dilution with cold air, and the 
sublimate that formed was removed from the nitrogen 
stream by a bag filter. The presence of ammonia 
(NH3) in the gases leaving the bag filter confirmed 
that a substance was being formed which was deficient 
in NH3 as compared with NH4F. 

Pilot plant for liquid condensation 

In view of the above, it was decided to design the 
NH4F recovery section of the pilot plant as a two
stage system. The flowsheet is shown in Fig. 1. The 
hot gases from the fluidized bed passed to the tube
side of an oil-cooled condenser. The oil entered at 
about 115 oc and the heat gained from the condensing 
NH4F-NH4HF2 liquid was removed in an oil 
cooler. The hot liquid phase drained from the base 
of the condenser into the NH4F solution tank. The 
gases in equilibrium with the NH4F-NH4HF2 

liquid phase passed from the condenser along an oil
heated pipe to a bag filter unit. Heat losses from the 
bag filter unit caused the gases to be cooled. The 
NH4F sublimate which formed was removed by the 
filter bags but at this stage of the investigations the 
nitrogen containing some NH3 was not recycled. 
The NH4F sublimate was dissolved in water in the 
tank below the filter unit and the solution was returned 
to the UF4.NH4F precipitation plant (see Fig. 1). 
This circuit was only used for the first two runs. 

Disadvantages of the liquid condensation method 

It was not possible to remove completely all the 
UF 4 particles from the gases leaving the fluidized 
bed, and these collected in the condenser tubes and 
the drainage pot at the base of the condenser. During 
periods of rapid NH4F evolution, most of the particles 
passed out at the base of the condenser, but towards 
the end of the decomposition, the powder built up 
and blocked the condenser tubes. This problem could 
possibly have been overcome by avoiding the carry 
over of dust from the fluidized bed unit, but in the 
light of difficulties with the design of suitable filters 
the use of the condenser was considered impracticable. 

Further, the presence of NH3 in the nitrogen 
leaving the bag filter unit required that, before the 
nitrogen could be recycled, it would have to be treated 
to remove the NH3• This treatment would probably 
have involved a water scrubbing stage which would 
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have necessitated an additional costly drying opera
tion. 

At about this time it was noted, during an emergency 
release of hot gases from the fluidized bed through 
the relief valve, that on meeting the cold atmosphere 
only a solid sublimate of NH4F was formed. It was 
concluded that if the hot NH4F-bearing gases could 
be rapidly cooled to less than 110 oc, the liquid phase 
would not be formed. It was decided to modify 
the NH4F recovery section in accordance with this 
finding and include equipment for recycling nitrogen 
to the fluidized bed. 

Pilot plant for recovery of sublimate 

The modified pilot plant flowsheet is shown in 
Fig. 4. The hot gases from the fluidized bed reactor 
were rapidly cooled by mixing with a large volume 
(approximately 1 200 ft3/min) of cool nitrogen in 
the polythene cooling chamber. Great care was 
taken in the design to ensure that the gases did not 
cool significantly before reaching the cold atmosphere 
of the cooling chamber. The mixed gases left at a 
temperature not exceeding 80 oc and the solid subli
mate which formed on cooling was removed in the 
bag filter unit. The nitrogen was then cooled to 
approximately 35 oc in the watercooled shell-and
tube cooler, before being recycled to the cooling 
chamber. Nitrogen for fluidization was filtered and 
then circulated by means of a Roots gas blower 
to the fluidized bed preheater. The gas flow rate to 
the bed was controlled by means of a by-pass valve 
as shown in Fig. 4. The solid NH4F passed down 
a chute into the NH4F solution tank where it dissolved 
rapidly. A valve in the chute prevented moisture 
entering the bag filter unit when the plant was shut 
down. The UF 4 and NH4F which settled in the 
base of the cooling chamber were removed periodically. ~ 

This method of recovery has proved very satisfac
tory and there has been no evidence of the formation 
of a liquid phase. Clearly, the technique for obtaining 
only NH4F solid is to cool the vapour rapidly to less 
than 110 oc. An almost pure stream of nitrogen 
was returned to the fluidized bed. The recycling of 
fluidizing gas reduced the average nitrogen usage 
from about 12 000 ft3/batch to less than 600. A certain 
wastage was inevitable due to the need for purging 
the system at start-up, and the use of nitrogen in 
discharging the product. In addition, the temperature 
of the various items of equipment varied a great 
deal during a run, and it was necessary to purge 
and make-up with fresh nitrogen to compensate 
for the thermal expansion and contraction of the 
gas in the system. 

The temperature of the gas leaving the cooling 
chamber was kept below 80 oc to ensure a good 
recovery of NH4F. At higher temperatures, the 
increasing NH4F vapour pressure would have resulted 
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in an undesirable release of NH4F vapour to the 
cooler, where it would condense and in the course 
of time cause a blockage of the tubes. 

The woollen bags of the bag filter unit stood up 
well to the combined effects of temperature and NH4F 
corrosion. The filtration efficiency was completely 
satisfactory. The solid built up to form a mat of 
about ! inch thick on the filter bags, which resulted 
in a pressure drop of 3-6 in water gauge. The 
bags were satisfactorily cleaned by an intermittent 
nitrogen blowback, but it is expected that a filter 
unit with a mechanical cleaning action would give 
a lower pressure drop. 

RECOMMENDATIONS FOR LARGE SCALE PLANT 
DESIGN 

The batch method of operation is unsatisfactory 
owing to the wastage of nitrogen as discussed above 
in heat energy losses as a result of the intermittent 
cooling and heating cycles, and the inefficient use 
of the equipment. 

Consideration has been given to a design for a 
continuous plant to produce 500 tons of UF4 per 
annum. The fluidized bed reactor will have three 
countercurrent sections, controlled at temperatures 
of 340, 430 and 460 oc to correspond with the three 
stages of the reaction. The NH4F recovery circuit 
will be almost identical in size and nature to the 
modified circuit described in this paper. 

The estimated use of nitrogen is 0.4 ft3/lb uranium 
which represents a cost in South Africa of 0.34 SA 
centsjlb uranium. The estimated power consumption 
for heating and pumping is 0.3 kWh/lb uranium 
which represents a cost of 0.12 SA cents/lb uranium. 
The total cost of power and reagents will therefore 
be in the region of 0.5 SA cents/lb. uranium. 

CONCLUSIONS 

(a) A process has been developed, on a batch 
pilot plant scale, for thermally decomposing UF 4.NH4F 
in a fluidized bed at a maximum temperature of 
460 oc to produce UF4 containing less than 20 ppm 
nitrogen (present as NH4F). 

(b) A technique has also been developed on a 
pilot plant scale for recovering the NH4F formed 
in the decomposition reaction. Rapid cooling of the 
hot exit gases to less than 80 oc results in the 
formation of NH4F solid sublimate which is easily 
removed by bag filtration. 

(c) The high nickel alloys, in particular Monel, 
are suitable materials of construction for the fluidized 
bed reactor. 

(d) The UF4 produced in the process has very 
desirable properties. It is free-flowing, has a high 
surface area of 1.5m2/g and a tap density of approxi
mately 2.8 gjcm3• It cotltains less than 0.5% U30 8• 
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(e) A continuous plant could readily be developed 
from the present batch plant. The cost in South 
Africa of power and reagents would be approxi
mately 0.5 SA cents/lb uranium. 
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A/464 Afrique du Sud 

Production de tetrafluorure d'uranium par 
Ia decomposition thermique de fluorure ura
neux d'ammonium en lit fluidise 

par R. E. Robinson ef a/. 

Le memoire decrit une installation pilote destinee 
a produire environ 100 tonnes de tetrafiuorure d'ura
nium par an. L'installation comprend un reacteur a lit 
fluidise, ou le fiuorure uraneux d'ammonium est calcine 
dans un courant d'azote, un systeme pour !'extraction 
du fiuorure d 'ammonium des gaz sortants et un systeme 
de recyclage de !'azote gazeux. 

On donne les details du plan et de Ia construction 
du reacteur a lit fiuidise, des materiaux de construc
tion ainsi que des caracteristiques de fiuidisation du 
fiuorure uraneux d'ammonium. On decrit deux sys
temes d'extraction du fiuorure d'ammonium. 

Le premier comprend Ia condensation de difiuorure 
d'ammonium sous forme de liquide a une tempera
ture soigneusement controlee, et le second fait usage 
d 'une chambre de refroidissement pour condenser le 
gaz en une poudre solide. 

A/464 IOAP 

npoH3BOACTBO YeT~peX~TOpHCTOrO 
ypaHa tepMHYecKHM pacnonomeHHeM 
YeTblpeX~TOpHCTOrO ypaHaTa aMMOHHA 
e nceBAOKHnALJ.4eM cnoe 

P. 3. Po6HHCOH et al. 

)l;aeTCH OIIHCaHne OIIhlTHOii ycTaHOBKH, rrpe,li;Ha-

3HaqeHHOH ,ll;nH IIpOH3BO,li;CTBa IIpHMepHO 100 T 
qeTI.Ipex<fJTopncToro ypaHa B ro,11;. Y cTaHoBKa co

CTOHT H3 peaKTOpa C IICeB,li;OKHIIHII.l;HM cnoeM, B 

IWTOpOM qeTLipex<fJTopHCThlH ypaHaT aMMOHHH OU

ii\HraeTCH B IIOTOKe a30Ta, CHCTeMbl ,ll;nH pereHe-

pa~HH <f>TopHCTOrO aMMOHHH H3 raaoo6pa3HLIX OT

XO,li;OB H CHCTeMLI ,ll;nH IIOBTOpHOrO HCIIOnh30BaHHH 
raaoo6paaHoro aaoTa. 

IIpnBO,li;HTCH rro,11;po6HI.Ie ,ll;aHHLie o KOHCTPYK~nn 
II cTpouTenhCTBe peaKTopa c rrceB,li;OKHIIHII.l;IIM cno
CM, KOHCTPYK~HOHHLIX MaTepnanax II oco6eHHo

CTHX <f>nron,ll;naa~nn qeThlpex<fJTopncToro ypaHaTa 

aMMOHHH. OrrnchlBaiOTCH ,li;Be cncTeMbi ,11;nn pereHe

pa~HH cf>TOpHCTOrO aMMOHHH. 

B rrepBoii rrponcxo,li;HT IWH,ll;eHca~nn Kncnoro 

<f>TopHCTOrO aMMOHHH B ii\H,li;KOCTh IIpH Tlll;aTenb

HO KOHTponnpyeMOH TeMrrepaType, a BO BTOpOH C 

IIOMOII.l;hiO KaMepbl OXnam,ll;eHHH ra3 KOH,li;CHCH

pyeTCH ,11;0 o6paaoBaHHH TBep,11;oro rropoiiiKa. 

A/464 Sudafrica 

Producci6n de tetrafluoruro de uranio por 
calcinaci6n de fluoruro doble de uranilo y 
de amonio en lecho fluidificado 

por R. E. Robinson ef a/. 

Se describe una planta piloto concebida para pro
ducir unas 100 t anuales de tetrafiuoruro de uranio. 
La instalaci6n consiste en un recipiente de reacci6n de 
lecho fiuidificado en el que el fiuoruro doble de 
uranilo y amonio se calcina en corriente de nitr6geno, 
en un sistema de recuperaci6n del fiuoruro de amonio 
a partir de los gases efluentes y en un sistema de 
circulaci6n del nitr6geno gaseoso. 

Se facilitan detalles acerca del diseiio y construcci6n 
del reactor de !echo fluidificado, de los materiales de 
construcci6n y de las caracteristicas de fluidificaci6n 
del fluoruro doble de uranilo y amonio. Se describen 
dos procedimientos para la recuperaci6n del fiuoruro 
de amonio. 

El primero consiste en condensar el difiuoruro 
de amonio en forma de liquido a una temperatura 
cuidadosamente regulada, mientras que el segundo 
utiliza una camara de enfriamiento para condensar 
el gas en forma de solido pulverulento. 



P/805 Pologne 

La chloruration, 
le plus universel 

procede de concentration 
des minerais d'uranium 

par J. Zienkiewicz et T. Adamski * 

La chimie et Ia technologie de ]'uranium ont fait, 
depuis un peu plus de vingt ans, un tel pas en avant 
que ]'etude de cet element est aujourd'hui bien plus 
avancee que celle des elements Jes plus repandus et 
dont I 'humanite connait I 'usage depuis des mille
naires. II reste cependant a faire Ia Jumiere sur certaines 
de ses proprietes, qui ont une importance aussi bien 
theorique que pratique. De nouvelles recherches sur 
]'uranium s'imposent non seulement en raison de 
leur interet scientifique, mais aussi parce que les 
ressources en minerais aisement accessibles et riches 
en uranium sont deja largement entamees. D'autre 
part, les difficultes croissantes que presente dans de 
nombreux pays ]'extraction des matieres premieres 
energetiques du type classique obligent a avoir recours 
a I 'extraction de I 'uranium en tant que combustible 
nucleaire, qu'il s'agit d'obtenir non pas a n'importe 
que] prix, mais a un prix de revient economiquement 

* lnstitut de recherche nucleaire, Varsovie. 

justifie, comparable a celui du petrole ou de la houille. 
II n'est done pas etonnant que des minerais conte

nant 10-4 a I0-3 % d 'uranium soient soigneusement 
analyses et que 1 'on etudie la possibilite de les utiliser 
comme matiere premiere complexe. On peut, par 
exemple, obtenir ainsi, sur une grande echelle, du 
vanadium en plus de 1 'uranium, a partir de minerais 
appropries. 

Les methodes chimiques courantes de la technologie 
de ]'uranium ne permettent qu'une utilisation insigni
fiante, par rapport a la masse totale du minerai traite, 
des mineraux autres que 1 'uranium contenus dans 
celui-ci. C'est ce qui a amene a entreprendre une ana
lyse theorique de Ia possibilite d'appliquer un procede 
de dissociation plus pousse du minerai, a savoir la 
chloruration a temperature elevee et ]'extraction, en 
plus des composes volatils d 'uranium, de composes 
volatils d 'autres elements disperses, ainsi que des 
chlorures d'aluminium, de fer et de silicium, qui ont 
une grande importance economique. Les resultats 

Figure 1. Appareillage universe! 

: Reacteur; 2 : Raccords; 3 : Manchons de thermocouples; 4 : Condenseurs; 5 : Cloches 
a fenetre; 6: Detecteurs; 7 : Manometres a liquide; 8 :Recipients de gaz; 9a : Integrateurs; 
9b : Dispositifs de coupure; 10 : Potentiometres enregistreurs; II : Bouteilles avec le gaz; 
12 : Bailon pour le radioisotope; I' : reacteur vertical; 2', 2", 2"' : Raccords auxiliaires 
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Figure 2. Cloche a feniHre 

des recherches preliminaires ont confirme les conclu
sions positives de l 'analyse [1 ]. 

ETUDES A L'AIDE D'OXYDES D'URANIUM 
SYNTHETIQUES [2, 3, 4] 

Principes generaux 

Pour mieux connaitre les processus chimiques qui 
interviennent pendant Ia chloruration des composes 
d'uranium presents dans les minerais, on s'est base 
sur le fait que les constituants qui decident de Ia valeur 
economique d 'un minerai sont Jes oxydes mineraux 
d'uranium. C'est pourquoi les recherches ont porte 
sur les oxydes principaux d'uranium - U02, U03, 

U30 8 - dans les systemes 

[VOx, CI2J 

[(VOx, C), Cl2]. 

Pour etudier Ia cinetique et, en partie, Ie mecanisme 
de Ia chloruration, le chlore utilise pour cette reaction 
etait marque au chlore - 36 (isotope a longue vie 
d 'activite ~) et on enregistrait !'evolution de Ia radio
activite, de Ia pression et de Ia temperature de Ia 
phase gazeuse du styseme examine. 

Methode experimentale 

Sur Ia base des principes ci-dessus, on a elabore une 
methode de recherche et construit l'appareillage 
indispensable. Une des variantes de celui-ci, a savoir 
« l'appareillage universe! », est representee sur Ia 
figure I. 

A I 'aide de cet appareillage, on peut faire des expe
riences aussi bien a volume constant qu'a pression 
constante. II convient pour !'etude d'elements dont 
les chlorures sont volatils ou non, a Ia temperature de 
Ia reaction. Dans le cas des oxydes d 'uranium, I 'appa
reillage peut etre simplifie, les condenseurs etant 
superflus. De nouvelles simplifications sont possibles 
dans le cas d'etudes a volume constant : on peut alors 

supprimer Ia moitie des appareils de mesure et d'enre
gistrement. 

L'element essentiel et original de l'appareillage 
est Ia cloche a fenetre, representee sur Ia figure 2, 
qui sert en meme temps de support a un compteur 
a fenetre en bout. 

Resultats de l'etude du systeme [UOx, Cl 2] 

II convient de traiter a part Ia reaction du chlore 
avec U02• Des Ia temperature de 225 °C, Ie chlore se 
combine violemment au bioxyde d'uranium en don
nant, U02Cl2 comme l'a montre !'analyse. Ce dernier 
se decompose avec violence au-dessus de 700 °C, avec 
sublimation partielle et condensation dans les parties 
plus fro ides de I 'appareillage. Par suite de reactions 
secondaires, le produit final solide n'est pas U02, mais 
U30 8 sous Ia forme dite « substance noire », dont les 
cristaux ont des composantes de dimensions lineaires 
cent fois plus grandes que celles de Ia substance initiale. 
Dans Ia suite de Ia reaction, lorsque Ia temperature 
augmente, Je chlore agit comme dans sa reaction avec 
U30 8, decrite plus loin. 

La marche de Ia reaction [U02, Cl2] a volume 
constant et a gradient de temperature positif est 
illustre par le diagramme de Ia figure 3, ou T est le 
temps en minutes, p, t 0 Ia temperature en °C, Ia 
pression en atmospheres et I Ia radioactivite relative 
en % de Ia radioactivite initiale. 

La reaction de synthese, qui se produit a des tempe
ratures plus basses, peut etre representee de Ia fa~;on 
suivante : 

U02 + Cl2 -. U02Cl2, 
et celle de Ia decomposition, caracteristique pour des 
temperatures plus elevees : 

4 U02CI2 -. U 30 8 + UCI6 + CI2 

La reaction du chlore avec d 'autres oxydes d 'ura
nium se passe tout autrement. Le chlore ne commence 
a se combiner aux oxydes solides qu'a 900-1 000 oc 
et Ia reaction se poursuit lentement, donnant finale
ment un produit dont Ia composition correspond a 
Ia formule U02Cl2• Etant donne que U02Cl2 se 
decompose vers 700 °C, on est en droit de supposer 
que ce produit est Ie resultat de reactions secondaires. 
La reaction de U30 8 avec le chlore peut etre repre
sentee de Ia fa~;on suivante : 

{ 
U30 8 + Cl2 -. 3 UC14 + 402 

UC14 + 0 2-. U02Cl2 + Cl2 
Comme on le sait, U03 se decompose a des tempe

ratures beaucoup moins elevees que celles ou commence 
Ia chloruration des oxydes superieurs d 'uranium avec 
formation de U30 8 et 0 2, et par consequent sa reaction 
avec le chlore ne s'ecarte pas du schema ci-dessus. 

Resultats de l'etude du systeme [(UOx, C), Cl2] 

Ce systeme est le plus important du point de vue 
pratique, car I 'introduction d 'un reducteur baisse 
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Figure 3. Systeme [U02 , Cl 2] 

Ia temperature de Ia reaction et accelere celle-ci. Les 
recherches sur ce systeme pourront servir de base a 
des etudes technologiques. 

Les graphiques obtenus en etudiant )'evolution des 
reactions de U02, U30 8 et U03 avec le chlore sont 
representes sur les figures 4, 5, 6. La signification des 
symboles, ainsi que les unites adoptees, sont les memes 
que pour Ia figure 3. 

Comme le montre Ia figure 4, Ia reaction de U02 avec 
le chlore commence a 225 oc et se poursuit comme dans 
le systeme sans reducteur, decrit plus haut. Cependant, 
1 'introduction du carbone dans le systeme empeche 
U02Cl2 forme au debut de Ia reaction de se decomposer 
jusqu'a Ia formation d'oxyde d'uranium, en le redui
sant jusqu 'a UC14, qui de son cote, presente une grande 
stabilite thermique. Le ralentissement considerable 
de Ia reaction que l'on observe est cause par le colma
tage de Ia surface de Ia substance initiale par les pro
duits de Ia reaction a une temperature inferieure a celle 
de leur passage a l'etat gazeux. 

L'introduction du carbone dans le systeme 
[UOx, Cl2], ou x = 8/3 ou 3, provoque des change
ments importants, comme on le voit sur les figures 5 
et 6. Le chlore commence a reagir a moins de 300 °C. 
L'allure de la courbe de radioactivite indique ensuite 
un ralentissement notable de la reaction, cause par le 
colmatage de Ia surface de Ia substance initiale par 
des produits peu volatils. 

1,0 100 1000 

t t t 
p 

... 
o.s so 

0 0 
0 

Figure 5. Systeme [(U030 8, C), CIJ 

p 

120 140 

Figure 4. Systeme [(U02 , C), Cl 2] 

Les resultats de 1 'analyse des produits de Ia reaction 
du systeme [U30 8, C, Cl2] en fonction de Ia temperature 
de reaction sont indiques dans le tableau 1 qui donne 
en meme temps les schemas proposes des reactions. 

ETUDES A L'AIDE D'OXYDES D'URANIUM 
NATURELS 

lndependamment des etudes systematiques sur les 
oxydes synthetiques, on a effectue des experiences de 
contr6le avec des oxydes mineraux naturels a 66 % 
de U. La reaction dans le systeme [(UOx nature!, C), 
Cl2] a ete realisee a differentes temperatures en deter
minant Ie degre de saturation des valences de U par 
le chlore, ainsi que le rapport uiV;uvr, dans les pro
duits de Ia reaction. Les resultats de ces experiences 
presentent une grande analogie avec ceux decrits 
au paragraphe precedent. 

ETUDES SUR LA CHLORURATION D'OXYDES 
DE CERTAINS ELEMENTS PRESENTS 
DANS LES MINERAlS D'URANIUM 

La methode radiometrique, decrite plus haut, a ete 
appliquee a !'etude de la marche de Ia chloruration 
des oxydes de thorium, zirconium, tungstene, fer et 
vanadium. On a constate que Zr02 et Th02 reagissent 
avec le chlore a peu pres comme U30 8 ou U03, Ia 

100 p 

t t ... 
so 

Figure 6. Systeme [(U03 , C), Cl 2] 
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Tableau 1. Produits et schemas des reactions [(U30 8 , C), Cl 2) 

Temoerature Rendement 
de reaction de Ia UWJUVI Cl/U Schema propose a 

(•C) reaction 

300 IOO 0:1 2:I 
I 2 2 
3 U30 8 + 3c + Cl2 ~ U02CI2 + 3co 

400 100 O:I 4:1 
2 I6 
3 U30 8 + 3 C + 4CI2 ~ U02CI2 + I6 

UCI6 + 3 co 

675 100 O:I 4:1 
2 I6 I6 3 U30 8 + ) C + 4Cl2 ~ U02CI2 + UCI6 + 3 CO 

800 100 1:1 5:1 
2 16 
3 U30 8 + 3 C + 5CI2 ~ UC14 + UCI6 + ~co 3 

I 000 IOO 1.25:1 4,5:I 
3 I I 5 4 U30 8 + 6C + 2 ci2 ~ 4 UC1 4 + UCI6 + 6CO 

• Pour simplifier le schema, on n'a pas introduit CO, qui se forme en meme temps que CO. A une temperature 
de 450 •c environ, on a obtenu 50 % de CO,, et it 300 ·C, 54 % de CO,. 

reaction dans le systeme [MeOx, Cl2] ne commen~ant 
que vers 900 °C. L'introduction de carbone dans le 
systeme abaisse Ia temperature du debut de Ia reaction 
au-dessous de 300 °C. 

W02 reagit deja a 200 oc, et Ia reaction est aussi 
violente que celle avec U02 L'analogie entre ces deux 
reactions est toutefois limitee a Ia partie synthese; 
a cause de sa grande volatilite, WOC14 forme sort de 
Ia zone de reaction et ne se decompose pas. 

Fe20 3 reagit avec le chlore a partir de 450 °C. A 
cote du compose volatil FeC13, il se forme FeCI2, qui 
ralentit Ia reaction en colmatant Ia surface de l'oxyde 
initial. Au-deJa de 800 °C, FeC12 , se transforme 
violemment en FeC13 • 

L'application de Ia methode radiometrique a !'etude 
de Ia chloruration de V20 5 permet d'obtenir un tableau 
fort interessant. La reaction commence a 200 °C, 
en donnant VOC13 ; a 500 °C, on obtient VOCI; 
a 850 °C, les oxychlorures du vanadium de valence 
inferieure a 5, qui n'ont pas quitte Ia zone de reaction, 
se combinent avec le chlore pour former dans une 
reaction energique des composes de vanadium pen
tavalent. 

Les etudes ci-dessus ont un caractere preliminaire. 
Tout comme pqur les oxydes d'uranium, qui sont 
un constituant nature! des minerais d 'uranium, il 
convient de soumettre les mineraux accompagnant 
]'uranium a une a'i'lalyse mineralogique et d'appliquer 
Ia methode radiometrique apres avoir determine leur 
composition chimique. Ces etudes sont en cours. 

L'uranium est toujours accompagne de composes 
de silicium. L'application de Ia methode radiome
trique a I 'etude de ceux-ci rencontre de grandes diffi
cultes a cause de Ia grande volatilite de SiCI4• On a pu 
obtenir certains renseignements sur !'evolution de Ia 
reaction en appliquant Ia methode decrite dans Ia 
partie precedente. II a ete constate que Ie quartz et 
les autres varietes cristallines de Si02, soigneusement 

broyes et melanges avec du charbon, ne reagissent 
pas meme a Ia temperature de 1 000 °C, tandis que 
certains silicates, que I'on trouve egalement dans les 
minerais d'uranium, reagissent avec le chlore a des 
temperatures moins elevees pour former SiCI4• 

ETUDES SUR LA CHLORURATION 
DES MATIERES PREMIERES D'URANIUM [5) 

Principes generaux 

Ainsi qu'on !'a vu dans Ia premiere partie, les 
resultats des etudes preliminaires sur Ia chloruration 
des minerais d 'uranium sont positifs. Dans le 
systeme [(matiere premiere, C) Cl2] a 800 °C, presque 
tout I 'uranium contenu dans le minerai quitte Ia zone 
de reaction sous forme de chlorures volatils et se 
condense dans les systemes collecteurs. Les etudes 
decrites dans Ia deuxieme partie ont prouve que U02 , 

en I 'absence de reducteur, et les autres oxydes d 'ura
nium, en presence de carbone, se combinent avec le 
chlore a une temperature inferieure a 300 oc. II etait 
souhaitable de verifier experimentalement sur le 
minerai : si Ia methode de chloruration est universelle; 
dans quelles conditions il est possible d'obtenir un 
concentre d'uranium; si CO peut etre utilise au lieu 
de C. 

Methode ex peri mentale 

Le schema de l'appareillage represente a Ia figure 7 
restait en principe inchange dans toutes Ies experiences 
sur Ia chloruration des matieres premieres d'uranium. 
Seules ses dimensions etaient modifiees selon Ia 
quantite de Ia substance etudiee. Pour les etudes sur 
Ie domaine d'application de Ia methode, on a utilise 
1 000 a 2 000 g de minerai, pour les etudes systema
tiques en vue de determiner les parametres technolo
giques, 40 a 50 g, et pour les etudes sur Ia possibilite 
d 'utiliser CO comme reducteur 2 500 g environ. 
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Etudes SUI; le domaine d'application de Ia methode 

Les recherches ont porte sur les minerais granitiques, 
greseux, sulfureux, les cendres de charbons uraniferes 
et les charbons uraniferes contenant 0,083-0,127% U. 
La matiere reduite a moins de 0,20 mm, melangee a de 
Ia poudre de charbon de bois et a un liant organique, 
etait cokefiee pour obtenir un agglomere poreux qui 
etait ensuite concasse en grains de grosseur convenant 
aux dimensions du four. La houille uranifere etait 
concassee en grains de Ia dimension voulue et cokefiee. 
La substance initiate ainsi obtenue etait chargee dans 
le four en une couche de 600 a 800 mm d'epaisseur, 
I 'air etait chasse par un courant d 'azote, Ia tempera
ture de Ia substance etait amenee a 800 oc pour assurer 
!'evacuation des produits de Ia chloruration d'ura
nium, et on connectait le courant de chlore. La quan
tite de chlore ainsi introduite etait de 50 a 100% de Ia 
quantite necessaire en theorie pour Ia chloruration 
complete des constituants de Ia matiere premiere. Le 
rendement d'extraction d'uranium etait evalue d'apres 
Ia teneur en uranium de Ia masse solide avant et apres 
Ia reaction. Les resultats obtenus atteignaient 96 %. 
II convient de noter que certaines des matieres pre
mieres etudiees (minerais sulfureux, cendres) traitees 
par voie humide classique donnaient des rendements 
d'extraction extremement bas. 

Etudes systematiques sur !'extraction d'uranium 

Ayant demontre par les experiences ci-dessus I 'uni
versalite du procede, on a choisi une des matieres 
premieres, a savoir le minerai granitique contenant 
0,083% U, que !'on a transformee en agglomere et 
soumise a cinq series d 'essais differents par I 'un des 
facteurs, les autres restant « normaux ». 

Les facteurs, leurs symboles et leurs valeurs « nor
males » etaient les suivants : 

Quantite de chlore introduite, q : 100 %; 
Debit de chlore v : 0,08 g par cm2 de section de Ia 

couche de substance initiale; 
Temperature de Ia zone de reaction, 6 : 800 oc; 
Teneur en carbone de l'agglomere, [C] : 33 %; 
Concentration du chlore dans le gaz introduit 

[Cl]: 1. 
Le rendement d'extraction etait evalue en pourcen

tage d'apres Ia teneur en uranium avant et apres Ia 
reaction. Pour illustrer Ia marche de I 'experience, on 
examinera plus en detail les effets de Ia variation des 
deux facteurs q et 6. R designe le rendement d 'extrac
tion. La figure 8 represente I 'influence de Ia varia
tion de q, et Ia figure 9 celle de Ia variation de 6 
sur R. 

L 'etude de I 'influence des autres facteurs montre 
qu'on peut faire varier v considerablement, c'est-a-dire 
de 0,032 a 1,25 gjcm2

, sans modifier le resultat, que 
[C] peut etre abaisse jusqu'a 17 % et qu'au lieu 
du chlore pur on peut utiliser du chlore de concentra
tion. [Cl2] = 0,4. 

3 

4 

5 
9 

Figure 7. Schema de l'appareillage 
pour l'etude de Ia chloruration des matieres 

premieres d'uranium 

I : Entree des gaz; 2 : Reacteur; 3 : Matiere initiale 
solide; 4 : Disque perfore en graphite; 5 : Four 
electrique; 6 : Condenseur des produits solides; 
7 : Tube de jonction; 8 : Condenseur des produits 
liquides; 9 : Condenseur a C02 sec; 10 : Sortie des 
gaz; 11 : Adsorbeur 

100 

100 
q (%)---

Figure 8. R = f (q) 

ETUDES SUR L'UTILISATION 
D'UN REDUCTEUR GAZEUX (CO) 

250 

Les difficultes que presente Ia preparation des 
minerais ne contenant pas de carbone en vue d 'obtenir 
le systeme [matiere premiere, (C, Cl2)] ont ete a l'ori
gine des recherches sur le systeme [matiere premiere, 
(CO, CIJ] entreprises pour etudier, d'une part, la 
chloruration du produit broye en lit fluidise et d'autre 
part, Ia chloruration de Ia matiere premiere non 
broyee, en lit fixe. On a utilise du minerai granitique 
con tenant 0,083 % U. 

La chloruration en lit fluidise presentait des diffi
cultes techniques par suite de !'agglutination de Ia 
couche et de Ia formation de canaux verticaux par 
ou passait Ia plus grande partie du chlore. L'aggluti
nation etait due a Ia formation de chlorures liquides 
non volatils, entre autres de calcium et de magnesium, 
elements qui accompagnent presque toujours !'ura
nium. II a fallu renoncer a cette methode. 
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Figure 9. R = f (0) 

La chloruration en lit fixe etait effectuee d 'une 
fa<;:on analogue a ce qui est indique dans le paragraphe 
traitant de Ia methode experimentale, mais en raison 
d'ecarts du bilan d'uranium, le produit obtenu etait 
decharge par le haut, en couches successives de volume 
ega! I a VI, pour chacune desquelles on determinait 
Ia teneur moyenne en uranium. De cette fa<;:on, on a 
obtenu le diagramme de Ia figure 10. 

La surface HIKL represente 1a quantite initiale 
d'uranium et Ia surface ABCDEFGKJ Ia quantite 
retrouvee dans Ia masse restant apres Ia reaction. 
Ainsi qu'il ressort du diagramme, les couches II 
et III contiennent le moins d 'uranit)m, le rendement 
d'extraction y etant de 86 %, tandis que dans les 
couches suivantes, Ia teneur en uranium augmente, 
depassant dans Ia derniere couche Ia teneur initiale. 
Si !'on fait abstraction de Ia couche I, ou le rendement 
est plus bas du fait qu'en arrivant les gaz abaissent 
sa temperature, I 'augmentation de Ia teneur en ura
nium dans les couches III et IV peut s'expliquer par 
des reactions secondaires des composes de chlore 
et d 'uranium, formes dans les couches inferieures, 
reagissent avec 1 'exces d 'oxydes d 'elements accompa
gnant I 'uranium. Ce phenomene n 'avait pas lieu dans 
les experiences precedentes, ou I 'exces de carbone 
empechait les reactions secondaires. On peut egale
ment eliminer les reactions secondaires en diminuant 
le temps de contact des gaz de sortie avec Ia phase 
solide. 

TENDANCES NOUVELLES DES RECHERCHES 

L'Institut de recherches nucleaires de Varsovie a 
mis au point une nouvelle technique pour les reactions 
gaz-solide, par contact entre le solide broye et le gaz, 
circulant dans le meme se'ns ou a contre-courant dans 
Ia zone de reaction. Compte tenu des resultats des 

o, 16~ 
G 

f 

Figure 10. Bilan uranium 

recherches decrites dans ce qui precede, cette technique 
peut etre appliquee aux procedes de concentration 
d 'uranium dans les minerais. Actuellement, les 
experiences se poursuivent dans deux directions : 

a) La reaction se fait a haute temperature, aux 
environs de 800 °C, les produits de Ia reaction etant 
diriges avec les gaz de sortie vers les installations de 
condensation, alors que le residu appauvri tombe au 
fond du reacteur, d 'oil il est evacue periodiquement, 
ou de fa<;:on continue; 

b) La reaction se fait a basse temperature, aux 
environs de 300 °C; les composes chlores d'uranium 
et d'autres elements importants (thorium, zirconium, 
etc.), formes dans ces conditions, restent dans le 
residu soli de, d 'ou ils sont retires par lixiviation pour 
etre ensuite concentres par un procede d'extraction 
par solvant. 

EFFET ECONOMIQUE DE L'APPLICATION 
DU PROCEDE PAR CHLORURATION 

Pour montrer qu 'un traitement complexe des mine
rais uraniferes se justifie du point de vue economique, 
on s'est servi de donnees experimentales relatives a 
un charbon uranifere, en considerant uniquement le 
bilan - matiere uranium, aluminium, fer et silicium, 
ainsi que le bilan energetique. Le cout des substances 
initiales et Ia valeur des produits etaient, respective
ment, d'environ 40 et 180 dollars par tonne de charbon, 
le bilan energetique etant positif. Cette marge suffit 
amplement pour couvrir les frais d 'exploitation et 
d 'amortissement et garantit des benefices substantiels. 

CONCLUSIONS 

Les minerais uraniferes doivent etre traites comme 
une matiere premiere complexe. Le fait de considerer 
les minerais uraniferes comme une source complexe 
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de differents elements disperses ainsi que de divers 
produits secondaires rend necessaires de nouvelles 
recherches et ouvre des perspectives d 'une amelio
ration considerable de l'economie de Ia production 
d'uranium. 

La chloruration est un procede universe/. Un procede 
universe! de traitement complexe des matieres pre
mieres uraniferes peut etre base sur Ia reaction avec 
le chlore. 

L'emploi du radiochlore permet d'etudier le processus 
de chloruration. L'emploi de !'isotope radioactif 36CI 
dans les etudes de Ia chloruration des composes 
chimiques cree de nouvelles possibilites d'etudier Ia 
cinetique et le mecanisme de cette reaction. L'appareil
lage universe! propose permet des recherches sur les 
composes a differents etats de concentration, dans un 
large intervalle de temperatures. II a permis notam
ment de mieux connaitre le processus de chloruration 
des oxydes d 'uranium. 

Bases pour Ia technologie. La concentration de 
!'uranium present dans Ia matiere premiere a !'aide 
de Ia reaction avec le chlore peut etre realisee a 1 'echelle 
industrielle par differents procedes, suivant le type de 
matiere premiere : sa composition chimique et !'uti
lite de I 'extraction de divers composes. Des recherches 
ont permis de preciser les conditions du traitement 
technologique en couche fixe (ou bien se depla.;:ant 
lentement) pour une matiere premiere non preparee 
ou preparee. Des recherches sont en cours sur !'appli
cation de nouveaux procedes technologiques rapides 
gaz-phase solide. 
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AjBOS Poland 

Chlorination as the most flexible method of 
concentrating uranium ores 

By J. Zienkiewicz and T. Adamski 

In the course of studies undertaken with the object 
of finding new and less costly methods of concentrating 
ores of uranium, attention was drawn to the possibility 
of treating them with chlorine at high temperatures. 
A fresh start was made on detailed research into the 
reactions between chlorine and uranium oxides and 
other uranium minerals at different temperatures, using 
pure chlorine, both alone and in the presence of 
reducing agents, namely: graphite and carbon 
monoxide. The mechanism and kinetics of the reac
tions was studied using 36Cl as a tracer. The work 
resulted in the important discovery that uranium 
dioxide reacts with chlorine at a temperature as low 
as 225 °C, with formation of uranyl chloride (U02CI2), 

while in the presence of carbon the chlorination of 
both U30 8 and U03 proceeds at 300 °C. 

The results thus obtained may be taken as a basis 
for developing different technological processes for 
the treatment of different types of ore. The decisive 
part is played by the other valuable elements present 
in the ores, capable of forming volatile or recoverable 
chlorides during the process (e.g., titanium, vanadium, 
molybdenum, niobium and tantalum). It is also 
possible to produce anhydrous aluminium chloride and 
silicon chloride in the same process, both of which 
are valuable by-products. 

A new, high-efficiency apparatus for bringing 

granular solids into reaction with gases at high 
temperatures has been developed. 

Chlorination is considered to be a promising and 
important method of processing uranium ores that 
can be readily adapted to a number of specific needs. 

A/80~ nonbwa 

XnopHpoeaHHe KaK YHHBepcanbH~~ 
MeTOA o6ora~eHHH ypaHoe~x PYA 
R 3eHKeBH'f, T. AAaMCKH 

C ~eJILIO H3HTH HaH6oJiee 3KOHOMH'IHLIH MeTOA 
o6ora~eHHH ypaH08LIX PYA o6pa~eHo 8HHManne 
Ha 803MO)I{HOCTL 803AeiiCT8HH XJIOpOM DpH 8LICO
KHX TeMnepaTypax. flpo8eAeHLI H08Lie ACTaJILHLie 
HCCJieA083HHH peaK~HH XJIOpa C OKHCJI3MH H MH
HepaJiaMH ypaua 8 mupoKOM AHanaaoue TeMne
paTyp KaK C 'IHCTLIM XJIOpOM, T3K H 8 rrpHCYTCT8HH 
BoccTaHOBHTeJieii: yrm1 u ORliCH yrJiepoAa. Mexa
HH3M H KHHeTHKa peaK~HH IIOABepraJIHCL H3y'le
HHIO c npuMeneuneM uaoTona CP6 B Ka'leCTBe 
HHAHKaTopa. OrrLITLI o6uapymuJiu 8amnwii c Tex
HOJioruqecKoii TO'IKH 3peHHH IJiaKT, 'ITO peaK~HH 
A8YOKHCH ypaua C XJIOpOM rrpoTeKaeT yme npn 
TeMnepaType 225° C c o6paaoBanueM ypaHHJIXJio
pnAa U02Cl2, B TO 8peMH KaK xJiopupoBanue 
U30s u UOa 8 npncyTCT8HH yrJIH npoTeKaeT npu 
TeMnepaType 300° C. 

IloJiy'leHHLie peayJILTaTLI MoryT CJiymuTL oc
HOBoii AJIH paapa60TKII pa3JIH'IHLIX TeXHOJIOrn'le
CKIIX CXeM, KOTOpLie DOA6Hpa10TCH AJIH pa3JIII1J
HhlX THrrOB PYALI. PemaiO~ee auaqeune nMeCT 



280 SEANCE 2.12 P/805 J. ZIENKIEWICZ et T. ADAMSKI 

co~epmauue ~pyrux ~eHHhiX :meMenTos, uaxo~H

IQHXCH B py~aX, eC.JIH OHH o6paayiOT B 3THX YC.JIO

BHRX .JieTyque H.JIH H3B.JieKaeMLie X.JIOpH~bi, Ha

IIpHMep THTaH, BaHa~HH, MO.JIH6~eH, HH06Hif, TaH

Ta.JI. J1MeiOTCR B03MOiKHOCTH TeM iKe MeTO~OM 
no.JiyqaTh 6e3BO~HhiH X.JIOpHCTbiH a.JIIOMHHHH H X.JIO

pHCTbiH KpeMHHH, KOTOpLie 1:IB.JI1:IIOTC1:1 ~eHHbiMH 

no6oqHLIMH npo~yKTaMH. 
CKoucTpyupouaua uoua1:1, BLicoKoa<}lcpeKTHBHa1:1 

annapaTypa ~.JIR ocyi.QeCTB.JieHH1:1 peaK~Hii Mem~y 
rpaHy.JIHpOBaHHbiMH TBep~biMH Bei.QeCTBaMH H ra-

3aMH npH BbiCOKHX TeMnepaTypax. 

Xnopupouauue cne~yeT cquTaTL oqeuL yuuuep

ca.JILHLIM., HHTeHCHBHbiM H rH6KHM MeTO~OM nepe

pa60TKH ypaHOBbiX py~. 

A/805 Polonia 

La cloruraci6n como metodo general de 
concentraci6n de minerales de uranio 

por J. Zienkiewicz y T. Adamski 

Con objeto de encontrar metodos mas econ6micos 
para Ia concentraci6n de minerales de uranio, se ha 
estudiado Ia posibilidad de usar Ia cloruraci6n a 
temperaturas elevadas. Se ha hecho una investigaci6n 
detallada de Ia reacci6n del cloro con los 6xidos y los 

minerales de uranio a diferentes temperaturas, tanto 
con cloro puro como en presencia de agentes reduc
tores : grafito y mon6xido de carbono. Se ha estudiado 
el mecanismo y Ia cinetica de las reacciones utilizando 
cloro-36 como trazador, y se ha observado un hecho 
importante : Ia reacci6n del di6xido de uranio con el 
cloro se produce ya a 225 °C, fOFmandose cloruro de 
uranilo U02Cl2, mientras que Ia cloruraci6n del 
U 30 8 y Ia del U03 en presencia del carbono se realiza 
a 300 °C. 

Los resultados obtenidos pueden servir de base para 
desarrollar distintos esquemas tecn6logicos que pueden 
adaptarse a diferentes tipos de minerales. Tienen 
importancia decisiva las concentraciones de otros 
elementos valiosos que a veces contienen los mine
rales y que forman cloruros volatiles o que se pueden 
extraer en el mismo proceso (p.ej., titanio, vanadio, 
molibdeno, niobio y tantalo). Tambien existe Ia posi
bilidad de obtener tetracloruro de silicio y cloruro de 
aluminio anhidro, que son subproductos valiosos, en 
el mismo proceso. 

Se ha desarrollado una nueva instalaci6n de gran 
eficacia para realizar las reacciones de s6lidos granu
lares con gases a temperaturas elevadas. 

Se considera que Ia cloruraci6n es un metodo gene
ral, eficaz y flexible de tratamiento de minerales de 
uranio de todos los tipos. 
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Laboratory and pilot 
of ammonium uranous 

plant tests 
fluoride in 

on the 
refining 

production 
operations 

By R. E. Robinson,* J. C. Geertsma, * C. W. A. Muir** and G. Peratides ** 

1he conventional "dry way" process for the pro
duction of uranium tetrafluoride requires the use of 
anhydrous hydrogen fluoride which is not produced 
in South Africa on a commercial scale. Accordingly 
investigations were made on the precipitation of ura
nium fluorides from aqueous solutions. 

The majority of wet precipitation processes which 
have been reported in the literature produce a ura
nium tetrafluoride hydrate. The disadvantages asso
ciated with such hydrates are usually poor bulk den
sity, poor filtering qualities and difficulties in obtaining 
an anhydrous product without degrading the UF 4 

in the drying process. However, the successful use 
of the Winlo process [1] in the USA and the Excer 
process [2] in Japan shows that the problems can be 
overcome. 

The production of anhydrous uranous double salts 
of uranium of the type UF4xMF4 where M is either 
calcium, sodium, potassium or ammonium, has been 
studied by several investigators as an alternative. Of 
these processes, the double fluoride cycle described 
by Brodsky and Pagny [3] was chosen for further study. 
This process involves the introduction of S02 gas 
into a solution containing an alkali fluoride, uo2 

(N03) 2, and HCOOH in suitable concentrations at a 
temperature above 80 oc. Brodsky and Pagny stated 
that nascent hyposulphurous acid is formed which 
reduces hexavalent uranium ions to the tetravalent 
state. The uranous ions then combine immediately 
with the alkali fluoride to precipitate the unhydrated 
uranous double salt. 

The reaction with sodium fluoride was represented 
as follows: 

U02(N03) 2 + 5NaF + HCOOH + 2S02 

----> UF 4.NaF + 2NaN03 + 2NaHS03 + C02 

After preliminary testwork [4] in which sodium 
uranous fluoride was prepared and found to be un
suitable for metallothermic reduction to uranium 
metal, attention was turned to the production of 
ammonium uranous fluoride, UF4.NH4F. This mate
rial has the advantage over the sodium salt that it can 

* Extraction Metallurgy Division, South African Atomic 
Energy Board, Pelindaba. 

** Government Metallurgical Laboratory, Johannesburg. 
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be decomposed by heating to form UF 4, which could 
be used for either the production of uranium metal or 
uranium hexafluoride. 

During further testwork, it became apparent that 
the reactions involved were far more complex than 
had been supposed and that the design of a production 
plant would involve many more difficulties than at 
first indicated. Accordingly it was decided that further 
investigations should be in two main directions : 

(a) A fundamental study of the nature of the reac
tions occurring; 

(b) A practical pilot plant study of the engineering 
problems involved in the use of the process. 

The results of these two approaches are described 
in the sections that follow. 

FUNDAMENTAL STUDIES ON THE NATURE 
OF THE REACTIONS INVOLVED IN THE PROCESS 

Experimental 

Apparatus. A diagram of the apparatus used appears 
in Fig. 1. The vessel was located in a thermostatically
controlled oil bath. The stirrer was designed to create 
a vortex in the solution for efficient gas absorption, 
and ran at 2 000 rpm. 

EPOXY LINED 

STIRRER ---J----tt----t1 

GAS OUTLET 

TO TEMPERATURE 
CONTROLLER 

Pt RESISTANCE BULBS 

GRAPHITE SHEATH. 

Figure 1. Sketch of reaction vessel 
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Sampling. 10-15 ml portions of the slurry were with
drawn at regular intervals and filtered immediately. 
The sudden cooling during these operations served 
to decrease the reaction rate sufficiently so that ura
nium analyses on aliquot samples taken immediately 
from the filtrates gave a satisfactory indication of the 
progress of the reaction. 

Test procedure. U02(N03) 2, NH4F and HCOOH 
solutions were mixed in appropriate proportions to 
provide a total of 2 000 ml which was heated in the 
reactor to the required temperature. Sulphur dioxide 
gas was then introduced through a rotameter to start 
the reaction. 

Results and discussion 

Effect of temperature. Figure 2 shows the effect of 
temperature variation on the reaction rate using a 
head solution containing 50 g/1 U (as U02(N03) 2), 

and an NH4F addition 5% in excess of the stoichio
metric requirement based on the reaction : 

U4+ + 5NH4F ~ UF 4.NH4F + 4NFt 

The formic acid addition was 25 g/1. These concen
trations were used in the same proportions in all 
other experiments, except where any one of them was 
the variable being studied. 

The curve in Fig. 2, which was obtained from the 
slopes of a family of curves showing the depletion 
of uranium in solution with time at different tempera
tures, shows that the rate of reaction increases marked
ly with temperature, reaching a maximum of 88 oc at 
a barometric pressure of 625 mm Hg in Johannesburg. 
At temperatures higher than this, it is thought that 
the decrease in solubility of so2 at temperatures close 
to boiling point probably accounts for the slight 
decrease in rate of reaction. 

Effect of reagent concentrations at constant tempe
rature. Figure 3 sho~s the results of increasing the 
uranium content of the head solution to 100 and 
150 g/1, with the other reagents increased in the same 
proportion. 
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70 75 80 85 90 95 
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R. E. ROBINSON et a/. 

The initial portion of curve I appears to be ano
malous, but the samples taken in the time interval 
0-25 minutes show low values due to the precipitation 
of ammonium uranyl fluoride (U02F2.3NH4F), which 
is formed when concentrated U02(N03) 2 and NH4F 
solutions are first mixed. After a relatively short 
period this compound redissolves and thereafter the 
curve is also in the form of a straight line. The dotted 
portion projects back to the original uranium concen
tration of 150 g/1 uranium. 

The most striking features of the curves in Fig. 3 
are that they are linear (following a short induction 
period probably caused by the time required for so2 
to build up to a required concentration in the solution) 
and also that the slopes of the curves are proportional 
to an initial reagent concentration. 

If a first or higher order reaction were rate deter
mining, a non-linear relationship would be expected, 
since the decrease in driving force, as one or more 
of the reactants was consumed would cause a corre
sponding decrease in reaction rate. 

The linearity, which is apparent until nearly all the 
uranium is precipitated, implies that the driving force 
is constant during the reaction, and as noted above, 
is a function of the initial concentration of one or 
more of the reactants. 

In a true zero order reaction, where the rate of 
reaction is independent of the concentration of the 
reactants, the rate curves would be in the form of a 
series of parallel lines. Such a situation might obtain 
if the diffusion of so2 into the solution was the rate
controlling step, as the diffusion rate in each instance 
would be very similar, being only slightly affected by 
solute concentration differences. 

In the case under consideration, where linearity 
is associated with the proportionality of reaction rate 
to an initial reagent concentration, it was concluded 
that a particular reagent, or a compound derived from 
it, must be continuously regenerated. Such regenera
tion would mean that the concentration of active 
reducing agent would be constant. The constant 

40 60 

TIME MINUTES 

Figure 2. Effect of temperature on reaction rate Figure 3. Effect of reagent concentration at 86 oc 
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driving force would then be explained assuming the 
regeneration-reduction reaction to be the slowest step 
in a series of intermediate chain reactions. 

In these tests, samples were also analysed for 
sulphate content, and curves 4 and 5 show its rate of 
appearance. The straight line form confirms that the 
reaction is not of the first or a higher order. The mole
cular ratios of u: so4 derived from curves 4 and 
5 indicate that one so4 molecule is produced for every 
two uo2 ions that react. 

Effect of formic aCid concentration at constant 
temperature. Figure 4 shows the effect of varying the 
HCOOH concentration at 50 g/1 uranium and a 5% 
excess of NH4F over the stoichiometric require
ment. 

Figure 4 was obtained from a family of curves which 
showed the effect of varying initial HCOOH additions. 
The slopes from the straight line portions of the curves 
were used. 

The rate increases to a limiting value as the concen
tration is increased. It is considered that this limit is 
imposed by the diffusion rate of sulphur dioxide into 
the solution. At lower rates it is probable that one step 
in a chain of consecutive reactions limits the reaction 
velocity. 

Analyses of the effluent gas from the reactor for 
CO and C02 content indicate that only a small pro
portion of the formic acid is completely oxidized 
according to reactions of the type : 

HCOOH + 0 ____, H20 + C02 

HCOOH ____, H20 + CO 

C02 was not evolved preferentially at the beginning 
of the reaction. In an earlier paper [5] a reaction me
chanism was proposed which allowed for the regene
ration of HS02 ions and also satisfied the requirement 
that one so4 ion be produced for every two reacting 
U02 ions. This mechanism, however, required that 
all the HCOOH react with C02 evolution in an initial 
reaction to produce HS02 ions, as indicated by 
Brodsky and Pagny. 

If C02 is not quantitatively evolved, the alternative 
is that the active reducing agent is based on a formal
dehyde complex, since formaldehyde is the inter-
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Figure 4. Effect of formic acid concentration at 86 oc 
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Figure 5. Re-use of depleted solution 

mediate in the breakdown of HCOOH according to 
the sequence : 

HCOOH ____, HCHO ____, C02 

On this basis in the system under consideration, 
the small amount of C02 evolved would be formed by 
a side reaction in which HCOOH is completely oxi
dized. 

Effect of variation in concentration of other reactants. 
Further tests where the concentration of U02(N03) 2 

and NH4F were varied in turn, with other concentra
tions constant, indicated that such variations had 
little effect on reaction rate. 

Re-use of solution remaining after complete uranium 
precipitation (depleted solution). Figure 5 shows the 
effect of re-using the solution remaining after complete 
uranium precipitation to initiate further reduction in 
a subsequent test. 1 000 ml head solution, containing 
100 g/1 U, 81.6 g/1 NH4F (including 5% excess), and 
100 g/1 HCOOH were allowed to react. At the comple
tion of the reaction 1 000 ml of solution containing 
100 g uranium and 81.6 g NH4F were then added with
out any further formic acid addition. Samples during 
the course of the ensuing reaction were taken and were 
analysed for uranium content, the results being used 
to plot the reaction rate curve shown in Fig. 5. 

This figure clearly illustrates that the active reducing 
agent has not been used up during the first precipita
tion reaction, and that further quantities of uranium 
can be precipitated by the addition of uranyl nitrate 
and NH4F to the depleted solution at the end of the 
first stage. 

From a practical viewpoint, these effects are of 
considerable importance, since formic acid is one of 
the most expensive reagents in the process. These 
experiments have indicated that after the initial addi
tion of formic acid, the active reducing agent formed 
from the formic acid, and present in the depleted 
solution, can be re-used. 

Reaction mechanism. From the results obtained the 
following reaction mechanism is proposed : 

2S02 + 2H20----> 2HSO:J + 2H+ (1) 

2HCOOH + 2HS03 ____, 2HCHO + 2HS04 (2) 
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2HCHO + 2NHt + 2S02 + 2H+ 
H 
I 

P/836 

---> 2H-C-OH - 4e (3) 
I 
OSONH4 

H 

I 
2H-C-OH + 2UO~+ (4) 

I 
OSONH4 

---> 2UH + 2HCOOH + 2NHt + H20 + S20g_ + 4e 

2Hso, + s2o~- ___, so2 + s2o~- +so~-+ H20 (5) 

2U2+ + 10NH4F ---> 2UF 4.NH4F + 8NHt (6) 

R. E. ROBINSON et at. 

The summation of these steps leads to the following 
over-all equation : 

2UO~+ + 3S02 + IONH4F 
HCOOH 
-----> 2UF4.NH4F + 8NHt + S2o~- +SO!-

Decontamination factors. Decontamination factors 
were determined by adding a known amount of the 
contaminant to the head solution at the beginning of 
a test. In each case a solution containing 100 g/1 U, 
81.6 g/1 NH4F and 50 gfl HCOOH was allowed to 
react at a temperature of 88 •C. The resulting precipi
tates were then analysed to determine the amount of 
the particular contaminant present in the precipitate 
after a standardized washing procedure. Table I 
shows the results that were obtained. 

Table 1. Decontamination factors 

Element Ni Fe Cr Mo Mn v B Si Pb 

Quantity in solu-
tion ppm a . I 000 I 358 I 000 I 000 5 000 I 000 I 000 5 000 200 

Quantity found in 
ppt. ppm. 6 2IO I75 86 508 <10 < 3 < 20 200 

Decontamination 
factor . I67 6 6 I2 IO > IOO > 330 > 29 

• ppm = parts contaminant per million parts uranium. 

It should be emphasized that these values are not 
absolute and would probably be affected by different 
precipitation conditions. It is obvious though that a 
reasonably pure feed solution must be used, and the 
precipitation reaction is not sufficiently selective to 
consider the discontinuation of the preliminary solvent 
extraction step to produce a uranyl nitrate solution of 
nuclear grade specification. 

PILOT PLANT TESTWORK 

Pilot plant design 

Because of uncertainties relating to the materials of 
construction for handling the extremely corrosive 
liquids, difficulties associated with the removal of the 
precipitate and an incomplete understanding of the 
critical factors influencing the particle size of the pre
cipitate, it was decided that the pilot plant would be 
based on batchwise operation where a careful control 
could be maintained over the operating conditions. 

A reactor was designed to treat half a metric ton of 
uranium per day (Fig. 6), and incorporated with other 
ancilliary apparatus as indicated in Fig. 7. 

Materials of construction 

Metals and alloys. Corrosion testing [6, 7] has indi
cated that only the alloys Coronel grades 230 and 240 
could be considered. On a large scale, however, their 

cost would be prohibitive. It was therefore decided 
to use plastic materials wherever possible. 

Plastic and allied materials. Extensive use was made 
of the following types of plastics in the construction 
of the plant : 

(a) Penton, a chlorinated polyether, was used main
ly in the form of a homogeneous lining on mild steel. 
This type of fabrication was used in the construction 
of the reactor and the fluoride solutions preheater 
(Fig. 7). After 250 hours of operation, no signs of 
ageing have been detected. The material suffers from 
the disadvantage of a low resistance to mechanical 
shock. 

(b) Polyethylene was used for storage tanks for 
ammonium fluoride, formic acid and certain pipelines 
where the temperatures are below 50 •C. 

(c) Polypropylene was used for the construction of 
the impeller and the lining on the stirrer shaft in the 
reactor where temperatures of up to 95 •C occur. The 
reactant solution has been stirred at speeds of up to 
1 700 rpm and no signs of deformation of the impellers 
have been observed after over IOO hours of operation. 
The mechanical strength of polypropylene is such that 
it can be used for fairly large self-supporting structures 
and its use is being extended wherever possible. 

(d) Other materials such as polytetrafluoroethylene 
(PTFE) have found application in the gas seal to the 
stirrer shaft and in valve diaphragms, and polyvinyl 
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Table 2. Production data 

1 
2 
3 

Series 

Total 

Total t~~ie~atches Stirring efficiency 

12 
75 
14 

101 

Poor 
Moderate 

Good 

chloride was used extensively for solution lines at 
ambient temperatures. Karbate, a resin-impregnated 
graphite, has given very satisfactory service as a 
material of construction for pumps and has shown 
no sign of deterioration in 18 months' service. Neoprene 
has been used in lines carrying hot fluoride solution, 
showing a slight tendency to deform after prolonged 
use. 

Plant operation 

Reactor solution heating. Initially the heating of the 
reactor solution was achieved by using two 3 kW 
hairpin resistance heating elements (Calrod elements) 
in a graphite sheath packed with silicon carbide. The 
arrangement failed after 5 hours' operation due to the 
high temperature gradient across the sheath. A system 
of heating using controlled injection of steam into 
the solution was then employed. This system was used 
for 20 hours' operation but proved unsatisfactory as 
contaminants in the form of scale and rust from the 
steam pipes were introduced. Furthermore, the re
sulting condensation caused operating difficulties by 
increasing the solution volume. This system was 
replaced by a graphite steam heater, as shown in 
Fig. 6, which was found to be highly satisfactory. 

Stirring. It was initially considered that the higher 
the bulk density of the precipitate, the better would be 
the fluidization characteristics. Preliminary bench 
scale tests [8] indicated that the bulk density increases 
significantly with increase in the degree of agitation, 
and that this was the most important factor. 

After a large number of trial stirring assemblies, 
a 20 em diameter impeller on a 1.5 m stirrer shaft 
running at 800 rpm and coupled to a 3 hp motor 
was found to be satisfactory. A material with a bulk 
density as high as 2.88 and with excellent fluidiza
tion characteristics was obtained. 

Reagent concentrations. The laboratory scale tests 
described in the first main section, indicated that the 
concentration of the formic acid was the most impor
tant rate determining factor. In practice, however, it 
was found that the precipitation of ammonium 
uranyl fluoride U02NH4F5 at the beginning of the 
reaction imposed a limitation on the reagent concen
trations that could be used. The following concen
trations in the reactor solution were found to be the 
most convenient for plant operation : 

Wt uranium 
in feed (kg) 

210.8 
3 395.2 

648.0 

4 254.0 

Wt uranium 
in product (kg) 

174.7 
3 316.9 

640.0 

4131.6 

Production 
efficiency % 

82.87 
97.69 
98.77 

97.12 

Uranium as U02(N03) 2 : 130-140 g/1 
Fluoride as NH4F : 50-60 g/1 
Formic acid: 65-70 g/1 

Using reagent feed ratios of uranium 100 parts, 
NH4F 82 parts (5% excess) and HCOOH 50 parts, 
the uranium was completely precipitated after 2 hours. 

Filtration of the NH4F.UF4 precipitate. The preci
pitate obtained at the maximum degree of agitation 
filtered very readily. The area of the pressure filter 
was 0.25 m2, and this could handle a complete batch of 
400 kg of slurry in 40 minutes, which included three 
washings of the precipitate and unloading the filter. 
The advantage of the pressure filter is that a product 
containing not more than 4% moisture was obtained 
and this could be readily removed by drying to form 
an anhydrous material. 

Results and discussion 

Production and material balance. Table 2 shows the 
production balance at various periods in the pilot 
plant operation. 

The high uranium losses from the system in the 
initial series occurred because at high reagent concen
trations a precipitate of U02NH4F5 is formed during 
the first few minutes. Because stirring was inadequate, 
the precipitate settled at the bottom of the reactor and 
was subsequently lost in the filtration stage as it was 
soluble in the wash water. As indicated by Table 2, 
the uranium loss decreased with increasing stirring 
efficiency. The average time required to charge, 
complete the reaction, and discharge the reactor is 
2 hours 15 minutes, which is equivalent to a produc
tion rate of approximately half a metric ton of uranium 
per 24 hours. 

Purity of product. Initially very few of the batches 
prepared conformed to nuclear grade specifications 
due to iron and lead contamination. The main source 
of iron and the entire source of the lead was traced 
to the ammonium fluoride reagent. To overcome this 
contamination difficulty, the ammonium fluoride 
solution was treated using a 10% excess of phosphoric 
acid to precipitate the iron, and after filtration the 
lead in the filtrate was precipitated using an ammo
nium sulphide solution. During the preheating stage, 
compressed air was blown through the fluoride solu
tion to remove the dissolved hydrogen sulphide gas. 
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Table 3. Reagent consumption 

Reagent 

Sulphur dioxide. 
Ammonia liquor 
Formic acid . . 
Ammonium bifluoride . 
Lime ...... . 

Total cost for treatment of 

These simple precautions have now reduced the iron 
and lead content of the product to 30 ppm and 
< 10 ppm respectively. 

Reagent consumption and costs. Table 3 gives an 
indication of the average reagent cost for 75 of the 
batches treated (Series 2, Table 2). 

The cost of treatment was therefore 83.7 cents per 
kg uranium. 

The ammonium bifluoride used in the pilot plant 
studies was imported into South Africa at a relatively 
high cost. For large scale production, it is almost 
certain that ammonium fluoride produced as a by
product by the local fertilizer industry could be used. 
The price of this material would be very much lower 
than that indicated in Table 3 even allowing for the 
necessity for further purification. This figure would 
be reduced further by recycling the ammonium fluo
ride recovered in the calcination step. It is estimated 
that these factors would effect a saving of $0.32 
per kg. 

The small scale laboratory tests indicated that a 
considerable saving in the formic acid reagent could 
be effected by re-using the depleted solution. It is 
estimated that a saving of up to 40% of the formic 
acid could be achieved in this way, that is $0.09 per 
kg uranium. 

Sulphur dioxide, when produced on a large scale, 
would be significantly cheaper than as purchased 
in such quantities at the price shown in Table 2. 
A further saving of $0.11 per kg could thus be effected 
on a large scale plant. 

Taking these factors into account it is suggested 
that the reagent costs for the process would in all 
probability be less than $0.31 per kg uranium. 

This figure compares very favourably with reported 
data of other processes, particularly if the non
availability of certain chemicals in South Africa is 
considered. For example the total reagent costs 
quoted by the Atomic Fuel Corporation of Japan for 
the Excer process [2] are $1.37 per kg uranium. 

CONCLUSIONS AND RECOMMENDATIONS 

(a) For a given feed solution, the rate of precipi
tation of ammonium uranous fluoride is constant 
after an initial induction period. 

Quantity 
used (kg) 

1450 
2 690 
1 850 
2260 
1090 

3 395 kg 

Cost per kg 
reagent ($) 

17.29 
5.32 

19.18 
23.70 

1.19 

uranium .. 

Total 
cost ($) 

553 
315 
781 

1166 
28 

2 843 

(b) The main factor influencing the rate of precipi
tation in a batch process is the initial concentration 
of formic acid in the feed solution. 

(c) These results indicate that there exists a constant 
driving force during the course of precipitation and it 
is suggested that this is maintained by the continuous 
regeneration of an active reducing agent. 

(d) It is also suggested that the active reducing agent 
is a complex derived from formic acid, which is rege
nerated by S02• This complex could be one of a group 
of compounds of the formaldehyde sulphoxylate type. 

(e) These suggestions indicated that the depleted 
solution obtained after complete precipitation could 
be used to initiate further precipitation, without the 
necessity of adding further quantities of formic acid. 
This indication has been confirmed in batchwise 
experiments, and suggests that a continuous process 
in which the depleted solution is recycled would result 
in a significant saving in formic acid requirements. 

(f) Decontamination factors for the precipitation 
reaction were measured for a variety of elements. 
The results indicate that some preliminary purification 
of the feed solution (e.g. by solvent extraction) is 
necessary to obtain a product conforming to nuclear 
grade specifications. 

(g) In spite of severe corrosion problems, it has been 
possible to operate a pilot plant for the production of · 
ammonium uranous fluoride of nuclear grade quality. 

(h) Reagent costs on the pilot plant have amounted 
to $0.84 per kg of uranium. It is considered that on a 
large scale these costs could be reduced to $0.31 
per kg, which compares favourably with other processes. 

(i) Further work to investigate a continuous pro
cess in which the depleted solution is recycled is 
recommended. 
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ABSTRACT -RESUME-AHHOTAUii!R-RESUMEN 

A/836 Afrique du Sud 

Essais de production au laboratoire et en 
pilote de fluorure uraneux d'ammonium dans 
les operations de raffinage 

par R. E. Robinson et a/. 

Le fluorure uraneux d'ammonium (UF4 • NH4F) 
est pn!cipite a partir d'une solution de nitrate d'ura
nyle (U02(N03) 2), de fluorure d'ammonium (NH4F) 
et d'acide formique (HCOOH) par introduction 
d'anhydride sulfureux (S02). Les essais de laboratoire 
ont montre qu'a haute temperature Ia vitesse de pre
cipitation de UF 4 • NH4F est constante et depend 
essentiellement de Ia concentration initiale en HCOOH. 
La reaction se propage de facon constante, ce qui est 
attribue a Ia regeneration continue d'un agent de 
reduction actif; on propose un mecanisme de reaction 
fonde sur !'existence d'un systeme acide formique
sulfoxylate de formaldehyde. On a pu montre I 'interet 
pratique que I 'utilisation d 'un agent de reduction 
regenere presente pour reduire Ie cout des reactifs. 

Les essais en pilote ont montre qu'on pouvait 
preparer un produit de purete nucleaire, une fois 
resolus Ies gros problemes de corrosion. On pense 
que le cou.t relativement eleve du reactif (0,84 dollar 
par kilogramme de U) pourrait etre abaisse a 0,31 dol
lar par kilogramme de u en operant a plus grande 
echelle. 

A/836 IOAP 

Jla6oparopHble H nonyaaBOACKHe HC
nbiTaHHR nony~eHHR qnopHAa aMMOHHR 
H ypaHa 8 Ka~eCTBe npOMe)f(yTO~HO
ro npOAYKTa npH onepa~HRX O~HCTKH 

p. a. Po6MHCOH et al. 

<I>TopHA amtoHHH H ypaHa (UF4 · NH.F) ocam

~aJIH ua pacTBopa, coAepma~ero HHTpaT ypaun-

Jia, cPTOpHA aMMOHHH H MypaBbHHYIO KHCJIOTY, 

nyTeM BBCJ\CHHH 7.\BYOKHCH cepLI. Jla6opaTOpHLie 

liCITLITaHHH ITOK333JIH, 'ITO npH ITOBLIIIICHHOH TCM

nepaType CKOpOCTh OCaiKACHHH cPTOPHAa aMMOHHH 

H ypaHa 6LIJia ITOCTOJIHHOH ll CHJihHO aaBHCeJia OT 

Ha'laJihHOH KOH~eHTpa~HH MypaBLHHOH KHCJIOThl. 

fiOCTOJIHHaJI 7.\BHiKy~a.H CHJIR B XOJ.\C peaK~HH 
o6ycnouneua HenpepLIBHoii pereuepa~Heii aKTlfB

uoro uoccTaHaBJIHBaiO~ero areHTa, H 6LIJI npeA

nomeu MCXRHH3M peaK~HH, OCHOBaHHLIH Ha 

o6pa30BaHHH CHCTCMhl MypaBbHHaJI KHCJIOTa -

cyJILcPOKCHJiaT ciJopMaJILf\erHf\a. IIoKaaaHLI npaK

TH'leCKHe npeHMY~CCTBa MCTOJ_\a C TO'IKH apeHHH 

CTOHMOCTJf BOCCTRHRBJIHBaiO~ero areHTa aa C'ICT 

DOBTOpHOfO HCDOJih30BRHHJI pereHepHpoBaHHOfO 

areHTa. 

IIonyaaBof\CKHe HCDLITaHUH noKaaanH, 'ITO 

MOiKHO IIOJiy'laTh IIpOl-\YKT Hl-\CpHOH 'IHCTOTbl IIO

CJie npeOJ_\OJICHHH cephe3HLIX npo6JieM, CBJ13RHHLIX 

c Koppo3Heii. C'IHTaeTCH, 'ITO coupeMeHHaH cpau

HHTeJILHO BLICOKRJI CTOHMOCTh peareHTOB 0,84 J_\OJIJI. 

aa 1 1>Z ypaua IIpH YBCJIJl'ICIIHH MRCIIITa60B IIpOH3-

BOACTBR MOiKCT 6LITb CHH)KCHa J.\0 0,31 J\OJIJI. aa 

1 ~>z ypaua. 

Af836 Sudafrica 

Ensayos de laboratorio y planta piloto sobre 
Ia producci6n de fluoruro uranoso am6nico 
como producto intermedio en las operaciones 
de purificaci6n 

por R. E. Robinson et a/. 

El fluoruro uranoso am6nico, UF4.NH4F, se preci
pit6 a partir de soluciones que contenian nitrato 
de uranilo, U02(N03) 2, fluoruro am6nico, NH4F, 
y acido f6rmico, HCOOH, mediante la introducci6n 
de di6xido de azufre, S02• Los ensayos de laboratorio 
mostraron que a temperaturas elevadas la velocidad 
de precipitaci6n del UF4.NH4F era constante y en 
gran parte dependia de la concentraci6n inicial de 
HCOOH. La constancia de Ia fuerza impulsora 
durante la reacci6n se atribuy6 a Ia regeneraci6n 
continua de un agente reductor activo y se propuso 
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un mecanisme de reaccwn basado en la formaci6n 
de un sistema acido f6rmico-formaldehido sulfoxilato. 
Se demostraron las ventajas practicas de los costes 
de reactivo reductor por reutilizaci6n del agente 
reductor regenerado. 

Los ensayos en planta piloto pusieron de manifiesto 

R. E. ROBINSON et a/. 

que se puede producir un producto con pureza de 
calidad nuclear despues de haber resuelto problemas 
importantes de corrosion. Se considera que el coste 
actual, relativamente alto, del reactivo de 0,84 d6lares 
por kg de uranio podria reducirse a mayor escala, 
a 0,31 d6lares por kg de uranio. 



PJ839 Argentina 

Nuevas orientaciones hidrometalurgicas 
en Ia industria del uranio 

por R. J. Cadirola, J. M. Garcia Bourg, J. E. Lopez Pardo, E. G. Macchiaverna y 
C. A. Wiedmer * 

Uno de los objetivos actuales en la industria del 
uranio es la reducci6n de costos de producci6n: 
dos metodos para lograrlo pueden ser: a) afinar 
las tecnicas existentes; b) reemplazar los productos 
intermedios. Los sectores de hidrometalurgia de la 
Comisi6n Nacional de Energia At6mica (CNEA) 
estan llevando a cabo un programa de ensayos 
aplicando ambos metodos a las tecnicas de inter
cambia i6nico y extracci6n por solventes. 

En la primera parte se hace un estudio comparativo 
del comportamiento de distintos solventes aminados, 
resumiendo los resultados de los ensayos previos 
correspondientes a cualquier operaci6n de este tipo. 
De esta manera se facilita la elecci6n del solvente 
aminado mas conveniente, y se logra el ajuste de 
las condiciones de operaci6n, segun los requerimientos 
de cada caso. 

En la segunda se estudian las posibilidades del 
uraniltricarbonato de amonio, como producto inter
media, en relaci6n con la torta amarilla (yellow 
cake), indicandose sus formas de obtenci6n tanto 
con intercambiadores s6lidos como extractantes 
liquidos. 

ESTUDIO COMPARATIVO DEL COMPORTAMIENTO 
DE ALGUNAS AMINAS COMO EXTRACTANTES 
DEL URANIO A PARTIR DE LfQUIDOS DE 
LIXIVIACI6N SULUFRICA ** 
En el presente capitulo se describen, en forma resu

mida, los ensayos previos que se realizan en los labo
ratorios de investigaci6n aplicada, con Ia finalidad 
de dar apoyo tecnico a esta rama industrial de la 
hidrometalurgia. Con el objeto de que estos ensayos 
puedan cumplir con la finalidad de proveer una orien
taci6n rapida al sector industrial, para el que estan 
dirigidos, se presentan sus resultados en forma de 
estudio comparativo de algunas de las variables de 
mayor influencia en el comportamiento de los solventes 
aminados, que aqui se tratan. 

La actual orientaci6n de la industria hidrometa
lurgica del uranio, lleva a nuevas y crecientes exigencias 

* Comisi6n Nacional de Energia At6mica. 
** Por J. M. Garcia Bourg, J. E. Lopez Pardo y C. A. Wiedmer. 
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con respecto al comportamiento fisico-quimico de 
los solventes aminados. Asi los disefios de plantas 
de extracci6n liquido-liquido en contracorriente de 
tipo « compacto », bajan los costos de producci6n 
gracias a la eliminaci6n de su sistema de bombeo, 
pero esta ventaja trae aparejada la dificultad de tener 
un tope minimo para la velocidad de sus agitadores, 
por debajo del cual no se logra el necesario flujo 
de liquidos en contracorriente. En tales circunstancias, 
los solventes aminados que se elijan para trabajar 
en dichas plantas, deberan poseer muy buenas carac
teristicas con respecto a su poder resolutivo de sepa
raci6n de fases. 

Con relaci6n al mecanismo · fisico-quimico de los 
solventes aminados, se sigue en este capitulo la vieja 
similitud [1-4] con las resinas intercambiadoras de 
iones (bases debiles), conforme al criterio de Cole
man [4]: « La incertidumbre en el comportamiento 
del mecanismo y la falta de determinacion de los 
coeficientes de actividad en la fase organica, no im
pide el empleo efectivo de la extracci6n con aminas ... » 

Sobre estas bases se expone a continuaci6n el 
pertinente comentario sobre los datos obtenidos y 
su manera de presentaci6n. 

lsotermas de equilibrio 

En la figura I se presentan las isotermas de equilibria 
en extracci6n de las a minas: Adogen 368 (Archer
Daniels-Midland C0 ), Alamine 336 (General Mills), 
LA-2 (Rohm and Haas) y Trilaurilamina (Rh6ne
Poulenc). 

La representaci6n grafica tiene como fundamento 
metodol6gico el estudio comparativo de tales isotermas, 
mediante coordenadas relativas [5] referidas, respec
tivamente, a la concentraci6n inicial de la fase acuosa 
y al valor de saturaci6n de la fase organica. Por me
dio de este arbitrio se logra la visualizaci6n inmediata 
del distinto comportamiento de los solventes estu
diados, permitiendo ademas realizar el calculo aproxi
mado del numero de etapas te6ricas (metodo de 
Me Cabe-Thiele) so bre un grafico unico para todas 
las isotermas de equilibria comparadas, con el empleo 
de una sola recta de operaci6n. 

En cuanto a estas isotermas de equilibria y a partir 
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de la figura 1, puede inferirse las ventajas de las 
aminas terciarias, sin perjuicio de atender a que, 
para la eleccion de una amina, debe tomarse en cuenta 
no solo el coeficiente de extraccion, sino otros factores 
como: selectividad, carga maxima (saturacion de la 
amina en uranio), poder resolutivo de separacion 
de fases, perdida por solubilidad, etc. 

En la figura 2 se muestra Ia influencia del pH 
(acidez sulfurica) sobre las isotermas de equilibria 
en extraccion para el caso particular de la amina 
Alamine 336. Con ello se pretende dar al operador 
de una planta de extraccion, que trabaje dentro de 
estas condiciones, los elementos de juicio suficientes 
como para poder controlar o ajustar el proceso de 
acuerdo a sus necesidades. 

Es de remarcar, por otro lado, que en este campo 
de la hidrometalurgia se presentan habitualmente 
relaciones de compromiso, que necesariamente deben 
ser tenidas en cuenta. 

Separaci6n de fases 

Es condicion esencial para un sistema de extraccion 
liquido-liquido en contracorriente, lograr una efectiva 
separacion de fases. De lo contrario, es imposible 
mantener los flujos en sentido inverso. Los feno
menos que se oponen a la condicion enunciada son 
los cortocircuitos, las perdidas por arrastre mecfmico 
y el grado de solubilidad del solvente [6]. A excepcion 
de las perdidas por solubilidad, las demas se suelen 
producir por fenomenos de emulsion. Si bien el 
control de la emulsion se vera afectado por el tipo 
de solvente, tambien se debe tomar en cuenta el 
diluyente, los aditivos y las condiciones de operacion. 
Dentro de estas ultimas se debe distinguir las de 
caracter fisico-quimico (relacion de fases, tempera
tura, pH, etc.) y las de orden mecanico (diseii.o del 
mezclador, agitador, sistema de circulacion de fluidos, 
velocidad de agitacion, etc.), siendo estas ultimas 

Nota concerniente las figuras I a I2 

R. J. CADIROLA ef a/. 

las variables restrictivas en el diseii.o de plantas tipo 
compacto que se han mencionado en el comienzo. 
Para condiciones normales de operacion, se man
tiene el criterio de trabajar en fase organica continua 
[2, 5 y 7]. 

En el estudio de la separacion de fases, se muestra 
el comportamiento de distintos solventes por medio 
de las figuras 3, 4, 9 y 10 tanto en extraccion, como 
en desextraccion con cloruro de sodio. Si bien en 
las isotermas de equilibrio en extraccion la Trilaurila
mina aventajaba al resto, de estos ultimos resultados 
se ve claramente la conveniencia del empleo de Adogen 
368 y Alamine 336. 

En las figuras 5 y 6 se puede ver la influencia de los 
distintos diluyentes, como son los kerosenos de Shell 
y Yacimientos Petroliferas Fiscales (Republica Argen
tina) y aguarras de esta ultima empresa. 

Las figuras 7 y 8 seii.alan la influencia del pH en 
la fase acuosa, mejorando visiblemente con su aumento. 

Efecto analogo se observo con respecto a las isoter
mas de extraccion, pero aqui es necesario recordar 
que la selectividad de la amina decrece sensiblemente 
con el aumento del pH [8]. Este es uno de los tantos 
ejemplos de relaciones de compromiso, que se presen
tan en este tema. Finalmente, en las figuras 11 y 12, 
se muestra la influencia de la temperatura sobre 
el poder resolutivo de separacion de fases en extraccion 
con Adogen 368. 

Por otro lado, al comparar estos dos grupos de 
curvas, se ve la influencia de la concentracion de 
amina con respecto a la separacion de fases. Tanto 
en un caso como en el otro, se ven las mejoras que 
produce el aumento de temperatura. Los datos 
graficados obrantes en este capitulo, aunque parciales, 
proveen sin embargo de elementos de juicio imprescin
dibles para resolver, por medio de balances economicos, 
cual debe ser el camino a seguir, de acuerdo a las 
exigencias, para cada caso particular de aplicacion. 

CONDICIONES DE OPERACI6N 

Figuras I y 2 

Liquido de lixiviaci6n « Malargiie »a 
Relaci6n de fases, organiea a aeuosa 
Tiempo de eontaeto 
Temperatura 
pH ...... . 

Relaei6n de fases. . . 
Superfieie de interfase 
Tiempo de agitacion 
Temperatura .... 

Figuras 3 y 4 

1,1 g U/1 
0/A : I/I 
I minuto 
20 oc 
I,3 

0/A : 2/1 
10,9 em2 

I minuto 
20 oc 

Relaci6n de fases . 
Superficie de interfase 
Tiempo de agitaci6n 
Temperatura . . . . 

Figuras 5, 6, 7 y 8 

Figuras 9, 10 11 y 12 

Relaci6n de fases. 
Superfieie de interfase. 
Tiempo de agitaei6n 
Temperatura .... 

0/A : 2/1 
10,9 em2 

I minuto 
22 oc 

0/A : I,5/I 
I0,9 em• 
I minuto 
20 oc 

a Malargiie : Liquidos de lixiviaci6n de los yacimiey~tos <<Cerro Huemul » y << Agua Botada >>, Dpto. Malargiie, Provincia de Mendoza, 
Republica Argentina. 
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EL URANIL TRICARBONATO DE AMONIO, COMO 
CONCENTRADO URANfFERO DE INTERES 

HIDROMETALURGICO * 
En esta segunda parte se consideran especialmente 

las posibilidades de disminucion de costos por obten
cion de un concentrado uranifero que pueda competir 
con Ia ya chisica torta amarilla, considerando como 
tal, especificamente, al uranil tricarbonato de amonio 
(que denominaremos A UTC). 

Este complejo, ampliamente estudiado, puede ser 
obtenido por cualquiera de las dos tecnicas de con
centracion usualmente utilizadas, como lo son las 
de intercambio i6nico solido o liquido. Posee ademas 
versatilidad como para ser sustancia base para toda 
una serie de compuestos de interes en Ia industria 
nuclear. 

Solubilidad de los uranil tricarbonatos alcalinos 

El uranio (VI) forma en sus soluciones una serie 
de complejos con numero de coordinacion 6, dan
do con carbonatos, oxalatos, sulfatos, acetatos y 
otros aniones, sales dobles de uranilo y otros catio
nes [9-11 ]. Entre estos, los uraniltricarbonatos 
[U02(C03) 3] 4- son importantes en Ia hidrometalurgia, 
siendo sus sales alcalinas, y particularmente las de 
amonio y sodio, las que por sus caracteristicas 
de solubilidad tienen interes para el presente 
trabajo. 

Tanto Ia sal de amonio como Ia de sodio, tienen 
una solubilidad en solucion acuosa, que es inversa
mente proporcional a Ia concentracion del co-soluto. 
En Ia figura 13 se resumen los re!j.ultados obtenidos 
para Ia sal de sodio por Bunce et a!. [12] y para las 
sales de amonio por Hurst y Crouse [13, 14} y por 
Macchiaverna [15]. 

Otro aspecto fundamental ha sido estudiado por 
Elovskikh y Starbovsky [16}, quienes determinan 
que Ia presencia simultanea de sodio y amonio 
produce complejos mixtos, donde la solubilidad del 
uranio se encuentra exa1tada en relacion a las solu
bilidades individuates. Asi el complejo Na2(NH4) 2 

[U 0 2( C03) 3 } tiene solubilidad del orden de 170 g U /litro. 
En la figura 14 indicamos los resultados que hemos 
obtenido para la variacion de la solubilidad en solu
ciones con relacion variable NajNH4 en las concen
traciones que utilizamos en el presente trabajo, 
informandose ademas la inftuencia de la temperatura. 

Por otra parte, como lo han indicado Me Claine 
et a!. [9], los uranil tricarbonatos tienen tendencia 
a dar soluciones sobresaturadas, en las cuales se 
produce una cristalizacion retardada. Hemos consta
tado ademas que ese retardo en llegar al equilibria, 
esta en cierto modo relacionado con el cociente 
(NH4) 2C03/NaHC03 (tabla 2). 

Resumiendo podemos decir que, dado el hecho 

* Por E. G. Macchiaverna y R. J. Cadirola. 
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que Ia solubilidad del AUTC es baja en soluciones 
relativamente concentradas de sales de amonio 
(carbonatos y sulfatos, nitratos o cloruros), se puede 
prever el uso de las mismas para obtener una sepa
racion espontanea y en una sola etapa del uranio, 
tanto por eluci6n precipitante directa de solventes 
organicos cargados, como para igual operaci6n con 
intercambiadores i6nicos s6lidos. Se aprovecha en 
este caso Ia propiedad de dar soluciones sobresa
turadas con cristalizaci6n retardada, favorecida por 
la presencia de sodio (que impide asi el grave pro
blema tecnol6gico de precipitaci6n en el !echo de 
resina). 

Obtenci6n del AUTC en los procesos con resinas 
de i ntercambio i6nico 

El estudio de la obtenci6n del AUTC con resinas 
s6lidas va dirigido fundamentalmente a la recuperaci6n 
del uranio de los liquidos de lixiviacion alcalina de 
las menas uraniferas, si bien es posible realizar un 
proceso analogo con lixiviados acidos previa neutra
lizaci6n de Ia acidez libre de la resina. Para eluir 
el uranio sorbido en los intercambiadores, se ha 
recurrido clasicamente a Ia eluci6n con cloruros 
o nitratos. La obtenci6n de concentrados exije entonces 
una precipitaci6n del uranio, como diuranato, en 
las fracciones concentradas (corazon) de la eluci6n. 
Este proceso obliga ademas a una regeneracion de 
Ia resina, dado que, en los procesos alcalinos, es de 
fundamental importancia para Ia economia de los 
mismos, el reciclado de los reactivos de lixiviacion; 
estos no deben estar contaminados con cloruros o 
nitratos, iones altamente interferentes en Ia sorcion 
del U [15, 17}. Por otro lado el eluente es solo par
cialmente reciclado. 

Como consecuencia de estos problemas, hemos 
estudiado Ia posibilidad de elucion utilizando los 
mismos aniones lixiviantes. Las condiciones parti
culares de los parametros que afectan este proceso 
han sido ya informadas en trabajos previos [18, 19] 
y retenemos para el presente las conclusiones funda
mentales. 

1. El uranio sorbido en resinas anionicas, parti
cularmente el proveniente de lixiviados alcalinos, 
puede ser eluido con soluciones de carbonato de 
amonio y bicarbonato de sodio. 

2. Dicha capacidad de eluci6n es funci6n de Ia 
fuerza i6nica del eluente (tabla 1). 

3. Que Ia eluci6n resulta algo mejorada traba
jando a 40-50 oC (tabla 1). 

4. El problema de Ia separaci6n del uranio en los 
eluidos, puede ser resuelto utilizando Ia propiedad 
del AUTC de dar soluciones sobresaturadas, que 
cristalizan en forma retardada, espontanea y cuan
titativamente. La concentracion del uranio en Ia 
sobresaturaci6n y el retardo en Ia cristalizaci6n 
estan relacionados con el cociente (NH4) 2C03/NaH C03• 
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Este parametro controla el proceso de separaci6n, 
evitando el problema de precipitaci6n en el !echo 
de resina. En la tabla 2 indicamos los tiempos prome
dios de cristalizaci6n para las fracciones mas concen
tradas, y en la tabla 3 Ia variaci6n de la concentraci6n 
de U, con el tiempo. 

Tabla 1. Eluci6n de resinas de intercambio i6nico. 
Capacidad de eluci6n en funci6n de Ia concentraci6n 

Eluente Eluci6na Concentraci6n molar 

(NH,),C03 NaHCO, 20-25 oc 50 oc 

1,4 0,9 5 3,5 
1,4 0,3 6 4 
1,4 0,1 6,5 6 
1,1 0,7 5,5 
1,1 0,3 7,5 
0,75 1,0 7,0 4,5 
0,3 1,0 7 
0,70 0,45 9 

a Se expresa en volumenes de columna necesarios para obtener 
efiuentes con 20 ppm de uranio. 

Tabla 2. Eluci6n de resinas de intercambio i6nico. 
Retardo de cristalizaci6n del AUTC en el segundo 

volumen de columna 

Concentraci6n molar 

(NH),CO, 

1,4 
1,4 
1,4 
1,1 
1,1 

NaHCO, 

0,9 
0,3 
0,1 
0,3 
0,1 

Retardo 
m 

25 
10 
3 

15 
4 

Tabla 3. Eluci6n de resinas de intercambio i6nico. 
Variaci6n de Ia concentraci6n de U con el tiempo 

Eluente : (NH4) 2C03 1,4M + NaHC03 0,3M 

Tiempos 2. 0 volumen 3, 0 volumen 
de columna de columna 

0. 38,1 6,75 
1 h 12,6 5,36 

24 h 5,40 4,60 
48 h 5,30 4,40 
72h 5,20 4,30 

7 d 5,15 4,28 
14 d 5,15 4,26 

5. De acuerdo con la relaci6n Na/NH4 en el eluente 
se pueden obtener tres tipos de eluciones funda
mentales (figuras 15, 16, 17): 

a) (NH4) 2C03 1,4M + NaHC03 0,9M, que permite 
una eluci6n completa del uranio en 5-6 vohi
menes de columna con separaci6n parcial del 
uranio como A UTC; 
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b) (NH4) 2C03 0,75M + NaHC03 1M, que permite 
una eluci6n total, evitando la separaci6n del 
A UTC, pero haciendo necesaria la recuperaci6n 
del uranio de la soluci6n carbonatada por 
alguna otra via (problema semejante con el 
de la fracci6n que no precipita en la eluci6n a); 

c) (NH4) 2C03 1,4M + NaHC03 0,3M, saturada en 
A UTC y previo agregado de NH3 para llevar 
a la estequiometria del carbonato de amonio. 
Se produce la separaci6n total del uranio 
eluido por cristalizaci6n retardada. Queda en 
Ia resina 15 % del uranio sorbido, que puede: 
i) ser eluido con un eluente mas concentrado 
o con alguno del tipo 1 o 2; ii) considerarlo 
como uranio « en giro » y dejarlo en la columna 
(en un nuevo ciclo de sorci6n no se produce 
ninguna perdida de uranio en los efluentes 
iniciales). 

La eluci6n precipitante retardada 

Podemos decir entonces que el uso de un eluente 
con carbonato de amonio y bicarbonato de sodio, 
previamente saturado en AUTC, nos permite apro
vechar al maximo las propiedades de sobresatu
raci6n y cristalizaci6n retardada del sistema, obte
niendose un concentrado de uranio, como AUTC, 
sin requerimientos adicionales de reactivos y energia. 

La cristalizaci6n puede considerarse realizada en 
un periodo de 24 a 72 horas (tabla 3), de acuerdo 
con las necesidades de operaci6n. Una vez producida 
Ia misma, el eluente es reciclado previa regeneraci6n 
con C02 y NH3 • 

Por otra parte, el proceso admite aun el juego del 
factor temperatura, dado que (figura 14) es posible 
realizar la eluci6n a 40 oc y enfriar el eluido a 5 oc, 
lo que facilita la cristalizaci6n, obteniendose una 
soluci6n no saturada a 40 oc con lo cual mejoramos 
su capacidad eluente para el siguiente ciclo. 

Eluci6n precipitante directa 

Las propiedades de las soluciones de carbonato 
de amonio saturadas con A UTC y conteniendo 
bicarbonato de sodio, como eluentes del uranio 
sorbido en intercambiadores s6lidos puede ser utilizada 
como tal en la eluci6n de solventes organicos selectivos, 
cargados con uranio, pero en estos casos sera eviden
temente innecesario el agregado de sal de sodio 
para producir el efecto retardante en la cristalizaci6n 
del AUTC, dada la naturaleza fisica del sistema. 

Las propiedades eluentes del carbonato de amonio 
para los extractantes Hquidos han sido ya establecidas 
anteriormente [2, 20], si bien se utilizaron soluciones 
de baja concentraci6n para evitar Ia cristalizaci6n 
del AUTC. El aprovechamiento de la precipitaci6n 
espontanea ha sido realizado por Hurst y Crouse 
[13, 14]. Ademas, ha sido estudiada la eluci6n preci
pitante directa del U con NaOH, NH40H, CaC03, 
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Tabla 4. Caracteristicas de diversos eluentes en Ia eluci6n precipitante directa 

Concentraciones 

Eluente, molar Uranio (mg/1) 

no eluido en« finos » Decantaci6n 
cristales 

(NH,),CO, (NH,),SO, Tiempos de contacto (m) 

2 10 

2,5 1 3,7 0,7 0,5 0,4 
2,5 2 6,5 1,0 0,4 0,4 
1 2 1,9 1,0 0,8 0,4 
0,5 2 2,5 0,5 0,4 

Ca(OH)2 y MgO [2, 20], aunque los primeros dan 
precipitados de dificil filtracion. 

Para Ia correcta realizacion de la elucion del U 
bajo forma de AUTC, es necesario considerar diversos 
factores, que ya hemos indicado en otros trabajos [21] 
(ademas de los trabajos realizados por Hurst y 
Crouse [13, 14]). Reteniendo para el presente las 
conclusiones fundamentales y aplicandolas como 
ejemplo para el caso de los solventes aminados, 
podemos decir: 

I. Las soluciones de carbonato de amonio acom
paiiadas por otras sales de amonio y fundamental
mente sulfato (que se produce durante Ia elucion 
de aminas previamente cargadas con uranio prove
niente de lixiviados acidos), saturadas en AUTC, 
son eluentes del U, en intercambiadores Iiquidos, 
produciendo en una sola operacion Ia elucion y 
separacion del uranio, como una tercera fase solida 
cristalina, de AUTC, permitiendo el reciclado del 
eluente. 

2. Es posible utilizar a este fin soluciones de variada 
concentraci6n en las sales eluentes (tabla 4). Aquellas 
que dan los mejores resultados varian en los siguientes 
limites: carbona to de amonio 0,5 a 2,5M; sulfa to 
de amonio 0,5 a 2M. 

3. No se debe sobrepasar una concentracion 
salina total de 3,5 a 4M, pues las soluciones de alta 
densidad impiden Ia decantacion de los cristales 
formados. Las concentraciones correctas varian entre 
2 y 3M (tabla 4). 

4. Dichas soluciones deben ser neutralizadas con 
amoniaco para llegar a los valores estequiometricos 
correspondientes al carbonato de amonio, debiendo 
el pH variar entre 8,5 y 9,4. Un pH mayor puede 
dar precipitados de tipo poliuranatos y uno bajo 
impedir la cristalizacion cuantitativa. 

5. Para que la cristalizacion se realice es necesario 
alcanzar en el eluente una sobresaturacion del U, 
que puede llegar a ser 30 % o 70 % superior a la solu
bilidad normal. En ensayos continuos en mezcladores 
decantadores, se obtiene rapidamente la sobresatura
cion. El comienzo de la precipitacion es facilitado 
por la presencia de cristales de A UTC. 

30 2 10 30 

0,4 450 < 5 <5 < 5 nip ida 
0,4 450 <5 < 5 <5 lenta 
0,4 385 20 < 5 <5 nip ida 
0,4 550 225 10 < 5 nip ida 

6. El sistema debe operar en fase organica continua 
y las mejores relaciones de fases 0/A son : 3 a 5/1, 
debiendo cuidarse la provision suficiente de agente 
eluente en relacion al uranio a eluir. 

7. En las condiciones anteriores y en ensayos en 
tandeo (batch) se establece que: 

a) El uranio es eluido en 99,9% en tiempos de 
contacto (TC) de 2 minutos; 

b) Las separaciones de fases con TC de 2 o mas 
minutos, son de 30-60 s; 

c) Que la separacion y decantacion de cristales 
es rapida y funcion de la densidad del eluente 
(densidad aparente AUTC: 1,5 g/ml); 

d) Si bien el uranio es eluido cuantitativamente, 
quedan en suspension en la fase organica, 
decantando lentamente, una cierta cantidad 
de finos cristales flotados. La naturaleza de 
los mismos parece apartarse del AUTC [14, 21]. 
Separados por decantacion y centrifugados, 
resultan ser cristales « mojados » en fase acuosa, 
ya que les sobrenada una capa acuosa y una 
organica en relacion 2/1. La concentracion 
de estos « finos » disminuye con el tiempo 
de contacto (tabla 4), el grado de agitaci6n y 
la relacion de fases (tabla 5). En dos minutos 
de TC puede estimarse en unas 500 ppm U 
y en 10 minutos de menos de 5 ppm. 

Tabla 5. Uranio residual en finos 

Eluente : (NH4) 2C03 2,5M + (NH4) 2S04 1M 

Tiemoos de contacto 

Relaci6n de fase organica a acuosa Sm !Om 

4 .. 
3 .. 
2,5. 
1,5 . 
1,25 
1.. 
0,72 

< 5 
< 5 
300 
750 
870 

1 700 
1 100 

Uranio (ppm) 

<5 
<5 
<5 
570 
700 
700 
900 
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8. La realizacion de ensayos continuos en mezcla
dores-decantadores confirma lo expuesto antes, excepto 
en la formacion de finos, que aumentan en su concen
tracion. Se confirma con todo que estos disminuyen 
con el TC y la agitacion. Para un TC de 15 a 30 minutos 
pueden estimarse de 100 a 500 ppm U/org. 

9. Las condiciones de operacion fisica de esta elucion 
exije el trabajo con mezcladores-decantadores de 
diseiio especial (figura 18): 

a) Mezclador: dadas las condiciones ya expuestas, 
para minimizar la concentracion de finos, se 
utiliza un mezclador con relaciones altura/ 
diametro 1,5 a 2/1, con desborde superior. 
Para aumentar el contacto se usa un tipo 
de superagitador (1/3 de diametro del tanque); 

b) Decantador: es un tanque de fondo conico 
para favorecer el drenado de cristales que van 
a filtracion; 

c) Puede utilizarse un mezclador-decantador in
terno. 

10. El eluente que filtra con los cristales es reciclado 
previa regeneracion a las condiciones iniciales y a 
la realizacion de una sangria. Esta ultima es necesaria 
por el incremento constante de concentracion de 
sulfatos y otros., iones. La misma es de 10 a 20 % 
del volumen de eluente, segun la concentracion de 
este. ", 

11. El organico sobrenadante del decantador y 
que contiene finos puede ser sometido a las siguientes 
operaciones: 

a) Lavado en un segundo mezclador-decantador 
con solucion de carbonato de amonio 0,5 a IM 
( quedando con TC de I 0 minutos una concen
tracion de 50 a 100 ppm de U), o bien lavando 
con sulfUrico 0,2 a 0,5M (U residual de 20 
a 50 ppm); 

b) Filtracion del organico (U residual20 a 50 ppm); 
c) Centrifugacion por supercentrifuga (U residual 

men or que 5 ppm); 
d) Pasaje directo del organico a extraccion, consi

derando el U, como uranio en giro. No se 
observa en este caso ninguna dificultad en la 
etapa de extraccion. 

Como ejemplo de este tipo de elucion resumimos 
los resultados de un ensayo piloto realizado en las 
instalaciones de Planta Cordoba, de la CNEA: 

El eluente es: (NH4) 2C03 1,5M + (NH4) 2S04 1,5M, 
pH 9,2. Se utiliza un mezclador de 70 litros y un 
decantador de 180 litros (figura 18). Los cristales 
se filtran por Nutcha de 0,5 m2• El volumen total 
de eluente en giro es de 125 litros. Los caudales 
usados son: organico 100 1/hora y acuoso 25 1/hora, 
siendo los tiempos de retencion en el mezclador: 
30 minutos, y decantador: 90 minutos. Se agita con 
superagitador (figura 18) a 800 rpm. Los finos se 
separan por supercentrifuga en una parte del ensayo 
y en 6tra se envian con el organico directamente 
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a extraccion. Se obtienen los siguientes valores 
promedios: 

Concentraci6n organico 
Concentraci6n de finos en orga

nico. , , . 
Concentraci6n en el org. 

centrifugado . . . . . . . 
Concentraci6n promedio en el 

eluente de entrada . . . . . 
Concentraci6n promedio en el 

eluente de salidjt . 

Balance de uranio 

U entrado ... 
U precipitado . . . . 
U en finos ..... 
U en eluente por sobresaturaci6n 

Consumo de reactivos 

4,65 g U/litro 

140 ppm U 

menos de 5 ppm U 

1,40 g U/litro 

1,75 g U/litro 

7,90 kg 
7,45 kg (94 %) 
0,24 kg (3 %) 
0,15 kg (2 %) 

Consumo kg CO,/kg U 30 8 kg NH,/kg U,O, 

Eluci6n . . . . . 0,65 0,35 
Eluci6n y sangria (13 %). 1,1 0,95 
Consumo finaJa . . . . . 0,15 0,15 

• Con recuperacion parcial CO, y NH3 por descomposi
cion del AUTC y sangria. 

Ventajas de Ia obtenci6n del AUTC 

Las ventajas fundamentales de la obtencion de 
A UTC, en relacion a la torta amarilla, pueden ser 
resumidas en las siguientes consideraciones: 

1. Su obtencion como compuesto de pureza rela
tivamente alta. 

2. Economia de operacion y reactivos al obtenerse 
en una sola etapa la elucion y separacion del uranio 
como compuesto solido. 

3. Economia de reactivos al permitir el reciclado 
de las soluciones eluentes. 

4. Para los intercambiadores s6lidos evitar la 
regeneracion y el correspondiente consumo de reac
tivos, eliminando al mismo tiempo la grave interferen
cia de los iones nitrato y cloruro, para el procesado 
de lixiviados alcalinos de menas uraniferas. 

5. Su extrema versatilidad quimica, dado su carac
ter de carbonato de base volatil, para ser transformado 
en otros compuestos, con una recuperacion adicional 
de reactivos (C02 y NH3). Asi por ebullicion de la 
solucion acuosa puede obtenerse el diuranato de 
amonio. Por calentamiento a 230-250 oc, U03 y a 
500 oc, U30 8 • Por disolucion acida pueden obtenerse 
soluciones concentradas de otras sales de uranilo. 
Puede ser sometido a reduccion a uv1. 

6. Desde el punto de vista operacional es un solido 
de facil manipulacion, que decanta rapidamente 
y es facilmente filtrado y lavado. 

7. Las caracteristicas del producto obtenido estan 
indicadas a continuacion: 
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a) Para el obtenido con resinas de intercambio 
i6nico con lixiviados alcalinos de esquistos de 
Teufelsloch [22]: 

Cristales AUTC secos al aire: U, 45 %; 
C03 , 34,1 %; NH3 , 12,1 %. 

AUTC calcinado 250 oc (2 horas): U, 73,9 %. 
Espectrogn'tfico : Ca, de I 00 a 200 ppm; 

Al, Mg, Cr, IO a 20 ppm; Si, B, 5 a 10 ppm; 
Mn, Cu, 2 a 5 ppm; Li, menos de 1 ppm. 

b) Para el A UTC obtenido con solventes aminados 
(lixiviado mineral Malargiie): 

Cristales secos al aire: U, 43-45 %. 
Espectrognifico: Fe, IOO a I 000 ppm; 

Ag, Mo, I0-50 ppm; Cu, 5 a 20 ppm; 
V, Mg, IO a 20 ppm; As, menos de 
20 ppm; Cd, Ni, Cr, Pb, menos de IO ppm; 
Mn, 1 a 5 ppm; B, 0,5 a 1 ppm. 
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ABSTRACT-RESUME-AHHOTAUV1.R-RESUMEN 

A/839 Argentina 

New hydrometallurgical trends in the uranium 
industry 

By R. J. Cadirola ef a/. 

The uranium industry is at present going through 
a period when reduction of costs is regarded as one 
of the principal objectives. Two methods of achieving 
this purpose are (a) by improving existing techniques 
to obtain the maximum yield and (b) by replacement 
of the present intermediate products by others offering 
better economic and technical prospects. 

The Hydrometallurgical Groups of the National 
Atomic Energy Commission (NAEC) are carrying 
out a programme in which both methods are applied 
to ion exchange techniques, and to solvent extraction. 

In the case of liquid ion exchangers, a comparative 

study has been carried out so that maximum advantage 
is taken of their specific properties. 

The first part of the paper contains a summary 
of the results of preliminary tests associated with 
any operation of this type, with the object of facilitating 
the selection of the most suitable amine solvent 
for use under the desired conditions. 

A comparative study was therefore carried out 
of the behaviour of certain amines with acid leaching, 
the results being expressed in the form of equilibrium 
curves, effect of pH, phase separation resolving power, 
effect of diluent, etc. 

The results obtained show the undeniable advan
tages, under normal operating conditions, of certain 
tertiary amines over the others tested. 

The second part of the paper, dealing with the search 
for new intermediate products, shows the results 
of studies on the potential of ammonium uranyl 
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tricarbonate (AUTC) as a substitute for yellow 
cake. 

A UTC is highly versatile from the chemical and 
technological points of view, and its preparation is 
studied in connection with the technology of both 
solid and liquid ion exchange materials. 

In each case, the conditions of preparation the 
elimination of interfering factors, operating conditions, 
etc. were studied. 

For solid ion exchange substances, the paper gives 
the results obtained with the delayed spontaneous crys
tallization technique, while for liquid ion exchangers 
the results of direct precipitation elution are quoted. 

A/839 Argentine 

Nouvelles orientations hydrometallurgiques 
dans l'industrie de !'uranium 

par R. J. Cadirola et at. 

Actuellement, l'industrie de )'uranium traverse une 
peri ode dans laquelle 1 'un de ses buts principaux est 
la reduction des prix de revient. On dispose de deux 
methodes pour l'obtenir : a) perfectionnement des 
techniques actuelles afin de les utiliser pleinement, et 
b) remplacement des produits intermediaires existants 
par d 'autres, offrant de meilleures perspectives du 
point de vue technique et economique. Les groupes 
d 'hydrometallurgie de Ia Commission nationale de 
l'energie atomique (CNEA), mettent en reuvre un 
programme d'essais sur ces deux methodes, en les 
appliquant a Ia technique de l'echange d'ions et de 
I 'extraction par solvants. 

Pour les echangeurs liquides, on a realise une etude 
comparative pour I 'utilisation integrale de leurs pro
prietes. 

Dans la premiere partie de ce memoire, nous indi
quons les resultats obtenus dans les essais prealables 
a toute operation de ce type, dont le but est de faciliter 
le choix du solvant amine le plus convenable dans les 
conditions requises. 

A cet effet, on fait une etude comparee du compor
tement de quelques amines avec des produits de 
l'attaque acide et on en donne Jes resultats sous forme 
de courbes d'equilibre, d'influence du pH, du pouvoir 
de separation des phases, de I 'effet du diluant, etc. 

Les resultats obtenus revelent les avantages certains 
de plusieurs amines tertiaires sur d'autres dans des 
conditions normales d 'exploitation. 

Dans Ia seconde partie du memoire, qui a trait a Ia 
recherche de nouveaux produits intermediaires, on 
presente les resultats obtenus dans !'etude des possi
bilites offertes par I 'uranyl-tricarbonate d 'ammonium 
(AUTC) remplar.;ant le classique « gateau jaune ». 

Ce compose, AUTC, a une grande souplesse d'utili
sation du point de vue chimique et technologique, et 
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on presente une etude visant a son obtention au moyen 
d'echangeurs solides ou liquides. 

Pour chacune de ces techniques on etudie les condi
tions d'obtention, d'exploitation d'operation, d'eli
mination des facteurs perturbateurs, etc. 

Pour les echangeurs solides on fournit les resultats 
obtenus avec Ia technique de cristallisation spontanee 
retardee et, pour les echangeurs liquides, on donne les 
resultats relatifs a I 'elution avec precipitation directe. 

A/839 ApreHTHHa 

HoBble rHAPOMerannyprHLfeCKHe Hccne
AOBaHHH s ypaHosoH npoMblwneHHOCTH 

P. X. KaAHpona et at. 

Ha coBpeMeHHon cTaAHH paaBHTHH ypaHoBou 

HpOMbiiiiJieHHOCTII OAHOH 113 OCHOBHbiX 3aAa'l HB

JIHeTCH CHIIffieHIIe ce6eCTOIIMOCTII DpOAYK:qllll. 

PeiiieHIIe aTon aaAa'lll BOaMomHo ~BYMH nyTHMH: 

a) ycoBepiiieHCTBOBaHIIe cyi:qeCTBYIOI:qHX TeXHO

JlOfll'leCKIIX cxeM II AOCTHmeHIIe MaKCIIMaJILHO

ro BbiXOAa; b) aaMeHa cy~:qeCTBYIOI:qHX npoMe

myTO'IHbiX npO;r:J;YKTOB ;r:J;pyriiMII, 06Jia;r:J;aiOI:qiiMII 

JIY'IIIIIIMII 3KOHOMII'IeCKIIMII II TeXHII'IeCKIIMII xa

paKTepiiCTIIKaMII. 

flllJ;poMeTaJIJiyprll'leCKIIn OT;r:J;eJI Ha:qnoHaJIL

Hon KOMncc1111 no aTOMHoii aHeprnn ApreHTHHhl 

BblllOJIHHeT nporpaMMY IICCJie;r:J;OB3HIIH, BKJIIO'IaiO

~IIX IICnOJib30B3HIIe KaK IIOH006MeHHbiX npo:qec

COB1TaK II 3KCTpaK:qllll paCTBOpiiTeJieM. 

B oTHoiiieHnn mn;r:~;Knx aKCTpareHTOB 6hlJIO npo

BeAeHo CpaBHIITeJILHOe nayqeHne C TO'IKII apeHIIH 

M3KCIIM3JibHOI'O IICDOJib30B3HIIH IIX CDe:qH¢lll'leC

J\HX CBOUCTB. 

B nepBoii 'laCTII AOKJia;r:~;a co;r:~;epmnTCH o6o6~:qe
HIIe peayJILTaTOB npe;r:J;BapiiTeJILHbiX OllbiTOB, 
canaaunbiX c mo6oii onepa~neii no;r:~;o6uoro Tuna, 

'lT06bl 06Jier'IIITb Bbi6op aMIIHOBOrO 3KCTpareHTa, 

uan6oJiee nO;r:J;XO;r:J;HI:qero ;r:J;JIH Tpe6yeMbiX YCJIOBHH. 

B CBHan c aTIIM npoBO;r:J;IIJIOCL cpaBHnTeJILuoe 

llayqeuue CBOUCTB HeKOTOpbiX 3MIIHOB DO OTHO

rneHIIIO K Bbii:qeJia'IIIB3IOI:qiiM KIICJIOTaM; DpiiBO

)lHTCH peayJihTaTbl B Bll;r:J;e KpiiBbiX paBHOBeCIIH, 

BJIIIHHIIH pH, CKOpOCTII tflaaOBOrO paa;r:~;eJieHIIJI, 
BJIIIHHIIH paCTBOpiiTeJIH II np. 

lloJiy'leHHbie peayJILT3Tbl nOK333Jlll HBHhie npe

nMy~eCTBa npn HopMaJILHbiX ycJioBnHx npo:qecca 

HeKOTOphiX TpeTII'IHbiX aMIIHOB no cpaBHeHHIO C 

ilPYfHMII Bei:qeCTBaMII. 

Bo BTopoil: '13CTII ;r:J;OKJiaAa, OTHOCHI:qeHCH K IIC

CJJeAOBaHHIO HOBhiX npoMemyTO'IHhlX npoAYKTOB, 

noKa3aHhl llOTeH:qHaJILHble B03MOffiHOCTII Kap60Ha

TOB ypaHa, B '13CTHOCTII ypaHIIJITp11Kap6oHaTa 

aMMOHIIH (YTI\A), KaK aaMeHHTeJieii o6LI'IHOro 

XIIMH'IeCKOI'O KOH:qeHTpaTa (meJITOrO KeKa). 

YTI\A HBJIHeTCH Kpaiiue HeycTOH'IIIBbiM B xn

MII'IeCKOM II TeXHOJIOfll'leCKOM OTHOIIIeHIIII npo-
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AYKTO~; ero llOJiyqeHHe HCCJieJJ;yeTCH B CBH3H C 
TeXHOJIOrHeii: TBepJJ;LIX H ffiHJJ;KHX HOH006MeHHLIX 

uew;ecTB. 

B KamJJ;oM cnyqae uayqaiOTCH ycJIOBHH noJiyqe

HHH, MeTOJJ;LI ycTpaHeHHH llOCTOpOHHHX cflaKTOpOB, 

pemHM npo~ecca H T. JJ;. 

R. J. CADIROLA et a/. 

B oTuomeuuu TBepJJ;LIX uouoo6MeHHLIX uew;ecTB 

B lJ;OKJiaJJ;e npHBOJJ;HTCH peayJILTaTLI, llOJiyqeHHLie 

llO MeTOJJ;Y CaMOllpOH3BOJILHOH KpHCTaJIJIH3a~HH, 
a B OTHOlleHHH ffiHJJ;KHX 3KCTpareHTOB llpHBOJJ;HTCH 

peayJILTaTLI uenocpeJJ;CTBeuuoro ocamJJ;eHHH ua 

unx MeTaJIJia npu pereuepa~HH. 
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Prospecting techniques and recovery from ores 

Chairman: J. Neumann (Czechoslovakia) 

Paper P/521 (presented by A. W. Wylie) 

DISCUSSION 

S. ALP AN (Turkey): Is it advisable to prospect for 
thorium, having regard to the demand and the present 
concentration process? 

A. W. WYLIE (Australia): Expensive prospecting 
for thorium is probably not justified at this stage. 
But in Australia we have a thorium mineral, monazite, 
as a by-product of the beach-sand mining industry, 
which produces rutile, zircon, etc. We are also inte
rested in a thorium fuel cycle and hence in developing 
a means of utilizing our own thorium at some stage. 

J. GABELMAN (United States of America): Have 
you any estimates of the unit cost of producing nu
clear-pure thoriu111 as a major product rather than a 
by-product? 

A. W. WYLIE (Australia): The costs given in the 
paper are reagent costs only and do not include the 
chemical plant conversion costs. They represent the 
cost of producing thorium as a major product, and 
not as a by-product. 

Paper P/844 (presented by Y. lmai) 

DISCUSSION 

P. MAGET (France): I should like to ask Dr. Imai 
two questions. First, why was TNOA chosen as the 
solvent and, second, what are the physical and che
mical properties of the UF4 obtained? 

tend to produce excessive amounts of fine material 
with a consequent low recovery of uranium? 

Y. IMAI (Japan): In hydraulic mining the water is 
recycled through two stages in thickening tanks to 
prevent the loss of uranium dissolved and to recover 
fine materials. 

A. FAURE (South Africa): What treatment is given 
to the aqueous effluent from the conversion section, 
in which the uranium sulphate complex is converted 
to the uranium chloro-complex? I should also like to 
ask if the recovery of uranium and hydrochloric 
acid from this solution has been investigated. 

Y. IMAI (Japan): The aqueous effluent from the 
conversion section is neutralized with caustic solution 
to recover uranium. With regard to the recovery and 
re-use of hydrochloric acid, we believe it is more 
economical to use it as little as possible and to discard 
it after neutralization. 

F. BAZILE (France): What economies are effected 
by your method as compared with conventional 
methods? 

Y. IMAI (Japan): We roughly estimate that the cost 
involved in using our process is 25% less than that by 
the conventional process. 

A. M. SEDOV (USSR): Is the regular method or the 
hydraulic method used to obtain the ores referred to 
in the paper? If it is the latter, is hydrocyclonic ore 
separation used? 

Y. IMAI (Japan): The hydrocyclonic method has 
been investigated, but the main flowsheet for our pilot 
plant is based on the ordinary settling out system. 

M. PERARNAU PERRAMON (Spain): I should like 
to ask if the ore contains pyrites and whether any 
dissolution of uranium has been observed during 
hydraulic washing. 

Y. IMAI (Japan): We made a thorough study of 
several kinds of amines and found that TNOA was 
suitable for our purpose in so far as the stability, 
selectivity and velocity of phase separation were 
concerned; moreover, it is more readily available in 
our country. Y. IMAI (Japan): The ore contains pyrites. Disso-

As to your second question, the chemical properties lution of uranium into water is not very significant; 
of the UF

4 
are the same as, or better than, those in however, the water is re-cycled to prevent loss of the 

the standard specification of UF4• With regard to the uranium. 
physical properties, we found no difficulty in reducing M. PERARNAU PERRAMON (Spain): Do the filtering 
by means of magnesium. The average recovery of of the hydraulic concentrate and the drying on the 
uranium metal was over 95%. filter give rise to any difficulties? 

R. L. FAULKNER (United States of America): In Y. IMAI (Japan): The filtering operation is not easy. 
hydraulic mining, does the dissolution of uranium Steam can be used effectively for reducing the water 
minerals give rise to any problem and does the method content of the cakes in the filter. 

303 
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M. PERARNAU PERRAMON (Spain): Does it take 
long to achieve adequate mixing of mineral and acid 
in the mixer? 

Y. IMAI (Japan): It takes less than ten minutes. 

M. PERARNAU PERRAMON (Spain): What is the 
dryer made of? 

Y. IMAI (Japan): The dryer is made of mild steel 
lined with nickel-alloy. 

M. PERARNAU PERRAMON (Spain): How many 
extraction stages with water and filtrate are considered 
necessary? I should also like to ask what is the total 
liquid to mineral ratio. 

Y. IMAI (Japan): Repulping and filtering must be 
carried out twice. The liquid to mineral ratio is almost 
1 : 1. 

Paper P/414 (presented by B. Bunji) 

DISCUSSION 

J. LECOQ (France): I gather from the paper you 
presented that the pilot plant studies indicate that 
your process is cheaper than that using ion exchange 
resins. Have you sufficient data to say whether your 
process would also be more advantageous for a high
capacity plant, producing, for example, 1 000 tons 
per day, and what the difference in cost-price per ton 
of the ore treated would be? 

B. BuNn (Yugoslavia): The plant at Kalna has 
a capacity of 200 tons per day and the data obtained 
indicate that the reduction process is at least 10% 
cheaper per ton of the ore treated than the cost 
by the ion exchange process. Moreover, it should 
be noted that the higher purity of the product offers 
possibilities of further cost reduction in the purification 
step (solvent extraction). We know by now that the 
precipitation-reduction process offers a sound and 
economical solution. When the capacity is increased 
to 1 000 tons per day, a further cost reduction will be 
possible. 

F. BAZILE (France): Is the purity of the product 
obtained with your process comparable with that 
obtained using conventional processes? 

B. BuNJI (Yugoslavia): The product obtained 
was of technical grade purity; it was, however, of a 
higher grade and better quality than that usually 
obtained by ion exchange techniques. The principal 
impurities are carbonates and very fine ore particles. 
All other impurities are in trace quantities. 

J. ScHMETS (Belgium): With regard to the catalytic 
precipitation of uranium, the text which refers to 
Figure 4 in the section describing the reduction plant 
indicates that the solution is saturated with hydrogen 
in the first vessel; the solution is then passed into 

other vessels under pressure and heated to 150 oc. 
Does this mean that precipitation is effected at the 
speeds mentioned solely by diffusion and dissolution 
of the hydrogen in the solution? If this is not the case, 
how is good contact effected? 

B. BuNJI (Yugoslavia): As indicated in Figure 4, 
only the saturation from pregnant solution takes place 
in the first pressure vessel. Precipitation occurs in 
subsequent vessels, which are filled up with a uo2 
catalyst in roll form. In the saturation vessel no preci
pitation was observed. At present hydrogen is used 
only up to the saturation stage. However, when 
hydrogen gas was used as the agitation agent in the 
vessels with the catalyst, an increase in the reaction 
rate was observed. Several technical difficulties render 
this technique slightly more expensive. 

H. HuET (France): Have you studied the U02 

obtained by your process from the point of view of 
sintering? It seems that its purity is not sufficient. 
In that case could you give us some details of the 
sequence of treatments used later with a view to 
converting it either into sinterable oxide or into ura
nium metal of nuclear purity? 

B. BuNJI (Yugoslavia): It was found that the 
impure uo2 obtained by the method described can 
be converted into nuclear-grade uo2 suitable for 
sintering after purification. At the moment I am not 
able to give more details. We are, however, studying 
the possibility of purification by dissolving the impure 
U02 and reprecipitating. We know that the impure 
uo2 can be dissolved and that both the dissolution and 
reduction processes are selective for U02• By replacing 
the hydrogen by oxygen, and the barren solution by 
water, we have obtained a nuclear-grade U02, but 
at present we have only a very rough idea of the 
production cost. 

Paper Pf478 (presented by I. Wendt) 

DISCUSSION 

P. MAGET (France): With regard to the paper 
presented by Dr. Wendt, I am particularly interested 
in the description of the Ellweiler pilot plant. The 
paper shows how the liquor resulting from sulphuric 
acid treatment, i.e., the so-called pregnant liquor, is 
treated in ion exchange columns and then by solvents 
in order to obtain nuclear-pure uranate. I should 
like to ask three questions. First, what consumption 
of reagents, expressed for example in kilograms per 
kilogram of treated uranium, is necessary for ion 
exchange, treatment by solvents and precipitation? 
Secondly, what is the result of the analysis of the 
nuclear-pure uranate obtained? Thirdly, has the 
uranate obtained been used to prepare uranium metal 
and, if so, how and with what results? 
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I. WENDT (Federal Republic of Germany): I ,have 
not at hand all the data asked for but I can give some 
figures. Detailed information regarding the pilot plant 
at Ellweiler can be found in Reference [39] in the 
bibliography. 

With regard to your first question, the consump
tion of NaN03 in the circulation process is about 
1.2-2 kg per kg U 30 8• As regards your second question, 
a chemical and spectrographical analysis of the final 
product was carried out and it was found that the 
purity is well within the limits of the requirements for 
nuclear-pure material. As to your third question, the 
refining and production of uranium metal is carried 
out by the Nuklear-Chemie und-Metallurgie GmbH 
(NUKEM) in Wolfgang, near Hanau. I have no 
information on the results obtained by the company. 

V. ZIEGLER (France): In connection with the air
borne radiometric survey referred to in the paper, 
mention is made of an accessory unit which permits 
the registration of aero-magnetic data, etc. I should 
like to ask, first, whether the registration of aero
magnetic data is made systematically or if it is infre
quent. Secondly, when the aero-magnetic survey is 
carried out, what is the resultant percentage increase 
in cost? Thirdly, is the registration of position by the 
Doppler system still used for radiometric survey or 
only for aero-magnetic surveys? 

I. WENDT (Federal Republic of Germany): With 
reference to your first question, only an air-borne 
scintillation-counter survey is, in most cases, required 
for uranium prospecting. As to your second question, 
when a general aero-magnetic survey is made a 
scintillation-counter survey is, as a rule, carried out 
simultaneously, as the increase in cost due to this 
additional measurement is almost negligible in com
parison with the cost of a purely magnetic survey. 
With regard to your third question, the flight altitude 
is usually much lower (about 50 to 100 m above the 
ground) for a narrow-grid uranium survey than for 
a magnetic survey. Up to now we have used electronic 
navigation equipment and altimeters only in magnetic 
or combined air-borne surveys. 

A. f:AURE (South Africa): Has consideration been 
given to the use of D2EHPA (di-2-ethyl hexilphos
phoric acid) as a solvent for the purification of the 
nitrate solution from the ion exchange process? It is 
believed this solvent might work more satisfactorily 
in the dilute nitrate solution, and be more specific for 
uranium. 

I. WENDT (Federal Republic of Germany): Preli
minary experiments with D2EHPA have been carried 
out, but up to now we have not sufficient data to 
present final results. 

A. FAURE (South Africa): In order to obtain satis
factory extraction of uranium into TBP solvents, a 
nitrate concentration of the order of 150 grammes per 
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litre had to be used in South Africa. It was found 
that these solutions caused rapid degradation of the 
ion exchange resins. Have similar effects been observed 
in your pilot plant? 

I. WENDT (Federal Republic of Germany): The 
nitrate concentration used was 80-100 grammes per litre 
and the purity obtained in the elution was equal 
to that obtained using higher concentrations. With this 
concentration we did not observe a degradation of 
the resins. 

J. GABELMAN (United States of America): In areas 
containing radioactive sedimentary rocks where ex
ploration has been unsuccessful, is there any evidence 
that large quantities of uranium were never derived 
from eroding source rocks or that large quantities 
were deposited syngenetically with the sediments but 
have simply not been reconcentrated. 

I. WENDT (Federal Republic of Germany): We 
have found indications in the so-called Hardegsen 
clay that large quantities of uranium have been derived 
from the source rocks, but reconcentration is not 
adequate. The maximum concentrations only amoun.t 
to about some 100 ppm. 

Paper P/503 (presented by H. Carreira Pich) 

DISCUSSION 

J. LECOQ (France) : Up to what capacity is a semi
mobile processing plant of the type you described 
more economical than a conventional plant as regards 
the cost-price of the uranium concentrate produced? 

H. CARREIRA PICH (Portugal): I have some diffi
culty in giving a direct reply to your question because 
different parameters must be taken into consideration 
and special conditions are involved in each case. Thus, 
for a conventional plant or a semi-mobile plant, 
on the one hand there is the cost of transporting the 
ore from the deposits to the conventional plant and 
the higher cost of the conventional plant to consid~r; 
on the other hand the higher output obtained in 
conventional plants and the cost of fixed assets lost 
when plants are moved must be taken into account. 
Thus, the capacity of the plant is dependent on the 
fact that equipment must be easily transportable from 
one mine to the other. I believe that a semi-mobile 
plant should be used when it is necessary to process 
small, scattered deposits and, broadly speaking, I 
think these plants would be suitable for capacities not 
exceeding about 50 tons of ore per day. 

T. BATUECAS RODRIGUEZ (Spain): I should like 
to point out that since 1960 research has been carried 
out in Spain on static leaching (natural, by percolation 
and by capillarity) on the laboratoy, pilot-plant and 
semi-industrial scale, both as regards the dissolution 
phase in uranium and its recovery in the leaching 
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liquids. For this purpose there is a laboratory and 
pilot-plant with a capacity of up to 60 tons in Madrid. 
There are also semi-industrial leaching plants in Ciudad 
Rodrigo, i.e., the Valdemascano and Caridad plants 
with a capacity of 3 000 tons and 5 000 tons respec
tively, and another plant, La Carretona, with a capa
city of 750 tons, in Caceres. In addition there is a 
mobile extraction plant, using amines, with a capacity 
of 50 m3 per day, in Andujar. The latter plant is now 
being run-in and will be incorporated in a uranium 
leaching and recovery system, as mentioned in paper 
P/494.* 

Paper Pf353 (presented by A. M. Sedov) 

DISCUSSION 

R. E. ROBINSON (South Africa): There appears to 
be a discrepancy between the abstract of the paper 
and the paper itself as regards the relationship be
tween the concentration of ferric ions and the rate of 
reaction. Can one assume that the paper is correct 
in stating that the reaction is of the second order 
with respect to ferric ions? This statement indicates 
that if one were to double the ferric-ion concentration, 
keeping all other factors constant, the rate of reaction 
would increase by a factor of 4. This implies that at 
very high ferric-ion concentrations extremely short 
reaction times should be possible. That is not borne 
out by the results obtained in work carried out at the 
Government Metallurgical Laboratories in Johannes
burg which showed that the relationship between the 
rate of reaction and ferrio-ion concentration was of 
the form 
R = axj(l + bx), where a and b are constants, 

and x the Fe3+ concentrations. 

This relationship is of the same form as the Langmuir 
adsorption isotherm, and the conclusion is reached 
that the rate-controlling reaction is between ferric 
complexes adsorbed on the surface of the uranium 
oxide and the oxide itself. This theory explains why 
the rate of reaction between ferric ions and uo2 in 
perchloric acid medium is extremely small, since 
no complexes exist between perchlorate anions and 
ferric cations. ' 

This matter is discussed in detail by P. A. Laxen 
in a paper presented at an international symposium 
on hydrometallurgy held at Dallas, Texas, in 1963. 

A. M. SEoov (USSR): Unfortunately the authors 
of the paper are not attending the present Conference, 
and Dr. Robinson's question requires theoretical 
discussion. I shall therefore transmit his comments to 
the authors. However, the theoretical calculations 
which appear in the paper are in good agreement with 
the practical results. 

* This volume, session 2.11. 

Paper P/257 (presented by J. W. Gabelman) 

DISCUSSION 

H. RosATZIN (Switzerland): I understand that 
organa-uranium compounds play an important role 
during the deposition of uranium ore. Have any 
specific orga~o-uranium compounds been identified? 

J. GABELMAN (United States of America): Yes. 
Asphaltite or thucholite contains uranium. There is 
also a substance we call humate at Grants, New Mexico, 
which we believe is derived from plant matter. 

S. H. U. BowiE (United Kingdom): If the original 
mineralization is epigenetic, as the paper suggests, 
were the complexes necessarily transported in an 
oxidized state? Secondly, what evidence is there that 
organic matter functioned in the dual capacity of an 
absorbing and reducing agent in the formation of 
organa-uranium complexes? 

J. GABELMAN (United States of America): With 
regard to your first question, the solutions were not 
necessarily transported in an oxidized state. They 
could have been transported in an oxidized state in 
ground waters approaching neutrality, or in the re
duced state in highly acid waters, e.g., at a pH of 
less than 3. As to your second question, the evidence 
indicates that rich uranium is closely associated with 
organic matter, and organic material seems to have 
attracted some uranium. However, this may indicate 
only that the uranium passing outside of, or away 
from, the environment has left no trace of its passage. 
Some organic matter that might be expected to contain 
uranium does not contain any, which indicates no 
passage of uranium. 

G. BIGOTTE (France): The paper suggests that 
uranium found in stratiform deposits might always 
derive, more or less, from uranium in hydrothermal 
or magnetic deposits. Would it not be advisable, from 
the point of view of future prospecting, to consider 
a contrary theory, i.e., that uranium found in lodes 
may, in certain cases, derive from uranium in stratiform 
deposits? 

J. GABELMAN (United States of America): Yes, we 
are aware of the fact that uranium from any deposit 
can move downward as a form of secondary enrich
ment and be deposited in lower fractures after leaching 
from above. However, it is possible to distinguish 
between this uranium and uranium deposited from 
rising hydrothermal solutions by the sulphur isotope 
ratios. 

A. GANGLOFF (France): Can you explain the term 
"mobile belts" used in the paper? Does it refer to the 
rec.ent, large orogenic zones? 

J. GABELMAN (United States of America): The term 
relates to the great and small mobile belts of any age. 
Large mobile belts were usually active for several 
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geological periods, perhaps for more than one era. 
The accompanying zoned metallogenic cycle could 
have taken nearly as long, it being understood that 
mineralization always suitably follows deformation 
and intrusion. 

S. ALP AN (Turkey): In Turkey we have carried out 
extensive radio-active mineral prospecting and explo
ration since 1957. 494 000 km2 were prospected by 
~ir-borne survey, 407 000 km2 by car-borne survey, 
73 000 km2 in a general ground survey and 9 000 km2 

by detailed and systematic survey. 
Our early work was confined to checking the ano

malies occurring along the crack fillings and veins in 
granite. Autunite and torbernite mineralization was 
found, but there was no significant result. Later, 
prospecting and exploration were carried out in 
fluorite veins in cyanite with similar results. Also, 
results from prospecting in metamorphic formations 
such as gneiss and schists of the Menderes massif 
were hopeful and work carried out on the neocene and 
recent sediments yielded very promising results. 
As a result of investigations in recent sedimentary 
formations during the last few years we discovered 
750 tons of U 30 8 after extensive exploration work 
involving drilling, making trenches and sinking shafts. 
We found 1.5 million tons of uranium ore with an 
average U30 8 content of 0.1-0.2%. Thus we came to 
the conclusion that primary deposits in the massif 
might have been leached and the uranium redeposited 
in the surrounding neocene and recent sediments. There
fore our radiometric survey policy now is to devote 
our attention to such sediments in and around massifs. 

It should be pointed out here that we recorded 
about I 000 anomalies during the air-borne survey 
and, up to now, have checked only a small percentage 
of them. After we have checked all the important 
anomalies we may reach further conclusions. 

With regard to recovery of ore I should like to make 
the following comment. Secondary uranium minerals, 
which are finely dispersed in loosely consolidated 
gravels, siltstones, sands and clays, occur in the 
Kasar deposit. The results of the ore recovery tests 
were very satisfactory because of the free occurrence 
of secondary uranium minerals in the loosely consoli
dated sand-gravel gangue. In washing and screening 
the ore, a coarse, nearly barren fraction is rejected, 
leaving only finer fractions for leaching treatment; 
thus the crushing and grinding stages are eliminated. 
65% of the ore sample was between l/32 in to 200 
mesh in grain size. This portion of the sample had a 
U 30 8 content of 17%. Subsequent treatment in an 
agitation-leaching plant yielded an ore recovery of 
93%. 16% of the sample was between 1/4-l/32 in 
grain size, with a U 30 8 content of 12%. This portion 
was treated by the cheap method of static immersion 
leaching in H2S04 and yielded an ore recovery of 93%. 
The remaining portion of the sample (19% by weight 
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and 11% U 30 8 content) was discarded as waste. By 
using this simple and cheap treatment the over-all 
ore recovery was 82.5%. 

It is considered that the combined liquor produced 
by the static and agitation-leaching process may be 
treated in an ion exchange concentration plant in 
order to give a high-grade, clean liquor for precipi
tating a high-grade U 30 8 yellow cake. 

M. ROUBAULT (France): I wish to emphasize the 
great importance that should be attached to research 
such as that described in the paper presented by 
Dr. Gabelman. Present prospecting practice is mainly 
by the direct method, using counters. This method has 
made it possible to evaluate the order of magnitude 
of the tonnages that can reasonably be anticipated in 
the world, even bearing in mind the areas in which 
prospecting has not yet been carried out. Now, if one 
considers the figures given, these tonnages, although 
large, may one day prove insufficient. This proves 
that efforts should be made to reach deeper deposits of 
which there is no surface indication. Only by taking 
into account general geological and chemical con
siderations, based on fundamental scientific research, 
can we reach such deposits. Such research is therefore 
indispensable if, in the near future, the sites for 
borings are to be determined, as in the case of oil, 
by struct1:1res and not solely by the presence of traces 
of mineral deposits. 

As Dr. Mabile rightly indicated m paper P/72, * 
one of the main achievements of the present Confe
rence should be to draw attention to the magnitude of 
the problem to be solved as a result of the enor
mously increasing demand for uranium. I think it 
should also make us realize the need for a considerable 
improvement in determining the methods to adopt 
in prospecting and research work. 

Paper P/450 (presented by E. Szabo) 

DISCUSSION 

P. MAGET (France): I should like to know whether 
the radiometric sorting apparatus described in the 
paper has been used in industry. 

E. SzAB6 (Hungary): The radiometric ore concen
tration apparatus has not yet been used for industrial 
purposes and thus we have no precise technical data 
or its industrial application. 

S. TATARU (Romania): In conducting experiments 
similar to those you described involving the separation 
of ores by flotation, with subsequent leaching of 
flotation products on an acid or sodium line, we found 
that flotation reagents have a negative effect on later 
phases of processing** mainly because they are 

* This volume, session 2. 11. 
** Plaksin, I. N. and Tiitaru, S., Revista Mine/or, 6 (1962); 

TiHaru, S., Revista Mine/or, 6 (1963). 
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themselves sorbed by the ion exchangers.* I should 
like to ask whether the residual amount of the 
flotation reagent does not hinder the sorption and 
leaching of uranium on a sodium line. 

E. SzABO (Hungary): We too have observed simi
lar phenomena, but the reduction in the capacity 
of ion-exchange resin was not great enough to have 
any significant effect on the applicability of the method. 

Paper P/464 (presented by R. E. Robinson) 

DISCUSSION 

A. M. SEoov (USSR): What is the percentage of 
carry-over of uranium from the fluidized bed and 

* Tataru, S., Revue roumaine des sciences techniques, Serie 
metallurgie, 1 (1964). 

Compte rendu de Ia seance 2.12 

what is the decontamination coefficient m the 
cyclone? 

I should also like to ask whether there is any depo
sition of NH4F on the surfaces of the piping system 
and what is the length of piping from the apparatus 
to the condenser in the experimental plant. 

R. E. ROBINSON (South Africa): The amount of 
carry-over from the fluidized bed depends to a large 
extent on the particle size of the material. It can vary 
between approximately 10% and 40%. Of this quantity 
approximately 90% is returned to the bed by the 
cyclone. 

As to your second question, there is little or no depo
sition of material in the pipes, because they are main
tained at a temperature above the condensation point 
of ammonium fluoride. The pipes are no more than 
a few feet (half a metre) in length. 

Methodes de prospection et de traitement des minerais 

President : J. Neumann (Tchecoslovaquie) 

Memoire P/521 (presente par A. W. Wylie) 

DISCUSSION 

S. ALPAN (Turquie) : Peut-on conseiller en ce 
moment de prospecter en vue de trouver du thorium, 
compte tenu de Ia demande et du procede de concen
tration actuel? 

A. w. WYLIE (Australie) : Des prospections cou
teuses en vue de trouver le thorium ne sont probable
ment pas justifiees en ce moment. Mais nous avons en 
Australie un minerai de thorium, Ia monazite, qui est 
un sous-produit de l'industrie d'exploitation du sable 
cotier, industrie qui produit du rutile, du zircon, etc. 
Nous sommesaussi interesses par un cycle de combus
tible au thorium, et par consequent au developpement 
de moyens d 'utilisation de notre thorium en temps 
voulu. 

J. GABELMAN (Etats-Unis d'Amerique) : Avez-vous 
une idee du cout unitaire de production du thorium 
de purete nucleaire comme produit principal et non 
comme sous-produit? 

A. W. WYLIE (Australie) : Les valeurs donnees dans 
le memoire sont Ies couts des reactifs seulement et ne 
comprennent pas les co fits de conversion dans l 'usine 
chimique. Ils representent Ie cout de production du 
thorium comme produit principal, et non comme 
sous-produit. 

Memoire P/844 (presente par Y. lmai) 

DISCUSSION 

P. MAGET (France) : Je voudrais poser deux 
questions au Dr Imai. D'abord, pourquoi a-t-on 
choisi Ia TNOA comme solvant, et ensuite quelles sont 
les proprietes physiques et chimiques du UF 4 obtenu? 

Y. IMAI (Japon) : Nous avons etudie differentes 
amines, et trouve que la TNOA convenait dans notre 
cas en ce qui concerne Ia stabilite, la selectivite et Ia 
rapidite de separation des phases; de plus, on pouvait 
l'obtenir facilement dans notre pays. 

En reponse a votre seconde question, je dirai que 
les proprietes chimiques de UF4 sont egales ou supe
rieures a celles des specifications types. Pour les pro
prietes physiques, nous n'avons pas eu de difficultes 
a faire Ia reduction par le magnesium. La recuperation 
moyenne de I 'uranium metallique etait superieure 
a 95%. 

R. L. FAULKNER (Etats-Unis d'Amerique) : Dans 
!'exploitation hydraulique, est-ce que Ia dissolution 
des minerais d'uranium pose des problemes, et Ia 
methode tend-elle a produire des quantites excessives 
de matieres fines avec pour consequence une mauvaise 
recuperation de l 'uranium? 

Y. IMAI (Japon) : Dans !'exploitation hydraulique, 
l'eau est recyclee dans deux etages d'epaississeurs 
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pour eviter les pertes d'uranium dissous et recuperer 
les particules fines. 

A. FAURE (Afrique du Sud) : Comment traitez-vous 
les effluents aqueux de Ia section de conversion, dans 
laquelle le complexe sulfurique d'uranium est trans
forme en complexe chlorhydrique? 1e voudrais aussi 
sa voir si vous avez etudie Ia recuperation de 1 'uranium 
et de I 'acide chlorhydrique de cette solution. 

Y. IMAI (Japon) : Les effluents aqueux de Ia section 
de conversion sont neutralises par une solution caus
tique pour recuperer 1 'uranium. En ce qui concerne 
Ia recuperation et la reutilisation de I'acide chlorhy
drique, nous pensons qu'il est plus economique d'en 
utiliser aussi peu que possible et de le rejeter apn!s 
neutralisation. 

F. BAZILE (France) : Quelles sont les economies 
que donne cette methode par rapport aux methodes 
classiques? 

Y. IMAI (Japon) : Nous estimons que le coiit de 
notre procede est d'environ 25 % inferieur a celui des 
procedes classiques. 

A. M. SEDOV (URSS) : Pour obtenir les minerais 
mentionnes dans votre communication, utilisez-vous 
Ia methode habituelle ou la methode hydraulique? 
Dans le second cas, utilisez-vous I 'hydrocyclone pour 
Ia separation du minerai? 

Y. IMAI (1apon) : Nous avons etudie la methode a 
I 'hydrocyclone, mais le schema de notre atelier pilote 
est base sur le systeme habitue! de decantation. 

M. PERARNAU PERRAMON (Espagne) : 1e voudrais 
demander si le minerai contient des pyrites et si vous 
avez observe une certaine dissolution de !'uranium 
pendant le lavage hydraulique. 

Y. IMAI (1apon) : Le minerai contient des pyrites. 
La dissolution de !'uranium dans I'eau n'est pas 
importante; cependant l'eau est recyclee pour eviter 
de perdre de 1 'uranium. 

M. PERARNAU PERRAMON (Espagne) : La filtration 
du concentre hydraulique et le sechage sur filtre 
donnent-ils lieu a des difficultes? 

Y. IMAI (1apon) : L'operation de filtration n'est pas 
facile. On peut utiliser avec efficacite de Ia vapeur 
pour reduire Ia teneur en eau des gateaux sur le filtre. 

M. PERARNAU PERRAMON (Espagne) : Faut-il beau
coup de temps pour obtenir dans Ie melangeur un 
melange correct du minerai et de l'acide? 

Y. IMAI (1apon) : Le melange prend tres peu de 
temps, moins de dix minutes. 

M. PERARNAU PERRAMON (Espagne) : En que! 
materiau est construit I'appareil de sechage? 

Y. IMAI (1apon) : L'appareil de sechage est fait en 
acier doux avec un revetement en alliage de nickel. 

M. PERARNAU PERRAMON (Espagne) : Combien 
faut~il d 'etages d 'extraction avec I 'eau et le filtrat? 
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1e voudrais aussi demander quel est le rapport total 
Iiquide/minerai. 

Y. IMAI (1apon) : 11 faut deux operations de remise 
en pulpe et de filtration. Le rapport liquidejminerai 
est voisin de 1/1. 

Memoire P/414 (presente par B. Bunji) 

DISCUSSION 

1. LECOQ (France) : 11 semble, d'apres le memoire 
que vous avez presente, que les etudes sur I 'installation 
pilote indiquent que votre procede est meilleur marche 
que celui qui utilise des resines echangeuses d'ions. 
Avez-vous des donnees suffisantes pour dire si votre 
procede serait aussi plus avantageux dans le cas d'une 
usine de grande capacite, traitant par exemple 1 000 tjj, 
et quelle serait Ia difference de prix de revient par 
tonne de minerai traite? 

B. BuNn (Y ougoslavie) : L 'usine de Kalna a une 
capacite de 200 tjj, et les resultats obtenus indiquent 
que le procede de reduction est au moins 10% moins 
cher par tonne de minerai traite que le procede par 
echange d'ions. De plus, il faut remarquer que Ia 
purete plus grande du produit donne Ia possibilite 
de fa ire d 'autres economies dans Ia purification 
(extraction par solvants). Nous savons maintenant 
que Ie procede de precipitation par reduction nous 
donne une solution sure et economique. Quand Ia 
capacite sera portee a 1 000 tjj, une nouvelle reduction 
du prix de traitement sera possible. 

F. BAZILE (France) : La purete des produits obtenus 
avec votre procede est-elle comparable a celle des 
produits obtenus par les procedes clas~iques? 

B. BuNJI (Yougoslavie) : Le produit obtenu est 
de purete technique; il est cependant de purete plus 
grande et de meilleure qualite que celui qu'on obtient 
habituellement par les methodes d'echange d'ions. 
Les principales impuretes sont des carbonates et de 
fines particules de minerai. Toutes autres impuretes 
sont a I' etat de traces. 

1. SCHMETS (Belgique) : En ce qui concerne Ia preci
pitation catalytique de 1 'uranium, Ie texte qui se refere 
ala figure 4 dans Ia section decrivant l'usine de reduc
tion indique que Ia solution est saturee d'hydrogene 
dans Ia premiere cuve; Ia solution est ensuite transferee 
dans d'autres cuves sous pression et chauffee a 150 °C. 
Ceci veut-il dire que Ia precipitation a lieu a la vitesse 
mentionnee uniquement par diffusion et dissolution 
de I 'hydro gene dans Ia solution? Sinon, comment 
assurez-vous un bon contact? 

B. BuNJI (Y ougoslavie) : Comme I 'indique Ia 
figure 4, seule la saturation a lieu dans la premiere 
cuve sous pression. La precipitation a lieu dans Ies 
cuves suivantes, qui sont remplies de catalyseurs 
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en U02 de forme cylindrique. On n'a pas observe de 
precipitation dans Ia cuve de saturation. Nous n 'uti
lisons a present l'hydrogene que jusqu'a l'etape de 
saturation. Cependant, quand on utilisait de I 'hydro
gene gazeux comme agent d 'agitation dans les cuves 
contenant le catalyseur, on observait une augmentation 
deJa vitesse de reaction. Diverses difficultes techniques 
rendent ce procede un peu plus coilteux. 

H. HuET (France) : Avez-vous etudie U02 obtenu 
par votre procede du point de vue du frittage? II 
semble que sa purete n'est pas suffisante. Dans ce cas, 
pourriez-vous nous donner quelques indications sur 
les traitements ulterieurs pour le transformer soit en 
oxyde frittable, soit .en uranium metal de purete 
nucleaire? 

B. BUNJI (Yougoslavie) : On a trouve que uo2 
impur obtenu par Ia methode decrite peut etre trans
forme en uo2 de purete nucleaire, frittable apres 
purification. Pour le moment, je ne peux pas vous 
donner plus de details. Nous etudions cependant Ia 
possibilite de purifier le produit par dissolution 
de U02 impur et reprecipitation. Nous savons que !'on 
peut dissoudre uo2 impur, et que les processus de 
dissolution et de reduction sont selectifs pour uo2. 
En rempla9ant l'hydrogene par de !'oxygene, et Ia 
solution epuisee par de l'eau, nous avons obtenu 
du U02 de purete nucleaire, mais nous n'avons encore 
qu'une idee assez vague du coilt de production. 

Memoire Pf478 (presente par I. Wendt) 

DISCUSSION 

P. MAGET (France) : Au sujet du memoire presente 
par le or Wendt, j'ai ete particulierement interesse 
par Ia description de I 'usine pilote d 'Ellweiler. Le 
memoire montre comment Ia solution re~ultant de 
l'attaque sulfurique est traitee dans des colonnes 
echangeuses d 'ions, et ensuite par des solvants pour 
obtenir de I 'uranate de purete nucleaire. Je voudrais 
poser trois questions. D'abord, quelle est Ia consom
mation de reactifs, exprimee par exemple en kilo
grammes par kilo gramme d 'uranium traite, necessaire 
pour l'echange d'ions, Ie traitement aux solvants et 
Ia precipitation? Deuxiemement, quels sont les 
resultats de I 'analyse de I 'uranate de purete nucleaire 
obtenu? Troisiemement, l'uranate obtenu a-t-il ete 
utilise pour preparer de I 'uranium metal, et si oui, 
par que! procede et avec quels resultats? 

I. WENDT (Republique federale d'Allemagne) : Je 
n 'ai pas so us Ia main toutes les donnees pour repondre 
a ces questions mais je peux donner quelques chiffres. 
Des renseignements detailles sur I 'usine pilote d 'Ell
weiler peuvent etre trouves dans Ia reference 39 de 
Ia bibliographie. 

Pour repondre a votre premiere question, je dirai 
que Ia consommation de NaN03 dans le procede de 
circulation est de l'ordre de 1,2 a 2 kg par kilogramme 
de U30 8• Ma reponse a votre seconde question est 
Ia suivante : on a fait !'analyse chimique et spectro
graphique du produit final, et on a trouve que la purete 
etait bien dans la limite exigee pour un materiau de 
purete nucleaire. En ce qui concerne votre troisieme 
question, le raffinage et Ia production de I 'uranium 
metal sont executes par la Nuklear-Chemie und 
-Metallurgie GmbH (NUKEM) a Wolfgang, pres de 
Hanau. Je n 'ai pas de renseignements sur les resultats 
obtenus par cette compagnie. 

V. ZIEGLER (France) : A propos des prospections 
radiometriques aeriennes mentionnees dans le memoire, 
il est fait mention d 'une installation accessoire per
mettant I 'enregistrement des donnees aeromagne
tiques. Je voudrais demander d 'abord si I 'enregistre
ment des donnees aeromagnetiques est fait systema
tiquement ou s'il est peu frequent. Deuxiemement, 
quand le !eve aeromagnetique est execute, de quel 
pourcentage eleve-t-il le prix de revient de la prospec
tion? Troisiemement, I 'enregistrement de position 
par le systeme Doppler est-il toujours utilise pour les 
prospections radiometriques, ou seulement pour les 
!eves aeronautiques? 

I. WENDT (Republique federale d'Allemagne) : 
En reponse a votre premiere question, je dirai qu'une 
prospection aeroportee avec un compteur a scintilla
tions suffit, dans Ia plupart des cas, pour la prospection 
de !'uranium. Ma reponse a votre seconde question 
est la suivante : quand on fait un !eve general aero
magnetique, on fait simultanement, en regie generale, 
un !eve par compteur a scintillations, car !'augmenta
tion du prix de revient due a cette mesure supplemen
taire est pratiquement negligeable par rapport au coilt 
du !eve magnetique seul. En reponse a votre troisieme 
question, il convient de dire que I 'altitude de vol est 
generalement beaucoup plus basse (50 a 100 m au
dessus du sol) pour un !eve d'uranium a maille serree 
que pour un !eve magnetique. Nous n'avons utilise 
jusqu'a present les appareils electroniques de naviga
tion et les altimetres que pour les !eves magnetiques 
et les !eves aeroportes combines. 

A. FAURE (Afrique du Sud) : Avez-vous envisage 
1 'utilisation de D2EHPA (acide 2-di-ethylhexylphos
phorique) comme solvant pour Ia purification de Ia 
solution de nitrate issue du processus d'echange 
d 'ions? On pense que ce solvant pourrait etre plus 
efficace en solution nitrique diluee, et etre plus speci
fique pour I 'uranium. 

I. WENDT (Republique federale d'Allemagne) : 
Nous avons fait des experiences preliminaires avec 
D2EHPA, mais les resultats obtenus jusqu'a mainte
nant sont insuffisants pour en tirer des conclusions. 
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A. FAURE (Afrique du Sud) : Pour obtenir une 
extraction satisfaisante de ]'uranium dans Jes solvants 
TBP, nous avons dfi utiliser en Afrique du Sud 
une concentration en nitrate de I' ordre de 150 g/1. 
On a observe que ces solutions provoquaient une degra
dation rapide des resines echangeuses d'ions. Avez
vous observe des effets analogues dans votre usine 
pilote? 

I. WENDT (Republique federale d'Allemagne) : La 
concentration en nitrate est de 80-100 g/1 et la purete 
obtenue a )'elution est identique a celle que ]'on obtient 
en utilisant des concentrations plus fortes. Nous 
n'avons pas observe de degradation des resines, avec 
ces concentrations. 

1. GABELMAN CEtats-Unis d'Amerique) : Dans Ies 
zones de roches sedimentaires radioactives oil Ia 
prospection n'a rien donne, y a-t-il des indices prou
vant que des quantites importantes d 'uranium n 'ont 
jamais ete extraites des roches initiales erodees, ou 
que de grandes quantites ont ete deposees avec les 
sediments syngenetiquement, mais n'ont simplement 
pas ete reconcentrees? 

I. WENDT (Republique federale d'Ailemagne) : 
Nous avons trouve des indications dans !'argile appelee 
Hardegsen montrant que des quantites importantes 
d 'uranium ont ete fournies par les roches initiales, mais 
Ia reconcentration n 'est pas suffisante. Les concentra
tions maximales ne s'elevent qu'a quelque 100 ppm. 

Memoire P/503 (presente par H. Correira Pich) 

DISCUSSION 

1. LECOQ (France) : 1usqu'a quelle capacite une 
installation de traitement semi-mobile comme celle 
que vous avez decrite est-elle plus economique qu'une 
usine classique en ce qui concerne le prix de revient 
du concentre d'uranium produit? 

H. CARREIRA PICH (Portugal) : J'eprouve quelque 
difficulte a repondre directement a votre question 
parce qu 'il faut considerer divers parametres et parce 
que chaque cas correspond a des conditions particu
lieres. Ainsi, pour une usine classique ou une usine 
semi-mobile, il faut considerer, d'une part, Je prix du 
transport du minerai depuis le gisement jusqu 'a I 'usine 
classique, et le co fit plus eleve de I 'usine classique; 
d'autre part, il faut tenir compte du rendement plus 
eleve que donnent les usines classiques, et de Ia perte 
d 'installations fixes quand on deplace une usine. II 
en resulte que Ia capacite de I 'usine est limitee par le 
fait que le. materiel doit etre facilement transportable 
d'une mine a ]'autre. 1e pense qu'il faut utiliser une 
usine semi-mobile quand il faut exploiter de petits 
depots disperses, et je crois que ces installations sont 
indiquees pour des capacites ne depassant pas environ 
50 t de minerai par jour. 
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T. BATUECAS RODRIGUEZ (Espagne) : 1e voudrais 
signaler que nous etudions en Espagne depuis 1960 
l'attaque statique (naturelle, par percolation et par 
capillarite) a l'echelle du laboratoire, de l'usine pilote 
et a I 'echelle semi-industrielle, en ce qui concerne Ia 
phase de dissolution et Ia recuperation de ]'uranium 
dans les solutions d'attaque. II y a dans ce but a 
Madrid un laboratoire et une usine pilote dont Ia 
capacite va jusqu'a 60 t. Nous avons aussi des usines 
d'extraction semi-industrielles a Ciudad Rodrigo, par 
exemple les usines Valdemancano et Caridad de 
capacites respectives de 3 000 et 5 000 t, et une autre 
usine. La Carretona, de 750 t de capacite, a Caceres. 
Nous avons de plus a Andujar une usine d 'extraction 
mobile, utilisant des amines d'une capacite de 50 m3 

par jour. Cette derniere installation est au debut de 
son fonctionnement, et elle sera incorporee a un 
systeme d'extraction et de recuperation de ]'uranium, 
comme l'indique le memoire P/494 *. 

Memoire Pj353 (presente par A. M. Sedov) 

DISCUSSION 

R. E. ROBINSON (Afrique du Sud) : II semble y avoir 
une certaine divergence entre le resume du memoire 
et le memoire lui-meme en ce qui concerne Ia relation 
entre la concentration en ions ferriques et Ia vitesse 
de reaction. Peut-on admettre que c'est le memoire qui 
est exact lorsqu'il affirme que la reaction est de 
deuxieme ordre par rapport aux ions ferriques? Cette 
affirmation signifie que, si ]'on doublait Ia concentra
tion des ions ferriques, tous les autres facteurs demeu
rant constants, la vitesse de reaction serait multipliee 
par le facteur 4. Pour de tres fortes concentrations 
d'ions ferriques on pourrait done obtenir des temps 
de reaction extremements courts. Ceci n'est pas 
confirme par les resultats obtenus aux laboratoires 
metallurgiques gouvernementaux de Johannesburg, 
selon lesquels Ia relation entre vitesse de reaction et Ia 
concentration en ions ferriques est de Ia forme 
R = a xf(1 + b x), oil a et b sont les constantes et 
x Ia concentration de FeH. 

Cette relation est de Ia meme forme que I 'isotherme 
d'adsorption de Langmuir, et !'on en tire Ia conclusion 
que Ia reaction qui determine Ia vitesse est Ia reaction 
entre les complexes ferriques adsorbes a Ia surface 
de l'oxyde d'uranium et l'oxyde lui-meme. Cette 
theorie explique pourquoi Ia vitesse de reaction entre 
les ions ferriques et uo2 en milieu d'acide perchlo
rique est tres faible, car il n'existe pas de complexes 
entre les anions perchlorate et les cations· ferriques. 

Ce sujet est discute en detail dans un memoire 
presente par P. A. Laxen a un colloque international 
d'hydrometallurgie qui s'est tenu a Dallas, Texas, 
en 1963. 

*Voir, dans le present volume, Ia seance 2.11. 
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A. M. SEDOV (URSS) : Les auteurs du memoire que 
j'ai presente n'assistent malheureusement pas a Ia 
Conference, et Ia question du Dr Robinson necessite 
une discussion theorique. Je transmettrai done ses 
observations aux auteurs. Cependant, les calculs 
theoriques qui figurent dans Ia communication sont 
en bon accord avec les resultats pratiques. 

Memoire P/257 (presente par J. Gabelman) 

DISCUSSION 

H. RosATZIN (Suisse) : II semble que les composes 
organo-uraniens jouent un role important pendant Je 
depot des minerais d 'uranium. A-t-on identifie des 
composes organo-uraniens specifiques? 

J. GABELMAN (Etats-Unis d'Amerique) : Oui. L'as
phaltite ou Ia thucolite contiennent de I 'uranium. II 
y a aussi une substance que nous appelons « humate » 
a Grants (New Mexico), que nous pensons derivee 
de matieres vegetales. 

S. H. U. BowiE (Royaume-Uni) : Si Ia mineralisa
tion initiale est epigenetique, comme le memoire le 
suggere, les complexes ont-ils necessairement ete trans
partes a l'etat oxyde? Deuxiemement, quelle preuve 
y a-t-il que Ia matiere organique a joue un role a Ia 
fois d'absorbeur et d'agent reducteur dans Ia formation 
des complexes organo-uraniens? 

J. GABELMAN (Etats-Unis d'Amerique) : Pour 
repondre a votre premiere question, les solutions n'ont 
pas necessairement ete transportees a I 'etat oxyde. 
Elles peuvent avoir ete transportees a l'etat oxyde 
dans des eaux souterraines voisines de Ia neutralite, 
ou a l'etat reduit dans des eaux tres acides, c'est-a-dire 
des pH inferieurs a 3. Quant a votre seconde question, 
les preuves experimentales montrent que I 'uranium 
riche est etroitement associe aux matieres organiques, 
et les matieres organiques semblent avoir attire de 
I 'uranium. Cependant, ceci peut vouloir dire seule
ment que !'uranium qui sort, ou s'eloigne, de l'envi
ronnement, n 'a pas laisse de traces de son passage. 
Des matieres organiques que !'on s'attend a voir 
contenir de I 'uranium n 'en contiennent pas, ce qui 
indique qu'il n'y a pas eu passage d'uranium. 

G. BIGOTTE (France) : Le memoire suggere que 
I 'uranium que 1 'on trouve dans des depots strati
formes peut toujours venir, generalement parlant, 
de I 'uranium des depots hydrothermaux ou magne
tiques. Ne faudrait-il pas, du point de vue des prospec
tions futures, considerer une theorie contraire, c'est
a-dire que !'uranium que !'on trouve dans des filons 
peut, dans certains cas, venir de 1 'uranium contenu 
dans des depots stratiformes? 

J. GABELMAN (Etats-Unis d'Amerique) : Oui, nous 
savons que I 'uranium d 'un depot quelconque peut se 

deplacer vers le bas, et c 'est une forme d 'enrichisse
ment secondaire, et qu'il peut se deposer dans des 
failles plus profondes apres extraction de Ia zone 
superieure. Cependant, on peut distinguer, d 'a pres les 
rapports des isotopes du soufre, entre cet uranium 
et !'uranium depose a partir de solutions hydro
thermales qui s 'elevent. 

A. GANGLOFF (France) : Pouvez-vous expliquer le 
terme mobile belts utilise dans votre memoire? Ce 
terme designe-t-il les grandes zones orogeniques 
recentes? 

J. GABELMAN (Etats-Unis d'Amerique) : Ce terme 
designe les grandes et les petites zones de tous ages. 
Les grandes zones mobiles ont generalement ete 
actives pendant plusieurs periodes geologiques, peut
etre pendant plus d 'une ere. Le cycle metallogenique 
zone correspondant peut avoir pris presque aussi 
longtemps, etant entendu que Ia mineralisation suit 
toujours Jes deformations et les intrusions. 

S. ALP AN (Turquie) : En Turquie, no us faisons depuis 
1957 une exploration et une prospection poussees des 
minerais radioactifs. 494 000 km2 ont ete prospectes 
par !eves aeroportes, 407 000 km2 par !eves auto
partes, 73 000 km2 par prospection generale au sol 
et 9 000 km2 par prospection detaillee et systematique. 

Les travaux initiaux ont ete limites a Ia verification 
des anomalies dans les fissures et les veines du granite. 
On a trouve des mineralisations d'autunite et de torber
nite, mais sans resultat notable. Par Ia suite, on a 
prospecte et explore des veines de fluorite dans Ia 
cyanite, avec des resultats analogues. Les resultats 
des prospections ulterieures des formations meta
morphiques, comme le gneiss et les schistes du massif 
de Mendoren, ont ete assez encourageants, et on a 
explore les sediments neoceniens et recents avec des 
resultats tres encourageants. Les resultats des recher
ches dans les formations sedimentaires recentes entre
prises au cours des dernieres annees ont permis de 
decouvrir 750 t de U30 8 apres un important travail 
de prospection comprenant des sondages, des tran
chees et des puits. Nous avons trouve 1,5 million de 
tonnes de minerai d'uranium avec une teneur moyenne 
en U30 8 de 0,1-0,2 %. Nous sommes ainsi arrives a Ia 
conclusion que les depots primaires du massif ont 
sans doute ete dissous et que !'uranium s'est depose a 
nouveau dans Jes sediments neocenes et recents 
voisins. Notre politique de prospection radiometrique 
consiste done maintenant a porter notre attention sur 
ces, sediments dans Jes massifs et aux environs des 
massifs. 

II faut souligner que nous avons enregistre environ 
1 000 anomalies au cours des releves aeriens, et que 
nous n'en avons encore verifie qu'un faible pourcen
tage. Apres avoir etudie toutes les anomalies impor
tantes, nous pourrons etre conduits a d'autres 
conclusions. 
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En ce qui concerne Ia recuperation du minerai, je 
voudrais faire les remarques suivantes. Des minerais 
d'uranium secondaires, qui sont finement disperses 
dans des graviers mal consolides, des alluvions, des 
sables et des. argiles, se presentent dans le gisement de 
Kasar. Les resultats des essais de recuperation du 
minerai ont ete tres satisfaisants en raison de I 'existence 
de minerais secondaires d 'uranium dans Ia gangue 
mal consolidee de sable et de gravier. En )avant et 
en tamisant le minerai, on rejette une partie grossiere, 
pratiquement sans uranium, en laissant seulement les 
fractions plus fines pour I 'attaque; on peut ainsi 
eliminer les etapes de concassage et de broyage. 
65 %de 1 'echantillon de minerai passaient au tam is 200, 
et cette portion avait une teneur en U30 8 de 17 %- Le 
traitement ulterieur dans une usine d 'attaque avec 
agitation a permis de recuperer 93 % du minerai. 
16% de l'echantillon avait une taille de grain 1/4-1/32 
avec une teneur en U30 8 de 12 %. Cette portion a 
ete traitee par Ia methode plus economique d'attaque 
par immersion statique dans H2S04 et a donne une 
recuperation de minerai de 93 %. Le reste de l'echan
tillon (19% en poids et II % du U30 8 contenu) 
a ete rejete com me sterile. A vee ce traitement simple 
et economique, le rendement global de recuperation 
du minerai a ete de 82,5 %. . 

On envisage de traiter les solutions combinees, 
produites par les procedes d 'attaque statique et 
d'attaque avec agitation, dans une usine de concen
tration par echanges d'ions, de fac;on a obtenir une 
solution claire, a haute teneur, pour Ia precipitation 
de U30 8 de haute purete. 

M. RouBAULT (France) : Je voudrais souligner 
)'extreme importance que l'on doit attacher a des 
recherches telles que celles qui sont decrites dans le 
memoire presente par le or Gabel man. A 1 'heure 
actuelle, )'exploration se fait presque toujours par 
les methodes directes avec emploi de compteurs. Cette 
methode a permis d'evaluer les ordres de grandeur 
des tonnages que I' on peut esperer atteindre dans le 
monde, · meme si I' on tient compte des regions non 
encore explorees. Or, si I 'on reflechit aux chiffres qui 
ont ete donnes hier, ces tonnages, bien qu'importants, 
risquent d 'etre un jour insuffisants. La preuve est 
ainsi donnee qu'il faut s'efforcer d'atteindre des 
gisements qu'aucun indice ne revele en surface. Seules 
les considerations geologiques et geochimiques gene
rales issues de recherches fondamentales permettront 
d 'atteindre ce resultat. De telles recherches sont done 
indispensables si I' on veut dans un proche avenir 
determiner Ies emplacements de sondage, comxne dans 
le cas du petrole, en fonction de structures et non seule
ment d 'indices mineralises. 

Comme M. Mabile l'a indique avec raison dans le 
memoire P/72 *, l'un des resultats essentiels de Ia 

*Voir, dans le present volume, Ia seance 2.11. 
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presente Conference pourrait etre de nous rendre 
conscients de l'ampleur du probleme a resoudre en 
face d 'une demande d 'uranium tres rapidement 
croissante. Je pense que nous devrions aussi compren
dre qu'il faut faire un grand pas en avant dans la 
conception meme des methodes de prospection et 
de recherche. 

Memoire P/450 (presente par E. Szabo) 

DISCUSSION 

P. MAGET (France) : Je voudrais savoir si l'instal
Iation de triage radiometrique decrite dans le memoire 
a fait I' objet d 'une application ind ustrielle. 

E. SzABO (Hongrie) : L'equipement de concentra
tion radiometrique du minerai n'a pas encore ete 
utilise industriellement et nous n'avons done pas de 
donnees techniques pn!cises sur son utilisation indus
trielle. 

S. TATARU (Roumanie) : Au cours d'experiences 
voisines de celles que vous avez decrites comprenant 
Ia separation des minerais par flottation, avec attaque 
ulterieure des produits flottes en milieu acide ou alcalin, 
nous avons observe que les produits de flottation 
avaient un effet negatif sur les phases suivantes du 
traitement, surtout parce qu 'ils sont eux-memes 
sorbes sur les echangeurs d'ions **. Je voudrais 
demander si les qualites residuelles d 'agents de ftotta
tion ne genant pas la sorption et la dissolution de 
I 'uranium en milieu sodique. 

E. SzABO (Hongrie) : Nous avons aussi observe des 
phenomenes de ce genre, mais Ia reduction de Ia 
capacite des resines echangeuses d'ions n'etait pas 
suffisante pour avoir un effet marque sur les possibi
lites d 'utilisation de cette methode. 

Memoire Pf464 (presente par R. E. Robinson) 

DISCUSSION 

A. M. SEDOV (URSS) : Quel est le pourcentage 
d'entrainement de )'uranium a partir du lit ftuide, 
et quel est le coefficient de decontamination dans le 
cyclone? 

Je voudrais aussi demander s'il y a depot de NH4F 
dans le systeme de canalisations, et quelle est Ia lon
gueur de Ia canalisation entre l'appareil et Ie conden
seur dans 1 'usine experimental e. 

R. E. ROBINSON (Afrique du Sud) : L'entrainement 
a partir du lit fluide depend en grande partie de Ia 
taille des particules du materiau. 11 peut varier entre 

* Plaksin, I. N., et Tataru, S., Revista Minelor 6 1962· 
Tataru, s., Ibid. (I 963). ' ' ' 

** Tataru, S., Revue roumaine des sciences techniques, 
Serie metallurgie, 1 (1964). 
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10% et 40% approximativement. Environ 90% de 
cette quantite sont renvoyes au lit fluide par le cyclone. 

En ce qui concerne votre seconde question, il n 'y a 
pratiquement pas de depot dans les canalisations, 
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parce qu'on les maintient a une temperature supe
rieure au point de condensation du fluorure d'ammo
nium. Les canalisations n'ont pas plus de quelques 
pieds de long. 

MeTOAbl noMCKOB M nepepa6oTKM paAMOOKTMBHbiX PYA 

flpeiJceoameAb: R HeAMaH (YexocnoeaKMR) 

,lJ.oKnaA P/521 (npeACTaeMn A. Y. YaAnH) 

,D.HCKYCCHH 

C. AJII1AH (Typ~ua): PeRoMeHAYeTcH JIH necTH 
llOHCRH TOpHH, eCJIH y'leCTb CllpOC Ha Hero H COB
peMeHHYIO TeXHOJIOl'HIO o6orall\eHHH TOpHeBbiX 
PYA? 

A. Y. Y AAJII1 (AncTpaJIHH): ,ll;oporoCTOHII.\He 
IIOHCKH TOpHH, BepOHTHO, He OIIpaBAaHbl Ha CO
BpeMeHHOH CTaAHH. Ho B AncTpaJIHH Topuenhlit 
MHHepaJI MOHa~HT HBJIHeTCH no60'IHbiM npOAYK
TOM npu paapa6oTRe npn6pemHbiX pocchlneii AJIJJ 
,106bi'IH pyTHJia, ~HpRoHa H T. n. Mbi TaKme aaHH·
TepeconaHbi B TOpHeBOM TOllJIHBHOM ~IIRJie, a CJie
AOBaTeJibHO, H B pa3BIITHH cpeACTB HCIJOJib30Ba
HHH Hamero C06CTBeHHOrO T<lpHH Ha J{ai\Oll-TO 
CTaAHll. 

,Um. f3tlEJIMEH (CiliA): llpoH3BOp;HJIHCb JIH 
RaRHe-HH6YAh paC'IeTbl CTOHMOCT~ .. npoH3BOACTBa 
JJACpHO'IHCToro TOpHH KaR OCHOBHOl'O, a He no6oq
HOro npoAYRTa? 

A. Y. YAtlJIM (AncTpaJIHH): PacxoALI, npu
BCAeHHhie B AORJiaAe, xapaRTepH3YIOT JIHIIIh CTOH
MOCTb peartmToB H He BKJIIO'IaiOT Apyrux aKcnJiy
aTaQnoHHhlx 3aTpaT XHMH'JeCROl'O 3aBop;a, OAHaRo 
OTHOCHTCH K CTOHMOCTH llOJiy'leHHH TOpHH RaR OC
IIOBHOI'O, a He ll060'IHOrO npOAYRTa. 

,D.HCKYCCHH 

n. MAlliE (<l>paHQHH): MHe XOTeJIOCb 6bl aa
gaTh A-PY HMaH ABa nonpoca: no-nepBhiX, no'leMy 
B Ra'leCTBe pacTBopuTeJia 6hlJI Bb16paH TNOA H, 
BO-BTOphix, RaROBbl «f>uauqecRHe n XHMH'IeCKHe 
cuoiicTBa noJiyqaeMoro UF4? 

n. HMAH (.HnoHHH): Mbi npoBeJIH'TII.\aTeJibHOe 
H3y'leHHe HeCKOJibRHX BHAOB aMH'HOB H ycTaHOBH
JIH, 'ITO TNOA npuroAeH AJIH Haiiieii QeJIH c TO'lKH 
apeHHH ycTofPIHBOCTH, na6upaTeJibHo:ii cnoco6-

HOCTH H CROpOCTH pa3AeJieHHH «f>aa; RpOMe TOro, 
ero Jierqe AOCTaTb B .HnoHHH. 

Ilo noBOAY Baiiiero BToporo nonpoca Mory cRa
aaTb, 'ITO XHMH'IeCRHe cno:iicTBa UF4 TaRHe me 
HJIH Aame JIY'IIIIe7 'leM yRa3aHO B CTaHAapTHbiX 
TexHn'leCRHX ycJioBHHx Ha UF4. B OTHomeHnn 
tPH3H'IeCRHX CBOHCTB Mbl He BCTpeTHJIH HHRaRHX 
TPYAHOCTe:ii npu noccTaHOBJieHHH MarHHeM. CpeA
Hee H3BJie'leHHe MeTaJIJIH'IeCKOrO ypaHa COCTaB-' 
JIHJIO CBblllie 95%. 

P. Jl. <I>OJII\HEP (ClliA): Ilpu rHApaBJIH'Ie
cKo:ii paapa6oTKe He coaAaeT JIH RaRHX-Jin6o TPYA
HOCTeii paCTBOpeHHe ypaHOBbiX MHHepaJIOB II He 
AaeT JIH aToT cnoco6 qpeaMepHo 6oJibmHe ROJIII'Ie
cTBa IIIJiaMOB C llOCJieAYIOII.\HM HH3KHM H3BJie'leHH
eM ypaHa? 

n. MMAM (.HnOH}IH): IlpH rHApaBJIH'IeCROH 
paapa6oTRe BOAa pe~Hp«yJI·upyeT qepea ABe 
rpynnhl crycTHTeJieii AJIH npep;oTnpall\eHna noTe
pn paCTBopenHoro ypaHa H AJIH yJiaBJIIIBanna 
ll!·lJaMOB. 

A. <I>AYP (IOAP): l\aRoii o6pa6oTRe noABep
meTCH BOAHbiH 3JIIOeHT llOCJie ROHBepCUH AJIH ne
peBOAa ypaHOBOCYJih«f>aTHOrO KOMllJieKCa B ypa
HOBbiH xJiopoKoMnJieKc? MHe xoTeJIOCh 6hl TaRme 
yaHaTb, UCCJieAOBaJIOCb JIH 1f3BJie'leHHe ypaHa H 
COJIHHOM RHCJIOTbl H3 3TOrO paCTBOpa? 

n. MMAI1 (.HnoHHH): BOAHbiH paCTBOp llOCJie 
KOHBepCHH HeifTpaJIH31yeTCH paCTBOpOM RayCTHKa 
AJIH H3BJie'leHHH ypaHa. B OTHomeHHH naBJie'le
HHH H llOBTOpHOrO HCllOJib30BaHHH COJIHHOH RHC
JIOTbl HaM npeACTaBJIHeTCH 6oJiee 31\0HOMH'IHbiM 
paCXOAOBaTb RaR M011\HO MeHbiiie COJIHHOH 1\HC.TIO
Tbl H c6paCbiBaTb ee llOCJie He:if.TpaJIH3a~HH. 

B. BJIIOM (<l>paHQUH): l\aRaa aKoHoMHH AO
CTHraeTca npu ucnoJibaonaHHn Bamero MeToAa no 
cpaBHeHHIO C o6bl'IHbiMH MeTOAaMH? 

n. MMAM (HnoHHH): Mbi npH6JI1f3HTeJibHO pac
C'IHTaJIH, 'ITO paCXOAhi npH npuMeHeHHH Hamero 
MeTOAa Ha 25% MeHbllie, 'I eM npH npHMeHeHHH 
o6hi'IHoro npo~ecca. 
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A. M. CE,[J;OB (CCCP): Py,!l;a, o KoTopoii Bhi 
fOBOpUJIU B ,!I;OKJia,!l;e, ,!I;06hiBaJiaCh 06hi'IHbiM UJIU 
ru,!l;panJiu'leCRUM cnoco6oM? EcJiu nocJiel(HuM, TO 
npuMeHHeTCH JIU KJiaccH<puRan;uH PYAhl B rup_po
n;uRJIOHax? 

lt UMAII (.HnoHuH): fup_pon;uRJIOHHhlii cnoco6 
uayqaJICH, HO OCHOBHaH TeXHOJIOfU'leCRaH CXeMa 
Harneii OllhiTHOH ycTaHOBRU OCHOBaHa Ha 06hi'IHOll 
CUCTeMe. OCamp,eHUH. 

M. IIEPAPHAY IIEPPAMOH (HcnaHuH): 
MHe xoTeJIOCh 6hl cnpocuTh, cop_epmuT JIU Barna 
pyp_a 'nupUThl U Ha6mop_aeTCH JIU paCTBOpeHue 
ypaHa no npeMH MORporo o6oraiD;eHuH? 

:B. IIMAII (.HnoHuH): Pyp_a cop_epmuT nupuThi. 
PacTBopeHue ypaHa B nop_e He o'leHh aHa'luTeJih
Ho, op,HaRo npoMhiBHaH Bop,a AJIH npep,oTBpaiD;e
HUH ITOTepu ypaHa HanpaBJIHeTCH B o6opOT. 

M. IIEPAPHAY IIEPPAMOH (HcnaHuH): Co
ap_aeT JIU KaRue-Jiu6o TPYAHOCTU cpuJILTpan;uH u 
cyrnRa ua cpuJILTpe Kouu;euTpaTa MOKporo o6ora
ID;eHHJI? 

:A. JIMAII (.Hnouua): Onepau;ua cpuJILTpau;uu 
HeJierRaH. )J;JIH yMeHhllieHUJI BJiaiKHOCTU Rei\OB 
npu cpUJihTpan;uu MOiKHO C ycneXOM UCIIOJlh30BaTh 
nap. 

M. IIEPAPHAY IIEPPAMOH (HcnaHuH): 
CIWJihRO BpeMeHu Tpe6yeTCJI AJIJI xopornero aaMe
ca PYALI c RUCJIOToii? 

:A. IIMAII (.HnoHuH): 3To He aaHUMaeT MHoro 
npeMeHu - MeHee 10 .wun. 

M. IIEPAPHAY IIEPPAMOH (HcnaHua): Ha 
qero BhlllOJIHeHa cyrnuJIRa? 

:A. HMAII ( .HnoHuH) : CyrnuJIRa cp,eJiaHa ua 
MHri\Oll CTaJIU, llORphiTOll HUI\CJICBhiM CllJiaBOM. 

M. IIEPAPHAY IIEPPAMOH (McnaHuH): 
CRoJihRO CTap,uii cpUJihTpau;uu ClfUTaeTcH Heo6xo
;.lUMhiM? MHe TaRme xoTeJIOCL 6LI 3HaTh, RaRoBo 
o6ID;ee OTHOI1ICHUC T : m? 

8. IIMAII (.HnoHuH): PenyJILnau,uro u qm.'lh
Tpau;uro HYiKHO npouaBOJ.IHTb p_BaiKP,bi. 0THorneHue 
T : iK IIO'ITU paBHO 1 : 1. 

,D.oKilaA P/414 (npeACTaBHJl o. oyHbH) 

,D.HCKYCCHA 

m. JIEKOK (<l>pauu;ua): H llOHHJI U3 npep,cTaB
JICHHoro BaMu AORJiap,a, 'ITO pa6oTa, npoBep,eHHaH 
ua onhiTHoii ycTaHOBRe, .noRa3hiBaeT, 'ITO Bam 
upou;ecc ,11;erneBJie cop6u;uoHHoro npou;ecca. Pac
HoJiaraeTe Jiu Bhl p_ocTaTO'IHhiM ROJIHlfeCTBOM p_au
HbiX, 1103BOJIHIOID;UX CRa3aTb 'ITO JTOT npon;ecc 
6yp,eT TaRme 6oJiee BhifO,!I;HhiM B cJiy'lae aaBo
;:(a C 60Jibi1IOii npOU3BO,!I;UTeJibHOCTbiO, HallpHMep 
1000 m py,!I;LI B cyTRU, u RaRoBo 6yp,eT npu aToM 
OTJIUlfHe ce6eCTOUMOCTU TOHHhl nepepa6aThiBaeMoii 
py,!l;hl? 

ACTA DE LA SESI6N 2.12 315 

B. BYHbii (IOrocJiaBuH): YcTaHoBRa B KaJJHe 
UMeeT IIpOH3BO,!I;UTCJihHOCTh 200 mfcyTr>U, H ll<)Jly
lfeHHhiC p,aHHhie JIOI\a3LIBaiOT, 'ITO 3aTpaThl HpH 
npOIWCCe BOCCTaHOBJICHHH Ha TOHHY nepepaoa
TLIBaeMoii PYALI no RpaitHeii Mepe Ha 10% Hnme, 
'leM npu cop6u;noHHOM npou;ecce. KpoMe Toro, 
CJiep,yeT OTMCTHTh, 'ITO IIOBhiiiieHHaH 'IUCTOTa 
npop,yRTa ,!l;aeT B03MOiKHOCTb AOIIOJIHUTCJihHO CO
KpaTHTh paCXOl(hl Ha llOCJICAYIOID;Cll CTaP,UU (3KCT
paRn;uu). Teneph Mhi aHaeM, 'ITO ocam,!l;eHne c 
IIOMOID;hiO BOCCTaHOBUTeJihHOfO npon;ecca o6ecne
lfUBaeT Ha,!l;eiKHOe u aROHOMHoe perneHue. Ilpu yBe
JIII'leHHH npouaBO,!J;HTeJILHOCTu p_o 1000 m/cymr>u 
B03MOiKHO U p,aJihHClllliee CHUiKCHUe ce6eCTOIIMO
CTU nepepa60TKII. 

<I>. BA3MJib (<l>paun;uH): CpanuuMa Jiu 'IHCTo
Ta upop,yKTa, noJiyqaeMoro npu BarneM npo11ecce, 
C lJUCTOTOll npO,!I;YKTOB, llOJiyqaeMhiX npu 06hi'l
HhiX TCXHOJIOfii'ICCKHX npo11eCcax? 

B. BYHbii (IOrocJiaBua): IloJiy'laeMhiH npo
AYKT JIBJIJieTCJI Texuuq~cKu 'IUCThiM, op_uaRo oH 
uMeeT 6oJiee BhiCOKoe co,!l;epmauue MeTaJIJia u 
Jiyqrnee Ka'leCTBO, 'leM npop,yRT, o6hi'IHO noJiy
qaeMhiH npu cop6u;uoHHOM npou;ecce. OcHOBHhiMn 
npuMeCHMU HBJIHIOTCJI Rap6oHaThl U BeCLMa MeJI
KUe aepHa pyp,hl. Bee ,11;pyrue npuMecu npucyT
CTBYIOT B UHP,URaTOpHhiX KOJIU'ICCTBaX. 

m. IIIMETC (BeJihfUJI): B OTHOmeuuu RaTaJIU
TU'IeCKOfO ocamp,eHUJI ypaHa TeKCT, KOTOphiH OT
HOCUTCJI 1\ puc. 4 B paap,eJie P,OKJiap,a, ITOCBJIID;eH
HOM OHUCaHUIO BOCCTaHOBUTeJihHOH ycTaHOBRU, 
ITORa3hiBaeT, 'ITO paCTBOp HaChiiD;aeTCJI BOP,OpO,!I;OM 
B nepBOM annapaTe, aaTeM paCTBOp nepeBOP,UTCJI 
B ,!l;pyrue annapaThl no,11; p_aBJieuueM u HarpenaeTcH 
AO 150° C. OaHalJaeT JIU JTO, 'ITO ocamp_euue ocy
ID;eCTBJIHeTCJI C ynOMHHYThiMU CROpOCTHMU JIUI1IL 
nyTeM ,!1;11cpcpy3UU U paCTBOpeHUH BO,!I;Opop_a B pac
TBOpe. EcJiu aTo He TaK, To KaK p_ocTuraeTcH xo
pornuii KOHTaKT? 

B. BYHbM (IOrocJiaBuH): RaK noKaaaHo Ha 
puc. 4, B nepBoM annapaTe nop_ ,!l;aBJieHueM npouc
XO;J;UT JIUIIIh llOfJIOID;eHue U3 HaChiiD;eHHOfO pac
TBOpa. Ocamp,eHue npoucxop,uT B nocJiep,yroiD;ux 
annapaTax, ROTophle aanoJIHHIOTCH RaTaJiuaaTo
poM uo2 B cpopMe nJiaCTUHOR. B nepBOM annapaTe 
ocamp,eHUH ue Ha6Jirol(aJIOCh. B HaCTOHID;ee npeMH 
BOP,Opop_ UCllOJlh3yeTCH TOJlhl\0 Ha CTa,!I;UU ITOfJIO
ID;eHUH. Op_uaRo, ecJiu raaoo6pa3Hhlii BO,!I;opo,!J; uc
noJILayeTcH B RalfecTBe 6ap6oTupyroiD;ero areuTa, 
B annapaTax c KaTaJiuaaTopoM Ha6Jirop,aeTCH 
yBeJIH'leHue cKopocTu peaKn;uu. PHA TexHu'lecKux 
TPYAHOCTeii HeCROJihKo y,!l;opomaeT p_aHHhlii cnoco6. 

X. flOE (<l>paHD;UH): May'laJiu JIU BLI uo2, 
noJiy'laiOID;YIOCH B BarneM npou;ecce, c TO'IKU ape
HUH CUeKaHUH? IJpeP,CTaBJIHeTCH, 'ITO OHa UMeeT 
He,!I;OCTaTO'IHYIO qucToTy. B TaKOM cJiylfae, HeJIL3H 
.TJU C006ID;UTb HaM HeKOTOphie ll0P,po6HOCTU, CBJI
aaiiHhiC C llOCJieP,OBaTeJihHOCThiO ITOCJICAYIOID;UX 
onepaiiUH, npuMeHJICMhiX B n;eJIJIX npeBpaiD;eHUH 
npO,!I;YKTa B CllCKaeMyiO 01\UCb UJIU MCTaJIJIU'IeCKUii: 
ypaH H,!l;epHOH 'IUCTOThi? 
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B. BYHbli (IOrocJiaBu.a): ELmo ycTaHOBJieHo, 
qTo Heoqu~eHHYIO U02, noJiyqeHHYIO OUHCaHHLIM 
CUOC060M, MOii\HO npeBpaTUTb B U02 H,TJ;epHOH qu
CTOThl, npuro.a;Hyro nocJie oqucnm .TJ;JIH cneHaHHH. 
B HacToH~uii MoMeHT .a He Mory coo6~HTh HH:Ka-
1\HX .a;pyrux no.a;po6HocTeii. Ho ceiiqac Mhi nayqa
eM B03MOii\HOCTU oqHCTI\H paCTBOpeHUeM aarpH3-
HeHHOH uo2 H nepeocam.a;eHueM. MLI auaeM, qTo 
aarpH3HeHHaH U02 MOil\eT paCTBOpHTbC.fl H qTo 
npo~eCChl paCTBOpeHHH H BOCCTaHOBJieHUH H36Hpa
TeJibHbl ,TJ;JIH U02. 3aMeHHH BO.TJ;OpO,TJ; 1\UCJIOpO.TJ;OM 
U MaToqJihiH paCTBOp BO,TJ;Oii, Mhl UOJiyquJIH U02 
H,TJ;epHOH quCTOThl, HO B HaCTOH~ee BpeMH Mbl 
uMeeM e~e oqeuh npu6JiumeHHoe npe.a;cTaBJieHue 
0 CTOHMOCTH DpOH3BO,TJ;CTBa. 

,lJ.oKnaA P/478 (npeACTaBMn H. BeHAT) 

.D.HCKYCCHH 

II. MAlliE ($paH~HH): B oTHOIIIeHuu .a;oHJia.a;a, 
npe.a;cTaBJieHHoro .a;-poM Bea.a;ToM, MeHH oco6eHHO 
aauHTepecoBaJio onucaHue 3JihBeiiJiepc:Koii onLIT
Hoii ycTaHOBHH. B .a;oHJia,lle no:KaaaHo, Hal\ 
pacTBop, o6paayro~uiic.a B peayJILTaTe cepHOHHC
JIOTHOii nepepa60THH, Tal\ Ha3LIBaeMLIH «HaCbl
~eHHLIH paCTBOp>>, o6pa6aTLJBaeTC.fl B cop6~HOH
HOH HOJIOHHe u aaTeM pacTBopuTeJI.aMu .TJ;JI.fl noJiy
qeHu.a ypaHaTa .a.a;epHoii qucToTLI. MHe xoTeJIOCh 
6hi aa.a;aTb Tpu Bonpoca. 

Bo-nepBbiX, Ha:Koii pacxo,11 peareHTOB, BbipameH
Hhiii, HanpHMep, B 1\UJIOrpaMMaX Ha 1\HJIOrpaMM 
noJiyqaeMoro ypaHa, Heo6xo,IIHM .TJ;JIH cop6~uu, o6-
pa6oTHH pacTBopuTeJI.aMu u ocam.a;eHu.a? Bo-BTO
pbiX, :KaHOB peayJILTaT aHaJiuaa noJiyqaeMoro .a.a;ep
JioqucToro ypaHaTa? B-TpeTbHX, ucnoJih30BaJic.a 
JIH UOJiyqeJIHblll ypaHaT ,TJ;JIH UOJiyqeHUH MeTaJIJIH
qeci\OrO ypaHa H eCJIH Ta:K, TO Hal\ H C 1\aKHMH pe-
3YJihTaTaMH? 

ll. BEH,D;T ($Pf): Y MeH.a HeT no.a; py.1wii 
BCeX ,TJ;aHHbiX, 0 KOTOpbiX cnpaiiiUBaiOT, HO .II MO
ry npHBeCTH HeKOTOpLie ~uiflpbl. llo.a;po6HLJe CBe
,~IeHU.fl o6 OllhiTHOH YCTaHOBKe B 3JibBeiiJiepe MOii\
HO HaUTH B pa60Te, yKaaaHHOH B CCbiJIKe 39 B 6u6-
JIHOrpaifJHH K HaiiieMy ,TJ;OKJia,TJ;y. 

Ha nepBLiii Bonpoc .a Mory c:KaaaTh, qTo pacxo.a; 
NaNOa B npo~ecce QHpHyJI.a~uu cocTaBJIHeT o:KoJio 
1,2-2 ,.2/,.2 UaOs. qTo HacaeTCH BToporo Bonpo
ca, npoBe.a;eHHLiii xuMuqec:Kuii u cneHTporpaifluqe
c:Kuii aHaJiua HoueqHoro npo.a;yHTa ycTaHOBHJI 
nOJIHOe COOTBeTCTBUe ero qucTOTbl B npe,TJ;eJiaX 
Tpe6oBaHui%, npe.TJ;'h.fiBJI.fleMhiX H MaTepuaJiy .a,IJ;ep
Hoii qucTOThi. Ha TpeTuii Bonpoc .a Mory c:KaaaTh, 
qTo oqucTKa u noJiyqeHue MeTaJIJiuqecKoro ypaua 
npouaBo.a;uTc.a iflupMoii «HyKJieap-xeMH YHA Me
TaJIJiypru» (NUKEM) B BoJibiflraHre, B6Jiuau 
XaHay. Y MeH.a HeT cBe.a;eHuii o peayJILTaTax, no
JiyqeHHhiX iflupMOH. 

B. QllfJlEP ($paH~u.a): B CBH3H c aapo-raM
Ma-c'heMKoii, ynoM.aHyToii B .IJ;OHJia.a;e, roBopuTc.a 

0 BCUOMOraTeJibHOH ycTaHOB:Ke, KOTOpa.R n03BO
JIHeT perucTpupoBaTh aapoMarHUTHbie .a;aHHbie 
u T. n. H xoTeJI cnpocHTh, Bo-nepBhiX, npoBO.TJ;HTC.fl 
JIH perHCTpa~H.fl aapoMarHHTHbiX ,TJ;aHHbiX CUCTe
MaTuqeCI\U HJIH JIHIIIh uape,IJ;Ha? Bo-BTOpbiX, 
IIpH npOBe,TJ;eHUH a:JpOMarHHTHOH C'beMI\H 1\ai\OBO 
yBeJiuqeHue pacxo.a;oB B npo~eHTax? B-TpeThHX, 
perHCTpa~HH UOJIOil\eHU.fl no CUCTeMe ,lJ;onnJiepa 
BCe e~e HCUOJih3yeTC.fl npH raMMa-C'heM:Ke llJill 
Jllliiib ,TJ;JI.fl aapoMarHUTHOH C'beM:Kll? 

ll. BEH,D;T ($Pf): Ha Balli nepBLiii Bonpoc 
.II C006J:Qy, qTO B 60JihiiillHCTBe CJiyqaeB ,TJ;JI.fl nOllC-
1\0B ypaaa Tpe6yerc.a Jilliiih aapo-raMMa-c'beMHa 
C npllMeHeHlleM C~llHTllJIJIHQllOHHhiX cqerqlli\OB. 
OrBeT Ha BTopoii Bonpoc: HOr,lla npollaBO,IlllTC.a o6-
~a.a aapoMarHllTHa.fl C'beM:Ka, Hal\ npaBllJIO, O,TJ;HO
BpeMeHHO npOll3BO,TJ;llTC.fl ll aapo-raMMa-C'heM:Ka C 
npllMeHeHlleM CQllHTllJIJIJIQllOHHhiX cqeTqlli\OB, Tal\ 
qro yBeJillqeHlle pacxo,11oB lla-aa aroro .a;onoJIHll
TeJILHoro ll3MepeHll.fl noqrll HeOIQYTllMO no cpaB
HeHlliO C paCXO,TJ;aMll Ha C06CTBeHHO MarHUTHYIO 
C'beMHY. ITo noBo,lly Baiiiero rpeTLero Bonpoca 
.II Mory CI\a3aTb, qTO BhiCOTa nOJieTOB 06LJqHo 3Ha
qllTeJibHO Bllil\e (OHOJIO 50-100M Ha,ll ypOBHeM 
aeMJiu) .a;JI.a c'beMHll Ha ypaH no yaHoii ceTHe, qeM 
,TJ;JI.fl MarHllTHOH C'beM:Kll. ,lJ;o CllX nop Mhl npllMe
H.fiJill aJieHTpOHHoe HaBllraQllOHHoe o6opy.a;oBaHue 
ll aJibTHMeTpbi Jllliiib B MarHllTHOH llJill I\OM6llHU
pOBaHHOH aapoc'heM:Ke. 

A. $AYP (OAP): PaccMaTpllBaJIOCh Jill npu
MimeHue D2EHPA (All-2-aruJireHCllJiiflociflopHoii 
1\UCJIOTbl) B :KaqecTBe paCTBOpllTeJI.fl ,IIJI.fl oqllCTI\ll 
HHTparHoro pacTBopa or cop6~llOHHoro npoQecca? 
CqllTaeTc.a, qTo aToT paCTBopuTeJib MomeT .a;eiicT
BOBaTh 6oJiee y.a;oBJieTBOpllTeJILHO B paa6aBJieHHOM 
HllTpaTOM paCTBOpe ll .fiBJIHeTCH 6oJiee cne~u
iflllqHLJM ,IIJI.fl ypaHa. 

ll. BEH,D;T ($Pf): Ilpe.a;BapllTeJihHLie aHcne
puMeHThl c D2EHPA 6hiJIH npoBe,lleHbl, HO .a;o 
cux nop Mhl e~e He uMeeM .a;ocTaroqHoro HoJiuqe
CTBa ,TJ;aHHbiX, qTo6LI npe,TJ;CTaBUTb 01\0HqaTeJibHbie 
peayJILTaThi. 

A. $AYP (OAP): qro6LI noJiyquTb y,IIOBJieTBO
puTeJihHYIO 3KCTpaK~UIO ypaHa B Tpu6yTuJiifloc
<J>aTHLIH a:KcTpareHT, B IOmHo-AiflpuKaHcHow 
Pecny6Jiu:Ke npuxo.a;uJIOCh ucnoJih30BaTh HOHQeH
Tpa~uro HHTpaTa nop.a.a;Ha 150 2/Jl. BhiJIO ycTaHoB
JieHo, qro 3TH paCTBOphl Bbi3LIBaiOT 6LICTpoe paa
JIOil\eHue uoHoo6MeHHhiX CMOJI. Ha6JIIO,TJ;aJIHCh Jill 
no.a;o6HLie aiflifleHThl Ha Baiiieii onLITHoii ycTa
HOBHe? 

If. BEH,D;T ($Pf): I\oH~eHTpa~u.a HHTpaTa, 
1\0TOpbiH Mbl HCnOJib30BaJIH, COCTaBJI.fleT 80-
100 2/Jl, a quCTOTa, nOJiyqeHHa.fl npH BhiMLIBaHHH, 
paBHa qucToTe, noJiyqaeMoii npu npuMeHeHuu 
6oJiee BhiCOI\UX 1\0H~eHTpa~HH. llpH Ta:Koii 1\0H
~eHTpa~UU Mhl He Ha6JIIO,TJ;aJIH pa3JIOil\eHH.fl CMOJI. 

,D;m. f31lBJ1MEH (CiliA): B paiioHax aaJie
raHu.a pa,lluoa:KTllBHLIX oca.a;oqHLJX nopo.a;, r.a;e 
reoJioruqec:Kue noHcHu oHaahiBarorc.a 6eapeayJih
TaTHhiMu, HMeiOTC.fl Jill npH3HaHH TOrO, qTo ll3 
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apoll,npyeMMX MaTepnHcKnx rropoA HHKor,n;a He 
IIOCTyrra~H 6o~biiiHe KO~H~eCTBa ypaHa H~H ~TO 
6o~biiiHe KO~H~eCTBa ypaHa OT~O)I(H~HCb CHHre
HeTH~HO C OCa,n;KaMH, HO IIpOCTO He 6LmH CKOH
n;eHTpHpOBaHLI? 

If. BEH,[(T (<I>Pf): MM Haiii~H B TaK HaaMBae
Moii xap,n;erceHcKoii r~nHe rrpnaHaKn Toro, ~To 
6o~biiiOe KO~H~eCTBO ypaHa 6LI~O IIpHHeCeHO H3 
MaTepHHCKHX ropHhlX rropo,n;, HO peKOHIJ;eHTpaD;H,H 
6M~a HeAOCTaTo~Hoii. MaKCHMa~bHhle KoHn;eHTpa
n;nn COCTaBJIJIIOT JIHIIIb OKOJIO 0,01%. 

,lJ.OKJlaA P/503(npeACTaBHJ1 X.KappeHpa nH"') 

,D.J.1CKYCCJ.1fl 

il\. JIEI\01\ (<l>paHD;HJI): ,[(o KaKOH IIpOH3BO
iJ,HTe~hHOCTH IIOJiyrrepell,BH)I(HaJI ycTaHOBKa OllH
CaHHOrO BaMn Tnna JIB~JieTCJI 6o~ee 3KOHOMH'!Hoii, 
'leM 06hl'IHhlH 3aBO,ll; B OTHOIIIeHHlf ce6eCTOHMOCTH 
no~yqaeMoro ypaHoBoro KOHQeHTpaTa? 

X. HAPPEllPA lllfl-I (llopTyra~nJI): MHe 
HeCKO~hKO Tpy,n;Ho ,n;aTh rrp11Moii OTBeT Ha Bam 
Boupoc, TaK KaK cJie,n;yeT yqecTb paaJIH'IHhie napa
MeTpbi H oco6Lre yc~oBHII, xapaKTepHLie ,n;~11 Kam
,n;oro c~yqa11. TaK, npn cpaBHeHHH o6M'!Horo aa
BoAa H IIO~yrrepe,n;BH)I(HOH ycTaHOBKH He06XO,ll;HMO 
HMeTb B BHAY, C O,ll;HOH CTOpOHhl, CTOHMOCTb nepe
B03KH PYAM c MecTopom,n;eHnll Ha aaBo,n; n 6o~ee 
BhlCOKne KannTaJILHhle aaTpaThl Ha ero coopyme
HHe. C ,n;pyroii cTopoHLI, HymHo Y'~HTMBaTh 6o~ee 
BJ>ICOKYIO IIpH3BO,ll;HTe~bHOCTb 06hl~Horo 3aBOll,a 
H CTOHMOCTb He,n;eMOHTHpyeMbiX ycTpOHCTB, KOTO
phle TepiiiOTCII rrpn 'nepeMeiD;eHHH rro~ynepe,n;Bnm
HhlX ycTaHOBOK. llpOH3BO)l;HTeJibHOCTb llOJiynepe
,ll;BHiKHOH ycTaHOBKH 3aBHCHT OT o6opy,n;oBaHHII, 
KOTOpOe MomeT JierKO 1'paHCHOpTHpOBaTbCII C O,ll;
HOrO py,n;HnKa Ha .n;pyroii. fl C'IHTaiO, ~To noJiy
rrepe,n;anmHyiO ycTaHOBKY CJie,n;yeT HCIIOJib30BaTb 
B TOM CJiyqae, eC~H He06XO,ll;HMO nepepa6aThlBaTb 
py,n;y He6oJibiiiHX, y,n;aJieHHhiX ,n;pyr oT ,n;pyra 
MeCTOpOiK,ll;eHHit: Kopoqe fOBOpll, II C'IHTaiO, 'ITO 
3TH YCTaHOBKH 6y,n;yT npHrO)l;Hhl )];Jill llpOH3BO,ll;H
TeJibHOCTH He 6o~ee 50 m py,n;LI B cyTKH. 

T. BATIOI\AC PO,[(PlffEC (lfcrraHnll): MHe 
XOTeJIOCh 6hl yKa3aTb, 'ITO C 1960 ro,n;a B lfcrraHHH 
IIpOBO,n;JIJIHCb HCCJie)l;OBaTe~hCKHe pa60Thl llO CTa
TH'IeCKOMY BhliiJ;e~a~HBaHHIO ( ecTeCTBeHHO, rryTeM 
IIpOCa'IHBaHHII H HaCMIIJ;eHHII BOCXO,ll;IIIIJ;HM llOTO
KOM) B ~a6opaTopHOM MaCIIITa6e Ha OIIhlTHOH H 
IIOJiyiipOMbiiiiJieHHOH ycTaHOBKaX KaK B 'laCTH pac
CTBopeHHII ypaHa, TaK H B 'laCTH ero H3BJie'leHHII 
na In;eJIO'IHhlx pacTBopoB. ,[(~11 aToii n;eJIH B MaA
pn,n;e 6MJia coa,n;aHa ~a6opaTopn11 n orrMTHall yc
TaHOBKa C IIpOH3BO,ll;HTeJihHOCThiO ,ll;O 60 mjcymi£U. 
J1 MeiOTCII TaKme IIO~y3aBO,ll;CKHe ycTaHOBKH )];Jill 
BhiiiJ;eJia'IHBaHHII B Cny,n;a,n; Po,n;pnro, a nMeHHo 
ycTaHOBKH BaJI,n;eMacKaHLo n I\apn,n;a,n; nponaBo
.n;nTe~hHOCThiO 3000 H 5000m COOTBeTCTBeHHO H 
eiD;e O)l;Ha yCTaHOBKa I\appeTOHa npOH3BO)J,H-
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Te~hHOCThiO 750 m B I\aKOpece. I\poMe TOrO, cy
In;eCTByeT rrepe,n;BH)I(Hall 3KCTpaKQHOHHall ycTa
HOBI\a, pa60TRIOIIJ;all Ha aMHHaX, rrpOH3BO,ll;HTe~h
HOCThiO 50 .M3/cym,.u B AH11,yxape. 8Ta ycTaHOBKa 
ceftqac peKOHCTpynpyeTCII H 6y)J,eT BK~IO'IeHa B 
CHCTeMy )1,~11 BhliiJ;e~aqHBaHHII H H3B~eqeHHII ypa
Ha, KaK yKaaaHo B )J,OK~a)J,e P/494 *. 

,lJ.oKnaA P/353 (npeAcTaBHJl A. M. CeAOB) 

,D.HCKYCC!flfl 

P. 8. POBI1H30H (IOAP): llo-Bn,n;nMoMy, 
eCTh paCXOiK)l;eHHe Mem)J,y aHHOTan;neft H CaMHM 
,ll;OK~a):\OM B OTHOIIIeHHH 33BHCHMOCTH Mem)J,y KOH
n;eHTpan;neft HOHOB TpeXBaJieHTHOrO iKe~eaa H CKO
pOCThiO peaKn;nn. MomHo ~H C'IHTaTL, 'ITO )J,OK
~a,n; npaBH~bHO OTHOCHT peaKIJ;HIO KO BTOpOMY 
IIOpiiAKY B OTHOIIIeHHH HOHOB TpeXBa~eHTHoro me
~eaa? 8To rro~omeHne oaHaqaeT, 'ITO, ec~n y,n;Bo
HTh KOHQeHTpaiJ;HIO HOHOB TpexBa~eHTHOrO me~e-
33, COXpaHIIII BCe ):lpyrne lf>aKTOphl IIOCTOIIHHbiMH, 
CKOpOCTh peaKQHH 6y):leT B03paCTUTh B 'leThlpe 
paaa. C~e)J,OBaTe~hHO, IIpH O'leHh BhlCOKHX KOH-
1.\eHTpaQHIIX HOHOB TpexBa~eHTHOrO me~eaa B03-
MO)I(Ha qpe3Bhi'IaHHO 6biCTpall peaKQHII. 8TO He 
IIO)J,TBep)J,H~OCh peay~bT3T3MH, IIO~yqeHHhiMH BO 
BpeMII pa60Tbl, IIpOBO,ll;HBIIIeii:CII B focy)J,apCTBeH
HbiX MeTa~~yprn'leCKHx ~a6opaTopHIIX I1oraHHec-
6ypra. YKaaaHHall pa6oTa rroKaaa~a, 'ITO aaBHCH
MOCTh Mem):ly CKOpOCThiO peaKQHH H KOHQeHTpa
QHeii HOHOB TpeXBa~eHTHOro me~e3a HMeeT BH/~ 

ax 
R= I +bx' 

I')J,e a, b- IIOCTOIIHHhle; X- KOHQeHTpai~HII Fe + + + 
,[(aHHall 3aBHCHMOCTh HMeeT TaKOH me BH)J,, KaK 

n naoTepMa a):lcop6n;nn JleHrMIOpa, n Mhi npnm~n 
K aaK~IO'IeHHIO, ~To peaKn;neii:, pery~npyiOID;eii 
CKOpOCTh rrpon;ecca, IIB~IIeTCII peaKQHII Mem):ly 
JWMrr~eKcaMn TpexBaJieHTHoro iKe~eaa, a)J,cop6n
poBaHHhJMH Ha IIOBepXHOCTH OKHCH ypaHa CaMOti 
OKHChiO. 8Ta TeOpHII 06'hiiCHIIeT, IIO'I~MY CKOpOCTb 
peaKn;nn Mem)J,y noHaMn TpexBaJieHTHoro iKeJieaa 
U U02 B cpe)J,e X~OpHOH KHC~OThl qpe3Bbi'I3HHO 
MaJia, IIOCKO~hKY He CyiiJ;eCTByeT HHKaKUX KOM
ImeKCOB Mem)J,y aHHOHaMH rrepx~opaTa H KaTHO
HaMH TpexBa~eHTHoro me~eaa. 8ToT MaTepnan 
IIO)J,po6Ho o6cym)J,aeTCII n. A. JlaKCeHOM B AOKJia
)J,e, rrpeACTaB~eHHOM Ha Mem)];yHapoAHhiii cnMno
anyM IIO rH)J,pOMeTa~~yprHH, COCTOIIBliiHHCII B 
,[(aJIJiace, IIIT. Texac, B 1963 ro.n;y. 

A. M. CE,[(OB (CCCP): I\ coma~eHniO, aBTOpbi 
;'l;OK~a)J,a He rrpncyTCTBYIOT Ha KoHif>epeHQHH, a 
Bonpoc 11,-pa Po6nHaoHa Tpe6yeT TexHnqecKoro 
o6cym)J,eHHII. lloaToMy 11 nepe,n;aM ero aaMe'laHnll 
aBTopaM. Ho Bee TeopeTn'lecKne pac'leThi, npnse
.n;eHHhie B )J,OK~a)J,e, Haxo,n;IITC.II B xopoiiieM cor~a
cnn C npaKTH'IeCKHMH peay~bTaTaMH. 

* 3TOT TOM, 3UCef\aHHe 2.12. 
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,lJ.oKnap, P/257 (npep,cTaBHn ,D.>K. ral16nMeH) 

,D.IACKYCCIAfl 

X. P03AQMH (iliueiiu;apliH): .R noHliMaiO, 

'ITO ypaH-opraHn'leCKlle coe,r:J;liHeHliJI llrpaiOT uam

HYIO poJIL u npou;ecce o6paaonaHliJI ypaHouoii py

lJ:hl. BLIJill Jill Haii,r:J;eHLI KaKlle-Hli6YAL cneu;liWll'le

cKne ypaH-opraHll'leCKlle coe,r:J;liHeHliJI? 

Am. f3llBJIMEH (CiliA): Aa. Ac«!>aJibTliT 

HJill TYXOJiliT co,r:J;epmliT ypaH. B fpaHTce, mT. 

HLIO-MeKCliKO, liMeeTCJI TaKme MaTepllaJI, KOTO

phlii Mhl H33biBaeM «XbiOMaTOM» ll KOTOpbiH, no 

uameMy MHeHliiO, o6paaonaJicJI ll3 pacTeHllii. 

C. X. 10. BOllM (Coe,r:J;liHeHHoe KopoJieBcTuo): 

EcJill nepuoHa'laJILHaJI MliHepaJillaau;liJI anllreHe

Tli'IHa, KaK yKaaaHo B ,r:J;OKJia,r:J;e, To o6JiaaTeJILHo 

Jill KOMnJieKCbl nepeHOCliJiliCb B OKliCJieHHhlX CO

CTOJIHliHX? Bo-uTopLix, KaKlle cyiiJ;eCTBYIOT ,r:J;OKa

aaTeJILCTBa TOfO, 'ITO opraHll'lecKlle BeiiJ;eCTBa Bbl

fiOJIHIIJJH ,r:J;BOHHYIO «l>YHKIJ;liiO norJIOTliTeJIJI u 

BOCCTaHOBliTeJIJI npll o6pa30B3Hllll ypaH-OpraHll

'leCKliX KOMnJieKCOB? 

Am. f3llBJIMEH (CiliA): llo nouo,r:J;y Ba

rnero nepuoro uonpoca MomHo cKaaaTL, 'ITO pah

BOphl nepeHOCliJIHCb He 06JI3aTeJihHO B 01\liCJieH

HOM COCTOJIHliH. 0Hll MOfJill nepeHOCliTbCJI B OKHC

JieHHOM COCTOJIHllll B rpyHTOBhlX BO,r:J;3X, 6Jili3KliX 

K HeHTpaJibHOMY COCTOJIHIIIO, liJill B BOCCTaHOBJieH

HOM COCTOJIHllll B CliJibHO KliCJihlX BO,r:J;aX, Ha

npuMep npu pH MeHee 3. B OTHOIIIeHuu DToporo 

BOnpoca liMeiOTCJI ,r:J;OK333TeJibCTBa, 'ITO 6oraTaH 

ypaHoBaH MuHepaJiuaau;uJI TeCHO CBHaaHa c opra

HH'IeCKIIMll BeiiJ;eCTBaMll II opraHU'IeCKOe BeiiJ;eCT

BO, nO-Bll,r:J;liMOMy, CaMO CO,r:J;epmHT HeKOTOpOe KO

Jill'leCTBO ypaHa. 0,r:J;HaKO 3TO MomeT noKa3hlBaTh 

TOJibKO, 'ITO ypaH, BhlXO,ZI,HIIJ;HH H3 OKpymaiOIIJ;UX 

IIOpO,!I;, He OCTaBIIJI HliKaKIIX CJie,ZJ,OB Ha IIYTII 

cnoero ,r:J;BumeHuJI. HeKoTopLie opraHu'lecKue ne

mecTBa, B KOTOpbiX MO>KHO 6LIJIO 6bl npe,r:J;IIOJI3-

1'3Tb cyiiJ;eCTBoBaHue ypaHa, He co,ZJ,epmaT ero, a 

;no fOBOpliT aa TO, 'ITO ypaHOBble paCTBOphl no 

HUM He npOXO,ZJ,HJIH. 

r. BMfOT (<l>paHIJ;liJI): B ,r:J;OKJIB,ZJ,e npe,ZJ,IIOJia

racTCJI, 'ITO ypaH, BCTpe'IaiOIIJ;liHCJI B OCa,ZI,O'IHbiX 

MecTopom,r:J;eHuHx, Mor ucer,r:J;a, B 6oJILmeii liJIH 

MeHbiiieH CTeneHll, npHBHOCIITbCH ll3 fll,r:J;poTep

MaJibHhlX IIJIII MafM3Tli'IeCKIIX ypaHOBbiX MeCTO

pom,r:J;eHIIH. He CJie,r:J;oBaJio Jill 6LI peKoMeH,r:J;OBaTL 

C TO'IKll apeHIIJI 6y,r:J;yiiJ;HX noUCKOB Y'lliThlBaTL 

IIpOTIIBOIIOJIO>KHYIO TeOpliiO, TO CCTb, 'ITO ypaH, 

HaH,r:J;CHHbiH B mHJibHbiX MCCTOpOm,r:J;eHIIJIX, MOl' B 

HCKOTOpbiX CJiyqaJIX IIOCTYIIIITb ll3 OC3,!1;0'1HbiX 

ypaHOBhiX MCCTOpOm,r:J;eHUH? 

Am. f3llBJIMEH (CiliA): Aa, HaM uauecTeH 

!f>aKT, 'ITO ypaH ll3 JII06oro MCCTOpOm,r:J;eHIIJI MomeT 

nepeMeiiJ;aTbCJI BHll3 B IIOpJI,r:J;KC BTOpli'IHOfO o6ora

IIJ;CHIIJI II OTJiaraThCJI B TpCIIJ;liH3X Ha 60JihlliliX 

rJiy6uHaX noCJie BhliiJ;CJia'IHBaHIIJI ll3 BbllliCJiema

IIJ;liX nopoA. Ho MomHo oTJill'llfTh aToT ypaH oT 

ypaHa, OTJiomeHHOfO BOCXO,r:J;JIIIJ;IIMII fll,!l;pOTepMaJII,

HbiMH paCTBopaMll IIO COOTHOIIICHIIIO li30TOIIOB 

cepLI. 

A. fAHfJIO<I> (<l>paHu;nJI): He MorJill 6LI BLI 

o6'bHCHIITb TepMIIH <<IIO,r:J;BllmHLie nOJICa», liCIIOJib-

30BaHHbiH B AOKJia,r:J;e? 0THOCIITCJI Jill OH K noa,r:J;

HIIM KPYIIHLIM OTOfCHU'IeCKIIM 30HaM? 

Am. f3llBJIMEH (CiliA): 3TOT TepMliH OTHO

CliTCJI K 60JiblliliM ll M3JILIM no,r:J;BllmHhlM nOJICaM 

JII06oro noapacTa. BoJILIIIlle no,r:J;BllmHLie noJica 

06LI'IHO 6LIBaiOT aKTliBHLIMll B Te'IeHliC HeCKOJib

KliX reOJIOfli'ICCKIIX nepliO,r:J;OB, B03MOmHO ,r:J;ame 

npo,r:J;oJimHTeJILHee O,r:J;Hoii apLI. CorryTCTBYIOIIJ;Hii 

30HaJihHLIH MeTaJIJIOfeHll'leCKilH IJ;liKJI MomeT npo

AOJimaTbCJI no'ITll TaKme ,r:J;OJifO; npu 3TOM noHHT

HO, 'ITO MliHepaJili33IJ;HJI BCer,r:J;a COOTBeTCTBCHHO 

cJie,r:J;yeT aa ,r:J;e!f>opMau;ueii u HHTpy:meii. 

C. AJillAH (Typu;uJI): B Typu;uu Mhl npoBo,r:J;u

Jill liHTCHCliBHLie nOUCKll II paaBe,r:J;Ky pa,r:J;liOaK

TliBHhlX MliHepaJIOB HR'fliHaJI c 1957 ro,r:J;a. MLI 

nponeJill aapo-raMMa-c'heMKll ua nJioiiJ;a,r:J;u n 

494 000 nM2, aBTOM06UJibHLie raMMa-C'bCMKll Ha 

nJioiiJ;a,r:J;u B 407 000 KM2, o6LI'IHLie naaeMHLie rro

liCKll Ha nJIOIIJ;3,!1;ll B 73 000 nM2, ,ZJ,eTaJibHhle ll Cli

CTeMaTH'IeCKHe nOliCKll Ha nJIOIIJ;3,!1;ll B 9000 nM2• 

Hamll nepnLie pa6oTLI 6LIJIII nocBHIIJ;eHLI npo

nepKe aHoMaJiuii, BCTpe'IaiOIIJ;HXCJI B,ZJ,OJih aano.TJ

nenuJI TpeiD;liH u muJI B rpaHliTe. BLIJia ycTanon

JieHa OTCHliTOB3JI ll TOp6epHIITOB3H MUHepaJIU3a

D;llll, HO 6ea 3H3'IHTCJibllhlX OTKpbiTHH. l103,r:J;Hee 

IIOliCKll H paane,r:J;Ka npoBOAliJIHCb no !f>JiyopliTO

BbiM muJiaM B HuaHHTe, TaKme 6ea cyiiJ;eCTBeHHhlX 

peayJILTaTOB. lloCJICAYIOIIJ;liC IIOHCKII B MeTaMop

WH'IeCKIIX o6paaonaHliJIX, TaKux KaK rneiicLI H 

cJianu;LI MaHAopeacKoro Maccuna, AaJiu O'IeHL 

o6Ha,ZJ,emunaiOIIJ;He peayJILTaTLI. HaKoneu;, pa6oTLI 

BeJIUCb B HCOIJ;CHOBLIX II II03,!1;HIIX OC3,!l;O'IHhlX no

po,r:J;aX, npn'IeM c nall6oJiee nepcneKTIIBHhlMll pe

ay.TJLTaTaMu. 

B urore uccJie,r:J;oBaHnii B noa,r:J;Hux oca,r:J;O'IHLIX 

o6pa30B3HIIHX 33 IIOCJie,r:J;Hlle HCCKOJibKO JICT Mhl 

paane,r:J;aJiu 650 m ypaHa rrocJie rnupoKux paane

AO'IHLIX pa6oT, BKJIIO'I3BIIIIIX 6ypeHue, K3HaBbl II 

npoxo,r:J;KY maxT. MLI BhiHBIIJill 1,5 MJIH. m ypaHo

noii PYALI co cpe,r:J;HIIM co,r:J;epmaHueM ypaHa no

pH,r:J;Ka 0,085-0,17%. TaKHM o6paaoM, Mhl npu

IIIJIH K 3aKJIIO'ICHIIIO, 'ITO nepBH'IHhle OTJiomeHIIJI 

B M8CCIIBC, B03MOmHO, 6biJIH BLIIIJ;CJIO'ICHLI II ypaH 

nepeoTJiomuJicJI B oKpymaiOIIJ;liX neou;eHoBLIX 

IIJIH II03,!1.HIIX OCa,r:J;O'IHhiX nopo,r:J;aX. lloaTOMY nama 

rrporpaMMa pa,r:J;HOMCTpli'ICCKIIX C'bCMOK nanpaBJIC

Ha Teneph na Hay'IeHue oca,ZJ,O'IHLIX rropo,ZJ, B Mac

cunax II BOKpyr HIIX. 

3,r:J;eCh cJie,ZJ,yeT cKaaaTL, 'ITO Mhi aaperucTpupo

naJiu OKOJIO 1000 anoMaJiuii no upeMJI aapo-raMMa

C'beMoK H ,r:J;o cux nop nponepnJIH JIIIIIIh He6oJib

myiO liX 'IaCTb. llocJie Toro KaK Mhl npouepuM nee 

BamliLie aHOM3Jillll, MOmHO 6y,r:J;eT C,r:J;eJiaTb ,r:J;aJib

HeUIIIlle 331\JIIO'IeHIIJI, 

no noBOlJ:Y nepepa6oTKll PYlJ:LI JI XOTCJI 6LI C,r:J;e

JiaTb cJie,r:J;yiOIIJ;ee aaMe'Ianlle. BToputiHLie ypaHo-
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BLie MHHepaJILI, TOHKO pacCeJIHHhle B CJiaoou;eMeH
THpOBaHHOM rpaBH·H, cyrJIHHKaX, neC'IaHHKaX II 
rJinHax, BCTpe'laiOTCJI B HacapcKoM MecTopomp,e
HHH. PeayJILTaTLI nccJiep,oBaHnii: no nepepa6oTKe 
PYALI 6LIJIH necLMa y~oBJieTnopnTeJILHLIMH 6Jiaro
AapJI HaXOlliAeHHIO BTOpH'IHhlX ypaHOBhlX MHHe
paJIOB B cJia6ou;eMeHTnponaHHLix nec'laHo-rpannii
HLIX OTJIOllieHHJIX. llpn npOMhlBKe H rpOXO'IeHHH 
PYALI KpynHaH no'ITH 6eapyp,HaH <J>pa«u;nH oTp,e
JIHeTcH H P,JIH BLIIIJ;eJia'IHBaHHH OCTaiOTCH JIHillL 
MeJIKne KJiaccLI; TaKnM o6paaoM, yp,aeTCH na6e
maTL cTap,nii p,po6JieHHH n naMeJIL'IeHHH. B pyp,
Hoii npo6e 65% nMeJio paaMep aepeH - 200 .Mem 
( 0,8 MM). Cop,epmaHne ypaHa B aToii •mcTH npo6LI 
COCTaBJIHJIO nopHP,Ka 1, 7%. ll pH nOCJiep,yiOIIJ;eif 
o6pa6oTKe arnTaD;HOHHLIM BLIIIJ;eJia'IHBaHHeM yp,a
BaJIOCL P,OCTH'IL H3BJie'leHHH 93% MeTaJIJia. 0KOJIO 
16% npo6LI nMeJio paaMep aepeH B npep,eJiax 
6-0,8 MM npn cop,epmaHHH ypaHa p,o 1,2%. (ha 
'laCTL PYALI o6pa6aTLIBaJiaCL p,erneBLIM cnoco6oM 
CTaTH'IecKoro BLIID;eJia'IHBaHHH, nyTeM norpyme
HHH B H2S04 c H3BJie'leHneM MeTaJIJia 93%. Oc
TaJILHaH 'laCTL npo6LI ( 19% pyp,LI H 11% MeTaJI
Jia) c6paCLIBaJiaCb B XBOCThl. llpH TaKOH npoCTOII 
n p,ernenoii nepepa6oTKe o6ID;ee H3BJie'leHne Me
TaJIJia COCTaBHJIO 82,5%. 

C'lnTaeTCJI, 'ITO KOM6nHnpoBaHHLiii pacTnop, no
Jiy'leHHLiii B peayJILTaTe CTaTH'IeCKoro n arnTau;n
oHHoro BhliD;eJia'IHBaHHH, MOlliHO p,aJiee KOHD;eH
TpHpOBaTb Ha COpoD;HOHHOH ycTaHOBKe C noJiy'le
HHeM 6oraToro 'IHCToro pacTnopa fi.JIH ocamp,eHHH 
meJIToro KeKa c BLICOKHM cop,epmaHneM ypaua. 

M. PYBO (<l>paHu;nH): H xo'ly nop,qepKHYTL 
60JihiiiOe 3Ha'leHHe HCCJieAOBaHHM, KOTOphle onH
CaHhl B P,OKJiaP,e, rrpep,cTaBJieHHOM p,-pOM faiioJI
MeHOM. B HaCTOHID;ee npeMH rroncKn rrpaKTH'IeCKH 
ReP,yTCH B OCHOBHOM HenocpeP,CTBeHHhiM MeTOAOM 
C nOMOID;hiO pap,HOMeTpH'IeCKOM annapaTypLI. 3TOT 
cnoco6 p,aJI noaMomHoCTL onpep,eJIHTL opueHTnpo
BO'IHLiii: paaMep aanacon ypaua, KOTopLie Momuo 
rrpeAllOJIOlliHTeJILHO OlliHP,3Th BO BCeM MHpe, p,ame 
C y'IeTOM TeppHTOpHH, rp,e llOHCKH He IIpOH3BO
fi.HJIHCh. Terreph 3TH aanacLI, xoTH H 6oJILIIIHe no 
paaMepaM, MOryT B OP,HH npeKpaCHbiM p,eHL OKa
aaTbCH HeP,OCTaTO'IHhlMH. 3TO CBHP,eTeJihCTByeT 
0 TOM, 'ITO HeOOXOP,HMO HanpaBHTh YCHJIHH Ha 
noHCKH rJiy6oKo aaJieraiOID;HX MecTopomAeHnii, 
OTHOCHTeJihHO KOTOphlX Ha liOBepXHOCTH He IIMeeT
CH HHKaKHX 1IpH3HaKOB. 

JIHIIIL npnHHB B pac'leT o6ID;ne reoJiorH'IeCKne 
H XHMH'IeCKHe COOopameHIIH, OCHOBaHHhle Ha TeO
peTH'IeCKIIX Hay'IHLIX HCCJieAOBaHHHX, Mhl MOmeM 
HaMTH TaKIIe MeCTOpOmP,eHIIH. llo3TOMY 3Ha'leHHe 
TaKHX HCCJieAOBaHHM Heou;eHHMO, eCJIH B OJIHlliaif
IIIeM 6yAyiD;eM llOTpe6yeTCH onpeAeJIHTL paiiOHhl, 
rp,e CJiep,yeT rrpOBOP,HTL noHCKOBOe 6ypeHHe, KaK 
B cJiy'lae He<f>Tn, -no CTPYKType, a He no HaJIH'IIIIO 
CJieP,OB MHHepaJILHhlX OTJIOllieHHM. 

HaK A-P Ma6nJI npaBHJILHo yKaaaJI B p,oKJiaAe 
P/72 *, OAHHM na rJiaBHLIX AOCTH>KeHnii: p,aHHoii: 
KOH<f>epeHD;liH P,OJilliHO CJIYlliHTL 03HaKOMJieHne 

* 3TOT TOM, aace~aHHe 2.12. 

ACTA DE LA SES16N 2.12 319 

HaC C MaCmTaOOM 3aAa'IH, KOTOpyiO npeACTOHT pe
illiiTb B peayJILTaTe CHJILHo noapacTaiOID;ero cnpo
ca Ha ypaH. H noJiaraiO, 'ITO KoH<f>epeH~JI AOJI
m:Ha IIOA'IepKHYTL HeOoXOAIIMOCTh 3Ha'IHTeJILHOrO 
YCOBeprneHCTBOBaHHH MeTOAOB npoBeAeHHH none
ROB II Hay'IHhlX HCCJieP,OBaHHH. 

,lJ.OKJlaA P/450 (npeACTaBHJl a. Ca6o) 

,lJ,I.1CKYCCHH 

TI. MAiRE ( <l>paHIJ;HH) : 
3Ha TL, HCIIOJih30BaJICH Jill B 
paAHOMeTpH'IeCRIIH annapaT 
PYA, onncaHHLiii: B AOKJiap,e? 

MHe xoTeJiocL 6LI 
IIpOMhlillJieHHOCTH 
fi.JIH COpTHpOBKH 

3. CABO (BeHrpnH): AnnapaT AJIH paAHOMeT
pn'lecKoro o6oraiD;eHnH PYA eiD;e He rrpnMeHHJICH 
P,JIH npOMhllllJieHHbiX u;eJieii:, II ll03TOMY Mhl He 
HllfeeM TO'IHhlX TeXHII'IeCKIIX AaHHhlX OTHOCHTeJib
HO ero rrpOMhlillJieHHOrO liCllOJih30B3HHJI. 

C. TATAPY (PyMLIHHJI): llpn nponep,eHHH 
;:mcnepnMeHTOB, rroAOoHLIX TeM, KOTOpLie onncaHLI 
B AOKJiaAe, H CBH3aHHhiX C WJIOTaD;IIOHHhiM o6ora
ID;eHHeM PYALI n rrocJieAYIOIIJ;HM BLIID;eJia'lnBaHneM 
npOAYKToB <f>JioTau;nn B KHCJIOTHLIX HJI'll COAOBLIX 
CliCTeMaX, Mhl ycTaHOBHJIH, 'ITO peareHThl WJIOTa
D;liH oKa3LIBaiOT OTpnu;aTeJILHOe B03AeHCTBHe Ha 
nocJieAYIOID;He <J>aaLI nepepa6oTKII * *, rJiaBHhiM 
o6pa30M IIOCKOJILKY OHII CaMII Cop6upyiOTCH HOHO
o6MeHHhlMH cMoJiaMH * * *. MHe xoTeJIOCL 6LI crrpo
CHTL 0 TOM, He yxyp,rnaiOT JIH OCTaTO'IHhie KOJIH
'IeCTBa WJIOTaD;HOHHhiX peareHTOB COp6D;HIO H 
BLIID;eJia'lnBaHue ypaHa rrpu cop,onoii cxeMe. 

3. CABO (BeHrpnH): MLI TaKme Ha6Jiro;:J,aJin 
llOAOOHOe HBJieHne, HO COKpaiD;eHne eMKOCTH HOHO
OOMeHHOM CMOJILI 6LIJIO He6oJILillHM n He nMeJio 
CKOJihKO-HHOYfl.h 3Ha'IHTeJibHOrO BJIIIHHHH Ha rrpH
MeHeHHe aToro cnoco6a. 

,lJ.oKJlaA P/464 (npeACTaBHJl P. a. Po6HH30H) 

,D.HCKYCCHH 

A. M. CE,Il;OB (CCCP): HaKoii: rrpou;eHT ypaHa 
YHOCHTCJI H3 IICeBAOOlliHllieHHOfO CJIOH H KaKOB 
K03WWHD;HeHT O'IIICTKH B D;HKJIOHe? 

MHe Ta«me xoTeJioCL 6Lr crrpocnTL o TOM, 
npoHCXOAHT Jill oTJiomeHne NH4 Ha rronepxHOCTHX 
CliCTeMLI Tpy6orrpOBOAOB H KaKOBa P,JIIIHa Tpy6o
IIpOBOP,a OT anrrapaTa P,O KOHP,eHCaTopa B 31\Clle-
pnMeHTaJILHOM ycTaHOBKe? . 

P. 3. POBMH30H (IOAP): 1-\omi'IeCTBo ypana, 
YHOCIIMOe H3 IICeBAOOlliiillieHHOro CJIOH, 3UBIICHT 
B 3Ha'IHTeJILHOH CTerreHH OT paaMepa 'laCTIII~ npo-

** I. N P I a k s i n and S. A. T a t a r u. Revista 
Mineral, 6 ·( 1962); S. A. T a t a r u. Revista Mineral, 
6 (1963). 

*** S. A. T a t a r u. Revue roumaine des Sciences 
techniques. Serie Metallurgia, I ( 1964). 
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AYKTa. 0Ho MomeT KoJie6aThCH rrpu6.:ni3HTCJihHO 

oT 10 p;o 40%. Ha noro KOJIII'ICCTBa oHo.TJ.o 90% 
B03Bpai.QaCTC11 B CJIOii: II3 IJ,HHJIOHa. 

Ha Bam BTopoii: Borrpoc 11 Mory cKaaaTb, qTo 

B Tpy6ax OTJiaraeTCH oqeHb MaJio npop;yKTa HJin 

Acta de Ia sesi6n 2.12 

B006I.Qe He OTJiaraeTCH, IIOTOMY qTo TCMIIepaTypa 

CTCHOH Tpy6 IIO)J;,ll;Cp»<HBaCTCH Ha TaHOM ypOBHC, 

HOTOpbiM BblillC TOqHH HOH)J;CHCaU,HJI cPTOpiiCTOfO 

aMMOHHH. Tpy6M nMeiOT li,JIJIHY He 6oJiee rroJiy

MeTpa. 

Metodos de prospecci6n y de laboreo de minerales 

Presidente: J. Neumann (Checoslovaquia) 

Documento P/521 (presentado por A. W. Wylie) 

DISCUS ION 

S. ALP AN (Turquia): ~Es aconsejable la prospec
cion de torio teniendo en cuenta la demanda y el 
proceso de concentracion actual? 

A. W. WYLIE (Australia): Probablemente, no esta 
justificada, en este momento, una costosa prospeccion 
del torio. Pero en Australia disponemos de un mineral 
de torio, la monazita, como subproducto de la indus
tria minera de las arenas de las playas, que produce 
rutilo, zircon, etc. Nosotros estamos interesados 
tambien en un ciclo de combustible del torio y por 
lo tanto, en el desarrollo de medios para utilizar 
nuestro propio torio en algun momento. 

J. GABELMAN (Estados Unidos de America): 
~ Tiene Vd. alguna estimacion sobre el coste unitario 
de la producci6n de torio de pureza nuclear, como 
producto principal en vez de como subproducto? 

A. W. WYLIE (Australia): Los costes que se dan en 
la memoria son los costes de los reactivos y no inclu
yen los costes de conversion en la fabrica quimica. 
Representan el coste de produccion del torio como 
un producto principal, y no como un subproducto. 

Documento P/844 (presentado por Y. lmai) 

DISCUS ION 

P. MAGET (Francia): Me gustaria hacer a! Dr. Imai 
dos preguntas. La prim era: ~por que se eligio como 
disolvente TNCA? y la segunda: ~cuales son las 
propiedades fisicas y quimicas del UF4 obtenido? 

Y. IMAI (Japon): Hemos llevado a cabo un estudio 
bastante completo de diversas clases de aminas y 
encontramos que la TNCA era adecuada para nuestros 
propositos en lo que respecta a estabilidad, selectividad 
y velocidad de separacion de fases; por otra parte, 
en nuestro pais se dispone de ella con mayor facilidad. 

En cuanto a su segunda pregunta, las propiedades 
quimicas del UF 4 son las mismas, o mejores, que las 
que comprende Ia especificacion normal del UF4 • 

Respecto a las propiedades fisicas no hemos encon
trado dificultades al reducirlo con magnesio. La 
recuperacion media de uranio metal fue superior a! 
95%. 

R. L. FAULKNER (Estados Unidos de America): ~En 
la mineria por disgregacion hidraulica, la disolucion 
de los minerales de uranio da Iugar a algunos proble
mas? y ~tiende el metodo a producir excesiva cantidad 
de finos con Ia consiguiente baja recuperacion del 
uranio? 

Y. IMAI (Japon): En la mineria hidraulica, el agua 
se recicla, en dos etapas, en tanques de espesamiento 
para evitar Ia perdida de uranio disuelto y recuperar 
los finos. 

A. FAURE (Sudafrica): i, Que tratamiento se da al 
efluente acuoso procedente de la seccion de conversion, 
en Ia cual el sulfato complejo de uranio se convierte 
en cloruro complejo de uranio? Me gustaria saber si 
han investigado la recuperacion de uranio y acido 
clorhidrico de esta soluci6n. 

Y. IMAI (J apon): El efluente acuoso procedente de 
la seccion de conversion se neutraliza con una soluci6n 
caustica para recuperar el uranio. Con respecto a Ia 
recuperacion y nuevo empleo del acido clorhidrico 
nosotros creemos que es mas econ6mico emplearlo lo 
menos posible y desecharlo despues de la neutraliza
cion. 

F. BAZILE (Francia): ~Que efectos economicos se 
consiguen con su metodo, comparados con los metodos 
convencionales? 

Y. IMAI (Japon): Nosotros estimamos que aproxi
madamente el coste que lleva consigo el empleo de 
nuestro proceso es un 25% menor que el ocasionado 
en el proceso convencional. 

A. M. SEDOV (URSS): ~Que metodo es el que uti
lizan para obtener los minerales a que hace referencia 
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en la memoria, el regular o el hidraulico? Si es este 
ultimo l,emplean el metodo hidrociclonico de separa
cion de minerales? 

Y. IMAI (Japon): El metodo hidrociclonico ha sido 
investigado, pero el diagrama de flujo principal de 
nuestra planta piloto esta basado en el sistema de 
espesamiento ordinario. 

M. PERARNAU PERRAMON (Espafia): Me gustaria 
saber si el mineral contiene piritas y si han observado 
disolucion del uranio durante el lavado hidraulico. 

Y. IMAI (Japon): El mineral contiene piritas. La 
disolucion de uranio en agua no es importante; sin 
embargo, el agua se recicla para evitar perdidas de 
uramo. 

M. PERARNAU PERRAMON (Espafia): l. Ofrece dificul
tades la filtracion del concentrado hidraulico y el se
cado sobre el filtro? 

Y. lMAI (Japon): La filtracion no es facil. Puede 
emplearse vapor eficazmente para reducir el contenido 
en agua de las tortas en el filtro. 

M. PERARNAU PERRAMON (Espafia): l,Permanece 
mucho tiempo en el mezclador la mezcla adecuada de 
mineral y acido? 

Y. IMAI (Japon): Menos de diez minutos. 

M. PERARNAU PERRAMON (Espana): l,De que esta 
fabricado el desecador? 

Y. IMAI (Japon): El desecador esta hecho de acero 
inoxidable con un revestimiento de aleacion de 
niquel. 

M. PERARNAU PERRAMON (Espafia): l. Cuantas eta pas 
de extraccion con agua y filtrado se consideran necesa
rias? Me gustaria tam bien saber cual es Ia relacion 
entre el liquido total y el mineral. 

Y. IMAI (Japon): El nuevo batido de la pasta y el 
filtrado deben realizarse dos veces. La relacion entre 
el liquido y el mineral es casi 1 :I. 

Documento P/414 (presentado por B. Bunji) 

DISCUSI6N 

J. LECOQ (Francia): Yo deduzco de la memoria 
presentada por Vd. que los estudios en planta piloto 
indican que su proceso es mas barato que el proceso 
en el que se emplean resinas cambiadoras de ion. 
l. Tiene V d. datos suficientes para decir si su proceso 
seria tambien mas ventajoso para una fabrica de gran 
capacidad, que produjera, por ejemplo, 1 000 tone
ladas diarias, y cu:il seria la diferencia en el precio 
de coste por tonelada de mineral tratado? 

B. BuNJI (Yugoslavia): La fabrica de Kalna tiene 
una capacidad de 200 toneladas diarias y los datos 
obtenidos indican que el proceso de reduccion es, 
por lo menos, un lO % mas barato, por tonelada de 
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mineral tratado, que el coste resultante en el proceso 
de cambio de ion. Hemos de sefialar, tambien, que la 
mayor pureza del producto ofrece posibilidades de 
una posterior reduccion en el coste en la etapa de 
purificacion ( extraccion por disolvente ). Por ahora 
sabemos que el proceso de precipitacion por reduccion 
ofrece una solucion buena y economica. Cuando la 
capacidad se incremente a I 000 toneladas por dia, 
sera posible una posterior reduccion en el coste. 

F. BAZILE (Francia): l,ES comparable la pureza de 
los productos obtenidos mediante su proceso con Ia 
de los productos obtenidos cuando se emplean los 
procesos convencionales? 

B. BuNn (Yugoslavia): El producto obtenido tenia 
una pureza de grado tecnico; sin embargo, era de un 
grado mayor y de una mejor calidad que el que se 
obtiene habitualmente mediante las tecnicas de cambio 
de ion. Las principales impurezas son carbonatos y 
particulas de mineral muy finas. Las demas impurezas 
se encuentran en el orden de trazas. 

J. ScHMETS (Belgica): Respecto a la precipitacion 
catalitica del uranio, el texto que se refiere a la figura 
4, en la parte en que se describe la fabrica de reduccion, 
indica que Ia solucion se satura con hidrogeno en el 
primer tanque; luego se transvasa a otros tanques 
bajo presion y se calienta a 150 a c. l. Significa esto que 
la precipitacion se efectUa a las velocidades mencio
nadas exclusivamente por difusion y disolucion del 
hidrogeno en la solucion? Si no sucede esto, l. como 
se realiza un buen contacto? 

B. BuNJI (Yugoslavia): Como indica la figura 4, la 
saturacion de la solucion impregnante se efectua en el 
primer tanque de presion. La precipitacion tiene Iugar 
en los tanques siguientes que estan llenos de U02, en 
forma enrollada, como catalizador. En el tanque de 
saturacion no se ha observado precipitacion. Por el 
momento solo se esta empleando hidrogeno basta 
Ia etapa de saturacion. Sin embargo cuando se emple 
el hidrogeno como agente de agitacion en los tanques 
con el catalizador, se observo un incremento en la 
velocidad de reaccion. Algunas dificultades tecnicas 
hacen que esta tecnica sea ligeramente mas costosa. 

H. HUET (Francia): l,Han estudiado Vds. el uo2 
obtenido con su proceso desde el punto de vista de la 
sinterizacion? Parece que su pureza no es suficiente. 
En tal caso l,podria Vd. darnos algunos detalles en 
relacion con la serie de tratamientos empleados 
posteriormente con vistas a convertirlo bien en oxido 
sinterizable, bien en uranio met:ilico de pureza 
nuclear? 

B. BUNJI (Yugoslavia): Se ha encontrado que el 
uo2 impuro, obtenido por el metodo descrito, puede 
convertirse en U02 de grado nuclear, conveniente para 
ser sinterizado despues de una purificacion. En este 
momento, no puedo dar mas detalles. Sin embargo, 
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estamos estudiando Ia posibilidad de purificacion 
disolviendo el uo2 impuro y volviendolo a predpitar. 
Sabemos que el U02 impuro puede disolverse y que 
tanto el proceso de disolucion como el de reduccion 
son selectivos para el U02• Sustituyendo el hidrogeno 
por oxigeno, y Ia solucion esteril por agua, hemos 
obtenido un uo2 de grado nuclear, pero, hasta el 
presente, solo tenemos una idea aproximada del coste 
de produccion. 

Documento Pf478 (presentado por I. Wendt) 

DISCUSI6N 

P. MAGET (Francia): Con relacion a Ia memoria 
presentada por el Dr. Wendt, yo estoy particularmente 
interesado en Ia descripcion de Ia planta piloto de 
Ellweiler. La memoria indica que elliquido resultante 
del tratamiento con acido sulfurico, es decir, el deno
minado liquido impregnante, se trata en columnas de 
cambio de ion y despues con disolventes, con objeto de 
obtener uranato nuclearmente puro. Yo quiero hacer 
tres preguntas. Prim era: i, que consumo de reactivos, 
expresado por ejemplo en kilogramos por kilogramo 
de uranio tratado, es necesario para el cambio de 
ion, tratamiento por disolventes y precipitacion? 
Segunda: i,Cual es el analisis del uranato nuclear
mente puro obtenido? Tercera: i,Se ha empleado el 
uranato obtenido para preparar uranio metal? y en 
caso afirmativo, i,COmo y con que resultados? 

I. WENDT (Republica Federal de Alemania): No 
dispongo, en este momento, de todos los datos solid
tados por Vd. pero puedo dar algunas cifras. Una 
informacion detallada de Ia planta piloto de Ell~ 
weiler puede Vd. encontrarla en Ia referenda [39] 
de Ia bibliografia. 

Respecto a su primera pregunta, el consumo de 
N03Na en el proceso de circulacion es aproximada
mente 1,2-2 kg por kg de U30 8• Respecto a su segunda 
pregunta, se ha llevado a cabo un analisis quimico y 
espectrografico del producto final y se encontro que 
Ia pureza esta dentro de los limites requeridos por un 
material nuclearmente puro. Por lo que se refiere a 
su tercera pregunta, el refino y produccion del uranio 
metal se lleva a cabo poria Nuklear-Chemie und 
-Metallurgic GmbH (NUKEM) en Wolfgang, Hanau. 
No dispongo de informacion acerca de los resultados 
obtenidos por Ia compai'iia. 

V. ZIEGLER (Francia): En relacion con el reconoci
miento radiometrico aereo, a que se hace referenda 
en Ia memoria, se menciona una unidad auxiliar que 
permite el registro de datos aeromagneticos, etc. 
Quisiera saber, en primer Iugar, si el registro de datos 
aeromagneticos se hace sistematicamente o de forma 
esporacida. En segundo Iugar, cuando se lleve a cabo 
el reconocimiento aeromagnetico i, cual sera el porcen-

taje resultante del incremento en el coste?, y, en tercer 
Iugar, el registro de posicion por sistema Doppler 
i,SC emplea aun en reconodmientos radiometricos, o 
solamente en los aeromagneticos? 

I. WENDT (Republica Federal de Alemania): Res
pecto a su primera pregunta, para Ia prospeccion de 
uranio solamente se requiere, en muchos casos, un 
reconocimiento aereo con contador de centelleo. En 
cuanto a su segunda pregunta, cuando se hace un 
reconocimiento general aeromagnetico, se lleva a 
cabo simultaneamente, por regia general, un recono
cimiento con contador de centelleo, ya que el aumento 
de coste debido a esta medida adicional es practi
camente insignificante en comparacion con el coste 
de un reconocimiento puramente magnetico. Respecto 
a su tercera pregunta, Ia altura de vuelo es normal
mente mucho mas baja (unos 50 a 100 m sobre el 
terreno) para un reconocimiento de uranio con cua
dricula estrecha, que para un reconocimiento magne
tico. Hasta ahora nosotros hemos empleado equipos 
electronicos de navegacion y altimetros solamente en 
reconocimientos aereos, magneticos o combinadas. 

A. FAURE (Sudafrica): i,Se ha tenido en cuenta el 
empleo de D2EHPA (acido di-2-etil hexilfosforico) 
como disolvente para Ia purificacion de Ia solucion 
de nitrato procedente del proceso de cambio de ion? 
Se tiene Ia opinion de que este disolvente es mas eficaz 
en Ia solucion diluida de nitrato y mas especifico para 
el uranio. 

I. WENDT (Republica Federal de Alemania): Se han 
llevado a cabo algunos experimentos preliminares con 
D2EHPA, pero hasta Ia fecha no hemos reunido sufi
dentes datos para poder dar resultados finales. 

A. FAURE (Sud africa): Con objeto de conseguir una 
extraccion satisfactoria de uranio con disolventes 
TBP (fosfato de tributilo ), en Sudafrica se ha empleado 
una concentracion de nitrato del orden de 150 g por 
litro. Se encontro que estas soluciones producian una 
rapida degradacion de las resinas de cambio de ion. 
i, Se han observado en su planta piloto efectos ana
logos? 

I. WENDT (Republica Federal de Alemania): La 
concentradon de nitrato empleada por nosotros tiene 
unos 80-100 g por litro, y Ia pureza obtenida ~n Ia 
elucion es igual a Ia que se obtiene cuando se emplean 
concentraciones superiores. Con esta concentracion 
no hemos observado ninguna degradacion de las 
resinas. 

J. GABELMAN (Estados Unidos de America): En 
regiones que contienen rocas radiactivas sedimentarias 
donde Ia exploracion no ha tenido exito i,CXisten 
pruebas de que por erosion de rocas madre se hayan 
producido grandes cantidades de uranio o de que se 
hayan depositado singeneticamente grandes canti
dades con los sedimentos y que simplemente no han 
sido reconcentradas? 
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I. WENDT (Republica Federal de Alemania): Noso
tros hemos encontrado indicios en Ia Hamada arcilla 
Hardegsen, de que grandes cantidades de uranio han 
provenido de las rocas-madre, pero no es adecuada 
Ia reconcentracion. Las concentraciones maximas 
solo vienen a ser aproximadamente de 100 ppm. 

Documento Pf503 (presentado por H. Carreira Pich) 

DISCUSI6N 

J. LECOQ (Francia): i,Hasta que capacidad es mas 
economica una fabrica de tratamiento semimovil, del 
tipo de Ia que Vd. describe, que una convencional, en 
lo que se refiere al precio del coste del concentrado 
de uranio producido? 

H. CARREIRA PICH (Portugal): Tropiezo con algunas 
dificultades para dar una respuesta acertada a su 
pregunta ya que deben tenerse en cuenta diferentes 
parametros y en cada caso intervienen condiciones 
especiales. Asi pues, en una fabrica convencional o en 
una semimovil, se debe tener en cuenta, en primer 
Iugar, el coste del transporte del mineral desde las 
minas a Ia instalacion convencional y el mayor coste 
de esta. Por otra parte se debe tener en cuenta Ia 
mayor produccion lograda en las fabricas convencio
nales y el coste de las instalaciones fijas que se pierden 
cuando se trasladan las fabricas. Asi pues, Ia capacidad 
de Ia planta depende del hecho de que el equipo debe 
ser facilmente transportable desde una mina a otra. 
Mi opinion es que una instalacion semimovil debe 
emplearse cuando es necesario tratar pequenas canti
dades de yacimientos muy esparcidos y, hablando en 
terminos generales, creo que estas fabricas son acon
sejables para capacidades que no excedan de 50 t 
de mineral por dia. 

T. BATUECAS RODRIGUEZ (Espana): Yo quisiera 
senalar que desde 1960 se estan llevando a cabo en 
Espana trabajos de investigacion sobre lixiviacion 
estatica (natural, por percolacion y por capilaridad) 
en escalas de laboratorio, planta piloto y semiindus
trial, tanto en lo que concierne a Ia fase de disolucion 
del uranio como a su recuperacion delliquido de lixi
viacion. Para este fin disponemos en Madrid de un 
laboratorio y una planta piloto con una capacidad de 
hasta 60 t. Hay tambien instalaciones de lixiviacion 
semiindustrial en Ia zona de Ciudad Rodrigo, como 
son las fabricas de Valdemascano y Caridad con 
capacidades de 3 000 y 5 000 toneladas respectiva
mente y otra fabrica, La Carretona, en Caceres, con 
una capacidad de 750 t. Tenemos, ademas, en Andujar 
una instalacion de extraccion movil, que emplea 
aminas, con una capacidad de 50 m3 diarios. Esta 
ultima fabrica entra ahora en funcionamiento y se 
incorporara al sistema de lixiviacion del uranio y su 
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recuperacion, como se menciona en el documento 
P/494 *. 

Documento Pf353 (presentado por A. M. Sedov) 

DISCUSI6N 

R. E. ROBINSON (Sudafrica): Parece ex1st1r una 
discrepancia entre el resumen de Ia memoria y Ia 
memoria misma en lo que se refiere a Ia relacion entre 
Ia concentracion de los iones ferricos y Ia velocidad 
de reaccion. i,Puede suponerse que Ia memoria es 
correcta al establecer que Ia reaccion es de segundo 
orden con respecto a los iones ferricos? Esta supo
sicion indica que si se duplica Ia concentracion de 
iones ferricos, manteniendo constantes todos los 
demas facton!s, Ia velocidad de reaccion aumentaria 
en un factor de 4. Esto implica que para concentra
ciones muy altas de iones ferricos seran posibles 
tiempos de reaccion extremadamente cortos. Esto 
no coincide con los resultados obtenidos en el trabajo 
llevado a cabo en los Government Metallurgical 
Laboratories de Johanesburgo que indica que Ia 
relacion entre Ia velocidad de reaccion y Ia concen
tracion de iones ferricos era de Ia forma: R = axf 
(1 + bx), donde a y b son constantes y xes la concen
tracion del FeH. 

Esta relacion es de Ia misma forma que Ia isoterma 
de adsorcion de Langmuir, y Ia conclusion a que se 
llega es que Ia reaccion que controla Ia velocidad es 
Ia que tiene Iugar entre los complejos ferricos adsor
bidos sobre Ia superficie del oxido de uranio y el 
propio oxido. Esta teoria explica por que Ia velocidad 
de reaccion entre los iones ferricos y el uo2 en un 
medio de acido perclorico es extremadamente pe
quena, ya que no existen complejos entre los aniones 
perclorato y los cationes ferricos. 

Este asunto esta discutido con detalle por P.A. 
Laxen en una memoria presentada en un simposio 
internacional sobre hidrometalurgia, celebrado en 
1963 en Dallas, Texas. 

A. M. SEDov (URSS): Desgraciadamente los auto
res de Ia memoria no asisten a esta Conferencia y Ia 
pregunta del Dr. Robinson requiere una discusion 
teorica. Por este motivo yo transmitire sus comentarios 
a los autores. Sin embargo, los calculos teoricos que 
aparecen en Ia memoria estan de completo acuerdo 
con los resultados practicos. 

Documento Pf257 (presentado por J. Gabelman) 

DISCUSI6N 

H. RoSATZIN (Suiza): Yo entiendo que los compues
tos organicos de uranio desempenan un papel impor-

* Este volumen, sesi6n 2.11. 
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tante durante el deposito de minerales de uranio. 
;, Han identificado algunos compuestos organicos de 
uranio, especificos? 

J. GABELMAN (Estados Unidos de America): Si. La 
asfaltita o tucholita contiene uranio. Existe tambien 
una sustancia, que nosotros llamamos humate, en 
Grants, Nuevo Mexico, que pensamos procede de 
materia vegetal. 

S. H. U. BowiE (Reino Unido): Si Ia mineralizacion 
original es epigenetica, como Ia memoria sugiere, 
;,fueron los complejos transportados necesariamente 
en estado oxidado? En segundo Iugar ;,que pruebas 
hay de que Ia materia organica se comporte con Ia 
doble funcion de un agente absorbente y reductor en 
Ia formacion de los complejos organicos de uranio? 

J. GABELMAN (Estados Unidos de America): En lo 
que respecta a su primera pregunta, las soluciones no 
fueron necesariamente transportadas en estado oxi
dado. Pudieron haber sido transportadas en estado 
oxidado, en aguas freaticas aproximadamente neutras 
o en estado reducido en aguas muy acidas, por ejemplo 
a pH inferior a 3. Respecto a su segunda pregunta, 
hay indicios de que los materiales muy ricos en uranio 
estan asociados a Ia existencia de materia organica 
y el material organico parece haber captado algo de 
uranio. Sin embargo, esto puede indicar solamente 
que el uranio que ha atravesado la zona circundante 
no ha dejado huellas de su paso. Alguna materia 
organica, de Ia que debia esperarse que contuviese 
uranio, no lo contiene, lo que indica que ningun 
uranio paso por ella. 

G. BIGOTTE (Francia): La memoria sugiere que el 
uranio encontrado en yacimientos estratiformes debe 
proceder siempre, mas o menos, de uranio contenido 
en yacimientos hidrotermales o magneticos. t,No 
podria ser aconsejable, desde el punto de vista de 
futuras exploraciones, considerar una teoria contraria, 
es decir, que el uranio filoniano puede, en ciertos 
casos, proceder del uranio contenido en yacimientos 
estratiformes? 

J. GABELMAN (Estados Unidos de America): Si; 
nosotros sabemos que el uranio procedente de cual
quier yacimiento puede desplazarse hacia abajo como 
una forma de enriquecimiento secundario y deposi
tarse en fracturas inferiores despues de lixiviaciones 
procedentes de Ia parte superior. Sin embargo, es 
posible distinguir entre este uranio y el uranio depo
sitado a partir de soluciones hidrotermales nacientes 
mediante las relaciones de isotopos del azufre. 

A. GANGLOFF (Francia): ;,Puede Vd. explicar el 
termino « zona movediza >> empleado en Ia memoria? 
i, Se refiere a las recientes gran des zonas orogenicas? 

J. GABELMAN (Estados Unidos de America): El 
termino se refiere a las grandes y pequeiias zonas 
movedizas de cualquier edad. Durante varios periodos 

geologicos -quiza durante mas de una era- estuvieron 
activas grandes zonas movedizas. El ciclo metalo
genico zonal que las acompaiio pudo haber sido casi 
igual de duradero, entendiendose que Ia minerali
zacion sigue siempre convenientemente Ia deforma
cion e intrusion. 

S. ALP AN (Turquia): En Turquia hemos llevado a 
cabo una extensa exploracion y prospt(ccion de mine
rales radiactivos desde 1957. Mediante reconoci
mientos aereos se exploraron 494 000 km2, 407 000 km2 

mediante prospeccion autoportada; 73 000 km2 por 
prospeccion general sobre el terreno y 9 000 km2 

efectuando prospecciones detalladas y sistematicas. 
Nuestros primeros trabajos se concretaron a Ia 

investigacion de las anomalias que se presentaban 
en los rellenos de grietas y venas de granito. Se en
contraron mineralizaciones de autunita y torbernita 
pero no se obtuvieron resultados significativos. Mas 
tarde, Ia prospeccion y exploracion se realizo en filones 
de fluorita en cyanita con resultados analogos. Los 
resultados de Ia prospeccion en formaciones meta
morficas, tales como gneis y esquistos del macizo 
montaiioso de Menderes fueron esperanzadores y el 
trabajo llevado a cabo en el neoceno y sedimentos re
cientes dio resultados muy prometedores. Como 
resultado de las investigaciones en las formaciones se
dimentarias recientes se descubrieron durante los 
ultimos aiios 750 t de U 30 8 despues de una amplia 
exploracion que comprendia sondeos y apertura de 
zanjas y pozos. Hemos encontrado millon y medio 
de toneladas de mineral de uranio con un contenido 
medio de U30 8 del 0,1-0,2 %. Asi pues, llegamos a 
Ia conclusion de que los depositos primarios en el 
macizo montaiioso podian haber sido lixiviados y el 
uranio redepositado en el neoceno y sedimentos re
cientes de las proximidades. Por esta razon nuestro 
programa de reconocimientos radiometricos dirige 
ahora Ia atencion a sedimentos de este tipo tanto en 
los macizos montaiiosos como en los alrededores 
del mismo. 

Debo seiialar que registramos unas I 000 anomalias 
en Ia prospeccion 'aerea y hasta ahora hemos investi
gado solamente una pequeiia proporcion de elias. 
Una vez hayamos comprobado todas las anomalias 
importantes podremos sacar posteriores conclusiones. 

En relacion a Ia recuperacion de minerales me gus
taria hacer el siguiente comentario. En los yacimientos 
de Kasar aparecen minerales de uranio secundarios, 
finamente dispersos en gravillas no muy compactas, 
areniscas, arenas y arcillas. Los resultados de los 
ensayos de recuperacion de mineral fueron muy 
satisfactorios a causa de los yacimientos de minerales 
secundarios de uranio en Ia ganga de gravillas are
nosas no muy compactas. Lavando y tamizando el 
mineral, se rechaza una porcion gruesa, casi esteril, 
quedando solamente las fracciones mas finas para el 
tratamiento de lixiviacion; asi se eliminan las eta pas 
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de trituracion y molienda. El 65% de Ia muestra de 
mineral poseia tamaiios de grano comprendidos entre 
1/32 pulgadas y 200 mallas. Esta porcion de Ia muestra 
tenia un contenido en U30 8 del 17 %. Un tratamiento 
posterior en una instalacion de lixiviacion con agita
cion condujo a una recuperacion del 93 % del mineral. 
El 16% de Ia muestra poseia tamaiios de grano com
prendidos entre 1/4-1/32 pulgadas, con un contenido 
en U30 8 del 12 %. Esta porcion fue tratada por el 
metodo barato de lixiviacion por inmersion estatica 
en S04H2 y condujo a una recuperacion de mineral 
del 93 %. La parte restante de Ia muestra (19% en 
peso, con un contenido en U30 8 del 11 %) fue recha
zada como desecho. Mediante el empleo de este simple 
y barato tratamiento el total de mineral recuperado 
fue del 82,5 %. 

Se considera que Ia mezcla de las soluciones produ
cidas en los procesos de lixiviacion esHttica y con agi
tacion puede tratarse en una instalacion de concentra
cion por cambio de ion con objeto de dar una solucion 
limpia, de alta concentracion, que por precipitacion da 
Iugar a unos concentrados de elevado contenido en 
UaOs. 

M. RouBAULT (Francia): Deseo resaltar Ia gran im
portancia que debe atribuirse a Ia investigacion tal 
como ha sido descrita en Ia memoria presentada por 
el Dr. Gabelman. En Ia actualidad, Ia prospeccion 
practica se efectua principalmente por el metodo 
directo, empleando contadores. Este metodo ha per
mitido evaluar el orden de magnitud del tonelaje que 
puede razonablemente anticiparse en el mundo, aun 
considerando las regiones en las que aun no se ha 
llevado a cabo Ia prof!peccion. Ahora bien, si se consi
deran las cifras dadas, estas cantidades, aunque ele
vadas, pueden, un dia, ser insuficientes. Esto prueba 
que deben hacerse esfuerzos para alcanzar yaci
mientos mas profundos de los que no existe indica
cion superficial. Solamente podemos alcanzar estos 
yacimientos teniendo en cuenta consideraciones gene
rales, geologicas y quimicas, basadas en una investi
gacion cientifica fundamental. Esta investigacion es, 
por esta razon, indispensable si, en un futuro proximo, 
han de determinarse las regiones en las que han de 
llevarse a cabo los sondeos como en el caso de petro
leo, basados en estructuras y no solamente por Ia 
presencia de trazas de depositos de mineral. 

Como acertadamente indico el Dr. Mabile en el 
documento P/72 *, uno de los principales logros de Ia 
actual Conferencia debe ser Hamar Ia atencion sobre 
Ia magnitud del problema que plantea una demanda 
de uranio cada vez mayor. Pienso que ello contri
buira a que nos formemos una idea de Ia necesidad 
de mejorar considerablemente los metodos que han 
de adoptarse en el trabajo de prospeccion e investi
gaci6n. 

* Este volumen, sesi6n 2.11. 
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Documento P/450 (presentado por E. Szab6) 

DISCUSION 

P. MAGET (Francia): Me gustaria saber si los apa
ratos de clasificacion radiometricos descritos en Ia 
memoria han sido empleados en Ia industria. 

E. SzABO (Hungria): Los aparatos de concentracion 
radiometrica de minerales no han sido aun empleados 
industrialmente y por ello no disponemos de datos 
tecnicos precisos en relacion con su aplicacion indus
trial. 

S. TATARU (Rumania): Alllevar a cabo experimentos 
analogos a los descritos por V d. en relacion con Ia 
separacion de minerales por ftotacion con Ia posterior 
lixiviacion de los productos de flotacion en una instala
cion acida o alcalina, hemos encontrado que los reacti
vos de flotacion tienen un efecto negativo sobre las 
posteriores fases del proceso **, debido principalmente 
a que dichos reactivos son absorbidos por los cambia
dares de ion***. Yo quisiera saber si Ia cantidad resi
dual del reactivo de flotacion no dificulta Ia absorcion 
y Ia lixiviacion del uranio en una instalacion alcalina. 

E. SzABO (Hungria): Hemos observado, tam bien, 
un fenomeno analogo, pero Ia disminucion en Ia 
capacidad de Ia resina de cambio de ion no fue lo 
bastante acusada para tener un efecto significativo 
en Ia aplicabilidad del metodo. 

Documento P/464 (presentado por R. E. Robinson) 

DISCUSION 

A. M. SEoov (URSS): ?Cual es el porcentaje de 
uranio arrastrado del )echo ftuidizado y cual es el 
coeficiente de descontaminacion en el ciclon? 

Quisiera saber tambien si se produce algun deposito 
de FNH4 sobre las superficies de las conducciones 
y cual es Ia longitad de estas desde el aparato al 
condensador, en Ia instalacion experimental. 

R. E. RoBINSON (Sudafrica): La cantidad de uranio 
arrastrado desde el !echo fluidizado depende, en gran 
parte, del tamaiio de las particulas del material. 
Puede variar aproximadamente entre el 10 y el 40 %. 
El 90 % aproximadamente de esta cantidad es devuelta 
al !echo por el ciclon. 

En cuanto a su segunda pregunta existe muy pe
queiio o ningun deposito de material en las conduc
ciones, puesto que estas se mantienen a una tempera
tura superior al punto de condensacion del fluoruro 
amonico. La longitud de las conducciones es sola
mente de algunos metros. 

** Plaksin, I. N., y Tataru, S., Revista Mine/or, 6 (1962); 
Tataru, S., Revista Mine/or, 6 (1963). 

*** Tiitaru, S., Revue roumaine des sciences techniques, Serie 
nietallurgie, 1 (1964). 
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PJ89 France 

Enseignements tires des 
relatives a Ia separation 

etudes et realisations fran~aises 
des isotopes de l'uranium 

par C. Frejacques et R. Galley * 

La separation des isotopes de I 'uranium a continue 
a faire !'objet en France d'etudes theoriques et appli
quees nombreuses, necessitees par Ia construction de 
I 'usine de Pierrelatte, done consacrees essentiellement 
a Ia diffusion gazeuse. Parallelement un certain 
nombre d'autres procedes etaient examines, et en 
particulier des prototypes de centrifugeuses a gaz 
etaient etudies et construits. Apres un rappel rapide 
des realisations deja effectuees, et en nous basant sur 
I' experience de Ia construction des usines de Pierre
latte, nous donnerons !'evaluation economique des 
differents para1petres du c011t d'une usine de diffusion 
gazeuse produisant de I 'uranium enrichi a 0,9 % ou 
a 3 % en fonction de sa taille, et nous Ia comparerons 
sommairement a une usine utilisant Ia centrifugation 
gaze use. 

DIFFUSION GAZEUSE 

Depuis Ia Conference de Geneve de 1958, Ia 
construction d 'une usine de diffusion gazeuse dans Ia 
vallee du Rhone, a Pierrelatte, a ete entreprise et par
tiellement realisee. La maitrise d' ceuvre est assuree 
par le Commissariat a l'energie atomique, qui effectue 
egalement les etudes de base en laboratoire. L'indus
trie privee joue un role essen tiel par I 'intermediaire 
de Ia Societe de recherches techniques et industrielles 
(SRTI), societe de procede qui effectue en particulier 
I 'experimentation des materiels industriels, et par Ia 
societe chargee de Ia construction des usines de 
Pierrelatte, dite USSI. 

A Ia mi-1959, I 'avant-projet etait etabli. Debut 1960, 
les travaux de genie civil commencent, et chaque 
annee voit s'ouvrir un nouveau chantier : debut 1961, 
celui de I 'usine basse; mi-1962, celui de I 'usine 
moyenne; mi-1963, celui de l'usine haute; mi-1964, 
celui de 1 'usine tres haute. 

Fin 1962, un pilote de huit etages, dont le materiel 
est identique a celui utilise dans 1 'usine basse, est mis 
en hexaftuorure d'uranium (UF6); il tourne sans inter
ruption depuis cette date, sans variation de Ia permea
bilite des diffuseurs, sans variation du coefficient 
d'enrichissement et sans remplacement de materiel, 
procurant ainsi une assurance sur Ia marche en duree 
de l'usine basse. Enfin, au printemps 1964, l'usine 
basse elle-meme demarre. 

* Commissariat a I 'energie atomique. 

L'enseignement le plus important pour Ia production 
d'energie electrique nucleaire que !'on puisse tirer de 
ces realisations concerne les co fits d 'enrichissement de 
!'uranium en fonction des differents parametres qui le 
definissent. En effet, en dehors du bareme officiel 
americain [1, 2] dont Ia decomposition et les bases ne 
sont pas connues, aucune donnee economique detaillee 
en provenance des pays ayant une experience indus
trielle de Ia diffusion gazeuse n'a ete publiee. 

Connaissant les cofrts d'investissements des diffe
rentes usines de Pierrelatte, auxquelles correspondent 
des dimensions d 'etages tres differentes, il est possible 
d'en deduire une loi d'extrapolation empirique des 
frais fixes en fonction de Ia puissance de separation 
d'un etage unitaire; les ameliorations que !'on sait 
pouvoir realiser pour une usine de deuxieme genera
tion permettent alors de definir la valeur des cofrts 
correspondant a un etage de dimension donnee. En se 
donnant le prix du courant electrique et de 1 'hexa
ftuorure d'uranium nature!, il est alors possible d'opti
miser une cascade carree alimentee par un certain 
debit d'hexafluorure d'uranium- variant de 5 000 tjan 
a 20 000 tjan - et produisant de 1 'uranium enrichi 
soit a 0,9 %, soit a 3 %. 

L'optimisation se fait en deux temps : a partir de 
la loi du prix de fonctionnement de l'etage, on opti
mise d'abord le debit d'etage en rendant minimal le 
co fit de 1 'unite de puissance de separation de 1 'usine, 
pour la production consideree et pour une teneur de 
rejet donnee. Dans un deuxieme temps, cette teneur de 
rejet est optimisee de maniere a realiser un compro
mis entre le prix de Ia separation et celui de I 'alimen
tation [3, 4]. 

Donnees de base 

Des differentes contributions au prix de 1 'uranium 
enrichi : a) frais d'alimentation, UF6 nature!; b) frais 
d 'electricite; c) amortissement du capital investi; 
d) entretien; e) main-d' ceuvre, les trois dernieres sont 
regroupees pour le calcul d 'optimisation so us Ia seule 
expression « frais fixes » et redecomposees ensuite. 

Frais d'alimentation 

Le prix de UF6 nature! pris pour !'optimisation est 
de 80 F/kg, correspondant a un prix du concentre 
U30 8 de 8 $/lb, et a un prix de transformation U30 8 
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en UF6 de 16 F/kg U qui pourrait etre atteint en 
Europe pour les tonnages correspondant a cette etude. 

Frais d'electricite 

Le prix de l'electricite choisi est de 0,025 F/kWh, 
aux bornes des groupes motocompresseurs. Ce prix 
est deja tres inferieur au prix du tarif vert EDF, mais 
il est probablement une bonne base d'optimisation 
pour une usine europeenne eventuelle. 

Les consommations sont dues essentiellement aux 
groupes motocompresseurs, auxquelles s'ajoute un 
terme constant correspondant aux depenses annexes 
(eclairage, pompes, etc.). 

Si L est le debit d 'etage en t/an, le cout de l'electri
cite rapporte a un etage et exprime en F/an est donne 
par : aE = 0,214 L + 3 x 103• 

Frais fixes 

lis regroupent les trois postes main-d' reuvre, entre
tien, amortissement du capital investi. 

La loi d'extrapolation en fonction du debit d'etage 
nous est donnee empiriquement par les points repre
sentatifs des differentes usines de Pierrelatte. 

On verifie sur Ia figure 1 que Ia loi puissance : 
a1 = KLm est correctement verifiee. La valeur du 
coefficient de puissance deduite de Ia pente de Ia 
droite correspondante est m = 0,38. C'est une valeur 
faible qui nous a nous-memes surpris : elle est due 
au fait que de nombreux frais fixes sont lies beaucoup 
plus au nombre d'etages qu'a Ia taille, et que le prix 
de Ia chaudronnerie croit beaucoup moins vite sur Je 
debit traversant un etage. Ce coefficient est Ia raison 
essentielle de 1 'interet des tres grosses usines. 

L'amortissement choisi pour ]'optimisation est un 
amortissement en 15 ans avec un interet de 6 %. 
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Les frais fixes rapportes a un etage en F /an sont 
alors donnes en fonction du debit d'etage L en t/an 
par : a1 = 3,8 X 103 L0

•
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Resultats de I 'optimisation 

lis sont fournis dans les figures 2 a 7 qui donnent, 
pour des usines optimisees pour produire de I 'uranium 
enrichi respectivement a 0,9% (taux de rejet = 0,35 %) 
et a 3 % (taux de rejet = 0,32 %) : 

Figures 2 et 5 : le cout de cet uranium en fonction 
du tonnage annuel d'alimentation, c'est-a-dire en 
fonction de Ia taille de I 'usine; 

Figures 3 et 6 : les pourcentages des cofits respectifs 
de ]'alimentation, de l'electricite, de Ia main
d 'reuvre, de I 'entretien et de 1 'amortissement; 

Figures 4 et 7 : les variations de ces couts, pour des 
variations relatives des prix de UF6 nature], du 
kilowatt/heure, ou des frais fixes, en particulier 
pour d'autres conditions d'amortissement. 

CENTRIFUGATION 

Nous avons ete amenes a developper des prototypes 
de centrifugeuses a gaz de differentes dimensions. La 
machine qui nous semble actuellement Ia meilleure 
est une centrifugeuse fonctionnant a contre-courant, 
de longueur I ,25 m et de diametre 0,22 m. Les bases 
de comparaison avec Ia diffusion gazeuse sont alors 
Ies suivantes : vitesse peripherique, 360 m/s; consom
mation electrique, 2 kW; investissements totaux avec 
les annexes et rapportes a une centrifugeuse, 50 000 F. 

Ces deux dernieres valeurs paraitront elevees par 
rapport aux estimations donnees par d 'autres auteurs, 
mais Ia marche de tres longue duree en UF6 necessite 
des tolerances de jeux aux paliers tres faibles pour per-
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mettre Ia realisation des dispositifs d 'etancheite conve
nables, et ceci se paye en consommation et en cout 
de Ia machine. 

Surles memes bases d'amortissement et de prix du 
kWh que pour Ia diffusion gazeuse, et compte tenu 
d 'une baisse du prix des centrifugeuses pour les tres 
grandes series, nous donnons dans Ia figure 8 une 
comparaison des couts de I 'uranium enrichi a 3 % 
par les deux procedes, en fonction de Ia taille de I 'ins
tallation. Les prix decroissent plus vite avec Ia taille 
pour le procede de diffusion gazeuse, le point de croi
sement se situant pour une alimentation de 350 t/an 
environ. 

CONCLUSION 

Le procede de diffusion gazeuse est le procede le plus 
interessant pour les productions importantes d 'ura
nium faiblement enrichi. Le prix des produits obtenus 
diminue fortement avec Ia taille de I 'installation. Les 
utilisateurs d 'uranium enrichi pour reacteurs doivent 
savoir qu'il n'est pas possible d'aboutir a des prix eco
nomiques pour des usines de diffusion gazeuse traitant 
moins de 10 000 tjan d'hexafluorure d'uranium, c'est
a-dire correspondant a des programmes de puissance 
installee annuellement d'environ 4 000 MW(e). 

A vee des conditions d 'amortissement normales, et 
avec un prix du kWh de 2 centimes, meme pour de 
tres grandes productions, il semble difficile a une 
usine europeenne de diffusion gazeuse d'aboutir a un 
coUt du gramme supplementaire d'uranium 235 infe
rieur a celui du bareme americain, maj,pre de 30 %. 

* * * 

Les resultats contenus dans ce memoire sont le 
fruit d 'un travail d 'equipe. Les contributions de 
C. Chidaine, J. Dixmier, 1.-C. Guais, L. Guillaume, 
R. Jacques, C. Leduc, J.-C. Martin, D. Massignon, 
.\1. Pecqueur, J. Pauli, et P. Plurien ont ete particulie
rement importantes. 
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Aj89 France 

Information derived from French studies and 
achievements in the field of uranium isotope 
separation 

By C. Frejacques and R.. Galley 

The work carried out in the field of uranium isotope 
separation, by gaseous diffusion and by ultracentri
fugation, is reviewed. An economic estimate of the 
various parameters involved in the cost is given, 
and it is shown that only very large gaseous diffusion 
plants, corresponding to a programme of enriched 
uranium reactors of at least 4 000 MW(e) to be 
installed yearly, can give an economically acceptable 
enriched uranium production. 

A/89 ttJpaH4HR 

.lJ.aHHble, nonyYeHHble Ha OCHOBaHHH 
HCCfleAOBaHHH H npoBeAeHHR pa60T no 
pa3AeneHHIO H30TOnOB ypaHa BO ctlpaH

LtHH 

K. ttlpe>KaK H P. rallllH 

llpHBOAHTCH 0630p pa6oT, IIpOBCACHHbiX B o6-

JiaCTH pa3ACJICHHH H30TOIIOB ypaHa MCTOAOM ra-

30BOii AH<fJ<fJY3HH u YJibTpau,enTpn<flyrHposannH. 

llpHBOAHTCH iHWHOMHqecRaH OIJ,CHRa pa3JIIfqHbiX 

IIapaMeTpOB, BJIHHIOlll,HX Ha CTOIIMOCTb, II AO

Ra3biBaCTCH, qTo TOJibl\0 Ha oqeHb RpyiiHbiX 

ra30AH<fl<flY3IIOHHhiX 3aBOAaX, COOTBCTCTBYIOlll,HX 

nporpaMMe nycRa peaRTopos, pa6oTaiOlll,HX na 

o6oralll,CHHOM ypaHe II Up01I3BOAR:lll,HX AOIIOJIHII

TCJibHO 4000 M 6T ( JJI.) B fOA, MOil\HO AOCTHqb 

31\0HOMJiqeCRII npHCMJit'MOfO npOII3BOACTBa o6ora

lll,CHHOfO ypaHa. 
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A/89 Francia 

Ensenanzas deducidas de las realizaciones y 
estudios franceses relatives a Ia separaci6n 
de los is6topos del uranio 

por C. Frejacques y R. Galley 

En la memoria se examinan las realizaciones en 
materia de separaci6n de is6topos del uranio por 

difusi6n gaseosa y por ultracentrifugaci6n. Se presenta 
una evaluaci6n de canicter econ6mico de los diferentes 
panimetros que intervienen en los costos. y se demues
tra que solamente las instalaciones de difusi6n gaseosa 
en escala muy grande, que correspondeD a un pro
grama de instalaci6n de nuevos reactores de uranio 
enriquecido a raz6n de 4 000 MW(e) por aflo, como 
minimo, pueden conducir a producciones de uranio 
enriquecido en condiciones rentables. 



P/290 United States of America 

Production of heavy water 
in the United States of America 

By W. P. Bebbington,* J. F. Proctor,* W. C. Scotten* and V. R. Thayer** 

Most of the world's supply of heavy water (D20) 
has come from plants in North America built and 
operated for the United States Government. Despite 
continued research and development, no more econo
mical processes have been found than those conceived 
in the period 1940-1943 in the laboratories of Columbia 
University under the direction of H. C. Urey, the 
discoverer of deuterium. In 1943, dual-temperature 
exchange of deuterium between water and hydrogen 
sulfide gas was recognized as being potentially the 
most economical process. This conclusion was 
evidently also reached independently by workers in 
other countries at about the same time. 

The early history of the development of heavy water 
processes in the United States of America has been 
described by Murphy et a/. [1]. Plants in the United 
States and their operation have been described by 
Bebbington and Thayer [2], Morris and Scotten [3], 
and Thayer and DeLong [4]. The most comprehensive 
worldwide report of the present state of the technology 
was presented by Becker [5]. During the past five. 
years, many of the world's experts in heavy water 
development have visited the Savannah River plant 
(SRP), near Aiken, South Carolina. 

Research to find chemical or physical principles 
that would form the basis for separation of deuterium 
or its compounds from ordinary hydrogen or its 
compounds was given high priority at Columbia and 
other universities in the United States about 1940, 
when it was· realized that D20 might be the only 
feasible moderator for nuclear reactors to make 
plutonium. Before commercial production of D20 
was begun, however, the graphite-moderated reactor 
at Chicago had operated and D20 was relegated to a 
supporting role as the moderator for the second 
generation of nuclear reactors. 

Water distillation and electrolysis were chosen for the 
wartime production of heavy water because they were 
certain to succeed and required no scarce materials of 
construction. The Columbia group and the Du Pont 
engineers who designed the wartime plants believed 

* E. I. du Pont de Nemours & Co., Savannah River Plant, 
Aiken, South Carolina. 

•• E. I. du Pont de Nemours & Co., Atomic Energy Division, 
Wilmington, Delaware. 
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that stainless steel would be the only satisfactory 
material of construction for the H2S process; the quan
tities required would have been prohibitive. After 
contemplating the building of a small demonstration 
plant, they set the dual-temperature process aside. 

In 1950, the US Atomic Energy Commission (AEC) 
asked Du Pont to build a large new plant to produce 
plutonium and tritium in heavy-water moderated 
reactors. Dual-temperature exchange with H2S was 
still the most economical heavy water process. DeLong 
and his co-workers defined the conditions under 
which carbon steel could be used for the piping, 
towers and other large vessels of the plant [4]. Babcock 
conceived the extremely effective comparison of mid
column concentrations as an effective basis for process 
control [6]. A logical chemical engineering embodi
ment of the process was applied to a pilot plant and 
a production unit by engineers of the Girdler Company. 
Spevack, a member of Urey's group at Columbia and 
later a consultant for the AEC, participated in both 
phases of process development. He is cited as the 
inventor in the US Government's basic patent [7]. 
He holds another patent on certain aspects of the heat 
recovery system [8]. 

Two plants were built, the Dana plant near Terre 
Haute, Indiana, and the heavy-water facility at SRP. 
These plants provided the moderator for the five 
production reactors at SRP and subsequently have 
filled most of the world's heavy-water-moderated 
research and power reactors. The future of heavy 
water now depends upon the success of these latter 
reactors in the competition to achieve lowest-cost 
nuclear power. Controlled nuclear fusion could put 
D20 in a uniquely important position as a source of 
the world's power. 

The two plants in the United States tremendously 
increased the world's supply of pure D20 during the 
years 1953-1957. For the past several years, the 
production from SRP has been little more than suf
ficient to satisfy the needs of power and research 
reactor programs. The history of production and use is 
shown in Fig. I. 

Heavy water from the plants in the United States 
is now used in fifteen foreign countries as is shown 
m Table I. 
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Table 1. Tonsa of heavy water exported 
(up to 31 December, 1963) 

Canada . 276 Norway 
Germany 132 Switzerland . 
France. 70 Denmark . 
United Kingdom . 66 Australia . 
Sweden 57 Italy .. 
Japan 48 Israel. 
India . 36 Netherlands . 
Euratom. 28 Belgium. 

a 1 ton = 907.2 kilograms. 

25 
23 
17 
13 
10 
4.4 
1.6 
0.25 

There are no large commercial uses for D20 other 
than as a moderator. Deuterium, when substituted 
for ordinary hydrogen in organic compounds, includ
ing plastics and synthetic fibers, causes some interest
ing changes in properties, but at any present or fore
seen cost, such uses of deuterium cannot be justified. 
As a tracer, deuterium is relatively cheap, safe and 
easily detected. It is an important aid to researchers in 
biology, chemistry and hydrology. 

OPERATION (1959-1963) 

Operating history and status 

During the period 1957-1958, the Dana Plant was 
shut down permanently, and at SRP two-thirds of 
the H2S- exchange (GS process) units were placed 
in a standby condition, operation of the electrolytic 
final concentration (E process) was discontinued, and 
nearly half of the water distillation (DW process) 
was diverted to the reconcentration of diluted heavy 
water. The present situation is summarized in Fig. 2. 

Process performance and costs 

Emphasis at SRP is now on minimum cost of D20 
per pound. The major process variables that affect 
production and cost are given in Table 2. 

Table 2 

Variable Effect on production rate 

Liquid-to-gas flow ratio, ± 1 t% 
deviation from optimum . 1% Decrease 

Cold tower temperature, 1 oc 
decrease .. 

Hot tower temperature, 
increase . . 

Gas flow rate. . . . . . . . 
Gas quality (% H2S). . . . . 
Gas pressure 15 psi increase (exclu

sive of the effect on gas flow). . . 

It% Increase 

1% Increase 
Directly proportional 
Directly proportional 

1% Increase 

Hot tower temperature, gas flow rate and gas 
pressure are interrelated in their effects on production 
and cost. The pressure in the steam supply headers 
is limited to the safe operating pressure of the GS 
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process towers. Thus while an increase in H2S pressure 
increases the mass rate of gas flow produced by the 
gas blowers, it also decreases the attainable hot tower 
temperature by decreasing the pressure differential 
available for steam input. Because two major costs 
are for steam to heat the towers and electricity to 
drive the gas blowers, the minimum unit cost occurs 
at the pressure that is the best compromise between 
high gas flow and high hot tower temperature. This 
in indicated in Fig. 3. 

Process efficiency 

The concentration of D20 in effluent waste water 
from the GS process would be the best continuous 
indication of efficiency. To date, however, routine 
analytical methods have not been sufficiently precise 
to make this a useful criterion. A number of samples 
of waste water from SRP have been analysed by Nief 
at the Centre d'etudes nucleaires de Saclay with preci
sion sufficient to calculate the yield of heavy water to 
within ± 2%. A mass spectrometer at SRP is being 
modified to achieve the precision and sensitivity that 
Nief demonstrated. 

At present the calculated effects of all process vari
ables are combined into a performance index as a 
measure of day-to-day operating efficiency. The 
performance index is a function of operating time, 
first stage gas flow and hot and cold tower tempera
tures, first and second stage mid-column concentration 
ratios, H2S quality and DW process performance. 
Poor DW process performance causes an increase in 
the product concentration of the GS process; an in
crease from 10% to 20% D20 causes about a 5% loss 
in GS production. 

Process changes 

The installation of a line to by-pass a portion of 
the process steam around the waste stripper and 
thereby to reduce the restriction to steam flow into 
the unit is the only major process change that has 
been made at SRP in the last five years. These steam 
by-passes increased the GS unit pressure by 10 psi, 
increased production by 5%, and decreased the unit 
cost by $0.80 per pound D20. 

Mechanical performance 

From 1959 to the end of 1962 the GS units operated 
96.2% of the time. Half of the shut down time was 
for scheduled annual overhaul and safety inspection, 
and half was for emergency repair. In 1963, the 
frequency of unit overhauls was decreased to once 
every two years; average operating time for 1963 
was 98.6%. 

The only major line rupture in six years' operation 
at Dana and eleven years' operation at SRP occurred 
in 1960 at SRP. The screwed joint of a flange to the 
16-inch slip tube of the first-stage gas cooler parted, 
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and in 20 minutes, 46 tons of H 2S burned. The heat 
carried the gases up above the surrounding towers 
where winds dissipated the fumes; the odor of H2S 
was barely detectable at ground level. Rector found 
that poorly-machined threads and warping of the 
flange by the normal bolt load caused the failure [9). 
All 16-inch and 12-inch screwed flanges have been 
replaced with welded flanges. 

Corrosion 

96 of the 144 GS towers at SRP were lined with 
stainless steel in an effort to insure long life. The 
stainless lining was specified before the resistance of 
carbon steel to H2S had been proved; the lining has not 
only proved to be unnecessary, but has caused serious 
weakening of the walls of some towers. Welds joining 
stainless steel lining sheets to each other and to the 
carbon-steel wall of the tower have cracked, thus 
reducing the effective thickness of the tower wall by 
as much as 0.28 inch. The remaining 48 towers and 
other unlined process vessels and piping have not 
been seriously corroded. 

Some of the towers have been weakened by external 
corrosion as deeply as 0.19 inch. They have been 
attacked by chemicals that were leached by rain from 
the cellular glass insulation. In August 1963, when the 
seriousness of this corrosion was realized, nominal 
operating pressure was reduced from 325 psig to 260 
psig until the exact condition of each tower could be 
determined. Additional relief valves for direct protec
tion of the weakest towers will permit return to full 
pressure. 

Heat exchangers in the GS process have corroded 
in unexpected ways: 

(a) Upon leaking into the cooling water, H2S is 
oxidized to sulfur which provides food for the growth 
of a bacterial slime; the slime produces sulfuric acid 
which attacks the tubes. More than 21% of 71 000 
tubes in the water-cooled exchangers failed. Elimina
tion of H2S leaks has almost completely stopped this 
corrosion. 

(b) Corrosion of the carbon-steel shells of the ex
changers by river water continues to be a problem. 
Two types of sprayed-on organic coatings are being 
tested. 

(c) In the gas coolers of the heat-recovery system, 
chloride bearing solids in the circulating liquid have 
precipitated on the outsides of vertical tubes at the 
vapor-liquid interface near the tops of the shells. 
These deposits have caused pitting and stress-corrosion 
cracking of the type 316 stainless steel tubes. During 
1962, 3% of 15 000 tubes inspected were corroded 
enough to warrant replacement. No completely 
effective remedy has been found. 

(d) In liquid-liquid heat exchangers, waste water, 
which has been stripped free of H2S, leaks past the 
shell side baffles of the tube bundles and cuts narrow 
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bands into the shells. This stripped waste causes 
severe corrosion wherever there is high turbulence. 

Diligence is required to insure that all bolts that 
may be exposed to H2S are below the maximum 
stress and hardness defined by DeLong [4]. AISI 
4140 steel, the standard material for high-quality 
bolts in the United States, will crack when exposed 
to H2S unless softened by special heat treatment. 
Springs in relief valves are also vulnerable to H2S 
stress-corrosion cracking but can be protected by 
stainless steel bellows. 

The Dana Plant towers and one-third of the SRP 
towers had bubble-cap trays of AISI 410 stainless 
steel which corroded almost completely away in 
about 5 years; the iron precipitated as iron sulfide 
in the tubes of waste liquid heaters. The resultant 
plugging of tubes was essentially eliminated at Dana 
by injecting sodium hydrosulfide into the feedwater 
to raise the pH and suppress the solubility of iron. 

Bubble caps trays of AISI 304 stainless steel in the 
remaining two-thirds of the SRP towers show only 
minor pitting and metal loss after 12 years of operation. 

Safety 

As the result of the comprehensive and meticulous 
safety program at SRP, there have been no deaths 
or serious injuries caused directly by exposure to 
H2S. 

In the GS units two men always work together, 
staying far enough from one another so that both 
cannot be exposed simultaneously to a high H2S 
concentration. If one member should be overcome, 
the other can rescue his partner. 

Face masks or mouthpieces with pure air supplied 
from pressure cylinders are widely used. For escape 
from an H2S-contaminated area, a cylinder containing 
a 3-minute supply of breathing air is carried by 
everyone. Where release of some H2S may be ex
pected, face masks and cylinders with 15 or 30-minute 
air supplies are used. 

Emergency masks with 15-minute supplies are 
available for rescue purposes at many locations in the 
process area. Help can be summoned to any of these 
stations merely by pressing a button which sounds 
an alarm and identifies the location in the control 
room. 

Air from the control room and from several points 
in the process area is continuously monitored for 
H2S. 

Reconcentration of heavy water 

The four vacuum distillation towers that were 
isolated from the DW process in 1957 and 1960 
for reconcentration of heavy water are as trouble
free as the DW process itself. The Rework Unit, 
as it is called, produces 99.75 mol% D20 and discards 
waste to the river at a maximum concentration of 
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2.5 mol % D 20. * Because the four towers do not 
have enough trays to span the entire concentration 
range from product to waste, the product and waste 
fractions are obtained separately from alternating 
product and waste campaigns, each lasting several 
months. 

The concept of separative work, developed from 
the cascade theory by Cohen and Kaplan [10, 11 ], is 
used to assess the performance of the Rework Unit 
and is the basis for the charge for reconcentrating 
degraded heavy water of various concentrations [12]. 
The present schedule of charges is given in Table 3. 

Table 3. Charges for reconcentrating heavy water 
(effective September 1963) 

Wt% D 20 $ Wt% D20 
$ 

per Ib per lb 

10 . 11.10 70. 2.25 
20. 6.95 80. 1.80 
30. 5.15 90. 1.30 
40. 3.75 95 . 1.00 
50. 3.30 99. 0.40 
60. 2.75 99.5 0.20 

This schedule is based on the current heavy water 
price of $24.50 per pound and is subject to change. 
The charge is for the return to the customer of one 
pound of 99.75% D20 for each pound of D20 received. 

The rework facilities at SRP will remove limited 
quantities of some chemical impurities. Purification 
costs are not included in Table 3. 

THE FUTURE COST OF HEAVY WATER 

New processes 

The present AEC price for heavy water is $24.50 
per pound. The production cost at SRP, exclusive 
of depreciation or other capital charges, is $13.50 
per pound; the unit investment in the plant is $145.00 
per pound-year. These high costs of heavy water 
have provided abundant incentive to search for lower
cost processes. Barr and Drews have suggested that 
some completely new principles be tested [13]. Cata
lytic exchange of deuterium between hydrogen gas 
and liquid ammonia has been evaluated in the United 
States and France. Exchange between hydrogen gas 
and liquid water remains tantalizingly promising, 
with the lack of an economically feasible catalyst 
for liquid-phase exchange and the low solubility 
of hydrogen in water as obstacles to its success. 
Distillation of liquid hydrogen, the method by which 

* This dilute material is discarded because it always contains 
tritium which would contaminate the heavy water in the product
ion plant. The value of the D 20 discarded is included in the 
cost of reconcentration; the cost could be reduced by adding 
another tower to the Rework Unit. 
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Urey first concentrated deuterium, has been applied 
on pilot plant or moderate commercial scale in France, 
Germany, Switzerland and India. Other exchange 
reactions, including some of those first tested by 
Urey's group in 1943, and a variety of physical 
methods including fractional crystallization have 
been proposed. Of all these, only hydrogen distillation 
and ammonia-hydrogen exchange have reached the 
stages of design or operation of plants, and they 
are competitive with the GS Process only when 
operated as adjuncts to large-scale production of 
hydrogen or of ammonia or methanol gas synthesis. 
A bout 25 tons of D20 per year might be produced 
from deuterium that could be separated by distillation 
from 50 tons of liquid hydrogen per day, an amount 
equivalent to about 280 tons of synthetic ammonia 
per day. Operation of the hydrogen distillation plant 
complicates and restricts the operation of the hydrogen 
plant. 

Improvements in the GS process 

Proctor and Thayer have shown that the cost of 
heavy water by the GS process can be reduced greatly 
by optimum design of the plant and by use of cheap 
fuel [14]. This is the only known approach that is 
certain to provide unlimited quantities of heavy 
water at much less than the present cost. The use 
of cheap fuel at a remote location to make heavy 
water provides an interesting possibility for the 
upgrading of a natural resource. 

Operating expenses and capital charges are both 
large parts of the total cost of heavy water; to substan
tially reduce that cost, both the plant investment 
and the utilities and labor requirements must be 
attacked. Proctor and Thayer sought to eliminate 
from the GS process as much auxiliary equipment as 
possible and to use the essential hot and cold towers 
with maximum effectiveness. At the same time they 
designed for the direct application of the energy 
of low-cost fuel. 

The effect of fuel and its cost. At SRP, coal costs 
$7.35 per ton, almost half of which is for shipment 
by railroad from mine to powerhouse. The cost of 
106 Btu delivered as steam to the process is $0.36. 
Natural gas, even from some highly-developed fields 
in the United States, can be obtained for 0 . .15 to 
$0.20 per 1000 cubic feet. The cost of 106 Btu delivered 
directly to the process by gas-fired heaters is estimated 
to be $0.20 to $0.25. Gas turbines can provide power 
for gas circulators, with heat recovery from the 
exhaust gases in process heaters, at an over-all thermal 
efficiency of 70 to 75 per cent. 

Plant simplification. The Dana and SRP designs 
were two slightly different versions of one of many 
possible chemical engineering designs for the GS 
process. Both had large numbers of towers and heat 
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exchangers and complex interconnecting piping and 
valves. Proctor and Thayer propose 17 foot diameter 
towers, instead of the maximum of 12 foot at SRP, 
and the use of direct heat exchange between gas and 
liquid wherever possible. Their plant would have 
three stages instead of the five at Dana and two 
at SRP. 

At SRP, the largest heat exchangers are for cooling 
gas from the hot towers by indirect exchange with 
water. Gas from the cold towers is heated by direct 
exchange in a section of ten trays at the bottom 
of each first-stage hot tower. Proctor and Thayer 
would eliminate the large gas-liquid heat exchangers 
by providing a direct cooling section in the bottoms 
of the cold towers. 

These proposals would decrease the pressure drop, 
reduce the number of towers by 80%, and require 
much less piping, structural steel, and fewer operat
ing controls. The efficiency of heat recovery is less 
than might be attained with indirect exchange, 
but with low-cost fuel the effect of this is small. 
A comparison of the Proctor-Thayer proposal with 
the situation at Savannah River is shown in Fig. 4. 

Equipment and materials. Perforated stainless steel 
plates were installed at Dana to replace corroded 
AISI 410 stainless steel bubble-cap trays. The new 
plates were less expensive, had a higher capacity 
and lower pressure drop, and were more efficient. 
Perforated trays would be used in any new GS plant, 
with corollary benefits of lower energy costs for gas 
circulation. 

Carbon steel would be used for the towers, heat 
exchanger shells, tanks, and piping. Thick plate for 
the larger diameter vessels would be carefully selected 
and inspected by methods similar to those used for 
Dana and SRP [4]. Stainless steel would be used only 
in regions of high velocity or turbulence namely 
for perforated plates, heat exchanger tubes, control 
valves, liquid pumps, and at a few other points of 
severe turbulence. Stainless steel would not be widely 
used as a lining for carbon steel. 

The 17-foot towers proposed by Proctor and Thayer 
might be fabricated most cheaply at the site of the 
heavy water plant; larger towers than these would 
probably have to be fabricated on site. 

Personnel. The consolidation of the GS Process 
into an integrated plant with its own energy supply, 
together with the process simplification, would permit 
a 50% reduction in operating and maintenance forces. 

Final concentration. Vacuum distillation of water 
is still the best choice for concentrating heavy water 
from about 10- 20 to 99.8%. The required equipment 
is inexpensive and dependable, and operation is 
extremely simple. 

Analysis and control. The GS Process has proved 
stable and rather easy to control [3]. The original 
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frequency of sampling and the number of mass 
spectrometers used have been greatly reduced. Infra
red absorption spectrometry would probably be used 
at least for high D20 concentrations in a new plant, 
with consequent lower cost of the instruments and 
their operation. 

Automation or computer control of the critical 
flow ratios in the GS process have not been seriously 
considered. A method for continuous indication of 
mid-column concentrations might make such control 
methods feasible and attractive. 

CONCLUSIONS 

The Proctor-Thayer design is probably near
optimum for the situation that they assumed, and 
their cost of $8 per pound of D20 and unit investment 
of $70 per pound-year appear to be attainable. 
Their study is most significant, however, in the 
attention it has brought to the controlling elements 
of D20 cost; any new plant should be designed, 
with thorough attention to these elements, to make 
best use of resources of fuel and materials that are 
available where the plant can or must be erected. 
It should be remembered that heavy water is a valuable, 
readily-shipped commodity; the plant should probably 
be located near the source of the fuel. 
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ABSTRACT -RESUME-AHHOTAltVIJI-RESUMEN 

A/290 Etats-Unis d'Amerique 

La production d'eau lourde aux Etats-Unis 
d'Amerique 

par W. P. Bebbington el a/. 

Aux Etats-Unis, l'eau lourde est produite a l'instal
Iation de Savannah River, en Caroline du Sud, qui 
releve de la Commission de l'energie atomique. La 
teneur de l'eau en D20 nature] est normalement 
d'environ 0,015 %. On la concentre jusqu'a 10 a 20% 
par echange a double temperature en presence de 
sulfure d'hydrogene gazeux, puis jusqu'a une concen
tration de 99,75% par distillation sous vide. L'instal
lation de Savannah River et ]'installation jumelle de 
Dana (Indiana) ont ete construites en 1950-1952 pour 
alimenter en moderateur-refroidisseur les cinq reac
teurs de production de Savannah River. Apres avoir 
fabrique une quantite d'eau lourde permettant de 
remplir les reacteurs et de constituer une reserve suffi
sante, on a arrete et demonte I 'installation de Dana, 
et on a reduit la production a Savannah River. Depuis 
1958, un tiers seulement des appareils produisant I 'eau 
lourde a Savannah River sont en service; ils fonc
tionnent continuellement et d 'une maniere satisfaisante 
depuis plus de dix ans. 

De 1959 a 1963, !'installation de Savannah River a 
produit 830 tonnes de D 20 a 99,75 %. Pendant cette 
periode, elle en a fourni 700 tonnes pour des reacteurs 
de recherche et de puissance aux Etats-Unis et dans 
d 'autres pays. 

Toute augmentation appreciable de Ia demande 
d 'eau lourde exigerait une augmentation de Ia pro
duction, soit a Savannah River, soit ailleurs. Le mate
riel actuellement a !'arret a Savannah River pourrait 
etre remis en service et produire pratiquement a pleine 
capacite. Cet appoint serait suffisant pour remplir 
chaque annee un reacteur de puissance d'environ 
300 MW. 

Dans l'etat actuel des connaissances, l'echange a 
deux temperatures du deuterium entre I'eau et Ie 
sulfure d'hydrogene gazeux reste le procede le plus 
rentable pour Ia fabrication de l'eau lourde dans des 
installations autonomes de taille non limitee. D'autres 
procedes peuvent le concurrencer lorsqu'il s'agit d 'une 
production d'appoint dans des usines produisant de 
l'hydrogene ou des melanges de gaz synthetiques pour 
la fabrication d 'ammoniac ou d 'alcool. Dix annees 
d'experience a l'usine de Savannah River ont permis 
d'envisager des perfectionnements et des simplifica
tions qui reduiraient nettement le coftt de l'eau lourde 
dans une installation nouvelle, en particulier si elle 
etait placee a proximite d 'une source de combustible 

a bon marche. Le prix actuel de I 'eau lourde fixe par 
Ia CEA est de 24,50 dollars Ia livre. Le coftt de Ia 
production, a Savannah River, sans tenir compte de 
I 'amortissement et des autres charges financieres, est 
de 13,50 dollars Ia livre; les frais d 'investissement 
unitaire pour cette installation sont de 319 dollars par 
kilogramme-annee. On pourrait ramener le cofit de 
production a environ 18 dollars le kg et les frais 
d 'investissement unitaire a 154 dollars par kilo
gramme-annee dans une installation nouvelle d 'une 
conception optimale situee a un emplacement favorable. 

Une partie de I 'installation de distillation so us vide 
de Savannah River est actuellement utilisee pour Ia 
reconcentration de I 'eau lourde qui a ete diluee. Ce 
traitement de recuperation est a Ia disposition de tous 
les utilisateurs d'eau. lourde; le prix depend de Ia 
concentration. Au cours des cinq dernieres annees, 
pres de 200 tonnes d 'eau lourde ont ete renvoyees a 
Savannah River pour y subir ce traitement. 

Ai290 CWA 

npoH3BOACTBO HU+<enol1 BOAbl 8 CWA 

Y. n. 5e66HHrTOH et al. 

TameJiaR no~a npouano~HTCR B CiliA Ha aa
no~e KAS CiliA n Cananna-Punepe, 6JIH3 Suxe
na, IIIT. 10m. RapoJinna. TameJiaH no~a ROHI~en
TpnpyeTCH H3 eCTCCTBeHHOrO CO~epmaHHH OT 
0,015% ~0 10-20% P,ByXTeMnepaTypHLIM o6Me
HOM c cepono~opo~oM n aaTeM ~o 99,75% nepe
ronRoii n naRyyMe. 3ano~ TRmeJioii no~LI n Ca
narma-Pnnepe H rw~o6HLIH eMy aanop, B ,[(anc, 
IIIT. J1H~HaHa, 6LIJIH llOCTpOeHhl B 1950-1952 rr. 
~JIH o6ecneqemm noTpe6nocTen n aaMe~JIHTeJie n 
TellJIOHOCHTeJie DRTH npOMhliiiJieHHhiX peaKTOpon 
n Cananna-Pnnepe. TiocJie Toro Ral\ ~ocTaToqnoe 
1\0JIHqeCTBO TH>KCJIOH BO~hl 6biJIO npOH3Bep,eHO ll,JIR 
nepnonaqaJILHoro nanoJinenua peaxTopon H ~JIH 
p,ocTaToqnLIX peaepnon, aano~ n ,[(ane 6LIJI aaKpLIT 
n p,eMonTuponan, a ;:mcnJiyaTa~un aanop,a n Ca
nanna-Pnnepe 6LrJia coRpa~ena. C 1958 rop,a 
TOJILI\0 OP,Ha TpCTh arperaTOB, ~o6LIBaiO~UX TR>KC
JIYIO BOAY n Cananna-Punepe, naxop,uTCH n ::mc
rmyaTa~uu; ::JTH arperaTLI pa6oTaiOT nenpepLIBHO 
n YAOBJieTnopnTeJILHo yme 6oJiee p,ecHTn JieT. 

C 1959 no 1963 rop, n Cananna-Punepe 6hlJIO 
nponaneJ.(eno 920 r (8,3 · 105 ~>z) 99,75%-noif DzO. 
3a ::JTO BpeMH 770 T 6LIJIO HCIIOJih30BaHo J.(JIH 3a
llOJIHCHJIH HCCJIC)J,OBaTCJihCI\HX II ::JHepreTJiqeCRIIX 
peaRTopon n CiliA H p,pyrnx cTpanax. 

llpn JII06oM 3HaquTeJILHOM yneJiuqenuu cnpoca 
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TIOTpe6yeTCH yneJHI'IeHne TipOH3BOP,CTB3 T.RJKeJioii 
nop,hi B CanaHHa-Pnsepe HJIH ua p,pyroM aanop,e. 
Hep,eiicTBYIOIII,He arperaTLI B CanaHHa-Pnnepe MO
ryT 6hiTh BOCCT3HOBJieHhl npn6JIH3HTeJihHO B paa
Mepe CBOeii npemHeii MOIII,HOCTH. ,l].onO.iiHHTeJihHOO 
l\OJIH'IeCTBO T.R/KeJIOH BOP,hl, TIOJiy'leHHoe Tal\HM 
o6pa30M, 6yp,eT P,OCT3TO'IHO P,JIH TOfO, 'IT06hi Ha
TIOJIHHTh OP,HH :mepreTH'leCRHiJ peaRTOp MOIII,HO
CThiO npn6JinanTeJihHO B 300 Mer B rop;. 

JfaBeCTHO, 'ITO P,ByXTeMneparypHbiii o6Mell p,eii:
repHH Memp;y sop;oii: n ceposop;opop;oM p;o cnx nop 
.RBJI.ReTCH CaMLIM p;emeBLIM npo~eCCOM npOH3BO)l;
CTBa T.R/K8JIOH BO)l;hl Ha. CaMOOHynaelrlbiX 3aBO)l;aX 
ueorpaun'leHnoro paawepa. ,l].pyrne npo~eccLI wo
ryr ORa3aTLCH 6onee BhlfO)l;HhlMH, KOrp;a OHH CJIY
JKaT ua aasop;ax no6o'IHLIM werop;o:M nponasop,
CTBa BO,Il;OpO)l;a HJIII CMeCH ra30B )l;JIH CHHTeaa aM
MHal\a n cnnpTa. OnLIT )l;eCHTHJieTHeif .aKcnJiya
ra~nn aaBo)l;a B CanaHIIa-Pnsepe yKaaLisaer nyTL 
K YJIY'IIDeHH.RM H ynpolll,eHHHM, ROTOphle MOfYT 
3Ha'IHTeJILHO yMeHbiDHTL CTOHMOCTL THJKeJioif' BO
)l;LI, npOH3BO)l;HMOH Ha HOBOM aaBO)l;e, oco6eHHO 
eCJIH <ITOT 3aBO)l; paCDOJIOIKeH B6JIJI3H HCTO'IHHJ\OB 
p,emesoro ronnnsa. HLiuemHHH ~eua RA8 ua TH
meJiyiO sop,y cocraBJI.ReT 54 iJoAA/1'>e. Ma)l;epmKn 
nponaBo)l;CTBa ua aanop,e B Casauua-Pnsepe, nc
RJIIO'Ia.R awoprnaa~nro HJIH p,pyrne pacxop,LI Ka
mnaJia, COCTaBJI.RIOT 30 iJOAMI'OZ," yp,eJILHOe Hann
TaJIOBJIO/KeHne ua aasop,e )l;ocrnraer npn6Jinan
TeJihlfO 300 iJoAA/I'Oe B rop,. Ha uonoM aano)l;e on
THMaJILHoii: npOH3BOP,HTeJibHOCTH, paCTIOJIOJKeHHOM 
B 6JiaronpnHTHOM paifoue, nap,epmKn nponasop,cr
na COCT3BHT, BepOHTHO, 01\0JIO 17,5 iJO.tA/I'OZ, 
yp;eJihHOe KaOIIT.3JIOBJIOJKeHne 154 iJOAMI'OZ B rop,. 
'~laCTh ycTaHOBKli )l;JI.R neperOHKH HOP, BaKyy

MOM B Casauua-Pnsepe ceii'lac ynorpe6JI.ReTCH 
p,JIH nosropuoro KOH~eurpnposaun.R paa6anJieH
uoii 020. TaKoe nosropuoe Kon~enrpnposaune 
020 P,OCTYDHO BCeM IIOTpe6HTeJI.RM T.R/KeJioii BQ
p,hl; CTOHMOCTb 33BHCHT OT KOII~eHT·pa~Hli 020; 
3a nocJiep,Hne 5 JieT Ha aanop, s Casauua-Pnsepe 
6hJJIO B03Bpalll,eHo TIO'ITH 200 T T.RiKeJIOH BO)l;hl 
P,JIH nepepa60TRH. 

A/290 Estados Unidos de America 

La producci6n de agua pesada en los Estados 
Unidos 

por W. P. Bebbington ef a/. 

El agua pesada se produce en los Estados Unidos 
de America en Aiken (Carolina del Sur), en la instala
ci6n de Savannah River de la Comisi6n de Energia 
At6mica. El D20 se concentra, por el metodo de inter
cambio biterinico con sulfuro de hidr6geno gaseoso, 
basta el 10 6 20% a partir del 0,015% (abundancia 
natural) y se aumenta, despues, basta el 99,75 % por 
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destilaci6n en vacio. La fabrica de agua pesada de 
Savannah River y otra similar en Dana (Indiana) 
fueron construidas en 1950-1952 para suministrar 
moderador y refrigerante a los cinco reactores de 
producci6n de Savannah River. Cuando se bubo 
obtenido suficiente agua pesada para la primera carga 
de los reactores y para tener una reserva suficiente, 
se par6 y desmont6 la instalaci6n de Dana y se 
redujo la producci6n en Savannah River, en la que 
desde 1958 no han trabajado mas que un tercio de 
las unidades que han funcionado en forma continua 
y satisfactoria durante mas de diez aiios. 

Entre 1959 y 1963 se obtuvieron 920 t (8,3 x 105 kg) 
de D20 del 99,75% de las que 770 t fueron suministra
das a reactores de investigaci6n y de potencia de los 
Estados Unidos y de otros paises. 

De aumentar notablemente la demanda, seria 
preciso incrementar la produci6n de agua pesada, 
en Savannah River o en otro lugar. Las unidades que 
ahora no funcionan en Savannah River podrian 
comenza a hacerlo a un rendimiento casi igual al 
que alcanzaron inicialmente con lo que la producci6n 
de agua pesada bastaria para las necesidades de un 
reactor de 300 MW por aii.o. 

Por cuanto se sabe, el proceso de intercambio 
bitermico de deuterio entre agua y sulfuro de hidr6geno 
gaseoso sigue siendo el mas econ6mico para la pro
ducci6n de agua pesada en fabricas aut6nomas sin 
limite de tamaii.o. Es posible que otros procesos resul
ten tambien econ6micos como auxiliares en instala
ciones que producen hidr6geno o mezclas de gases 
para la sintesis de amoniaco o alcohol. La experiencia 
de diez aii.os en Savannah River ha proporcionado 
modos de mejorar y simplificar el proceso que redu
cirian considerablemente el coste en una fabrica nueva, 
particularmente si estuviera situada en la proxi
midad de una fuente de combustible barato. El precio 
actual de la AEC para el agua pesada es 24,50 d6lares 
por libra. El costo de p-roducci6n en Savannah River, 
sin incluir los gastos de depreciaci6n ni otras cargas 
del capital, asciende a 13,50 d6lares por libra; la 
inversion especifica en la fabrica es de 145 d6lares 
por libra-ano. En una instalaci6n nueva, de construe
cion y emplazamiento optimos, se podria alcanzar 
un costo de producci6n de unos 8 d6lares por libra 
y una inversion especifica de 70 d6lares por libra
aiio. 

Parte de Ia instalaci6n de destilaci6n en vacio de 
Savannah River se utiliza hoy para reconcentrar D20 
diluido. Este servicio se encuentra a disposici6n de 
todos los usuarios de agua pesada y el coste depende 
de Ia concentraci6n del D20. En los ultimos cinco 
afios se han recibido en Savannah River casi 200 t 
de agua pesada para proceder a su reconcentraci6n. 
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A THEORY OF URANIUM ISOTOPE SEPARATION 
INVOLVING ELECTRON EXCHANGE 

(H. Kakihana and K. Kurisu) 

From the quantum mechanical point of view, it 
is certain that there are slight isotopic effects in electron 
exchange reactions [I, 2] as well as in some complex 
forming reactions of U isotopes. However, in practi
cal systems each of the isotopic effects is usually can
celled by the other, so any appreciably high separation 
factor has not yet been obtained by chemical means. 
An attempt to find a good combination of these 
isotopic effects has been carried out theoretically 
so as to determine the best chemical separation 
factor for U isotopes. 

Mathematical treatment 

The fundamental equation obtained by the present 
authors for the separation factor of isotopes A and 
B is as follows [3-5], 

InS~= In (1 + Llt)- In (1 + Llc) +In (I + llc) (I) 

where ~t is the effect caused by an isotopic exchange 
of a certain chemical species between two different 
phases, .:lc and LS:c are the isotopic effects caused 
by chemical reactions in the first and second phases, 
respectively. 

In a hydrochloric acid solution containing only 
U(IV), .:lt and ~c are given by 

Llt (IV) = Quai, (QuciJ - 1Quci, (Quci)-1
- 1 (2) 

Llc(IV) 
3 

= I:[UCln](a)-1 (Q{;cdQuciJ-1 QucJ,(QuciJ-1 - I) 
0 
6 

+ I:[UCJn](a)-1 (Quci,(Quci)-1 Qucin(QUCIJ-1 - I) (3) 
5 

where Q and [ ] denote the partition function and the 
concentration of each species respectively, a is the 
total concentration of 238U, - represents the second 
phase and a prime means the lighter isotope 235 U. 

* 
** 
••• 

Atomic Fuel Corporation, Tokyo. 
Tokyo Institute of Technology. 
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The separation factor with a cation exchanger is 

lnS~t~ 1 = ln(1 + .:lt(IV))-In(I + ~c(IV)) 
4 --"-

+In { 1 + I: [UC14_P](a)-1 
p~O 

( Quci,_p ( Quci,_p)-1 Quci, Q~ci,4)-1 
- I)} ( 4) 

The separation factor with an anion exchanger IS 

In S/1~1 = In (I + .:lt (IV)) - In (I + Llc (IV)) 
2 ---+ In {I + I: [UC14+q] (a)-1 

q~1 

(Quci, ({?~ci.)-1 Quci<+q (Quct,.q)-1
- I)} (5) 

In a hydrochloric acid solution containing only 
U(VI), .:lt and .:lc are 

Llt (VI) = Quo,ci, (Q{;o,ci,)-1 Quo,ci, {Quo,ci,)-1 
-- I (6) 

1 

Llc(VI) = I: [U02Cin](a)-1 

0 

(Quo,cin (Quo,cJJ-1 Quo,ci, (Quo,e~,)- 1 - I) 
4 + I: [U02Cln](a)-1 

3 

{Quo,ci, (Quo,ct)-1 Q{w,ctn Quo,ctn)-I -- 1) (7) 

The separation factor with a cation exchanger Is 

In S1
1fi1 = In (I + .:lt (VI)) -In (I + ~c (VI)) 

+ In {I + ~ [U02CI 2_p](a)-1 

p~O 

(Q~o,c!,_p (Quo,ct,_p)-1 Quo,ci, (Q{;o,ci,)-1
- 1)} (8) 

The separation factor with an anion exchanger Is 

In Slvi1 = ln(I + Llt(Vl)) -ln(I + Llc(Vl)) 
2 -----+ In { 1 + I: [U02Cl2+q] (a)-1 

q~1 

(Quo,cJ, (Q{;o,ct,)-1 Quo,ct,"" (Quo,ci,+")-1 
- 1)} (9) 

For the system involving the electron exchange 
reaction between U isotopes as well as the complex 
formations, Eq. (1) has the following expression: 

In sm = In SIVII - In {I + X (Ke - 1)} 
+ In{I + x(i{,-I)} (10) 

where x is the mole fraction of U(IV), S1vii is the 

separation factor described previously. Ke and Ke 
are the equilibrium coefficients for the electron ex-
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change reaction between the isotopes in the solu
tion and exchanger phases, respectively, 

K 
2ssu(IV) + 235U(VI) =-e- 235U(IV) + 2ssu(Vl) 

and can be expressed by 

Ke = Ke s(IVI (S(Vll)-l 

= QU(VII (Q~(VII)-l Q~IIVI a?U(!V))-l (JJ) 

Discussion 

Eq. (10) indicates the important fact that the greater 
the difference between x and x the greater the con
tribution of Ke (the isotope effect of the electron 
exchange) to the separation factor. U(IV) is preferably 
absorbed by cation exchange resins and U(VI) is, 
reversely, better absorbed by anion exchange resins. 
Therefore, both cation and anion exchange resins 
could be good second phases giving a higher separation 
factor, if the electron exchange reaction, which 
has been believed to be very slow in the usual aqueous 
solution, could be accelerated by some catalyst 
such as the resin itself or the special compounds 
existing only in concentrated HCl solution. 

Since (Suv1-l) and (S1vn-l) with cation exchange 
resins have the opposite sign to those with anion 
exchange resins, the selection of an appropriate resin 
could cause an effective contribution of complex 
formation to the separation factor. Values of S~~~ were 
calculated from Eq. (10) by using the experimental 
values of Snv1, S1n 1, x and x and by assuming 
a set of reasonable values of Ke estimated from 
theoretical considerations and are shown in Fig. l. 

1.0030.---------------------., 

0 

0 

• 

with cation exchanger in 2M HCI 

:calculated from equation 9 of port 1, assuming Ke = 1.001 

assuming Ke = 1.002 

assuming Ke = 1.003 

: experimental 

Figure 1. Separation factor of U isotopes in a mixed solution 
of uranic and uranyl ions 
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SOME REMARKS ON THE ISOTOPIC EXCHANGE 
REACTION BETWEEN U(IV) AND U(VI) 

The isotopic exchange reaction between U(IV) 
and U(VI) ions in the mixed system of acidic solution 

and cation exchange resin 

(J. Shimokawa and G. Nishio) 

Experimental results and their analysis 

The cation exchange resin particles contammg 
depleted U(IV) ions (mole fraction: 0.231 x I0-2) 
were mixed with a natural U(VI) solution. At the 
beginning of the reaction, some of the U(VI) ions 
entered the resinous phase from the solution, but 
all the U(IV) ions remained in the resinous phase 
in the pH range used. The change in isotopic content 
of the U(IV) in the resinous phase was followed 
by mass-analysis. The experimental detail will be 
described in another paper [6]. 

A study of this system indicates the presence of 
two possible exchange paths 

k 
[235U(VI)]r + [2ssu(IV)]r-2_ [2ssu(VI)]r+ [235U(IV)]r (12) 

k 
[2ssu(Vl)]r + [235U(VI)].- 2_ [235U(VI)]r+ [2ssu(Vl)]. (13) 

From Eqs.(l2) and (13), the molal balances for the 
235U in the resinous phase leads to a set of differential 
equations: 

d [235~(Vl)]r = - kl [2s5U(VI)]r [2ssu(IV)]r 

t + kl [2ssu(VI)]r [235U(IV)]r 
- k2 [235U(Vl)]r [2ssu(VI)]. 

+ k2 [238U(VI)]r [235U(Vl)]8 (14) 

? [235~(IV)]r = - kl [2ssu(VI)]r [235U(IV)]r 

t + kl [235U(VI)]r [2ssu(IV)]r (15) 

Table I gives the experimental results and the most 
important values of k1 and k 2 estimated from Eqs. (14) 
and (15). 

From this table it is seen that k1 is very sensitive 
to the /-value (isotopic fraction in U(IV)) in each 
run, but k 2 is almost constant for all cases except G1 

and G2 • This seems to be due to the fact that k1 is 
dependent mainly on the degree of hydrolysis of the 
U(IV) ions in the resinous phase, while k 2 is not 
influenced by the hydrogen ions in the resin and 
the external solution. The apparent activation energy 
is found to be 13.9 kcal mol-1 (£1) for the first process 
and 5.84 kcal mol-1 for the second process. It should 
be noted that £ 1 is smaller tha'n the activation 
energy for the U(IV)-U(VI) exchange in the solution 
phase*. £ 2 seems to be nearly equal to the activation 
energy of ion diffusion in the resinous phase which 
is generally between 4 and 7 kcal mol-1 [8]. 

* 33-4 kcal mol-1 in the case of pH 0.85 [71. 



Modified uranium concentration U = U' (mol/1-resin) x (1 - e). 
(soln. vol) 

V = V' (mol/1-resin) x (I -e) W = W' (mol/1-soln.) x e where e = .,.(s-olo-n-. v--"o""'"'l) + (resin vol) 
Temperature: 22.5 oc except for G, 42.0 oc and G, 7.0 oc. 
Time: A 12 min; D, G, 20 min; A', B 30 min; C, E, F, G, G'" G,, H 40 min. 

Mechanism of isotopic exchange 

The hydrolysis of the U(IV) ion is expressed by 

K 
UH + nH20 ~ h,n_ U(OH)~4-nH + nH+ 

(n = 1, 2 and 3) (16) 

Each hydrolysis constant is 

Kh,n = [U(OH)~4-nH] [H+]n [UH]-1 (17) 

As the U(IV) concentration is held constant through 
the reaction therefore 

3 

[U(IV)] = [UH] + ~ [U(OH)~4-nH] 
n~1 

3 

= [UH] {1 + ~ Kh,n[H+]-n} (18) 
n~1 

If the U(OH)~4-vH ion is the only species contribut
ing to isotope. exchange, Eq. (12) is rewritten as 
follows: 

[235U(VI)]r + [23sU(OH)~4-vh]r 
k' 

.:___,__ [238U(VI)]r + [235U(OH)~4-vh·]r (19) 

The concentration of p species is 

[U(OH)~4-vl+] = Kh,v [U4+] [H+]-v 
3 

= Kh,v[U(IV)] [H+J-v{l + ~Kh,n[H+]-n}-1 (20) 
n~1 

From Eqs. (12), (19) and (20), 
3 

k 1 = Kh.vk'[H+]-v{l + ~Kh,n[W]-n}-1 
n~I 

~ Kh.vk'[H+]-P(if[H+]-n ~ Kh,n) (21) 

or log k 1 = const. + p log [H+]-1 (22) 

Line (A) in Fig. 2 shows the relation of log k1 vs. 
log [H+];-1

• The similar tendency should also be 

obtained for the U(IV)-U(VI) exchange in the solution 
phase. Line (B) gives the relation of log kRona* vs. 
log [H:]-1. The slope of the straight line is found 
to be 3.0 in either case. · 

It becomes apparent from these analytical results 
that 
(a) The U(IV)-U(VI) exchange takes place readily 
between U(OH)t and Uo~+. 

* Rona calculated the apparent exchange rate constant 
K' for the U(IV)-U(VI) exchange in solution phase. The relation 
of kRona and K' is given by K' = - kHon·· (a + b)/2.303. 

1.0 

c 
c: 
0 

Q:: 
-" 

0 0. 1 

-" 

10 100 

[ H ]r 
or 

[HIs 

Figure 2. Basic relation of rate constant to hydrogen ion 
concentration 

Line (A) in resinous phase; Line (B) in solution phase 
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Table 2. Experimental conditions and results obtained for anion 
exchange resin with SM hydrochloric acid 

Cone. of Cone. of C•:mc. of 
Reac. time U(IV) in U(IV) in U(Vl) in 

h resin so ln. resin 
mol/1 mol/! mol/! 

0 0.6140 0.0251 0.445 
4.5 0.6140 0.0251 0.445 
8.5 0.6140 0.0251 0.445 

13.5 0.6140 0.0251 0.445 

(b) The apparent exchange rate constant is inversely 
proportional to the third power of the hydrogen 
ion concentration. However, for the same acid con
centration, 
(k1 in resinous phase)/(kRona in solution phase) = 103 

-104 

(c) The cation exchange resin seems to have a catalytic 
action for the U(IV)-U(Vl) exchange. 

Isotopic exchange reaction between U(IV) 
and U(Vl) in SM hydrochloric acid with anion 

exchange resin 

(H. Kakihana and K. Gonda) 

Experimental 

Dowex 2 x 8 anion exchange resin samples weighing 
1.00 g were immersed in 12.0 ml of 8M hydrochloric 
acid containing 112.00 g of natural U(IV) and 
107.20 g of depleted U(VI) (mole fraction: 0.291 X l0-2). 
After shaking for one hour in a thermostat at 30 ac, 
the ion exchange equilibrium was reached and very 
small amounts of U(Vl) (about 1.08 g) remained in 
the solution. The distribution of U(IV) and U(VI) 
between the resin and the solution phases is shown 
in the 2nd, 3rd and 4th columns of Table 2. Regarding 
the time of the ion exchange equilibrium as the starting 
point, the change · in the isotopic content of 235U 
was followed by mass-analysis [9] with an Atlas CH4 
mass spectrometer for U(IV) in the resin and for 
U(IV) in the solution. 

Discussion 

Since the amounts of U(Vl) in the solution were 
very small, the isotopic exchange reaction could be 
represented by the following three paths: 

kl 
[235U(VIn+ [23BU(IV)]r=-= [23BU(VI)Jr+ [235U(IV)Jr (23) 

k2 
[2ssU(IV)]r + [235U(IV)]s'=""' [235U(IV)]r+ [2ssu(IV)]. (24) 

k12 
[2ssu (VI) lr + [235 U (IV) J. ~ [235 U (VI) lr + [2ssu (IV) J. ( 25) 

The molal balances for 235U(IV) and 235U(VI) in the 
resin phase lead to a set of differential equations: 

d/(IV) = k1b(7(VI) -](IV))+ k2a(f(IV) -](IV)) (26) 
dt 

Isotopic fraction 

k, k, 
Meas. Meas. Calc. !/mol h !/mol h 
{(IV) {(IV) {(VI) 

0.710 0.709 0.292 
0.690 0.705 0.324 
0.676 0.701 0.345 2.7 10-2 1.3 
0.664 0.696 0.364 

df(VI) = k12a(f(IV)-f(VI)) + k1a(7(IV)-f(VI)) (27) 
dt 

where f denotes the isotopic fraction of 235U, a and b 
the concentration of U(IV) and U(VI) respectively 
and - represents the ion exchange resin phase. 

The best relevant set of values for the rate constants 
was estimated graphically as k1 = 2. 7 x 10-2 mol-1 

hour-I, k2 = 1.3 1 mol-1houc1 and k12 was negligibly 
small. Compared to the results obtained for a cation 
exchange resin [1], the rate of the exchange reaction 
with an anion exchange resin looks very slow. How
ever, if the very high HCl concentration (8M) of the 
present system is remembered, the rate could be consi
dered as high. 

Conclusion 

The U(IV-U(VI) exchange reaction takes place 
even with such a high HCl concentration as 8M. 
Further experiments are required to decide whether 
this derives from the catalytic action of the anion 
exchange resin or from the properties of complexes 
existing in concentrated HCl solution. If there is 
some isotopic effect in the U(IV)-U(VI) exchange, 
the effect will be accomplished within the limited 
reaction time even in 8M HCl solution. 

CHEMICAL SEPARATION OF URANIUM ISOTOPES 
BY ION EXCHANGE IN THE SYSTEM CONTAINING 

BOTH U(IV) AND U(Vl) 
(H. Kakihana, H. Sato, K. Gonda, Y. Mori and 

T. Kansaki) 
Experimental 

Based on the theoretical considerations described 
in the first part, experimental work has bee~ done 
to obtain the higher separation factor oi"the U isotopes. 
Dowex 50 Xl2 or Diaion SK-1 cation exchange resin 
columns have been used for breakthrough experiments 
with 2M HCl solutions containing U(IV) and U(VI) 
of various ratios. For each experiment the depletion 
ofU was found at the front of the U(IV) breakthrough 
and very minor depletion was also observed in the 
U(VI) eluant [10, 11]. Similar experiments have been 
done through Dowex 2 X10 anion exchange resin 
columns of 100 em height and 1.2 em diameter 
with 8M HCl solutions containing U(IV) and U(VI). 
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Remarkably high enrichment of U was found in a 
few fractions of the U(IV) eluant. Some of the results 
are shown in Table 3. No fraction of the eluant 
from a system containing only U(IV) or U(VI) gave 
such a high enrichment [12]. 

Table 3. Results of mass-analysis obtained for the 
eluants from the anion exchange resin column with 
8M HCI solution containing both U{IV) and U(VI) 

Eluant 
r/ro a 

Mole 
fraction 

of U(IV) Vol. ml uo~+ mg 

IO 233 1.0009 
IO 225 I.0032 
IO 233 1.0009 

0.78 IO 240 1.0036 
IOO 2I50 I.0078 
100 2 050 1.0002 

IOO I 230 1.0003 
IOO I 000 1.0046 

0.38 IOO I 500 1.0050 
IOO I 350 l.OOI6 
IOO I 350 1.0003 

• r = Isotopic ratio of each fraction; ro = Isotopic ratio of the 
original sample. 

Approximate values for the single process separation 
factor, sm, were calculated using the equation [10]. 

s~~~ = [235U] [2asu]-1 [2asu] [235U]-1 = l 
+ DQ-1 R0

1 (27) 

where D is the total depletion of U in the elute, Q 
is the total amount of uranium absorbed in the 
column and R0 is the original mole fraction of U. 
The values obtained are shown in Table 4. 

Mole 
fraction 
of U(IV) 

IOO 
78 
63 
38 
0 

Mole 
fraction 
of U(IV) 

98 
84 
20 

0 

Table 4a. Separation factor of uranium 
with anion exchange resin in 8M HCI 

Separation factor s::: 
Experimental Theoretical 

Ke ~ 1.001 1.002 1.003 

0.9993 0.9993 0.9993 0.9993 
0.9986 0.9993 0.9987 0.998I 
0.9988 0.9994 0.9989 0.9983 
0.9992 0.9996 0.9993 0.9990 
I.OOOO 1.0000 1.0000 I.OOOO 

Table 4b. Separation factor of uranium 
with cation exchange resin in 2M HCI 

Experimental 

1.00033 
1.00048 
1.0005 
1.0000 

Separation factor s:i~ 

Theoretical 

Ke ~ 1.001 1.002 

1.0003 1.0003 
1.0005 1.0006 
1.0017 l.OOI8 
1.0000 1.0000 

1.003 

1.0004 
1.0008 
1.0026 
1.0000 
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Discussion 

Comparing the system containing only U(IV) with 
that containing U(VI), the former gave a better separa
tion factor than the latter. 

Also the value for the anion exchange resin is better 
than the value for cation exchange resins. These facts 
may be attributed to the higher degree of complex 
formation of U(IV) than U(VI) and to the better 
contribution of the third term of Eq.(5) to that of 
Eq. (4). 

With anion exchange resins, the mixed solutions 
of U(IV) and U(VI) gave very high separation factors 
(0.9992 - 0.9986), which can be explained by the 
effective contribution of the electron exchange reaction 
described earlier. In fact, as shown in Fig. 1, all the 
experimental results agreed well with the theoretical 
values obtained from Eq. (9) by assuming Ke = 1.002. 
With the cation exchange resin the effect of mixing 
U(IV) with U(VI) has not been studied. A 2M con
centration of HCl might be too high to realize the 
isotopic effect of U(IV)-U(VI) exchange even in the 
presence of a cation exchange resin, which was proved 
to be a fine catalyst in the preceding section. 

EFFECT OF SUPERIMPOSING AN ALTERNATING 
ELECTRIC CURRENT ON THE ISOTOPE SEPARA
TION IN AN ION EXCHANGE RESIN COLUMN 

BY IONIC MIGRATION 

(H. Goto, S. Suzuki, A. Sato and M. Kishimoto) 

In 1950, ion exchange resins had been used effectively 
as a medium for electromigration for the separation of 
Cu and Ni by Japanese researchers [13]. Since then, 
several Japanese workers have tried to use ion exchange 
resins for the separation of isotopes by electromigra
tion [14-17]. However, only direct current was used 
in their experiments. In this paper, the effect caused 
by superimposing an alternating electric current is 
described. 

A cell made of borosilicate glass was divided into a 
few compartments with cation exchange membranes. 
Each of the compartments was filled with cation 
exchange resin, excepting the end compartments of 
the cell, one of which was filled with ammonium 
chloride solution for nitrogen isotope separation and 
used as an anodic cell and the other was filled with 
hydrochloric acid solution and used as a cathodic 
cell. The ion exchange electromigration of the ammo
nium ion was carried out by superimposing alternating 
current on the direct current. By this method, ammo
nium ions pass through the cation exchange resin to 
the cathode from the anode, while as the phase of the 
alternating current is reversed the ion proceeds in the 
reverse direction and as the phase is again reversed it 
advances again to the cathode. After the passage of the 
electric current for a certain time, the isotopic ratio 
of the nitrogen in the ammonium chloride in each 
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(cycles) 
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Table 5. Effecr of superposing alternating electric 
current, its frequency and wave form 

Direct 
current 

only 
25 50 500 I 000 

Wave form. . Sine Square Sine Square Sine Square Sine Square 

Isotopic ratio of N 
in cathodic cell (%) 0.379 0.387 0.398 0.390 0.391 0.394 0.392 0.385 0.386 

Isotopic abundance ratio of nitrogen in the original ammonium chloride sample = 0.372 ± 0.0016% 
Conditions for ion exchange electromigration: 
Ion exchange resin; Doxex 50 XS, 200 mesh or Amber lite CG-120, type 2, hydrogen form, 2.5 em diameter 

and 20 em long. Ion exchange membrane; Nepton CR-61; Anodic cell; 40 ml of 3.0M ammonium chloride 
solution. Cathodic cell; 40 ml of 3.0M HCl solution. Time of electromigration; 400 hours. Electricity; 
ac 4.0 V, de 0.2 V. 

Table 6. Distribution of isotopic ratio of nitrogen in the cell 

Number of cell comoartment Cathodic No. I No.2 No.3 No.5 Anodic 
cell cell 

Isotopic ratio of N in each Expt. A 0.400 0.381 0.374 0.368 0.371 0.363 
compartment % . Expt. B 0.413 0.384 0.367 0.372 0.369 0.367 

Amounts of NH4Cl in each Expt. A 148 1.329 1.590 1.752 1.220 218 
compartment mg. Expt. B 125 1.251 1.542 1.764 1.413 187 

Conditions for ion exchange electromigration were same as those for table 5, except electricity; ac 
(square wave) 50 cycles, 4.0 V, de 0.2 V. 

Table 7. Results of enrichment of uranium-235 

Time of electro-migration h 400 600 1,000 

Isotopic ratio of U in 
anodic cell % 0.709 ± 0.005 0.715 ± 0.004 0.720 + ± 0.007 

Amounts of U remaining 
in anodic cell mg . 728 63 4 

Isotopic ratio of uranium in the original uranyl nitrate sample: 0.702 ± 0.005 %. 
Conditions: Ion exchange resin; Amberlite CG-120 type 2, hydrogen form, 2 em diam. and 75 em long. 

Anodic cell; 40 ml of 0.5M uranyl nitrate solution. Cathodic cell; 40 ml of 0.5M nitric acid solution. 
Electricity; ac (square wave) 50 cycles 4.0 V, de 0.2 V. 
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compartment was determined with a mass spectrometer. 
The ammonium chloride was purified by sublimation 
and completely oxidized to nitrogen gas by the hydro
bromite method. From these experiments, it was 
found that the heavier isotope 15N proceeds more 
quickly to the cathodic cell than the lighter isotope 
14N. The results obtained are shown in Tables 5 and 6. 

In spite of the simpleness of the apparatus and the 
procedure, a good enrichment of isotopes seems to 
be obtainable by this new method. 

The above method was applied to the enrichment 
of 235U. The apparatus was the same as described 
above. After a definite time of passing the electric 
currents, the uranium remaining in the anodic cell 
was purified and the isotopic ratio was determined 
with a mass spectrometer using the thermionic method. 
As with nitrogen, the lighter isotope 235U had tended 
to remain in the anodic cell. The results are shown 
in Table 7. 

A NEW APPARATUS FOR CONTINUOUS ISOTOPE 
SEPARATION BASED ON A SIMULTANEOUS USE 

OF ION EXCHANGE AND IONIC MIGRATION 

(H. Kakihana, T. Hoshino and Y. Mori) 

Studies of isotopic separation using ion exchange 
chromatography or ionic migration have been carried 
out by many workers. Recently, a cation exchange 
membrane has been proved to be a very effective 
medium for ionic migration especially for the separa
tion of Lithium isotopes [16], and even for uranium 
isotopes the appreciable enrichment of 235U (e.g. 
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Table 8. A result with LiCI solution 

Compart- Li-conc. R fraction 6Li-mol 6Li-conc. Li-dist. Total separation factor 
ment No. mg/1 R feed fr. % mol/1 % Cut T.S.F. 

2 9 1.027 ± 0.004 7.28 0.09 0.24 
3 21 1.019 ± 0.003 7.34 0.22 0.57 
4 85 1.013 ± 0.005 7.37 0.91 2.31 
5 135 1.012 ± 0.004 7.38 1.44 3.66 
6 218 1.018 ± 0.004 7.34 2.31 5.92 
7 313 1.009 ± 0.004 7.40 3.35 8.49 
8 396 1.006 ± 0.003 7.42 4.24 10.75 
9 493 1.001 ± 0.003 7.46 5.31 13.83 

10 490 0.999 ± 0.003 7.47 5.29 13.30 0.5472 (10 ~ 14) 1.008 
11 551 0.993 ± 0.004 7.51 5.98 14.95 0.4142 (11 ~ 14) 1.016 
12 560 0.996 ± 0.004 7.49 6.06 15.20 0.2647 (12 ~ 14) 1.013 
13 410 0.977 ± 0.004 7.63 4.52 11.13 0.1127 (13 ~ 14) 1.024 
14 5 0.936 ± 0.005 7.93 0.06 0.14 0.0014 ( 14 ) 1.068 

Calc. feed 
solution 737 7.96 

Calc. feed 
solution 720 7.46 7.76 100.04 

Operation conditions: 
Feed solution: 0.1 M LiCl solution; flow rate 120 ml/h cell. 
Cathode solution: 0.5N (NH4) 2SO, solution; flow rate 15 L/h. 
Anode solution: 0.25N NH,OH, 0.25N (NH4) 2S04 solution; flow rate 15 1/h. 
Potential between electrodes: 20 V de. 
Current through resin bed: 3A (10 rnA/em'). 

~r = 0.004 x IQ-2) was observed at the front of 
the U-band in the membrane after about 45 em migra
tion [18]. 

For a continuous operation of these processes, a 
countercurrent technique was usually applied but was 
always accompanied by some experimental difficulties 
such as the control of the counterflow rate or boundary 
conditions. An apparatus based on the idea of combin
ing these two processes - ion exchange chromato
graphy and ionic migration - was devised to overcome 
such difficulties and to obtain their combined effect. 
The apparatus consists of an ion exchanger bed 20 em 
wide, 100 em high, 3 em thick and two electrode 
compartments attached to each side of the exchanger 
bed. The exchanger bed is divided into 20 compart
ments of 1 em width by Asahi Chemical CK-1 cation 
permselective membranes and filled with Mitsubishi 
Chemical Diaion SK-1 50-60 mesh cation exchange 
resin in the NHcform. One of the electrode compart
ments, equipped with a Pt-electrode, is used as an· 
anode compartment and the other has a Hastelloy C 
electrode in the cathode compartment. A solution 
of the isotopes to be separated was usually introduced 
at the top of the 5 compartments of the anode side 
and an ammonium salt solution was fed in to the top 
of the other 15 compartments. An electric field was 
applied between the electrodes and cathodic and anodic 
solutions were circulated separately to each electrode 
compartment by pumps. The mechanism of continuous 
separation of isotopic ions by this apparatus is as 
follows [15]. Consider the isotopic ions I and II which 
are moving down through the ion exchange resin 

bed with velocities V! and V!1 respectively according 
to the flow rate of the solution and the difference in 
their affinities for the exchanger. At the same time, 
they are affected by the electric field and migrate 
horizontally with velocities V~ and V~1 respectively 
in accordance mainly with their ionic mobilities. As a 
result, the two ions move along different directions 
with different velocities so that they will be separated 
from each other and eluted from different positions 
in the apparatus. Moreover, if the solution is fed 
continuously, the operation will become continuous. 

The efficiency of this apparatus was examined by 
several experiments on lithium isotope separation 
with Li2C03, LiCl and LiOH solutions. A result 
obtained for LiCl is shown in Table 8. The separation 
factors of the apparatus obtained with LiCl are shown 
in Table 9, together with the results obtained with 

Table 9. Relation between cut 
and total separation factor 

Total separation factor 

Cut 
Li,CO, LiCI 

solution solution 

0.0014 1.068 
0.0189 1.058 
0.1127 1.024 
0.1543 1.027 
0.2647 1.013 
0.3153 1.015 
0.4142 1.011 
0.4814 1.010 
0.5472 1.008 
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Li2C03 • Apart from the benefit of continuous operation 
such values of a· separation factor of 1.01 for cut 0.5 
and 1.027 for cut 0.15 are larger than that of 1.001-
1.003 obtained with LiCl or Li2C03 by simple ion 
exchange chromatography [19], and also larger than 
that of 1.0038 obtained by ionic migration in an 
aqueous solution of LiN03• 

The same apparatus has been used for preliminary 
enrichment tests of 235U. The procedure was as follows. 
An acidic solution of 0.05M UC14 was fed from the 
top of a compartment next to the cathodic compart
ment, an electric field was applied horizontally, and 
the eluant from the bottom was led to the top of the 
next compartment. After passing through 5 compart
ments, the eluant was analysed for U-content and 
isotopic ratio. The first 10 fractions (1 fraction = 
100 ml) had lower 235U concentrations (100 x 
(r- r0) =- 0.005- 0.01), followed by about 30 
fractions with no fractionation, and slight enrichment 
of 235U was observed in the following 60 fractions. 
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ABSTRACT -RESUME-AHHOTAU.vtsi-RESUMEN 

A/439 Japon 

Quelques etudes faites au Japon sur Ia sepa
ration chimique des isotopes de !'uranium 

par H. Kakihana et a/. 

Une theorie de Ia separation des isotopes de /'uranium 
par reaction d'echange d'electrons. 

Les etudes theoriques ont montre que les melanges 
d 'uraniom(IV) et d 'uranium(VI) devraient constituer 
un systeme interessant si la reaction d 'echange d 'elec
trons entre les isotopes peut etre catalysee. 

Les resines echangeuses d'ions, catalyseurs efficaces 
de Ia reaction d'echange d'electrons entre /'uranium( IV) 
et l'uranium(VI). 

II a ete etabli que les resines echangeuses de cations 
et d'anions sont d'excellents catalyseurs, par exemple : 

vitesse d'echange d'electrons 
dans une resine echangeuse de cations 
-------------- = 103 - 104• 

vitesse d'echange d'electrons 
dans une solution 

Separation chimique des isotopes de /'uranium par 
echange d'ions dans un systeme contenant de l'ura
nium(IV) et de l'uranium(VI). 

Des facteurs de separation plus eleves ont ete obser
ves pour l'uranium(IV) (1,0007) que pour l'ura
nium(VI) (1,0000). Des facteurs de separation beau
coup plus eleves (1,0014) ont ete obtenus pour des 
systemes mixtes d'uranium(IV) et d'uranium(VI), ce 
qui peut s'expliquer par une contribution efficace de 
l'effet isotopique dans la reaction d'echange d'elec
trons entre I 'uranium(IV) et 1 'uranium(VI). 

Fractionnement des isotopes de !'uranium dans une 
membrane echangeuse d'ions par migration ionique. 

Un enrichissement appreciable en uranium 235 a ete 
observe en tete d'une bande d'uranium dans une mem
brane echangeuse d 'ions, tout com me dans le cas de 
!'isotope du lithium. 

Effet de Ia superposition d'un courant alternatif sur Ia 
separation des isotopes par migration ionique dans une 
colonne de resine echangeuse d'ions. 

Par Ia superposition d 'un courant alternatif, on a 
obtenu des effets favorables au fractionnement des 
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isotopes de !'uranium, semblables a ceux observes pour 
les isotopes de I 'azote. 

Nouveau dispositif pour Ia separation continue des 
isotopes utilisant simultanement l' elution d' echange 
d'ions et Ia migration ionique. 

On a con~;u un dispositif combinant les effets des 
deux procedes, !'elution d'echange d'ions et la migra
tion ionique, et permettant en meme temps la marche 
en continu. Avec ce dispositif, on a obtenu un debit 
continu de 6Li enrichi (par exemple 7Li/6Li = 11,61) 
a la cathode, tandis que 6Li appauvri (par exemple 
12,81) etait obtenu a l'anode. Pareillement, un enri
chissement de 235U etait observe a la cathode. 

A/439 .RnoHMR 

HeHoropble pa60Tbl no XHMH4eCHOMY 
pa3Ae11eHHIO H30TOnOB ypaHa 8 flnOHHH 

X. KaKHXaHa ei al. 

l.fa<;:Tb I. TeopHfl paaAeneHHfl H30Tonoe 
ypaHa C nOMOLl.\biO peaKU.HH 311eKTPOHHOrO 

ot5MeHa 

TeopeTnqecKHe HCJie)l;OBaHHH rroKaaaJIH, '!TO 

CMeCH U (IV) It U (VI) HBJIHIOTCH HaH60JIPC 

npe)l;TIOqHTaeMhiMH CHCTeMaMH )l;JIH paa)l;eJieHHH 

naoTorroB U235 H U238 B cJiyqae, ecJIH MomHo KaTa

.'manpoBaTL peaK~HIO :meKTpOHHOI'O o6MeHa. 

l.facTb II. HoHoot5MeHHble CM011bl KaK 
atfltfleKTHBHble KaTanHaaTOpbl A11fl peaKU.HH 

311eKTPOHHoro ot5MeHa Me>KAY U (IV) H U (VI) 

RaTJIOHO- n aunouoo6MeHHhle CMOJILI HBJIHIOTCH 

oqeub HHTepecHhiMH KaTaJinaaTopaMn. TaK, ua

npnMep, 

C.-opocTh :meKTpoHHoro o6MeHa 
B KaTHOH006MeHHOH CMOHe 

------------- = 103
- 104

• 
CHoporTb :meKTpOHHoro oGMeHa 

B paCTBOpe 

l.faCTb Ill. XHMH~ecKoe paaAeneHHe H30Tonoe 
ypaHa C nOMOLl.\biO HOHOOt5MeHHHKa 

a cHcTeMe, COAep>KaLtJ.eH U(IV) H U(Vl) 

IloJiyqeHhl 6oJiee BhlCOKHe Koa<P<Pn~HeHThl paa

;wJieHHH )l;.'IH U (IV) ( 1,0007), qeM ,D;JIH U (VI) 
( 1,0000). E~e 6oJiee BhlCOKHe Koa<P<Pn~neHThi 
pa3)1;eJieHHH ( 1,0014) 6hlJIH IIOJiyqeHhl )l;JI.fl CMC

JUaHHOH CHCTeMbi, qTo 06'bHCHHeTCH a<fl<flei\THBHhlM 

HJIHHHJieM H30TOIIOB B peaK~Hll 3JieKTpOHHOI'O o6-

MeHa Mem)l;y U (IV) H U (VI). 

H. KAKIHANA et a/. 

YacTb IV. PaaAelleHHe H30Tonoa ypaHa 
B MeMt5paHHOM HOHOOt5MeHHHKe 

npH MHrpaU.HH HOHOB 

Toqno TaK me, KaK H B cJiyqae naoTorroB JIH

THH, B MeM6paHHOM HOH006MeHHHKe Ha6JIIO)l;aJIOCJ, 

:matJIITCJILHoe o6ora~eHHe naoTorraMII U235• 

YacTb V. 811HfiHHe HanomeHHfl nepeMeHHOro 
TOKa Ha paaAeneHHe H30Tonoa a 

HOHOOt5MeHHOH KOJlOHHe npH MHrpatJ.HH HOHOB 

B peayJILTaTe HaJiomeHHH nepeMeHHoro TOKa 

na6JIIO)l;aJIOCb aHaJIOI'HqHoe BJIHHHlle Ha H30TOIIhi 

ii30Ta IIpll <flpaK~HOHllpOBaHHH H30TOIIOB ypaHa 

l.faCTb VI. Hoaafl ycTaHOBKa Allfl 
HenpepbiBHoro paaAeneHHfl H30Tonoe, 

OCHOBaHHafl Ha OAHOBpeMeHHOM 
HCnOJ1b30BaHHHHOHOOt5MeHHOrO BbiMbiBaHHfl 

MHrpatJ.HH HOHOB 

Coa;:~,aHa ycTaHOBKa, ocHoBaiiHaH Ha rwM6nHa

~ml MCTO)l;OB HOH006MeHHOI'O BhiMbiBaHIIH H MH

rpa~HH HOHOB npn uenpepLIBHOM npo~ecce. Ha 
HaToi-(e aTOll ycTaHOBKH 6hiJI IIOJiy'leH HerrpephiB

Hhlii noToK o6ora~eHHoro LF (Li6 = 11,61), a ua 

aHo.ue - o6e)l;He"HHoro Li6 ( 12,89). O;:~;HoBpeMeHHo 
n uoTo:ne Ha KaTo,n;e ua6JIIO)l;aJIOCh o6ora~eune 
u23s. 

A/439 Jap6n 

Algunos trabajos japoneses sobre separac1on 
qufmica de los is6topos del uranio 

por H. Kakihana ef a/. 

Una teoria de Ia separaci6n isot6pica del uranio 
que implica reacci6n de intercambio electr6nico 

Los estudios te6ricos han probado que la mezcla 
de U1v y uv1 seria un sistema favorable, si la reacci6n 
de intercambio electr6nico entre los is6topos pudiera 
catalizarse. 

Resina de intercambio i6nico como un catalizador 
efectivo para Ia reacci6n de intercambio electr6nico 
entre UIV y uvi 

Se han encontrado resinas de intercambio de cation 
y de anion como catalizadores muy prometedores. 
Por ejemplo: 

Velocidad de intercambio 
electronico en resina de cambio de cation 

Velocidad de intercambio 
electronico en solucion 

1()3 - 104 
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Separaci6n qu1m1ca de los is6topos del uranio con 
cambiador de iones en el sistema conteniendo U1v 
y UVI 

Se han observado mejores factores de separacwn 
para UIV (1,0007) que para uvi (1,0000). Se obtuvieron 
factores de separacion mucho mas altos (1,0014) 
para los sistemas mixtos de UIV y uv1, que podrian 
explicarse por la contribucion efectiva del efecto 
isotopico en la reaccion de intercambio electronico 
entre U1v y uv1• 

• Fraccionamiento de los is6topos del uranio en 
membrana de intercambio i6nico por migraci6n 
i6nica 

En la membrana de intercambio ionico se observo 
un apreciable enriquecimiento de 235U en el frente de 
la banda de U, exactamente como en el caso del 
isotopo de Li. 
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Efecto de superponer una corriente alterna en Ia 
separaci6n isot6pica con columna de resinas de cambio 
de ion por migraci6n i6nica 

Superponiendo una corriente alterna se ha observado 
en el fraccionamiento isotopico del uranio un efecto 
favorable similar al que tiene Iugar en los isotopos del 
nitrogeno. 

Un nuevo aparato de separaci6n continua de is6topos 
basado en el uso simultaneo de eluci6n de cambio 
de ion y migraci6n i6nica 

Se ha ideado un aparato en e1 que se combinan los 
dos procesos, la e1ucion de cambio de ion y la migra
cion ionica, en que se incorpora 1a operacion continua. 
Por medio de este aparato el flujo continuo del 
litio-6 enriquecido (v.g. LF/6Li = 11,61) se obtuvo en 
la region catodica, mientras que el de litio-6 empo
brecido (v.g. 12, 81) se obtuvo en la region anodica. 
Am'llogamente se observo el enriquecimiento de 
235U en la region catodica. 
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Isotope separation by concurrent gas centrifuge 

By Y. Takashima, A. Kanagawa and Y. Oyama* 

The development of gas centrifuges in Japan 
started in 1959, when Oyama and his group at the 
Tokyo Institute of Technology planned to use the 
gas centrifuge for uranium isotope separation. 

The first step was the design of a centrifuge with a 
rotor 20 em id, 120 em in length and a rotation speed 
of 20 000 rpm, to accumulate technical experience 
through running tests and preliminary separation tests 
of argon or other gases. 

The project was formally started in April 1959 by 
Oyama and his co-operators at the Institute of Physical 
and Chemical Research, where this work was covered 
by JAEC contracts. 

The Nippon Atomic Industry Group Co. also 
joined in the project to take charge of mechanical 
and material problems. The Toshiba Turbine Co. 
was delegated to make a pilot type of gaseous centri
fuge. A rotor for the first centrifuge was constructed 
from duralumin 24S(A3-T4-T3). In March 1960, the 
running test was successful, although there were 
various unsolved problems such as sealing, vibration 
and damping. In March 1961, it was possible to do 
the separation test of argon gas without serious 
trouble which could have been caused by the abrasion 
of bearings, leakage, etc. 

The separation factor obtained was about 1.04 for a 
0.5 1/min feed rate and 1.01 for 5 lfmin with counter
current flow and the cut 0.5 [1 ]. Concurrent flow 
reduced the separation factor to 1.01 for 1 1/min 
and 1.006 for 5 1/min. The test data, however, 
are not yet sufficient to indicate the separation per
formance by this centrifuge. The isotope concentra
tion was measured by means of a mass spectrometer, 
Type RMI-2, made by the Hitachi Co. 

During the test period, the Toshiba Turbine Co. 
built a second centrifuge with a bigger rotor, 30 em id, 
150 em in length and 9 mm thick, which was construc
ted from duralumin 14ST. This rotor was expected 
to stand up to speeds of more than 20 000 rpm. How
ever, several running tests started at the end of 
1961 showed that the safe running speed would be 
no more than 18 000 rpm, since significant elliptical 
expansion of the cylindrical part was observed beyond 
this speed. This elliptical deformation was considered 

* Research Laboratory of Nuclear Reactor, Tokyo Institute 
of Technology. 
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to be due to inherent stress in the duralumin before 
being machined. Therefore, another rotor machined 
from carefully heat-treated duralumin has been 
prepared for the next running test which will be 
done in the near future. 

The separation test at 16 000 to 18 000 rpm was 
carried out on the second machine in March 1962 [2]. 
The results, however, were not as good as expected. 

At the end of 1962, the responsibility for the project 
was transfered to the Atomic Fuel Corporation 
for further development for uranium isotope separa
tion. 

As part of this project, breaking tests of such materials 
as duralumins, high tension steels and fibreglass 
reinforced plastics (FRP) have been studied by a 
group at the Toshiba Central Research Labora
tory [3 ]. A tested high tension steel rotor was destroyed 
at the peripheral speed of 317 mfs after about 50 h 
running time. A welded 75S duralumin rotor was 
torn off at the welded part at 350 mfs. The test of 
the FRP rotor is just under way. Basic studies on 
sealing and bearings have also been made by another 
group. 

Some analytical calculations [4, 5, 6, 7, 8] on the 
separation performance of the gaseous centrifuge have 
been done including considerations of economical 
feasibility [9]. Part of the project includes the investi
gation of such problems as magnetic balancing and 
the characteristics of the hysteresis motor, using a 
small type of centrifuge similar to that developed 
by Zippe. 

Experience gained during these tests suggest that 
the design of the centrifuge should be as simple as 
possible, since the mechanical and material problems 
are predominant so far. 

Since concurrent flow does not require a circulation 
device the rotor design is simpler, so a reconsideration 
as to whether it is possible to obtain an equally 
good separation factor from concurrent flow 
rather than countercurrent flow is given in this 
paper. 

According to Groth's [1 0] and Zippe 's [11] expe
riments on countercurrent flow, the ratio of actual 
separative power to the theoretical maximum is 
38 and 30% at the most, respectively. Therefore 
the concurrent flow is worth reconsidering if these 
values are likely in practice. 
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BASIC EQUATIONS 
IN THE CONCURRENT TYPE OF CENTRIFUGE 

As shown by Cohen [12], in the case of a two 
component gas mixture, assuming steady state con
ditions, the diffusion equation is given by 

,
1
* d~* [r* ~~ + 2or* N(l - N) J 

pwr0 dN d2N 
Dp dz*- dz*2 (

1) 

where o == (M2 - M 1) (wr0)
212RT, r* = rlr0 , z* = zlr0 , 

and N is the mole fraction of desired material, D 
the diffusion coefficient, M the molecular weight, 
p the pressure, T the absolute temperature, w the axial 
velocity of gas stream, w the angular velocity of the 
rotor and r0 is the inner radius of the rotor. 

Supposing that we have several thin streams in 
parallel at r; (i = 1, 2 0 0 . 0 0, n, 0) and L; is the flow rate 
at r;, that is, 

f"+' pw 
L; = RT 2nrdr 

" 
(2) 

and integrating Eq. (1) with respect to r* for the 
(n + 1) cylindrical thin streams, we obtain 

N(r2)- N(r1)- [oN(l- N)]0 (r:'- rt) 

= Li (dd~) In'! 
z r, rl 

N(ri+1)- N(r1)- [oN(l- N)]0 (rt~ 1 - rt) 

_ [L* (dN) ~ (dN) ] l rt+l - 1 dz* ,, 0 0 . 0 .. 0 . + Li dz* " n rt 
(3) 

N(r0)- N(rn)- [oN(1 - N)]0 (1 - r;t') 

, _ [ * (dN) * (dN) ] l 1 - Ll dz* r, + ... 0 0 • 0 0 + Ln dz* rn n r! 

where Li* = L;/4>0 , cPo == 2nr.DpiRT and oN(l- N) 
is assumed to be nearly constant, also d2Nidz*2 is 
neglected. 

From the material balance, 

N(r1)Li + N(r2)L: + ........ + N(rn)L! + N(r0) L6 
= N0 (r1)Li + N0 (r2)L: + .. 0 •••• 0 

+ No(rn)L: + NoCro)L6 (4) 

where N0 (ri) denotes N (r;) at z = 0. 

Two parallel streams (in the case of n = 1) 

Cohen indicated the maximum separative power 
in this case as 

(1- ri')' 2{ 1-exp (- bZ*IF*)} 
(oU)oc= (oU)m In llri {1 +exp(-bZ*IF*)}bZ*IF* 

(5) 

which can be obtained under the condition of 

(1-ri') exp (-bZ*IF*) 
N0 (r0)-N0 (r1) = [oN(1-N)]0 1 + exp(-bZ*IF*) 

For a single entrance type, that is, N0 (r0) = N0 (r1), 

the separative power becomes 
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F 

z 

Figure 1. Inner two thin streams remixed at the, exit 

( ~U) = (~U) (1-rf')' 2{ 1-exp (-bZ*IF*)} (6) 
se m In 11ri bZ*IF* 

where (oU)m == no2ZDpi2RT is the theoretical maxi
mum separative power, and 11b = (J 1 (J0 In 1lri, F* = F 
/4>0, Z* = Zlr0, (Ji = L;IF. F and Z are the gas feed 
rate and the rotor length, respectively. r* = 005335, 
(jo = (j1 = 0.5 are the most preferable condition, 
as already known. 

Three parallel streams (in the case of n = 2) 

We shall consider two cases for three parallel streams 
from a single entrance. In one case the three products 
are separate. In the other case the inner two streams 
mix at the exit, as shown in Fig. 1, and only two 
products are obtained. The separative power for the 
first can be expressed as 

(~U) =(~U) [r ((J *)2{1-exp(a1 Z*IF*)}' 
3 m a, ' r al Z* IF* 

+ f ((J *)2{1-exp(-a2 Z*IF*)}'] (?) 
a, ' r a2 Z* IF* 

and that for the latter 

(~U) , = (~U) [fm(e *) 2{ 1-exp(-a1 Z*IF*) }' 
3m m a, ' r al Z* IF* 

, fm((j *) 2{1-exp(-a2 Z*IF*)}' 
T a, ,r a2Z*IF* 
+ f~.((J, r*) 
2{ 1- exp (- a1 Z*IF*)} { 1-exp(- a2Z*IF*)](S) 

~Z*IF* 



354 SESSION 2.10 P/440 

where, 

fa. ( e, r*) = ; 2 ~ 4C r.ei { ~1 ( ei L1i- ek L1k) - ei ek di r 
fa,(e, r*) = $

2 
~ 4, r.ei { ~ (eiLJi- ekLJk)- ei ekdi r 

f~(e, r*) 

= ce
1 
~ e2)($2~ 4,) {~1 ce2L12-e1L1o)-e1e2Ll2l<~r 

f:;!(e, r*) 

= ce
1 
~ e2)(;2~ 40 {e1e2L12ln ~~ -~2 (e2LJ2-e1LJO)r 

f~ .• (e, r*) 

eO 2 .J-;i1 Q2 { £J A £J A ) e £J LJ l y~ 
=ce1+e2)(~-4C) ;{v2LJ2-V1LJO 1V2 2 nrf 
-cce2L12- e1L1o)2 -( e1 e2L12ln ~Y} 

; =F .j$2 -4C 
a1.2 = 2 

c = e1 e2 eo (In r2/r1) (In rofr2) 
$ = e1 e2 In r2/r1 + e2 e0 In r0/r2 + e0 01 In r0 jr1 

L1i = (rf' - rt') 

d1 = (r:'- ri') In r0/r2 
d2 = (l - rt) In r2/r1 - (rf- ri') In r0 /r2 

d0 =-(l- r:') In r2/r1 

and i, j, k correspond to the subscripts of l ,2,0 or 2,0, 1 
or 0,1,2. 

The best conditions are that ri = 0.48, r~ = 0. 70, 
e1 = 0.15, e2 = 0.35 and eo= 0.5 for the former and 
ri = 0.45, r~ = 0.60, e1 = 0.19, e2 = 0.31 and eo= 0.5 
for the latter [7]. 

Figure 2 indicates the relation between the separa
tive power IJU and the relative feed rate F*/Z* for 
either two or three streams under optimum conditions. 

Of the four cases shown in Fig. 2, (IJU)
00

, (IJU)3, 

(IJU)3m, (IJU)se is the order from highest to lowest. 
The first two cases, however, are hardly applicable 

~E 
::::> 

~ 
::::> 

GO 

1.0 

(8 u) 
3 

5 

F*;z* 

Figure 2. 6U/(i>U)m versus F*fZ* 
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for a cascade connection of a number of centrifuges. 
The third case may be worth considering, since the 
arrangement of the three streams and their flow 
control may be possible after some experimental 
tests. 

Comparison of the separation performance through 
the concurrent flow and that through 

the countercurrent flow 

Cohen [12] and the authors [4, 5, 13] have theore
tically studied the separation performance of counter
current flow. 

According to the latter reports [13] either f1 or 
(IJU):JK(oU)m can be expressed as a function 
ofF* Z*. The calculated results are indicated in Fig. 3, 
where 

f1 = [In (Np/Nw):]/2et Z* 
= .j2 [In (NpfNw>:J/.j(K) IJZ* 

m = ..j(/3/8) (p;};'o and 2et = J2 .j(K) IJ 

(NP/Nw): is the peak ratio of product concentration 
to that of waste at a given feed rate. (IJU): also 
is the peak value of IJU at a given feed rate. K can be 
regarded as an evaluation factor of separation affected 
by flow pattern: that is, 

K = I§j/3 ~ 1.0 (the larger, the better) 

/ 2 = 8 J: r* (J:· (pw)* r* dr*) dr* 

/ 3 = 16 J: r~ (J:• (pw)* r* dr*) dr* 

(pw)* = pwj(pw)a 

m0 is the value of m under the optimum condition 
and m is mainly concerned with the circulation rate L. 
Under the ideal flow pattern, 

;- Dp 
L = 4 'V 2nr0 RT m 

then, L~ L0 /Cf> 0 = 2 ..J2 m0 • 

1.0 

3 
::!.. 

E 
3 E 
GO 
~ 0.5 
........ 2 u..a. 
3 
~ 

F*z* 
Figure 3. f-1• (6U)t/K(6U)m and m0 versus F*Z* 
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1.0.-----------------, 

Countercurrent 

Concurrent 

2 3 4 5 6 

Figure 4. oUf(oU)m versus F*/Z* and (oU)p/K(oU)m 
versus F*/Z* with Z* 

Thus, we can compare the different separation 
characteristics of concurrent and countercurrent flow 
in Figs. 2 and 3. 

Naturally the countercurrent flow can produce a 
much higher separation factor than the concurrent 
flow. The most important factor, however, is the 
separative power in view of the cascading of centrifuges 
for large scale production. From Fig. 4 it can be 
seen that a much higher feed rate is necessary for 
concurrent flow to obtain the same separative power 
compared to that for countercurrent flow, and the 
ratio of both flow rates must increase with (Z*)2• 

However, the required circulation rate in the counter
current flow is much higher than its own feed rate 
and the ratio of them is proportional to Z*. 

Figure 5 compares the separative powers under the 
condition F* = L * but the difference is much smaller 
than that in Fig. 4. As K can hardly be expected to 
be more than 0. 7 in practice, the difference should 
become even less. 

CONCLUSION 

The countercurrent type of centrifuge is generally 
considered to be superior in separation performance 
to the concurrent type of centrifuge. Some analytical 
calculations have shown this. However, the require
ment for a circulation device which will control a 
moderate circulation flow rate and give a suitable 
flow pattern cannot be fulfilled unless the mechanical 
and material problems are solved. 

Unfortunately, there is little information on recent 
foreign work on development of the centrifuge. 
Therefore, the re-evaluation of the concurrent cen-
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Figure 5. oUf(oU)m versus F*/Z*, and (oU)MK(oU)m 
versus L:/Z* with Z* 

6 

trifuge might be necessary only from our present 
standpoint. 

It may be worth while pointing out that a slightly 
better performance can be obtained from the con
current centrifuge by using several streams instead 
of two streams and that the effect of stream thickness 
which makes it difficult to analyse the separation 
performance will not be detrimental, as the mixing of 
the inner two thin streams gives better performance 
than a single inner thin stream. 
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ABSTRACT -RESUME-AHHOTALV·1R-RESUMEN 

A/440 Japon 

Separation des isotopes par centrifugeuse 
a gaz a courant parallele 

par Y. Takashima ef a/. 

Les relations entre le pouvoir separateur, le facteur 
de separation, le debit des gaz, Ia longueur du rotor 
cylindrique, le soutirage et les rayons d 'extraction 
ont ete analysees de fac;:on generale pour Ia separa
tion des isotopes par centrifugeuse a gaz a courant 
parallele; elles ont ete comparees avec celles cor
respondant au cas de Ia centrifugeuse a contre-cou
rant. 

Une equation differentielle plus generale que celle 
utilisee par Cohen, qui peut s'appliquer a Ia centri
fugation avec ecouJement paraJieJe de (n + 1) COli

rants cylindriques minces, a ete obtenue et resolue 
pour n = 1 et n = 2. 

D'abord, dans le cas n = 1 qui a deja ete resolu 
par Cohen, Ia relation entre le debit d'arrivee de gaz 
pour Ia longueur du rotor et le facteur de separation 
ainsi que le pouvoir separateur a ete calculee et compa
ree avec celle correspondant au cas d'un contre-cou
rant; on a utilise un parametre Zjr 0, qui est le rapport 
longueur/rayon du rotor. Ceci a permis de montrer 
quantitativement que, a mesure que Zjr0 augmente, 
I 'ecoulement a courant parallele doit a voir un debit 
plus grand pour posseder le meme pouvoir separateur 
que l'ecoulement a contre-courant. Toutefois, le debit 
de l'ecoulement a courant parallele est comparable 
au taux de circulation de l'ecoulement a contre
courant. 

Dans le cas n = 2, un pouvoir separateur maximal 
plus eleve que dans le cas n = 1 peut etre obtenu meme 
si les deux courants minces interieurs se melangent a 
Ia sortie. Les conditions optimales dans ce cas sont 
les suivantes : rlfro = 0,45, r2fro = 0,6, el = 0,19 et 
82 = 0,3I, ou r1 et r2 sont les rayons des deux courants 
interieurs, et 8 le soutirage. Le pouvoir separateur 
maximal est I ,066 fois celui pour n = I, et le debit 
optimal est I, I30 fois plus grand. Les resultats de 
cette analyse semblent indiquer que l'epaisseur de 
courant que l'on rencontrera en pratique doit permettre 
un meilleur rendement de separation. 

A/440 flnOHM.R 

PaaAeneHHe H3oTonoa Ha npHMOT04-
HoA raaoao~ 4eHTpHlflyre 

Ill. TaKaWHMa et al. 

BaaHMOCB113h MClli,li;Y paap;eJIHTCJihHOH crrocoo

HOCThiO, Koa<f><f>H:U:HCHTOM pa3,li;CJICHIIH, CKOpOCTbiO 

ra30BOrO IIOTOK3, ,li;JIHHOH D;HJIHH,ll;pH'-ICCKOrO p0TO

p3, CC'-ICHHCM IIOTOKOB 3H3JIH3HpyeTC11 ,li;JI11 CJiy

'1311 p33,li;CJICHH11 H30TOIIOB H3 rrp11MOT01IHOH f330-

BOH :u;eHTpH<f>yre B cp3BHeHnH co CJIY'-13CM ncrroJih

aonaHH11 D;CHTpH<f>yrH C rrpOTHBOTOKOM. 

lloJiy'-leHo H pemeHo ,li;JI11 cJiyqaen n = 1 H n = 
= 2 6oJiee o6~ee AH<J><J>epeH:u;H3JihHoe yp3BHeHHe 

no cpaBHCHHIO c yp3BHCHHeM Ro:m3, HCIIOJihay

CMhiM ,li;JI11 D;CHTpH<f>yrH C n + 1 TOHI\HMH H D;HJIHH

;lpH'-ICCKHMH IIp11MOT0'-1HhlMll IIOTOK3MH. 

llpem,ll;e acero ,li;JI11 CJIY'-1311 n = 1, yme pemeH

Horo l\oaHOM, OTHOillCHHe. CKOpOCTH IIOTOI\3 f333 

H3 ,!.(JIHHY pOTOp3 1\ 1\0a<J><J>n:u;neHTY p33,li;CJICHH11 II 

JJ83,li;CJIHTCJihHOH CIIOC06HOCTH 6hiJIO paCC'-IHT3HO 

H cpaBHeHO C OTHOillCHHCM ,li;JI11 CJIY'-1311 D;CHTpn<f>y

rn c rrpoTHBOTOKOM, HMero~eii II3p3MeTp Z/ro. 
BhrpamaiO~Hii oTHomeHne )J;JIHHhl poTop3 K pap;Hy

cy. B peayJihT3Te aToro 6hlJIO rroRaaaHo, '-ITO 

n KOJIII'-ICCTBCHHOM OTHomeHHH '-ICM Bhlme Z/r0, 

TE'M 3H3'-IJITCJihHO BhlillC ,li;OJilliH3 6biTh CKOpOCTh 

uoToRa B cJiyqae np11MOT0'-1Hoii :u;eRTpH<f>yrn. ToJih-

1>0 IIpH• aTOM YCJIOBJIH IIOJIY'l3IOTC11 O;:I;JIH3KOBhiC 

:ma'-ICHJI11 p33,li;CJIHTCJibHOjj CIIOC06HOCTH ,Il;JUI D;CH

TpH<f>yrH C IIpOTIIBOTOKOM. 0,li;H31\0 CKOpOCTh IIO

TOI\3 B llp11MOTO'-IHOH D;CHTpn<f>yre cpaBHHMa CO 

CROpOCTbiO D;HpRyJI11D;HII B D;CHTpnlf>yre C npOTHBO
TOJWM. 

,UJI11 CJIY'-1311 n = 2 M31\CIIM3Jihli3H p33)J;CJIHI0-

11~3H CIIOC06HOCTh Ol\33hiB3CTCH )J;OCTllffiHMOH ;J;UlliC 

T<ll',ll;3, 1\0r,!.(a JlBU TOHKIIX BHyTpCHHIIX llOTOI\3 CMC

IIIIIB3IOTC11 Ha BhiXo,ll;e. ::horo ue nponcxo,li;HT ,li;JIH 

cJ1y•ra11 n = 1. OnTHMaJihHhiC ycJioBH11: 

rdro=0,45; r~lro = 0,6; ~ 1 =0,19; ~2=0,31, 
I"JW fJ If f2 - pa,li;IIYChl ,li;BYX BHyTpeHHIIX IIOTO-

I>OB, a (J - ceqenne. MaRCHMaJihHoc auaqeunc 

J183,!.(CJIJITCJibHOii CIIOC06HOCTH COCT3BJI11CT 1,06() 
HCJill'lHHhl ,!l,JIH CJIY'-IUH n = 1, a OIITHM3Jibli3H Cl\0-

rocTb IIOTOK3 COCT3BJI11CT 1,130. 
B peayJihTaTe aTOro aHaJIH33 p;eJiaeTCH npe,ll;no

JIOmeune, '-ITO TOJI~Hna noToKa OJ\3lliCT ueo6xo,ll;n

Moe BJIH11HJIC 113 ,!l;OCTJiffiCHIIC 6oJICl' UhlCOl\OfO 

}133JlCJICHJI11. 
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A/440 Jap6n 

Separaci6n de is6topos mediante centrffuga 
de gases de flujo continuo 

por Y. Takashima eta/. 

Las relaciones entre el poder separador, el factor 
de enriquecimiento, la velocidad de flujo del gas, 
la longitud del rotor cilindrico, los cortes y los radios 
que se han extractado, generalmente han sido anali
zadas desde el punto de vista de Ia separaci6n de 
is6topos por el tipo de flujo continuo de centrifuga 
de gases y se han comparado con las correspondientes 
al tipo en contracorriente. 

Se ha obtenido una ecuaci6n diferencial mas gene
ralizada que Ia empleada por Cohen, que puede ser 
aplicada a Ia separaci6n centrifuga a traves de (n + 1) 
corrientes cilindricas delgadas de flujo continuo, y 
resuelta en los casos de n = 1 y n = 2. 

En primer Iugar, en el caso de n = I, que ya fue 
resuelto por Cohen, las relaciones entre Ia velocidad 
de movimiento del gas por la longitud del rotor y 
el factor de enriquecimiento y el poder separador, 
se ha calculado y comparado con las correspondientes 
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al flujo en coritracorriente usando un parametro Z/r0 

que es la relaci6n de Ia longitud del rotor al radio. 
Como consecuencia, se ha demostrado que, cuando 
Z/r0 aumenta, seria necesaria una velocidad de 
flujo notablemente mas elevada en el flujo continuo 
para obtener el mismo valor del poder separador 
que en el caso del flujo en contracorriente. La velocidad 
de flujo en el flujo continuo, no obstante, es comparable 
con la velocidad de circulaci6n en el flujo en contra
corriente. 

En el caso de n = 2, se puede conseguir el poder 
separador maximo mas elevado que en el caso de 
n = 1, aun si las dos corrientes delgadas interiores 
son mezcladas a Ia salida. Las condiciones optimas 
en este caso son como sigue: r1/r0 = 0,45, r2/r0 = 0,6, 
el = 0,19 y 62 = 0,31, donde rl y r2 son los radios de 
las dos corrientes interiores y 6 el corte. El valor 
maximo del poder separador es 1,066 veces el corres
pondiente a n = 1, entonces Ia velocidad de flujo 
optima es 1' 130 veces mayor. 

Como resultado de estos analisis, se sugiere que 
el espesor de Ia trayectoria del flujo que existira 
en la practica puede producir bastante mejor resultado 
de separaci6n. 
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Separation of stable isotopes 
method : influence of the axial 
separation of argon isotopes 

by the gas centrifuge 
pressure on the 

By I. Jordan, W. Kolbe and R. Borges da Silva* 

In 1959, research on isotope separation by the gas 
centrifuge method was initiated at the Institute of Tech
nological Research, Sao Paulo, after the installation 
of three countercurrent gas centrifuges, developed, as 
model ZG-3, by Groth et al. [1, 2, 3). The work done 
with these centrifuges was, initially, the investigation 
in a symmetrical separation process of the enrichment 
and separative power of argon isotopes as a function 
of the throughput rate, at a fixed axial pressure and 
for different countercurrent flows established by 
various temperature differences between the rotor 
covers. Later these experiments were extended to un
symmetrical separation processes. Both kinds of 
experiment are described in a paper by Bulang, 
Groth eta!. [4], together with similar experiments done 
in Germany with the more recent ZG-5 gas centrifuge 
model, also developed by Groth and co-workers. 

Continuing this work on isotope separation by 
gaseous centrifuging, we investigated recently the 
axial pressure dependence of the enrichment and 
separative power for the separation of argon isotopes. 
Enrichment experiments of argon isotopes with the 
centrifuge model ZG-3, in which the separation factor 
was measured as a function of the throughput rate 
for several axial pressures, have been already reported 
by Groth and Welge [3]. However, the axial depen
dence of the enrichment is not clearly stated, as can 
be observed from the given experimental curve. 
Furthermore, in our previous work done with a fixed 
axial pressure of 20 torr, no maxima in the separative 
power versus throughput rate curves, corresponding 
to several temperature differences between the rotor 
covers, could be observed for throughput rates up to 
400 Ncm3/min. On the other hand, such maxima for 
certain temperature differences between the rotor 
covers are reported by Bulang, Groth et al. [4] for 
the centrifuge model ZG-5, when working with an 
axial pressure of only 5 torr. Taking these facts into 
consideration, experiments on the separation of argon 
isotopes were carried out at smaller axial pressures 
than the formerly reported value of 20 torr, in order 
to gain further information about the separation pro-

* Instituto de Pesquisas Tecnol6gicas, Sao Paulo. 
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cess in a countercurrent gas centrifuge controlled 
by thermal convection. The purpose of the present 
paper is, therefore, the presentation of the results 
achieved in this investigation, as well as a description 
of the gas centrifuge equipment, as it stands now at 
this Institute. 

DESCRIPTION OF THE EQUIPMENT 

The gas centrifuge, model ZG-3, has been already 
described in detail by Groth and collaborators [1, 2, 3], 
so that only its most important features and the auxi
liary equipment installed at this Institute will be men
tioned here. Essentially, the centrifuge consists of a 
hollow, vertical rotor into which the gas of natural 
isotopic composition is fed through the inner tube of 
the double-walled, highly elastic and rotating upper 
axis. The countercurrent inside the rotor is produced 
by thermal convection when a temperature difference 
is maintained between the rotor covers. For this 
reason, the upper rotor cover is heated and the lower 
one cooled. Then the depleted fraction (waste) and the 
enriched fraction (product) are, respectively, with
drawn from the rotor through the outer tube of the 
upper axis and through the one-walled, highly 
elastic, rotating lower axis, by means of a vacuum 
pump. 

The dimensions of the rotor are 66.5 em inside 
length and 18.5 em inside diameter. The peripheral 
velocities (wr2) of the three centrifuges, designated 
by ZG-3A, ZG-3B and ZG-3C are 296, 297 and 
300 mfs, respectively. These velocities were calculated 
from the frequencies of the centrifuges which were 
measured with a cathode-ray oscilloscope by com
parison with an audio oscillator. 

The heating of the upper cover of the rotor is by 
eddy currents produced by an electromagnet in the 
rapidly rotating ring which is a part of the upper 
cover. A small d.c. power supply was built to distribute 
the electric current to each electromagnet of the three 
centrifuges. A rheostat and an ammeter were inserted, 
in series, in each of these electric circuits. In this way 
the current which circulates through each electro
magnet can be independently adjusted and measured, 
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Figure 1. Diagram of the two-stage cascade for the separation of argon isotopes 

up to I A, thus establishing the required temperature 
of the upper cover. 

The cooling of the lower rotor cover is by a cold 
water coil which surrounds the cover. The cold water 
circulating through this coil and other parts of the 
centrifuge is supplied from a refrigerated water tank. 
The temperature of the incoming water was usually 
adjusted between 10 and 12 oC and could be maintained 
constant within 0.5 oc during the operation of the 
centrifuge. 

The temperatures of the rotor covers are measured 
by calibrated electrically temperature-sensitive ele
ments described by Groth and co-workers [2, 3] using 
a Wheatstone bridge. These measurements may be 
performed successively on the three centrifuges 
through a system of switches. 

The centrifuges were connected in a two-stage 
cascade arrangement for the separation of argon iso
topes, the first stage being composed of the centri
fuges ZG-3A and ZG-3B and the second stage was 
the centrifuge ZG-3C. This experimental cascade is 
shown schematically in Fig. 1. Argon is stored under 
high pressure in cylinder C. The total feed, after leav
ing the cylinder at a pressure slightly higher than the 
atmospheric pressure and measured by manometer 
M 0, flows through throttling valve V 0 and flowmeter 
F0 located in line L1• The pressure of this incoming 
gas stream is measured by manometer M 1. The total 
feed is then separated into two streams which flow 
through valves V and flowmeters F2 and F5, respec
tively, into the rotors of the centrifuges ZG-3A and 
ZG-3B. The enriched fractions from these first stage 
units flow via valves V and flowmeters F 1 and F 4, into 

the line L2 and feed the rotor of the second stage 
centrifuge ZG-3C, after passing through valve V and 
flowmeter F8• The depleted fraction leaving this cen
trifuge, after passing through valve V and flowmeter 
F9, is recycled by vacuum pump P 1 to the first stage 
of the cascade through line L1 • Manometers M2 and 
M3 are used to indicate the direction of the flow and 
the proper operation of this cascade section. The 
enriched fraction from centrifuge ZG-3C, after passing 
through valve V and flowmeter F7, as well as the de
pleted fractions from centrifuges ZG-3A and ZG-3B, 
after flowing through valves V and flowmeters F 3 and 
F6, respectively, are brought together in line L3 and 
pumped to the atmosphere by vacuum pump P2• 

The line R is provided in order to evacuate the rotors 
of all the centrifuges by means of pump P 1 at the 
beginning of the operation. 

The cascade was built of Pyrex glass tubing and all 
the stopcocks, shown in Fig. I, are high vacuum glass 
stopcocks. The valves V, which permit the adjustment 
of the flows and the axial pressures, are made from 
rubber vacuum tubing fitted with a Hofmann clamp. 

The flowmeters, based on the principle of the stream
ing calorimeter, were built according to the model 
described by Groth and co-workers [2, 3]. The flow 
measurements are made by these devices through 
a differential method of resistance determination by 
means of a specially built Wheatstone bridge. A 
double-throw three-pole knife switch establishes the 
electrical connection between this instrument and 
each pair of the ten flowmeters. The flowmeters are 
calibrated, after short-circuiting each centrifuge, by 
measuring with the manometer M4 the pressure 
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increase per unit time produced in the flask B of known 
volume (Fig. 1) by the operation of pump P2• The 
calibration curves were straight lines for flows up 
to ca. 400 Ncm3/min of argon. It was also verified 
experimentally that the flow measurements are inde
pendent of the gas pressure, according to the theory 
given for this kind of flowmeter by Blackett, Henry 
and Rideal [5, 6]. 

The axial pressure at the rotor of each centrifuge 
is measured by means of the diffusion pump oil 
manometers M shown in Fig. 1. The cascade also 
contains a mercury diffusion pump high vacuum 
system, which will evacuate one arm of these mano
meters for checking for leaks in the tubing. 

For isotopic analysis of the gas of natural compo
sition and the enriched and depleted fractions, sam
pling flasks S were installed for each centrifuge. 
These flasks are connected (through MS of Fig. 1) 
to a mass spectrometer, model AN 220a, type Is/spez, 
manufactured by Atlas-Werke A.G., Germany. 

To operate the centrifuges as single elements rather 
than as cascade units, additional connections with 
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stopcocks were included in the cascade, as shown in 
Fig. 1. By manipulating these stopcocks in a suitable 
manner the feed may be introduced, via the corre
sponding throttling valve and flowmeter, into the rotor 
of only one of the three centrifuges. The enriched and 
depleted fractions withdrawn from this centrifuge are 
then pumped off to the atmosphere by means of the 
pump P2, after passage through the respective thrott
ling valves and flowmeters. The present investigation 
was performed in this way, using only the centrifuge 
ZG-3B. 

A general view of the cascade arrangement is given 
in Fig. 2, showing the upper part of the three centri
fuges, each of which is mounted on two concrete 
pillars. 

INFLUENCE OF THE AXIAL PRESSURE 
ON THE SEPARATION OF ARGON ISOTOPES 

In order to investigate the effect of the axial pressure 
on the separation of argon isotopes, the experiments 
were carried out by determining the separation factor 

Figure 2. General view of the cascade arrangement 
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A as a function of the total flow or throughput rate G 
(Ncm3/min) at a fixed axial pressure p0 (torr) and for 
several temperature differences Ll T ( oq between the 
rotor covers. The experiments were then repeated 
in the same manner but at other axial pressures. 

All experiments were carried out so as to give a 
symmetrical separation process (cut (J = 0.5). There
fore the flows of the enriched and depleted fractions 
were always adjusted to the proper value, G/2, by 
means of the throttling valves V (Fig. 1 ). Further
more in the experiments made at the same axial 
pressure this adjustment was done in such a manner 
as to mantain this pressure for all throughput rates. 
In order to obtain the temperature differences Ll T, 
the temperature of the lower cover was kept constant, 
while that of the upper cover was varied in the manner 
described above. 

From the abundance ratios R' = (36Ar/40Ar)p of 
the enriched fraction and R" = (36Ar/40Ar)w of the 
depleted fraction, measured with the mass spectro
meter, the separation factor A was calculated by 

A = (36Arj40Ar)p (40Arj36Ar)w (1) 

All experimental values of A are averages of several 
mass spectrometric determinations. 

For a symmetrical separation process the separation 
factor A is equal to a2 where a is the separation factor 
of the enriched fraction. This separation factor is 
given by a = R' I R, R being the abundance ratio of the 
isotopic mixture with natural composition. 

For large values of a, according to Cohen [7], the 
separative power is given by 

bU=G(a-l)lna (2) 
a+ I 

In the present investigation, the values of the separative 
power were calculated by Eq. (2), from the experi
mental curves of the separation factor A vs. the total 
flow G. 

Ex peri mental resu Its 

The experiments were performed with the centri
fuge ZG-3B at a peripheral velocity of 297 m/s and 
with two axial pressures p0 , namely 7.4 and 9.9 torr. 
In each of these experiments, the enrichment A was 
measured as a function of the throughput rate G for 
five temperature differences between the rotor covers, 
LIT varied from 9.8 to 27.5 oC. Owing to the great 
flow resistance through the inner tube of the upper 
axis, it was not possible to obtain symmetrical sepa
ration processes for throughput rates higher than 
180 Ncm3/min and 100 Ncm3/min in the experiments 
made with axial pressures of 9.9 and 7.4 torr, respec
tively. In all the runs the temperature of the lower 
rotor cover was held constant around 21 oc. The 
experimental results are given in the enrichment
throughput rate curves shown in Figs. 3 and 4. For 
comparison and discussion purposes, the enrichment
throughput rate curves from our previous work [4], 
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done with the centrifuge ZG-3B at an axial pressure 
of 20 torr and a peripheral velocity of 290 mjs, are 
given in Fig. 5. 

The enrichments at total reflux (without production) 
A 0 were taken from the curves given in Fig. 3, 4 and 5, 
by extrapolation of the throughput rate to zero. The 
curves representing these enrichments as a function of 
the temperature difference of the covers for axial 
pressures of 20, 9.9 and 7.4 torr, are shown in Fig. 6. 

The dependence of the separative power on the 
throughput rate was ·calculated by Eq. (2) and is given 
by the curves presented in Figs. 7, 8 and 9. 

Discussion of the results 

The curves given in Fig. 6 show that at total reflux 
and for each axial pressure there is an optimum tem
perature difference between the rotor covers, corre
sponding to the optimum internal flow which leads to 
the maximum enrichment factor. As the axial pressure 
is decreased this maximum becomes smaller and flatter, 
being also shifted in the direction of higher tempera
ture differences between the rotor covers. The same 
behaviour was observed by Groth and Welge [3] for 
even smaller axial pressures. 

According to the theory of the countercurrent gas 
centrifuge developed by Cohen [7], the maximum 
enrichment at total reflux is given, through the relation 
of the molar fractions N(Z)/ N(O) for N ~ 1, by the 
equation: 

N(Z)/N(O) = exp 2s0Z (3) 

where Z is the length of the centrifuge and 

(M2 - M 1) ;~ Jr, r drfr pwrdr 
2s = 0 0 (4) 0 

, 2 ,/[2 J:·d; (J>wrdrrJ 
M1 being the molecular weight of the light isotope, 
M2 the molecular weight of the heavy isotope, w 
the angular velocity of the centrifuge and w = w(r) 
the velocity of the gas in the axial direction. In order 
to calculate the enrichment N(Z)/N(O), Eq. (4) requires 
a knowledge of the flow profile inside the centrifuge 
rotor. 

The exact nature of the flow profile inside the rotor 
of a countercurrent gas centrifuge controlled by 
thermal convection is not known. However, as Los and 
Kistemaker [8] pointed out, an estimation of this 
flow profile can be made by assuming the flow profile 
which results from the calculations of Martin [9] 
and is given by : 

J
r pw , (Mw2 y2) 
0 
r 2nr dr::::: r• exp 4RT (5) 

For this flow profile of Martin, Eq. (3) may be written 
in the form given by Groth and Welge [3]: 

N(Z)/N(O) = exp ((M2 -2~~ (wr2)2. z ~;~K)) (6) 
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J>xp (~~~

2

) dr 

(7) 

Los and Kistemaker [8] also showed that the concen
tration gradient in the radial direction of a counter
current centrifuge becomes equal to that correspond
ing to the maximum separative power when the 
flow profile presents the form : 

J>wrdr ~ r2 (8) 

For this optimum flow profile Eq. (3) becomes: 

N(Z)/N(O) = exp ((M2- Ml)(wr2)2 . z ,J(2K)) (9) 
2RT 2r2 

The values of the maximum enrichment at total 
reflux Ao,M and A 0 ,opt corresponding to the Martin 
flow profile and the optimum flow profile and calcu
lated by means of Eqs. (6) and (9), respectively, for 
the conditions prevailing in our experiments, are 
presented in Table 1. These values are compared 
with the experimental values A 0,exp measured at 
axial pressures of 7.4, 9.9 and 20 torr. Table 1 also 
shows the values of the equilibrium separation factor 
ao given by 

_ ((M2 - M 1) (wr2)
2

) 
llo- exp 2RT 

and the values of the multiplication factor f defined 
by f = In A0,exp/ln a0• 

Table 1. Maximum enrichment at total reflux 

Po wr, 
ao Ao•M Aooopt Ao.exp f (torr) (m/s) 

7.4 297 1.072 1.353 1.422 1.337 4.20 
9.9 297 1.072 1.353 1.422 1.357 4.40 

20 290 1.069 1.337 1.403 1.367 4.68 
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As can be seen from Table 1, the experimental values 
of the maximum enrichment at total reflux are 
always lower than the values corresponding to the 
optimum flow profile, the difference becoming smaller 
as the axial pressure increases. On the other hand, for 
small and great axial pressures the experimental values 
are, respectively, lower and higher than the values 
calculated according to the Martin flow profile, 
becoming equal for the intermediate axial pressure. 
Therefore for small axial pressures the actual flow 
profile deviates considerably from the flow profile 
of Martin and from the condition that the neutral 
layer of the gas (w = 0) lies close to the rotor wall. 
As the axial pressure increases, the actual flow pro
file diverges again from the Martin flow profile, 
but approaches the optimum one. As might be expected 
the effect on the flow profile of increasing the axial 
pressure is similar to that of increasing the mass of 
the gas, studied by Groth and Welge [3]. 

The curves given in Figs. 3, 4 and 5 show that, when 
the centrifuge is operating with production, for each 
throughput rate, there is also an optimum temperature 
difference between the rotor covers which gives the 
maximum enrichment. These maximum enrichments 
and the corresponding optimum temperature diffe
rences are given by the enrichment-throughput rate 
curves shown in Fig. 10 for axial pressures of 9.9 
and 20 torr. 

The separative power-throughput rate curves given 
in Figs. 8 and 9 for axial pressures of 9.9 and 20 torr, 
respectively, do not present a maximum within the 
experimentally possible throughput rate range. How
ever for an axial pressure of 7.4 torr, such maxima 
are observed. As can be seen from Fig. 7 these maxima 
become greater and are shifted toward smaller 
throughput rates, as the temperature differences be
tween the rotor covers are increased up to 27.2 oC. 

The theoretical maximum separative power of a 
centrifuge according to Cohen [7] is given by : 

( -" ) _ Dp [(M2 - M 1) (wr2)
212

nZ 1 / (10) 
uU max - RT 2RT 2 mo es s 

= D 2
-

1 
· 
2 - grammesfs (11) [(M M ) (wr )212 nZ 

(! 2RT 2 

where D is the diffusion coefficient and (! the density 
of the gas. The separative power of a countercurrent 
gas centrifuge as shown by Cohen [7] is : 

oU = Dp [(M2 - M 1) w
2
]

2 

RT RT 

(J>dr J>wrdr r nZ m2 

f
r, dr (fr )2 · 2 · 1 + m2 (1

2
) - pwrdr 

o r o 
where m is a measure of the total countercurrent 
inside the rotor. It can be shown [3, 7] that for the 
flow profile of Martin Eq. (12) becomes: 

OUM = (oU)max Km2f(1 + m2
) mo1esjs (13) 
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with K given by Eq. (7) whereas for the optimum 
flow profile it is : 

oUopt = (oU)max m2/(1 + m2
) mo1es/s (14) 

In order to compare the highest values of the sepa
rative power measured in our experiments with the 
theoretical maximum, the values were calculated as a 
function of the throughput rate by means of Eq. (2) 
from the values for the enrichment, corresponding 
to the optimum temperature differences and given 
in Fig. 10. The resulting separative power vs. thro~gh
put rate curves are shown in Fig. 11 for axial pressures 
of 9.9 and 20 torr, together with the curve resulting 
from the experiments performed at an axial pressure 
of 7.4 torr and the highest experimental temperature 
difference of 27 oc. Table 2 presents the values of the 
theoretical maximum separative power cau)max, calcu
lated from Eq. (11) with (! = 1.78 x I0-3 gjcm3 and 
D = 0.157 cm2/s, as well as the highest experimental 
values (aU)exp taken from the curves given in Fig. 11. 

As can be seen from Table 2, for axial pressures 
of 7.4, 9.9 and 20 torr, only 15.7, 25.5 and 39.3% 
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Table 2. Maximum separative powers 

Po wr2 (bU)max (bU)exp 
(torr) (m/s) (Ncm'/min) (Ncm3/min) 

7.4 297 4.91 0.77 
9.9 297 4.91 1.25 

20 290 4.48 1.76 

of the theoretical maximum separative power are 
attained. These results are in agreement with the pre
vious discussion; as the axial pressure becomes smaller, 
the flow profile inside the rotor deviates more and more 
from the optimum flow profile, for which the separa
tive power is given by Eq. (14), so that smaller values 
for the separation potential are to be expected. 
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A/482 Bresil 

Separation des isotopes stables par centrifu
gation gazeuse - Influence de Ia pression 
axiale sur Ia separation des isotopes de 
l'argon 

par I. Jordan et a/. 

Les auteurs decrivent I 'installation de separation 
des isotopes stables par centrifugation gazeuse de 
I 'Institut de recherches techniques de Sao Paulo, et 
rendent compte de recherches sur I 'influence de Ia 
pression du gaz suivant !'axe du rotor de Ia centrifu
geuse sur Ia separation des isotopes de I 'argon. Cette 
installation comprend trois centrifugeuses a contre
courant (superposition d'une circulation thermique) 
du modele ZG-3 mis au point par Groth et ses colla
borateurs. Ces centrifugeuses sont disposees en une 
cascade a deux etages pour Ia separation des isotopes 
de I 'argon. Les auteurs donnent aussi une description 
de cette cascade, dans laquelle chaque centrifugeuse 
peut egalement fonctionner isolement. 

L'etude de !'influence de Ia pression axiale sur Ia 
separation des isotopes de !'argon a ete faite au moyen 
de I 'une de ces centrifugeuses dans laquelle on a 
mesure I 'enrichissement en fonction du debit total de 
gaz pour diverses differences de temperatures entre les 
pales du rotor et pour diverses pressions axiales du 
gaz dans le rotor meme. Au moyen des donnees obte
nues au cours de ces experiences, les auteurs ont deter
mine l'enrichissement pour un reflux total, ainsi que 
le pouvoir de separation de Ia centrifugeuse en fonc
tion du debit de gaz. Les resultats obtenus montrent 
que l'enrichissement et le pouvoir de separation dimi
nuent avec la pression axiale et que les differences de 
temperatures optimales entre les pales du rotor 
doivent etre plus grandes lorsque les pressions axiales 
sont plus faibles. Pour certaines differences de tempe
rature, on a observe un maximum des courbes expri
mant le pouvoir de separation en fonction du debit; 
ces courbes avaient ete obtenues lors d'experiences sur 
la plus basse des pressions axiales ayant fait !'objet 
de recherches. Les auteurs examinent en outre les 
resultats, compte tenu du fait que le pouvoir de sepa
ration varie selon le profil de circulation du gaz a 
1 'interieur du rotor. 

A/482 5paaHnHR 

PasAeneHHe cra6HnbH~x Hsoronos 
MeTOAOM rasosoA 4eHTPH~yrH. BnHA
HHe ocesoro AasneHHA Ha pasAene
HHe Hsoronos aproHa 

B AOKJiaAe onHcaHLI ycTaHoBKa AJIH paaAeJie

unH CTa6HJibHbiX H30TODOB MeTOAOM raaOBOH ~eH
TpHiflyrH, llOCTpOeHHaH B lfHCTHTyTe TeXHOJIOI'II

'IeCKHX HCCJieAOBaHHH, a TaKme :mcnepHMeHTbl no 

onpeAeJieHHIO BJIHHHHH AaBJieHHH raaa BAOJib OCH 

pOTopa ~eHTpHiflyrH Ha paaAeJieHHe H30TODOB ap

roaa. Y CTaHOBKa COCTOHT H3 Tpex TepMHTJ:eCKH 

peryJIHpyeMbiX npOTHBOTO'IHbiX ra30BLIX ~eHTpH

t~yr MOAeJIH ZG-3, paapa6oTaHHLIX fpoToM n 

H COTPYAHHKaMn. 3TH ~eHTpnlflyrn ycTaHOBJieHLI 

B BHAe ABYXCTyneHTiaToro KacKaAa AJIH paaAeJie

HHH 1130TODOB aproHa. llpHBeAeHO OllHCaHHe 3TO

l'O KaCKap;a, B KOTOpOM Ka>KAaH ~eHTpnlflyra MO

Jl\eT pa6oTaTL H CaMOCTOHTeJibHO. 

Ha OAHOH na aTHX Tpex ~enTpnlflyr BJIHHHHe 

oceBoro AaBJieHHH na paaAeJieHHe naoTonoB apro

na 6biJIO HCCJieAOBaHO nyTeM H3MepeHHH o6ora

ll{eHHH B aaBHCHMOCTH OT KOJIHTJ:eCTBa nponyCKae

MOI'O raaa AJIH pa3JIH'IHLIX paaHOCTeii: TeMnepaTyp 

Me>KAY KpbiiiiKaMH poTopa H AJIH HeCI\OJihKHX oce

HLIX AaBJiennii raaa B poTope ~eHTpnlflyrn. ,[(an

Hhl~, IIOJiyTJ:eHHLie B 3THX 3KCIIepHMeH'faX, 6hiJIH 

ucnoJILaoBaHhl li,JIH pacTie'fOB o6orameHnH npu 

IIOJIHOM o6paTHOM llOTOKe, a TaKme paaiJ,eJIHTeJih

HOH cnoco6HOCTH ~eHTpnlflyrn B aaBHCHMOCTH o'f 

uponycKaHHH raaa. PeayJIL'faTbl noKaaLIBaiOT, 'ITO 

o6orameHne n paap;eJIHTeJILHaH crroco6HOCTh 

yMeHLIIIaiOTCH C yMeHLIIIeHHeM OCeBOfO ll,aBJieHH.H 

H 'l'fO IIJIH MeHbiiiHX OCeBbiX p;aBJieHHHX He06XO

iJ,HMbl 60JibiiiHe OIITHMaJibHbie pa3HOCTII TeMnepa

Typ Memp;y KJibiiiiKaMH JIOTOpa. ,[(JIH IIeKOTOpbiX 

paaHOCTeii: TeMnepaTyp Ha6JIIOAaJIOCL HaJIHTJ:He 

MaKCHMyMa Ha KpHBbiX aaBHCHMOCTH paap;eJIH

'feJILHOH CDOC06HoCTH OT nponycKaHHH raaa, KOTO

pble 6hiJIH IIOJiyTieHLI B 3KCnepHMeHTaX C HaH

MeHLIIIHMH HCCJieli,OBaHHbiMH OCeBblMH ll,aBJieHH-

1IMH. PeayJILTaThl paccMaTpHBaiOTCH B CBH3H c 

aaBHCHMOCThiO paall,eJIHTeJILHOH CDOC06HOCTH OT 

upolflnJIH noToKa raaa BHYTPH poTopa ~eHTpn

lflyrn. 
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A/482 Brasil 

Separacion de isotopes estables por centri
fugacion gaseosa: lnfluencia de Ia presion 
axial en Ia separacion de isotopes de argon 

por I. Jordan el a/. 

Se describe la instalacion de separacion de isotopos 
por el metodo de las centrifugas de gas existente en el 
Instituto de Pesquisas Tecnologicas de Sao Paulo, 
Brasil, y los experimentos efectuados para investigar, 
en la separacion de isotopos de argon, el efecto de 
la presion axial del gas en el rotor de la centrifuga. 
La instalacion comprende tres centrifugas de gas a 
contracorriente controladas termicamente, de modelo 
ZG-3, desarrolladas por Groth y colaboradores. Las 
centrifugas estlin ligadas en una f,cascada de separa
cion de isotopos de argon formada de dos etapas. 
Esta cascada fue construida de tal menera que cada 
una de las centrifugas puede ser tambien operada 
como un elemento simple. Se presenta la descripcion 
de la cascada. 

I. JORDAN et a/. 

El estudio de la influencia de la presion axial en la 
separaci6n de is6topos de argon fue realizado con 
una de estas centrifugas a traves de medidas del enri
quecimiento en funcion del flujo total del gas, para 
distintas diferencias de temperatura entre las tapas 
del rotor y diferentes presiones axiales del gas en el 
mismo rotor. Con ayuda de los datos obtenidos en 
estas experiencias fueron calculados los enriqueci
mientos en reflujo total, asi como los valores de los 
potenciales de separacion de la centrifuga en funcion 
del flujo de gas. Los resultados obtenidos muestran 
que el enriquecimiento y el potencial de separacion 
disminuyen con la disminuicion de la presion axial, 
siendo necesarias mayores diferencias de temperaturas 
6ptimas entre las tapas del rotor para las presiones 
menores. Para ciertas diferencias de temperatura 
se observo la existencia de un maximo en las curvas 
del potencial de separacion en funcion del flujo, 
correspondientes a la menor de las presiones axiales 
investigadas. Se discuten, ademas, los resultados en 
vista de la dependencia entre el perfil de circulacion del 
gas en el interior del rotor y el potencial de separacion. 
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The separative power of short countercurrent centrifuges 

By C. Ouwerkerk * and J. Los** 

In separating isotopes by means of centrifuges, 
three different methods can be employed. Both the 
evaporative and the countercurrent method are charac
terized by relatively large feed rates and small separa
tion factors. In countercurrent centrifuges, the simple 
process factor is multiplied several times in one cen
trifuge, thus giving rise to large separation factors and 
small feed rates. This puts a high premium on the use 
of countercurrent centrifuges, not only from a cascade 
standpoint but also from the standpoint of operating 
the centrifuges. Provided the countercurrent can be 
established internally in the centrifuges, the problem 
of extracting product and waste is considerably simpli
fied. A countercurrent centrifuge may be considered 
as a cascade of a certain number of small simple 
process centrifuges. Because this number is roughly 
equal to the length to diameter ratio, the feed rate of 
a countercurrent centrifuge as compared to the feed 
rate of a simple process centrifuge is inversely propor
tional to the square of this ratio. At a peripheral 
speed of 350 m/s, the length to diameter ratio of a 
subcritical centrifuge is about 5, so the feed rate is 
diminished by a factor 25 for a countercurrent pro
cess. 

As was already indicated in an earlier paper [1] 
a countercurrent centrifuge can be operated in two 
different ways. In the centrifuges of Beams et al [2], 
the countercurrent is established by feeding into and 
respectively drawing off the total countercurrent 
flow at both end caps. The flow of the countercurrent 
centrifuge is part of the total flow of the cascade. In 
this type of centrifuge, with an externally driven coun
tercurrent, no use has been made of the possibility 
of small feed rates in the single unit. In the centrifuges 
of Groth [3] and Zippe [4], however, the countercurrent 
is internal. The up and downstream are connected at 
both end caps thus forming a closed loop. The feed 
is introduced somewhere in the middle of the cen
trifuge, while the product and waste are withdrawn 
at the two opposite end caps. This configuration has 
to be considered as a combination of a rectifier and 
a stripper, connected at the feed point. It was shown 
that this centrifuge has a separative power which 
amounts to 80% of the theoretical maximum separative 

* RCN Laboratory, Amsterdam. 
** FOM Laboratory, Amsterdam. 
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power. The loss is due to the fact that at both ends the 
net desired material transport becomes zero, thus 
reducing the effective length of the centrifuge. 

There are however more factors which reduce the 
separative power in a countercurrent centrifuge. In 
the above-mentioned case it has been assumed that 
the column parameters are equal for the rectifying 
and the stripping part. However, in the centrifuges 
of Groth and Zippe the feed is introduced through a 
tube which is placed in the axis of the rotating drum 
and which does not necessarily rotate. In this way, 
most of the feed will be introduced in the forward 
flow, thus giving rise to an asymmetry in the column 
parameters between the rectifying and the stripping 
part. This asymmetry leads to a further reduction of 
the separative power. 

THEORY 

The separation factor 

According to Cohen [5], the equation which de
scribes the concentration field in a countercurrent 
centrifuge can be transformed to a general column 
equation. For a centrifuge consisting of a stripping 
part and a rectifying part, the differential equations 
are analogous but not identical for the different parts. 
If P and W refer to the product and waste of the cen
trifuge and Nv and Nw are the corresponding mole 
fractions, while N denotes the mole fraction as a 
function of the length co-ordinate z, the two equations 
for the stripper and the rectifier are respectively 

dN 
W(N- Nw) = C1 w N(l- N)- Ci,w dz (1) 

dN 
P (Nv- N) = c1p N (1 - N)- c5p dz (2) 

The column parameters c1 and c5 which are different 
for stripper and rectifier, are given by Cohen in an 
integral form. Introducing the flow function Q and the 
profile factor y they can be written as 

where 

c1 = (2s0 f) j 2myt (3) 

c2 = neDr~ 
c5 =(I + m2)c2 

(4) 

(5) 

(6) 
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m = ( .J2!eDr2) (J: (Q2/r) dr)! (7) 

2n Q = J: (! W2nrdr (8) 

y = 4 [J:· Qrdrrf r: s:· (Q
2
fr)dr (9) 

The radius and the length of the centrifuge are given 
by r2 and f, while W denotes the axial gas velocity 
and w refers to the angular velocity. 

We now assume that the feed is introduced into the 
forward flow. If the feed is not negligible as compared 
to the countercurrent flow, the column parameters 
of rectifier and stripper are different. The flow function 
of the rectifying section is found by adding the feed, 
with a given distribution over the cross-section, to 
the stripper flow function. If the flow function in the 
stripper is characterized by 

Qw = Ar" (10) 

and the feed is introduced into the forward flow in a 
thin coaxial cylinder with radius r 1 then the flow 
function of the rectifier can be written as 

0 < r < r 1 : Qp = Qw = Ar" 

F F 
r 1 < r < r 2 : Qp = Qw + 

2
n = Arn + 

2
n (11) 

C. OUWERKERK and J. LOS 

parameters m and y can be found with the aid of Eqs. 
(7) and (9) 

mw 
where r/> = Ff/neDr~ 
is the dimensionless feed rate. 

Calculating now the separation factor 
apaw = Np (1- Nw)/Nw (1- Np) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

it will be assumed for convenience that N ~ 1, although 
this is by no means essential to the argument. Con
sequently the separation factor can be written as 

apaw = NpfNw (18) 

In the stripper of length f w = "Af the enrichment from 
the waste concentration Nw to the concentration at the 
connection of stripper and rectifier N* is found by 

Given the flow functions Qw and Qp the dimensionless integration of Eq. (1): 

1 [ { 
(1-0)r/>A 2 f 2mwyt , }] * 1 - exp - 2 - eo 2 A 

Llw = !!_ - 1 = 2eo f 2mw Y~ A 1 + mw ~ + mw (19) 
Nw 1 + mw (I- O)r/>A _ 2e f 2mwy{v A 

l+m~ 0 1+m~ 

while the increase of concentration from N* to Np in the rectifying part oflength f P = (1- A) f follows from Eq. (2): 

* 1 1- exp [-I Or/>(1-:) + 2e0 f 2mpyt
2 
(1- A.)}] 

Llp = 1- !!_ = 2e
0
f 2mpyp

2 
(1- A) \ 1 + mP : + mP (20) 

Np 1 + mp Or/> (1 -A.) 2 f 2mp Y_i (l _ A.) 
1+m~ +eo l+m~ 

Finally, combination of the Eqs. (18), (19) and (20) 
results in 

(21) 

It should be noticed here that if there is no mixing at 
the feed point the feed concentration NF is equal to 
the concentration N* at the connection of the stripping 
and rectifying part. 

The separative power 

For a cascade consisting of infinitesimal separation 
elements, according to Cohen [5] the elementary 
value function V(N) is given as a function of the 
mole fraction N. 

N 
V(N) = (2N- 1) 1n 

1 
_ N (22) 

Using this elementary value function the separative 
power of a non-infinitesimal element in an ideal cas-

cade of infinitesimal elements could be defined as 

au= P V(Np) + W V(Nw)- F V(NF) (23) 

where P, W and F refer to product, waste and feed 
of the element and Np, Nw and NF designate the 
corresponding concentrations. 

The conservation of matter for the element is 
expressed by 

F=P+W 
FNF = PNp + WNw (24) 

In the general case, not limited to small concentra
tions, the separation factors for rectifier and stripper 
of the element are defined as 

ap = Np (1 - NF)/NF (1 - Np) 

aw = NF (1- Nw)/Nw (1- NF) (25) 

Substituting (24) and (25) in Eq. (23) for au, the 
separative power is found to be a function of the 
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separation factors for rectifier and stripper and of the 
feed concentration : 

au ap- I 
- = { aw- NF (I + aw)} I In aw 
F apaw-

aw-I 
- {I - NF (I + ap)} I In ap (26) 

apaw-

Although the separative power should be indepen
dent of the concentration, the expression can be used 
in limited concentration regions. For some special 
cases, the formula can be reduced to a much simpler 
one. 

For a symmetric process that is if ap = aw = a 

au a-1 
-=--Ina (27) 
F a+ I 

In this case the formula is identical to Cohen's [5] 
expression. 
If NF ~ I 

au. aw(ap-I)lnaw-(aw-I)lnap 
F apaw-1 

(28) 

And if (I - NF) ~ I 

au ap (aw -I) In ap- (ap- I) In aw 
(29) 

F apaw-1 

Both expressions are independent of the concentration 
and they can be derived from each other by changing 
ap and aw. It should be pointed out that Eq. (29) 
is the same expression for au as derived by Bulang, 
Groth, et al. [6] for an asymmetric non-infinitesimal 
element. However the choice they made of separating 
the value function into a concentration dependent 
and a concentration independent part is rather arbi
trary. Indeed if NF ~ I another choice is much more 
suitable, leading to Eq. (28). 

Making use of Eq. (24) combined with the assump
tion NF ~ I and Eq. (28) it is possible to express 
aUf F a sa function of the total separation factor 
apaw and the cut () = PfF 

au= G(apaw, 0) = In {I + O(apaw- I)} 
F -Oln{l+(apaw-1)} 

2 2(I+O) 
=}0(1-0)(apaw-I) {I-

3 
(apaw-1) 

I+0+02 
2 + 

2 
(apaw- I) ......... } (30) 

Finally the separation efficiency 'YJ• based on 

{ 
/).mw

2 ~ } 2 
nf ( f)2 c2 

aUmax = eD 2RT 2 = 2eo 7 (31) 

can be written as 

'YJ = ~ =c/> G(apaw,O) 
aumax (2eof)2 

(32) 

It is found from numerical calculations that 'YJ is within 
certain limits independent of 2 eof and consequently of 
the peripheral velocity of the centrifuge. 
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Numerical calculations 

One can say that the separation efficiency is a 
function of several variables. In the first place the 
geometrical variables rJf and fw/f are mentioned. 
Furthermore the efficiency depends on the magnitude 
and the pattern of the flow in the stripper, character
ized respectively by mw and yw or n, while the distri
bution over the cross-section and the magnitude of the 
feed, r1/r2 and cf> influence the efficiency. Finally the 
cut 0 = P/F is a variable. With given values of n, 
r1/r2, 0 and r2/f the maximum value of the efficiency 
with the corresponding optimal values of A, mw and cf> 

can be calculated by trial and error with the aid of the 
derived equations. 

For our calculations we have chosen an ideal profile 
in the stripper (n = 2, Yw = I), a distribution of the 
feed over the cross-section characterized by r1/r2 = t 
and a cut 0 = }. In Table I the maximal efficiency 
with the optimal conditions are given for two values 
of rJf. 

Table 1 

Optimal values of 

'• 
I 

t}m&x 

;.=b 4>=F-'-
I 

mw mo n:enr: 

10 
0.63 0.3 2 4.1 40 

1 
0.68 0.4 3 5.1 57 

15 

The dependence of the separation efficiency on the 
dimensionless feed cf> at the optimal feed point loca

l 
tion A = fw/f is shown in Figs. I and 2 for r2/f = 

10 
I . 1 and- respective y. 

I5 

70 

n1> 

60 

55 

Figure 1. The separation efficiency 'f) as a function of the 
dimensionless feed </>at Yw = 1, r1fr2 = 1/2, (} = 1/2 and the 

optimal feed point location A= 0.3 for r2fl = 1/10 
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70 

Figure 2. The separation efficiency TJ as a function of the 
dimensionless feed </>at Yw = 1, r1/r2 = 1f2, () = 1/2 and the 

optimal feed point location A= 0.4 for r2fi = 1/15 

DISCUSSION 

At a smaller r2/f ratio the feed becomes smaller as 
compared to the flow-strength of the countercurrent 
and consequently the column parameters of both 
column sections equalize. Los [1] derived for a sym
metrically operated centrifuge with equal column 
parameters in both parts 

m2 
1]max = 0.81 y 1 + m2 (33) 

Povt = (-j5- 1) 2 (1 + m2) ne~r~ (34) 

fp ~ fw 

In relatively short centrifuges, where the feed is 
introduced into the forward flow, the flow strength 
in the rectifier is much higher than in the stripper. 
As we have seen, this circumstance causes a 
considerable reduction of the separation efficiency, 
while the optimal location of the feed point is 
shifted into the direction of the waste end of the 
centrifuge. 

The behaviour of short centrifuges can be under
stood by means of Cohen's column equations and of 
the separation characteristics for a centrifuge with 
equal column parameters. 

At total reflux and constant dN/dz, the increase of 
the concentration in the rectifier is given by 

N - N* = c1v t N (1 - N) 
v c5v v 

(36) 

while for the stripper 

N*-N = Clwf N(l-N) 
w C5w w 

(37) 

C. OUWERKERK and J. LOS 

Furthermore, the conservation of matter in the 
centrifuge leads to 

Np-NF 1-0 
NF-Nw --0- (38) 

In order to avoid mixing at the feed point, the con
centration N* at the connection of both column 
parts should be equal to the feed concentration NF. 
Together with the last three equations, this results 
in the no-mixing condition 

0 Clp f P ~ (1 - 0) Cl w f w 

C5p c5w 
(39) 

or 0 2mp y~ t ~ ( 1 - 0) 2mw rt t 
l+m~P l+m~w 

(40) 

This equation shows the shift of the feed point due to 
the higher flow strength in the rectifier. Calculations 
were made for cuts not equal to a half. It was found 
that only the location of the feed point shifted accord
ing to Eq. (40), the separative power remained the 
same. 

Generalising Eq. (34), the condition for optimal 
extraction from the rectifying part can be written as 

( ;- ) neDr~ 2) 
OFPopt ~ .y5 -1 ~(1 + mp (41) 

while the waste for an optimally operated stripper is 
equal to 

(1- 0) Fw."' ~ (~5-1) ne:;r§ (1 + m~) (42) 

To show that it is impossible to operate both column 
sections optimally at the same time, we combine the 
last two equations with the non mixing condition (40) 
which results in 

(43) 

We may conclude that the discrepancy between the 
dimensionless flow strengths of the sections causes 
a reduction of the separation efficiency. To diminish 
the influence of the back-diffusion, a high value of m 
is required. On the other hand, this demands a higher 
feed which causes a greater discrepancy between the 
flow strengths. 

Finally, it should be noticed that Cohen's column 
equations hold better for longer centrifuges. It is 
remarkable that these equations describe the separa
tion behaviour of short countercurrent centrifuges in 
a correct way. 
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A/637 Pays-Bas 

Pouvoir separateur des centrifugeuses a 
contre-cou rant court 

par C. Ouwerkerk et J. Los 

Dans Ia plupart des cas, les centrifugeuses a contre
courant fonctionnent comme des unites fermees, ali
mentees vers le centre de l'appareil, tandis qu'on retire 
les fractions separees aux extremites. Ces centrifu
geuses pourraient etre considerees comme Ia combi
naison d 'une section de rectification et d 'une section 
d'epuisement. Dans une publication recente, on a 
montre qu 'une centrifugeuse a contre-courant fonc
tionnant symetriquement possede un rendement equi
valent a 80 % du pouvoir separateur maximal. On a 
demontre que cette diminution du pouvoir separateur 
est due au fait qu 'un gradient de concentration radial 
optimal ne peut etre maintenu sur toute Ia longueur 
de Ia centrifugeuse. Aux deux extremites, le gradient 
de concentration radial approche du gradient de 
concentration a l'equilibre parce que Je transport net 
de matiere desire approche de zero. 

Dans le memoire, on considere !'influence de !'ali
mentation sur le pouvoir separateur. Dans Ia plupart 
des experiences, I 'alimentation est faite dans le sens 
avant du contre-courant provoquant une asymetrie 
dans les parametres de colonne des sections de recti
fication et d'epuisement. Cette asymetrie ne peut etre 
corrigee que partiellement en a van cant le point d 'ali
mentation. 

On montre que cette asymetrie cause une diminution 
supplementaire de 15% du pouvoir separateur. 

A/637 HHAepnaHAbl 

PaaAenHrenbHaH cnoco6HOCTb Kopor
KHX npOTHBOTO~H~X ~eHTpH~yr 

K. OyeepKepK, ,ll.m. Jloc 

Boo6~e npoTHBOTO'lHhie ~eHTpn<flyrn npeJJ.CTaB
JTHIOT co6oii. ycTaHOBKH, )J,eUCTBYIO~He uenpephiB
HO llO 3aMKHYTOMy ~HKJiy; IIHTaHne ocy~eCTB-

JJHeTCH o6hi'lHO qepea BBOiJ. nocepe)J.nHe ~eHTpn<J>y
rn, B TO BpeMH KaK C o60HX KOHIJ;OB IJ;eHTpn<flyru 
BhlrpymaiOT paaJ).eJieHHhle <flpaK~nn. 8TH ~eHTpu
tpyru xapaK'iepnayiOTCJI co'leTaHneM peKTn<flnKa
~uouuoii. n nepeMemuaaiO~eii qacTeii. B HeJ).aB
uo ony6mmoaauuoii pa6oTe 1 6hiJIO noKaaauo, 'lTo 
B CHMMeTpU'lHO )J,eHCTBYIO~eii npOTHBOTOlJHOii 
~CHTpu<flyre Koa<fl<fln~neHT IIOJie3HOl'O )J,CHCTBIIH 
COCTaBJTHeT 80% MaKCHMaJihHO J].OllYCTHMOH pa3-
J].CJTUTeJThHOH CIIOC06HOCTH. fioKa3aHO T3KiKe, lJTO 
yMeHhmeune paa)J.eJinTeJThHOii cnoco6uocTn o6yc
JIOBJieuo TCM, lJTO HeJih3H IIOJ].JJ.epiKUB3Th OllTH
MaJThHhiH rpa)J,ueHT pa)J.U3JihHOH KOH~eHTpau;Itu 

no AJTHHe ~euTpuqJyrn. Ha o6oux KOH~ax ~eHTpu
tpyru rpaJ].ueHT pa)J.uaJThHOH Kou~eHTpa~nu npn
fiJTnmaeTCH K rpaJ].UeHTY paBHOBeCHOii KOH~CHTpa
IJ;UU BCJTCJ].CTBUe TOrO, lJTO BCJIUlJUHa M3CCOllepe
lW'JU npn6JTumaeTCH• K uyJTIO. 

B JI.OKJTaJ).e paccMaTpnaaeTCH BJIHHune cnoco6a 
rroJ].a'lu MaTepuaJTa ua paa)J.eJTnTeJThHYIO cnocoG
uocTh. B 6oJThiiiHHCTBe aKcuepuMeHTOB MaTepnaJT 
JIO)J,aBaJTCH B nepe)J.HIOIO qaCTh npOTJIB HarrpaBJTC
UHH llpOTHBOTOKa; 3TO IIpUBO)J,UT K yBeJTUlJeHHIO 
acnMMeTpnn napaMeTpoB peKTn<flnKau;uouuoii u 
nepeMClllHBaiO~eii qacTeii. KOJIOHHhl. 8Ta aCUMMeT
pllH MomeT 6h1Th yMeHLIIIeHa TOJihKo qacTn'luo, 
nyTeM cMe~eHnH TO'lKif IIOJJ.a'ln MaTepnaJTa ua
aaA 33 llOTOK. 

lloKaaauo, lJTO J).aJTbHeiimee yMeHhmenne paa
)J,eJTnTeJThHOH cnoco6nocTn (- na 15%) o6'hHC
HJieTca HaJIU'II1CM BhiUICYITOMHHyToii: aCIIMMCTpnu. 

A/637 Poises Bajos 

Poder de separaci6n de las centrffugas cortas 
en contracorriente 

por C. Ouwerkerk y J. Los 

Las centrifugas en contracorriente suelen funcionar 
como unidades cerradas: Ia alimentaci6n se efectua 
aproximadamente en Ia parte central de Ia centrifuga, 
mientras que las fracciones separadas se extraen 
por los dos extremos. Se puede considerar a estas 
centrifugas como una combinaci6n de una secci6n 
de rectificaci6n y otra de separaci6n. En una publica
cion reciente, se sefial6 que una centrifuga en contra
corriente que trabaje simetricamente tiene un rendi
miento igual al 80 % del maximo efecto de separaci6n 
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que es posible alcanzar. Se demostraba tambien que 
Ia disminuci6n del poder de separaci6n se debe al 
hecho de que nos es posible mantener un gradiente 
de concentraci6n radial 6ptimo a todo lo largo de 
Ia centrifuga. En ambos extremos, el gradiente de 
concentraci6n radial se acerca al gradiente de concen
traci6n de equilibrio, porque el transporte neto de 
material deseado tiende a cero. 

En Ia presente memoria se examina Ia influencia 
de Ia alimentaci6n sobre el poder separador. En la 

C. OUWERKERK and J. LOS 

mayoria de los experimentos es preciso introducir 
la sustancia a separar en la corriente progresiva del 
sistema en contracorriente, origimindose de ese modo 
una asimetria de los panimetros de Ia columna entre 
Ia parte de rectificaci6n y Ia de separaci6n. Esta 
asimetria solo admite correcciones parciales, despla
zando el punto de alimentaci6n aguas arriba. 

Se demuestra que esta asimetria provoca una nueva 
reducci6n del poder de separaci6n, que disminuye 
aproximadamente en un 15 %. 
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The management of heavy water for research 
and power reactors 

By J. A. Morrison,* M. H. Thomas,* L. C. Watson* and L. W. Woodhead** 

Canadian experience with large volumes of heavy 
water in reactor systems began in 1945 with the opera
tion of the low-power reactor ZEEP, in which 10 tonnes 
of heavy water was used [1]. The NRX reactor [1-3] 
which came into operation in 1947 has 16 tonnes of 
heavy water in a sealed moderator system. Most of 
the heat is removed from the reactor by light water 
flowing through the fuel rods. The reactor power, 
originally 10 MW, was increased after modifications 
and improvements until operation at 40 MW was 
reached in 1954. The 200-MW NRU reactor [2, 4, 5], 
with 65 tonnes of heavy water as both moderator and 
coolant, and a second low-power reactor, ZED-2 [6], 
with 30 tonnes of heavy water, were commissioned 
in 1957. The Nuclear Power Demonstration reactor 
(NPD) [7, 8], whose electrical output is 20 MW, is 
located 40 km from the Chalk River Nuclear Labora
tories (CRNL). It came into operation in 1962 and is 
moderated and cooled with 70 tonnes of heavy water. 
The heat-transport system, which contains 10 tonnes 
of heavy water and is segregated from the moder
ator system, operates at 275 oc and 75 kgf/cm2• 

Both the NR U and NPD reactors are refuelled at 
full power routinely. The inventory of heavy water 
in the five reactors is about 200 tonnes. 

The principal objectives in the handling of heavy 
water are containment and the preservation of the 
isotopic purity. Since neither of these objectives can 
be fully realized, provision must be made to recover 
heavy water that escapes from the reactor systems and, 
if it is downgraded, to reconcentrate it. Many pro
blems, including those involving the radioactive 
isotope tritium, have been encountered in these recla
mation operations. These aspects of Canadian expe
rience with heavy-water reactors will be discussed in 
this paper. 

SOURCES OF DOWNGRADED HEAVY WATER 

The reactors 

The isotopic concentration of the heavy water in 
the NRX reactor has remained fairly constant around 

• Chalk River Nuclear Laboratories, Atomic Energy of 
Canada Limited, Chalk River, Ontario. 

•• NPD Generating Station, Hydro-Electric Power Commis
sion of Ontario, Rolphton, Ontario. 

373 

99.84 wt% 0 20 since 1959. Since the 550 kg of water 
added annually to replace losses, samples and drainings 
has averaged about 99.85 wt% 0 20, light water is 
entering the system at a rate of 200 g each year. This 
quantity of light water in 16 tonnes of heavy water is 
equivalent to about 10 ppm or a decrease in the isotopic 
concentration of 0.001 wt%. 

The heavy-water system in the NRU reactor is 
more complex and many assemblies, such as fuel 
rods and control rods, are inserted and removed 
while the reactor is operating. As a result the degrada
tion is considerably greater than that in the NRX 
reactor and has averaged 0.007 wt% annually for the 
last seven years. For short periods, the rate has been 
much higher; for example, in June 1958, during the 
decontamination of the NRU reactor following the 
fuel-rod incident of 23 and 24 May [9], 14 kg of 
light water was introduced into the heavy-water 
system. This was nearly 50% of all the light water 
added in the last seven years and it reduced the isotopic 
concentration of the heavy water by 0.02 wt%. 

The source of light water in the NPD reactor is 
mainly in the air c~ 15 cm3/s) that leaks into the gas 
space above the moderator in the reactor vessel. If 
the water content of this air were uncontrolled, it 
would cause a yearly degradation of 0.01 wt%, a 
value that agrees with limited data obtained in 1962. 
Although the current degradation rate cannot be 
measured directly since an isotopic reconcentration 
program is in progress, it is believed to be less than 
this figure because the light-water content of the inleak
ing air has been reduced significantly. 

The low-power reactors also use reactor-grade heavy 
water (99.75 wt% 0 20). The reactor vessels in these 
reactors are opened frequently and many assemblies 
are in contact with the heavy water during the experi
mental programs. As a result there is a continuous 
downgrading of the heavy water which averages about 
0.06 wt% annually in the ZED-2 reactor and 0.02 wt% 
in ZEEP. 

The quantities of heavy water recovered in a down
graded condition during routine operation are about 
0.5 tonne/year for the NRX reactor and 6 tonne/ 
year for the NRU reactor. This latter quantity is 
10% of the heavy-water inventory in the reactor and 
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agrees with the figure given for the heavy-water reactors 
at the Savannah River plant [10]. Similar data are 
not yet available for the NPD reactor. The reclamation 
of about half of this downgraded heavy water is simple 
because it is recovered by established procedures and 
techniques which minimize contamination and down
grading. 

lon exchangers 

The deuterization and dedeuterization of the ion
exchange resin which is done outside the heavy-water 
systems is another source of down-graded heavy water. 
Generally 1.5 to 2 kg of heavy water must be recon
centrated for each kilogram of resin installed in the 
heavy-water system. The quantity at the NRX reactor 
is less than 10 kg annually, but in the NRU reactor 
it amounts to 550-700 kg. This water is normally 
contaminated with organic material which must be 
removed before isotopic reconcentration can be under
taken. 

Air systems 

The recovery of heavy water from reactor ventilation 
systems is a difficult problem. No attempt has been 
made to recover heavy water from the once-through 
ventilation system used in the NRU reactor because 
the volume of air discharged is too large, about 4 m3js. 
Since leakage of heavy water into the reactor vault 
of the NPD reactor was expected, a recirculating air 
system was installed. The vault is kept under negative 
pressure by removing 10 liters of air per second from 
the recirculating air system and this air is dried before 
it is discharged to the building exhaust system. The 
original drying unit, a refrigerator type, was under
sized and was replaced with a commercial air-drying 
unit using activated alumina as the drying agent. 
The air discharged to the exhaust system has a dew 
point below -30 oc and the total quantity of water 
released daily has been reduced from 12 to about 
0.4 kg. The water collected on the alumina is returned 
to the recirculating air system during its regeneration 
cycle and thus the water entering the vault gradually 
accumulates in the scrubber used to clean and cool 
the circulating air. The final isotopic content of the 
water in the scrubber depends on the water initially 
loaded into the scrubber and on the relative quantities 
of light and heavy water that leak into the vault. 

PURIFICATION 

The first operation in the reclamation of the reco
vered heavy water is the purification, or decontamina
tion, step. Ion exchange and distillation are used most 
frequently but other methods, such as filtration, have 
also been used. The most frequent impurities are the 
soluble inorganic compounds but the most trouble
some are the organic compounds and the suspended 
solids which often present problems in both the puri-
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fication and the reconcentration steps (see later). 
In particular, the electrolytic reconcentration plant 
requires that the specific conductance of the feed 
water be less than 10--s.Q-1 cm-1 and the organic 
residue less than 1 ppm. The radioactive residual 
(exclusive of tritium) must be very small because the 
plant is unshielded. 

lon exchange 

The frequency with which ion-exchange resins 
have been applied to the problems encountered in the 
purification of heavy water has increased steadily 
since the first ion-exchange column was installed in 
the heavy-water system of the NRX reactor in 1949. 
Today, mixed beds of the strongly acidic and strongly 
basic ion-exchange resins are used in most applications. 
The effectiveness of these resins in removing ionic 
impurities from water was recognized many years 
ago but more recently they have been used to reduce 
the water-soluble fraction of the simple aliphatic 
and chlorinated hydrocarbons, and to break some 
types of organic-water emulsions. 

Distillation 

Originally distillation was used almost exclusively 
to purify contaminated heavy water and it remains 
one of the most effective methods. A rising-film eva
porator is used for all water which cannot be purified 
by ion exchange alone. The heat exchanger, de-entrain
ment section, condenser and the settling tank for the 
concentrate, are all stainless steel. If necessary the 
feed is neutralized with NaOH or, if an oxidizing 
medium is required, the feed is made alkaline and 
sufficient potassium permanganate is added to ensure 
a slight excess in the concentrate stream. The short 
residence time (1-2 min) in the hot zone is one dis
a_9vantage of this type of evaporator. The through
put of the evaporator is 90 1/h with a volume reduction 
of 5. The specific conductance of the distillate is mea
sured continuously and if it exceeds 5 x 10-5 .Q-1 cm-1 

the distillate is recycled. As it is discharged to a clean 
receiver, the distillate is passed through a mixed
bed resin column to remove the small quantities of 
impurities carried over by entrainment. The concentrate 
is recycled by mixing it with the feed in a ratio of 
1 : 5 until the solids content of the feed is increased 
to about 1 wt%. Since continued operation with this 
concentration of solids will accelerate the corrosion 
of the tubes in the heat exchanger, the contents of the 
settling tank are transferred to a mild-steel pot eva
porator and taken to dryness. When the solids in this 
evaporator reduce the heat transfer to a level that 
makes further use impractical, a quantity of light 
water is added and evaporated. More heavy water 
can be recovered by this method than by the applica
tion of heat alone. The pot is then detached and sent 
for burial. 
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Filtration 

Insoluble and suspended materials can be removed 
by filtration in many cases, but not organic material 
or colloids like the gibbsite (Al20 3 • 3H20) found in the 
heavy water in the NRU reactor [11, 12]. Organic 
contaminants were first encountered in 194 7, when 
about a tonne of heavy water in the NRX reactor 
displaced the oil in an oil seal. The majority of the oil 
was removed by centrifuging and the remainder by 
evaporating the water from an alkaline permanganate 
solution. The centrifuging step was very cumbersome 
and was replaced by filtration using a diatomite filter
aid. This method reduced the oil content of the water 
to less than 5 ppm in a single step. Another combina
tion, a felt filter followed by filtration with a cellulose 
filter-aid, is being used to remove the oil from heavy 
water collected from the pump seals at the NPD reactor. 
These filter-aids are also effective in breaking oil 
emulsions, but it has not been necessary to use 
them in this way because, in the particular cases 
encountered, ion exchange was equally effective. 

Specific problems with large volumes of downgraded 
heavy water 

Very large quantities of heavy water ( > 10 tonnes) 
were downgraded on four occasions in the last twelve 
years. Since different problems were encountered in 
three of these incidents, and since each was a major 
recovery effort, a very brief account is included here. 

In an accident with the NRX reactor in December 
1952 [2], 15 tonnes of heavy water were downgraded 
from 99.8 to 92 wt% D20 and one tonne from 99.8 
to 20 wt%. The water as recovered contained approxi
mately 0.5 curies of fission products per liter. The 
water was first passed through a mixed-bed resin 
column. The radioactive content of the water con
taining 92 wt% was reduced by a factor of 4 x I 04, 
but with the water containing 20 wt% the factor 
was only 5 X 102• The radioactive impurity was 
140La which was complexed by an organic impurity 
in the river water which caused the downgrading. 
As the final step, the water was evaporated and a 
product suitable for isotopic reconcentration was 
obtained. 

In 1960, leakage of heavy water into the J-rod 
annulus, an annular region immediately outside 
the NRU reactor vessel, was detected. Two years 
later, the leak~ were found in a number of small 
pipes radiating out from the top header deep inside 
the reactor shielding. In the meantime, over 50 tonnes 
of water were collected, the majority containing 
less than 10% D20. Light-water leaks into the annulus 
were responsible for the downgrading. Water con
taining less than 2 wt% D20 was discarded because 
it could not be reconcentrated economically in the 
existing facilities. 

The recovered water was badly contaminated. 
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In the J-rod annulus, it had come in contact with 
large quantities of aluminum corrosion products. 
These formed a suspension in the water that could 
be removed only by distillation. To reduce the handling 
problems, the low-grade water (2-10 wt% D20) was 
reconcentrated to 15-20 wt% in the distillation unit 
(see later) before it was decontaminated. Periodic 
plugging of the lower plates of the first column was 
experienced during this reconcentration but no 
difficulties were experienced during the subsequent 
evaporation and reconcentration steps. The decon
tamination was done in the rising-film evaporator 
described above. 

The most recent incident occurred in December 1962, 
during the final stage of the development program 
for on-power fuelling of the NPD reactor [7]. A 
heavy-water leak developed at the seal between a 
fuelling machine and a pressure tube and it could 
not be repaired immediately. Since the cooling of 
the fuel could not be interrupted, the spilled heavy 
water was recycled from the sumps. In the course 
of this recycling, the heavy water in the reactor 
was downgraded from 99.7 to 99.1 wt% D20 and 
contaminated with about 25 1 (350 ppm) of oil and 
an undetermined quantity of polymerized acrylamide 
which was the principal ingredient in a chemical 
grout used as a seal in the reactor vault and adjacent 
areas. Most of the contaminated water was first 
passed through an ion-exchange column; then it 
was distilled and passed through a second column. 
When there was free oil present in the water, a physical 
separation was made. The water was then evaporated 
from a permanganate solution and the condensate 
passed through an ion-exchange column. Both methods 
reduced the oil content to less than 5 ppm, but it 
was discovered later that the acrylamide was only 
partially removed. The heavy water was removed 
from the reactor in 2- to 3-tonne batches, deconta
minated, and then returned to the reactor. Seventy 
tonnes of water were processed in seven days, reducing 
the oil content in the heat-transport system to 5 ppm 
and in the moderator system to 50 ppm. When reactor 
operation was resumed, these residuals disappeared, 
presumably being oxidized to the carbonate, or some 
other ionic species, which were removed by the 
ion-exchange resins [13]. The same batch method 
is being used for the isotopic reconcentration, with 4 
to 5 tonnes of water being processed monthly through 
the electrolytic plant at CRNL. 

ISOTOPIC RECONCENTRATION 

After the NRX reactor came into operation in 
1947, the need for a reconcentration facility at the 
laboratories became increasingly apparent and the 
design of an electrolytic plant was begun in 1951. 
The downgrading of 16 tonnes of heavy water in 
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the accident of December 1952 accelerated this 
program and a plant with four electrolytic cells 
was put into operation early in 1953. Four more 
cells were added in 1963. 

The problem was somewhat different at the NRU 
reactor, which was scheduled for uninterrupted opera
tion. A leak that daily introduced as little as 200 grams 
of light water into the heavy water would be very 
difficult to locate but would soon make reconcentration 
necessary. The problem of handling large volumes 
of tritiated heavy water could best be overcome by 
installing a reconcentration unit in the reactor building. 
A distillation unit designed for automatic on-stream 
operation was chosen and was integrated with the 
reactor heavy-water system. Schematic lay-outs of 
the electrolytic plant and the distillation unit are 
shown in Figs. 1 and 2. 

Electrolytic plant 

With the exception of the electrolytic cells and 
burners, the equipment used in the electrolytic plant 
is conventional. The cells [14] are about 30 em in 
diameter and 1.5 m high. The mild-steel cathode 
is watercooled and there is no diaphragm between 
the cathode and the nickel anode. The operating 
volume is 56 l. The electrolyte is prepared by dissolving 
8 wt% K2C03 and 0.2 wt% KOH in the feed water. 
A current of 1 000 amperes (0.07 A/cm2 with the cell 
full) is passed through four cells connected in series. 
Approximately 0.35 kilogram of water is electrolyzed 
per hour per cell. The voltage drop is 3 volts per cell. 

AIR 

OVERFLOW 
TANK 

ELECTROLYTIC 
CELLS 181 

C02 
AIR 

RUNDOWN L-.;....._~ 
TANK 
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The hydrogen and oxygen evolved are collected in a 
common header and fed to a burner. When the 
conetnts of the cells reach the desired isotopic con
centration, they are transferred to an evaporator 
where the water is removed from the electrolyte. 

The original burner had a small nozzle, 0.28 em in 
diameter, and required a steady gas pressure, around 
1.3 kgf/cm2 absolute. Unsteady pressure and over
heating of the burner caused explosions, or flashbacks, 
in the cells and the small nozzle was easily plugged 
by material entrained in the off-gases. These diffi
culties were overcome with a new burner which 
has a large nozzle, 0.8 em in diameter, and operates 
at a lower pressure, 1.1 kgfjcm2• 

The isotopic composition of the water can be 
predicted during the electrolysis with the Rayleigh 
equation. 

A, B 

ln(A/A0) = aln(B/B0) 

the moles of light and heavy water 
respectively originally in the cell, and 

the moles of light and heavy water 
respectively at any later time, and 

ex = separation factor. 

Since the quantity of water electrolyzed and removed 
from the cell can be determined accurately from 
the aggregate ampere-hours, an isotopic analysis of 
the water originally in the cell and of the water at 
some later time will provide an accurate estimate 
of ex. Once the separation factor has been established, 
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Figure 1. Simplified flowsheet of the electrolytic reconcentration plant 
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the above equation will predict accurately the isotopic 
composition at any stage of the electrolysis if the 
initial composition is known. 

For good efficienGy, the separation factor should 
be 10 or higher. Many variabies including electrolyte 
composition are known to affect oc. In this plant, it 
has ranged from 4 to 11, but for most operations 
it has been above 10. The low separation factors 
are believed to have been caused by impurities in the 
feed water but only one impurity, molybdenum poly
sulfide, has been identified. In each case the cathode 
surfaces, normally dull in appearance, were bright 
and shiny, indicating that the oxide layer had been 
removed. The separation factor was restored to 10 after 
the electrodes were etched with 6M hydrochloric 
acid and allowed to oxidize in air for a day. 

When the isotopic content of the heavy water in the 
two low-power reactors, ZEEP and ZED-2, is reduced 
to a level which is unacceptable for the experimental 
program, the heavy water is removed and recon
centrated in a single batch. Since the water is kept 
very clean a purification step is not required and 
the only problem is to keep the heavy water free of 
tritium. This is achived by flushing the electrolytic plant 
with light water to remove the tritium. 

NRU distillation unit 

Two distillation columns, each with 75 sieve plates 
and similar to those described by Bertsche [15], 
and the auxiliary equipment necessary to heat, cool 
and transfer the water make up the distillation unit. 
Stainless steel was chosen as the construction material 
to eliminate corrosion problems and the possibility 
that foreign material might be transferred into the 
reactor system. The columns are 61 and 76 em in 
diameter and 24 m high. Operation is automatically 
controlled by flow, pressure, and level controllers 
and an isotopic analyser. The total power requirement 
is 375 kW of which 360 kW is supplied by high
pressure steam. The unit was designed to remove 
0.5 kg of light water daily when the feed contained 
99.7 wt% D20 and the distillate 95 wt%. The feed 
rate is such that the water is upgraded 0.005 wt% 
before it is returned to the reactor system upstream 
of the ion-exchange resins. Some typical operating 
data with a throughput of 450 kg/h and a boil-up 
rate of 500 kg/h are: 

Feed 
wt% DP 

99.78 
99.75 - 99.79 

Distillate 
wt% DP 

96.4- 97.0 
95.5- 96.5 

H20 removal rate 
kg/d 

0.4- 0.5 
0.25 

The distillate is stored for further processmg if it 
contains over 2 wt% D~O. If it contains over 90 wt% 
it may be reconcentrated in the electrolytic plant. 
The column can be used as a recovery unit. For 
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example in 400 days of operation 4.5 tonnes of water 
at 93 wt% D20 was recovered from 55 tonnes of 
water containing from 2 to 50 wt% Dp. 

Relative advantages 

The electrolytic plant is a very efficient unit for the 
isotopic reconcentration of water containing more 
than 90 wt% D20. At lower concentrations the volume 
of the feed becomes a limiting factor. If the concen
tration is less than 50 wt% D 20 the volume of water 
may be large and large volumes can be processed 
more efficiently in a distillation unit. An automatic 
distillation unit can be integrated easily with a heavy
water system for onstream operation and is also a 
very satisfactory reconcentration unit. For water 
containing over 90 wt% D20, either the electrolytic 
plant or the distillation unit can be used but the adap
tability of the electrolytic plant makes it more suitable 
for establishments with a small heavy-water inventory. 

ISOTOPIC AND CHEMICAL ANALYSES 

The development of the infra-red method for the 
isotopic analysis of water [16, 17] has greatly increased 
the precision and accuracy with which this analysis 
can be done. With proper care very accurate analyses 
can be made but under normal laboratory conditions 
the accuracy is about ± 0.01 wt% at 99.75 wt% D20, 
± 0.05 wt% at 99 wt% D20 and ± 0.2 wt% at 90 wt% 
D20. Impurities, such as carbonates and nitrates, will 
cause low results and any sample whose specific 
conductance is greater than 10-5 Q-1 cm-1 is purified 
before an isotopic analysis is done. Downgrading 
or fractionation of the sample during purification 
is prevented by a slow but complete distillation under 
vacuum. It is often necessary to account for the 
heavy water in a volume of downgraded heavy water 
and this is commonly done by applying the results 
of isotopic analysis to the weights of water recovered. 
The figures obtained by this method can be in error by 
5-10% because the impurities in the water may intro
duce errors into both the analytical results and weights 
of water. 

RADIATION HAZARDS 

In many cases the recovered water contains sufficient 
radioactive material (exclusive· of tritium) to be a 
radiation hazard to personnel. The radioactive mate
rial is removed by distillation or by ion exchange 
(see earlier). These operations are done in shielded 
rooms in equipment which can be operated remotely. 
Accordingly the reboiler and the lower third of the 
first column of the distillation unit are located in 
shielded, ventilated rooms. This arrangement permits 
heavy water to be fed directly from the reactor system 
with no preliminary purification. The dose received 
by the operators of the distillation unit and the 
electrolytic plant from gamma radiation averages 
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less than 0.3 roentgen/year while the operators in 
the purification area receive about 1.3 roentgens/year. 
The maintenance of the distillation unit results in an 
aggregate exposure of 5 man-roentgens/year to the 
maintenance crew. 

The major hazard in handling irradiated heavy 
water is tritium. The concentration of this isotope 
in the heavy water has increased steadily and is 
now over 5 curie/1 in both the NRX and NR U reactors. 
In the NPD reactor, the concentration has reached 
1. 7 curie fl. With continued operation and normal 
turnover of the heavy water, the tritium concentrations 
in these reactors will exceed I 0 curie/1 within a few 
years. 

The electrolytic plant illustrates the techniques 
which are used to control the tritium hazard. These 
techniques more than fulfil the economic need to 
conserve heavy water. Ventilation is most important; 
the electrolytic plant has an air change every two 
minutes. The air is exhausted from those areas (e.g., 
the evaporators, the feed tank, and the rundown 
tank) in which leakage has been most frequent. All 
equipment vents are connected directly to the exhaust 
system. Welded connections are used whenever 
possible to minimize water leakage. Transfers of 
heavy water are made by gravity, or by air pressure, 
to eliminate pumps. Good housekeeping is a vital 
factor; water which escapes from the equipment 
is collected as soon as it is detected. Floors and walls 
are kept clean and painted to reduce absorption 
of the water. The plant is carefully maintained to 
minimize equipment failures and leakage. The tri
tium monitors [18] which will detect tritium concen
trations in air as low as 5 x I0-6 microcurie/cm3 

are used to search for leaks in the plant equipment 
as well as for personnel protection. If the equipment 
has to be opened, the plant is drained, rinsed with 
light water, and steamed out before maintenance 
is begun. Protective plastic clothing and air masks (19] 
are used whenever the tritium concentration exceeds 
5 microcuriejm3 and the exposure is for more than 
two to three minutes. If there is exposed heavy water, 
as in a spill, the wearing of protective clothing is 
mandatory. 

The record of radiation exposure from tritium in 
the electrolytic plant and purification area is a measure 
of the success of the operating procedures. A con
tinuous check is maintained on personnel who are 
exposed to tritium by analysis of urine specimens 
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submitted weekly. During 1963, 492 persons at 
CRNL received a measurable radiation dose from 
tritium as determined by urinalysis. Of these, 82% 
received less than 500 milli-rem and less than 2% 
received in excess of one rem. The thirteen operators 
who work in the electrolytic plant and the purification 
area averaged 380 milli-rem and the maximum exposure 
was 900 milli-rem. 
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A/29 Canada 

Gestion de l'eau lourde pour les reacteurs 
de recherche et de puissance 

par J. A. Morrison et a/. 

L'experience canadienne en matiere de gestion d'eau 
lourde provient de plusieurs installations de reacteurs, 
y compris une installation operant a haute pression et 
a haute temperature. Ces installations sont complexes 
et, dans les plus grandes, le combustible peut etre 
change quand le reacteur est en marche. 11 est inevi
table que de l'eau lourde s'echappe, de sorte que les 
circuits ont ete con<;:us pour que les fuites soient 
minimes. Comme le tritium est toujours present dans 
l'eau lourde irradiee, des mesures preventives sont 
necessaires pour assurer la protection du personnel 
contre le danger d'une augmentation de la concentra
tion de ce gaz dans 1 'air a la suite d 'une fuite. 

Pendant les six dernieres annees, la quantite de H20 
dans les circuits de D20 des reacteurs NRX et NRU 
a ete inferieure a 100 ppm par annee. Le probleme le 
plus important a ete la recuperation d'eau lourde 
echappee, surtout quand celle-ci etait diluee par H20 
(diminution de teneur isotopique) ou contaminee par 
d'autres impuretes. La quantite d'eau lourde diluee 
recueillie durant ]'operation normale des reacteurs 
n 'a pas ete tres appreciable (3 000 kg/an dans le cas 
de NRX et de NRU) mais, a quatre occasions, des 
quantites tres importantes (> 10 000 kg) ont ete 
diluees et dans trois cas, les problemes de Ia recupe
ration ont ete tres differents. La recuperation de D20 
des systemes de ventilation n 'est ordinairement pas 
rentable; un appareil commercial utilisant l'alumine 
comme agent dessiccateur a ete efficace, cependant, 
dans un des systemes de ventilation a la centrale NPD 
{Nuclear Power Demonstration). La plupart des impu
retes, a ]'exception de substances organiques, sont 
enlevees efficacement sur des resines echangeuses 
d'ions. En se servant de substances de filtration, on 
peut reduire Ia quantite d'huile a environ 5 ppm. 

Les methodes de distillation et d'electrolyse ont ete 
utilisees pour ameliorer la concentration isotopique 
de l'eau contenant moins de 99,75% en poids de D20. 
La distillation est preferable quand on peut tirer plei
nement profit des a vantages d 'un systeme automa
tique, c'est-a-dire, pour extraire de petites quantites 
de H20 a partir de grands volumes de D20 ou pour 
reconcentrer de grands volumes d 'eau a faible teneur 
( < 65 % en poids de D20). Le procede electrolytique 
est plus souple et, en particulier, il est mieux adapte 
pour l'eau contenant plus de 90% en poids de D20; 
la charge peu elevee, de l'ordre de 50 kg par cellule, 

est un avantage en discontinu. Le facteur de separa
tion isotopique a, qui mesure 1 'efficacite d 'une instal
lation electrolytique, a ete normalement superieur a 
neuf et a souvent depasse dix. 

La concentration du tritium dans le D20 des reac
teurs NRX et NRU a ete environ 5 Ci/1 pour plusieurs 
annees. En 1963, 492 personnes ont ete exposees au 
tritium; 82 % du groupe ont re<;:u moins de 0,5 rem 
et moins de 2 % ont re<;:u plus d 'un rem. Dans la zone 
de purification et I 'installation electrolytique, le per
sonnel a re<;:u en moyenne moins de 0,5 rem. L'expo
sition maximale a ete de 900 mrem. Une bonne venti
lation, Ia proprete, un equipement bien con<;:u, et une 
bonne technique d'operation, sont les facteurs cles 
pour le contr6le de ce risque professionnel. 

noArOTOBKa HUKellO~ BOAbl AllH HCClle
AOBaTellbCKHX H 3HepreTH~eCKHX pe
aKTOpOB 

,ll.m. A. MoppHCOH et al. 

B l{auap;e naKonJieH onhiT pa6oThl c uecKOJih

J\HMH THiKeJIOBO)J;Hhi:M:H peaKTOpHhiMH CHCTeMaMH, 

D TOM 'IHCJie C O)J;HHM peaKTOpOM, pa6oTaiO~Hlll 
IIpH BhiCOKOM p;aBJieHHH H BhiCOKOH TeMIIepaType. 

Bee CHCTeMhl HBJIHIOTCH CJIOiKHhiMH, 6oJiee Kpyrr

Hhle peaKTOpHhle CHCTeMhl II03BOJIHIOT IIpOH3BO

)J;HTh 3aMeHy TOIIJIHBa BO BpeMH pa60Thl peaKTOpa 

Ha MO~HOCTH. IlpH ::!TOM HeHa6eiKHO IIpOHCXO)J;HT 

HeKoTopaH yTe'IKa THiKeJioii nop;hl. CKoHCTpyHpo

naHLI CHCTeMhl, 'B KOTOphiX TaKaH yTe'IKa CBO

p;HTCH K MHHHMyMy. TpHTHii acco:u;HHpyeTCH c 

JII06oif 06Jiy'leHHOH THiKeJIOH BO)J;Oii; B CBH3H C 

B03HHKHOBeHHeM BhiCOKHX KOHIJ;eHTpan;HH IIpH 

yTe'IKe He06XO)J;HMO IIpHHHMaTh Mephl )J;JIJI IIpe

)J;OTBpa~eHHH OIIaCHOCTH )J;JIJI nepcoHaJia. 

B Te'leHHe nocJiep;nHx mecTH JieT KOJIH'IeCTno 

H20, nonanmeii n CHCTeMhi, aanoJIHeHHhle 0 20 
ua peaKTopax NRX H NRU, cocTaBJIJIJIO Meuee 

0,01% n rop;. BoJihmoii npo6JieMoii HBJIHJIOCh noc

noJiuenHe THiKeJIOH BO)J;hl IIOCJie yTe'IKH H3 peaK

TOpOB, B oco6eHHOCTH KOf)J;a OHa paa6aBJIHJiaCh 

JhQ (TO CCTb IIOHHiKeHHOfO Ka'leCTBa) HJIH aa

rpH3HHJiaCh uemeJiaTeJihHhiMH npHMeCRMH. RoJIH

'IeCTno THiKeJIOH BO)J;hl IIOHHiKeHHOfO Ka'leCTBa, 

co6panuoii n Te'leHHe nepHop;a o6hi'1Hoii :mcnJiya

Ta:u;mi peaKTopa, 6hmo neneJIHKo (7000 1'>e/eoo na 

peaKTopax NRX H NRU), op;naHo n Tpex cJiy'laHx 

IIOHHiKaJIOCh Ka'leCTBO O'lellh 60JihiiiOfO KOJIH'IeCT

Ba TJiiKeJioii nop;hi ( cnhirne 10 000 1'>Z). B Ramp; oM 
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CJJyqae npo6JieMhl BOeeTaHOBJieHHH Heo6XO)l;HMOro 

KOJIHqeeTBa T.Ra\eJioii BO)l;hl HMeJIH pa3JIH'IHYIO 

TPYil:HOeTb. llpou;eee H3BJieqemm 0 20 H3 eneTe

llfhi BeHTHJIHll;HH 06bJqno HBJIHCTe.R HeaKOHOMHq

HbiM, O)l;HaKO npOMhllliJieHHa.R yeTaHOBI\a e rJIHH0-

3CMOM B eneTeMe BeHTHJIHll;HH )l;eMOHCTpUll;HOIIHOH 

aTOMHOH aJieKTpOCTaHD;HH (NPO) OI\a3aJiaCh 

BeebMa alfllfleRTIIBHoii. Bonhman qaeTh npnMeceii, 

aa HCRJIIOqenneM oprannqecRHX, yenemno y)l;a

JIHeTeH c noMOill;hiO nonoo6MeHHhlX CMOJI. Maenn
Hbie aarpH3HCHHH C IIOMOill;biO llOpOilii\OB )l;JIH 

qJHJibTpOBUHHH f];OBOP,HJIHeb ,11,0 1\0Hll;CHTpan;HU 

5 ·10-6 %. 
Bop,a, cop,epmalll;a.R MeHee 

llOP,BepraeTe.R P,HCTHJIJIHll;HH H 

99,75 Bee. % 020 
aJieRTpOJIH3y. llpH-

MeH.RTb P,HeTHJIJI.Rll;HIO Jiyqme TOrp,a, 1\0rP,a MOa\HO 

llOJIHOCTbiO HellOJib30BaTb npenMylll;eCTBa aBTOMa

THqeeRoii eHeTeMhl, TO eeTh )l;JIH y)l;aJieHHH He60Jib

illHX RonnqeeTB H20 H3 6onhmnx o6'heMoB 020 

H )l;JIH peROHll;eHTpan;HH 60JibillHX 06'beMOB BOP,bl 

e MeHbi1IHM eo)l;epmaHHeM D20 ( Menee 65 Bee. % ) . 
3ne«TpOJIHTnqeeRHii npou;eee HBJIHeTeH 6onee 

ynnBepeaJibHhlM, H on oeo6enno xopomo, no,a:

xop,HT P,JIH BOP,hl e eop,epmanneM eBhlme 90 Bee. % 
D 20. TipenMylll;eeTBOM HBJIHeTe.R ne6oJihma.R Be

nnqnna aarpyaRH (,a:o 50 ~~:e) O)l;HOii BaHHhi. Ho

alfllflnu;neHT il, 1\0TOphlii HBJI.ReTeH MepHJIOM a<IJ

Iflei\THBHOeTH aJieRTpOJIHTHqeel\OH yeTaHOBRH, 

o6hlqno npeBhlman qneJio p,eBHTh H qaeTo 6hln Bhl

me ,a:ee.RTH. 

Honu;enTpau;nn TPHTHH B D20 Ha pea«Topax 

NRX H NRU eoeTaBJIHJia oRono 5 ~~:ropu/.n, B Teqe

HHe neeROJibRHX neT. B Teqenne 1963 rop,a o6-

nyqennro TpHTHeM no)l;Beprnoeb 492 qenoBe«a, H3 

HHX 82% llOJiyqHJIH )l;03Y MeHee 0,5 6ap H MeHee 

2% - )l;oay eBhime 1 6ap. OnepaTophl aneRTpOJIH

TnqecRoii ycTaHOBI<H llOJiyqHJIH B epe)l;HCM P,03Y 

Menee 0,5 6ap. MaRCHMaJihHaH )l;03a o6nyqeHHH co

cTaBHJia 900 .M6ap. Ha)l;Jiemalll;aH BeHTHJIHD;HH, 

XOpOillHH YXO)l;, COOTBeTCTBYIOill;HM o6pa30M CI\OH

CTpyHpOBaHHOe o6opy)l;OBaHHe H paayMHhle MeTO

,[l;bl 31\CllJiyaTall;HH - Tai\OBhl OCHOBHbie !flaKTOpbl 

B )l;eJie YCTpaHCHHH 3TOH onaCHOCTH. 

Administraci6n 
reactores de 

del agua 
investigaci6n 

por J. A. Morrison el a/. 

Aj29 Canada 

pesada 
y de 

en los 
potencia 

En el Canada se adquiri6 experiencia con varios 
sistemas de reactores de agua pesada, incluso uno 
que trabaja a alta presion y elevada temperatura. 
Todos ellos son complejos y en los mas grandes es 
posible acceder al interior para cambiar el combustible 
con el reactor en marcha. Es inevitable que se pro
duzcan perdidas de agua pesada y los sistemas se 
han proyectado de manera que dichas perdidas se 
reduzcan a un minimo. La irradiaci6n del agua pesada 
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entrafia siempre Ia formaci6n de tritio y las concen
traciones que se registran cuando se produce un escape 
obligan a adoptar medidas tendientes a evitar riesgos 
radiol6gicos. 

En el curso de los ultimos seis afios Ia cantidad de 
H20 que ha penetrado en los circuitos de D20 de 
los reactores NRX y NRU ha sido inferior a las 100 
partes por mi116n, por afio. El principal problema ha 
consistido en recuperar el agua pesada que escapa 
de los reactores, particularmente cuando se diluye 
con H 20 (es decir, queda empobrecida) o se contamina 
por efecto de impurezas perjudiciales. La cantidad de 
agua pesada empobrecida que se recogi6 durante la 
explotaci6n normal del reactor no fue muy grande 
(1 000 kgja, para los reactores NRX y NRU) pero 
en cuatro casos se empobrecieron cantidades muy 
considerables de agua pesada (mas de 10 000 kg) 
y los problemas que hubo que resolver en tres de esos 
casos para purificarla fueron diferentes en cada 
caso. La recuperaci6n de D20 a partir de los sistemas 
de ventilaci6n suele ser antiecon6mica, pero en un 
circuito de ventilaci6n del reactor NPD (Nuclear 
Power Demonstration) dio buenos resultados una 
instalaci6n comercial a base de alumina. La mayor 
parte de las impurezas, salvo las organicas, se eliminan 
satisfactoriamente con resinas de intercambio i6nico. 
Mediante agentes coadyuvantes de la filtraci6n, 
es posible rebajar la proporci6n de aceite hasta cinco 
partes por mill6n, aproximadamente. 

Para la reconcentraci6n isot6pica del agua que con
tiene menos de 99,75% de D 20 en peso se ha recurrido 
a la destilaci6n o a la electr6lisis. Conviene mas la 
primera cuando es posible aprovechar cabalmente 
las ventajas de un sistema automatico, es decir, 
cuando se trata de eliminar pequefias cantidades de 
H 20 de grandes volumenes de D 20, o bien de recon
centrar grandes volumenes de agua pobre (con 
menos de 65% en peso de D 20). El proceso electro
litico es mas flexible y, en particular, se presta para 
tratar agua que contenga mas de 90 % de D 20 en 
peso; la carga minima, que puede reducirse hasta 
50 kg para una celula, representa una ventaja de este 
proceso. El factor de separaci6n ot, que constituye 
una medida del rendimiento de una planta electro
Utica, ex cede generalmente de 9 y a veces de I 0. 

La concentraci6n del tritio en el D 20 en los reac
tores NRX y NRU ha sido de unos 5 curios/!, durante 
varios afios. En 1963, quedaron expuestas ala actividad 
de tritio 492 personas; el 82 % de este total estuvo 
expuesto a menos de 0,5 rem y la dosis super6 a I rem 
en menos del 2 % de los casos. Los operarios de la 
instalaci6n electrolitica y de la zona de purificaci6n 
recibieron un promedio de menos de 0,5 rem. La 
exposici6n maxima fue de 900 mrem. Una ventilaci6n 
adecuada, una buena limpieza, un equipo correctamente 
proyectado y procedimientos racionales de explotaci6n 
son Ia clave de la prevenci6n de este riesgo. 
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Etude sur Ia production d'eau lourde en France 

par B. Lefront;ois*, J. M. Lerot** et E. Roth** 

Depuis la communication de Geneve de 1958 don
nant l'etat des travaux en France [1], il a ete reconnu 
que deux procedes primaires de production d'eau 
lourde seulement pouvaient etre economiquement 
viables : celui base sur l'echange entre hydrogene 
sulfure et eau, et celui d'echange entre ammoniac 
et hydro gene. Les distillations d 'hydro gene, .d 'eau et 
d'ammoniac peuvent servir de procede de finition. 
L'electrolyse de l'eau n'est viable que lorsqu'elle est 

* Houilleres du bassin du Nord et du Pas-de-Calais. 
** Commissariat a I'energie atomique, Service des isotopes 

stables, Saclay. 

Arrivee de gaz 
hydrogene 

Capacit8 Separateur 

justifiee par la production d'hydrogene pour la syn
these de l'ammoniac, ce qui est maintenant une excep
tion. 

PROCEDE D'ECHANGE 
AMMONIAC-HYDROGENE 

La connaissance de ce procede a ete amelioree par 
des etudes dont nous parlerons plus loin, les details 
de ce procede etant moins publies que ceux du procede 
d'echange entre hydrogene sulfure et eau. 

Ces etudes, menees en commun au depart par les 
Houilleres du bassin du Nord et du Pas-de-Calais et 
le Commissariat a l'energie atomique, ont ete pour-

Bouteille 
echantillon H2 

.: Mise a l'air 

Tube reacteur 

Dephlegmoteur 
calorifuge 

Purificateur 

Garde 

Figure 1. Petit pilate UCMa 

382 



SESSION 2.10 P/91 

SUIVIeS a partir de 1960 dans Je cadre d'un groupe 
comprenant en outre Ia Societe Air Liquide et Ia 
Compagnie de Constructions mecaniques (procedes 
Sulzer). 

Etudes experimentales sur petit pilote 

Des les premiers mois de 1957, un petit pilote a ete 
construit a Ia station d'essai de UCMa *, oil, des le 
debut, les experiences furent faites sous haute pres
sion (500 kg/cm2) et basse temperature ( + 15 a 
-50 °C). 

Description du pilote 

L'installation est schematisee a Ia figure 1. Le reac
teur proprement dit a un diametre interieur de 40 mm 
environ, sa longueur interieure utile est de 1 m. Le 
fonctionnement de !'installation etait discontinu et 
permettait d'etudier !'influence, sur l'enrichissement 
obtenu, de Ia temperature, du debit, de Ia pression, 
de Ia nature du contact employe, etc. 

Le debit gazeux etait mesure, apres detente a !'atmo
sphere, a !'aide d'un compteur; le reglage, approxi
matif mais rapide, etant fait par un debitmetre a dia
phragme. Des couples thermoelectriques permettaient 
de connaitre Ia temperature a 1 'interieur de 1 'enceinte 
isotherme et dans le reacteur lui-meme. Des mana
metres, situes a !'entree du gaz dans !'enceinte, don
naient Ia pression de service. Un tube de soutirage 
pique dans Ia partie basse du reacteur servait de prise 
d'echantillons d'ammoniac liquide. Les mesures de 
teneurs isotopiques furent faites d 'abord a 1 'infra-rouge 
sur 1 'ammoniac liquide, puis par spectrometrie de 
masse sur le gaz et le liquide, suivant les techniques 
main tenant classiques [1 ]. 

Conditions experimentales 

Le reacteur pouvait etre traverse par un debit G 
de gaz total (azote et hydrogene) de 7 a 100m3 (TPN) 
par heure, contenir une quantite d 'ammoniac liquide 
L 0 de 125 a 600 cm3 dont Ia concentration en cataly
seur etait en general de 40 g d'amidure de potassium 
par litre d 'ammoniac. 

Systemes de contacts essayes 

Les premiers essais furent faits avec des plaques 
frittees de porosite 20, 50 et 100 microns et poursuivis 
par une experimentation systematique de plateaux de 
perforation variee, plus commodes a mettre en reuvre 
industriellement. 

Les resultats montrerent : 
a) Que l'efficacite d'echange est d'autant meilleure 

que le diametre des trous est plus faible. En particulier 
elle est excellente pour les plaques frittees; 

b) Que l'efficacite lJ.Ugmente lorsque le rapport G/L0 

diminue. Ainsi, tant que l'efficacite n'est pas trop 

* UCMa : Usines chimiques de Mazingarbe. 
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forte, celle-ci est proportionnelle a Ia hauteur de 
liquide sur le plateau; 

c) Que, cependant, 1, efficacite reste tres faible a 
basse temperature pour des submergences de liquide 
de quelques centimetres. Ainsi a- 50 oc pour 5 em 
de liquide clair sur le plateau et des trous de 
0 = 1 mm, 1 'efficacite est egale a 1 % environ pour 
un debit de gaz N2 + 3 H2 de 13 m3/h (TPN), une 
concentration en catalyseur de 4 % et une pression de 
500 kgjcm2• 

D'autres campagnes furent alors entreprises pour 
trouver des systemes de contact a rendement plus 
eleve. On se tourna alors vers les systemes a agitation 
mecanique. Entre autres, differents systemes d'ejec
teurs construits par Sulzer Freres (Suisse) se revelerent 
particulierement efficaces. 

On peut, en utilisant par exemple Ia notion du temps 
de contact t 0 definie par J. Bigeleisen [3], classer les 
systemes en fonction de leur efficacite. 

Le choix s'est finalement porte sur l'ejecteur Sulzer, 
et le type d 'appareil pouvant etre ada pte et mis en 
reuvre pour une installation industrielle fait !'objet 
du brevet fran<;ais [10]. 

On peut citer, a titre indicatif, les efficacites 
d'echange (au sens de Murphree, cote gaz) obtenues 
dans les conditions indiquees au tableau 1. 

Tableau 1. Efficacites d'un ejecteur obtenues 
sur petit pilote 

DCbit gaz 
(m'/h [TPN]) 

Temi)Crature 
(•C) 

QuantitC NH3 
introduite (cm 3) 

EfficacitC 
(%) 

50 . 
50 . 
50 
50 . 

-30 
-30 
-50 
-50 

225 
375 
225 
375 

Etudes experimentales sur grand pilote 

Necessite d'experiences a plus grande echelle 

20 
50 
9 

20 

Les essais sur le petit pilote correspondent a une 
echelle tres petite par rapport a Ia taille de 1 'usine. 
Des essais grandeur nature, realises dans une nouvelle 
installation, ont alors porte sur un ejecteur taille usine 
dont Ia gamme de debits est comprise entre 0 et 
3 500 m 3/h de gaz N2 + 3 H2 (TPN). 

Le pilote, en service depuis le printemps 1963, a 
fourni les donnees definitives de fonctionnement et 
de geometrie de I 'appareil grandeur nature essaye 
dans Ies conditions de Ia future usine. Ce « grand >> 

pilote permet de plus 1 'experimentation, echelle usine, 
de plateaux perfores employes dans certaines parties 
de 1 'installation fonctionnant a temperature plus elevee 
(tour de lavage du catalyseur). 

Notons de plus que !'etude en pilote du contact 
avait ete precedee d'essais sur un pilote de caracteris
tiques hydrodynamiques. 
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Caracteristiques generales 

L'ensemble des installations du pilote est visible 
sur Ia figure 2, et tomprend eo particulier Ia prepa
ration et le stockage de I 'amidure de potassium qui 
permettent de definir grandeur usine I 'atelier « cata
lyseur » de I 'usine. Le reacteur proprement dit a un 
diametre interieur de 350 mm et une hauteur utile 
de 2,5 m environ. La pression peut etre portee a 
500 kgjcm2 et Ia temperature abaissee aux environs 
de- 30 oc. 

Apres mise en froid et introduction de liquide, Ia 
duree de )'experience proprement dite ne peut pas 
exceder 3 ou 4 min. (y compris le temps necessaire 
aux prelevements). Ce reglage du debit gazeux s'obtient 
en quelques secondes, grace a un personnel particu
lierement bien entraine. 

Autre experimentation 

En plus de I 'experimentation a petite et grande 
echelle actuelle, a eu lieu toute une serie d 'essais et 
d'experiences indispensables. Les experiences de labo
ratoire furent principalement menees a bien au CEA 
et aux HBNPC. Elles ont porte sur : Ia determination 
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precise des facteurs de separation de la reaction 
d'echange [4]; la determination en fonction de la tem
perature de la solubilite de 1 'amidure dans 1 'ammo
niac [5]; la cinetique de la reaction d'echange [6]; 
la cinetique de cracking, sous pression, de !'ammoniac; 
!'etude de la corrosion, sous tension ou.non, de diffe
rents materiaux pouvant etre utilises dans la construc
tion de 1 'usine : metaux, plastiques, joints, etc.; la 
determination des impuretes dans le gaz de synthese; 
la determination de la teneur moyenne en deuterium 
dans le gaz et ses variations au cours du temps. 

En outre, des mesures ont ete effectuees sous haute 
pression, done a la station d'essai de Mazingarbe, 
pour : la determination de la quantite d'ammoniac 
de saturation dans le melange N 2 + 3 H2 en fonction 
de la temperature [7]; la solubilite de N2 + 3 H2 dans 
!'ammoniac liquicde, avec ou sans amidure, en fonction 
de la temperature egalement [8]. 

Des essais technologiques furent enfin realises aux 
UCMa portant sur : l'etude des constantes physiques 
des fluides (viscosite, densite, tension superficielle, etc.); 
l'etude des reactions de destruction de l'amidure dis
sous dans 1 'ammoniac par des composes oxygenes 
(02, H20, CO, C02); la preepuration et l'epuration 
finale du gaz [9]; la concentration de l'amidure par 
evaporation de 1 'ammoniac de dissolution; Ia recherche 
et la mise au point de pompes de compression et de 
circulation d 'ammoniac con tenant de I 'amidure; 
l'etude du cracking de !'ammoniac sur pilote semi
industriel. 

Installations i ndustrielles et economie du procede 

Donnees de bases 

En traitant le gaz de synthese d'une usine produi
sant 500 t d'ammoniac par jour, correspondant a une 
quantite annuelle d'engrais contenant 145.000 t 
d'azote, Ia quantite d'eau Jourde produite par an sera 
de l'ordre de 30 t. Ce chiffre est base sur un taux 
d'extraction de 75 %, une teneur en deuterium de 
l'ordre de 135 ppm dans l'hydrogene et 8 000 h de 
production par an. 

La concentration des usines d'ammoniac en unites 
de 1 000 a 1 500 t de production journaliere permet
trait d 'utiliser a 1 'avenir le procede d 'echange ammo
niac avec l'hydrogene pour des usines d 'eau lourde 
d'une capacite unitaire approchant 100 tjan. 

Schema du procede 

On sait que deux principes de mise en reuvre peuvent 
etre retenus [1] : le premier, analogue a une distilla
tion (fig. 3), n'utilise qu'une seule temperature 
d'echange et est dit monotherme; le second, analogue 
au principe de l'echange hydrogene sulfure-eau, dit 
procede bitherme, doit, dans ce cas particulier, etre 
accompagne d 'un « surepuisement » (fig. 3); il acquiert 
ainsi un rendement d'extraction isotopique eleve. 
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Mais, pour obtenir avec ce systeme un bon enrichis
sement isotopique, 100 a 200 fois la teneur naturelle 
par exemple, il est necessaire de prevoir deux etages, 
contre un seul dans le cas du monotherme. Or, lorsque 
Ia temperature froide du bitherme, pour une tempe
rature chaude pas trop elevee ( + 30-50 oc, par 
exemple), n'est pas inferieure a- 30 oc, il se presente 
une difficulte de couplage, d 'un etage a I 'autre, Iorsque 
le premier seul est surepuise. Par ailleurs, cette diffi
culte est d'autant plus grande que l'enrichissement 
total du premier et du deuxieme etage est plus fort. 
Ainsi, pour - 30 oc de temperature froide et un 
enrichissement total de 200 fois Ia teneur naturelle, 
l'enrichissement du premier etage seul etant de 15 fois 
cette teneur, le second etage traite des debits qui 
representent a peu pres Ia moitie de ceux circulant 
dans le premier etage. Au total, on arrive a un ensemble 
excessivement important. II en resulte qu'il est neces
saire d'abaisser Ia temperature froide, ce qui impose 
en retour de disposer de systemes de contact suffisam
ment efficaces a ces temperatures et relativement eco
nomiques, vu le grand nombre de plateaux theoriques 
d 'un bitherme (( a surstripping » comportant deux 
etages au moins. 

Les experiences pilotes n 'ayant pas ete conduites 
a des temperatures inferieures a - 50 oc, on a limite 
a cette valeur Ia temperature froide des bithermes 
etudies. Pour un rendement isotopique du meme ordre 
(70-75 %) et un meme enrichissement primaire Qp de 
100, Ia comparaison entre un monotherme dont Ia 
temperature est de - 30 oc et un bitherme surepuise 
a deux etages, fonctionnant entre - 30 oc et + 50 oc, 
est Ia suivante : 

Les investissements dans le cas de ce systeme 
bitherme seront beaucoup plus eleves du fait des plus 
grands volumes a traiter et du plus grand nombre 
de contacts necessaires. 

Toutefois le chapitre isole des depenses d'energie 
est nettement plus faible dans le cas du systeme 
bitherme. Ces depenses sont principalement dues a 
I 'installation frigorifique, aux souffiantes de circula
tion des gaz et a leur saturation avant admission en 
tour chaude. Elles representent : 800 kWh/kg de D20 
pour I 'electricite (finition non comprise), so it 40 F /kg 
de D20 environ, et 1 t .de vapeur/kg de D20, soit 
14 F/kg de D20 environ, pour les besoins de Ia satu
ration du gaz. 

Ces depenses d 'electricite semblent pouvoir etre 
reduites par un meilleur schema de recuperation de 
chaleur et un abaissement de Ia temperature froide 
au voisinage de - 60-70 oc, abaissement qui reduit 
notablement les debits des fluides en circulation. 

Les frais d'exploitation du monotherme sont dus 
en particulier au cracking d'ammoniac assurant le 
reflux gazeux en bas des tours d'enrichissement et a 
Ia recompression du gaz. lis representent environ : 
2,5 x 106 kcaljkg de D20, soit 20 a 40 F/kg de D20 
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suivant le prix de Ia calorie, et environ 1 100 kWh/kg 
de D20 consommes, soit 55 F/kg de D20 pour l'elec
tricite (finition non comprise). 

Done, en se limitant a une temperature froide de 
- 50 oc, Ia seule solution envisageable pour une 
usine basee sur l'echange NH3-H2 repose sur le procede 
monotherme, bien que les depenses d'energie soient 
plus elevees que pour le procede bitherme. 

Mais, dans l'avenir plus lointain, le procede bitherme 
peut devenir interessant si !'etude de l'echange a des 
temperatures de l'ordre de - 70 oc donne des resul
tats favorables. 

Schema du procede monotherme 

Un avant-projet d'usine, lie a une production 
d 'ammoniac frequemment rencontree en France, so it 
300 tjj, a ete etudie. 

Les caracteristiques retenues etaient les suivantes : 
a) La synthese supplementaire necessaire pour 

recombiner 1 'ammoniac cracke en vue d 'assurer le 
reflux de gaz est realisee par le meme tube a une capa
cite to tale ne depassant pas 375 tjj (300 + 75); 

b) On prevoit une boucle separee, independante de 
1 'ammoniac circulant dans le monotherme proprement 
dit, pour Ia tour de saturation et d'epuration finale T4 

(fig. 4), permettant ainsi de localiser les produits de 
destruction des impuretes residuaires se trouvant dans 
le gaz d 'alimentation. 

Pour ces raisons, il est necessaire d'abaisser Ia tem
perature de fonctionnement. Mais, afin de ne pas faire 
appel a des aciers nobles pour Ia construction de 
l'usine, n'utiliser qu'une installation frigorifique 
simple, disposer de systemes de contact suffisamment 
efficaces, et ne pas arriver a un prix de revient trop 
eleve, les etudes furent basees sur une temperature 
ne devant pas descendre en dessous de - 30 oc, Ia 
temperature de Ia tour T3 de lavage du catalyseur 
devant etre optimisee, puisque celle-ci travaille 
comme une tour chaude de bitherme. 

Des ameliorations et optimisations successives 
conduisirent a une installation fonctionnant dans les 
conditions suivantes : 

Enrichissement primaire : 200 fois Ia teneur 
naturelle (2,74% D/H + D); 

Rendement d'extraction : 85% donnant une 
production de l'ordre de 20 t/an D20; 

Temperature tour T3 : + 35 oc; 
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Temperature tours T1 et T2 : - 25 oC; 
Nombre de plateaux theoriques de T1 : 9,7; de 

T2 : 5,5; de T3 : 13,6; 
Reflux liquide en tete de T1 : 75 tjj. 

Ceci dans le cas d'une alimentation de 300 tjj de 
gaz N2 + 3 H2• 

Le flow-sheet de 1 'installation est donne a Ia figure 4. 

CONCLUSION 

Le procede NH3- H2 renferme encore, sin on des 
certitudes, du moins de fortes possibilites d 'ameliora
tions ulterieures, et il permet done Ia construction 
d'une usine dont l'avenir montrera si elle est Ia pre
miere realisation d 'une nouvelle « filiere » d 'ateliers 
de production d'eau lourde, en particulier dans les 
pays ne disposant que d 'energie relativement chere. 
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ABSTRACT -RESUME-AHHOTAU111R-RESUMEN 

A/91 France 

Study of the production of heavy water in 
France 

by B. Lefranc;ois et a/. 

Since 1958, several processes for the production of 
heavy water have been under study. Each was examined 
in reasonably complete detail, and attention was 
finally concentrated on isotopic exchanges between 
hydrogen sulphide and water and between_ ammonia 
and synthesis gas, pilot plant experiments having 
shown that the distillation of hydrogen, though 
technologically satisfactory, is not competitive. 

Research was continued on the NH3-synthesis 
gas exchange process, and led to the decision to build 
a production unit in which the process was combined 
with the synthesis of ammonia. 

From among the various possible schemes for 
carrying out the process, the single-temperature system 
was chosen, in spite of certain technological problems, 
because it ensured high enrichment with a smaller 
number of contact devices. These have now been 
perfected after large-scale pilot-plant tests. The initial 
industrial trials, which are about to start, will supply 
useful information . for second-generation plants, 
whether they keep to the single-temperature lay-out or 
revert to the two-temperature system. 

A/91 dJpaHI.4MR 

npoHSBOACTBO TAmeno~ B0Abl BO llJpaH-
1.4HH 

Ha•mnaH c 1958 ro):(a 6LIJio uccJie):(oBaHo ne

cKOJibKO CIIOC060B IIOJiy'leHHH THmeJIOH BO):(hl. 

1\am):(hlii ua nux 6biJI uay'leH 6oJiee HJIH Menee 

rroJino. B KoHe'IHOM c'leTe ace ycHJJHH 6hlJIH cKoH

~eHTpHpoaanLI Ha MeTO):(e H30TOIIHOrO 06MeHa 

cepOBO):(OpO):( - BO):(a H 3MMH3K - CHHTeTH'IeCKHH 

raa, IIOCJie Toro KaK IIOJiyiipOMbiiDJieHHbiH OIILIT 

ITOKaaaJI, 'ITO ):(HCTHJIJIH~HH BO):(OpO):(a, XOTH 3TOT 

rrpo~eCC H COBepmeHeH C TeXHOJIOrH'IeCKOH TO'IKH 

apeHHH, He HBJIHeTCH KOHKypeHTOCITOC06HOH. 

MeTO):( uaoTorrnoro o6MeHa aMMHaK - CHHTeTH-

'leCKHii raa. PeayJILTaTbi uccJie):(oBaHHH aToro Me

TO):(a ITO):(TBep):(HJIH He06XO):(HMOCTb C03):(3HHH npo

MbllliJieHHOH YCT3HOBKH, Herrocpe):(CTBeHHO CBH33H

HOH C 33BOAOM ITO CHHTeay 3MMH3Ka. 
CpeAH paaJIH'IHbiX aoaMomHbiX cxeM ocy~ecT

BJieHHH aToro rrpo~ecca Bbl6op rraJI na O,iJ;HOTeMrre

paTypnyiO CXeMy, HeCMOTpH Ha HeKOTOpble 

TexnoJioru'leCKHe TPY):(HOCTH.8TacxeMa o6ecrre'IH

aaeT Bbi.COKOe o6ora~eHHe C MeHblliHM KOJIH'IeCT-

. BOM KOHT3KTHbiX arrrrapaTOB. 06mnpHble OIILITHble 

HCITbiT3HHH ITOK333JIH rrepcrreKTHBHOCTb aTOf() 1\le

TO):(a B rrpOMLIITIJieHHOM M3CITITa6e. fiepBLIH rrpo

MLIITIJieHHbiH OIILIT ITOCJie rrycKa rrpOMbiiDJieHHOH 

YCT3HOBKH IT03BOJIHT C06paTb ~eHHhie CBeAeHHH 

AJIH 6YAY~HX 33BO):(OB H orrpeAeJIHTb HaH6oJiee 

~eJiecoo6paaHyiO cxeMy O):(HO- HJIH ABYXTeMrrepa

Typnoro rrpo~ecca. 

A/91 Francia 

Estudios sobre Ia producci6n de agua pesada 
en Francia 

por B. Lefranc;ois et a/. 

Desde el aiio 1958 se vienen estudiando diversos 
procedimientos de producci6n de agua pesada. Se 
profundiz6 en mayor o menor grado el examen de 
cada uno de ellos y, en definitiva, la labor se concentr6 
en los metodos de intercambio isot6pico acido sulf
hidrico-agua y amoniaco-gas de agua despues de que 
los experimentos en escala piloto demostraron que la 
destilaci6n del hidr6geno, si bien no ofrece mayores 
problemas tecnol6gicos, distaba de ser rentable. 

Las investigaciones efectuadas condujeron a la 
decision de construir una unidad de producci6n 
combinada con una instalaci6n de obtenci6n de 
amoniaco sintetico. 

Entre los diversos esquemas posibles para la apli
caci6n del procedimiento, se opt6 por el « mono
termico »que, salvados ciertos problemas tecnol6gicos, 
ofrecia la ventaja de proporcionar un alto enrique
cimiento con un numero reducido de dispositivos de 
contacto. Estos estan ya terminados, despues de una 
serie de ensayos piloto en gran escala. La instalaci6n 
industrial de caracter experimental que se pondra 
en marcha, proporcionara fructuosas enseiianzas para 
las instalaciones de segunda generaci6n, sea que se 
adopte en ellas el sistema monotermico o el sistema 
bitermicos. 
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Commercial technical methods for reconcentration 
and purification of downgraded 
and contaminated heavy water for nuclear reactors 

By T. Saito,* S. Sonoda,* Y. Kurihara,* T. Takamatsu ** and T. Morita*** 

With nuclear power generation being increasingly 
put to practical use, heavy water reactors have recently 
been extensively evaluated in such countries as Canada, 
the United States, the United Kingdom, the Soviet 
Union, Sweden, and others. It has become necessary 
to improve the economics of the heavy water reactor 
by establishing a reliable and inexpensive method for 
re-enrichment of downgraded heavy water which has 
been substantially reduced in concentration by use . 
in a power reactor. 

The concentration of downgraded heavy water 
varies widely with the operating conditions of the 
reactor which cause the decrease in concentration. 
The amount of downgraded heavy water depends on 
the reactor capacity involved. 

The following are three conditions demanded of 
the reconcentration apparatus: 

(a) It should permit safe operation, minimize 
deuterium losses, and ensure the recovery of heavy 
water at a very high efficiency; 

(b) It should involve low recovery costs; 
(c) It should respond easily to changes in the feed 

concentration. 
A specially designed recovery apparatus [I ,2] 

was attached to the main equipment, and the electro
lytic concentration method and the perforated column 
rectification method studied. The basic conditions for 
both methods have been established by operation of a 
pilot plant. The special recovery apparatus can be 
operated with a very high degree of safety and is sub
stantially free from gas leakage because recovery is 
conducted within a closed circuit, the recovery being 
approximately I 00%. 

For the rectification method, calculations were 
made by the gradient method to optimize the whole 
system on the basis of the theory of an ideal cascade. 
Thus a new rectification method has been developed 
involving low recovery costs. The retreatment or recon
centration of the downgraded heavy water discharged 
from the reactors JRR-2 and JRR-3 of the Japan 

• Showa Denko K. K. 
** Kyoto University. 
*** Nagoya University. 
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Atomic Energy Research Institute is now being under
taken by the electrolytic method at a 5-tons per year 
plant. 

A purification method for heavy water containing 
boron, fats and oils, cations and anions has been 
studied and purification of about two tons of such 
contaminated heavy water carried out. This report 
is being made, since the results have been more 
successful than had been expected. 

ELECTROLYTIC PROCESS 

To meet the various conditions of the above-men
tioned reconcentration method, a safer technique 
has been established by improving the conventional 
electrolytic process. In June l963 we set up a 5-tons 
per year plant, which is now operating smoothly. 

Outline of apparatus 

Electrolytic cell 

An efficient electrolytic cell should have a large 
separation factor and be capable of providing a high 
ratio of the initial volume to the reduced final volume. 
To obtain a high separation factor, a study was made 
of the following: 

(a) Uniform composition of electrolyte; 
(b) Cooling of cathode surface; 
(c) Selection of electrode material; 
(d) Cleaning of electrode surface; 
(e) Prevention of losses of liquid and gas in elec

trolytic cell and ancillary equipment. 
To raise the ratio of the initial volume to the reduced 

final volume, a study was made of the cell structure 
and electrolyte used. The commercial apparatus is a 
cylindrical, non-diaphragm cell which is 0.4 m in 
diameter and 2.0 m in height and has a I 000 A 
current capacity and an 8 to 10 separation factor. 

Recovery apparatus 

Since the explosive mixture of gas released from the 
non-diaphragm electrolytic cell contains large volumes 
of deuterium, it is important to recover the gas safely and 
at a high efficiency. The techniques already published 
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Recovery apparatus Electrolytic cell zone heated to about 500 oc and a cold zone cooled to 
room temperature. The air or oxygen sealed in the 
hot and cold zone tubes circulates in the direction of 
the arrows due to natural convection. When the 
explosive gas mixture is charged into the system, 
it is diluted by the air or oxygen to below the explosive 
limit, and burns at a steady rate. lgnitioq takes place 
at the heating wire above the hot zone. The heavy 
water steam produced is condensed in the cold zone 
and discharged from the system at the bottom. The 
foregoing cycle is repeated continuously in the closed 
apparatus safely and at a high recovery efficiency. 
Table 1 shows the outstanding features of the tech
nique compared to the direct burning method which 
is a conventional technique for the electrolytic process. 

Product 

Cooling water 

Figure 1. Flowsheet for electrolytic process 

In designing the recovery apparatus, an analysis 
of the tube diameter and circulating gas velocity 
was made as follows. Assuming that the driving force 
for circulation by natural convection is due to the 
difference in the density of the material in the cold 
zone compared to that in the hot zone and ideal gas 
behaviour ar:plies, the following equation is obtained. include the direct burning method [3], the burning 

method with air dilution [4], and the catalytic burning 
method [5]. A new technique has been developed 
which has advantages over the above-mentioned 
techniques in respect to safety, ease of operation 
and economics. 

eo T0 [{ J: (1fT) dtL- { J: (lfT) dt}J 
= 4j { (Lfd) + C} (gv2j2g) (1) 

The flowsheet of the process developed is presented 
in Fig. 1. The burning apparatus consists of a hot 

This was used as the basic equation. The coefficient C 
was determined by actual measurements. 

Electrolytic 
current 
capacity 

Construction 
cost 

Recovery 
efficiency 

Electrolytic 
separation 
factor 

Operation 

Table 1. Comparison of electrolytic processes 

Direct burning method 

1000 A 

Due to the direct burning of the explosive gas, it is 
necessary to control strictly the pressure, velocity and 
temperature of the gas. 

This results in higher costs for instrumentation and 
other equipment. 

Since the apparatus is rather complicated, care should 
be taken in handling the liquid or gas. 

= 8 to 10 

(a) To insure complete burning, it is necessary to 
install a catalytic burning cylinder next to the burner. 

(b) It is always necessary to keep a close control 
over the velocity, pressure and temperature of the gas. 

(c) At the time of start-up, stoppage or sudden failure, 
particular care must be taken. 

New method 

1000A 

A substantial margin can be allowed in the operating 
conditions. Consequently neither recovery apparatus 
nor instrumentation requires any special techniques. 

Since the apparatus is completely closed, the recovery 
efficiency is I 00%. 

= 8 to 10 

(a) Complete recovery is possible and the apparatus 
is simple. 

(b) Operation is very easy. 

(c) No particular care is required. 
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Table 2. Dimensions of 5 tons per year plant 

Electrolytic cell: 

Type: non-diaphragm electrolytic cell 
Number of units: 2 
Current density: 10 A/dm2 

Initial charge: 100 1 
Separation factor: 8 to 10 
Current capacity: 1 000 A 
Size: 0.4 m diam 2.0 m 

Recovery apparatus: 

Type: burning apparatus 
Number of units: 2 

P/433 

Capacity: the amount of gas released from the 1 000 A 
electrolytic cells 

Size: diameter 0.5 m diam 
height 1 m 

Calculation method for the cascade [6, 7] 

Definition of the separation factor (1X) 

a=X(l-X)jY(l-Y) (2) 

and the theory of the batch-process of the electrolytic 
concentration leads to the following equation: 

(In Xn/XF)- 1/a In (1- Xn)/(1- XF) 
= (1- 1/a) In F/D (3) 

This Eq. (3) was used in calculating the cascade. 
When the equation is applied to the first stage: 

In (Xn)1/(XF)1- 1/a In 1 - (Xn)1/l - (Xp)1 
= (1- 1/a) In (D2 + F)jD1 (4) 

For the ith stage the following equation can be 
established: 

In (Xn);/(XnL+l- 1/a In 1 - (Xn);/1 - (XnL1 
= (1- 1/a) In Di+1 + Wi-1/D; (5) 

By the theory of the optimum cascade and material 
balance 

F+ D2 = D1 + W1 

(Xn)i+1 = (Xw)i-1 

(6) 

(7) 

(8) 

Di+1 + W;_1 = D; + W; (9) 

With a = 8, Wn and (X wL were determined by 
solving the above equations in succession. 

The flowsheet of the optimum cascade is shown in 
Fig. 2. 

Notation used in Eqs. (1-9) 

C : coefficient 
c : suffix of cooling zone 
D : production rate (kg mol/y) 
d : tube diameter (m) 
F : feed rate (kg mol(y) 
f : friction coefficient 
h : suffix to the heating zone 

: suffix to stage number 
L : total tube length of the burning apparatus (m) 
I : length of the cooling or heating zone 
n : stage number 
v : circulating gas velocity (m/s) 
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Figure 2. Flowsheet of optimum cascade for electrolytic process 

W : waste rate (kg mol(y) 
X : concentration of deuterium in liquid (D atom %) 
Xn : concentration of deuterium in product (D atom %) 
X F : concentration of deuterium in feed (D atom %) 
Xw : concentration of deuterium in waste (D atom %) 
Y : concentration of deuterium in gas (D atom %) 
a : separation factor 
eo : density of circulating gas at NTP (kg(m3) 

e : density of circulating gas (kg(m3) 

RECTIFICATION PROCESS 

Another process has been studied as a means for 
recovery and reconcentration of heavy water. This is 
the distillation method. As regards the optimum 
design of the distillation column cascade, several 
reports have already been published [8-12]. But 
they were based on approximate calculations assuming 
the gas-liquid ratio to be unity for all the columns. 
In this paper we attempt to optimize the general 
cascade plant, avoiding such an assumption as much 
as possible. 

Type of cascade 

The most general type of distillation column cascade 
is considered to be the one illustrated in Fig. 3a. For 
convenience in calculation, such a cascade system as 
is given in Fig. 4 was studied. In this system, feed 
plates A and B are placed in equivalent positions 
and the condition of no-mixing should be satisfied 
in this plate. It is clear that in the well-known cascade 
system as presented in Fig. 3b, it is impossible to 

:--c=J----il 
I 

L_ 

Figure 3. Distillation column cascades 
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Figure 4. Distillation column cascade 

provide widely different vapour rates at each stage 
from a consideration of the mass balance. Also it is 
known that where there are fewer stages, there is no 
appreciable difference from the effect observed in the 
single column system. As the result of the· foregoing 
observations, the cascade system in Fig. 4 was com
pared with a single column by undertaking an opti
mum design for each of them. 

Theoretical formula 

For the cascade system in Fig. 4, assuming that 
the plant is operated in a steady state and that the 
vapour rate in the column is constant, the theoretical 
number of plates for that section of column i where 
light water is concentrated is given by the following 
equation: 

N = In (Xw;- h;) (XFi + h; + a; +b) 
' (XFi- h;) (Xw; + h; + a; +b) 

/In (- ~:: i) (10) 
Where, 

R; = L;/W;, a;= [B;(a-1)-a]/A;(a-1) 

b = 1/(a- 1), C; = B;/A; (a- 1) (11) 

A;= R;/(R; + 1), B; = Xw;/(R; + 1) 

h; = Root of h;2 +(a;+ b) h; + C; = 0 

Similarly, the theoretical number of plates for 
that section of column i where light water is recovered 
is indicated by: 

M- = 1n [(Xn;- h;·) (XF; + h;· + a' + b;·)] 
' (XFi- h;.) (Xn; + h;· +a' + b;.) 

j In(-~::!~:) (12) 

Where, 

8; D;/L;· 
a' 1/(a- 1) 
b;· [a + (a- 1) Q;]/P; (1 -a), 
C;' Q;/P;(1-a) (13) 
P; 1/(1- 8;) 
Q; Xn; 8;/(1 - 8;) 

h; = Root of (h;-)2 + (a;' + b;·) h;' + C;· = 0 

For the light water recovery section of the cascade, 
the subscript i is substituted by h. 

From the mass balance throughout the whole cas
cade system 

Where, 

W; = F(1-y)/(b-y) 

D
0 

F(b-1)/(b-y) 

g 

y = TT yk = XDofXF 
h~l 

j 

(14) 

(15) 

(16) 

b = TT b; = XwifXF (17) 
i~l 

b; = Xw;/XFi• Y; = Xn;/XFi• bh = Xwh/XFh• Yh = XDhfXFh 

From the mass balance between a given column i 
and column j at the light water concentration end of 
the cascade, W; is represented by the following 
equation: 

W; = Wi (Xwi- Xmi+Il)/(Xw;- Xmi+Il) (18) 

Assuming at this point the following relation for 
the condition of no-mixing, 

XF; = Xw<i--ll = XD(i+ll• 

Eq. (18) leads to the following. 

W; = wi [k~i bk- 1] /(b;- 1), (19) 
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and D, is as follows: 

D; = W; [±, bk -1 J /(1 - Y;) (20) 

From the mass balance in column i, G;· is given by 
the following equation: 

G;' = L;·- D; = W; [-fr-. bk -1] 
k~• 

(1 - 0;)/(1 - y;)O; (21) 

Similarly with the recovery section of the cascade 

Wh D 0 [~h yk-1 ];(1- bh) (22) 

Dh Du [kt Yk -1 J;crh- 1) (23) 

Gh' = Lh'- Dh = Do [ f Yk- t] 
k~h o - oh)/(yh- 1) oh (24) 

Now if the performance index for optimum design 
is taken as the sum of the cost of heavy water recovery 
and the cost of additional heavy water to be purchased 
so as to make up for losses in recovery, then 

Fe = Cv < V > + C0 < G > + CD W; 
(1- Xw)/(1- XD0) (25) 

Where, 

< v > = K L~2 G;' (N, + M,) + Gh~l' (Ni~l + Mh~l) 
G 

+ :E Gh' (Nh + Mk) (26) 
h~2 

; g 

< G > = :E G,, + :E Gh' (27) 
i~2 h~l 

For the optimum design of a heavy water plant, 
therefore, it is necessary to determine a value which 
will minimize Eq. (25). 

Notation used in Eqs. (10-25) 

Y : concentration of light water in vapour (mole fraction) 
X : concentration of light water in liquid (mole fraction) 
XD : concentration of light water in production (mole 

fraction) 
Xw : concentration of light water in waste (mole fraction) 
XF : concentration of light water in feed (mole fraction) 
F : feed rate (ton/year) 
W : waste rate (ton/year) 
D : production rate (ton/year) 
LL' : liquid rate (kg mol/year) 
GG' : vapour rate (kg mol/year) 
NM : number of theoretical plates 
Va : vapour velocity (250 mm Hg) (m/s) 
Po : vapour density (250 mm Hg) (kg/m3) 

E : Murphree plate efficiency 
R : reflux ratio 
0 : cut 
h : vertical distance between plates (m) 
V : plant volume (m3) 

< V > : total plant volume (m3) 

< G > : total vapour rate (ton/year) 
~. y : concentration ratio (ton/year) 
Cv : cost factor proportional to volume (yen/m3) 

C0 : cost factor proportional to vapour rate (yen/kg-mol) 
CD : cost factor of D 20 (yen/kg-mol) 
K : coefficient (m3 year/ton) 
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Numerical calculations 

As an example of the numerical calculations, it is 
assumed that the cascade system consists of three 
columns in which the feed will be charged into a given 
plate of the column containing the most concentrated 
light water (this column is referred to as column 1 
and consequently the column from which enriched 
heavy water is discharged is column 3). 

If the amount and concentration of the feed and the 
concentration of enriched heavy water are specified, 
the independent variables, obtained from the above 
equations would be 01, 02, 03, Xm, XD2 and Xw1• 

The values of Cv, Cg, CD and· K required in the cost 
calculation have been determined and are given in 
Table 3. The calculation of the Cv value is based on 
the assumption that as the column diameter grows 
smaller, the plant cost rises in proportion to the 0.6 
power of the cross-sectional area, and the C0 value is 
computed on the assumption that the operating cost 
would be proportional to the total vapour throughout. 
The K value is selected from the results of experimental 
work on the perforated column which is 40 em in 
diameter and has 100 plates. 

While dynamic programming [12, 13] may be 
available for the numerical calculation of the optimum 
value the present case involved six variables and so 
the steepest ascent method or .method of gradient 
[14, 15] was applied. 

The results obtained from the single column are 
presented in Table 3. As can be seen from this table, 
the cascade does not offer much advantage where the 
number of stages is small. Table 3 contains changes 
in the price of the recovered product in relation to 
the amount treated. 

Economic discussion 

While it is logical to reduce the losses of heavy water 
so as to improve the economics of a heavy water 
reactor, some losses of heavy water and reductions 
in its concentration are unavoidable due to the follow
ing: (a) leakage from the heavy water loop including 
the pump; (b) losses in the regeneration and replace
ment of ion-exchange resin in the heavy water puri
fication system. 

Naturally, it is important to carry out the recon
centration of heavy water which has been thus reduced 
in concentration at low cost and to minimize the 
amount of make-up heavy water required. The opti
mum economic conditions have been investigated 
and the results are presented in Table 4. Labour costs 
and general administrative expenses are not included. 
If these factors are added, the electrolytic process 
will be economically preferable up to several tons per 
year. Beyond this level, it could be envisaged that 
the rectification process would provide the greater 
advantage. 

The electrolytic process is characterised by the fact 
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Variables 

Xw mole fraction 
() 

R ... . 
0 ... . 
G ton/year 
L ton/year 
L' ton/year . 
D ton/year 
Wtonfyear 
N ... . 
M ... . 

Table 3. Cost estimation 

5 

0.83014 
0.02405 

304.51 
8.3014 

179.13 
178.55 
183.55 

4.4136 
0.58635 

137.56 
213.47 

F tons/year 

10 

0.91635 
0.02473 

330.88 
9.1635 

351.40 
351.40 
361.40 

8.9380 
1.0620 

164.17 
222.55 

30 

0.96111 
0.02554 

337.73 
9.6111 

1 028.8 
1 025.8 
1 055.77 

26.963 
3.0372 

191.27 
234.51 

Fe 1 000 yenjyear 17 492 19 927 33 924 

Numerical value of factors 

Va : 0.5 m/s at 250 mm Hg 

h : 0.1 m 

E : 70% 

1.60 X 106 yenjm3 for F = 5 
Cv : 1.10 X 106 yenjm3 for F = 10 

0.57 X 106 yenfm3 for F = 30 

Ca 1 460 yen/ton (vapour) 

Cn 1.70 x 107 yen/ton (D20) 

K : hfeuVn = 3.4 X 10-s m3 year/ton 

Table 4. Economical comparison of electrolytic method 
and rectification method 

Distillation method Electrolytic method 

Feed ton/year 5 10 30 5 10 30 

Depreciation on construction costa yen 
1 000/year 4000 5 690 9 060 2 200 3 300 6450 

Utility yen 1 000/year 750 1 470 4 560 640 1 050 3 070 

Cost of make-up heavy water yen 1 000/year 300 400 780 1 050 1 510 3 210 

Total expenses yen 1 000/year 5 050 7 560 14400 3 890 5 860 12 730 

Unit price yenfgb 1.12 0.84 0.53 0.86 0.64 0.47 

• Depreciation on the construction cost covers a 5-year period. If the period is extended to 10 years, 
the depreciation cost will be reduced. 

• The unit price of purchased heavy water is estimated at 17 million yen per ton. 

that it can readily respond to changes in the amount 
treated per year as well as changes in the concentra
tion ofthe feed stock. If, however, such changes occur, 
operation of an ideal cascade would be somewhat 
difficult from a practical standpoint. In contrast, 
the rectification process essentially represents a 
continuous process, so that it is difficult to operate 

under optimum conditions when excessive variations 
occur in the concentration and volume of feed. But 
the rectification method is a very effective means 
whereby considerable quantities can be treated 
annually for a constant supply for reprocessing and if 
the concentration only varies within closely defined 
limits. 
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PURIFICATION OF CONTAMINATED HEAVY WATER 

Removal of boron by ion-exchange resin 

The purification of about 2 tons of heavy water 
by the removal of the dissolved boric acid has been 
carried out. The boric acid and other impurities were 
completely removed with an extremely high yield 
and also without reducing the concentration of 
deuterium. 

The purification was separated into the following 
four stages: 

(a) Regeneration of the spent ion-exchange resin; 
(b) Deuterization of the resin; 
(c) Removal of boron; 
(d) Removal of deuterium from the resin. 
The results of this purification process are very 

satisfactory. 

Removal of oils, fats and other impurities 

The heavy water actually used in a reactor or in a 
manufacturing plant is sometimes contaminated by 
oil, fats and other impurities if leakages occur. While 
heavy water is generally purified by distillation, this 
process presents difficult problems if the heavy water 
has been contaminated by such impurities. 

The purification of such contaminated heavy water 
was carried out by a combination of filtration, adsorp
tion and distillation. The removal of oil from the heavy 
water involved the use of a synthetic resin foam as a 
filtering agent, and activated alumina as the adsorbent. 
The results of this purifying process have proved to 
be sufficient for use in the reactor. 

CONCLUSION 

The foregoing is a discussion on the economical 
retreatment of heavy water for use in a reactor. The 
electrolytic method of reconcentration has already 
operated in a 5-tons per year plant with more success
ful results than had been expected. Pilot plant tests 
have been completed on the rectification method and 
a novel concept has been introduced into the plant 
design and the cascade atrangement. The authors 

trust that this new technique will contribute substan
tially to the improvement of the economics of the 
heavy water reactor in the near future. 
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ABSTRACT -RESUME-AHHOTAI4V1.R-RESUMEN 

A/433 Japan 

Procedes industriels pour reconcentrer et 
purifier l'eau lourde degradee et contaminee 
.des reacteu rs n ucleai res 

par T. Saito et a/. 

Des recherches pour la mise au point de reacteurs a 
eau lourde ont ete recemment effectuees au Canada, 
aux Etats-Unis, en France, au Royaume-Uni, en 

Suede, en URSS, etc., et 1 'economie de ces reacteurs 
a suscite un renouveau d'interet au cours des dernieres 
annees. L'eau lourde qu'ils utilisent s'appauvrit ou 
risque de se contaminer selon les conditions. Son enri
chissement et sa purification dans des conditions eco
nomiques sont done essentiels pour !'exploitation des 
reacteurs a eau lourde. 

Le procede d'electrolyse sans diaphragme avec dis
positif special de recuperation et le procede de recti
fication ont fait 1 'objet d 'essais dans une installation 
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pilote, et de nouvelles techniques pour les deux pro
cedes ont ete etablies. La nouvelle technologie a ete 
mise au point, y compris les conditions necessaires 
pour Ia realisation a plus grande echelle (I, 2); on a 
elabore Ia theorie de la cascade optimale et effectue 
une evaluation economique. Les procedes consideres 
sont indispensables pour ameliorer l'economie des 
reacteurs a eau lourde. Pour empecher la contamina
tion et la degradation de l'eau lourde en cours de 
traitement, on se sert d'un circuit de gaz et d'un sys
teme de recuperation de conception particuliere. Le 
fonctionnement est tres sur et le rendement atteint 
pres de 100 %. La distillation s'effectue dans une 
colonne a plateaux-tamis con<;ue selon le principe de 
la cascade ideale, et de fonctionnement peu couteux. 
Ce systeme a joue un role important dans I 'exploita
tion des piles JRR-2 et JRR-3 de l'Institut de recherche 
sur l'energie atomique du Japon. La reconcentration 
et la regeneration de I 'eau lourde se font dans de bonnes 
conditions economiques avec une installation d 'une 
capacite annuelle de 5 tonnes. 

Le memoire presente les resultats experimentaux et 
les calculs relatifs a une installation d 'une capacite 
annuelle de 30 tonnes pour de traiter de plus grandes 
quantites d'eau lourde. Le procede electrolytique est 
economiquement favorable jusqu'a 5 tonnes; au-des
sus, c'est le procede de rectification qui convient. 

L'emploi d'une installation pilote a permis d'acque
rir ]'experience d'une methode particulierement effi
cace de purification de l'eau lourde, notamment pour 
Ia debarrasser des huiles et des ions solubles. On a pu 
ainsi elaborer un procede peu couteux de regeneration 
de l'eau lourde et l'utiliser pour un reacteur. 

A/433 RnoHHR 

npoMbiWileHHble MeTOAbl o6ora~eHHft 
H OYHCTKH o6eAHeHHOH H 3arpR3HeH• 
HOH Tft.H<8110H BOAbl, HCn011b30BaHHOH 
s RAepH~x peaKropax 

T. CaHTO et at. 

B Te'lenne nocJie~nnx JieT 6LIJia npoBe~ena ne

peon;enKa 3KOHOMH'IHOCTH peaKTOpOB Ha THffiCJIOH 

BO~e. lfCCJie~OBaHHH B 06JiaCTH THffieJIOBO~HhlX pe

aKTOpOB npoBo~HJIHCL B 1:\ana~e, <l>pann;nn, CiliA, 

BeJIHKo6pnTaHHH, CCCP, IIIBen;nn n ~pymx cTpa

nax. B npon;ecce pa6oTLI THmeJioBo~noro peaKTopa 

yTe'IKa THffieJIOH BO~hl HJIH ~pyrne npH'IHHhl Bhl-

3LIBaiOT yMeHLIITeHHe ee KOHD;eHTpaD;HH HJIH 3a

rpH3HeHHe. 06oraiD;eHHe H O'IHCTKa THffieJIOH BO

Ahl HBJIHIOTCH mnanenno neo6XOAHMLIMH onepa

u;nnMn npn pa6oTe TnmeJIOBOAHOro peaKTopa. 

Ha onLITHoii ycTaHOBKe aBTOpaMH npoBeAeHLI 

UCnLITaHHH 6e3AHa<f>parMeHHOrO MeTOAa aJieKTpO-

T. SAITO et a/. 

JIHaa c ncnoJILaoBanneM cneu;naJILHoro annapaTa 

AJUI H3BJie'leHHH npnMeceif H rrpou;ecca O'IHCTKH, 

Bo BpeMH KoTopLix YAaJioCL paapa6oTaTL MeTOAHKY 

aTnx rrpon;eccoB. ABTOpLI aaBeprnnJIH paapa6oTKY 

HOBOH TexnoJiornn, BKJIIO'IaH orrpeAeJienne ycJio

BHH, neo6xoAHMLIX AJIH rrepexoAa K rroJIHOMac

rnTa6HLIM ycTanoBKaM V, 1•2 paccqnTaJIH orrTHMaJIL

nyro TeOpHIO KaCKaAa H rrpoBeJIH 31\0HOMH'IeCKYIO 

ou;enKy MeTOAOB. 8TH MeTOALI rrpHBe~yT K nOBLI

IJieHHIO 31\0HOMH'IHOCTH THmeJIOBOAHLIX peaKTO-

poB. . 
,AJIH npeAynpemAeHHH aarpH3HeHHH H o6eAHe

HHH THffieJIOH BOALI BO BpeMH o6oraiD;eHHH H O'IH

CTKH rrpHMeHHIOTCH CHCTeMLI D;HpKyJIHIJ;IIH raaa U 

113BJie'leHHH npHMeceif cnen;naJILHOH KOHCTpyKD;IIll, 

KoTopLie o6ecne'IHBaiOT na~emnyro 6eaonacnoCTb 

B <lKCnJiyaTaiJ;HH H nO'ITH 100%-HLIH BLIXOA. IJpo

u;ecc AHCTHJIJIHIJ;HH OCyiD;eCTBJIHeTCH B KOJIOHKe C 

CHT'IaTLIMH TapeJIKaMH, KOHCTPYKIJ;HH KOTOpoii OC

HOBLIBaeTCH Ha HAeaJibHOH TeopHH KaCKaAa, CTOH

MOCTb ee 3KCIIJiyaTau;nn O'leHL unaKa. B flnon

CKOM Hay'IHO-HCCJieAOBaTeJILCKOM HHCTHTyTe no 

aTOMHOH 3HeprHH 6LIJia noCTpOeHa YCTaHOBKa 

MOID;HOCTbiO 5 r/eoa, Ha KOTOpOH npOH3BOAHTCH 

:lKOHOMH'IHOe KOHIJ;eHTpHpOBaHHe THmeJIOH BOALI, 

HCUOJib30BaHHOH B HIIOHCKHX peaKTOpax JRR-2 H 
JRR-3. 

B AOKJiaAe oiincaHLI peayJILTaTLI aKciiepnMen

TOB, a TaKme npHBeAeHbl paC'IeTLI ycTaHOBKII 

MOJD;HOCTbiO 30 T/eoa no KOHD;eHTpHpOBaHHIO 60Jib

IIIHX KOJIH'IeCTB THmeJIOH B01J;hl. 0TMe'laiOTCH 

3KOHOMH'IeCKHe npeHMyiD;eCTBa MeTO)W 3JieKTpo

JIH3a ~JIH MOJD;HOCTH HHme 5 mfzoiJ H MeTOAa O'IH

CTKH AJIH 6oJiee BLICOKOH MOJD;HOCTH. 

,AJIH y~aJieHHH TaKHX npHMeCeii, KaK MaCJIO H 

paCTBOpHMLie HOHLI, HaXOAHID;HeCH B THmeJIOH BO

~e,' paapa60TaH BhlCOK03<f><f>eKTHBHLIH MeTOA peK

THWHKau;nn c ncnoJIL30BanneM onLITHoii: ycTaHoB
I{n. Paapa6oTaH n orrpo6ouan p;erneublii MeTOA 

perenepau;nn THffieJIOH B01J;LI, HCnOJib30BaHHblH B 

H~epHOM peaKTOpe. 

A/433 Jap6n 

Metodos tecnicos y comerciales para el enri
quecimiento y purificaci6n de agua pesada 
contaminada y degradada, para reactores 
nucleares 

por T. Saito ef a/. 

En el Canada, Francia, los Estados Unidos, el 
Reino Unido, la Union Sovietica, Suecia, etc., se 
han efectuado investigaciones sobre el desarrollo 
de reactores de agua pesada, y se ha revisado con 
renovado interes en aiios recientes la economia de 
dicho tipo de reactor. El agua pesada en un reactor, 
en funci6n de sus condiciones de manejo, reduce su 
concentraci6n o esta sujeta a contaminaci6n. Su 
enriquecimiento y purificaci6n econ6micos son cues-
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tiones vitales con respecto a Ia operacion de estos 
reactores. 

Hemos hecho ensayos en planta piloto sobre pro
cesos de electrolisis sin diafragma con aparatos espe
ciales de recuperation y sobre procesos de recti
ficacion, y hemos establecido nuevas tecnicas opera
torias en ambos procesos. Hemos completado Ia nueva 
tecnologia incluyendo las condiciones necesarias para 
el cambio de escalade los aparatos (1, 2), hemos desarro
lado Ia teo ria de Ia cascada optima y efectuado una valo
racion economica. Estos procesos son indispensables 
para mejorar Ia economia del reactor de agua pesada. 
Para impedir Ia contaminacion y degradacion del 
agua pesada durante el tratamiento, se utiliza un 
sistema de recuperacion y circulacion del gas de 
disefio especial. Las condiciones de operacion son 
muy seguras y el rendimiento es proximo al 100 %. El 
proceso de destilacion utiliza una torre de platos per
f orados. El disefio se basa en la teo ria de la cascada 
ideal y el costo de operacion es muy bajo. Dentro 

T. SAITO et a/. 397 

del Japon hemos prestado un serv1c10 apreciable en 
la operacion del JRR-2 y JRR-3 del Instituto Japones 
de Investigacion de Energia Atomica. Actualmente 
se esta efectuando Ia reconcentracion y regeneracion 
economicas del agua pesada en una instalacion de 
5 tjafio. 

La memoria contiene resultados de esta experiencia 
y el calculo del proyecto referente a una instalacion 
de 30 tjafio capaz de tratar cantidades mayores de 
agua pesada. El proceso de electrolisis mencionado 
es economicamente ventajoso para una capacidad 
de menos de 5 tjafio y el proceso de rectificacion para 
una capacidad mas alta. 

Con respecto a Ia supresion de impurezas del agua 
pesada, incluyendo aceite e iones solubles, hemos 
adquirido experiencia en Ia purificacion de alta eficacia 
mediante operacion en planta piloto. Hemos esta
blecido un proceso de bajo coste para Ia regene
racion del agua pesada que se ha usado en un 
reactor. 
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Enrichment of low-level tritium by thermal diffusion 
for hydrological applications 

By B. Th. Verhagen and J .. P. F. Sellschop * 

The sensitivity attainable for tritium measurements 
has been improved in recent years by the use of 
specially designed proportional counting systems 
[l-3]. The most common feature of these is the use 
of a multi-wire annular shielding counter, which 
either forms part of the central or sample counter 
or is separated from it by a thin membrane. The 
ultimate background in such systems is generally 
taken as 0.2 cpm. A one litre counter with such a 
background would therefore have a minimum detec
table activity of about 10 T.U. (A tritium unit = 

[T]/[H] = IQ-Is.) 

Counting by coincidence liquid scintillation, after 
benzene synthesis of water, has been reported to 
give a minimum detectable activity also of 10 T.U. [4]. 

To extend the range of measurements to I T.U. 
and less, isotopic fractionation or enrichment of 
tritium relative to protium has·· to be employed. 
In early work, multi-stage electrolysis has been 
used to obtain enrichments of 103 times and more [5, 6], 
but recently it has been recognized that there are 
inherent difficulties in achieving reliable reproducibi
lity using this method. The standard procedure now 
seems to be to enrich electrolytically by about 10 times, 
under controlled conditions, and to detect with the 
most refined techniques. At least one large, high
enrichment electrolysis plant is, however, in operation 
at present, giving reproducible results [7]. 

Other enrichment ' techniques which have been 
investigated are thBrmal diffusion [8, 9], gas chroma
tography [10, II], and fractional distillation [12, 13]. 
Of these, thermal diffusion has already been translated 
into practical systems. Taking into account the rela
tively long running times for distillation, gas chroma
tography seems perhaps the most promising of the 
latter two techniques at present. 

MULTI-STAGE THERMAL-DIFFUSION COLUMNS 

A thermal-diffusion column consists essentially 
of two vertical, concentric cylinders, the inner of 
which is heated, the outer cooled. The mixture of 
gases contained in the annular space between them 

* Nuclear Physics Research Unit, University of the Wit
watersrand, Johannesburg. 
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is subjected to the superposition of thermal diffusion 
and convection, whereby the heavier molecules con
centrate at the bottom, the lighter at the top. 

Such a column was first devised by Clusius and 
Dickel [14] who mounted a heated wire axially in a 
water-cooled tube. They used a series of similar 
columns in their initial experiments on the separation 
of the isotopes of chlorine [15] and neon [16]. 

Since the appearance of the papers of Furry, 
Jones and Onsager [17] and of Jones and Furry [18], 
in which the whole problem of the application of 
thermal diffusion to the separation of isotopes is 
thoroughly discussed, multi-stage operation (i.e. a 
cascade of columns gradually diminishing in size) 
has been employed by several authors to obtain 
large separations in comparatively short times. In 
this instance we refer only to the work on 3He [19, 20] 
where oil-well helium and atmospheric helium, in 
which the 3He concentration is IQ-6-l0-7, were used 
in three-stage systems, to produce small amounts 
of gas containing several per cent of 3He. 

A small thermal-diffusion plant was constructed 
by Gonsior [8] for enriching tritium in natural hydro
gen samples. It consisted of a series of four hot
wire columns. Though the plant is capable of attain
ing high enrichments, it is slow and mostly used in 
the static condition, when it will enrich about 8 times. 

The two-stage thermal-diffusion tritium separator 
described in this paper has the advantages of good 
reproducibility, short running times and a relatively 
high yield. Moreover, the difficulties of feeding the 
system, sampling and purifying the product have 
been overcome, and the apparatus is proving a flexible 
and useful tool in a tritium laboratory. 

DESCRIPTION OF SEPARATION PLANT 

The tritium separator of the University of the Wit
watersrand was designed on the basis of the theory 
of Jones and Furry [18]. A brief outline has previously 
been given by the authors [9]. To accommodate it, 
a framework was built to protrude through the roof 
of the laboratory and weatherproofed to form a 
tower. 

The sy11tem consists of two columns. The uppermost 
or first stage is a concentric-tube column, and the 
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water water 

t 

Figure 1. Section of first stage concentric tube column 

lower or second stage a smaller hot-wire column. 
Diagrammatic sections are shown in Figs. 1 and 2. 

Tube a in Fig. 1 is heated by a nichrome heating 
spiral, h, operating on 380 volts AC. On expanding, 
this tube can slide through gland s; it is water cooled 
at either end at r to protect the neoprene seals. Tube b 
is the cold wall, with cooling water circulating 
between it and the water jacket c. Feed gas is intro
duced through tube i, which enters the column 

Table 1. Principal dimensions and operating conditions 
of the two thermal diffusion columns 

at its mid-point, and gas can leave the column 
at o. The connection to the second stage is at 
points g. 

The hot wall a in Fig. 2 is a DC heated tungsten 
wire, attached to a sliding-seal electrode, f; b is the 
cold wall and c the water jacket. Connections to the 
first stage at the top, and to a purification/extraction 
system at the bottom are at g. 

Table 1 gives the principal dimensions and operating 
conditions of the two columns. 

A gas-flow diagram of the whole separation plant 
is shown in Fig. 3. 

The system is first evacuated to I0-4 mm Hg, with 
the heaters on. Feed gas is introduced at A at a rate 
of about 2 1/min, flowing through the freeze trap to 
enter the system at B. The power of the heaters is 
gradually increased to compensate for the additional 

a b -- c 

Concentric Hot-wire g 
tube column column ,::-----~ 

Length ..... 
Radius, hot wall . 
Radius, cold wall 
Volume (cold) . . 
Temp.: Hot wall 
Temp.: Cold wall 
Power consumption 
Equil. sep. factor (theor.) 
Operating pressure . . . 

7.20m 
6.30 em 
8.76 em 

801 
600 'K 
300 'K 

18.5 kW 
23.2 

1 atm 

2.75 m 
0.02 em 
1.50 em 

21 
1 200 'K 
300 OK 

1.66 kW 
432. 

l atm 
Figure 2. Section of second stage hot-wire column 
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Figure 3. Gas-flow diagram of separation plant 

conductive heat loss. When operating pressure (1 atm) 
is attained, the gas flow is reduced to 350 ml/min. 
This flow is determined by the stripping efficiency 
of the first stage (see later), the gas being displaced 
through C at the top, whence it flows to waste through 
a flow meter. The top half of the first stage acts as 
a stripper, the gas flowing from the top being depleted 
in tritium. The point of entry, B, is therefore clamped 
at the concentration of the feed material, and the 
bottom half of the first stage enriches over and above 
this value. This enriched gas is circulated past the 
top of the second stage by the circulating blower D. 
This stage then provides the final enrichment. 

All impurities such as air in the feed gas and entering 
the system through small leaks, will be more rapidly 
enriched than the desired molecules (HT), as the 
thermal-diffusion factor is a function of (m2 - m)1/ 

(m2 + m1), where m1 and m2 are the masses of the 

two molecular species. This was borne out by gas 
chromatographic analysis of enriched samples, which 
were taken without purification, and which showed 
0 2 and N2 concentrations of several per cent, even 
though the feed-gas impurities lay well below 0.01%. 

Under such conditions, tritium enrichment necessa
rily suffers. As is pointed out by Jones and Furry [18], 
it is important to keep the impurity concentration ~ 1. 
The system is able to operate efficiently only if the 
rate of introduction of the feed gas is high. The 
effective elimination of heavy impurities consequently 
becomes impossible, and it was therefore decided 
to collect the impurities at the bottom of the second 
stage, whence they are gradually removed during 
operation. This is done by the purification loop shown 
in Fig. 3. Gas leaves the columnatE, is drawn through 
non-return valve, F, and through palladium-silver 
alloy barrier, G, by pump H- which recompresses 
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the gas to operating pressure - and is reintroduced 
into the system at I. The impurities collect between F 
and G and are kept at low vapour pressure by a 
liquid nitrogen trap. A flow ion chamber in the line 
enables the performance to be continuously moni
tored during calibration with spiked samples. 

Gas can be withdrawn from the system by diverting 
it at tap I and collecting it over mercury in a calibrated 
extractor J. 

The speed of extraction can be varied by changing 
the heater supply to the palladium purifier. The volume 
and rate of extraction can thus be accurately measured. 

FEED-GAS PRODUCTION 

The tritium samples to be assayed are in the form 
of water. A simple but effective self-regulating water
to-hydrogen converter has been devised, shown 
diagrammatically in Fig. 4. 

It consists of a stainless steel vessel with a lid, 
through which two tubes are passed, the one being 
the water inlet with a sharp point and holes at the 
end, and the other the gas outlet tube. The lid is 
sealed with a neoprene ring and is protected by 

!-:', ~~'" - \ I ~ 
II 

r I ' 

-> _) 
~, ') 
': '_) 
I ' 

I / 
I-

r '\ 
I f 

' ,-

r ' , I 
L~ ·, , J 

vac .. 

Figure 4. Water to hydrogen converter 

water cooling coils. The vessel c6ntains magnesium 
turnings. It is heated under vacuum in a temperature
regulated furnace to just below the melting point of 
magnesium (600 °C). A glass vessel containing the 
water sample is mounted on the water inlet tube. 
Commercial hydrogen under pressure (approx. 5 psi) 
is introduced into this vessel, forcing the water through 
a small glass nozzle, where it is vaporized and reacts 
with the magnesium. When the pressure in the reaction 
vessel rises to just above the injection pressure, the 
droplets on the nozzle are compressed so that no 
further water will enter the reaction vessel until 
the pressure has dropped slightly owing to the flow 
of gas. In this way any required pressure can be 
maintained over a wide range of flow rates, ranging 
from several ml/min to 2 1/min. To achieve this regu
lation, the shape of the nozzle is of the utmost impor
tance and must be determined empirically. The effi
ciency is good; depending on the charge of magnesium 
in the vessel, several hundred ml of water can be con
verted at varying rates with not more than a few 
milligrams condensing in a freeze trap. Isotope frac
tionation is therefore negligible. 

This converter is capable of filling the separator 
within 20 min and giving a constant flow of gas of 
350 ml/min for several hours without attention. 

SOME RESULTS FROM CALIBRATION EXPERIMENTS 

Figure 5 shows a typical result of an enrichment 
run in which the column was fed with hydrogen 
spiked with tritium to 4.8 x 105 T.U. The resulting 
enrichment was observed with the flow ionisation 
chamber mounted in the purification line. The initial 
curved part of the graph represents the period in 
which the first-stage column separates material 
faster than it is withdrawn by the second stage. 
Eventually steady state conditions are reached, and 
the enrichment becomes linear with time. The curve 
shown in Fig. 5 can be used as a calibration curve 
to find the enrichment after a certain running time, 

~ 
E 

-C 
u 

c 
w 
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300 
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100 

10 15 20 25 30 Hours 

Figure 5. Typical enrichment curve for whole plant 
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Figure 6. Comparison of the initial parts of enrichment curves 

as this curve is reproduced closely in independent 
runs. 

In Fig. 6 the initial parts of enrichment runs carried 
out on the two columns combined and on the indi
vidual columns are compared. 

Even though the activity of 4.8 x 105 T.U. still 
strictly conforms to the assumption in the design 
formulae [21] of the system, viz. that the concentration 
of the desired isotope shall be <{ 1, a few short runs 
were made with lower activities to check the validity 
of the calibrations to values of interest (1 - 1 000 
T.U.). 

The results are shown in Table 2 for runs of9 hours. 

Table 2. Enrichments obtained in calibration runs using 
different feed gas concentrations 

Feed 
concentration 

(T.U.) 

4.8 X 105 ' 

4.8 X 104 

4.8 X 103 

Initial ion 
current (A) 

4.5 X 10-16 
a4.5 X 10-17 
a4.5 X 10-18 

Final ion current (A) Enrichment 

(46.0 ± 0.3) X 10-15 102 ± 1 
(4.5 ± 0.2) X 10-15 100 ± 4 
(0.5 ± 0.2) X 10-15 111 ± 40 

" Inferred from dilution factor. 

The third result is inaccurate, mainly owing to 
the very small ion current that could be observed 
after 9 hours' enrichment. The results, however, 
show that there is no significant dependence of enrich
ment on concentration and therefore that the cali
bration curve is valid for all concentrations of interest. 

STRIPPING EFFICIENCY 

To determine the efficiency with which tritium is 
retained in the system, the first-stage column was 
filled with spiked material whilst cold. This gas was 
also passed through a flow ion chamber and the ion 
current recorded. The heater was switched on, and 
the gas, as it expanded, was allowed to flow from the 
top of the column and pass through the same ion 
chamber. As the column attained operating tem
perature, this flow diminished and new feed gas was 

introduced, displacing gas from the top. A record 
of this experiment is shown in Fig. 7. As the column 
temperature rose, the activity of the overflow became 
less, until it could no longer be measured above ion
chamber background. During the next 4i hours, 
several varying flow rates were sent through the 
column, and, only at a flow rate appreciably greater 
than 600 ml/min (the maximum which could be 
recorded on the flow meter), did activity begin to 
break through the stripper. The selected stripping 
flow of ml/min therefore lies well within the range 
of maximum stripping efficiency, which is estimated 
at 95 % or better. 

PRODUCTION RATE 

The system was designed to give an equilibrium 
separation factor* of 10\ at which value the total 
flow a, or maximum production rate, is 1.41 x I0-7 g/s 
or 0.103 ml/min(STP). It is, however more practical 
in most cases to run the system at much lower enrich
ments thus obtaining appreciably higher production 
rates. As was pointed out by Jones and Furry [18], 
the most efficient production is achieved when the 
separation is just the square root of equilibrium 
separation. 

The maximum withdrawal rate at constant enrich
ment when a certain separation has been attained, 
is computed as follows: 

The transport equation for a thermal diffusion 
column is: 

T = He (1 -c)- K(dc/dz) (1) 
where: 

T = transport of the heavy isotope in g/s; 
c concentration of the heavy isotope; 
z - a co-ordinate along the vertical axis of the 

column; 
H = transport coeff of thermal diffusion in 

gjs; 
K = total remixing coeff in gem s-1• 

For equilibrium, i.e. when T = 0, Eq. (1) becomes, 
on integration: 

c/(1 -c) = exp 2A(z- z0) = exp 2AL (2) 

where A = H/2K and L is the length of the column. 
Eq. l can have several solutions. When gas is 

to be withdrawn at constant enrichment, the process 
is called continuous, and the solution for c <{ l is: 

where 

and 

q = (1 + n)/(exp [- y (1 + n)] + n) (3) 

y = 2AL 

n = a/H 

(4) 

(5) 

a is the available flow of enriched gas in gjs. 

* The separation factor q is defined as: q = (c/1 - c)b/ 
(c/1 - c)t, where c is the concentration of the desired (heavy) 
isotope and b and t refer to the bottom and top of the apparatus 
respectively. 
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Figure 7. Activity vs time record for different stripping flow rates 

Equation 3 will be applied to the second stage, 
as the rate of withdrawal will depend on its value 
of H as well as of n, according to Eq. 5. The value 
of q to be used will, of course, be q2, where 

qtot = ql · q2 (6) 

q1 therefore has to be known to find q2 for a certain 
qtot• because the rise in concentration at the bottom 
of the first stage when feeding the second will differ 
appreciably from that shown in Fig. 6. During a 
number of calibration runs, the activity at this point 
was measured and found to increase to 5 times the 
initial value in about 6 hours and then to remain 
essentially constant. This is borne out by the perfor
mance of the whole system. (See earlier and Fig. 5.) 
As long as running times of 6 hours and more are 
envisaged, the value of q2 can be taken as 0.2qtot• 

and the corresponding value of a determined. Fig. 8 
shows a graph of a (in ml/min) against q2, using 
Eqs. (3) and (5) and the two parameters: 

H2 = 6.8 X 10-5 gjs (7) 
Y2 = 8.32 

5.0 

10 so 100 Sep. factor q
2 

Figure 8. Theoretical graph of a against q2 for the second stage 

for the second stage. This graph can now be used 
to read off the appropriate draw-off rate for a certain 
separation of stage 2. 

To check the validity of this graph, two measure
ments were made, one at qtot = 50 and the other 
at qtot = 100. Aliquots of 100 ml were removed 
from the system at such a rate as to exceed somewhat 
the values prescribed by the graph. From these 
results, the rate at which the activity would remain 
constant was computed and plotted on the graph. 
These two experimental points (I for qtot = 50 and 2 
for qtot = 100) show good correlation with theory. 
They also confirm the theoretical value of H, Eq. (7), 
for the second stage. 

DETECTION 

The low-level counting system in this laboratory 
consists of a 500 ml proportional counter with an 
anti-coincidence ring and 4 inches of 60 year-old 
lead shielding. The full spectrum count, using the 
anti-coincidence system, is 12 cpm. With a window 
set at the Emax for tritium, this is reduced to 6 cpm. 

The hydrogen obtained from the column is converted 
to ethane [22]. Thus two molecules of hydrogen are 
incorporated in every molecule of counting gas, 
and a I litre yield from the separator can be held in 
the counter. 

At 50 times enrichment the minimum detectable 
activity of the system lies at about 5 T. U. This can 
be extended to 1-2 T.U. by longer enrichment runs. 

The authors hope to obtain a commercial screen
wall counter soon which will reduce the minimum 
detectable activity to 0.5 T.U. 

DISCUSSION 

The separation system described above shows 
good reproducibility, and can give a range of enrich
ments to suit the activity of the feed material. With
drawal experiments correspond well to theory and 
provide a convenient means of collecting enriched 
material in any required amount. To simplify the 
procedure, experiments are 'under way to attach a 
reservoir to the system, in which the enriched material 
can be collected during the run. 

The production of enriched material at higher 
enrichments (say > 100,) becomes prohibitively small 
(see Fig. 7). A redesigned system, in which the values 
of H for both stages would be larger and the lengths 
smaller, would be able to produce material at enrich
ments of :::::; 100 at much greater rates and within 
shorter periods. 

Although electrolysis is essentially a much simpler 
technique, thermal diffusion has proved to be a 
powerful tool where lower tritium activities and 
therefore higher enrichments have to be handled. 
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ABSTRACT -RESUME-AHHOTAUvt.R-RESUMEN 

A/465 Afrique du Sud 

Enrichissement de tritium a foible concen
tration par diffusion thermique en vue d'ap
plications hydrologiques 

par B. Th. Verhagen et J. P. F. Sellschop 

On a mis au point un systeme a colonnes de separa
tion par diffusion thermique a deux etages pour l'enri
chissement du tritium. On decrit les parametres cri
tiques du systeme et les caracteristiques de son fonc
tionnement. Des facteurs d'enrichissement de 800 fois 
pendant des periodes d'equilibre de 30 heures ont ete 
realises. L'emploi de telles colonnes, dans un labora
toire pour la preparation de tritium destine a etre 
employe pour la datation et comme traceur, fait 
l'objet d'une discussion et est compare a d'autres 
techniques. 

A/46~ IOAP 

06orau.teHHe rpHTHR nyreM repMOAH~
~ysHH ARR rHAponorH4eCKHX npHMe
HeHH~ 

6. T. BepxareH H H. n. Ill. CellbWOn 

BLIJia paapa6oTaHa ,u;ByxKacKa,u;HaH cncTeMa 

TepMOAH«fJ«flyaHOHHOH KOJIOHKH ,ll;JIH o6ora~eHHH 
TPHTHH. B ,u;oKJia,u;e ,u;aeTCH onncaHne KpHTH'IecKHx 

rrapaMeTpOB II pa60'IIIX xapaKTepHCTHK CHCTeMM. 

,lJ;aHHaH CHCTeMa II03BOJIHJia ,ll;OCTIIrHyTL 800-
KpaTHhlX Koa«fl«fJIIIJ,HeHTOB o6ora~eHHH IIpH paB

HOBeCHbiX rrepno,u;ax B 30 '/., RpHTH'IeCKH o6cym

,u;aeTCH H CpaBHHBaeTCH C ,u;pyrHMH MeTOf\3MII 

HCIIOJib30BaHHe TaKHX KOJIOHOK B Jia6opaTOp11HX 

ITO ,u;aTHpOBaHHIO H JIH,ll;HK3IJ,IIH C liOMO~biO 

TPHTHH. 
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A/465 Sudafrica 

Enriquecimiento en tritio poco concentrado 
por difusi6n termica para aplicaciones hidrc-
16gicas 
por B. Th. Verhagen y J. P. F. Sellschop 

Se ha construido una columna de difusi6n termica 
de dos etapas para el enriquecimiento en tritio. Se 

describen los panimetros criticos del sistema y las 
caracteristicas de funcionamiento. Se han logrado 
factores de enriquecimiento de 800 veces con un 
periodo de equilibrio de 30 horas. Se efectua una 
discusi6n critica y se compara con otras tecnicas el 
empleo de estas columnas en un laboratorio de deter
minacion de edades con tritio y de trabajo con 
trazadores. 



P/496 Espaiia 

Estudios realizados en Ia JEN sobre Ia obtenci6n de agua 
pesada por electrolisis y reacci6n de intercambio isot6pico 

por J. Alvarez, M. Gispert, A. Maria, J. L. Otero y J. L. Rojas* 

La producci6n de agua pesada a escala industrial 
esta condicionada a Ia existencia de un plan de reac
tores de potencia que Ia utilicen como moderador. 
En tanto que este plan no exista, los estudios sobre 
los procesos posibles de obtenci6n de agua pesada 
han de efectuarse a una escala razonable para conocer 
las caracteristicas de los mismos. De acuerdo con este 
criterio la JEN ha desarrollado el siguiente plan de 
trabajo : a) estudio previo de metodos posibles de 
obtenci6n; b) calculo de cascadas cuadradas a las 
que podria ajustarse la pequefia instalaci6n de hidr6-
geno electrolitico de EIA; c) proyecto, montaje y 
puesta en marcha de Ia instalaci6n de EIA modificada 
para la producci6n de un concentrado al2%; d) proyec
to, montaje y puesta en marcha de las instalaciones 
piloto de electrolisis con quemadores y rectificaci6n 
en Madrid; e) puesta a punto de los metodos anali
ticos necesarios. 

De esta forma, se ha adquirido experiencia en el 
calculo y trabajo de las cascadas y en los procesos de 
electrolisis y quemadores y rectificaci6n, asi como en 
Ia reconcentraci6n del agua degradada en un reactor. 

ESTUDIOS TEORICOS 

Cascada electrolitica con reactores 

Se estudiaron las cascadas electrolizadores-reactores 
de intercambio isot6pico hidr6geno-vapor de agua 
[1-3]. Una etapa de las diferentes variantes de Ia 
cascada esta representada en Ia figura 1. La figura 1.a 
corresponde a Ia forma mas sencilla : un electrolizador 
con condensadores en Ia corriente de hidr6geno 
(el oxigeno no se representa), para que una vez 
desprovisto del vapor de agua que sirve de alimenta
ci6n a la etapa siguiente de Ia cascada, pueda reac
cionar con vapor sobre un !echo catalitico. Este vapor 
que es de agua natural despues del intercambio se 
condensa para formar parte de la alimentaci6n de Ia 
etapa correspondiente. La variante de Ia figura l.b 
corresponde a dos reactores por etapa con conden
saci6n y nueva alimentaci6n de vapor intermedia. 
En la figura I.e, se presenta Ia posibilidad de sustituir 
la condensaci6n y nueva alimentaci6n por una torre 

* Junta de Energia Nuclear, Madrid. 

alimentada por agua natural. Por ultimo en Ia figura 
l.d, se representa Ia variante con lavadores en el 
hidr6geno y en el oxigeno, con agua de alimentaci6n. 

Estos calculos se realizaron inicialmente con 
maquina de calcular electrica y posteriormente en Ia 
UNIVAC-VCT se prepararon los programas con los 
que se pudo ampliar el estudio de las variantes de 
diagramas de ftujo indicadas. 

Como final de estos estudios se plante6 con Ia 
cascada cuadrada [4] montada en Sabifianigo, las 
variantes para estudiar Ia inftuencia de los diferentes 
parametros variables sobre Ia producci6n de Ia misma. 
Tambien se estudiaron los posibles desequilibrios en 
Ia potencia de las etapas de Ia cascada motivados por 
Ia conexi6n electrica de los electrolizadores y por Ia 
pequefia potencia total de Ia instalaci6n. 

Cascada electrolitica con quemadores 

Se realiz6 este estudio dandole importancia funda
mental a Ia utilizaci6n de lavadores con el mismo 
criterio que en Ia variante de Ia figura l.d. Estos 
trabajos estan pendientes de publicaci6n. 

Columnas de rectificaci6n y cascadas 

El calculo del numero de pisos te6ricos se ha rea
lizado mediante Ia maquina UNIVAC-VCT variando 
Ia volatilidad piso a piso [5]. En dicho calculo se 
realiza una serie de tanteos hasta que Ia perdida de 
carga por piso te6rico coincida con Ia encontrada 
experimentalmente con error menor de 1 mm Hg entre 
Ia perdida de carga observada y la calculada. 

Cascada electrolitica, con quemadores, semicontinua 

Para producir agua exenta de deuterio con fines 
analiticos se calcul6 en Ia UNIVAC-VCT los parame
tros que definen Ia cascada. 

DESCRIPCION DE LA PLANTA JEN-EIA 

DE OBTENCION DE CONCENTRADO AL 2 % 

lnstalaci6n electrolitica 

El conjunto de Ia instalaci6n electrolitica de EIA 
utilizado consta de los siguientes elementos : 

a) 6 electrolizadores Oerlikon tipo filtro prensa, 
de 120 celdas con una potencia maxima de 2 160 kW 

406 
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CONDENSADOR 

REACTOR 

LAVADOR 

CONDENSADOR 

1 0 lb 1c ld 

Figura 1. Diagramas de flujo estudiados 

por electrolizador. El suministro elt~ctrico se efectua 
por tres rectificadores de mercurio aliment<indolos 
dos a dos; 

b) 2 electrolizadores Oerlikon mas antiguos de 
104 celdas con una potencia de 1 870 kW por electro
lizador; 

c) 1 electrolizador Oerlikon de 32 celdas iguales 
a las anteriores, con una potencia de 580 kW. 

Los tres ultimos electrolizadores descritos estan 
conectados en serie a un rectificador de mercurio de 
la misma potencia que los anteriores. 

La distribucion mas aproximada a la ideal para 
una cascada con 6 etapas que da una complicacion 
mecanica reducida, aunque no ·corresponde exacta
mente a una cascada de maximo rendimiento, viene 
dada en la tabla 1. 

Tabla 1. Distribuci6n de potencias 

1 
2 
3 
4 
5 
6. 

Grupo Potencia max. 
(kW) 

9 600 
4 300 
1 900 

940 
410 
160 

Num. de celdas 

532 
240 
104 

52 
23 

9 

Los electrolizadores de menos potencia que forman 
los ultimos grupos de la cascada estan divididos de tal 
manera que el electrolito y los gases producidos cir
culan independientemente. Para su correcto funcio
namiento se ha modificado Ia refrigeracion del elec
trolito de todos los electrolizadores de acuerdo con 
la casa Oerlikon. 

El rio Gallego suministra el agua a 138 ppm nece
saria para la alimentaci6n purificandose en una insta-
1aci6n de filtraci6n y posterior columna de resina de 
intercambio. El agua desmineralizada alimenta la 
caldera de vapor de la instalacion de recuperaci6n 
de deuterio, las torres de intercambio de vapor de 
esta instalacion y las de lavado de los gases del primer 
grupo. 

lnstalaci6n de recu peraci6n de deuterio 

A partir del 2.0 grupo (figuras 2 y 3) de la cascada 
de electrolisis, se inicia la recuperacion del deuterio 
en el hidr6geno en una sala auxiliar, a la que llegan 
5 tuberias por las que circula el hidrogeno de los 
5 ultimos grupos, enfriado y lavado. La recuperacion 
se realiza como sigue : cada una de las corrientes de 
hidr6geno se mezcla con vapor de agua natural 
(saturaci6n 75 oq para cada grupo. La mezcla de 
hidrogeno y vapor de agua se homogeniza y se manda 
al correspondiente reactor precalentandola unos 
10 oC por encima de su temperatura de saturacion. 
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Dentro del reactor atraviesa el lecho catalitico alo
jado en una bandeja con fondo -de tela metalica. 

Ala salida del reactor, el vapor de agua se· separa 
en un condensador a 25-30 oC, y el hidrogeno se une 
con el del grupo siguiente y asi recibe una serie de 
tratamientos en sucesivos reactores y condensadores 
que van rebajando gradualmente stl concentracion 
en deuterio hasta llegar a reunirse todo con el proce
dente del 2.0 grupo. El vapor condensado despues de 
cada reactor se envia en la etapa de la cascada ade
cuada. 

El hidrogeno del 2.0 grupo y el procedente de los 
grupos anteriores se hace circular mediante un com
presor de anillo hidraulico- a traves del circuito si
guiente. 

Para el tratamiento de este hidrogeno se le afiade 
vapor de agua hasta saturacion a 75-80 oC, atraviesa 
la mezcla un reactor y luego entra en una torre de 
borboteo en contracorriente con agua natural para 
intercambiar el vapor de agua enriquecido por vapor 
de agua natural. A la salida, la mezcla regenerada 
atraviesa otro reactor y otra columna de borboteo 
de analogas caracteristicas. Finalmente, despues de 
atravesar un ultimo reactor, se separa el vapor de agua 
en un condensador y el hidrogeno se lava en una ter
cera columna. 
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lnstalaciones auxiliares 

Depositos de regulaci6n. - La capacidad de los 
depositos cubre las oscilaciones de demanda de 
alimentacion, realizandose muy pocas veces al afio 
diluciones. 

Bombas. - Todo elsistema de bombeo esta auto
matizado en funcion de la alimentacion. 

Contadores. - Se dispone de contadores en cada 
etapa de la cascada para realizar los oportunos bal~nces. 

Seguridad. - Cierres hidraulicos a la atmosfera o 
en recirculacion para cubrir sobrepresiones o depre
siones. 

Servicios 

Agua de refrigeraci6n. - Se dispone de una torre de 
refri_geracion con una capacidad para 200 m3/h. 
Tiro natural. Saito de temperatura 4-6 oC, 

Energfa electrica. - El consumo de energia electrica 
para los compresores, bombas y servicio electrico de 
la caldera de vapor esta proximo a los 100 kW. 
Existe una instalacion de transformacion un 50 % 
superior en potencia. 

Vapor. - La caldera de vapor trabaja a 6 kg/cm2 

quemando antracita y produciendo vapor saturado. 
Capacidad maxima de 1 250 kg/h. En el primer afio 

Figura 3. Vista parcial de Ia instalaci6n de Sabiiicinigo 
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Figura 4. Bateria electrolitica con quemddores 

de funcionamiento se puede fijar en 8 kg vaporfgr 
D20 (al 2 %) el consumo unitario de vapor. La pro
ducci6n media annual es actualmente de 500 kg 
D20, esperando que pueda sobrepasarse. 

En cada turno trabajan dos operarios y para el 
control analitico un analista por dia. 

PLANTAS PILOTO 
PARA LA CONCENTRACI6N 2-99,8% 

Para tratar el concentrado obtenido en Sabifi.{migo 
en la planta descrita anteriormente, se disefi.aron dos 
plantas piloto, una electrolitica con quemadores y 
otra de rectificaci6n. Ambas plantas se han proyec
tado sobre la base de darles grandes posibilidades de 
modificaci6n para conocer ademas las caracteristicas 
fundamentales de ambos procesos. 

Por otra parte, para caudales de 25 t/afio y por 
razones de seguridad y vigilancia de los aparatos, 
fue aconsejable este montaje en Madrid para super
visar funcionamiento y experimentaci6n. Las dos 
plantas piloto funcionan en serie. La electrolitica con 
quemadores trata el agua al 2 % y la lleva basta el 
20-30 %. Este producto se trata a continuaci6n en la 
planta de rectificaci6n dando un concentrado supe-

rior al 95 % y un residuo al 2 %. La operaci6n final de 
concentraci6n se realiza por cargas de 200-300 kg 
para tener garantia en cuanto a la posible contamina
ci6n por la humedad atmosferica. 

Planta piloto de electr61isis y quemadores 

Se utilizan celdas de cuba (figura 4) en numero de 
30 para mayor versatilidad en cuanto a agrupaciones 
en cascada. El numero de quemadores, 9, es superior 
al de etapas por el nismo motivo. La cascada tiene 
zona de enriquecimiento y agotamiento con rendi
mientos superiores al 95 % sobre alimentaci6n. 

Descripci6n de Ia planta electrolitica con quemadores 

Las celdas electroliticas son monopolares, cerradas, 
con recirculaci6n del electrolito. La tapa es de CPV y 
la misma cuba actua como catodo siendo el anodo 
una chapa niquelada suspendida en la tapa. Una tela 
de amianto permite la separaci6n de los gases produ
cidos siendo el tanto por ciento de 0 2 en el H2 del 
orden de 0,1-0,2 %. La superficie de cada cuba es de 
2 m2 aproximadamente con un espesor de 45 mm. Las 
30 cubas se reunen en 5 grupos de potencia diferente, 
con sus correspondientes rompedores de espuma, · 
refrigerantes, lavadores, gas6metros de plastico y 
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quemadores. Las cubas estan conectadas entre si 
electricamente en serie. Los refrigerantes estan cal
culados ampliamente con un gasto global de 25 ma de 
agua/hora. Los lavadores Bevan un lecho de 1 m de 
altura de relleno de anillos Raschig de porcelana de 
15 mm; el agua de lavado procede de los quemadores 
del grupo siguiente y sirve a su vez para alimentacion 
del grupo cuyos gases Iavan. Los gasometros que 
estabilizan la presion de los gases son bolsas de doble 
pared de polivinilo transparente de unos 300 litros 
de capacidad. 

Los gases, a la salida de los gasometros, atraviesan 
unos cortafuegos y luego entran en la boquilla del 
quemador, el hidrogeno por el centro y el oxigeno 
por la periferie, donde se combinan en presencia de 
aire atmosferico, para asegurar la combustion total 
del hidrogeno. El quemador lleva una camisa de 
refrigeracion mas un serpentin situado encima de la 
llama. El agua condensada, que es acida por el NOaH 
formado en la llama por el tiro natural de aire, atra
viesa una columna de resina Dowex 21 K para des
mineralizarla antes de recircularse al grupo anterior. 

La alimentacion de la cascada entra en el tercer 
grupo, que es el de mayor potencia, estableciendose 
asi dos grupos de agotamiento y tres de enriqueci
miento. La alimentacion de cada etapa se efectua con 
el condensado de los gases enfriados de la anterior. 
Se han montado unos evaporadores, conectados en 
las tuberias de recirculacion de electrolito para poder
los llenar y vaciar comodamente. Estos evaporadores 
complementan la alimentacion deficiente por la baja 
temperatura de las cubas evitandose fugas en los 
cierres por la deformacion del PCV a temperaturas 
mas elevadas. 

La caida de tension por cuba es de 2,0 V con una 
intensidad de 700 A. Los factores de separacion me
didos son S 1 = 7; S2 = 7,5; Sa = 8; S4 = 8 y S5 = 8. 
La temperatura del electrolito es de unos 50 oC. 
El rendimiento de las cascadas es del 97 %. 

Planta piloto de rectificaci6n 

La rectificacion es una operacion totalmente conven
cional que presenta para la obtencion de agua pesada 
las dos caracteristicas perfectamente conocidas : 
elevado numero de pisos teoricos necesarios y con
sumo de vapor alto. 

Como esta instalacion ha de alimentarse con una 
cantidad del orden de 10 veces menor que el de la 
planta electrolitica, ambos problemas se simplifican 
en parte desde el punto de vista de experimentacion. 
Fundamentalmente la cantidad de vapor horaria 
es pequefta y solamente es importante la altura o el 
numero de pisos de las columnas. 

El problema fundamental era el de conseguir un 
relleno con eficacia conveniente. Se proyecto y cons
truyo una maquina para fabricar anillos Dixon con 
tela de bronce fosforoso. Este relleno se ha utilizado 
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junto con el adquirido a la casa Eggman & Co., en 
las dos columnas de 9 m de altura en las que se trata 
la alimentacion indicada y en las de experimentacion 
de 1 m con las que se sigue el comportamiento de las · 
primeras. 

Destripci6n de Ia planta piloto de rectificaci6n 

La primera columna montada tiene 10 em de diame
tro. El calderin, de unos 25 litros de capacidad, pro
porciona vapor mediante calofaccion electrica. La 
presion en cabeza es alrededor de 125 mm Hg. El 
conjunto va equipado con los correspondientes dispo
sitivos para toma de muestras, regulacion de vacio, 
vaporizacion y medida de caudales. El retenido del 
condensador de cabeza y del calderin pueden variarse 
a voluntad intercalando los oportunos depositos para 
trabajar en produccion por cargas. 

Antes de llevar a produccion la columna se realiza
ron una serie de experiencias encaminadas a conocer y 
aumentar la eficacia del relleno. El relleno Dixon 
inicial tenia 10 mm de diametro y dio una HETP de 
20 em a reflujo total practicamente independiente de 
la velocidad de vaporizacion. Este relleno se trato 
previamente con 11n detergente y despues con benceno 
y etanol. 

La segunda serie de experiencias se efectuo redu
ciendo el tamafto del relleno a 8 mm y se trato su 
superficie oxidandola con una solucion diluida de 
hidroxido sodico. La HETP bajo hasta 15 y 13 em 
con pequeftas modificaciones en la distribucion del 
reflujo, para caudales de vaporizacion de 12 kg/h. 

Terminada esta segunda serie se considero que el 
relleno dejaba demasiado espacio libre y se redujo 
su tamafto de forma que se paso de 1 400 anillos/ 
litro a 2 200. La tercera serie de experiencias se efectuo 
previo un tratamiento de oxidacion analogo al anter
rior y se alcanzaron HETP de 9 em. Se repitio la 
operacion de oxidacion y se consiguio alcanzar 
HETP proxima a 7 em. Por ultimo al someter a la 
columna a unas condiciones de inundacion inicial 
mas fuerte que las utilizadas se alcanzaron HETP 
de 5,5 y 5 em para vaporizaciones de 14 y 10 kg/h 
respectivamente. 

En general el tiempo requerido para alcanzar el 
regimen estacionario oscila entre las 48 y 62 horas. 

La segunda columna de 7 em de diametro es analoga 
a la anterior en calderin y accesorios. Utiliza anillos 
Dixon de 3 mm, con 25 000 piezasflitro. Las experien
cias realizadas previa oxidacion han dado HETP 
inferior a los 4 em y actualmente se sigue la experimen
tacion intentando mejorar este numero. 

METODOS DE ANALISIS 

De todos los metodos descritos en la bibliografia 
· para el analisis de deuterio se han utilizado en nuestros 
laboratorios los basados en la determinacion de la 
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densidad del agua, metodo del flotador, y la espectro- 100 .-----------------;;r-----, 

fotometria de infrarrojo. 

Metodo del flotador 

Se ha seguido la variante superida por Sapirstein 
[6] y modificada por Silvestri et a!. [7] que empleaban 
pequefios flotadores de vidrio y trabajaban a tempera
turas alrededor de 25 oC. Segun este metodo se han 
efectuado en nuestros laboratorios y en la planta 
de Sabinanigo mas de 10 000 analisis de rutina sobre 
muestras cuyos contenidos en D 20 oscilan entre el 
0,05 y el 5 % molar, con una dispersion de ± 25 ppm. 

En este rango de concentraciones el metodo indicado 
en [7] da resultados satisfactorios. 

Bajas concentraciones 

Al intentar mejorar la sensibilidad del metodo, 
montamos el aparato en camara oscura y proyectamos 
las imagenes de la escala termometrica y del flotador 
en sendas pantallas con un aumento de unas 100 veces. 
Se ha conseguido asi obtener sobre la pantalla, junto 
al extremo del flotador, la imagen de este extremo, 
por reflexion en el fondo del deposito que lo contiene. 
De este modo la velocidad de despegue es el doble de 
la real de ascenso (metodo de la doble imagen). 
Trabajando segun esta tecnica y a 25 oc se han ob
tenido resultados con un error maximo de ± 6 ppm 
[8]. Despues se han realizado experiencias a 10 oC 
con la misma tecnica y los errores obtenidos son de 
± 1 ppm. 
Tambien se han preparado flotadores con tempera

turas de despegue en agua natural de 6 oc y con ellos 
se han obtenido errores de + 0,5 ppm, si bien a 
esta temperatura de trabajo surgen inconvenientes de 
tipo experimental que aconsejan la temperatura de 
10 oc, como la mas conveniente para la determinacion. 

El equipo actualmente en funcionamiento permite 
trabajar a cualquier temperatura. Se han efectuado 
unas 2 000 determinaciones de muestras cuyos conte
nidos en D 20 oscilan entre 0 y 500 ppm con resul
tados altamente satisfactorios. 

Todas las concentraciones 

Para poder trabajar con el metodo del flotador en 
todas las concentraciones, despues de la oportuna 
revision bibliografica se ajustaron los datos de den
sidad de agua ligera y agua pesada para poder extra
polar con garantias hasta 90 oc los existentes hasta 
60 oc, asi como realizar el calculo de la densidad de 
las mezclas HP-D20 a 25,50 y 75% con ayuda 
de la UNIVAC-VCT. 

Se divide entonces el intervalo de concentraciones 
en cuatro zonas y con la formula usual para calcular 
la densidad en funcion de la concentracion y la tempera
tura, se programo el calculo de las curvas de calibrado 
que se dan en la figura 5. En ellas puede comprobarse 
que en los intervalos 25-30 y 75-80% es posible uti-

% 

20 30 40 50 50 70 80 

t•c 

Figura 5. 

lizar la misma muestra para definir la curva tipica de 
los flotadores para 0-25 y 25-50, y 50-75 y 75-100% 
respectivamente. 

Para comprobar la extrapolacion efectuada se 
prepararon cuatro flotadores, de densidad adecuada 
para cada una de las zonas de trabajo. 

Se han preparado unas 50 muestras de concentra
ciones conocidas y de distintas concentraciones entre 
5 y 99,7% D20, para comprobar las curvas y el error 
del metodo. 

Las extrapolaciones son suficientemente buenas 
dentro del error del metodo que es de ± 100 ppm en 
las zonas de baja temperatura y 400 ppm en las altas. 

El tiempo que se invierte en preparar la muestra y 
su lectura es de unos 20 minutos. 

Concentraciones pr6ximas a 100% 

Como este error de ± 400 ppm es excesivo para 
muestras cuyo contenido es superior al 99% en D20, 
se ha preparado un flotador con una temperatura de 
despegue de 25,00 oc para una muestra del 99,95% 
en peso de D20. 
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Estas muestras se toman mediante una combinacion 
de vacio y N 2 seco para evitar que en ningun momento 
este en contacto con el ambiente. La destilacion previa 
se hace en atmosfera saturada en agua pesada y la 
lectura de la temperatura de despegue tambien. 

El metodo se ha contrastado con muestras anali
zadas mediante espectrometria de masas y picno
metria. El error obtenido es de ± 30 ppm. 

Metodo de espectrofotometria de infrarrojo 

Dadas las grandes posibilidades que ofrece la deter
minacion de D20 mediante espectrofotometria in
frarroja, se ha puesto a punto este metodo con un 
espectrofotometro Perkin-Elmer NIR 17G Infracord. 

Mediante muestras conocidas se han trazado las 
curvas de calibrado correspondientes a los siguientes 
rangos 

N.o Long, de onda Cone. agua oesada Error 

I. 1,46 0- 80% D 20 ± 1% D 20 
II. 2,0 70' - 99% D20 ± 1% D 20 
III. 2,94 99'- 100% D 20 ± 0,01% D20 
IV. 3,98 0- 10% D 20 ± o,03%DP 
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El metodo, aunque con menor exactitud que el del 
flotador, ofrece la ventaja de su rapidez (unos 5 minu
tos por muestra), que permite un satisfactorio control 
de las cascadas de produccion de D20. 
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A/496 Spain 

JEN Studies on heavy water production by 
electrolysis and isotopic exchange reaction 

by J. Alvarez ef a/. 

The studies carried out by the JEN on heavy water 
production by electrolysis and isotopic exchange 
reaction in order to utilize the facilities of a water 
electrolysis plant owned by the fertilizer company 
EIASA are described. 

The studies were developed in the following 
stages: 

(a) A theoretical study of the ideal cascade with 
electrolysers and reactors for the isotopic exchange 
reaction H 20/H2 utilizing as feed water vapor with 
a natural deuterium concentration; 

(b) The theoretical study of square cascades by 
means of the computer UCT-UNIVAC; 

(c) Commissioning and starting up of the modified 
industrial electrolysis plant; 

(d) Commissioning and starting up of the electro
lysis and burner pilot plant and of the rectification 
pilot plant to enrich the product of the industrial 
plant; 

(e) Analytical methods of control for all the ranges 
of concentration. 

A/496 Espagne 

Etudes faites a Ia Junta de Energfa Nuclear 
en vue de Ia fabrication d'eau lourde par 
electrolyse et echange isotopique 

par J. Alvarez ef a/. 

Les auteurs decrivent les etudes faites par la JEN 
en vue de fabriquer de l'eau lourde par electrolyse et 
reaction d'echange isotopique en utilisant une petite 
installation d 'electro lyse espagnole appartenant a la 
societe EIASA, qui fabrique des engrais. 

Le memoire decrit les differentes etapes de ces 
etudes, entre autres : a) etude theorique de Ia cascade 
ideale - arrangement d 'electrolyseurs et d 'appareils 
pour Ia reaction d'echange isotopique H20/H2 -

alimentee par de la vapeur d'eau naturelle (concentra
tion naturelle en deuterium); b) etude theorique de 
cascades carrees en pro jet et en service, a I' aide d 'une 
calculatrice UCT-UNIVAC; c) etude, montage et 
mise en marche de !'installation industrielle d'electro
lyse modifiee; d) etude, montage et mise en marche 
des installations pilotes d 'electrolyse et des brfileurs; 
rectification de 1 'eau pour traiter la production de 
1 'installation industrielle; e) methodes analytiques de 
contr6le utili sees dans tout 1 'intervalle des concen
trations. 
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A/496 HcnaHHR 

npoH3BOACTBO TH.H<eJlO~ BOAbl MeTOAa
MH 3JleKTp011H3a H H30TOnHOrO 06MeHa 

T. Anbaapeu. et al. 

OnHCLIBaiOTCH HCCJieAO.BaHHH, npoBeAeHHLie no

MHCCHeii no HAepHoii ::meprHH, MeTOAOB npOH3BOA

CTBa THil\eJIOH BOALI ::meKTpOJIH30M H H30TOnHLIM 

o6MeHOM C 1\eJILIO onpeAeJieHHH B03MOiKHOCTH HC

IIOJIL30BaHHH YCTaHOBKH no 3JieKTpOJIH3Y BOALI, 

upHHaAJiemall\eii qmpMe no npoH3BOACTBY YA06-

peHHii: E IASA B McnaHHH. 

J. ALVAREZ ef a/. 

B AOKJiaAe orrHCLIBaiOTCH paaJIHqHLie acrreKTLI 

HCCJieAOBaHHH, a HMeHHO: TeopeTHqecKoe HCCJieAO

BaHHe HAeaJILHOro KaCKaAa C 3JieKTpOJIH3epaMH H 

peaKTOpaMH B 1\eJIHX noJiyqeHHH peaKJ:\HH H30TOII

HOrO o6MeHa H20/H2 c HCIIOJIL30BaHHeM BOAHHhrx 

napOB C 1\0HJ:\eHTpaJ:\HeH AeHTepHH, KaK 3TO HMeeT 

MeCTO B npHpOAe H KBaApaTHLIX KaCKaAOB C 110-

MOII\hiO cqeTHO-pernaiOII\ero ycTpoiiCTBa U CT
UNIVAC; npoeKT, KOHCTpyHpoBaHHe H CAaqa B 

iH\CIIJiyaTaJ:\HIO ycoBepiiieHCTBOBaHHOH rrpOMhiiii

JJeHHOH 3JJeKTpOJIH3HOH ycTaHOBKH, OIILITHOH 3JieK

TpOJJH3HOH ycTaHOBKH KaMepLI AJIH Cii\HraHHH H 

OIILITHOii oqHCTHTeJILHOH YCTaHOBKH AJJH o6ora

II\eHHH THil\eJIOH BOALI, IIOJiyqeHHOH Ha npOMLIIII

.':IeHHOH ycTaHOBKe; aHaJIHTHqecKHe MeTOAhi KOH

TpOJIH 1\0HJ:\eHTpai\HH BOALI. 
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Technical and economic 
200 t/year of heavy water 

considerations 
in India 

for producing 

By P. G. Deshpande, D. C. Gami and S. Nagaraja Rao * 

The first stage oflndia's nuclear power development 
programme is mainly based on heavy-water moderated 
~eactors. The first such reactor of the CANDU type, 
Is to be built at Rana Pratap Sagar and is expected to 
be commissioned in 1970. It is planned to construct 
5 similar reactors in various parts of India by 1974. 
The quantity of heavy water required for each of the 
reactors is 200 tonnes. Thus, by 1974 about one thou
sand tonnes of heavy water will be required. This will 
~ecessitate a supply of 200 tonnes per year beginning 
m 1970. There is, therefore, a need to build a larger 
heavy water plant in India. 

In a large plant, the largest portion of the capital 
as well as the operating costs is required for the pre
enrichment section (up to 1% deuterium). Of the 
various available processes the H2S-H20 exchange 
proce~s is t.he only one for which a long operating 
expenence m a large plant is available [1, 2]. This 
process has generally been improved [3] upon. More
over, it seems to be the most economical process under 
~resent day technology [4, 5]. Some of the important 
Improvements suggested by Proctor and Thayer [4] 
to reduce the cost of the H2S-H20 exchange process 
are given below : 

(a) The use of sieve plates instead of bubble plates 
for exchange towers. Sieve plates are 10% more 
efficient and can take up 15% more vapou

0

r flow. 
Moreover, they are cheaper. 

(b) The use of a liquid-liquid instead of a gas-gas 
or gas-liquid heat exchange system. This will reduce 
the heat transfer area by about a factor of two. 

(c) The use of large diameter towers to reduce the 
number of parallel units in a stage. This will reduce 
the capital cost by a reduction in fabrication and instal
lation charges as well as reducing the cost of instru
ments and equipment. 

(d) The use of the cheapest available fuel as the 
main source of heat. 

A pilot plant incorporating the first two improve
~ents has been constructed at Trombay. Installation 
Is complete and the testing of individual items of 
equipment is being carried out. The pilot plant opera
tion will give first hand experience on process and 

• Atomic Energy Establishment, Trombay. 
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operational problems besides yielding valuable data on 
the allowable liquid and vapour rate, plate efficiency, 
equipment size, safety problems, etc. 

SITE SELECTION 

Improvements (a), (b) and (c) above reduce the 
capital cost whereas improvement (d) reduces the 
operating cost of the plant. Improvements (a) and 
(b) are strictly matters of design and can be incor
porated in a plant located anywhere, whereas improve
ment (c) can be incorporated only in a plant where the 
necessary facilities for handling, fabrication and testing 
of large towers are available. An analysis of the 
operating costs of the Savannah plant indicates that 
the higher cost is due to the fuel. Since no raw material 
except water is required, the plant can be conveniently 
located near a source of plentiful and cheap thermal 
energy. Thus a site near such a source, with an 
established heavy engineering industry, would be 
ideal. 

The principal sources of thermal energy at present 
in India are coal and oil. Natural gas may be available 
at Jwalamukhi- about 80 kilometers from Nangal 
where deep drilling is being tried. Until the availability 
of gas is confirmed and the pric~; pattern established, 
only coal and oil can be considered as fuel sources. 
Fuel oil is more expensive than coal except in coastal 
regions. Since the bulk of the fuel oil is still imported 
and surplus middling coal is available from coal 
washeries, coal constitutes the most suitable fuel. 
Large quantities of middling coal at a comparatively 
low price are available from coal washeries in Bihar. 
Moreover, heavy engineering industries have been 
established in this area. This area, would therefore, 
provide a suitable site for a large-sized heavy water 
plant. 

At present heavy water is being produced by the 
distillation of hydrogen, combined with pre-enrich
ment, in an electrolytic cascade [6] at Nangal (Punjab). 
Operating experience of the hydrogen distillation 
plant [7] indicates that it is possible to produce 
40 tonnes of heavy water without any modifications to 
the existing plant provided that the feed gas is suitably 
enriched. The existing capacity can be raised to 
67 tonnes per year if minor modifications are carried out 
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Figure 1. Flow diagram for a 200 tjyr heavy water plant in Bihar 

on the existing distillation plant and up to 200 tonnes 
per year with major modifications. The technical 
feasibility in respect of the latter requires further 
study. If a pre-enrichment unit of requisite capacity 
is installed, it is possible to produce 67 tonnes of 
heavy water per year by hydrogen distillation and 
another 133 tonnes per year by water distillation, 
making a total of 200 tonnes per year. Thus, neglecting 
the possible availability of gas, two locations are 
considered for installation of a 200 tonnes per year 
plant in India. 

PROCESS DESCRIPTION 

Bihar 

A schematic diagram of the process to be followed 
is shown in Fig. I. Pre-enrichment of water will be 
carried out in a H2S-H20 dual temperature exchange 
process. This will be further enriched to obtain 99.86% 
heavy water in a water distillation section. 

The H2S-H20 section is divided into three stages. 
Water is enriched fivefold in the first stage, fiftyfold 
in the second stage and a thousand-fold (14.4% D 20) 
in the third stage. 

Since no specific site has been selected for the loca
tion of the heavy water plant, design criteria are 
based on the general conditions prevailing in the 
area. Design bases assumed for the location are given 

in Table I for the H 2S-H 20 section and in Table 2 
for the water distillation plant. 

Table 1. Comparison of the H2S-H 20 sections of 
the Bihar and Nangal plants 

Nanga! Scheme Bihar Scheme 

Natural concentration of 
water ppm deuterium 14 14 

Average temperature of 
water oc .. 22 30 

Cold tower temperature oc 30 35 
Hot tower temperature oc 130 135 
Operating pressure psia 

cold tower. 300 310 
hot tower 315 325 

Recovery 
maximum theoretical % 28.5 28.75 
of feed% 18 18 

Liquid to gas ratio 
cold tower. 0.485 0.4915 
hot tower 0.555 0.567 

Stream factor h/yr 7 200 7 500 
Flows mol/h 

liquid cold tower 115 556 105 498 
gas cold tower . 238 260 214 645 
liquid hot tower 153 259 143 052 
gas hot tower 275 962 252 200 

Fuel (coal) 
cost Rs/ton 53.12 16.8 
calorific value BTU/lb. 9000 7 000 

Power nP/kWh . 1.813 3.5 
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Table 2. Water distillation plant at Bihar 

Feed concentration . . 
Waste concentration .. 
Product concentration . 
Operating pressure mm Hg at column top 
Separation factor . . . . . . . . . . . 

Nanga I 

14.4% D 20 
5.0% D 20 

99.86% D 20 
100 
1.037 

The schematic diagram of the process to be followed 
is shown in Fig. 2. The existing hydrogen distilla
tion plant will be operated in the same way as at 
present except that the feed sent to the hydrogen 
distillation plant will be enriched by a factor of 
15.6 instead of 2.1 to 2.8 as at present. Under these 
conditions this plant would produce 67 tonnes of 
heavy water after suitable minor modifications, such as 
a larger D2 oxidation system and larger scrubbing 
towers in the electrolysis plant, are incorporated. For 
this purpose 4.26 tonnes per hour of water, enriched 
by a factor of 17.7 will be required as feed for the 
third stage of the existing electrolysis plant. An 
additional 133 tonnes of heavy water will be produced 
in a water distillation section. This will require feed 
enrichment by a thousand-fold. Requirements for the 
enriched feed for both the hydrogen distillation and 
the water distillation sections will be met from the 
three stage H 2S-H20 dual temperature-exchange pre
enrichment plant. Water will be enriched fivefold in 
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the first stage of this plant. This water will then be 
fed appropriate proportions into two parallel units 
of the second stage. Water will be enriched to 17.7 
times in the first tower CT' 2 of the second stage and 
fiftyfo1d in the second tower CT" 2 of the second stage. 
The latter will be fed to the third stage tower where 
it will be further enriched•to 1 000 times. The assumed 
design criteria, based on actual conditions prevailing 
at Nangal are given in Table 1 for the H2S-H20 section. 

Since the quantity of condensate available from the 
electrolytic cascade is small compared to the total 
requirement and in view of the fact that the H2S-H20 
section is quite sensitive to variation in flow, it is felt 
that it will not be desirable to feed enriched water 
into the mid point of the first stage of the H2S-H20 
section. It has therefore been assumed, for design 
purposes, that the requirement for enriched water 
for both the hydrogen distillation and the water 
distillation sections will be met by the H2S-H20 plant 
and that no enriched water will be taken from the 
existing cascade, though arrangements will be made 
to feed the enriched water into the second stage of 
the H 2S-H20 plant. 

SELECTION OF IMPORTANT PROCESS CONDITIONS 

Tern perature 

Since the cold tower has to be operated above 
28.9 °C to prevent solid H2S hydrate formation, and 

NOMENCLATURE: 
GH - CONDEN~R ( ~ LINE) 

CX>-CONDENSOA (~LINE) 

DW -WATER DISTH..LATION UNIT 
!>CRIPT I 2 3 REPRESENTS I II Ill STAGE RESPECTIVELY 
- P'ROCESS WATER ---- ~S 

Figure 2. Flow diagram for a 200 tjyr heavy water plant in Nangal 
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as water is available at Nangal at an average tempera
ture of 22 °C, the cold temperature is fixed at 30 °C 
and the hot tower temperature is accordingly fixed 
at 130 °C as an optimum value [4, 5]. On the other 
hand, in Bihar these towers will have to be operated 
at 35 °C and 135 °C because of the higher temperature 
of the water. 

Pressures 

The operating pressures have been fixed at a slightly 
lower pressure than the liquefaction pressure of H2S 
for cold tower temperature. As the maximum pressure 
favours the throughput, the operating pressure at Bihar 
is higher than that at Nangal, so that a decrease in 
production rate due to higher operation al temperature 
of the cold tower is partially compensated. 

Liquid/gas ratio 

The ratio of liquid to gas in the cold tower has been 
fixed in such a way that the number of plates is 
approximately the same in the cold and hot towers, 
which is necessary for an optimum plant volume for 
any stage. 

Stream factor 

The stream factor for Nanga! is assumed to be 
7 200 hours per year as against 7 500 hours in Bihar. 
This 300 hours reduction in stream factor is allowed 
for maintenance in the electrolysis plant. If an addi
tional spare cell line in the electrolysis plant were 
available, the stream factor could be increased to 
7 500 hours per year. 

COMPARISON OF THE TWO SCHEMES 

Important technical data such as temperatures, 
pressures, gas ratio, flows and recoveries are given in 
Table 1. 

Staging of the columns in the H2S-H20 plant for 
both the schemes are varied to suit individual require
ments. In both cases, however, the enrichment of the 
water in the first stage is fivefold as this figure has 
been found to be the optimum for this process. It can 
be seen from Table 1, that gas flows are higher for 
Nanga! than for Bihar in spite of the fact that higher 
gas flow rates, necessitated by higher operating tem
peratures and pressures are required in Bihar. This is 
due to the following : 

(a) Leakage of the enriched water in an electrolysis 
plant or carry-over of rich vapours requires more 
feed containing a higher deuterium concentration. 
This increases the liquid as well as the gas rate in 
H2S-H20 plant. 

(b) The low stream factor at Nanga! requires a 
higher flow per unit of time and, therefore, corres
pondingly an increase in the size of H2S-H20 plant. 

P. G. DESHPANDE ef a/. 

The cost of coal at Nangal is higher, due to heavy 
transportation charges, than in Bihar. 

ESTIMATION OF CAPITAL AND OPERATING COST 

Capital cost 

Capital costs are calculated on the basis that the 
largest portion of the equipment, including exchange 
towers and heat exchangers, will be fabricated in 
India while most of the rotating machinery such as 
compressors, boosters, pumps and other important 
items and materials such as valves, stainless steel, 
instruments etc. will be imported. The cost of modi
fication of the hydrogen distillation plant is estimated 
at Rs.5 lakhs and is added to the actual cost of the 
existing plant. As the specific location of the plant 
in Bihar has not been selected, the costs of site deve
lopment, housing colony etc. have not been taken into 
consideration. 

Operating cost 

The cost of materials and utilities at Nanga! are 
based on the actual cost whereas those for Bihar 
have been estimated. Depreciation is assumed to be 
14% of the capital cost. The capital and operating 
costs for the two schemes are given in Table 3. 

Table 3. Estimated cost of production 
for a 200 tjyear heavy water plant 

Nanga! Scheme Bihar Scheme 

Capital investment (in lakhs of 
rupees) 

H 2S-H20 plant . . . . . . 
Water distillation plant . . 
Hydrogen distillation plant 

Existing .. 
Additional . . . . . . 

Total 

Estimated cost of production per kg. 
n.o: 

Direct operating cost: 
Services : 

Cooling water . . 
Electricity . . . . 
Cost of fuel (coal) . 

Raw materials : 
Process water. . . 
H 2S ...... . 

Wages and overheads 
Maintenance materials . 

Depreciation at 14% (per kg. D 20) 

Total cost of production per kg. 
D 20 ............ . 

1 800 
100 

240 
5 

2 145 

0.9 
10.8 
58.3 

13.9 
2.2 

12.1 
23.8 

122.0 
($25.6) 

166.0 

288.0 
($60.5) 

1 900 
100 

2000 

1.1 
15.4 
18.1 

13.9 
2.2 

11.0 
22.0 

83.7 
($17.6) 

154.0 

237.7 
($49.9) 
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CONCLUSION 

A comparison shows that the capital costs for both 
the sites are about the same and that the fuel cost, at 
a given location, mainly determines the final cost of 
the heavy water produced. Under the circumstances 
when coal is the only available fuel, a suitable location 
at a developed site in an industrial area in Bihar will 
definitely have an advantage over Nangal. If, however, 
gas is available at Nanga! from Jawalamukhi, so that 
the fuel cost for one million BTUs delivered to the 
process plant is about Rs.l.25, the cost of production 
at both sites will be comparable. 
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Aj753 lnde 

Considerations techniques et economiques 
sur Ia production de 200 tonnes d'eau lourde 
par an en lnde 

par P. G. Deshpande el a/. 

Le memoire expose les considerations techniques et 
economiques qui se rapportent a un programme de 
production de 200 tjan d'eau lourde en Inde, avec du 
charbon de qualite moyenne comme source principale 
de chaleur, l'usine etant implantee pres d'une mine de 
charbon ou une laverie de charbon. Dans le procede 
que !'on envisage pour cette usine, on se sert de 
l'echange de H2S-H20, a deux temperatures, pour 
I 'enrichissement prealable, suivi par Ia distillation 
d'eau pour I'enrichissement final, jusqu'a l'eau lourde 
de qualite exigee pour le fonctionnement du reacteur. 
L'implantation de l'usine pres d'une source de combus
tible a bon marche a une grande influence sur les frais 
de production car les frais relatifs a 1 'energie constitue 
la plus grande partie des frais d 'utilisation de ce procede. 

On a evalue les frais qu'entrainera !'extension de 
l'usine actuelle d'eau lourde (14 tjan) a Nanga! pour 
permettre une production de 200 tjan par enrichisse
ment prealable de !'alimentation aux electrolyseurs 
au moyen d'un procede d'echange de H2S-H20 et 
1 'installation de capacite additionnelle au stade de 
I 'enrichissement final de Ia distillation d 'hydro gene. 

Une comparaison des frais d'utilisation pour ces 
deux usines montre que I 'implantation de I 'usine pres 
d'une mine de charbon ou d'une laverie de charbon 
permettra d'abaisser le cout de l'eau lourde. 

A/753 HHAHR 

TexHHLfeCKHe H 3KOHOMHLfeCKHe coo6-

pameHHfl no npOH3BOACTBY 8 ~HAHH 
200 m/zoiJ Tflmeno~ BOAbl 

n. f. ,D,ewnaHAe et a[. 

B i'W:KJia~e o6cymp;aiOTCH Texnnqec:Kne n :mo

HoMnqec:Kne coo6pamennn no npon3BO)I;CTBY B 

11np;nn 200 r/zo{) THmeJioii: BO)I;hl c ncnoJib30BaHn

eM HH31\0COpTHhiX yrJieii: B :Ka'leCTBe OCHOBHOfO 

MCTO'IHH:Ka TeiiJia )I;JIJI CHCTeM IIpH YCJIOBHH pac

JIOJIOmeHHH 3aBO)I;a B6JIH3H yrOJibHOM IIIaXThl HJIII 

o6oraTHTeJihHOM <fJa6pH:Kll. J1pHeMJieMhiH )I;JIH Ta

HOI'O 3aBO)I;a npo~eCC COCTOHT B npe)J;BapnTeJibHOM 

o6ora~ennn nyTeM p;ByxTeMnepaTypnoro o6MeHa 

H2S - H20, nocJie qero cJie)J;yeT ,!J;HCTHJIJIH~HH 
BO)J;hi )J;JIH o:KoH'laTeJihHoro o6ora~eHHH THmenoii 

BO,!J;hi peaHTopHoM 'IHCTOThi. IIoc:KOJih:KY CTOHMOCTI, 

:lHeprnn COCTaBJIHeT 3Ha'IHTeJihHYIO 'laCTb <l:KCIIJIY

aTa~HOHHhlX pacxo)J;oB )J;JIH aToro upo~ecca, pac

nonomenne 3aBo)J;a B6JIH3H ncTO'IHH:KOB )J;eiiieBoro 

TOITJIHBa nMeeT Bamnoe 3Ha'leHne npn o~emw 

CTOHMOCTJf llpOH3BO)J;CTBa. 

Onpe)J;eJieHbi opneHTnpoBO'IHLie 3aTpaThl Ha 

pacrnupenne cy~ecTByrou~ei1 ycTaHoB:Kn no npo

lt3BOACTBY THil\eJIOM BO)I;bl (npOH3BO)J;HTeJihHOCTh 

14 r/zoiJ) B Hanrane p;o npon3BOJ!HTeJibHOCTil 

200 r/zoiJ nyreM npe)J;BapnreJihHoro o6ora~eHHH 
nocrynaro~eii B 3JieHTpOJIH3epbi BOAhi npn noMo

HVI o6MeHHoro npo~ecca H2S - H20 n o6ecne'le

IUfH )I;OllOJIHHTeJihHOll 1IpOH3BO)J;HTeJibHOCTH Ha KO

He'lHOM CTa)J;IUI )J;JICTIIJIJIH~HII BO)J;Opop;a. 

CpaBHeHne 31\CIIJiyara~noHHhiX pacxo)J;OB iJ.•lR 
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:nHX .lWYX YCTaHOBOK ITOKa3biBaeT, 'lTO ycTaHOB

Ha, pacnoJJOii\eHHaH B6mt3H yroJJbHoii maxThi nJJn 

o6oraTHTeJihHOM <fJa6pU1\H, II03BOJIHT IIOJIY'IHTf> TH

meJiyiO BO~y IIO OOJiee HH3KOii CTOJIMOCTH. 

Af753 India 

Consideraciones tecnicas y econ6micas rela
tivas a Ia producci6n de 200 t anuales de agua 
pesada en Ia India 

por P. G. Deshpande ef a/. 

En la memoria se examinan las consideraciones 
tecnicas y economicas relativas a la produccion de 
200 t anuales de agua pesada en la India, utilizando 
carbon de mediana calidad como fuente principal 
de energia para una fabrica a situar en las proximidades 
de una mina o de un lavadero de carbon. El procedi-

P. G. DESHPANDE ef a/. 

miento que se seguini sera el de intercambio H 2S-H20 
a dos temperaturas para el enriquericimiento previo, 
seguido de destilacion del agua para su enriquecimiento 
final basta obtener agua pesada para reactores. Dado 
que el costo de la energia representa la parte mas 
importante de los gastos de obtencion del agua 
pesada, la localizacion de la fabrica en las proximi
dades de una fuente de combustible economico 
repercute sensiblemente en el costo de produccion. 

Se ha calculado lo que costaria ampliar la actual 
instalacion de produccion de agua pesada (14 t anuales) 
de Nanga! para obtener 200 t anuales enriqueciendo 
previamente por el proceso H 2S-H20 el agua para el 
proceso electrolitico y aumentando Ia capacidad en 
la fase de enriquecimiento final por destilacion del 
hidrogeno. 

La comparacion de los gastos de explotacion de 
estas dos instalaciones muestra que Ia situada en 
las proximidades de una mina o lavadero de carbon 
producira agua pesada a un costo mas reducido. 
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Analysis of operating 
distillation plant 

experience of a hydrogen 

By D. C. Gami and A. S. Rapial * 

Production of heavy water by the distillation of 
hydrogen has evoked considerable interest among 
research workers in various countries [1]. The feasi
bility of using this process has been actively considered 
for more than 20 years [2]. Five plants have been 
built [3-7] based on this process. Some data have been 
published on the process and the design of equipment. 
The purpose of this paper is to provide operational 
data in respect of the plant at Nangal. 

PROCESS 

The process in simplified form is shown in Fig. 1. 
The feed gas, after compression, is passed through 
Evasil and Deoxo at a temperature of 67 ac to re
move potassium hydroxide and oxygen respectively. 
The gas is then transferred to regenerators where it 
is cooled to a temperature of 65 oK, it is then cooled 
to 30 oK in a second set of regenerators during which 
process practically all of the impurities are also re
moved. The purified feed hydrogen then passes into 
the triple distillation column where it is enriched to 
2-4% HD. This is then fed to the hydrogen deuteride 
(HD) column, where it is further enriched to nearly 
100% HD. This gas is wa~med to room temperature 
and converted to an equilibrium mixture of HD, 
D2 and H2 by passing it through a Deoxo type M 
catalyst. The mixture, after cooling, is fed to the 
deuterium (D2) column for further enrichment to 
99.98% D2• The D2 is catalytically reacted with pure 
oxygen to produce 99.9% heavy water vapour which 
is condensed by ammonia cooling. The heavy water 
is put into stainless steel drums under an atmosphere 
of pure oxygen after it has been analysed for pH, 
conductivity and deuterium concentration by con
tinuously recording instruments. 

PRODUCTION HISTORY 

Trial runs including tests of the individual units 
were started in February 1962 and the plant as a 
whole was started on 20 July 1962. Fig. 2 shows the 
production as a function of time. The output up to 
December 1962 was below normal as the entire ferti-

* Atomic Energy Establishment, Trombay. 
Work carried out at the Heavy Water Plant, Fertilizer 

Corporation of India, Nanga! (Punjab). 
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lizer factory, of which the heavy water plant forms a 
part, was operating at only two-thirds capacity. The 
plant was shut down in early October 1962 for inspec
tion prior to conducting guarantee tests. For this 
purpose it was warmed to room temperature and all 
the equipment was thoroughly inspected. Some minor 
modifications were carried out at this stage. The plant 
was restarted towards the end of October 1962; 
but had to be shut down again due to a fire caused 
by leakage of the high pressure hydrogen into the 
atmosphere. It was in continuous operation from 
December 1962 to September 1963 except for shut
downs of short duration due to water and power 
failures. In September 1963 it was suspected that the 
main bearings of the hydrogen recycling compressor 
were showing signs of wear. To check this and to 
carry out an annual maintenance, the plant was shut 
down. It was restarted towards the end of October 
1963 and has been running smoothly since then. The 
variations in monthly production are due to fluctuations 
of load in the fertilizer factory and maintenance in 
the heavy water plant. 

OPERATIONAL DIFFICULTIES 

Difficulties encountered during the first 20 months 
of the plant's operation are given in a separate re
port [8]. The major difficulties are discussed below: 

Choking of liquid nitrogen line and instrument impulse 
lines 

Soon after the plant was started, the level indicators 
and the vacuum gauges on the vacuum nitrogen system 
stopped functioning. On investigation it was found 
that the temperature of that portion of the cold box 
through which the liquid nitrogen line passed, was 
below the freezing point of nitrogen. The vacuum N2 

system had, therefore, to be stopped. The nitrogen 
lines were re-routed and the impulse lines were jac
ketted and warm hydrogen circulated round them to 
prevent their freezing. 

Choking of the heat exchanger between the HD 
and D2 columns and the feed line to the D2 column 

The heat exchanger and the feed line to the D2 

column were found to choke periodically. It was 
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Figure 2. Production as function of time 

suspected that air was diffusing into the HD gas holder 
through the rubber seal. Moreover, some minute 
leaks were detected on the HD compressor cylinder 
head flanges which permitted the seepage of the 
cooling water. Moisture was solidifying in the ex
changer and air was solidifying in the feed line to the 
D 2 column. These difficulties were completely elimi
nated by by-passing the HD gas holder and running 
the compressor directly on the HD column and by 
lowering the cooling water level below that of the 
cylinder flange. 

Deposition of solid nitrogen and oxygen in the piping, 
valves and equipment at very low temperature 

Nitrogen and oxygen in the hydrogen gas cannot 
be fully eliminated in any purification system. The 
residual nitrogen and oxy&en can, therefore, give 
trouble when they are deposited in cold regions. We 
have experienced such difficulties in the non-return 
valves of the cold regenerators, in the expansion valve 
of the feed hydrogen and in the valve leading from 
the low pressure (LP) column to the HD column. 
It was found that solid nitrogen/oxygen did not stick 
to the metal and could be easily blown off by mecha
nical manipulation of the valve spindle. 

The amounts of residual oxygen and nitrogen depo
sited in the cold regions determine the period for 
which such a plant can be continuously operated. 
A smooth and continuous operation of the plant over 
a period of 10 months has indicated that these solids 
are deposited uniformly throughout the plant rather 
than at one spot. Heavy choking was not, therefore, 
observed at any time. Another factor of importance 
in this connection is the quantity of oxygen which can 
be safely stored with the hydrogen at liquid hydrogen 
temperatures. From analyses it has been estimated 
that a maximum of 1.1 kg of oxygen and 6.5 kg of 
nitrogen are deposited in the plant in a month. On the 
assumption that the oxygen in the cold parts can 
combine stoichiometrically with the available hydro-
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gen, the explosion potential of such accumulation 
over a period of one month, calculated by the formula 
given in NASA Hydrogen Safety Manual [9], is 
equivalent to that of 1.15 kg TNT. However, even if an 
explosive mixture of oxygen and hydrogen is present 
in the colder part of the equipment, the chances of an 
explosion occurring are remote in the absence of a 
source of ignition. Nevertheless, the situation is poten
tially dangerous. The period for which a plant can 
be run continuously under such conditions is deter
mined by safety considerations. At Nanga! it has been 
decided to derime the entire plant once a year. 

Deuterium oxidation system 

The oxidation of deuterium into heavy water is 
carried out with the help of a Deoxo catalyst. This 
type of catalyst is commonly used in industry for the 
purification of hydrogen as well as oxygen. At Nanga!, 
this system has worked very smoothly except for 
three occasions when the D 2 gas ignited to produce 
flames. A flame, however, is produced only in the 
mixing zone, before the mixture of D2 and 0 2 enters 
the catalyser. It immediately creates a vacuum in the 
system as a result of the rapid consumption of oxygen. 
The fall in pressure reduces the oxygen flow which 
immediately actuates the magnetic valves in the deu
terium and oxygen lines, shutting them off in less than 
a second. Nevertheless, the heat of the flame is so 
intense that the entire mixing zone becomes red to 
white hot. A flame can occur at the time of the start-up, 
due to inadequate preheating or improper mixing. 
Since a proper mixing of D2 and 0 2 is not easy to 
achieve, the D2 in 0 2 is limited to 1% even though the 
catalyser is designed to work at 4% D2 in 0 2 • 

TECHNICAL STUDIES 

The size of the distillation columns and the re
quirements of reflux and refrigeration determine the 
capital and operating costs of a hydrogen distillation 
plant. The purification of hydrogen was once con
sidered to be a major problem. But it can now be easily 
done by adsorption on silica gel at liquid nitrogen 
temperature or by regenerators or by reversible heat 
exchangers. Silica gel and cold regenerators seem to 
be equally efficient for the removal of oxygen and 
nitrogen" The residual oxygen and nitrogen, after 
purification in both the systems, vary between 0.05 
to 0.15 ppm and 0.1 to 0.6 ppm respectively. 

Refrigeration and power consumption 

An analysis of power consumption has revealed 
that 19% of it is consumed in the compression of the 
feed stream, 45% in the hydrogen recycling stream 
and 36% in the refrigeration system. Distillation cal
culations have shown that the necessary separation 
of HD + H2 can be achieved with a lower reflux. 
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There is, therefore, a possibility of saving power by 
a reduction in the hydrogen recycling flow. 

Feed hydrogen and recycled hydrogen absorb heat 
from the N2 system at 80 OK and 65 °K. This refrigera
tion is required to meet thermal losses in the cold 
box. All heat losses can be determined except those 
due to ortho-para conversion and an ingress of heat 
through the insulation. The latter can be calculated 
by subtracting calculated heat losses from the refrigera
tion required as shown in Table 1. 

Table 1. Data on heat leakage and refrigeration 
required 

A. Heat leakage 

Warm end enthalpy difference for 5 500 
m3 of feed hydrogen/h (STP) . . 

Warm end enthalpy difference for 7 500 
m3 of recycled hydrogen/h (STP) 

Production withdrawal . . . . . . 
Regeneration of nitrogen adsorber (average) . 
Purge hydrogen 
Purge nitrogen . . . . . . . . . . . . . 

B. Refrigeration required 

5 500m3 of feed hydrogen/h (STP) at 65 oK 
7 500 m3 of recycle hydrogen/h (STP) at 65 OK 
7 500 m3 of recycle hydrogen at 80 oK (STP) 

C. Heat leakage due to insulation and ortho-para 
conversion 

kcal/h 

3 900 

11 300 
300 

2300 
800 
800 

19 400 

5 000 
Nil 

22000 

27 000 

B - A (27 000 - 19 400) . . . . . . . . . . . 7 600 

Detailed calculations of the refrigeration balance 
have revealed that 2 800 kcal/h of refrigeration were 
lost due to a very low temperature at the warm end 
of the vacuum N2 system. The enforced shut down of 
the screw compressor has indicated that the refrigera
tion requirement could be adequately met without a 
supply from the vacuum N2 system. 

A systematic plant study was, therefore, undertaken 
to find out the minimum power consumption with or 
without a vacuum N2 system and with a varying flow 
of recycled H2. 

When observations were made with the vacuum 
nitrogen system in operation and with a gradual 
reduction of recycled H2, it was noticed that both 
the power consumption and the refrigeration supply 
from the nitrogen system were progressively decreasing 
until a recycle flow of 6 000 m3/h (STP) was reached. 
Below this rate of flow, the refrigeration supplied by 
the N2 system remained constant possibly because the 
reduction in the refrigeration was transferred to the 
ammonia system which operated at a lower tempe
rature. This may perhaps be due to the limitations of the 
heat exchange equipment. By the provision of a valve 
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to by-pass the high pressure hydrogen from the nitro
gen evaporator, it may be possible to reduce the load 
on the nitrogen system and to increase the load on the 
NH3 system and thus supply refrigeration still more 
economically. 

When observations were made without the vacuum 
nitrogen system, the maximum permissible pressure 
in the recycled hydrogen compressor was found to be 
a limiting factor. It was, therefore, not possible to 
reduce the flow below 6 000 m3/h (STP). 

Operation of the plant with a low reflux and refri
geration presents difficulties. As the reflux and refri
geration are reduced, operational flexibility is also 
reduced and additional vigilance is required by 
operating personnel. Particularly, the D2 column 
operation changes due to a reduction in its reboiler 
and reflux requirements. 

The present recycled H2 compressor is not equipped 
with a continuous unloading device. Though, theore
tically, it is possible to use suction unloaders to control 
the flow, in practice it has been found that the dis
charge pressure of the first stage fluctuates due to use 
of the unloaders for flow control. Moreover, a re
duction in the flow increases the amplitude of vibration 
in the compressor. No such difficulty was observed 
in the N2 compressor when the flow was controlled 
through such unloaders. 

Thus a compromise has to be obtained between the 
maximum operating flexibility, power consumption 
and maintenance. The best compromise at Nanga! 
would be to run the plant without a vacuum system 
and with the reflux reduced to 6 200 m3/h (STP). 
This will allow a reduction in the power consumption 
to the extent of 4 200 kWh/d without sacrificing opera
tional flexibility of the distillation column or increasing 
maintenance on the compressor. If a proper control 
device is introduced, there will be a further reduction 
of 1 800 kWh/d. 

Distillation 

The low pressure column is 1 250 mm in diameter 
with a 400 mm hollow shaft for supporting 65 plates. 
Of these, 25 are bubble-cap plates below the feed 
point, and 40 sieve plates above the feed point. The 
feed concentration to the LP column is 2 800 ppm HD. 
The reflux ratio is estimated to be 0.82 above the feed 
point and 1.0 below the feed point. The HD column 
is 400 mm in diameter with a 125 mm hollow shaft. 
There are 44 plates with the feed at the top. The 
depleted gas from the D2 column enters the HD 
column between the 14th and the 15th plates. The D2 

column is 150 mm in diameter with 80 bubble-cap 
plates. The feed is introduced between the 46th and 
the 47th plates. 

The number of theoretical plates for the triple 
column was determined by using the following 
formula: 
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No. of theoretical plates above the feed plate= n 

( y + Bn) I n = log 1 + Bn log a 

where 

Y= Xr 
aX0 

B 
Bn=-

a-1 

La 
a=v 

L 
B = 1--

V 

No. of theoretical plates below the feed plate = m 

m _ 
1 

= log [ ( ~- 1 ) I ( Bm · ~: · Xr- am)] 
log am 

where 
Lm 

Am= Vm; am= Ama 

p 
Bm=-~--

Vm(a-1) 
Xr = Concentration of HO in feed 
X0 = Concentration of HO in depleted stream 
Xp = Concentration of HO in product 
L = Mols. of liquid 
V = Mols. of vapour 
a = Relative volatility of volatile components 

These formulae are based on the usual assumptions 
as in the Maca be-Thiele calculation, and the equili
brium relationship is assumed to follow X/ Y = a 
up to 3% HO concentration. The plate to plate cal
culations are made for higher concentrations. 

The values of a published by Wolley et a! [10] 
have been used, after making the necessary corrections 
for non-ideality [11]. 

The calculations have shown that the over-all plate 
efficiency was 35-40%. This low figure was attributed 
to an under utilization of the column. This was con
firmed by two methods: (a) by gradually increasing 
the concentration of the LP column product to 21% 
HO, which is by no means the maximum possible, 
without affecting the concentration of the depleted 
stream; and (b) by enriching the feed concentration 
from the normal 600-800 ppm HO to 3 300 ppm HO. 
This was done by injecting pure HO into the feed 
stream and raising its concentration. Both the triple 
and the HO columns were operated under these 
conditions for a period of 48 hours by feeding an 
enriched gas containing, on an average, 3 300 ppm of 
HO. The concentration in the LP column product 
was 11.5% HO, in the depleted stream 5 ppm HO and 
in the HO column 98% HO. The study has revealed 
that the overall plate efficiency for these columns 
could be at least 50%. This is better than the 30-35% 
efficiency reported by Malkov et a!. [3] and compares 
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favourably with the correlation reported by Timmer
haus [12]. 

Assuming a plate efficiency of 50% and the full 
quantity of reflux, it was calculated that 5 500 m3/h 
(STP) of feed hydrogen, containing 12 000 ppm HO, 
could be separated in the primary and HO columns 
to obtain a product containing 95% HO and 5% H2• 

The depleted gas leaving the primary column would 
contain 60 ppm HO. This means that it could produce 
the equivalent of 200 tonnes of heavy water per 
year. 

A study of the 0 2 column efficiency is rather diffi
cult as (a) the vapour/liquid flows for the column 
cannot be estimated reliably, (b) a large quantity of 
HO is not available for feeding into the 0 2 column 
and (c) the limitation on the capacity in the 0 2 oxida
tion system. For the latter two reasons it is not possible 
to study the 0 2 column experimentally. The only 
feasible course was to make a theoretical study assum
ing that the ·characteristics and the efficiency of the 
0 2 column would be similar to that of the HO and the 
primary columns. These assumptions, however, may 
not be absolutely correct as the 0 2 column has bubble
cap plates, whereas the other columns have sieve 
plates in the stripping section and bubble-cap plates 
in the enriching section. It was further assumed that 
the heat transfer coefficient in the reboiler of the 0 2 

column would be the same as that calculated from the 
correlations for reboilers of the HO and the primary 
columns. From the known heat transfer area and 
temperature difference across the reboiler, the total 
heat transfer from the reboiler, and hence the vapour 
flow in the 0 2 column, was calculated and found to be 
56 m3jh (STP). Moreover, assuming that the pattern 
of flow in all the columns would be similar, the vapour 
flow in the 0 2 column was calculated from the known 
pressure drop per plate in the 0 2 column. This calcu
lation showed the vapour flow to be 64 m3/h (STP). 
Assuming an average vapour flow of 60 m3/h (STP), 
50% over-all plate efficiency, a feed concentration of 
22.5% 0 2, 50% HO and 27.5% H2 and a product 
concentration of 99.98% 0 2, it was found that the 
0 2 column could produce a maximum of 6 m3 0 2/h 
equivalent to about 40 tonnes of heavy water/year. 

The columns have also been studied from the point 
of view of reflux duty. They have been operating 
satisfactorily with as high as 5 900 m3/h (STP) of 
feed at a full reflux of 7 500 m3/h (STP) of hydrogen. 
Under these conditions, however, it was found 
that the operating pressures of the columns were 
quite high and, perhaps, the maximum possible in 
the Nanga! plant. Thus, a total flow of 13 400 m3/h 
(STP) can be handled in the present column. This 
can be suitably divided into reflux and feed depending 
upon the feed concentration. The columns have also 
been operated at as low a flow as 2 800 m3/h (STP) of 
feed and 5 500 m3/h (STP) reflux. They operate 
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smoothly at this load provided the refrigeration 
system, column levels, and pressures are adjusted 
suitably. 

The operating experience and the above mentioned 
calculations show that hydrogen distillation is an 
extremely flexible process from the operational point of 
view. Even when the feed gas is not available for 
processing, a plant can be maintained in steady state 
conditions for a maximum period of 10-12 hours, and 
for an indefinite period if make-up hydrogen and 
nitrogen are available to supply the normal loss from 
the plant. 

Heat transfer coefficient 

The calculations of the heat transfer coefficients for 
the reboilers and condensers of the various distillation 
columns have yielded some interesting results. The 
heat transfer coefficients have been measured with 
varying liquid levels and temperature differences 
between the reboiler and condensers. The limitations 
of these measurements in an operating plant are (a) 
the liquid level cannot be varied over a wide range; 
(b) the liquid level (heat transfer area) and !1T are 
inter-related, and (c) those tubes not covered by 
liquid may also contribute to the heat transfer. Thus 
at low levels we can get only the apparent heat transfer 
coefficients. The data have been obtained over a long 
period at varying feed and reflux conditions. The 
data for the primary column reboilers and the con
densers are plotted in Fig. 3. The coefficients of heat 
transfer obtained are much higher than those reported 
by Timmerhaus [12] and Malkov [3]. However, a 
later study by Drayer and Timmerhaus [13] indicates 
values of the same magnitude as those obtained at 
Nanga!. 
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PLANT FLEXIBILITY 

The plant is laid out in a single line except for the 
provision of two 50% capacity feed compressors and 
one standby each for the HD and screw compressors. 
It has been found that all running equipment, except 
the recycled H 2 compressor in the plant, can be shut 
down for varying periods without affecting plant 
operation. The N 2 compressor can be shut down for 
about an hour, the ammonia compressor for about 
4 hours and one of the feed compressors, as well as 
both the screw compressors, for an indefinite period. 
The HD compressor and the D 2 oxidation system can 
be shut down for 3 days during which time the pro
duct can be stored in the columns and can be tapped 
off at a higher rate later on. 

In the pre-cooling section, pairs of exchangers have 
been provided, so that if one of the exchangers 
chokes up the other can be put in line without shutting 
down the plant. Silica gel driers have been provided 
at the end of the pre-cooling section to ensure that a 
properly purified gas enters the cold box. These can 
be by-passed for 3 days without any adverse effect. 

No standby equipment has been provided in the 
cold box except an H 2 liquefier after the Joule Thomp
son expansion valve. A liquid hydrogen wash column 
is provided after the cold regenerators to remove any 
solid nitrogen or oxygen carried over from the feed 
gas. However, it has not been found necessary so far 
to use this device. 

Three nitrogen adsorbers have been provided, two 
working in series and one under regeneration. If 
required, one adsorber can adequately meet the needs 
instead of the two in series. All the valves on the ad
sorbers have to be leak-tight to the high pressure 
hydrogen. In view of the frequent operation and 
the possibility of the presence of silica gel dust, these 
valves might not remain leak-tight for a long period. 
It might then be necessary to operate with only two 
adsorbers. An alternative would be to shut down the 
plant, warm it up and repair these valves. As these 
valves are not easily accessible, any shut-down period 
would have to be very long. 

The empty spaces in the two cold boxes are not 
filled completely with insulation, but only in the outer 
and inner boxes to a thickness of 1.5 m and 0.6 m 
respectively. All the equipment, however, is lagged 
individually. This mode of insulation simplifies 
maintenance. 

As is characteristic of any low temperature plant, 
any maintenance required on equipment inside the 
cold box necessitates a prolonged shut-down. In the 
present plant, production loss for a minimum of25 days 
has to be allowed, if any maintenance work is to be 
done inside the cold box. Since most of the difficulties 
which may be encountered in such plants are due to 
choking, provision has been made to supply hot hydro
gen and nitrogen to all equipment, valves, etc. This 
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arrangement has been found to be useful and has been 
used on more than one occasion. 

Additional facilities 

The plant produces extremely pure H2, HD and D2 

gases. Facilities have been provided to put these gases 
under a pressure of 30 kgjcm2, into a cylinder by ad
sorption at liquid nitrogen temperature. In special 
cases the cylinders can be filled to 120 kgjcm2• 

DEUTERIUM RECOVERY AND CONSUMPTION 

The over-all recovery of D2 in the plant is 85-90/~, 
whereas the loss of deuterium due to non-recovery 
in the columns is 1 to 1.5%. The other main losses are 
(a) about 5~i,; due to loss of enriched gas during the 
pressure equalization in the warm and cold regenera
tors, (b) about 2-3% due to consumption of enriched 
gases for analytical purposes and (c) the balance is 
due to leakage of hydrogen. Any estimate of D2 

recovery is subject to an error of + 20 ppm HD in 
the analysis of the feed hydrogen representing + 3% 
of the total input of D2• 

The consumption of materials, power and other 
facilities depends upon the total quantity of the feed 
hydrogen processed and not on its HD concentration. 
Therefore, the practice of indicating it in terms of kg 
of D20 produced in a H 2 distillation plant does not 
accurately reflect the efficiency of the plant, especially 
when the feed gas is pre-enriched. If consumption is 
based on the quantity of feed hydrogen processed, it 
will be found that a hydrogen distillation plant using 
a triple distillation column combined with an orthodox 
refrigeration system employing the Joule Thompson 
expansion, will require low power consumption. This 

Table 2. Consumption of power, utilities and materials 

Unit Total Unit cost Total cost 
consumed/h Rs. Rs./h 

Power consump-
tion. kWh 2 610 0.01812 47.3 

Hydrogen ma 145 0.15 21.8 
(STP) 

Nitrogen. ma 45 0.03 1.4 
(STP) 

Cooling water 1 000 gal 81 0.054 4.4 
(imp)/h 

Oxygen ma 0.72 
(STP) 

Steam. kg. 14.9 0.2 
Ammonia kg. 0.0625 
Lubricants . litre 4.1 1.1 4.5 
Labour Rs. 59.1 

118.7 

Feed quantity . 5 400 - 5 900 m3/h (STP) 
Feed concentration . 600- 800 ppm HD 
Heavy water production. 1.4- 1.8 kg/h 
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is due to the fact that a greater hydrogen circulation 
is required when turbines are used. 

A typical consumption of power, facilities and 
materials is given in Table 2. 

SUGGESTED IMPROVEMENTS AND MODIFICATIONS 

The recovery of deltterium from the present plant 
can be improved by 2% if, during the pressurising 
period of the warm and cold regenerators, the feed 
gas is transferred to the gas holder instead of to the 
depleted system through the second regenerator. This 
improvement will be extremely valuable when a more 
enriched gas is treated in a hydrogen distillation plant. 

Hydrogen distillation plants employing different 
refrigeration and distillation systems have been in
stalled in different parts of the world. From the data 
published so far it can be said that it may not be 
possible to reduce power consumption by employing 
a system which is thermodynamically more efficient. 
It has been found that the capital cost as well as the 
power consumption are mainly dependent upon the 
quantity of recirculated hydrogen necessary for reflux 
or refrigeration. This has been reduced at Nanga! 
by employing a triple distillation column. The re
duction in the circulation gained by employing a 
quadruple column is not adequate. Attention has, 
therefore, been focused on increasing the relative 
volatility by a reduction in pressure. If a new plant 
is built, using a similar design as at Nanga!, with the 
low pressure column working under a pressure of 
0.4, the medium pressure column at 0.56 and the high 
pressure column at 0.83 kg/cm2 absolute, 1 300 m3 

(STP) of recycled H 2 will be required to process 
5 000 m3/h (STP) of feed gas. The power consump
tion will then be 1 600 kWh/h and the diameter of the 
column 1 200 mm. 

The main problem will be to prevent an ingress of 
air into the parts of equipment which are under 
vacuum. The distillation column, the sub-cooler, the 
liquefier and the cold and warm regenerators can be 
kept under a hydrogen atmosphere, as in Nanga!, 
so that even if there is any leakage, only hydrogen 
will leak in. To doubly ensure against leakage, jackets 
with a cold hydrogen circulation may be provided 
round each part of the plant. Once the gas is warmed 
to -50 ac and transferred to the pre-cooling section, 
no special precautions need be taken, except for the 
provision of bellow seal valves, as any small ingress 
of air can be removed by employing a Deoxo unit 
installed after the vacuum pump. Our present expe
rience with similar systems using nitrogen indicates that 
the ingress of air can be controlled within reasonable 
limits. 
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A(754 lnde 

Analyse de I 'experience d 'exploitation d 'une 
usine de distillation d'hydrogene 

par D. C. Gami et A. S. Rapial 

Une usine de distillation d'hydrogene pour la pro
duction d'eau lourde est en service a Nanga! depuis 
aoilt 1962. On decrit les problemes principaux qui se 
sont poses au debut de la mise en exploitation et dans 
les operations ulterieures. La consommation d'energie, 
les besoins de refroidissement, les pertes de gaz et les 
rendements de colonne ont ete analyses et on les a 
compares avec Ia litterature qu'on peut trouver dans 
ces domaines. 

En se basant sur les donnees obtenues et !'expe
rience acquise actuellement grace a }'exploitation 
de cette usine a eau lourde, on considere que des 
frais de production plus bas pourraient etre obtenus 
si la distillation d 'hydrogene etait entreprise so us 
vide. Dans le memoire sont egalement exposes 
des problemes divers susceptibles de se presenter, 
les solutions proposees ainsi que le pro jet et I 'esti
mation des frais d 'exploitation d 'une nouvelle 
usine. 

A/754 HH,D.HR 

AHaJIH3 onblra 3Kcnnyara4HH ycra
HOBKH AnR AHCTHnnR4HH BOAOPOAa 

,D.. K. raMH, A. c. PanHan 

"YcTaHOBKa AJIH IIOJIY'IeHHH T.II)KeJIOH BOALI rry

TeM AHCTHJIJIH~HH BOAOPOAa pa6oTaeT B HauraJie 
c aBrycTa 1962 roAa. OrrucaHLI ocHoBHLie rrpo6Jie

MLI, C KOTOpLIMH CTOJIKHYJIHCh BO BpeMH rrepBOHa

'laJihHOrO rrycKa H rrocJieAyrom;eii ::mcrrJiyaTa~HH 
ycTaHOBKH. AaHHLie rro rroTpe6JieHHIO ::meKTpo

aueprHH, YCJIOBHHM OXJiamAeHHH, IIOTepHM raaa If 

KoaifJ!fJH~HeHTY IIOJie3HOrO AeHCTBH.II KOJIOHHhi 

6LIJIH rrpoaHaJIH3HpOBaHLI H CpaBHHBaJIHCh C HMe

IOlll;HMHC.II B JIHTepaType AaHHLIMH. 

Ha ocHoBe rroJiy'IeHHLIX AaHHLIX H uaKorrJieH

uoro OIILITa ::lKCIIJiyaTa~HH T.II)KeJIOBOAHOH ycTa

HOBKH AeJiaeTCH 3aKJII01JeHHe, 'ITO CTOHMOCTh 1IpO

H3BOACTBa MomeT 6LITh CHH)KeHa, eCJIH IIpOBO

AHTh AHCTHJIJIH~HIO BOAOPOAa IIOA naKyyMoM. 

B HacToHm;eM AOKJiaAe rrpeACTaBJieHLI paaJIH'IHhle 

npo6JieMhl, c KOTOphiMH, BoaMomHo, rrpHAeTcH 

CTOJIKHYThCH, H B03MO)KHhie pemeHHH ::lTHX rrpo6-

JieM, a TaKme rropHAOK rrpoTeKaHHH rrpo~ecca H 

pacqeTHaH CTOHMOCTb ::lKCIIJiyaTa~HH HOBOH YCTa

HOBKH. 
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Af754 India 

Experiencia adquirida en Ia explotaci6n de 
una fabrica de destilaci6n de hidr6geno 

por D. C. Gami y A. S. Rapial 

En Nangal funciona desde agosto de 1962 una 
fabrica de destilaci6n de hidr6geno para la producci6n 
de agua pesada. Se examinan los principales problemas 
planteados por la puesta en servicio y explotaci6n 
subsiguiente de esa instalaci6n. Se estudian el consumo 

D. C. .GAMI and A. S. RAPIAL 429 

de energia electrica, las necesidades en materia de 
refrigeraci6n, los escapes de gases y el rendimiento 
de las columnas, y se comparan con los datos facili
tados en publicaciones sobre esta materia. 

A juzgar por los datos obtenidos y la experiencia 
adquirida con la explotaci6n de la fabric:!, se considera 
posible reducir el costo de producci6n si la destilaci6n 
del hidr6geno se efectua al vacio. En la memoria se 
examinan diferentes problemas que suelen plantearse 
y se proponen las soluciones correspondientes; 
tambien se expone el diseiio de una nueva instalaci6n 
y se calculan los gastos que su explotaci6n entraiia. 
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Separations 
realisations 

physico-chimiques d'isotopes stables 
productions et etudes de petites 

par F. Botter, P. Molinari, G. Dirian * 

N ous passerons successivement en revue : 
a) Des realisations concernant Ia separation des 

isotopes de 1 'hydrogene par diffusion thermique et par 
chromatographie; l'enrichissement du xenon I24 par 
diffusion thermique; 

b) Des etudes en vue de l'enrichissement du lithium 6 
ou 7 par echange chimique et par echange sur resines 
echangeuses d 'ions et du calcium 46 par electromigra
tion en milieu sels fondus. 

SEPARATION DES ISOTOPES DE L'HYDROGENE 

Diffusion thermique (P. Molinari) 

u ne installation a ete realisee permettant de pro
duire du tritium de purete elevee (90-100 %) a partir 
d 'un melange dont Ia teneur atomique peut varier 
entre 5 et 30% selon l'origine [I-3]. 

Elle peut servir aussi a preparer du deuterium tres 
riche (95 a .IOO %) ou de l'hydrogene tres appauvri 
en deuterium (moins de O,I ppm) et en tritium (non 
mesurable). 

Considerations techniques 

a) Le rayonnement beta du tritium** oblige a placer 
1 'installation dans une enceinte etanche, en depression 
et puissamment ventilee. Elle est entierement telecom
mandee; le risque d 'absorption de tritium par des 
operateurs, en cas de fuite de I 'installation, est done 
minimal; 

b) Le comportement des materiaux habituellement 
inertes vis-a-vis de I 'hydrogene (huiles, graisses plas
tiques) a ete examine du point de vue des reactions 
chimiques qui se produisent en presence de tritium. 
Ces reactions provoquent une dilution et une contami
nation du tritium et modifient les caracteristiques phy
siques des materiaux constituant les clapets et les 
joints. 

* Commissariat a l'energie atomique, CEN, Saclay. Ces 
travaux doivent beaucoup ala participation de Mme S. Grunspan 
et F. Menes, E. Saito et J.-M. Lerat, et ils ont ete effectues 
sous Ia direction generale d'E. Roth. 

** La radioactivite du tritium pur est voisine de 2 500 Ci/1 
TPN et Ia dose de tolerance de tritium dans !'air pour une journee 
de 8 h de travail est de 5 x I0-6 Cijm3 • 

430 

L'utilisation de vannes a souftlet a clapet en Kel-F, 
et de joints metalliques semble avoir reduit ces incon
venients. 

Entin, toute Ia construction metallique bridee ou 
soudee est en acier inoxydable. 

Separation du tritium 

Elle se fait a !'aide d'une cascade dont on trouvera 
figure I les caracteristiques. 

Cette cascade opere a debit quasi continu, et les 
operations automatiques de soutirage et d'alimenta
tion ne font varier sa pression que du I/25 autour de 
Ia valeur de I atm. 

Le stockage des produits d'alimentation, preala
blement epures de !'helium qu'ils contiennent, et par
fois de production, se fait sur charbon actif pouvant 
adsorber a Ia temperature de !'azote liquide IO I de 
gaz par litre de charbon avec une pression residuelle 
de I Torr. 

Le gaz epuise en tritium, s'il n'est pas Stocke, peut 
etre rejete a ]'atmosphere. 

L'introduction et le prelevement des gaz de !'instal
lation se font par detente entre des pressions comprises 
entre 6 atm et le vide a travers des tubes capillaires de 
0,4 mm de diametre. Dans la cascade, le deplacement 
du gaz est realise au moyen de thermosiphons. 

Pour pouvoir traiter des gaz d'alimentation de 
titres differents, trois points d 'alimentation ont ete 
prevus qui permettent d 'utiliser au mieux le facteur 
d'enrichissement, ega! a IQ1°, assure en regime par Ia 
cascade entre l'extremite riche et I'extremite pauvre. 

Separation du deuterium 

On a pu recuperer a une teneur comprise entre 
95% et IOO% le deuterium que contenaient des me
langes avec de 1 'hydro gene a un titre voisin de 30 %. 

Production d'hydrogene tres pauvre en deuterium 
ou en tritium 

Une telle production a ete obtenue en n'utiiisant 
que Ia moitie de Ia longueur de Ia cascade, a partir 
d 'hydro gene con tenant 32 ppm de deuterium. La 
teneur en deuterium etait inferieure a 0, I ppm; celle 
en tritium n'a pu etre mesuree 
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Figure 1. Separation des isotopes de I 'hydrogime 
par diffusion thermique 

Nombre de colonnes en serie ..... 
Circulation de gaz par thermosiphon 
Longueur (2 x 240 em + 2 x 360 em) 

Section d'enrichissement . . . . . . 
Section d'epuisement . . . . . . .. 

Fil chaud : 
Diametre ............ . 
Temperature. . . . . . . . . . . 
Matiere .. 

Tube froid : 
Diametre. 
Temperature 
Matiere .. 

Electricite (courant redresse) 
Intensite . . . . . . . . 
Voltage ........ . 

Pression de fonctionnement . 
Retenue gazeuse (y cqmpris les thermo-

siphons) . . . . ...... . 
Concentration : 

Alimentation 
Production . . 
Rejet .... 

Deulerium 

25 < XA < 35 
95 < Xp < 99,9 

< 10 ppm 
Debit de production maximal . . . . 

4 

1 200 em 
360 < L < 600cm 
600 < L < 840cm 

0,08 em 
1 000 °K 

Nichrome V 

3 em 
288 a 300 °K 

Acier inox 

15 A 
30 V/m 
1 atm 

12 I (TNP) 
Tritium 

5% < XA < 20% 
91 % < Xp < 99,3 % 

10 ppm 
1 1/j < D < 10 1/j 
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Les mesures 

L'etablissement des bilans-maW:res precis exige 
a) Des mesures de pression, volume, temperature 

les pressions sont mesurees a ± 1 % en 10 points de 
]'installation au moyen de capteurs de pression absolus 
ou differentiels et sont enregistrees; 

b) Des analyses isotopiques de deux types :premiere
ment, de fa9on continue, au moyen de cellules de 
conductibilite thermique, on compare la teneur du 
gaz du niveau d'une colonne avec celle du gaz d'ali
mentation d'un autre niveau de la colonne (fig. 1), et, 
deuxiemement, de fa90n discontinue, des echantillons 
preleves en quatre points de l 'installation sont analyses 
par spectrometrie de masse ou par chambre a ionisa
tion avec une precision de ± 0,5 %. 

L'erreur sur les bilans est alors de + 2%. 

Chromatographie (F. Botter) 

Nous avons separe les isotopes de l'hydrogene par 
chromatographie frontale et par deplacement de bande 
sur des masses palladiees. Ces separations ont ete 
etudiees avant nous par E. Giueckauf et G. P. Kitt [4] 
et J. Chadwick [5]. 

Interpretation des resultats 

Nous avons adopte un modele simplifie d'echange 
isotopique a contre-courant. Ce modele qui neglige 
Ia diffusion longitudinale en phase gazeuse et laterale 
en phase adsorbee est deja une bonne approxima
tion [6]. Un modele plus elabore [7] pourra expliquer, 
entre autres, Ia Iegere dissymetrie observee dans les 
chromatogrammes qui n 'est pas conforme avec Ia 
courbe symetrique en tangente hyperbolique prevue 
pour le « profil isotopique » par le modele simpli
fie [6]. Nous donnons ici une methode nouvelle de 
calcul des plateaux theoriques en chromatographie. 

A l'aide de Ia masse d'alumine palladiee reconnue 
la plus efficace, nous avons fabrique une colonne d'une 
capacite d'environ 2 I, s'adaptant sur un prototype 
d'appareil preparatif dont on trouvera Ia description 
en [8]. Sur cet appareil a ete realisee la separation 
de D 2 et de T 2, par deplacement de ban de a partir de 
melanges H 2-D2 et H 2-T2. 

Les principales grandeurs et definitions utilisees sont 
resumees dans le tableau 1. On trouvera en [6] le mode 
de determination du facteur de separation, la justifi
cation de ]'existence des « fronts d'adsorption » et 
des deux profils isotopiques, et 1 'etablissement des 
taux de charge dans le cadre d'un expose general des 
chromatographies de deplacement et frontales. 

Pour developper 1 'analogie avec un echange a contre
courant, on lie un plan reference a chaque profil isoto
pique. Le plan reference lie au premier profil est alors 
traverse dans le sens du debit gazeux par un debit de 
gaz G1 = d- (V1/L) B cm3/s et en sens inverse par 
un debit d'« adsorbe » de F1 = (V1/L) A cm3js. Le 
plan reference lie au profil 2 est traverse a contre-
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Tableau 1 

y : teneur en deuterium [D/(D +H)] ou tritium [T/(T +H)] 
de Ia phase gazeuse 

Yo : teneur initiale d'un melange traite 
x : teneur en deuterium ou tritium de Ia phase adsorbee 

supposee homogene et en equilibre avec y (on neglige une 
diffusion s'accompagnant d'un gradient isotopique) 

x 0 : en equilibre avec Yo 
L : longueur de Ia colonne de chromatographic 
A : capacite en phase adsorbee de Ia colonne (cm3 TPN) 
B : volume interstitiel de Ia colonne (cm3 TPN) 
d : debit (cm3/TPN/s) d'introduction du melange et de !'hydro

gene depla<;ant 

D H phase gazeuse 
y 

1-y ffi" d ' . a = = -- = coe c1ent e separation 
!!.. phase adsorbee _x_ « globale » [6) 
H 1-x 

Front d'adsorption : frontiere entre le palladium vierge d'adsorbe 
et celui sature en un melange hydrogene (de composition 
isotopique quelconque) de vitesse Va : Va = dL/(A + B) 

Premier profil isotopique : frontiere entre D 2 (ou T2) pur et 
le palier de melange introduit (y0 en phase gazeuse, x 0 en 
phase adsorbee) dans une frontale directe [6) ou un depla
cement de bande « non acheve » [6) (regime stationnaire 
atteint) de vitesse V1 = dL/ B + A a(x0/y0 ) = dL/[B + A a/1 
+ (a-1) (1- Yo)] 

Second profil isotopique : frontiere entre le palier de melange 
(y0 ou x 0 ) et l'hydrogene depla<;ant (y = 0 x = 0) dans un 
deplacement de bande « non acheve [6) regime stationnaire 
atteint) 

de vitesse V2 = dL/B +A (x0/y0) 

dL 

B + A/[1 + (a- I) (I -Yo)] 
V2 > Va > V1 

v """* Va { lorsque le deplacement de bande est « acheve », il n 'y 
V

2 v, a plus qu'un profil isotopique separant D 2 (ou T2) 
1 """* a de H 2 et avan<;ant a Ia vitesse Va 

T = la/L = A/[(B +A) 1/(a- 1) + (1- y 0)] = taux de charge 
maximal qu'on peut employer pour qu'un deplacement de 
bande soit « acheve » - la en unite de longueur de Ia colonne 
est Ia longueur maximale de colonne sur laquelle on peut 
fixer une bande. 

Ia peut etre > L, longueur de Ia colonne si a est eleve, et Yo p:rand. 

courant par un debit gazeux G2 et d 'adsorbe F2• On 
definit la courbe d'equilibre par !'equation 

(1) 

en considerant qu'un enrichissement egal a a est rea
lise entre phases gazeuse · et adsorbee aux homes n 
et n- 1 de la tranche (n- 1, n) du profil isotopique. 
On definit la droite de fonctionnement 

Yn = (F/G) Xn + constante (2) 
au moyen d 'un bilan matiere entre les debits F et G 
en negligeant la diffusion longitudinale. Ces deux 
courbes ou equations permettent de determiner le 
nombre de plateaux theoriques, comptes ici par rap
port a un enrichissement donne, enrichissement en 
phase gazeuse, soit graphiquement (par un diagramme 
de McCabe et Thiele), soit analytiquement. Un chan-
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gement de variables permet d'etendre la determination 
analytique au cas des frontales grace a une relation de 

forme C y y )z+n = {J" C y y ). 

Le tableau 2 rappelle le principe de la determina
tion graphique et analytique du nombre de plateaux 
theoriques; et dans le deuxieme cas illustre une 
methode de depouillement du chromatogramme simple 
et nouvelle. Le rapport des longueurs caracteristiques 
r/R donne immediatement Y/1- Y), d'ou le nombre n 
de plateaux theoriques relatifs a une tranche ,P du 
profil isotopique. 

En multipliant n par le facteur .Pcfl V1 (ou V2)/Va, 
on obtient le nombre N de plateaux theoriques de la 
colo nne de chromatographie . .P c caracterise la capa
cite de la colonne par le temps ecoule entre !'introduc
tion du melange et !'apparition du front d'adsorption. 

l (Va/V1) (ou l Va/V2) caracterise la tranche de 
colonne de chromatographie concernee, le rapport 
Va/V1 (ou Va/V2) tenant compte des differences de 
vitesse d'avancement du front d'adsorption et du 
profil isotopique dans le cas d'une frontale directe 
ou inverse; dans le cas du deplacement de ban de ce 
rapport de vitesses est egal a 1 'unite. 

Resultats 

a) Nous avons etabli avec preclSlon la variation 
de a en fonction de la temperature pour des melanges 
HD-H2 et obtenons : log10 a= 82/T + 0,025 en 
desaccord avec [4] et [9]. 

b) Compte tenu de !'influence de divers para
metres [6] sur la hauteur equivalente a un plateau 
theorique (HEPT), nous donnons dans le tableau 3 
la comparaison de 1 'efficacite de diverses masses palla
diees, etablie a l 'aide de melanges H 2, D 2 • 

c) Le tableau 4 compare les performances obtenues 
sur la masse d 'alumine palladiee (£, tableau 3) et avec 
le prototype d'appareil preparatif pour la separation 
des melanges H2- D2 et H2- T 2• La separation chromato
graphique elle-meme d'un litre de melange dure une 
dizaine de minutes. 

L'efficacite de la colonne est sensiblement la meme 
pour les deux separations : environ 1 200 plateaux 
theoriques pour 1 colonne de 1 m contenant 23 g de 
palladium. Ceci est conforme aux predictions theo
riques [6] basees sur le modele et le mode de depouille
ment adoptes. 

La purete isotopique du deuterium et du tritium 
separes a ete respectivement de 99,5% et 97,1 %, et 
les rendements respectivement de 80 % et 84 % dans 
les conditions operatoires du tableau 4. 

Avec une colonne de meme garnissage mais de 
capacite superieure, les rendements augmenteraient, 
ainsi qu'avec le titre en isotope lourd du melange 
traite. Ainsi une colonne de capacite 80 1 traitant un 
melange initial a 10% de D2 ou de T2 permettrait 
d'obtenir des rendements de 98,5% et 99,3 %, sans 



Determination graphique 
(Mac Cabe et Thiele) 

du nombre 
de plateaux thCoriques 

Divers cas experimentaux 
possibles. 

Definition (cas general et cas 
particuliers) des variables y et x 

et du paramc!tre fJ 

Frontale, cas general 

On opere entre une teneur 
« tete » : y = b', x = a' 
et une teneur « queue » 
y = b, x =a 

{J=a-(a-J)b =~·ll'_ 
a-(a-l)b' a b' 

a 
y-b x-a 

X y = b'- b X= a'- a 

"'--------x 

X 

a· -X 

Deplacement de bande 

a' = b' = 1 a = b = 0 

Y=y X=x 

{3 =a 

Frontale directe 

a'=b'=l 

Y=y-b 
1-b 

{3 
b 
a 

X=x-a 
1-a 

Frontale inverse 

a= b =0 
y X=~ Y= /l a' 

a' 
{3 = /la 

Tableau 2. Calcul du nombre de plateaux theoriques 

Determination analytique du nombre de plateaux theoriques 

Equations des courbes operatoires (II) et d'equilibre (l) 
&:rites avec les variables : 

yet x 

(I) (__.Y~) = a (-~--) 
1- y n 1-x n-1 

b'-b 
(II) Yn ~ -,- Xn 

a -a 
a'b-ab' 

+ ' a -a 

(I) Idem ) (-Y ) 
1- Y Z+n 

(II) Yn = Xn = an(J Y Y)z 

(I) Idem 

b b-a 
(II)yn = ;zxn + l-a 

(I) Idem 

b' 
(II) Yn =-, Xn 

a 

Yet X 

(I) (1 Y Yt ={3(1 Y Y)n-1 

(II) Yn = Xn 

Idem 

Idem 

Idem 

(1 Y Ytn 
={Jn(J Y Y). 

MCthode de dCpouillement des chromatogrammes pour le 
calcul du nombre N de plateaux thc!oriques d'une colonne. 
Definition des longueurs r et R sur le chromatogramme 
representant Ia variation de teneur isotopique de Ia phase 
gazeuse. 

.;y l 

R 

r 

1---8[-R 

-- r 

o_ -----

tczmps 

' b 

L __ I-]: 
tczmps 

r 
R 

y 

1-Y 

(!:_) = {Jn(!:.) 
R i R i-+1 

N = n !_ V1 (ou V2) 

.!l' c Va 

V'l 
m 
V'l 
V'l 

0 
z 
tv 
:.... 
0 

~ 

"' 0 

:n 
CP 
0 
~ 
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Tableau 3. Chromatographie gaze use 

Colonnes Quantite de Geometric 
de Ia colonne Volume 

Quantile de support Capaeite A (em') inters-
B/A 

Pd SUDDOrt pour I g de Pd en phase adsorbee titiel 
Nature support Parametres (g) (Cm 3 

L(em) 0 int. B cm3 

ayant varie ou g) (em) 

Pd/amiante : Geometrie 20 40 cm3 2 cm3/1 g Pd 36 1,28 1 350 ± 10% 40 0,029 
A. 
B. ou 6 g 92 0,8 

Pd/charbon : Granulometrie 
du support 

A. 1,13 15 cm3 11,45 cm3 23 0,9 108 10,11 0,0936 
B. 1,19 11 cm3 12,60 cm3 23 0,9 99,6 12,1 0,12 
c. 1,18 11 cm3 12,71 cm3 23 0,9 99,6 10,94 O,IJZ 

Pd/ponce : Geometrie 
A. 21,35 71,5 g 3,35 g 85,7 0,99 I ll8 55 0,049 
B. 19,6 65,8 g 3,35 g 89,2 0,93 1 028 48,8 0,047 
c. 9,8 37,9 g 3,85 g 55,0 0,90 514 21,2 0,041 
D. 9,8 37,9 g 3,85 g 55,0 0,90 514 21,2 0,041 

Pd/Pyrex fritte 5,73 33 cm3 5,6 cm3 50,0 0,90 529 18,4 0,034 

Pd/Al20 3 : Poids de Pd 
A. 1,73 20 cm3 ll,56 cm3 55,0 0,68 128,4 14,6 0,114 
B. 3,36 20 cm3 5,88 cm3 55,0 0,68 318,6 14,4 0,045 
c. 5,46 20 cm3 3,66 cm3 • 55,0 0,68 424,4 14,6 0,034 
D. 7,18 20 cm3 2,78 cm3 55,0 0,68 639,4 14,6 0,023 
E. 23,15 76 cm3 3,28 cm3 98,0 1 1 844,7 55,3 0,03 

Colonnes Nombre Nombre Poids Nombre 

HEPT de de de P" de plateaux 
A/lg Pd 

(mm) plateaux plateaux DOUr de Ia Remarques 
Parametres par em par 1 plateau colonne 

Nature support ayant varie de colonne g de P" (mg) N 

Pd/amiante : Geometrie 67,5 ± 7,5 % ;.:.6 <:10 ;.:.100 Determination de 
A. N par deplace-
B .. ment 

Pd/charbon : Granulometrie 
du support 

A. 83,5 ± 8,5% 14,1 0,7 13 17 Determination de 
B. 83,5 ± 8,5% 15,5 N par deplace-
c. 83,5 ± 8,5% 15,3 ment 

Pd/ponce : Geometrie 
A. 57,6 ± 12% 6,6 1,5 7,1 151 Determination de 
B. 6,6 1,5 7,1 151 N par deplace-
c. 52,45 ± 10% 3,7 2,7 12,13 119 ment 
D. 2,9 3,42 19,5 190 

Pd/Pyrex fritte : 92,5 2,82 3,55 31 178 Determination de 
N par deplace-
ment 

Pd/A120 3 : Poids de Pd 
A. 74,8 0,91 10,9 347 2,88 600 ( DOtennin•tio" 
B. 95,8 0,81 12,26 202 2,88 674 par frontale 
c. 77,6 0,77 13,8 140 2,88 764 b = 0,75 
D. 89,0 0,67 14,9 117 2,88 818 b' = 1 
E. 79,7 0,817 12,2 104 9,65 1 200 Deplacement et 

frontales 
Efficacites determinees a 20 oc 

et pour le debit optimal 
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Tableau 4. Separation des isotopes de l'hydrogene par chromatographie gazeuse. 

Titre isotopique 
du melange initial 
[en D/(D + H) ou 

T/(T + H}J 

Bande fixCe 
sur la colonne 

de capacit6 
(A=:=::: 2000 cm3 ) 

0 2 ou T 2 

sCpares en tete; 
quantitC et titre 

isotopique 

0 2 ou T 2 

dans « mixte » 
a~ SO%deH2 

0 2 ou T 2 

restant chimisorbe 
sur Ia colonne 

0 2 ou T z dans l'hydrogene 
dCplacant de « queue ». 
en fonction du volume 

CcouiC de H 2 

Rendement en 
D, pur 
--ou 
Dz traitC 

T2 pur 

T 2 traitC 
sans retraitement 
des recuperations 

Deuterium : 

~ 10%. 

Tritium : 

17,8% 

~ 1000 cm3 a 
~ 10% soit 
100 cm3 de D 2 

960 cm3 a 
~ 18,3% 

soit 177,1 cm3 

de T2 

80 cm3 a 99,5 ~0 

en D/D + H 

153,5 cm3 

(dont 3He) 
a~ 97,1% 

a Partie par million D/(D +H) ou T/(T +H). 

~ 0,45 cm3 

sous forme 
de 1 800 cm3 

a 235 ppm 

a 

1 430 ppm 
apres 75 cm3 

960 ppm 
apres 250 cm3 

730 ppm 
apres 430 cm3 

635 ppm 
apres 860 cm3 

au total : 1 cm3 D 2 

515 ppm/238 cm3 

337 ppm/633 cm3 

200 ppm/837 cm3 

au total ~ 0,5 cm3 

de T~ 

80 X 99,5 
100 # 80% 

153,5 X 0,971 
177,5 # 84 % 

• Un premier enrichissement s'est fait lors du transfert du melange par une pompe a Pd [8]. 

tenir compte du retraitement des fractions mixtes. 
Pour Ia preparation de D2 ou T2 de bonne purete 

isotopique, Ia chromatographie de deplacement de 
bande sur masse palladiee est done une methode de 
rendement eleve, (quoique inferieur a celui de Ia 
methode par diffusion thermique), rapide et simple. 

ENRICHISSEMENT DU XENON EN ISOTOPE 124 
PAR DIFFUSION THERMIQUE [10,11] (P. Molinari) 

L'accroissement des besoins medicaux en iode 125 
et Ia necessite de reduire les volumes de xenon Soumis 
a 1 'irradiation ont conduit a enrichir ce gaz en 
xenon 124. Le facteur d'enrichissement desire est de 
4 a 5. Un tel resultat peut etre obtenu a !'aide de Ia 
cascade de diffusion thermique decrite dans Ia figure 2, 
oil sont aussi rassemblees les conditions operatoires. 

Le groupement des colonnes de diffusion dans un 
seul tube de refroidissement donne au montage !'allure 
d'un faisceau tubulaire d 'echangeur de chaleur. C'est 
une originalite de 1 'installation. Les colonnes sont 
reliees entre elles par tubes capillaires et le deplacement 
du gaz s 'effectuera au moyen d 'un oscillateur thermique. 

La production est de l'ordre de 100 a 200 cm3 de 
xenon enrichi par quinzaine. 

SEPARATION DES ISOTOPES DU LITHIUM 

Par echange chimique (E. Saito) 

Des essais preliminaires ont montre !'existence d'une 
separation isotopique liee a l'echange entre le lithium 
sous forme de sel dans un solvant et le metal dissous 
dans le mercure. Nous avons effectue une etude de 

!'influence de divers parametres sur les facteurs de 
separation. 

La reaction d'equilibre peut s'ecrire : 

6Ljtol + 7Li~ =:::--= 7Litol + 6Li.J'ig 

le facteur de separation a est defini par : 

a= R801/RHg [R etant le rapport 7Lij6Li] 

Influence du solvant 

II n 'y a pas un grand choix car la plupart des sol
vants sont attaques par le lithium de I 'amalgame. 

Nous avons fait quelques essais avec la dimethyl
amine, la diethylamine et"la pyridine. Avec ces solvants, 
Ia valeur de a variait entre 1,03 et 1,055. Mais !'etude 
de Ia reaction pour ces amines est perturbee par 1a 
formation d 'une boue constituee d 'amalgame disperse 
dans le solvant. La boue se forme aussi avec le tetra
hydrofurane (THF) mais presque pas avec la dimethyl
formamide (DMF). 

C'est avec ces deux derniers solvants que nous avons 
poursuivi I 'etude de I 'influence d 'autres facteurs. 

Influence de Ia temperature 

Le tableau 5 montre que le facteur de separation 
baisse de 1,060 a 1,035 entre- 10 et 85 °C. Cet abais
sement est parallele pour le BrLi dans le THF et la 
DMF. Dans Ia DMF, la valeur de a est legerement 
plus faible avec le chlorure qu'avec le bromure. 

Influence de Ia concentration 

La concentration de l'amalgame en lithium ou du 
sel dans le solvant organique n'a aucune influence sur 
Ia valeur du facteur de separation. 
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Tableau 5. Facteurs de separation des isotopes 
du lithium dans divers echanges chimiques 

Solvant Sel 

THF. BrLi 
DMF. BrLi 
DMF. C!Li 

a = FLif6Li]So1/FLi/6Li]Hg 

T ('C) 

-10 4 15 25 50 

1,056 1,053 1,046 
1,060 1,056 1,052 1,051 1,041 

1,048 1,044 1,038 

Par resi nes echangeuses d 'ions 
(S. Grunspan - F. Botter) 

70 

1,041 
1,035 

85 

1,035 

Les travaux recents [14, 15] infirmant nos resultats 
sur Ia separation des isotopes du lithium sur echan
geurs d 'ions et solutions aqueuses de sels ou de bases 
[16], nous avons refait [17] de nouvelles determinations 

[6LiJ I [6LiJ de a = 7Li R 7Li 
8 

sur des systemes analogues a 

ceux cites : 
a) Par equilibres uniques. Mais les valeurs e = a- 1 

obtenues etant ala limite du seuil de mesure des spec
trometres de masse, des methodes de cumul furent 
en visa gees; 

b) Par equilibres successifs en reprenant les travaux 
cites en [18, 19]; 

c) Par chromatographic frontale directe et inverse. 
Cette derniere technique donne les resultats les plus 

precis. lis sont resumes dans le tableau 6. lis confirment 
l'ordre de grandeur de nos premieres mesures. Nous 
pensons qu 'une grande partie des differences entre les 
resultats des autres auteurs et les notres sont d 'ori
gine analytique ou d'exploitation des resultats experi
mentaux. 

ENRICHISSEMENT DU CALCIUM 46 
PAR ELECTROMIGRATION A CONTRE-COURANT 

EN SELS FONDUS 
(F. Menes - D. Maire) 

A. - Nous avons etudie, d'abord dans le cadre 
d 'un contrat avec I' AIEA, la separation des isotopes 
du calcium, dans le but d'enrichir cet element en 
calcium 46, a partir duquel on obtient, par irradiation, 
le calcium 47, dont on connait !'interet pour les 
recherches biologiques. 

a) Parmi les methodes d'enrichissement, celle qui a 
donne les meilleurs resultats est la separation par elec
tromigration a contre-courant en sels fondus. 

Le milieu utilise est le bromure de calcium a 750-
800 °C. La premiere cellule d'electrolyse est du type 
tube en U et I 'appareillage, dans son ensemble, a deja 
ete precedemment decrit [20]. Rappelons, pour 
memoire, qu'on utilise une cellule oil les deux eJec
trodes de graphite fonctionnent en « electrode a 
brome reversible ». 

b) Cet appareil de laboratoire est capable de produire 

F. BOTTER et a/. 

VUE DE DESSOUS 

* VUE DE FACE 

DETAIL 1 

Passage 
eleetrique 
etanehe 

Voir detail 1 

"' D 

• 
.! 
t: 
a 

II) 

VUE DE DESSUS 

* 
Joint tori11ue 
d' etaneheite 

Mercure 

Figure 2. Enrichissement du xenon en isotope 124 

Nombre de colonnes en serie . . . . . . . . 

Assemblage en faisceau tubulaire d'echangeur 
de chaleur 

Circulation du gaz assuree par oscillateur 

Longueur : 

D'une colonne. 
De Ia cascade . 

Fil chaud: 

Diametre . 
Temperature. 
Matiere .. 

Tube froid : 

Diametre . 
Temperature. 
Matiere ... 

Electricite (courant redresse) 

Intensite . . . . . . . . 
Voltage ........ . 

Pression de fonctionnement .. 

Enrichissement en 124Xe . . . 

4 

300 em 
1 200 em 

0,05 em 
1 500 °K 

Tungstene 

1 em 
288-300 °K 
Acier inox 

13,5 A 
30 V/m 

0,4 atm 

4 a 5 
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Tableau 6. Facteurs de separation des isotopes du lithium 
sur resines echangeuses d'ions 

RCsine 

Dowex 50 x 12 
200- 400 Mesh 
200 ___:_ 400 Mesh 
200 - 400 Mesh 
200 - 400 Mesh 

Dowex W 50 x 12 
200 - 400 Mesh 
200 - 400 Mesh 
200 - 400 Mesh 

+ 

Cathode creus•---++----i I ¢ext=33 
¢ int = 10 

Tube de sep,,.otion ----11+------J 
¢ext=35 
¢ ;nt = 7!1 

Cuve en 

Figure 3. Cellule electrolytique 

Solute 

LiOH = 0,0886 N 
LiOH = 0,303 N 
LiOH = 0,335 N 
LiOH = 0,300 N 

LiOH = 0,306 N 
CILi = 0,4 N 
CILi = IN 

que 

Fuites de ::=;. courant a 
--- travers fa 

paroi 

« a tube immerge ». Schema de principe 

en un mois quelques grammes de calcium dont la 
teneur en calcium 46 a ete multipliee par un facteur 
voisin de 2. Nous avons meme pu atteindre, dans de 
recentes experiences, un facteur d 'environ 5. 

c) La principale difficulte de mise au point d'une 
petite cellule de laboratoire est liee a Ia presence d'eau 
dans le bromure de calcium a 750-800 °C, ce qui 
inhibe le fonctionnement de la cathode en electrode 
a brome et limite l'intensite admissible, dont l'enri
chissement, si on cherche a le pousser au maximum. 

On evite cette difficulte en sechant soigneusement le 
sel par passage de gaz inerte sec dans le bain fondu. 

B. - En ce qui concerne la production a plus grande 

Solvant 

eau 20 % acetone 
eau 20 % acetone 
eau 20 % acetone 
eau 20 % acetone 

eau 
eau 
eau 

['LiJ I ['Li] a= 7Li R 7Li S 

1,0020 ± 0,0002 
1,0017 ± 0,0002 
1,0020 ± 0,0002 
1,0018 ± 0,0002 

1,0017 ± 0,0002 
1,0016 ± 0,0002 
1,0016 ± 0,0002 

echelle, I 'appareil classique de laboratoire, en s.ilice, 
ne peut etre utilise pour des raisons de facilite d 'extra
polation et de prix de revient. 

a) Un type de cellule d'electromigration de grande 
capacite a done ete etudie. II s'agit d'un appareil a 
« tube immerge » (fig. 3). Le tube de separation est 
immerge a l'interieur du compartiment reservoir. Mais, 
dans ce montage, il y a un risque de passage des ions 
a travers Ia paroi du tube de separation. II existe alors 
une « fuite » non soumise au contre-courant, qui 
contrecarre d'autant plus l'enrichissement que l'effet 
elementaire de separation est plus faible et peut meme 
I 'annihiler totalement. 

b) De ce fait peut-etre, parmi Ies tubes de separa
tion en silice et en alumine, seuls certains types d 'alu
mine ont permis d'obtenir des enrichissements. 

c) Les premiers essais ont permis d'obtenir des 
facteurs d'enrichissement d'environ 1,5 en calcium 46 
sur des quantites de 1 'ordre de 100 g de calcium metal
lique. 
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ABSTRACT -RESUME-AHHOTA!4111R-RESUMEN 

Af90 France 

Physico-chemical separation of stable isotopes: 
theory and practice of small-scale production 

by F. Botter ef a/. 

Chromatography 

Pure deuterium has been separated from gaseous 
mixtures of hydrogen and deuterium by band-displace
ment chromatography, using columns of palladium 
on a support. 

The best results were obtained with columns of 
palladium on sintered a-alumina. With a column of 
this type having a total capacity of about 2 litres, a 
preparative apparatus of low dead volume has been 
built which produces I litre of pure D2 from a 50% D2, 

50% H2 mixture in about 12 minutes. 
As a first approximation, chromatography can be 

likened theoretically to counter-current fractionation, 
neglecting superficial resistance to the exchange and 
longitudinal and lateral diffusion. The number of 
theoretical plates required for a given enrichment of 
the gas phase is determined graphically or by calcula
tion, enabling comparisons to be made between the 
efficiencies of columns containing different amounts 
of palladium. 

Thermal difjusion 

For the separation of hydrogen isotopes a thermal 
diffusion apparatus, made of stainless steel and entirely 
remote-controlled, has been constructed. The separa
tion cascade is made up of two identical pairs of hot
wire columns. Each pair can operate independently, 
or they can be connected by a thermosyphon. 

The temperature of the hot wire is kept at 
around 1 000 °C; heating is by direct current. 

With this apparatus, hydrogen samples with a 
deuterium content lower than 0.5 ppm were obtained 
from gas originally containing 32 ppm. It was thus 
possible to prepare tritium of 99.3% concentration 
from gas with an initial content of 6%. 

For the quantitative separation of xenon enriched 
five times in 124Xe by thermal diffusion, two identical 
cascades were built, each consisting of 5 columns, 
working in parallel but connected by a thermosyphon 
or a capillary tube linked to a thermal gas oscillator. 
The central tungsten wire is heated to 1 200 °C. 

The columns are grouped like a cluster of a heat 
exchanger, in a shell 30 em in diameter through which 
cooling water is circulated. 

Studies are continuing to increase the separation 
factor of the cascade by using an auxiliary gas. 

Isotopic exchange 

A series of experiments was carried out to determine 
the isotopic separation factor between a lithium amal
gam and an organic solvent containing a salt of 
lithium. The various parameters which may enter into 
the exchange were studied : the influence of the type 
of solvent (the two solvents used were dimethyl
formamide and tetrahydrofurane), of the temperature, 
and of the concentration and nature of the associated 
halogen. 

Solutions of Li metal and liquid NH3 also were 
studied. A number of tests were carried out to see 
whether there was a difference between the isotopic 
compositions of the Li present in the two liquid layers 
obtained by the dissolution of Li metal in ammonia; 
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no difference was observed. This was true also in the 
case of a layer of Li in liquid NH3 and a layer of Lii 
in a similar solvent. 

Electromigration 

Counter-current electromigration in fused salts is a 
powerful method of isotopic enrichment. It can be 
used successfully to separate the isotopes of elements 
of a strongly metallic nature. 

In the case of alkalies, small quantities of isotopic
ally pure 7Li were obtained, while the enrichment 
factors for potassium were of the order of 10. 

In the case of the alkaline earths, it proved possible 
to produce small quantities of calcium enriched 5 times 
in 46Ca. 

However, considerable technological difficulties 
are encountered in working this process on the semi
industrial scale. 

A/90 QlpaHL!HR 

Pa3AeneHHe cra6HnbH~x H3oronoe 

CO. cor be et al. 

OnnchlnaeTcJI cnoco6 Bhi)J,eJieHHJI 'IIICToro )J,eii
TepnJI H3 ra30BhlX CMeceii BO)J,OpO)J,a H )J,CHTepHH 
MeTO)J,OM 3JII03HTHOH xpoMaTorpaqllfH Ha HOJIOHKaX 
c naJIJia)J,nenoii uaca)J,Hoii. 

HanJiy'IIliHe peayJihTaThi 6hiJIH nony'IeHhi c no
MO~hiO HOJIOHOH H3 nanna)J,HH ua cneqeuuoii (X

oHncn aJIIOMHHHH. IlpOH3BO)J,HTCJihHOCTb 1\0JIOHHH 
TaHoro nma o6~eii eMHOCThiO npn6JIH3HTeJihHO 
2 .It COCTaBJIHCT 1 .It 'IHCTOfO )J,eiiTepHH 113 Cl\leCH 
50% D2 - 50% H2 B Teqeune npn6nnanTeJihHO 
12 .'ltU1t. 

IlpH TCOpeTH'ICCHOM onncaHHH XpOMaTorpaqmH 
B nepnoM npn6numeunn paccMaTpnnaeTCJI HaH 
npoTHBOTO'IHoe paa)J,eJieune, npu aTOM npene6pe
raiOT nonepxuocTIIhiM conpoTnnneuueM o6Meny, 
a TaHme npOf:IOJihHOii n nonepequoii )J,Hcpcpyaueii. 
TpeoyeMoe qucno TeopeTn'IecHnx TapenoH, ueo6-
XOf:IHMhix )J,JIH aa)J,auuoro o6ora~eHHJI raaonoii cpa-
3hl, YCTaHaBJilfBaeTCJI rpacpH'ICCHH HJIH nyTeM 
pac'IeTa, 'ITO n03BOJIJieT cpaBHlfTb acpcpeKTlfBHOCTb 
1\0JIOHOK, pa3JIII1JaiO~lfXCJI no KOJIH'ICCTBY naJIJia
)J,HJI. 

,[(JIJI paa)J,eJieHHJI naoTonon no)J,opo)J,a na nep
manero~eii CTaJIH 6hiJia CKOHCTpynpOBaHa noJI
HOCTbiO TeJieyupaBJIJieMaJI TepMO)J,Hcpcpy3HOHHaJI 
ycTauonKa. KacKaA paa)J,eJieunJI cocTonT na ABYX 
O;J;HHaKOBhiX nap KOJIOHOK C HaKamrnaeMOii ~eH
TpaJihHOH HHThiO. KononKH coe)J,HHJIIOTCJI c no-
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MO~hiO TepMOCHcpoua, HpOMe TOrO, HMR)J,aJI napa 
MOifWT pa6oTaTh naonnponanno. TeMnepaTypa Ha
HaJia HHTH OHOJIO 1000° C no)J,)J,epmHBaeTCJI C 
nOMO~biO nOCTOJIHHOI'O TOHa. C nOMO~biO 3T0ll 
ycTaHOBHH 6hiJIH noJiy'IeHhl npo6bl BO)J,OpO)J,a C 
co)J,epmanneM p;eiiTepnJI Meuee 5 • 10-5 % na nc
xo)J,Horo raaa, co)J,epma~ero 32 • 10-4 % )J,eiiTepnJI. 
0Ka3aJIOCh TaHme B03MOmHhiM noJiy'IaTh TpHTHii: 
C H30TOnHhiM CO)J,epmaHHCM 99,3 0Jo JI3 raaa C JIC
XO)J,HhiM CO)J,epmaHneM 6 Ofo. 

,[(JIJI HOJIH'IeCTBeHHOI'O paa)J,eJieHI!Jl HCeHOHa, 
nJITHHpaTHO o6ora~euuoro Xe 124, MeTO)J,OM 
TepMO)J,Hcpcpy3HH 6hiJI•H CHOHCTpynpoBaHhl )J,Ba 
H)J,eHTH'IHbiX HaCHa)J,a no nJITb 1\0JIOHOH, cpyHH~HO
HHpyiO~HX napaJIJieJibHO, COC)J,HHeHHbiX C nOMO
~biO TepMOCHcpOHa HJIH. C noMO~biO HanHJIJIJipHoii 
Tpy6HH, npncoe)J,HHeHHOU H ra30BOMY TepMOOC~HJI
JIJITOpy. BonbcppaMoBaJI HHTh HaHaJia HMeeT TeM
nepaTypy 1200°C. 8TH HOJIOHHH crpynnnponaHhl 
IlO)J,06Ho nyqHy Tpy6 TenJI006MeHHHKa B HOJih~e 
)J,HaMeTpOM 30 CM, rll,e ~HpHyJIHpyeT OXJiamll,aiO
~aJI Bo)J,a. B naCTOJI~ee npeMJI npoBOlJ.JITCJI nccne
lJ.OBaHHJI C ~eJihiO YBCJIH'IHTb HOacpcpH~HeHT pa3ll,C
JICHHJI 3TOI'O HaCHall,a C nOMO~hiO lJ.OnOJIHHTeJibHOll 
no)J,a'In raaa. 

J..isoronHbiH o6MeH 

II ponelJ.eH PJIA onhiTOB )J,JIJI onpe)J,eJieHHJI Hoacp
cpn~neuTa paa)J,eJieHHJI naoTonon npn o6111eue Me
mAy JIHTHCBOU aMaJihfaMOU H opraHH'IeCHHM paCT
BOpHTeJieM, COlJ.Cpma~HM COJib JIHTHJI. lJ:ayqeHhl 
pa3JIH1JHhle napaMeTphl, 1\0TOpble MOryT BJIHJITh Ha 
aTOT o6MeH: npnpop;a paCTBOpHTeJIJI (6biJIH HC
noJih30BaHhl )J,Ba paCTBOpHTeJIJI - lJ.HMeTHJicpop
MaMHlJ. n TeTparH)J,pocpypau), TeMnepaTypa, BJilf.H
HHe HOH~eHTpa~nn, acco~nnponauuoro ranoreua. 

IlpOBe)l,eHhl TaHme HCCJie)J,OBaHHJI C paCTBOpa
MH MeTaJIJIH'IeCHnii: Li - mn)l,HHii: NHs n onhiThi 
llO YCTaHOBJieHHIO pa3JIH'IHU B H30TOIIHOM COCTaBe 
.liHTH.H B lJ.BYX mn)J,HHX cpaaax, noJiy'IeHHhiX paCT
BOpeHneM MeTaJIJIH'IecHoro JIHTHJI B aMMHaHe. Hn
HaKoro pa3JIH'IH.H B H30TOnHOM COCTaBe JIHTHJI B 
ABYX cpaaax ue o6uapymeuo. To me caMoe ua6JIIO
)J,aJioch B CJiy'Iae CJIOJI JIHTHJI B mnll,HOM aMMHaHe 
H CJIOJI Li - J B TOM me CaMOM paCTBOpHTeJie. 

SneKrpoMHrpaU,Hfl 

MeTo)J, npoTHBOTO'IHOii aJieHTpoMnrpa~nn n pac
nnannenHhiX CJIOJIX JIBJI.HeTc.H o'IeHh pacnpocTpa
neHHhiM cnocoooM naoTonuoro o6ora~eunJI. 8ToT 
MeTop; c ycnexoM npnMeHJieTCJI npn paap,eneunn 
H30TOnOB 3JieMeHTOB C JipHO BbipameHHbiMH 1\fe
TaJIJIH'IeCHHMH cnoifcTBaMn. B cnyqae ~eJIO'IHhiX 
MeTaJIJIOB MomHo IIOJIY'IHTh He60JiblliHe 1\0JIH'IeCT
Ba 'IHCToro LF. ,[(JIJI HaJIH.H KoacpcJ>nu;neHThl o6ora
~eHHH COCTaBJIHIOT 01\0JIO 10. lJTo HacaeTCJI ~e
JIO'IH03eMeJibHhiX aJieMeHTOB, TO 3TOT MeTOlJ. n03-
BOJIHJI nOJIY'IHTh He60JiblliHe HOJIH'IeCTBa HaJIHJI, 
IIJITHHpaTHO o6orameuuoro Ca46• Ho npn111euenne 
ero B nonynpoMhiiliJienuoM MaCiliTa6e CBHaaito co 
ana'IHTeJihHhiMH TexuonornqecHnMn TPYAHOCTHMH. 



440 SEANCE 2.10 Pf90 

Aj90 Francia 

Separaci6n de is6topos estables realiza
ciones y estudios de producci6n en pequefia 
escala 

por F. Botter ef a/. 

Cromatograjfa 

Aplicando Ia cromatografia de desplazamiento de 
banda sobre columnas de paladio, con soporte, se ha 
efectuado Ia separaci6n de deuterio puro, a partir de 
mezclas gaseosas de hidr6geno y de deuterio. 

Los mejores rendimientos se obtuvieron trabajando 
con columnas de Pd sobre alumina oc sinterizada. Con 
una columna de este tipo, de unos 2 1 de capacidad 
total, se construy6 un aparato de ensayo, de reducido 
volumen muerto, que permite producir 1 1 de D2 puro 
en unos 12 min, partiendo de una mezcla de 50% 
de D2 y 50 % de H2• 

Para el estudio te6rico, los autores asimilan en 
primera aproximaci6n Ia cromatografia a un fraccio
namiento en contracorriente y desprecian Ia resistencia 
superficial opuesta al intercambio asi como Ia difusi6n 
longitudinal y lateral. Gnificamente o mediante 
calculos, se determina el numero de platos te6ricos 
necesario para obtener un enriquecimiento dado de 
Ia fase gaseosa, lo que permite comparar Ia eficacia 
de las columnas caracterizadas por diferentes masas 
de paladio. 

D(fusi6n termica 

Con el prop6sito de asegurar Ia separaci6n de los 
is6topos del hidr6geno, los autores proyectaron una 
instalaci6n de difusi6n termica de acero inoxidable, 
enteramente accionada a distancia. La cascada de 
separaci6n se compone de dos pares identicos de 
columnas provistas de un alambre central calentado. 
Cada uno de los pares puede funcionar aisladamente 
o bien pueden conectarse mediante un termosif6n. 
El alambre se mantiene a una temperatura del orden 
de los 1 000 °C mediante una corriente electrica recti
ficada. 

Partiendo de un gas inicial conteniendo 32 ppm se 
obtuvieron con esta instalaci6n muestras de hidr6geno 
con un contenido isot6pico de deuterio inferior a 
0,5 ppm. Asimismo se pudo preparar tritio de 99,3% 
partiendo de un gas con 6 % de tritio. 

Para Ia separaci6n cuantitativa del xenon enrique-
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cido cinco veces en 124Xe por difusi6n termica se han 
construido dos cascadas identicas de cinco columnas 
que funcionan en paralelo y est{m comunicadas por 
termosif6n o bien por un tubo capilar unido a un 
oscilador termico de gas. El alambre central de vol
framio trabaja a 1 200 °C. 

Las columnas est{m agrupadas de Ia misma manera 
que el haz tubular de un intercambiador de calor, en 
una vaina de 30 em de diametro por Ia que circula 
el agua de refrigeraci6n. Se esta estudiando Ia posibi
lidad de aumentar el factor de separaci6n de Ia cascada 
recurriendo a un gas auxiliar. 

Intercambio isot6pico 

Se ha realizado una serie de experimentos a fin de 
determinar el factor de separaci6n isot6pica entre una 
amalgama de litio y un solvente organico que contiene 
una sal de litio. Los autores estudiaron Ia influencia 
de los diversos parametros que pueden intervenir en 

" este intercambio, a saber : Ia naturaleza del solvente 
(se ha ensayado Ia dimetilformamida y el tetrahidro
furano ), Ia temperatura, Ia concentraci6n y Ia indole 
del hal6geno asociado. 

Se han estudiado asimismo las soluciones Li meta
lico - NH3 liquido, realizandose cierto numero de 
ensayos a fin de comprobar si existe una diferencia 
entre Ia composici6n isot6pica del Li presente en las 
dos capas liquidas que se obtienen al disolver el Li 
metalico en amoniaco. No se observ6 ninguna dife
rencia entre esas razones isot6picas del Li. Lo mismo 
ocurri6 con una capa de Li en NH3 liquido y una 
capa de Lil en el mismo disolvente. 

Electromigraci6n 

La electromigraci6n en contracorriente en sales 
fundidas constituye una tecnica de enriquecimiento 
isot6pico sumamente eficaz. Se aplica con exito para 
separar is6topos de elementos de caracter metalico 
muy pronunciado. En el caso de los metales alcalinos, 
se han podido obtener pequeiias cantidades de 7Li 
istot6picamente pura. Para el potasio, los factores de 
enriquecimiento alcanzados son del orden de 10. En lo 
que respecta a los metales alcalinoterreos, con el 
mismo metodo se han obtenido pequeiias cantidades 
de calcio enriquecido cinco veces en 46Ca. Sin embargo, 
Ia aplicaci6n de este procedimiento en escala semi
industrial, tropieza con considerables dificultades tec
nol6gicas. 



P/388 CCCP 

OnbiTHoe npOM3BOACTBO cTa6MnbHbiX M30Tonoa 

M. r. raepAL\MTenM, T. A. rarya, r. H. MycxenMwBMnM, 

10. B. HMKOnaea, E. A. 03MaWBMnM, r. A. Tea3aA3e 

BBE,ll,EHVIE 

,l),JIH pa3BUTUH paOOT C UCIIOJib30BaHUeM CTa
OUJihHhiX usoTorroB B r. T6uJiucu oprarrusoBaHa 
:nwrrepuMeHTaJihHaH rrJiom;a):vm no rrpousBop;cTBY 
usoTorroB 6opa, asoTa, KUCJiopop;a, yrJiepop;a, rreo
rra, aprorra, KpurrToHa u p;p. Pasp;eJierrue usoTorroB 
ocym;eCTBJIHeTCH MeTO)J;aMU )J;UCTUJIJIH~UU, XUMUqe
CI\OrO o6Merra u Macc-p;u<IJ<Jlysuu. TexrroJioruqecKuii 
~UKJI ;mcrrepuMeHTaJihHOrO 1IpOU3BO)J;CTBa BKJIIOqa
eT TamKe IIOJiyqerrue UCXO)J;HhiX IIpO)J;YKTOB )J;JIH 
IIUTaHHH ycTaHOBOK IIO paa}leJieHUIO U30TOIIOB H 

P~o~c. 1 .. 06IJ.I>HH aHA npoHGBOACTB&H+Ioro Ko.pnyca 
c 6aw·eHtiOH •'lacTbiO 

CUHTeS pHp;a COe):l;UHeHUH Ha OCHOBe U30TOIIOB oopa, 
aaoTa, KUCJiopop;a u ):l;p. 

OcrroBHhiM coopymerrueM OIIhiTHoro rrpouaBop;
CTBa HBJIHeTCH IIHTHap;~aTU3TamHaH 6amHH BhiCO
TOH 63 M. B rreii no Bep'11HKaJIH paaMem;aiOTCll 
paap;eJIUTeJihHhle yCTaHOBKU KOJIOHHOrO TUlia, a Ha 
3Tamax- MaC·C-):l;U'tPtPY3UOHHhle KaCKa,D,bl, BCIIO
MOraTeJihHaH U KOHTpOJihHaH arrrrapaTypa. 3rraqu
TeJihHaH BhiCOTa 6amrru rroaBoJIHeT pacrroJiaran 
OT,D,eJibHble KOJI()HHhl KaOKa,D,a p;pyr Ha):l; ,D,pyroM II 
TaKuM o6pasoM ocym;ecTBJIHTb Maccoo6Merr Memp;y 
KOJIOHHaMu qepes ,D,osupyrom;ue ycTpoiicTBa. TaKaH 
CUCTeMa peryJiupoBaHUH IIOTOKOB HBJIHeTCH IIpO
CTOH H srraquTeJihHO rroBMmaeT aKCIIJIYaTa~HOH
Hyro Ha):l;effiHOCTh paa,D,eJIHTeJihHbiX ycTaHOBOK. 

R 6amerrrroii qacTH S):l;aHHH rrpHMhiKaeT qeThl
pexaTamHhlii Koprryc. B Koprryce pasMem;errM: ~eH
TpaJibHaH IIYJibTOBaH, B KOTOpoii COCpe):l;OTOqeHbl 
CUCTeMhl aBTOMaTHqeCKOrO yrrpaBJieHHH paa):l;eJIU
TeJihHhiMH rrpo~eccaMu; ycTaHOBKH no rroJiyqerrmo 
UCXO):l;HhiX IIpO,D,YKTOB; ycTaHOBKU IIO rrepepaoOTKP 
o6oram;eHHOrO ChlphH, a TaKme JiaoopaTOpUH KOHT
pOJIH H30TOIIHOrO COCTaBa H XUMHqecKoro aHaJIU3a. 

06m;uii BU,!J, IIpOH3BO,lJ,CTBeHHOrO KOprryca C oa
meHHOH qaCThiO IIOKaSaH Ha puc. 1. 

nPOVI3BO,ll.CTBEHHbiVI LJ.VIKJl no 
nOJlY'-IEHVIIO V130TOnOB 8 10 VI 8 11 

06m;aH cxeMa TeXHOJIOrBqecKoro rrpo~ecca, rra 
KOTOpOH IIOKaaaHa B3aBMOCBH3h Mem):l;y OT):l;eJihHhl
Mll ~UKJiaMB, rrpe,D,CTaBJierra rra puc. 2. TexrroJio
rBqecKuii rrpo~ecc BKJiroqaeT: 

1) IIOJiyqeHB!e Tpex«flTopBC'l'OI'() oopa BFa H ero 
KOMIIJieKca c p;uMeTUJIOBhiM a<fJupoM (CHa) 20 • BFa; 

2) paa,D,eJieHHe U30TOIIOB oopa MeTO,D,aMU OOMeH
HOH ,D,HCTUJIJIH~UH (CHa) 20 • BFa H p;UCTHJIJIH~uu 
BFa; 

3) rrepepa6oTKY o6oram;errrroro rrpo,D,yKTa B aJie
MerrTapHhiH 6op, OOpHyiO KUCJIOTY H ,D,pyrue COe
)J;HHeHHH. 

Tpex<fJTopHCThlii 6op rroJiyqaeTCH KUCJIOTHhiM 
MeTO,lJ,OM (yCTaHOBKa J) IIO peaK~UU 

6KBF 4 + B20a + 6H2S04 = 8BFa + 6KHS04 + 3H20 

* <l>H3HKO-TeXHH'IeCKHH IIHCTHTYT rocyp;apCTBeHHOrO Co):l;epmarrue BFa B rrpo,D,yKTe 99%. OcHOBHhle 
KoMHTeTa no ucrroJihaoBanmo aToMnoii :mepmu CCCP. rrpnMecu- S02, SOa, SiF4. qaCTh BFa rro-
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CTyrraeT Ha IIHTaHHe KOJIOHHhl 110 paaAeJieHHIO H30-

TOIIOB 6opa HH3KOTeMrrepaTypHOH AHCTHJIJIHD;Heif 

BF3 (ycTaHOBKa 4), ocTaBmeecH KOJIHlJecTBo BF3 

IIOAaeTCH B ycTaHOBKY 2, rAe CHHTe3HpyeTCH ero 

KOMIIJieKC C AHMeTHJIOBhlM aq>HpOM. 0TXOAhl IIpO-

OT8An 

92/. B"_F_3 ---+------il 
Or.BAn 

BFa 

3 

OTHOllbl 

1-1. r. rBEP ,D,UI-1TEnl-1 et al. 

o6ycJioBJieHHaH orpaHHlJeHHeM BeJIHlJHHhl rreperra

Aa AaBJieHHH B KOJIOHHaX H3-3a TepMHlJeCKOH He

CTa6HJihHOCTH KOMIIJieKCa rrpH IIOBhiiiieHHhlX TeM

rrepaTypax. C 3THM me CBH3aHa H Heo6XOAHMOCTh 

rrpoBeAeHHH AHCTHJIJIHD;HH KOMHJieKca IIpH UOHH-

P~o~c. 2. CxeMa npo113BOACTBeHHoro 1.\HKna no nony'leH~o~IO coeAHHeHHH Hll ocHoae B10 H B11 : 

1 - ycTaHOBKa ,!J;JIH IIOJiyqeHHH TpexqJTopHCTOfO 6opa; 2- yCTaHOBKa ,!J;JIH IIOJiyqeHHH KOMIIJieKCa 
TpeX~TOpHCTOrO 6opa C ,!J;HMeTHJIOBhiM acflnpoM; 3- HeHTpaJIH3aTOp OTXO,!I;OB; 4- ycTaHOBKa ,!J;JIH IIO
JiyqeHHJl 85% B10 ,!J;HCTHJIJIH~Heii TpexcflTOpHCTOfO 6opa; 5, 6- nepBaH H BTopaH KOJIOHHhl KaCKa,!J;a ,!I;JIH 
IIOJiyqeHHH 85% B10 OOMeHHOH ,!I;HCTHJIJIJI~HeH KOMIIJieKca; 7- KOJIOHHa ,!I;JIH IIOJiyqeHHJl 99% B11 

o6MeHHOH ,!J;HCTHJIJIHr(HeH KOMIIJieKca; 8- KOJIOHHa ,!I;JIH IIOJiyqeHHH 40% B10 o6MeHHOH ,!I;HCTHJIJIHJ:(HeH 
KOMIIJieKca; 9- arrnapaT ,!I;JIH noJiyqeHHH TeTpacfltop6opaTa KaJIHH; 10- aJieKTpOJIHaep; 11- annapa1 

,!I;JIH IIOJiyqeHHH 6opHOH KHCJIOThl 

n;ecca rroJiylJeHHH BF3 ueiiTpaJmayiOTCH B arrrrapa

Te 3 H c6paChlBaiOtCH. 

,lJ;JIH rroJiylJeHHH HaoTorroB 6opa (B 10 H B 11 ) co

opymeua rpyrrrra ycTaHOBOK, COCTOHID;aH H3 Tpex 

pa3AeJIHTeJII>HhlX KaCKaAOB 5, 7, 8 110 IIOJIYlJSHHIO 

6opa MeTOAOM o6MeHHOH AHCTHJIJIHIJ;HH KOMIIJieKCa 

(CH3)20 • BF3 
1• 2 H KOJIOHHhl 4 no paaAeneHHIO 

H30TOIIOB oopa MeTOAOM AHCTHJIJIHIJ;HH BF3 3-5, 
llHTaHHeM KOJIOHHhl 7 CJIYffiHT IIOTOK OTBaJia 

C KOJIOHHhl 5, a IIOTOKH OTBaJia H3 KOJIOHH 6 H 7 
rrocTynaiOT ua IIHTaHHe KOJIOHHhl 8. OcHOBHhle 

paclJeTHhle rrapaMeTphl YCTaHOBOK rrpeACTaBJieHhl 

B Ta6Jinn;e. 

0TJIHlJHTeJII>Hoii oco6euuocTI>IO ycTaHOBOK AH

CTHJIJI.RIJ;HH KOMIIJieKCa 110 CpaBHeHHIO C YCTaHOB

KaMH AHCTHJIJIHIJ;HH BF 3 HBJI.ReTc.a Mana.a BeJIHlJH

Ha AOIIYCTHMoii IIJIOTHOCTH opomeHHH mHAKOCTH, 

meHHOM AaBJieHHH - AaBneune B KOHAeHcaTopax 

KOJIOHH IIOAAepmHBaeTCH paBHhlM 150 MM pT. CT. 

B AaJII>HeiimeM ua OAHOii na KOJIOHH rryTeM TepMH

qecKoii CTa6HJIH3aiJ;HH KOMIIJieKCa tPTOpHCThlM Me

THJIOM 6yAeT IIOBhliiieHO pa6oqee AaBJieHHe, a CO

OTBeTCTBeHHO H IIJIOTHOCTh opoiiieHHH. llpOH3BOAH

TeJibHOCTh ycTaHOBKH IIOBhlCHTCH IIpH6JIH3HTeJihHO 

ua 70%. 
llpeACTaBnHeTc.a n;eJiecoo6paaHhlM B AaJII>Heii

meM IIOBhliiiaTh IIJIOTHOCTh opomeHHH H COOTBeTCT

BeHHO IIpOH3BOAHTeJihHOCTh Ha ycTaHOBKaX ITO AH

CTHJIJIHD;HH BF3 nyTeM yBeJIHlJeHHH AaBJieHHH B KO

JIOHHax. B aToM cJiyqae rrpeAeJII>Ha.a IIJIOTHOCTh 

opomeHHH orpaHHlJeHa JIHIIII> TOlJKoii aaxne6hlBa

HHH, BeJIHlJHHa KOTOpOH C IIOBhliiieHHeM AaBJieHHH 

BoapacTaeT. BoaMomuoe yBeJIHlJeHHe rrponaBOAH

TeJII>HOCTH IIpH 3TOM OIIpeAeJIHTCH XapaKTepOM 3a-



napaMeTpbl ycTaHOBOK Anll nony&~eHHll H3CTOnOB 6opa 

.[(nuna 110- IIJioTnocTL II Ron~enTpa~HR IIOTOIIH, MOJ&bfeym~ru 
JJOHHLI, "" opomenaR JJOTHOCTL B", % 

.[(a a- DOTOIIB opomeHHR I ·epenaJt Ilpoaaao-
llleTOn IRH)I;KOCTH 8 8 B nusneHHR, )I;HTeJJL· VI 

)<'CT3HOBK3 Hacan11a MeTp B3TC m 
paanenenuR ROJIOHH, 

B CM'/MUI< 88 1 eMI MMpm. HOCTL noB VI 
ceii~HR Ceii~HR Ba 1 eM• ceqeBHR ce~HR Ceii~HR em. DHT8· xajao{J VI 

"""" ollora- uaane· ceqeuuR IIOJJOBHLI oOora- uaane- OTI!Op OTB8JJ 0 IUeHHR qeHHR IIOJJOHHLI B 1 MUI< IUeHHR qeHHR 
HHe 

z 
IV 
:.... 
0 

RacKa,IJ; IIepBaJI TpeyroJILHL!e 128 7,2 11,88 9,72 1,27 0,140 50 8 140 16,2 49,8 66 
,IJ;JIH no- KOJIOHHa cnnpamr 25 li nyqeHHJI 3,5x3,0 """" 

06MeHHaJI 85% B 10 

JJ:HCTHJIJIIIQHII BropaJI TpeyronLHhle 70 5,5 11,94 10,18 1,30 0,143 85 18,85 160 6,85._ 18,15 15 
(CHa)20 • B F 3 KOJIOHHa crrnpaJIH 

3,2x2,8 """" 
:-

l\OJIOHHa ,!IJIH 
G) 

uonyqeHHH TpeyroJILHh!e 128 7,2 15 8 1,27 0,140 1 18,85 150 21,52 13,89 35,41 86 G) 
99% Bn crrnpaJIH < 

3,5X3,0 MM 
m 
;lC 

0 
1:\0JIOHHa ]J;JIH TpeyronLHble 128 7,2 6,34 16,42 1,18 0,130 40 2 148 13,8 12,5 26,3 50 

I 
-I 
VI 

IIOJiyqeHHH cunpann ::::j 
40% BlO 3,5X3,0 MM 

m 
c 

~HCTHJIJIH- RonoHHa )l;JIH RonrraqKoBaH 57 3,5 22,33 9,33 8 1,92 85 8 350 10,23 62,36 72,59 35 
!!. 
Q 

QHII uonyqeHHJI 
BFa 85% B 10 

t w 
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BUCUMOCTU Koa<P<Pnn;ueHTa o6oraiD;eHU.II OT TeMrre
paTyphl. ::ha 3aBUCUMOCTb 6 IIpUBep;eHa Ha puc. 3. 
KaK 6Lmo ycTaHOBJieHo, e cJia6o aaaucuT oT TeM-

QRBI!ellll8. OTM. 
34 O.S2 7 30 9 28 I 9 

5 

"' -..... .............. --------- r--1'-

180 rro HIJ 190 200 210 220 
TeMn9PRTYPA, 'H 

P~o~c. 3. 3aaHCHMOCTio K03<P<PHLIH8HTa o6ora11.1eH·Hll H30Tonoa 

6opa np~o~ AHCTHnnliL!HH BFa oT TeMnepaTyp~ot 

rrepaTyphl, B CB.Rau c qeM n;eJiecoo6paaHo ocymecT

BUTh rrpo:n;ecc ,!I;HCTHJIJIHD;UH BF3 rrpu ,n;aaJieHuH 

3-5 aT. ::ho o6CTO.IITeJibCTBO MOiKeT IIpHBeCTU 

K yaeJIHqeHUIO IIpOU3BO,!J;HTeJibHOCTH ycTaHOBKH Ha 

40-60%. B Ta6Jinn;e rrpnaep;eHLI ocHoBHLie p;aH

Hhle ycTaHOBKH rro p;ucTHJIJIHD;UH BFa a ycJioau.Rx 

pa6oqero ,n;aaJieHUH 1 ar. 
Ilpn paapa6oTKe paap;eJIHTeJILHhlX ycTaHoBoK 

3HaqHTeJihHOe BHUMaHHe 6hlJIO y,n;eJieHO He TOJJbKO 

10+-----+-----+----+--

~ r...35+------=:;l;~=-----+-----+--
..... 
~ 

50 100 1§0 
A HaMemp, MM 

P~o~c. 4. 3aBHCHMOCTio alotCOTiot 3KBHaaneHTHoi:t TeopeTH'Ie

CKoi:t CTyneHH OT AHaMeTpa KOnOHHiol Anll HaoCaA04HOH CHC

T8Miol H3 0Tp83KOB TpeyronloHOH COHpanH H KanHnnllpHiollli 

npoKn(IAOI< 

H. r. rBEP ,li,~HTEJlH et al. 

UCCJie,!J;OBaHUIO a<P<PeKTUBHOCTU cyiD;eCTBYIOID;UX Ha
cap;oqHhlX CHCTeM, HO H C03,!J;aHUIO HOBbiX. "YqUTbi

Ba.ll, qTO Ha ycTaHOBKaX KOJIOHHOrO TUIIa 60JibillOrO 

,!I;HaMeTpa ( 6oJiee 30 .MM) rrpaKTHqeCKU HeB03MOiK

HO IIpOH3BeCTH rrpe,n;aapHTeJihHOe CMaqnBaHHe Ha

Cap;KU, 6hlJIH C03,ll;aHhl HOBbie Hacap;oqHhle CHCTeMhl 

OTHOCHTeJibHO BhlCOKOH a<P<l>eKTUBHOCTU, KOTOphle 

He Tpe6yroT rrpep;aapnTeJILHoro cMaquaaHnH. 

B KoJioHHax ,!I;HCTHJIJIHn;Hu KoMrrJieKca Haca,n;oq

Ha.ll CUCTeMa COCTOUT H3 CJIOeB TpeyrOJibHhlX CIIU

paJieii: C BhlCOTOH KaiK,n;oro CJIO.II OKOJIO 1 C.M U Ka

IIHJIJI.IIpHhlX rrpOimap;oK, rrpe,n;cTaBJIHIOID;UX co6oii: 

IIOJIOChl rreperHyToii: ap;aoe ceTKU 7• Caepxy Kam

p;oro CJIOH crrupaJieii: pacrroJiaraeTCH p.11,11; rrpoKJia

p;oK. 8<P<l>eKTUBHOCTb 3TOH Hacap;oqHOH CHCTeMhl 

orrpe,n;eJieHa IIpH ,!J;HCTUJIJI.IID;UH KOMIIJieKCa Ha KO

JIOHHaX p;uaMeTpoM 47, 74 u 128 .MM. IIoJiyqeHHhie 

BeJiuqHHhi B8TC rrpnaep;eHhi Ha puc. 4 . 
B KOJIOHHax ,n;ncTUJIJIHD;HU BF3 rrpuMeHeHa KoJI

rraqKoaaH Haca,n;Ka 8, U3rOTOBJieHHa.ll H3 ,li;BOHHOH 

CeTKU. 8JieMeHTbl 3TOH HaCa,!J;KH lfMeiOT BH,!J; KOJI

rraqKOB c qeTbipbMH ocTphlMU ay6n;aMu. Hacap;Ka 

lf3rOTOBJI.IIeTC.II rryTeM rrpop;aBJIUBaHU.II KYCKOB rre

perHyTOH IIOIIOJiaM CeTKU qepea KpyrJIOe OTBep

CTHe. Haca,n;Ka He Tpe6yeT rrpe,n;aapnTeJibHoro cMa

qnaaHHH. Ha puc. 5 rrpe,n;cTaBJieHa aaancnMOCTh 

a<P<l>eKTifBHOCTU OT IIJIOTHOCTU opomeHH.II rrpu pa-

6oTe 6ea rrpep;aapuTeJibHoro cMaquaaHHH p;JIH KOJI

rraqKoaoii: u TpeyroJihHoii: Hacap;Ku c rrpoKJiap;KaMH 

u 6ea rrpoKJiap;oK. Orrpep;eJJeHue B8TC rrpoaep;eHo 

Ha KOJIOHHe p;naMeTpoM 94 .M.M. Pa6oquM semecT

BOM .IIBJI.IIJiaCh CMeCb 6eH30JI - qeThlpeXXJIOpHCThlH 

yrJiepop;. KaK BU,li;HO Ha puc. 5, MUHHMaJibHhie aHa

qeHUH B8TC n rreperrap;a p;aBJieHHH Ha ep;HHnn;y 

BbiCOTbl ,!I;OCTHraiOTC.II ,!I;JI.II 1\0JIIIaqROBOH HaCap;RU. 

B ocHoay pacqeTa rrapaMeTpOB ycTaHoBRif p;ncTUJI-

P~o~c. 5. 3cpcpeKTHBHOCTio pa3nH4HiotX HaCaAOI< np11 pa6oTe 

6e3 npeAaapHTenloHOro CMa'IHBaHHll: 

e - OTpe3KH TpeyroJILHoii crrHpaJIH 3,0 X 2,4; A. - Ta 
ll\e Hacap;Ka C KaiiJIJIJI.HpHbiMJI IIpOKJia,li;KaMH; X- KOJIIIaq
KOBa.fl Haca,u;Ka 4,5/2,8 113 }lBOHHOH ceTKH (rryHKTllpHbiC 

KpliBble OTHOC.fiTC.fl K neperra,u;y ,ll;aBJieHH.fl) 
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JIH~H BFa (eM. Ta6JIH~y) noJiomeHLI xapaRTepH

CTHRH ROJIIIalJROBOH HaCaARH, npeACTaBJieHHLie Ha 

pHC. 5. 
IloJiyqeHHLie Ha ycTaHOBRax o6ora~eHHLie npo

AYRTLI (CHa)20 • B 1°Fa H (CHa)20 • B 11 Fa nepepa-
6aTLIBaiOTCH B :meMeHTapHLIH 6op (annapaTbl 9, 
10 Ha pHc. 2) :meRTpOJIH30M pacnJiaBa 1 cMecH KCI 

H KBF4. BLIXOA npOAYRTa 80%. CoAepmaHHe 6opa 

B npOAYRTe 92-98%. RpoMe nmpoRoro HCIIOJih

aoBaHHH B 1°F3 B ueiiTpoHHOWH3H'IeCRHx HCCJie

AOBaHHHX, a TaRme B npH6opax AJIH perHcTpa~H 
HeiiTpoHOB, OH HBJI.HeTCH CLipheM AJIH IIOJiyqeHHH 

6opuoii RHCJIOThi, MelJeHHOH H30TOIIOM. BopHaH 

RHCJIOTa rroJiyqaeTcH rHAPOJIH30M BFa (annapaT 11 
Ha pHC. 2) 110 peaR~HH 

4BFa + 3H20 = 3HBF, + HaBOa 

H IIOCJieAyiO~HM pa3JIOffieHHeM 6opifJTOpHCTOBOAO

pOAHOH RHCJIOTLI 

HBF4 + 2CaC03 + H 20=2CaF2 + H3B03+2C02 

nPOI--13BO,D,CTBEHHbiVI U.1--1KJ1 
nOJlY4EHI--1H Nl5 1--1 0 18 

06~aH cxeMa ~HRJia npeACTaBJieHa Ha pHc. 6. 

Bll34YH 

~NO, /oTBAn/ N''o" 

so, 

PHc. 6. CxeMa npoH3BOACTBeHHoro LIHKna no nony'leHHto 
coe,qHotteHHH, Me'leHtibiX N 15: 

1- a6cop6ep OKHCJIOB aaOTa; 2, 3- rrepBaH H BTOpaH 
KOJIOHHhl KaCKa~a ]VIH IIOJiy'leHHH N15 MeTO):t;OM XHMH'Ie
CKOrO o6MeHa;. 4, 5- cucreMa noanpara «Paahl; 6- arr
aapar AJIH O'IHCTKH OKHCH· aaora; 7, 8- nepBaH II BTOpaH 
KOJIOHHhl KacKaAa AJIH ITOJIY'I9HHH N15 H 0 18 M9TOAOM 

AHCTHJIJIH~Hif; 9- anna paT AJIH BOCCTaHOBJieHHH OKHCH 
aaora; 10, 11- arrrrapar AJIH CHHTeaa u rHAPOJIHaa HH" 
TpHAa KaJih~HH; 12- CHCTeMa AJIH IIOJIY'I9HHH BOAhl H 

aaQTHOH KHCJIOTbl B3 OKHCH aaoTa 
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l{HRJI BRJIIO'IaeT: 

1) pa3AeJIHTeJibHLie YCTaHOBRH; 

2) ycTaHOBRH no rrepepa6oTRe o6ora~euuoro 
npOAYRTa. 

,[(JIH IIOJiylJeHHH THffieJIOrO H30TOIIa a30Ta HC

IIOJih3YIOTCH ABa npo~ecca: XHMH'IeCRHH o6MeH 

B CHCTeMe ORHCh a30Ta - a30THaH RHCJIOTa 9-1 2 H 

HH3ROTeMIIepaTypHaH AHCTHJIJIH~HH ORHCH a30-
Ta t3-t5. 

RaR HaBeCTHO, npl{ AHCTIHIJIH~H OAHOBpc

MeHHo C THiKeJILIM H30TOIIOM a30Ta MOiKHO IIOJiy

lJHTh TaRme THffieJibiH H30TOII RHCJIOpOAa 0 18 H lJa

CTHlJHO ROH~eHTpHpOBaHHhiH H30TOII Ql7. 

HecMoTpH ua TO 'ITO npo~ecc noJiy'IeHHH N 15 

MeTOAOM XHMHlJeCROrO o6MeHa HBJIHeTCH AOCTaTOlJ

HO IIpOCTLIM H JierRO ocy~eCTBJIHeTCH B IIpOMbiiii

JieHHOM MacrnTa6e, ou o6JiaAaeT H pHAOM cy~ecT
BeHHLix HeAOCTaTROB, OCHOBHhiMH H3 ROTOpbiX HB

JIHIOTCH: 60JibiTiaH BeJIHlJHHa paCXOAa cepHHCTOrO 

aHrHAPHAa H COOTBeTCTBeHHO o6pa30BaHHe 6oJib

IIIOrO ROJIHlJeCTBa CepHOH RHCJIOTbl B CHCTeMe B03-

BpaTa ifla3LI ycTaHOBRH. 3aTpaTbl Ha o6pa~eHHe 
ifla3bl COCTaBJIHIOT 60JILIIIYIO lJaCTb o6U.\HX 3aTpaT 

npo~ecca. 

B CBH3H c TeM 'ITO npo~ecc HH3ROTeMnepaTyp

Hoii AHCTHJIJIH~HH TeXHOJIOrHlJeCRH HeCROJibRO 

cJiomuee npo~ecca XHMH'IecRoro o6MeHa, rrepBoHa

qaJILHO COOpymeHa XHM06MeHHaH ycTaHOBRa. 

B rrocJieAyro~eM ocHOBHaH qacTL npoH3BOACTBa 

N15 6yAeT ocy~eeTBJIHTLCH MeToAoM AHCTHJIJIH~HH 
ORHCH aaoTa. CxeMa XHM06MeHHoii RacRaAHOH 

ycTaHOBRH no noJiy'IeHHIO N 15 npeACTaBJieHa ua 

puc. 6. 
,[(HaMeTpLI nepBOH 2 H BTOpOH 3 ROJIOHH RaCI\a

Aa 120 H 26 M.llt, AJIHHLI uacaAO'IHoii qacTH 1\0JIOHH 

17,0 H 17,8 M. HacaAO'IHaH CHCTeMa rrepBoii 1\0-

JIOHHLI - TpeyrOJibHLie CIIHpaJIH C pa3MepOM ;me

MeHTa 2,5 X 2,5 MM, 'Iepea RaiR,IV>IH caHTHMe1'p 

paCITOJIOffieHLI CJIOH CeTlJaTbiX IIpOHJiaAol\; HaCaA-

1\a BTOpOH 1\0JIOHHLI - TpeyrOJibHLie CIIHpaJIH C 

paaMepoM aJieMeHTa 2,3 X 2,3 MM. IloTOI\H opo

rneHHH rrepBOH H BTOpOH ROJIOHH 400 H 16 CM3/MUH 

10 M aaoTHoii 1\HCJIOTLI cooTBeTCTBeHHo. 

Rou~eHTpa~HH B TO'II\e rrepexoAa oT rrepBoii Ro 

BTopoii ROJIOHHe HacRaAa CKt, a cJieAOBaTeJILHO, 

H AJIHHLI ROJIOHH OIIpeAeJieHLI H3 YCJIOBHH MHHH

MyMa BpeMeHH YCTaHOBJieHHH CTa~HOHapHOrO CO

CTO.JlHHH RacRaAa. PeayJILTaTLI pac'IeTa B BHAe 

3aBHCHMOCTH BpeMeHH AOCTHffieHHH ROH~eHTpa~HH 

CK2 = 98% N 15 Ha ROH~e BTopoii ROJIOHHLI oT Be

JIHlJHHLI RoH~eHTpa~HH CKt Ha ROH~e nepBoii RO

JIOHHLI rrpHBeAeHLI ua pH c. 7. Pac'IeT BLIIIOJIHeH 

AJIH ABYX aHalJeHHii BLICOTLI aRBHBaJieHTHoii Teope

THlJecRoii CTyiieHH IIepBOH ROJIOHHLI ht = 12 

H 20 CM. 

RaR BHAHO Ha pHc. 7, RpHBaH, xapaRTepHayro~aH 
8TY 3aBHCHMOCTL, HMeeT IIOJIOrHH MHHHMYM B o6-

JiaCTH aHa'IeHHii CKt = 10-+- 30%. IlpH yMeHLme

HHH CRt HHme 5% BpeMH ycTaHOBJieHHH peaRo 

BoapacTaeT. IIaoTOII N 15 rroJiylJaeTcH B BHAe oRHCH 

a30Ta, a30THOH RHC.TIOTLI, CB060AHOrO aaoTa H aM

MHaRa. Ilpo~eCC IIOJiylJeHH.Jl aMMHaRa COCTOHT H3 

Tpex CTaAHH ( CM. pH C. 6) : 
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1) BOCCTaHOBneHHH OKHCH a30Ta ~0 CBOOO~HOrO 
aaora (anrrapar 9); 

2) cHureaa HHTpH~a Kanhn;HH (annapar 10); 
3) rH~ponHaa HHrpH~a KanhD;HH (annapar 11). 

35 
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"' ... ,., 
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0 
0" 15 m 
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~ ~ 7 

~ +-.. I 
t--..... 

~ / 

0,05 0,10 0,15 0,20 0,25 0,30 

PHC. 7. 3aBHCHMOCTb BpeMeHH AOCTIOKeHHll KOH~eHTpa
~HH CK2 98% Nl5 Ha KOHI.Ie BTOpo•H KOno.HHbl OT aen.H

'IHHbl KOH~eHTpa~HH B TO'!Ke nepeXOAa CK npH ·BbiCOTe 

C~eti•H l'lepBOH KOnOH•Hbl ht = 20 lol 12 CM 

Co~epmaHHe aMMHaRa B npo~yRre 99,9%. 
OcuoBHhie npHMecH N2, H2, H20, BhlXO~ 95%. Ha 
ocuoBe oRHCH aaora, o6oraiD;eHHoif HaoronaMH N 15 

H 0 18, npe~ycMaTpHBaeTCH BhiiTYCR THmenOKHCJIO
pO~HOH BO~hi H2018 H aaoruoii: RHCnOThi HN150 318. 

MACC- ,lJ, lllctlctJY3111 R 

AnH nony'leHHH n;enoro pH~a BhlCORoo6oraiD;eH
Hhlx H30TOITOB, rpe6yiOID;HXCH B HeOOllhillHX ROJIH'Ie
CTBaX, npe~nonaraercH coopymeuHe ~Byx KacKa~oB, 
O~HOrO H3 120 Macc~~HtPtPY3HOHHhiX ;meMeH
TOB H BToporo- H3 30 M3CC-~HtPtPY3HOHHhiX KO
llOHOK. AuanorH'IHhle ycraHOBKH npH ~nHrenhHOii 
Hx ;:mcnnyaran;HH H B na6oparopuhrx ycnoBHHX 
IIOKaaanH BhiCOKYIO Ha~emHOCTh H CTaOHllhHOCTh 
pa6oThi 16• 17. OcuoBHhlMH BH~aMH HaororrHoii 
IIpO~YKD;HH, nonyqaeMOH Ha MaCC-~HtPtPY3HOHHhlX 
ycraHoBKax, 6y~yr Haoronhr ueoua Ne21 , Ne22, 
Ne20, yrnepo~a 0 3, aproua Ar36, Ar38, KpHIITO
Ha Kr86 H AP· B Ka'lecrBe HCXOAHOro ChiphH 6yAeT 
ucrronhaoBaThCH npHpo~HaH cMeCh HaororroB. Ha 
MaCC-AHtPtPY3HOHHhlX KaCKaAaX TaKme 6yAeT npo
H3BOAHThCH ~OOOorarn;eHHe H30TOITOB, rrony'leHHhlX 
MeTO~OM XHMH'IeCKOrO OOMeHa H AHCTHllllHD;HH ~0 

Ill. r. rBEP ,LJ,L.J.IIITEJllll et al. 

CBepXBhiCOKHX KOHD;eHrpan;HH. IlpOH3BOAHTenh
IIOCTh KalliAOH H3 ycraHOBOK, paCC'IHTaHHaH ITO 
Ne22 c Koun;eurpan;Heii 95-99%, npHMepuo 
200 e/eofJ. 

KOHTPOJlb 11130TOnHoro 
Ill XIIIMIII4ECKOrO 

COCTABA 
J1aoTOIIHhlH COCTaB COe~HHeHHll Ha OCHOBe H30-

TOIIOB 6opa H3MepHeTCH ABYMH MeTOAaMH: H~epHO
MarHHTHhiM peaoHaHCOM H MaCC-CIIeKTP,OMeTpH'Ie
CKHM. IlpH aTOM IIpOOhi C YCTaHOBOR OOMeHHOH 
.J:HCTHnnHn;HH KoMrrneKca 'B BHAe (CH3) 20 · BF3 H3-
MepHIOTCH MeTOAOM HAepHO-MarHHTHOrO peaOHaH
ca, a c ycraHoBKH AHCTHnnHD;HH rpextflropHcroro 
6opa B BH~e BFa Macc-crreKrpoMerpH'IeCKHM Mero
AOM. 

Maororruhlii cocraB coeAHHeHHii ua ocHoBe N 15 

H3MepHeTCH MaCC-CIIeRTP,OMeTpH'IeCKHM MeTOAOM 18 

B BHAe coeAHHeHHii NO H N2. 
XHMH'IeCKHMH MeTOAaMH CHCTeMaTH'IeCKH KOHT

ponHpyeTCH 'IHCTOTa HCXO~HhiX H ROHe'IHhiX rrpo

~YKTOB. 

CIIICTEMA ABTOMAT1114ECKOrO 
YnPABJlEHIIIR TEXHOJ10riii4ECKIIIMIII 

n POU.ECCAMIII 

CHcreMa aBTOMaTH'IecKoro ynpaBneHHH npeA
rrpHHTHeM AOJI)KHa ocyrn;eCTBllHTh OITTHMallhHOe pe
rynHpoBaHHe Bcex rexuonorH'IeCKHX npon;eccoB. 
OrrrHMH3an;HH AOmrum npoHCXOAHTh rro raKHM na
paMerpaM, KaK ROHD;eHTpaD;HH n;eHHOro H30TOITa B 
ROHe'IHOM llpOAYKTe pa3AellHTenhHhlX YCTaHOBOK, 
MaKCHMallhHaH rrpoH3BOAHTenhiHOCTh, <JKO.HOMH'I
HOCTh H AP· 8TH tPYHKD;HH AO.lllliHa BhiiiOllHHTh yrr
paBnHIOID;aH aneKrpoHHO-Bhi'IHcmrrenhHaH Manm-
Ha, pa6oraiOID;aH COBMeCTHO C aBTOMaTH'IeCKHM 
OIITHMH3aTOpOM H aneKTpOHHOll MOAellhiO paaAe
llHTellhHhiX ROllOHH. <f>yHKIIHOHallbHaH CXeMa CHC
TeMbl aBTOMaTH'IeCKOrO yrrpaBJieHHH rrpe;-t;rrpHH
THeM IIpHBe~eHa Ha pHC. 8. 

ABTOMarnqecKoe perynnpoBaHHe ycraHOBOI\ paa
AeneHHH H YCTaHOBOK nony'IeHHH HCXO~HhiX H KO
He'IHhiX rrpOAYKTOB ocyrn;ecrBnHercH coorBercrByiO
rn;nMH rrynhTaMH yrrpaBneHHH IIpH IIOMOID;H AaT'IH
l\OB A. KOHTponnpyiOrn;Hx rexHonornqecRnii npo
IIecc, H ncrronHnrenhHhiX MexaHH3MOB MM. 

06rn;ee ynpaBneHne ocyrn;ecrBnHer aJieRrpoH
HO-Bhl'IHcnnrenhHaH MaiiiHHa. 0Ha IIpOii:3BOAHT 
<<orrpoc>> AaT'IHROB, rrocne 'lero AaHHhie rrocryrraiOT 
B aBTOMaTH'IeCRHII OIITHMH3aTOp, H COBMeCTHO 
C ynpaBnHIOID;eii MaillHHOi1 H 3JieRTpOHHOH MO
f"lellbiO Bhlpa6aThiBaercH nporpaMMa perynHpoBa
HHH. PeaJIHaan;nH aroii nporpaMMhi rrpoHCXO)'J,HT 
nocpe~CTBOM RoMaHAHOro ycrpoii:crBa, Roropoe no
Chmaer HeOOXOAHMhle ROMaHAhi COOTBeTCTByforn;HM 
rrynhTaM aBTOMaTH'IeCROrO perynHpOBaHHH. 

An11 ROHTP,OJIH rexHOJiorH'IeCRHX rrpon;eccoB 11 
paOOThi CHCTeMhi aB'l'OMaTH'IeCKOrO perynHpOBaHHll 
cnymHr p,ncrrer'IepcKHJi: rrynhT. RpoMe roro, rrplr 
noMorn;u p,HcnerqepcKoro rryJihTa ocyrn;ecTBJIHerca 
BBOP, P,OllOllHHTenhHhiX P,MIHhlX H H3MeHeHHe ·pe
lliHMa ycraHOBOK. 

IlonHaH CHCTeMa aBTOM3TH'IeCROl'O ynpaBJieHHR 
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npe,a;npuHTHeM peaJiuayeTcH B ,a;aa aTana. IIepaLiii 
aTan - coa,a;aHue nyJILTOB aBTOMaTH'IecKoro ynpaB
JieHHH OT,[);eJibHhiMH ycTaHOBKaMH - BKJIIO'IaeT 
paapa60TKY Cnen;uaJibHhiX ,a;aT'IHKOB, peryJIHTOpOB 
u ucnoJIHHTeJibHhiX MexaHH3MOB. BTopoii aTan -

ABTOMBTH'fe-
CKHR 

onTHMHSBTOp 

OT nynbTOB 
ynpaaneHHA 

,..-...A-., 

11!1 
6noK 
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nOJIHOCTbiO 6eCKOHTaKTHhl H C06paHbl Ha TpaH3H
CTOpax H MarHHTHhiX aJieMeHTaX. 

PerymiTOphl noToKoB mu,a;KocTeii, a TaKme pery
JIHTOphl noTOKOB raaoa o6ecne'IHBaiOT peryJiupoaa
Hue c norpemHOCTbiO, He npeBLimaiO~rt;eii ± 1,5%, 
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PHc. 8. <byHKI.IHOHanbHctll cxeMa ·CHCT8Mbl aBTOMaTH<~ecKoro ynpaeneHHll npeAflpHliTHeM. 

C03,[);aHHe aBTOMaTH'IeCKOrO OnTHMH3aTopa, aJieKT
pOHHOH MO,[];eJIH H KOMaH,a;Horo ycTpOHCTBa, KOTO
phle COBMeCTHO C ynpaBJIR.IOirt;eH <lJieKTpOHHO-Bhi
'IHCJIHTeJibHOH MaillHHOH OCYirt;eCTBR.T nOJIHYIO aB
TOMaTH3art;HIO npeJJ.npHR.THR.. 

B HaCTOHirt;ee apeMR. ocy~rt;ecTBJieH nepBLiii aTan 
aBTOMaTH3art;HH- C03,[);aHbl nyJibThl aBTOMaTH'Ie
CKOrO ynpaaJieHHR. npon;eccoa paa,a;eJieHHR. uaoTo
rroa. PeryJiupoaaHne aTHX npon;eccoa ae,a;eTCR. no 
rH,a;pO,[];HHaMH'IeCKHM rrapaMeTpaM ycTaHOBOK. iho 
noTpe6oBaJIO pemeHHR. pH,a;a BOnpOCOB, CBR.;laHHbiX 
C H3MepeHHeM H peryJIHpOBaHHeM MaJibiX nOTOKOB 
arpeCCHBHblX HtH,[];KOCTeH, OTHOCHTeJibHO MaJibiX no
TOKOB raaa, peryJIHpOBaHHR. noJIOateHHR. 30H peaK
D;HH B yCTaHOBKaX, pa6oTaiOirt;HX no MeTOJI.Y XHMH
qeCKOro o6MeHa, H np. Paapa6oTaHLI pacxoJJ.OMepLI 
MaJiblX nOTOKOB HtHJI.KOCTeH H ra30B, cnert;HaJibHhle 
HCnOJIHHTeJibHbie MeXaHH3Mhl ,[);JIR. npert;H3HOHHOrO 
peryJIHpOBaHHR. nOTOKOB, ycTpOHCTBO JI,JIR. peryJIH
poBaHHR. nOTOKOB HtHJI.KOCTeH, HaCLIIrt;eHHhiX paCT
BOpeHHhiMH B HHX raaaMH, H Jl,pyrHe YCTpOHCTBa. 
Oco6oe BHHManne yJI,eJieHo HaJJ.emHOCTH n TO'IHO
CTH peryJIHpOBaHHR.. 8JieKTpOHHble peryJIR.TOpbl 

IIpH'IeM OCHOBHaR. 'laCTb OillH6KH IIpHXOJI.HTCR. Ha 
pacxo,a;oMepLI (norpemHOCTb caMux peryJIR.Topoa 
He 6oJiee ± 0,4%). 

PeryJinpoBaHne noJiomeHUH aoH peaKn;uu B pe
aKTopax ocy~rt;ecTBJIHIOT caMoHacTpauaaiO~rt;HecR. 

peryJIHTOphl, KOTOphle aBTOMaTH'IeCKH Bbl6upaiOT 
Heo6xo,a;uMLiii pemnM pa6oTLI. PeryJIHTopLI n;up
KYJIHD;HH B ,a;ucTHJIJIHD;HOHHhlx KOJIOHHax o6ecne
qnaaiOT ee no,a;,a;epmaHHe B 3aBHCHMOCTH OT ypOBHH 
mn,a;KoCTH B ucnapuTeJie. PeryJIR.TopLI ,a;pyrux na
paMeTpoa o6ecrrequaaiOT nx peryJinpoaaHHe 19 

c norpemHOCTbiO, ue npeBLimaiO~rt;eii ± 1%. Cu
CTeMa aBTOMaTH'IeCKOrO peryJIHpOBaHHR. paa,a;eJIH
TeJibHblX npon;eccoa BKJIIO'IaeT aaapuiiHyiO u rrpe
,a;ynpe,a;nTeJibHYIO curHaJinaan;niO. YquTbiBaR. oco-
6yiO BaatHOCTb Ha,a;emHOCTH CHrHaJIH3art;HOHHbiX 
ycTpOHCTB, paapa6oTaHa CHCTeMa C noJIHOH caMO
npoBepKOH. 
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A/388 USSR 

Experimental production of stable isotopes 

By I. G. Gverdtsiteli ef a/. 

With a view to developing work on the use of stable 
isotopes, a pilot plant for the production of isotopes 
of boron, nitrogen, oxygen, carbon, neon, argon, 
krypton and other elements has been built in Tiflis. 

The basic experimental data and general technolo
gical flowsheet for the plant are presented in the paper. 

Operations began with the production of the boron 
isotopes 10B and liB and the heavy isotope of nitro
gen 15N. 

Two methods are used to separate the boron 
isotopes : low-temperature distillation of boron 
trifluoride and exchange distillation of its dimethyl 
ether complex. Flowsheets and parameters of columns 
designed to produce 25 kg/year of 10B are described. 

The nitric oxide-nitric acid exchange process is used 
to separate the nitrogen isotopes. Flowsheets and 
parameters of columns designed to produce 4.5 kg/year 
of 15N are described. 

The automatic control system is also described; 
this includes a number of.special sensing elements, 
actuating mechanisms and governors. 

Next, the production of the isotopes 180 and 15N 
is envisaged by the low-temperature distillation of 
nitric oxide, and that of 22Ne, 36Ar, 13C and 86Kr by 
diffusion through a current of steam. 

Finally, an account is given of the results obtained 
experimentally and by theoretical calculations. 

A/388 URSS 

Production ex peri mentale d 'isotopes stables 

par I. G. Gverdtsiteli ef a/. 

En vue de developper !'utilisation d'isotopes stables, 
on a construit a Tbilissi une installation pour la pre
paration d'isotopes du bore, de l'azote, de !'oxygene, 
du carbone, du neon, de l'argon, du krypton et d'autres 
elements. 

Le memoire presente les principales donnees expe
rimentales et le schema de principe general de 1 'ins
tallation. 

L'exploitation a commence avec la production des 
isotopes 10B et liB du bore et de !'isotope lourd de 
l'azote 15N. 

La separation des isotopes du bore est faite par deux 
methodes : distillation a basse temperature du tri
fluorure de bore et distillation d'echange du complexe 
du trifluorure de bore avec Je dimethylether. On donne 
Je schema de principe et les parametres des colonnes 
permettant de produire 25 kg de bore 10 par an. 

La separation des isotopes de I 'azote est realisee 
par Ia methode de l'echange chimique dans le systeme 
oxyde d 'azote-acide nitrique. On donne le schema de 
principe et Jes parametres d 'une installation dont Ia 
capacite de production est de 4,5 kg d'azote 15 par an. 

On decrit le systeme de regulation automatique 
comprenant une serie de sondes speciales, de meca
nismes de commande et de regulateurs. 

On envisage de produire ensuite 180 et 15N par une 
methode de distillation a basse temperature d'oxyde 
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d'azote, et les isotopes 22Ne, 36Ar, 13C, 86Kr et d'autres 
par la methode de diffusion a contre-courant de 
vapeur. 

On decrit les resultats des travaux experimentaux et 
des calculs theoriques. 

A/388 URSS 

Producci6n experimental de is6topos estables 

por I. G. Gverdtsiteli ef a/. 

Con objeto de fomentar la utilizacion de isotopos 
estables se ha construido en Tiflis, una planta piloto 
para producir los isotopos del boro, nitrogeno, oxi
geno, carbono, neon, argon, cripton y otros elementos. 

En la memoria se exponen los datos basicos experi
mentales y los diagramas de circulacion generales de 
la instalacion. 

Las operaciones comenzaron con la produccion de 
los isotopos del boro, 10B y 11B, y del isotopo pesado 
del nitrogeno, 15N. 
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La separacion de los isotopos del boro se realiza 
por dos procedimientos : destilacion a baja tempera
tura del trifluoruro de boro y destilacion de intercam
bio del complejo de trifluoruro de boro con eter dime
tilico. Se dan los diagramas de circulacion y los para
metros de las instalaciones destinadas a producir 
25 kg de boro-10 al afi.o. 

La separaci6b de los isotopos del nitrogeno se rea
liza por el metodo de intercambio quimico en el sistema 
oxido de nitrogeno-acido nitrico. Se dan los diagra
mas de circulacion y los parametros de las instala
ciones destinadas a producir 4,5 kg de nitrogeno-15 
al afi.o. · 

Se describe un sistema de control automatico que 
contiene una serie de transductores especiales, meca
nismos de accion y reguladores. 

Se considera la produccion de los isotopos 180 y 15N 
por el metodo de destilacion a baja temperatura del 
oxido nitrico, y de los isotopos 22Ne, 36A, 13C, 86Kr 
y otros, por el metodo de difusion en contracorriente 
de vapor. 

Se presentan los resultados de los trabajos experi
mentales y de los calculos teoricos. 
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La producci6n de is6topos estables en Espana 

por M. M. Urgell *, J. Iglesias*, J. Casas**, J. M. Savir6n ** y M. Quintanilla*** 

La produccion de isotopos estables ha adquirido 
gran interes en los ultimos aiios, y Espana, a traves 
de la JEN, ha desarrollado un programa de trabajo 
para la separacion de diversos isotopos estables por 
cromatografia de intercambio ionico y por difusion 
termica. El primer metodo se esta aplicando en el 
Centro de Energia Nuclear« Juan Vig6n » de Madrid 
y el segundo en el Departamento de Fisica de la 
Facultad de Ciencias de la Universidad de Zaragoza. 

Dentro del primer grupo se ha estudiado la separa
cion de los isotopos 14N y 15N, 10B y 11B, describiendose 
las experiencias llevadas a cabo para la determinacion 
del factor de separacion por el metodo del punto de 
ruptura. Los valores hallados para el factor de 
separacion (15Njl4N)RJ(15N/14N)8 utilizando soluciones 
de hidroxido amonico oscilan entre 1,028 y 1,002 
segun las condiciones experimentales; por el contrario, 
el cloruro y el acetato amonico dan valores muy 
proximos a la unidad. 

En el caso del boro y usando soluciones de aci
do borico se ha obtenido un factor de separacion 
(

11Bfl0 B)R/(11Bj1°B)8 igual a 1,035-1,027 (segun lacon
centracion), siendo del mismo orden los obtenidos 
con los complejos de manita (1,024) y glicerina (1,027). 
Utilizando borato s6dico el factor de separacion 
difiere muy poco de la unidad. 

Queda confirmado que, tanto en el caso del nitro
geno como del. boro, para obtener factores de separa
cion elevados es necesario emp1ear compuestos de 
estos elementos que esten poco ionizados en solucion. 
Aplicando la tecnica cromatografica de desarrollo 
por desplazamiento se ha conseguido obtener nitro
geno-15 enriquecido del 24,3 % y boro-1 0 del 61 ,0 % 
partiendo siempre de la composicion normal (0,365 % 
y 20,0% respectivamente). Se ha diseiiado y construido 
una planta piloto de control automatico y de fnnciona
miento continuo con la que se espera alcanzar enrique
cimientos mas elevados. 

En relacion con los estudios de difusion termica 
se investiga la separacion de los distintos is6topos 
de los gases nobles y del oxigeno, nitrogeno y carbono-
13, a traves de los siguientes aspectos: a) correlacion 

* Division de Quimica, Junta de Energia Nuclear, Madrid. 
** Facultad de Ciencias, Universidad de Zaragoza. 
*** Ademas de los autores hand colaborado en la realizaci6n 

de este trabajo: R. F. Cellini, F. de la Cruz, T. Batuecas y H. G. 
Sanz. 
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entre las predicciones teoricas y los resultados experi
mentales en diversos tipos de columnas, en relacion 
con el diseiio de plantas de separacion en condiciones 
optimas de rendimiento; b) determinacion en columna 
cilindrica de factores de difusion termica de mezclas 
isotopicas y binarias con objeto de determinar si 
un gas puede actuar como « gas filtro » en una mezcla 
isotopica; c) distribucion, en columnas de difusion 
termica, de mezclas multicomponentes, para la separa
ci6n de isotopos de masas intermedias, utilizando en 
cada caso gases que actuen como « filtros ». 

INTERCAMBIO 16NICO 

Factores de separaci6n 

Nitr6geno 

Las experiencias se han llevado a cabo en columna 
utilizando resina Dowex 50W, X-12, 100-200 mallas 
y soluciones de hidroxido, cloruro y acetato amonico. 
El factor de separacion se ha calculado a partir de los 
datos experimentales por aplicacion de la formula 
simplificada (1) segun e1 metodo del punto de rup
tura [1]: 

8 
= i~m ViCi (R0 - Ri) 

i~I QRo 
(1) 

siendo el factor de separacion K = 1 + 8; y en don de 
Vi = volumen recogido en la fraccion i (ml); C, = 
concentracion de ion amonio en la fraccion i (meq/ 
ml); R0 = relacion 15N/14N normal; Ri = relacion 
15Nf14N en la fraccion i; Q = capacidad total de 
cambio de la columna de resina. 

En Ia tabla I se dan los valores hallados para el 
factor de separaci6n K = (15N/14N)RJ(15N/14N)8 , 

empleando solucion de hidroxido amonico de diferen
tes concentraciones y a velocidades de flujo distintas. 

La variacion de la relacion isotopica del nitrogeno 

Tabla 1. Factor de separaci6n de los is6topos de 
nitr6geno 

Compuesto Concentraci6n Velocidad Factor 
en soluci6n (equiv./litro) (ml/cm' min) de separaci6n 

NH40H 1 0,98 1,0281 
NH40H 0,1 1,16 1,0256 
NH40H 1 4,74 1,0272 
NH40H 0,1 5,22 1,0223 
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(15N/14N) en funcion de la concentracion de ion 
amonio 

i=m 
~ ViCdQ 

i-1 

en el efluyente de la columna esta representada en la 
figura 1 para una solucion alimentadora de hidroxido 
amonico IN y O,IN a diferentes velocidades de 
flujo. La relacion isotopica de la primera fraccion 
recogida disminuye con la velocidad de flujo, o sea, 
el enriquecimiento frontal en 14N es mas elevado a 
velocidades de flujo lentas. Igual ocurre al considerar 
la concentracion de la solucion alimentadora; para 
una concentracion mas baja, el enriquecimierito en 
14N de la primera fraccion recogida es superior. En 
estas experiencias con hidroxido amonico el volumen 
de las primeras fracciones efluyentes recogidas fue 
de 25 ml tanto en el caso de la solucion IN como en 
el de O,IN. Aparte de otras posibles consideraciones, 
es logico que el enriquecimiento en 14N sea superior 
en el caso de la solucion O,IN pues existe un gradiente 
en la relacion isotopica y el numero de miliequivalentes 
recogidos en el mismo volumen de efluyentes es muy 
superior en el caso de la solucion concentrada. 

Se realizaron tambien varias experiencias utilizando 
soluciones IN y O,lN de cloruro amonico y acetato 
amonico, pero la composicion isotopica frontal de la 
primera fraccion recogida era casi igual a la composi
cion normal de los isotopos de nitrogeno a diferencia 
de lo que ocurria en el caso del hidroxido. Mayor 
informacion sobre este particular y sobre los factores 
de separacion se encuentran en otro trabajo [2] 
de los autores. El anion hidroxilo, para una separacion 
de los isotopos de nitrogeno por intercambio ionico 
es muy superior al cloruro y acetato, de tal manera 
que estos dos ultimos deben ser desechados para este 
objeto. 

Boro 

Con objeto de encontrar las condiciones experi
mentales mas convenientes, para llevar a cabo la 
separacion de los isotopos 10B y 11B por cambio ionico, 
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se ha realizado la determinacion de factores de separa
cion para diversos sistemas. En particular, se ha estu
diado el comportamiento de las disoluciones de 
acido borico frente a las resinas anionicas « Dowex-1 » 
y « Dowex-2 ». En disoluciones concentradas de este 
acido aparecen aniones complejos con varios atomos 
de boro [3]. Para poner de manifiesto la influencia 
de estos sobre el factor de separacion, se han realizado 
determinaciones del mismo a diversas concentra
ciones. Los restantes sistemas estudiados fueron: 
disoluciones de acidos glicero-borico y manito
borico, de acido fluoborico y, por ultimo, de borato 
sodico; en todos los casos, frente a resinas anionicas 
fuertemente basicas. 

El metodo de determinacion fue analogo al seguido 
en el caso del nitrogeno, y se describe con detalle 
en [4]. 

En las figuras 2 y 3 se representa, para algunas de 
las experiencias realizadas, la variaci6n de la composi
ci6n isot6pica con la cantidad de boro recogi::!::. ;;;:: 
el efluyente a partir del punto de ruptura. 

Los valores del factor de separacion obtenidos se 
resumen en la tabla 2. En la misma se indican las 
condiciones de cada experiencia, asi como la relaci6n 
entre la cantidad total del boro fijado y la capacidad 
de la columna. Este valor, que representa el numero 
medio de atomos de boro retenidos por cada punto 
activo de resina, es funcion de Ia concentraci6n de la 
disoluci6n correspondiente. Como en el calculo del 
factor de separaci6n interviene directamente la capaci
dad de cambio de la resina, se ha tornado esta referida 
al i6n cloruro, con objeto de tener una base firme de 
referenda. 

Examinando los resultados de la tabla 2, se observa 
que hay una disminuci6n apreciable en el factor de 
separaci6n, al pasar del acido b6rico a sus complejos 
con polialcoholes; disminuci6n que parece estar en 
relacion inversa con Ia establilidad del complejo. 

El factor de separaci6n para borato s6dico es 
practicamente igual a Ia unidad y despreciable frente 
a los obtenidos en los demas casos. De esto se deduce 

Tabla 2. Factor de separaci6n de los isotopos de boro 

Resina Disoluci6n Concentraci6n Cap. boro (llB/ 10B)e 
(equiv./litro) 

K~---
Cap. cloruro (llBJ 10B)R 

Dowex 1-X-8 B03H 3 • 0,1 2,40 1,0272 
Dowex 1-X-8 B03H 3 • 0,03 1,72 1,0262 
Dowex 1-X-8 B03H 3 • 0,015 1,51 1,0269 
Dowex 1-X-8 B03H 3 + FH (1: 1) . 0,1 1,0296 
Dowex 1-X-2 B03H 3 + Manita (1: 1,5) 0,1 1,05 1,0224 
Dowex 2-X-8 B03H 3 • 0,1 2,24 1,0285 
Dowex 2-X-8 B03H 3 • 0,5 3,60 1,0354 
Dowex 2-X-8 B03H 3 + Glicerina (1: 3). 0,1 1,82 1,0269 
Dowex 2-X-8 B03H 3 + Manita (1: 1,2). 0,1 0,98 1,0245 
Dowex 1-X-8 B(OH)4Na . 0,1 0,99995 

± 0,00004 
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que, para el acido borico, el enriquecimiento isotopico 
se debe a la reaccion de intercambio: 

10B03H3 + 11B(OH)4 -~ 11B03H3 + 10B(OH)4 

Dada la semejanza formal de esta reaccion con las 
de intercambio entre BF3 y sus complejos, utilizadas 
en la separacion de los isotopos de boro por intercambio 
quimico [5], no es de extrafiar la semejanza entre los 
factores de separacion correspondientes. En ambos 
casos el 10B tiende a concentrarse en el compuesto 
con boro tetracoordinado. 

Experiencias de separaci6n en columna 

Nitr6geno 

Se montaron en serie 10 columnas de vidrio Pyrex 
de 150 em de altura y 5 em de diametro interno llenas 
con resina Dowex 50 W, X-12, 100-200 mallas forma 
hidrogeno. Se fijo una banda de 210 em de ion amonio 
mediante el paso de hidroxido amonico 0,5N a traves 
de dos columnas conectadas en serie a una velocidad 
de flujo de 30-32 ml/min. 

Es un poco dificil distinguir visualmente el frente 
de la banda de ion amonio, pero es facil de detectar 
por la elevacion de la temperatura en la zona de 
transicion. La elucion con hidroxido sodico 0,6N 
provoca un desplazamiento de la banda de ion amonio 
y la separacion en ella de los isotopos de nitrogeno, 
enriqueciendose en cabeza el nitrogeno-14 y en cola 
el nitrogeno-15. 

En la figura 4 se representa la composicion isotopica 
de una banda de ion amonio despues de haber reco
rrido 24 y 81 metros de columna, lo que equivale a 
tomar las muestras a la salida de la columna 16 y 54, 
considerando una longitud nominal de 150 em. 
Sin embargo, hay que tener presente Ia contracci6n 
de volumen que experimenta la resina al pasar de forma 
hidrogeno a forma amonio, que se puede cifrar en 
6,5 % y la manera de depositarse la resina forma 
hidrogeno en la columna despues de un lavado en 
contracorriente que puede ocasionar pequefias varia
ciones iniciales en la altura de la resina. 

La curva correspondiente a 24 metros tiene una 
gran zona plana correspondiente a la concentracion 
normal (0,365 %) y se alcanzo un enriquecimiento 
de nitrogeno-15 de I ,506 %- La curva de 81 metros no 
presenta ya zona plana y se logro obtener una concen
tracion de nitrogeno-15 de 24,336 %. Se observo que, 
a medida que la banda de ion amonio se desplaza a 
lo largo de las columnas, disminuia ligeramente su 
longitud; en parte, debido a la toma de muestras y 
en parte, a una pequefia cantidad residual de ion 
amonio que permanecia en cola en la zona del ion 
sodio. 

El frente en cabeza (H+ fNHt) es facil de identificar 
por el cambio a pH alcalino que experimenta el 
efluyente en el momento de transicion, pero es con
veniente tomar dos muestras, ya que la primera a 
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veces no contiene suficiente cantidad de nitrogeno-15 
para verificar el analisis isotopico. El frente de cola 
es facil de identificar por el cambio de color de la 
resina pero es preciso tomar varias muestras sucesivas 
a pequefios intervalos para evitar pase desapercibido 
el maximo enriquecimiento. 

Como la com posicion isotopica normal del nitrogeno 
es baja respecto al nitrogeno-15, es del mayor interes 
que no se pierda nada del mismo en la cola y, por 
ello, fue necesario comprobar la interaccion entre la 
banda de ion amonio y lade hidroxido sodico eluyente. 
Para ello se procedio a valorar la concentracion de 
ion amonio en la banda de hidroxido sodico a distintas 
longitudes y tomando como origen el punto de transi
cion de una banda a otra. Las muestras se tomaron 
por el extremo inferior de una columna y se midio el 
avance de Ia zona de transicion ion amonio - ion 
sodio en la columna siguiente. La experiencia se realizo 
en las columnas de vidrio descritas anteriormente, 
utilizando solucion de hidroxido sodico' 0,93N a una 
velocidad de flujo de 16 ml/min. 

En la figura 5 se representa la concentracion de ion 
amonio expresada en meqjlitro en funcion de la 
distancia recorrida por la zona de separacion NHt f 
Na+. Segun se deduce de la grafica, para conseguir 
una concentracion inferior a 0,1 meq. HNt /litro es 
necesario conservar en cola una banda de ion sodio 
superior a 75 em. Teniendo en cuenta que la altura 
de las columnas es de 150 em y que noes recomendable 
conectar mas de tres columnas en serie en el desplaza
miento de la banda, por la· elevada perdida de carga 
que se produciria, queda determinada una banda de 
ion amonio de 225 em de longitud en Ia que se realizara 
la separacion de los isotopos de nitrogeno. La longitud 
de Ia banda de ion sodio varianl. a lo largo de las 
columnas desde un valor maximo de 225 em en el 
momento antes de entrar en circuito una nueva 
columna en estado hidrogeno, a un valor minimo de 
75 em momentos despues de entrar en circuito dicha 
cuarta columna y eliminar del sistema la primera que 
pasara a regeneracion. 

Despues de la elucion con hidroxido sodico, las 
columnas de resina en forma sodio deben ser regenera
das a la forma hidrogeno para poder entrar de nuevo 
en circuito. El acido sulfUrico es el acido mas conve
niente para este objeto desde un punto de vista econo
mico por tener el precio equivalente mas bajo. 

Se hicieron una serie de experiencias empleando 
acido sulfurico IN y 2N a velocidades de flujo de 
1,2 y 4 mlfcm2 min en columnas de 5 em de diametro 
interno [6]. 

El numero total de equivalentes de acido sulfUrico 
· que se gastan en la regeneracion varia poco en las 
condiciones equivalentes ensayadas y es ligeramente 
inferior a velocidades lentas. 

Disponiendo tres columnas de 150 em de altura 
en serie, se aprovecha practicamente todo en acido 
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sulfUrico, con tal de ir eliminando del sistema las 
columnas regeneradas completamente y afiadiendo 
otras nuevas columnas a regenerar conservando siem
pre tres en serie. 

Boro 

Para realizar las experiencias de separacion isotopica 
de boro se ha construido un sistema de seis columnas 
de «plexiglas», de 19 mm de diametro interno y 
I 500 mm de longitud. Estas columnas se llenaron 
con resina anionica « Dowex 2 X-8 » de 200 a 400 rna
lias. 

Con Ia resina en forma basica se fija en Ia primera 
columna una banda de acido borico conteniendo 
0,85 moles de este compuesto. La banda se desplaza 
con disolucion O,IN de acido acetico. Se mantienen 
en circuito dos columnas conectadas en serie. Cuando 
el frente de banda llega al final de Ia segunda, se 
conecta Ia tercera y se aisla Ia primera, Ia cual se 
encuentra ya totalmente en forma acetato. La longitud 
de banda, despues de dos metros de desplazamiento, 
se establiza en 80 em. Esta longitud depende de Ia 
concentracion del acetico, ya que esta influye en el 
grado de asociacion del acido b6rico. Con disolucion 
de acido acetico O,IN, el acido borico efluyente alcanza 
una concentracion de 0,28N. Para el desplazamiento 
de Ia banda podria utilizarse cualquier acido con cons
tante de disociacion mayor que Ia del borico (Ka = 
6,5 x I0-1°), siempre que no reaccione con este com
puesto. La eleccion del acetico se basa en que el ion 
acetato presenta poca afinidad por Ia resina, lo que 
facilita la regeneracion de Ia misma y, ademas, en 
que el cambio de volumen de Ia resina, al pasar de 
forma borato a acetato, es muy pequefio. 

Se mantiene una ve1ocidad de flujo de 1 m1/cm2 min, 
con lo que se logra un desp1azamiento de banda de 
aproximadamente un metro cada 24 horas. Se efectuan 
pequeiias tomas de muestra en diversos puntos de Ia 
banda, despues de haber recorrido esta 9, 18 y 25 m. 
Se toma un volumen de muestra de 1 ml, con lo que no 
se afecta practicamente Ia distribucion isotopica en 
el seno de Ia banda. La localizacion de los puntos de 
toma de mu'estra se realiza por medida del volumen 
de efluyente, recogido entre cada dos muestras. Los 
resultados obtenidos vienen representados en Ia 
figura 6. Se observa que existe un aumento progresivo 
de Ia concentracion de 10B en cola, mientras que el 
11B tiende a concentrarse en Ia cabeza de Ia banda.· 

El mayor inconveniente de este sistema se debe a 
Ia formacion de burbujas de un gas poco soluble en 
Ia zona de cola de Ia banda. Este gas esta constituido 
por anhidrido carbonico, procedente de contaminacion 
del hidr6xido sodico, utilizado en Ia regeneraci6n a 
ciclo OH-. El efecto es acumulativo, pues el carbonico 
no se elimina, porque su primera constante de disocia
cion es intermedia entre las del borico y acetico. La 
formaci6n de burbujas tiene como consecuencia el 
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que disminuya Ia eficacia de Ia separaci6n en Ia zona 
de concentraci6n en 10B. Esto se pone de manifiesto 
si comparamos el enriquecimiento global que tiene 
Iugar en cabeza y en cola, como puede verse en Ia 
tabla 3. 

Longitud 
desplaz. 

9 
18 
25 

% "B (cabeza) 

9,03 
5,60 
2,69 

Tabla 3 

% "B (cola) 

31,8 
44,3 
51,1 

R/R0 (cabeza) R 0 /R (cola) 

2,52 1,86 
4,21 3,18 
9,05 4,17 

La aparicion de burbujas puede evitarse por aplica
ci6n de una sobrepresion al sistema, basta obtener 
una solubilidad suficiente del gas. Un metodo mas 
sencillo consiste en Ia adicion de un agente complejante 
para el borico, de manera que forme un acido mas 
fuerte que el carbonico. 

Para comprobar Ia eficacia de este procedimiento se 
ha fijado una banda de complejo manito-borico, 
que se ha desplazado con acido formico O,IN. Se ha 
utilizado el mismo sistema de Ia experiencia anterior. 
La velocidad de flujo fue de 0, 7 mljmin cm2• La banda 
tenia una longitud de 150 em. La distribucion isoto pica 
dentro de esta banda, despues de 18 y 27 m de desplaza
miento, esta reflejada en Ia figura 7. Se obtiene en este 
caso una mayor similitud entre los valores de enrique-
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cimiento global logrados en cabeza y en cola, que 
al cabo de 27 m de desplazamiento fueron de 5,14 
y 6,26, respectivamente. 

Analisis isot6pico 

Las determinaciones de compos1c10n isotopica 
de nitrogeno y boro se realizaron con un espectrometro 
de masas « Consolidated Electrodynamics Corpora
tion » modelo 21-103 C. 

Para el nitrogeno se utilizo el nitrogeno elemental, 
que se obtiene por oxidacion de amoniaco de 1a 
muestra con hipobromito sodico. 

En la determinacion del boro se utilizo borato de 
metilo, obtenido por reaccion directa del acido 
borico de la muestra correspondiente con metanol. 

Unidad automatica para Ia producci6n de is6topos 
estables 

Se ha llevado a cabo el disefio y la construccion 
de una unidad automatica para la produccion de 
isotopos estables enriquecidos por cromatografia de 
intercambio ionico [7]. Actualmente se procede al 
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montaje de la misma que se utilizara en primer Iugar 
para la separacion de los isotopos de nitrogeno y en 
una segunda fase para la separacion de los isotopos 
de boro. La t'mica variacion importante sera el cambio 
de resina cationica a anionica y el uso de reactivos 
diferentes. 

Consta de 10 columnas de vidrio Pyrex de 1 500 mm 
de altura y 150 mm de diametro interno terminadas 
con un ensanchamiento conico en su parte externa, 
que permite suspenderlas mediante bridas metalicas 
de forma adecuada. Estas bridas se han disefiado 
especialmente para descansar sobre tres tornillos 
graduables sujetos a un armazon metalico. La presion 
de operacion maxima permisible, segun el diametro 
de las columnas, es de 1,6 kg/cm2, suficiente para la 
perdida de carga que se origina al disponer en serie 
tres columnas de resina Dowex 50 W, X-12, 100-200 
mallas. Las partes de la instalacion que estan en 
contacto con liquidos corrosivos se han construido 
con cloruro de polivinilo y plexiglas o bien de acero 
inoxidable y monel. A la tapa superior de las columnas 
se le puede acoplar un deposito de PVC que sirve 

1- DEPOSITO DE SOSA CONCENTRADA 

2- DEPOSITO DE AGUA DESIONIZADA 

3- DEPOSITO DE ACIDO SULFURICO 

4 -DEPOSITOS DE SOSA DILUIDA 

5 -CO LECTOR DE FRACCIONES 

6 -UNlOAD DE CONTROL 

7- FJLTRO PULIDOR 

8-COLUMNAS 

9-BOMBA 

Figura 8. Unidad de produccion de isotopos estables por intercambio ionico (nitrogeno) 
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de receptacula en el lavado en contracorriente de Ia 
resina. La tapa inferior lleva una tela filtrante tipo 
Dralon o Dyne! que tiene la ventaja sobre la tela 
poliamidica de una mayor resistencia a los acidos. 

En la figura 8 se representa un esquema de Ia unidad. 
Cada columna lleva en su parte superior cinco conduc
ciones de las que tres son para entrada de agua desio
nizada, hidroxido sodico y acido sulfUrico y van 
gobernadas por valvulas de solenoide. Otra enlaza 
con Ia columna anterior y Ia quinta actua como 
purga. En Ia parte inferior, dos valvulas de solenoide 
permiten Ia salida de liquido bacia Ia columna siguiente 
o bacia el drenaje de acuerdo con las sefiales que 
transmite un programador electronico. Otra valvula 
situada en Ia parte inferior de las columnas permite 
lavar Ia resina en contracorriente. 

La unidad puede marchar en forma continua y con 
Ia planificacion siguiente: tres columnas en serie con 
una banda de ion amonio de 225 em de longitud 
fijada en Ia resina (verificandose el enriquecimiento del 
nitrogeno-15 en cola y del nitrogeno-14 en cabeza). 
lnmediatamente antes de esas tres columnas, otras 
tres en serie en fase de regeneracion con acido sul
fUrico con salida de la ultima al drenaje. La columna 
anterior a esas, que, segun la planificacion, estara 
recien regenerada, se conectara automaticamente a la 
linea de agua desionizada para su lavado. Las tres 
columnas procedentes, que han sido lavadas con agua 
desionizada en contracorriente, estan dispuestas para 
recibir la banda de ion amonio cuando progrese a lo 
largo de la serie. 

En la figura 8 no esta representado el sistema de 
filtracion de la sosa concentrada, constituido por un 
deposito de monel refrigerado exteriormente con agua, 
una bomba y un filtro de acero inoxidable con cuatro 
cartuchos filtrantes de monel de un tamafio de poro 
de 14 fJ. y una superficie filtrante total de 3 600 cm2

• 

La disolucion de sosa concentrada pasa a continuacion 
al deposito de almacenaje 1 construido tambien de 
monel. El deposito de agua desionizada 2 alimenta 
Ia bomba dosificadora de membrana 9 que esta 
situada a una altura superior al deposito para evitar 
el paso directo del agua cuando la bomba est't parada. 

Los depositos de sosa diluida 4 tienen situada la toma 
de liquido a unos 20 em del fondo y esta constituida 
por una bujia filtrante de monel de un tamafio de poro 
de 3 fJ.· Tanto estos depositos como el acido sulfUrico 
diluido 3 tienen los correspondientes retornos con
stituidos por valvulas de solenoide. 

El colector de fracciones 5 esta destinado a recibir 
las soluciones efluyentes de las columnas de resina 
con la particularidad de que las soluciones que 
proceden de la banda de ion amonio son enviadas 
a un recipiente conteniendo los electrodos de un pH
metro, mientras que las procedentes de la regeneracion 
con acido sulfUrico y lavado con agua desionizada van 
directamente al drenaje. Esto es posible mediante un 
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embudo movil que recoge solamente el efluyente de 
una columna determinada y que lo envia al recipiente 
donde estan los electrodos del pH-metro (no dibujado 
en Ia figura). Cada vez que el pH de esta solucion 
pasa de neutro a alcalino ( o sea cuando aparecen las 
primeras trazas de hidroxido amonico, el aparato 
manda una sefial al colector de fracciones trasladando 
el embudo movil al efluyente de la columna siguiente, 
mientras que un sistema de microinterruptores cambian 
el estado de las valvulas de solenoide para adecuarlas 
al nuevo estado del sistema de columnas. 

En el panel de control 6 se centralizan todos los 
mandos de la instalacion y en el se tiene indicacion 
visual del estado de cada columna de resina, de los 
depositos de almacenaje de reactivos, de las valvulas 
de solenoide, de Ia velocidad de flujo de las soluciones, 
etc. 

DIFUSI6N TERMICA 

Factores de forma para Ia operaci6n de las columnas 

La teoria de las columnas del tipo Clusius-Dickel 
para Ia separacion de isotopos por difusion termica 
ha sido objeto, en los ultimos afios, de una considerable 
extension a partir de los trabajos de W. Furry y 
R. C. Jones [8]. Varios autores han obtenido soluciones 
de las ecuaciones de transporte adaptadas a diversos 
modelos de interaccion y adecuadas a los dos tipos 
de columnas, de hilo caliente y de tubos concentricos, 
usados en la practica. En nuestro departamento se ha 
trabajado en este aspecto y dos de los autores [9] 
han extendido Ia teoria de Ia columna y calculado 
los « factores de forma» para columnas de tubos 
concentricos en el caso de un gas cuyo compor
tamiento pueda ser descrito por el modelo RES de 
interaccion. La confrontaci6n de nuestros calculos 
con Ia experiencia aplicada a los casos 20Nej22Ne, 
20Ne/CH4 y 20Ne/NH3, da resultados mas concluyentes 
en la prevision de Ia presion optima de separaci6n 
que en Ia de los factores de separacion maximos en el 
equilibria. 

Predicciones cualitativas de Ia teoria : 
aplicaci6n para el diseno 

El analisis de los procedimientos de disefio de 
columnas dado por distintos autores y los resultados 
obtenidos experimentalmente, permiten llegar a la 
conclusion de que el conocimiento de los parametros 
moleculares y los que definen el funcionamiento de las 
columnas en funcion de los anteriores, no son sufi
cientes para el disefio de las mismas en condiciones 
prefijadas, puesto que no se ha encontrado un acuerdo 
cuantitativo entre las predicciones teoricas y los resul
tados experimentales registrados en Ia bibliografia. 

Sin embargo, hay algunas particularidades en Ia 
operacion de una columna para las cuales son buenas 
desde el punto de vista cualitativo las predicciones 
teoricas. Una de elias es Ia dependencia del factor 
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de separacwn con Ia presion; hemos comprobado 
[9-12] su absoluta validez para todas nuestras medidas, 
efectuadas en sistemas muy distintos, tanto en el caso 
de isotopos con Ne, 0 2, Kr, CH4, como para mezclas 
binarias no isotopicas en neonjmetano y derivados 
deuterados en operaciones en columnas diferentes de 
pequefia longitud. 

Un estudio de la influencia de la temperatura en 
las constantes de separacion [12] ha llevado a conclu
siones muy utiles para nuestro programa de trabajo. 
Utilizando Kr natural en una columna de hilo caliente 
de modelo amllogo al utilizado por K. Clusius, se han 
obtenido para las presiones optimas de separacion y 
para los factores de separacion en el equilibrio los 
resultados que se muestran en las figuras 9 y 10. La 
simple inspeccion de las mismas permite observar la 
concordancia existente entre las predicciones de las 
teorias de la columna basadas en el modelo Leonard
Jones (12-6) y en el modelo de interaccion potencial 
para la prevision de la presion optima. 

Tal consistencia no se observa en las predicciones 
de ambas teorias para el valor del factor de separacion 
maximo; esto era de esperar dado que los puntos de 
partida en la eleccion de la dependencia del factor 
de termodifusion a 0 con la temperatura son distintos 
en ambas. No obstante, esta discordancia se soslaya 
tomando en el caso del modelo de interaccion potencial 
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Las lineas llenas representan las predicciones te6ricas con 
los modelos RES y L-J (12-6); los puntos experimentales 
(linea rayada) estan situados sobre Ia linea te6rica 

correspondiente a n = 0,70 
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no el valor de a 0 a la temperatura de la pared fria, 
sino su valor a una temperatura media entre la de la 
pared fria y la caliente; tomada esta apropiadamente, 
como hemos comprobado en nuestros trabajos sobre 
Kr y Ar realizados en columnas de tubos concen
tricos. 

Puede observarse tambien la estrecha coincidencia 
existente entre los resultados de una cuidadosa serie 
de medidas experimentales de la presion optima y las 
predicciones teoricas obtenidas para la misma usando 
un modelo molecular potencial correspondiente a un 
in dice de viscosidad n = 0, 70. Conclusiones menos 
claras se obtienen para el maximo factor de separacion 
de la citada columna. Quiza Ia imprecision en el 
conocimiento de la constante de difusion termica para 
el citado gas sea la causa de la inesperada magnitud 
de la separacion, bastante superior a las predicciones 
teoricas. 

Utilizando posteriormente otra columna con dis
tintos parametros de construccion y operando con el 
mismo gas en el mismo rango de temperaturas se 
han obtenido resultados consistentes con los anterior
mente citados [13 ]. Estas previsiones cualitativas de 
la teoria han sido particularmente utiles en el disefio 
de una planta de separacion apropiada para obtener 
en alto grado de pureza los isotopos extremos del Kr 
y enriquecer los de masas intermedias. 
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es proporcional a In Qmox• 

En Ia figura se muestran comparativamente los resultados 
te6ricos y los experimentales, obtenidos con una columna 
de especificaciones r 1/r2 = 24,5 y T, = 292 •K; utilizando 

Kr natural 
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Medida de factores de difusi6n termica 

Utilizando una columna de tubos concentricos de 
corta longitud, uno de los autores [11, 14] ha realizado 
la medida de constantes de difusion termica en diversos 
sistemas de isotopos de neon, metano y mezclas 
binarias de ellos. 

El metodo seguido se revelo de una particular 
eficiencia, puesto que permite obtener la separacion 
suficiente para efectuar medidas de precision de 
factores de difusion termica. La columna de tubos 
concentricos opera con una reducida diferencia de 
temperaturas entre sus dos paredes y por ello permite 
obtener los valores medios de los factores de un 
pequefio rango de temperaturas. Los resultados obteni
dos para el factor de difusion termica en diferentes 
sistemas Ne(CH4, se muestran en la figura 11. Un 
adelanto de los mismos fue dado en el Congreso 
de Paris [15]. Es de interes destacar el diferente 
comportamiento que presentan las moleculas 13CH4 

y 12CH3D, cuyo factor de difusion termica es distinto 
de cero [11] a pesar de ser isotopico-isobaricas. 

En una instalacion similar montada en nuestros 
laboratorios, se miden los factores de difusion termica 
a diferentes temperaturas en los gases nobles y en 
mezclas binarias de ellos. En la actualidad estan 
en curso medidas en el sistema 86Krf4°Ar, utilizando 
la columna de difusion termica y un aparato de dos 
bulbos, con el fin de esclarecer la validez del primer 
metodo para los sistemas mas dispares. 

Simultaneamente se lleva a cabo una investigacion, 
usando las tecnicas expuestas para una columna de 
hilo caliente, sobre el comportamiento de las mezclas 
HBr(DBrjKr y la posible utilizacion de estas mole
culas como « gas filtro » en la separacion de los iso
topos intermedios de Kr. 

Estudio de las distribuciones isot6picas 
en mezclas multicomponentes 

Son bien conocidas las dificultades con que se tro
pieza en la separacion por difusion termica de los 
isotopos de masas intermedias en una mezcla multi
componente. Aun en el caso de una mezcla ternaria 
esta dificultad se acentua cuando el isotopo medio 
es muy escaso en la mezcla; esta es la situacion para 
la separacion de 170 2, 21Ne, 38Ar, etc. 

En determinados casos estas dificultades pueden 
obviarse con el empleo adecuado de un « gas filtro ». 
La utilizacion de 12CD4 para la separacion de 21Ne 
y la de 37ClH en la de 38 Ar son ejemplos patentes. E1 
papel del « gas filtro >> en la separacion tiene dos 
aspectos igualmente interesantes; por una parte la 
presencia de una nueva especie molecular hace a 
veces aumentar el valor del factor de difusion termica 
relativa a dos de los isotopos presentes. Por otra 
parte, y esto es importante, origina una « redistri
bucion >> de concentraciones dentro de la instalacion, 
en general mas favorable para la obtencion de resul-
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Figura 11. Medidas del factor de difusi6n termica en una 
columna de tubes concentricos 

tados satisfactorios que el propio aumento del referido 
factor. 

Se comprende pues que sea igualmente interesante 
para poder predecir el comportamiento de una 
mezcla isotopica con « gas filtro >> en una columna de 
separacion el conocimiento del valor de las cons
tantes de difusion termica como el disponer de una 
informacion adecuada sobre el comportamiento y 
distribucion de la citada mezcla en la columna. 

Actualmente en nuestro laboratorio se esta poniendo 
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a punto [12, 16] una tecnica de estudio del compor
tamiento de las mezclas multicomponentes en los 
sistemas ya citados KrjHBr/DBr. Extendiendo los 
estudios existentes de K. Clusius y E. Yarde, para la 
distribuci6n de concentraciones isot6picas de mezclas 
multicomponentes en una instalaci6n cerrada, al 
caso en que exista un « gas filtro >> en la mezcla de 
partida. Utilizando para ello un ordenador IBM 7070 
se ha puesto a punto una tecnica de optimaci6n para 
la obtenci6n de is6topos intermedios de la mezcla 
natural de Kr. 

Nuestro programa de trabajo provee una extension 
de este proceso, una vez suficientemente comprobado 
experimentalmente, a la separaci6n de 13C. 

Espectr6metro de masas 

Para llevar a cabo los amllisis de abundancia hemos 
diseiiado y construido en nuestros laboratorios un 
espectr6metro de masas de sector magnetico de 90o 
con sistema electr6nico de alimentacion y registro 
gnifico. 

E1 rango de medida llega hasta 400 uma con un poder 
de resolucion 1/200 y una precision mejor que 0,1 %. 
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A/491 Spain 

Production of stable isotopes in Spain 

By M. M. Urgell et a/. 

The paper describes work carried out under the 
stable isotope production programme on the separa
tion of stable isotopes by ion-exchange chromato
graphy and thermal diffusion. With the former tech
nique, a study was made of the separation, of 14N, 
15N, 10B and 11B. This work included laboratory scale 
experiments carried out with a view to determining 
the separation factor by means of the breaking-through 
technique. 

For nitrogen, use was made of ammonium hy
droxide, chloride and acetate; only the first of these 
proved suitable for obtaining a good separation. Experi
mental conditions, e.g., flux velocity and concentra
tion, were varied so as to ascertain their influence on 
the separation factor. Use was made of the strongly 
acidic cationic resin Dowex SOW (100-200 mesh). 
In the favourable case of ammonium hydroxide, the 
values for the separation factor varied between 
1.028 and 1.022, depending upon experimental 
conditions. 

In the case of boron, the strongly basic resins 
Dowex 1 and Dowex 2 (100-200 mesh and 200-400 
mesh) were used to study boric acid and sodium 
borate compounds and complexes of boric acid with 
mannite and glycerine. The highest separation factor 
was obtained with boric acid (1.035-1.027, depending 
upon concentration); reasonable values were also 
found with mannite (1.024) and glycerine (1.027) 
complexes. With sodium borate, the separation factor 
varied only slightly from unity. 

In the case of both nitrogen and boron, these 
experiments confirm the need for employing complexes 
of these substances that are slightly ionized in solution 
to obtain separation factors appreciably different 
from unity. 

Laboratory experiments were carried out to study 
the separation of nitrogen and boron isotopes by 
means of displacement development chromatography. 
In the case of nitrogen, a band of ammonium hydroxide 
was fixed on a cationic resin in the hydrogen form and 
was displaced by sodium hydroxide. For boron, a 
boric acid band was fixed on an anionic resin in the 
OH form and displacement carried out by means of 
acetic acid. 

A pilot plant for the separation of stable isotopes by 
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means of ion-exchange chromatography has been 
built; this installation is automatically controlled and 
is designed for continuous operation. 

In the course of the thermal diffusion investigations, 
a study was made of the separation of the various 
isotopes of the noble gases, oxygen, nitrogen and car
bon-13. The object of this work was to: (a) correlate 
theoretical and experimental data in different types of 
column; (b) determine the thermal diffusion coefficients 
of isotopic mixtures in cylindrical columns and study 
the distribution of multi-component mixtures with a 
view to discovering gases capable of acting as filters. 

A 90° sector mass spectrometer has been built for 
measuring isotope abundance ratios between 1 and 
400 atomic mass units. 

A/491 Espagne 

La production d'isotopes stables en Espagne 

par M. M. Urgell ef at. 

Dans le programme de production d 'isotopes 
stables, on a a borde la separation de ces substances par 
chromatographie d'echange ionique et par diffusion 
thermique. Dans le premier groupe, on a etudie la 
separation des isotopes 14N, 15N, 10B et 11B; on decrit 
les experiences realisees en laboratoire pour deter
miner le facteur de separation par Ia methode du point 
de rupture. 

Dans le cas de 1 'azote, on a utilise 1 'hydroxyde, le 
chlorure et !'acetate d'ammonium, le premier compose 
etant le seul qui donne une bonne separation. On a 
tra"aille en faisant varier les conditions experimentales, 
comtne le debit et la concentration, pour connaitre 
leur influence sur le facteur de separation, et en utili
sant Ia resine cationique fortement acide Dowex 50 W, 
100-200 mesh. Les valeurs trouvees pour le facteur de 
separation, dans le cas favorable de 1 'hydroxyde 
d'ammonium, oscillent entre 1,028 et 1,022 selon les 
conditions experimentales. 

Dans le cas du bore, on a etudie les composes acide 
borique, borate de soude et les complexes de l'acide 
borique avec la mannite et la glycerine en utilisant les 
resines fortement basiques Dowex 1 et Dowex 2, 
100-200 mesh et 200-400 mesh. Avec l'acide borique 
on a obtenu Ie facteur de separation le plus eleve 
(1,035-1,027, selon la concentration) mais ceux qui 
ont ete obtenus avec les complexes de mannite (1,024) 
et glycerine (1 ,027) sont acceptables. Au contraire, 
avec le borate de soude, le facteur de separation 
differe tres peu de l'unite. 

On a confirme qu'aussi bien dans le cas de )'azote 
que dans celui du bore, si l'on veut obtenir des facteurs 
de separation qui different suffisamment de 1 'unite, 
il est necessaire d'employer des composes de ces ele
ments, qui sont faiblement ionises en solution. 

M. M. URGELL et a/. 

On a realise des experiences de laboratoire pour Ia 
separation des isotopes de 1 'azote et du bore au moyen 
de Ia technique chromatographique d'evolution par 
deplacement. Pour 1 'azote, on fixe une ban de 
d'hydroxyde d'ammonium sur une resine cationique H 
et on le deplace par 1 'hydroxyde de sodium. Pour le 
bore, une bande d'acide borique est fixee sur resine 
anionique OH et le deplacement se realise au moyen 
d 'acide acetique. 

On a construit une installation pilote automatique 
devant fonctionner en continu, destinee a la separation 
d 'isotopes stables par chromatographie d 'echange 
d'ions. 

En relation avec les etudes de diffusion thermique, 
on examine Ia separation des differents isotopes des 
gaz inertes, de !'oxygene, de l'azote du carbone 13, 
sous les aspects suivants : a) correlation entre les pre
visions de Ia theorie et les resultats experimentaux pour 
differents types de colonnes; b) determination en 
colonne cylindrique de facteurs de diffusion thermique 
de melanges isotopiques et etudes sur Ia distribution 
de melanges a plusieurs constituants, en essayant de 
trouver des gaz agissant comme « filtres ». 

On a elabore et construit un spectrometre de masse 
de secteur 90°, pour Ia mesure des relations d'abon
dance isotopiqve entre 1 et 400 u.m.a. 

A/491 HcnaHHR 

npOH3BOACTBO CTa6HnbH~X H30TOnOB 
a HcnaHHH 

M. Ypren ei al. 

B ,u.oRna,u.e npHBO,lJ,HTCH ooaop nponauo,u.cTBa 
CTaOHJihHbiX H30TOIIOB HOHOOOMeHHOH XpOMaTo
rpa!fmeif H TepMo,u.n<fJ<flyaneif. MeTO,U.OM nouooo
Meuuoif xpoMaTorpa<flnn nayqanoch paa,u.eneune 
H30TOIIOB N 14, N 15, B 10, B 11 • (ho nccne,u.ouaune 
BRJIIOqano npoue,u.eune naoopaTopuhlx onhiTOB no 
onpe,u.eneHHIO Koa<fl<fln~nenTa paa,u.enennH no Me
To,u.y TOqJ\H IlpOCROKa. 

]J,JIH paa,u.eJieHHH H30TOIIOB 330Ta HCIIOJih30Ba
JIHCh rn,u.pOORHCh, XJIOpH,U. H au;eTaT aMMOHHH, 
npnqeM fH,U.pOORHCh OR333JI3Ch e,U.HHCTBeHHO npH
l'O,U.HOH ,U.JIH xopomero paa,u.eneHHH. llpn nccne,u.o
naunn npOH3BO,U.HJIOCh H3MeHeHHe T3RHX YCJIOBHii: 
:mcnepHMeHTa, RaJ\ CROpOCTh IIOTORa H 1\0H~eHT
paiJ;HH, C TeM qTOOhl BhiHCHHTh HX BJIHHHHe Ha 1\0-
a<fl<fl»IJ;HeHT paa,u.eJieHHH. llpH aTOM HCIIOJih30BaJI
CH CHJihHO RHCJihiH RaTHOHHT ,u.ayaRc-50W (100-
200 Mem). llonyqennhie auaqennH Koacplf!n~neu
Ta paa,u.eJieHHH B CJiyqae fH,U.paTa ORliCH aMMOHIIH 
naxo,u.HTCH B npe,u.enax Mem,u.y 1,028 H 1,022 B aa
nucnMoCTH OT aRcnepnMeHTaJihHhiX ycnoBHii. 

]J,JIH pa3,U.eJJeHHH H30TOilOB oopa JICilOJih30Ba-
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.'!HCb 6opHaH 1\HCJIOTa H 6opaT HaTpHH, a Tai\/KC 

1\0MIIJICI\CHhiC COCAHHCHHH 6opHOH 1\HCJIOTbl C MaH

HHTOM H rJIHII,epHHOM. llpH JTOM IIpiiMCHHJIHCb 

CHJihHOOCHOBHhle CMOJihl AaYaHC-1 ( 100-200 Melli) 

H AayaHc-2 (200-400 Melli). C 6opHOH 1\HCJIOTOii 

fiLm nony'leH Hau:6oJihrunii Hoacpqmrr,HeHT paaAe

JieHHH ( 1,035-1,027 B aaBUCHMOCTH OT 1\0HIJ,CH

Tpaii,llll) , BhiCOI\HC BCJIH'IliHhl 1\0acpcpHII,HeHTa paa

J~CJICHHH 6hiJill IIOJIY'ICHhl 11 B CJiyqae 1\0MIIJICI\COB 

c MaHH11TOM ( 1,024) H rnu:rr,epHHoM( 1,027). B cny

'tae 6opaTa HaTpHH HOacpcpHIJ,HCHT pa3ACJICHliH Ma

JIO OTJIH'IaeTCH OT eA11HHIJ,hl. 

lloHa3aHO, 'ITO np11 pa3ACJICHH11 li30TOIIOB aao

Ta 11 6opa AJIH nonyqeHHH Hoacpcpu:rr,u:eHTOB paaAe

JteHHH, aaMeTHO OTJill'laiOIIJ,HXCH OT eAliHHIJ,hl, HC

oftXOAHMO liCIIOJib30BaTb 1\0MIJJieHCHble COCA11He

HHH, CJia60110HH3HpOBaHHhle B pacTilOpe. 

B na6opaTopHhiX ycnoBHHX 6biJIH npoBeACHhi 

OllbiThl 110 pa3ACJICHliiO 1130T0110B a30Ta H 6opa Me

TOAOM aniOeHTHOH xpoMaTorpacpu:n. B cnyqae u:ao

TonoB a30Ta OCYIIJ,CCTBJIHJiaCb cpHHCaii,HH IIOJIOChl 

l'Hl];paTa 01\HCH aMMOHHH Ha 1\aTHOHHOH CMOJIC B 

H -cpopue H ee nepeMeiiJ,eHHe ocyiii,eCTBJIHJIOCh c 

M. M. URGELL et a/. 461 

noMOIIJ,hiO rHApaTa oHHCH HaTpHH, B cnyqae u:ao

TOIIOB 6opa IIOJIOCa 6opHOH 1\11CJIOThl cpHHCHpOBa

.TfaCh Ha aHHOHHOH CMOJie B OH-cpopMe, a ee ne

peMeiiJ,eHHe OCYIIJ,CCTBJIHJIOCh C IIOMOIIJ,biO YHCYC

HOH 1\HCJIOThl. 

llocTpOeHa OIIbiTHaH yCTaiiOBRa HerrpepbiBHOrO 

;J;CHCTBHH C aBTOHaTH'lCCI\HM yrrpaBJieiiHeM, 1\0TO

paH IIPCAHa3IIa'laJiaCh l];JIH pa3AeJieHHH CTa611Jih

HhiX H30TOIIOB HOH006MeHHOH XpOMaTorpacpHeH. 

B CBH~H c u:ayqenu:eM TepMOAHcplflyaHH HCCJie

~~oaanoch pa3AeJieHHC pa3JIH'IHbiX H30TOIIOB HHepT

HhlX raaoa, HHCJiopoAa, aaoTa H yrnepoAa-13 c 

IICJibiO: a) onpeACJieHHH COOTHOIIICHHH Me/KAY Te

opeTH'lCCI\HMII u ::mcnepHMeHTaJihHhiMH AaHHhiMH 

IlO pa3JIHlJHbiM THIIaM 1\0JIOHH; b) onpel];eJieHHH 

nOacplfl11II,UeHTOB TepMOAUifllflyaHH H30TOIIHhiX CMe

CCH B rr,nJIHHAPH'ICCHoii HoJioHHe H u:ay'leHHH pac

HpeAeJieHHH MHOI'OROMIIOHCHTHbiX CMCCCH C Y'IC

TOM BhiHCIICHHH pOJIH ra30R B 1\a '!CCTBC «qlliJib
TpOB)). 

,[(JIH H3MCpCHHH 1\0HIJ,eHTparr,Jtii. Jf30TOIIOB CKOH

CTpynpoRaH II JIOCTpOCH MaCC-CIICnTpOMCTp C CCI{

TO}lOM B 90°. 
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A new distillation technique for isotope concentration 

By M. Silvestri, G. C. Angelino and B. Grigoli * 

In CISE's laboratory, the application of concurrent 
two-phase flow as a contacting medium for the separa
tion of the components of a mixture has been studied 
since 1957. 

At the Second International Conference on the 
Peaceful Uses of Atomic Energy held in Geneva (1958), 
a paper concerning the construction of a plant for 
H2IBQ enrichment was presented [1]. The aim of the 
present paper is to illustrate the main results of further 
experiments carried out in this field during the last 
four years. 

The separating element, schematically represented 
in Fig. 1, consists of a vertical tube into the bottom 
of which the liquid and gas phases are fed. 

If the gas velocity is sufficiently high, the liquid phase 
is spread on the tube wall in the form of a thin film 
and is raised upward by friction with the gas phase. 

In this way, a good contact between the two phases 
is ensured. It has to be noted that the internal surface 
of the tube is completely wet at a distance of less than 
one diameter from the liquid injection point. At the 
top end of the contact tube the phases are separated. 
For correct operation, the type of motion must be 
always viscous in the liquid phase and turbulent in the 
gas phase, as defined by Martinelli [2]. . . 

Hydrodynamic conditions are such that the hqmd 
flows entirely on the tube wall as an annular film, and 
at the outlet of the tube the liquid separates from gas 
phase without spraying. In this type of flow pattern, 
assuming that the flow of liquid is perfectly viscous 
and neglecting the effect of pressure drop, the relation
ship between the liquid flow rate A per unit periphery 
of tube and the liquid film thickness y is 

(1) 

where the coefficient a takes into account the vapour 
flow conditions and b represents the contribution of 
liquid weight. 

The coefficients are : 

a= fgG; and b = g(h. 
4 flLQg 3 flL 

The concurrent two phase flow in the separating 
element allows a high specific flow rate, while the value 
of the pressure drop is comparable with the one found 
in the majority of conventional distillation devices. 

• Centro Informazioni Studi Esperienze, Segrate, Milan. 
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DISTILLATION IN A GAS STREAM 

As an application of this working principle, a labo
ratory plant was designed and assembled to evaluate 
the efficiency of mass transfer in the fractional distilla
tion of water. The plant was operated with a gas carrier 
at room temperature and the main purpose was to 
produce water enriched in oxygen-18 [3]. Due to the 
presence of the gas carrier, the operating temperature 
of the plant was independent of pressure drop in the 
elements. Room temperature was chosen in order to 
have high separation factors of H 2

180/H2
160. The 

enrichment cascade was composed of 100 pyrex glass 
tubes 2.1 em id and 140 em in length. The contact 
elements were connected in series and the counter
current arrangement of the cascade was obtained by 
external connections. 

Since the plant was operated in non-output con
ditions, the first element of the cascade was fed with a 
quantity of natural water equal to that which left the 
plant as water vapour; the last element was fed wi~h 
dry air and operated as a saturator. In hydrodynamic 
tests, it was found that 6.5 kg/h of liquid water and 
40 kg/h of air represented satisfactory values for the 

+ t 

Figure 1. Schematic drawing of a separating element 
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Figure 2. Schematic assembly of a contact tube showing 
the countercurrent arrangement 

flow rates; under these conditions the pressure drop 
in the whole cascade was found to be 1.5 atm. The 
hold-up of each element was found to be about 20 ml, 
the hundredth element had a 200 ml reservoir. 

After 365 hours of operation, at an average tempe
rature of 27 oc and an air flow rate of 40 kg/h, water 
samples were taken from stages Nos. 1, 25, 50, 75 and 
100. Deuterium and oxygen-18 content were deter
mined at the Saclay laboratories of the French Com
missariat a l'energie atomique by means of a mass 
spectrometer, the results are collected in Table 1. 
The single stage efficiency was found to lie between 
0.8 and 0.9. 

The plant, now dismantled, has been operated 
continuously for about 2 000 hours. 

Table 1. Oxygen-18 and deuterium contents and 
enrichment ratios throughout the plant 

Oxygen-IS Deuterium 
Stage No. 

Content pom Enrichment Content ppm Enrichment 

1 1 988 159.2 
25 2174 1.094 278.3 1.75 
50 2274 1.144 460.2 2.89 
75 2 301 1.158 693.0 4.35 

100 2 370 1.192 1 176.0 7.38 
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CONCURRENT DISTILLATION 

The applicability of the concurrent distillation prin
ciple to conventional distillation in the steam-water 
system was the aim of a further development stage. 
For this purpose, the hydrodynamic and preliminary 
isotopic behaviour of a concurrent plate was inves
tigated [4]. 

The plate is schematically represented in Fig. 2, 
where, for simplification, just one contact pipe is 
drawn. 

The liquid enters the contact tube through a small 
bore tube, and at the top end of the contact pipe liquid 
overflows down the external walls and recirculates. 
Liquid feed flow rate is provided by a constant head. 
Plates are arranged for countercurrent flow, in the 
distillation column, by means of weirs which also 
provide liquid seals between two consecutive plates. 

The geometric characteristics of the plate are as 
follows : 

Dimensions of contact pipe : 4.2 mm id, 5 mm od, 
10 em length 

Diameter of feed tube : 0.6 mm 
Number of contact pipes: 32 
Diameter of the plate : 4.8 em 
Geometrical liquid head : adjustable from 4 to 6 em. 

Hydrodynamic tests on the plate were carried out to 
determine the proper operating conditions. Pressure 
drops and entrainment were measured at temperatures 
ranging from 77 to 110 oC as a function of the specific 
mass flow rate of the vapour whilst keeping the geome
trical liquid head at 4, 5 and 6 em. The liquid flow 
rate inside the contact tubes was also measured as a 
function of vapour flow rate, in a properly designed 
test section. Tests were carried out at 89, 100 and 
110 oc and at a geometrical liquid head of 4, 5 and 
6 em. 

Preliminary tests on mass transfer efficiency were 
performed by feeding the test section with natural 
liquid water and different amounts of deuterated 
water vapour under the above mentioned conditions 
of temperature and geometrical liquid head. During 
these experiments the molar ratio between the liquid 
and vapour feed flow rates was kept as close as possible 
to unity. 

The results of hydrodynamic and mass transfer 
experiments were encouraging, so it was decided to 
pursue experiments on a laboratory scale distillation 
column. 

PLATE AND COLUMN PERFORMANCE 
AND CALCULATION 

Under the same conditions of geometrical liquid 
head and feed tube diameter, the liquid flow rate 
which passes through each tube is a function of vapour 
flow rate. The geometrical liquid head can be ideally 
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divided into two fractions : the first overcomes the 
difference in pressure between the injection point of 
the water and the free surface of liquid, while the 
second represents the liquid head necessary to ensure 
the liquid flow rate into each contact tube. 

In effect, as the value of vapour flow rate increases, 
the pressure drop of the plate increases and, conse
quently, the useful liquid head and the liquid flow 
rate inside the contact tubes decrease. In particular, 
when the pressure drop of the plate is greater than the 
geometrical liquid head, the liquid flow stops. On the 
other hand, below a certain value of the vapour flow 
rate, there is a change in the flow pattern and the 
entrainment of liquid droplets is observed. It was 
found that by gradually lowering the vapour flow rate 
the transition from annular two-phase flow to slug flow 
occurs over a relatively large range of vapour flow rate. 

To determine the parameters which characterize the 
operating conditions of the transfer column, a simple 
analytical expression was derived, by assuming the 
operation of the column in steady state conditions at 
constant temperature and pressure. For this purpose, 
two distinct liquid flow rates must be distinguished. 
The first one is the liquid flow rate which feeds the 
contact pipes and, after mass exchange, is recirculated, 
while the second is the actual liquid flow rate which 
passes through the column, i.e., the flow rate which 
passes through the weirs of the plate. Therefore the 
generic plates of the column can be represented as 
composed of two sections : a feeding section and a 
contact section. The block scheme of the plate is 
shown in Fig. 3. 

In this plate, countercurrent is obtained between the 
water flow rate L and the vapour flow rate V, and 
their molar ratio is indicated by "P· The water flow 
rate L' circulating inside the contact section and the 
ratio L' IV is indicated by ; . 

From the isotopic balance of the two sections of 
the plate, the transport equation and the definition of 
efficiency e of the contact section, the following 
relationship between the molar fraction N. _ 1, N. of the 
heavy isotope in the liquid coming from two succes
sive plates is 

N =q;VJ_Q_:-s)+;s_±_1jJN. +--q;n __ , (2) 
s-1 VJ(q;+l) s 1p(q;+I) 

where q is the distillation separation factor and r is 
the isotope transport of the column per unit of vapour 
molar flow rate. 

This equation, integrated with the boundary condi
tions, gives the output molar fraction N8 as a function 
of the feed flow concentrations N0 of the liquid and 
n8 of the vapour : 

(3) 
where 

f = Bs - 1 and B = q; 1fJ (1 - c:) +:~j-_1£ · 
B 8 

- q 1jJ 1jJ ( q; + 1) 
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As the global Murphree's efficiency {3 of a plate 
must account for the behaviour of both sections, it is 
possible to express this parameter as a function of 
1p, ; and s, as follows : 

{3 ;s (q1p + 1) (4) 
= 1p (q; + 1) + ;s. 

DESCRIPTION OF THE LABORATORY COLUMN 

The column consists of 24 AISI 304 stainless steel 
plates assembled in a pyrex glass shell of 6 em id and 

Figure 4. View of a plate 
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285 em length. Heat losses were greatly reduced by 
surrounding the column with a perspex shell fitted 
with baffles every 22 em. Each plate (Fig. 4) consists 
of 30 contact pipes, 0.42 em id and 11 em in length, 
fitted in a baseplate; three spacer rods ensure a constant 
distance between two consecutive plates. A 1.2 em id 
tube acts as a weir and delivery tube to the next plate. 
The height of the weir was fixed at 6 em. 

A 4 mm diameter orifice was inserted at the outlet 
of each delivery tube. These orifices ensure the damp
ing of the liquid level oscillations found in a first set 
of experiments. It should be pointed out that these 
oscillations (about + l em with a period of 2-3 

Figure 5. Schematic flow sheet of the plant 

T: Thermometer; T.C.: Temperature control; 
L.C.: Level control; F.M.: Flowmeter; 

A.R. : Air removal system; 1 : Electric power meter; 
2: Boiler; 3: Reboiler; 4: Column; 5: Feed water preheater; 

6: Condenser; 7 : Cooler; 
8: Condensate and feed water storage tanks; 

9: Feed water pump; 10: Vacuum tank 
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Figure 6. View of the bottom of the column 

cycles/s) did not appreciably influence the efficiency 
of mass transfer of the plates. The liquid is fed through 
a 0.6 mm diameter tube. In Fig. 4, the rubber seal 
between the shell and the plate base is visible. 

A schematic flow sheet of the plant is given in Fig. 5 
and a view of the column in Fig. 6. The reboiler consists 
of a long vertical evaporator tube followed by a 
cyclone separator. This evaporator uses natural cir
culation of the vater throught ubes which are surround
ed by a steam jacket. 30 copper tubes, 4 mm id, 1 m 
length, were used, the other parts of the reboiler 
were made from brass. A floating head condenser 
condensed the vapour leaving the column. A contact 
thermometer inserted on the steam side, kept the 
condensation temperature constant through a regulat
ing system. Condensed steam drained into a well 
provided with a barometric column. 

The control system (Fig. 5) has been designed in 
order to keep the following three parameters constant : 
(a) the temperature at the top of the column, (b) the 
vapour flow-rate and (c) the level in the reboiler. 
Since the temperature of the column head is constant, 
the vapour flow rate is determined by the temperature 
of the bottom of the column itself, the vapour flow 
rate regulation is based on this assumption. The level 
control corrects the integral differences between the 
liquid and vapour mass flow rate. No details are 
entered into here, A more detailed description will 
appear in a paper now in preparation. 
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The deuterium content in the water samples was 
determined by using the float method of density 
analysis [5]. 

Experimental procedure 

Preliminary experiments to measure the operating 
characteristics of the reboiler, the heat losses in the 
whole apparatus and the hold-up of the column and 
the reboiler, were carried out. The main features of 
the plant are summarized in Table 2 for a typical run. 

Table 2 

Power of steam generator . 
Column heat losses . . . . 
Reboiler mean temperature 
Mean temperature at the top of column . 
Mean pressure drop of a plate 
Feeding flow rate of liquid 
Reboiler hold-up . 
Column hold-up 
Plate hold-up . . 

15kW 
1.61 kW 
99.1 oc 
96.3 oc 
3.99 em H20 
6 g/s 
1 535 ml 
3 075 ml 
128 ml 

Tests on the apparatus were devoted to the deter
mination of the plate efficiency and equilibrium time 
of the column operated in total reflux conditions. 
All experiments were performed using a D 20-H20 
mixture containing 0.4 moles % of D/(D + H). From 
the concentration and operating data, the Murphree's 
efficiency of a single plate was calculated. 

As is well known, in total reflux conditions the 
enrichment factor a as a function of the number of 
theoretical plates S, can be calculated from the 
relationship : 

(5) 

q being the separation factor of the process considered. 
Besides, if f3 is the Murphree's efficiency of a plate 

and Sr is the number of real plates which constitutes 
the column, it is : 

2-{3 
Sr = s-

13
-, 

and, from Eqs. (5) and (6) 

2 
f3 = ln q' 

1 + Sr · --
Ina 

(6) 

(7) 

The equilibrium time determinations were perform
ed with a similar procedure, but samples were taken 
about every 5 minutes from the bottom of column, 
to follow the increase of deuterium content as a 
funtion of time. The total hold-up of the apparatus 
was reduced to the minimum permissible value 
(10.75 liters). 

Experimental results 

Murphree's efficiency and pressure drops of the 
plate were measured as a function of vapour flow 
rate in about 70 experimental runs. These tests were 
carried out a temperatures of 91, 95 and 101 oc and 
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with mass flow rate of vapour ranging between 15 and 
23 kg/h. The results are shown in Fig. 7 where the 
specific vapour mass flow rate Gv refers to the free 
cross section of the plate (4.16 cm2). On the left hand 
side of the curves in Fig. 7, the efficiency drop is due 
to entrainment, while the drop on the other side is 
essentially due to the decrease of liquid flow rate in 
the contact tubes. 

In Fig. 8 the pressure drop of a theoretical plate 
is shown as a function of specific vapour mass flow 
rate under the same operating conditions. The values 
of Murphree's efficiency and the pressure drop of 
the plate, found in the experiments described here, 
are in good agreement with those found in the experi
ments carried out on one plate [4] as far as non
entrainment conditions are concerned. 

The determination of plant equilibrium time was 
performed under the best operating conditions 
obtained from the plate efficiency tests, therefore the 
temperature was kept at 95 oC and the specific mass 

70r---------,---------,----------,---------, 

o • 91 •c 
• = 95 ·c 
e •101 •c 

40 
1 1.5 Gv 2 

gfcm2 s 

Figure 7. Plate efficiency [3 as a function of specific vapour 
mass flow rate 

15.----------.---------r-r-------,---------. 

6p. 

em HzO 

•. 95 •c 
• -101 •c 

01L---------L-----~1~.5------~~G~v~----~ 

<Jitm' s 

Figure 8. Pressure drop of a theoretical plate as a function 
of specific vapour mass flow rate 
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flow rate of vapour was adjusted to 1.2 gfcm2 s (equi
valent to about 20 kg/h). One of the eight determina
tions of equilibrium time is shown in Fig. 9. The 
results of these determinations show that the plant 
reaches the steady state conditions of concentration 
in about 4 hours. 

CONCLUSIONS 

From the results of operation for 350 hours, some 
important conclusions can be drawn as to the behaviour 
of the plant. 
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The column shows a good flexibility, a variation of 
the specific mass flow rate of vapour between 1.2 
and 1.4 gfcm2 s does not appreciably change the per
formance of the column. Also entrainment does not 
constitute a serious problem provided that the operat
ing conditions are not too far from the optimum. 
Last but not least, the control of the column is easy 
because of the low transit time for the liquid and 
vapour phases and the low hold-up involved. 

The experiments described on a laboratory column 
show that the method is capable of development on 
a larger scale. 

It is worthwhile pointing out that the distillation 
technique developed can be applied to a number of 
processes other than heavy-water separation. 
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ABSTRACT -RESUME-AHHOTAUvUI-RESUMEN 

Af577 ltalie 

U ne nouvelle technique de distillation pour 
Ia concentration isotopique 

. par M. Silvestri et a/. 

II est bien connu qu 'un liquide peut etre contraint de 
s'elever sur une surface verticale sous forme d'un film 
liquide mince par !'action d'un courant de gaz suffi
samment rapide. 

Dans ces conditions, le transfert de masse a lieu en 
ecoulement isotherme. Depuis 1957, aux laboratoires 
du CISE, on etudie !'application de l'ecoulement annu
laire a deux phases circulant dans le meme sens comme 
mecanisme de contact pour la separation des consti
tuants d 'un melange isotopique. La separation de 
!'oxygene 18 et du deuterium par distillation de l'eau a 
temperature ambiante en presence d 'un gaz inerte a ete 
Ia premiere application etudiee. 

Une installation de distillation a cent etages a ete 
projetee et construite pour verifier les possibilites de 
realisation et les meilleures conditions pour obtenir 
un contact satisfaisant entre les deux phases. Le gaz 

d'entrainement choisi etait !'air. Le comportement de 
I 'installation du point de vue du transfert de masse 
et de I 'hydrodynamique a ete etudie durant un fonc
tionnement de 2 000 heures . 

Une nouvelle application de cette technique de 
contact a ete faite dans le cas d'une colonne de distil
lation classique pour un systeme eau-vapeur; dans ce 
but, on a etabli le projet d'un type convenable de pla
teau. Le comportement hydrodynamique d'un plateau 
et le transfert de masse ont ete etudies avec un systeme 
eau-vapeur a des temperatures comprises entre 90 et 
110 oc. 

A de nombreux points de vue, ce type de plateau 
s'est revele plus avantageux que les plateaux classiques 
des colonnes de distillation de sorte que les recherches 
ont ete poursuivies a l'echelle du laboratoire sur une 
colonne de 24 plateaux. Le rendement, les pertes de 
charge et le delai necessaire pour atteindre les condi
tions de regime ont ete mesures. La colonne a ete 
conc;ue pour la separation de l'eau lourde par distil
lation fractionnee a des temperatures comprises entre 
90 et 101 °C. On montre que Ia colonne composee de 
plateaux avec circulation des phases dans le meme sens 
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permet une reduction considerable des dimensions par 
rapport a Ia colonne classique a plateaux a bulles; 
ces colonnes d 'un type nouveau sont faciles a contro
ler, elles ont un delai de mise en regime court et un 
faible contenu de liquide. 

A/557 HTanHR 

HOBbl~ MeTOA AHCTHnmn~HH AMI KOH
~eHTpHpOBaHHH H30TOnOB 

M. CHnbsecTpH et al. 

Xoporno uaBeCTBO, 'ITO MO»<Bo aacTaBHTb »<HA

KOCTL TIOABHMaTbCH B BHAe TOHKOH TIJieHKH TIO 

BepTHKaJibBOH TIOBepXBOCTH, eCJIH AJIH 3TOfO HC

IIOJib30BaTb raa C AOCTaTO'IBO 6oJibiiiOH CKOpO

CTbiO. 

II pu aTHX ycnoBHHX B uaoTepMaJILHOM rroToKe 

liMeeT MecTo nepeMell.\eHHe Macchl. B na6opaTo

puHx CISE Borrpochl rrpuMeHeHHH COBMeCTHoro 

ABYXcPi13HOfO KOJibD;eBoro IIOTOKa B Ka'leCTBe KOH

TaKTHpyiOII.\ero MexaHH3Ma AJIH paaAeJieBHH KOM

IIOHeHTOB CMeCH H30TOllOB H3y'laiOTCH C 1957 ro

Aa. BaaqaJie uayqanocL paaAeneaue 0 18 H AeiiTe

pHH nyTeM AHCTHJIJIHIJ;HH BOAhl npH KOMBaTHOii 

TeMnepaType B npHCYTCTBHH HHepTHOrO raaa. 

CKoBcTpyupoBaaa H CMOHTHpoBaHa 100-ceKn;n

OBBaH AHCTHJIJIHD;HOBHaH ycTaHOBKa AJIH onpeAe

JieBHH B03MO»<BOCTH H HaHJIY'IIIIHX YCJIOBHH C03-

AaHHH xopornero KOBTaKTa <J>aa. B Ka'leCTBe raaa

HOCHTeJIH 6hlJI Bhl6paH B03AYX. Maccoo6MeH II 

fHAPOAHHaMHKa ycTaHOBKH H3y'laJIHCb B Te'leHne 

2000 ll 3KCIIJiyaTaD;HH. 

,l1;aJILHeiirneii CTaAHeii COBeprneHCTBOBaHUH KOH

TaRTHOrO MeTOAa HBlfJIOCb IIpHMeHeHne <JTOfO 

npHHD;HIIa K o6hl'IHOH AlfCTHJIJIHD;lfOHHOH KOJIOH

Re B CJICTeMe IIap- BOAa. ,l1;JIH 3TOH n;eJin 6hiJia 

CKOHCTpynpoBaHa IIJiaCTHHa COOTBeTCTBYIOID;ero 

THIIa. Maccoo6MeH H rHAPOAHHaMHKa nJiaCTHHLI 

IICCJieAOBaJIHCb B XOAe ocyrn;eCTBJieHHH 3KCIIepH

MeHTOB B AHaiia30He TeMIIepaTyp 90-110° C B 

CHCTeMe IIap - BOAa. 

Bo MHOrHX OTHOIIIeHJIHX TaKaH IIJiaCTHHa OKa-

3aJiaCb 6oJiee YAo6noii 110 cpaBnennro c o6hl'IHbi

MH AHCTHJIJIHD;HOHHhlMH TapeJIKaMH, TaK 'ITO 

JtCCJieAOBaHHe IIpOBOAHJIOCb Ha Jia6opaTOpHOH 

1\0JIOHKe, co6paHBOH H3 24 IIJiaCTHH. J1ayqaJIHCh 

a<J><J>eRTUBHoCTL, rreperraA AaBJieHHH H BpeMH 

ycTanoBJieHHH paBHOBeCHH B ROJIOHRe. RoJionRa 

npeAHaana'laJiacb AJIH paaAeJieHHH TH»<eJioii BOAhi 

MeTOAOM <J>paRD;HOHBOH ne:perOHRH IIpH TeMnepa

Type 90-101° C. IJoKa3aBO, 'ITO TIJiaCTHBO'IHhle 

KOJIOHRH c npoTHBOTOROM noaBOJIHIOT A06HThCH 

3Ha'IHTeJihHOrO yMeHhiiieHHH pa3Mepa ROJIOHRH IIO 

CpaBHeHHIO C o6hi'IHhlMH ROJIOHRaMH C 1\0Jilla'IRO

BhlMH TapeJIHaMH. Oau, no-BHAHMoMy, 6oJiee 

YA06Hhl B ynpaBJieHHH, B HHX paBnoBecue ycTa-
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HaBJIHBaeTCH 3a 6oJiee KOpOTROe BpeMH H xapaK

TepH3YIOTCH MaJihiM YAepmaaueM MaTepuaJia. 

A/557 ltalia 

Nueva tecnica de destilaci6n para Ia concen
traci6n de is6topos 

por M. Silvestri et a/. 

Como es bien sabido, se puede hacer que un liquido 
ascienda a lo largo de una superficie vertical en forma 
de pelicula fina por acci6n de una corriente gaseosa 
suficientemente rapida. 

En tales condiciones, la transferencia de masa se 
produce en regimen isotermico. En los laboratorios 
CISE se viene estudiando desde 1957 el escurrimiento 
anular de dos fases que circulan en el mismo sentido 
como mecanismo de contacto para la separaci6n 
de los componentes de una mezcla isot6pica. Como 
primera aplicaci6n, se ha estudiado la separaci6n 
de oxigeno-18 y de deuterio por destilaci6n de agua 
a temperatura ambiente, en presencia de un gas 
inerte. 

Se ha proyectado y montado una instalaci6n de 
destilaci6n de cien etapas para comprobar las posibili
dades de realizaci6n del procedimiento y las condi
ciones en que el contacto entre las dos fases es 6ptimo. 
El gas de arrastre utilizado fue el aire. Se ha estudiado, 
durante 2 000 h de funcionamiento, la transferencia 
de masa y el comportamiento hidrodinamico de la 
instalaci6n. 

Otra aplicaci6n de la tecnica de contacto ha con
sistido eri el perfeccionamiento de una columna de 
destilaci6n para el sistema agua-vapor; a tal efecto 
se ha disefiado un tipo adecuado de plato. La transfe
rencia de masa y el comportamiento hidrodinamico 
del mismo se han estudiado en experimentos efectuados 
a temperaturas comprendidas entre 90 y 110 oc en 
un sistema de agua-vapor. 

En muchos aspectos, este tipo de plato ha resultado 
ser mas practico que los platos clasicos de destilaci6n, 
de modo que las investigaciones prosiguieron en 
laboratorio con una columna provista de 24 platos. 
Se estudiaron el rendimiento, las perdidas de presion 
y el tiempo necesario para alcanzar un regimen 
estacionario en Ia columna. Esta se proyect6 para 
la separaci6n de agua pesada por destilaci6n fraccio
nada, a temperaturas comprendidas entre 90 y 101 oc. 
Se demuestra que las columnas de platos con circu
laci6n de las fases en el mismo sentido permiten una 
considerable reducci6n de las dimensiones, en compa
raci6n con las columnas clasicas de platos de burbujeo; 
su control parece sencillo, su tiempo de equilibrio 
es corto y la retenci6n de material, reducida. 
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The economic separation of stable isotopes 
on a commercial scale 

By A. 0. Edmunds, E. Bloncke and E. Rogers * 

Separations of the isotopes of boron and carbon 
have been carried out for some time in the United 
Kingdom [1, 2, 3]. The demand for these materials 
although showing a steady increase has been found 
extremely difficult to forecast. The original demand for 
boron-10 in the United Kingdom was for highly 
enriched boron trifluoride gas for proportional coun
ters used to measure thermal neutron flux. The number 
of applications has now increased and covers, in 
addition, a wide variety of compounds of boron-10. 
Typical applications include: control and safety rods, 
burnable poisons in fuel elements, flux fuses and incor
poration in materials such as stainless steel, aluminium 
and plastics to produce neutron shields of minimum 
weight and thickness. 

Considerable reductions in the price of boron-10 
in the United Kingdom have been achieved during 
the last five years as a result of the increasing number 
of applications. The demand for carbon-13, whilst on 
a much smaller scale than that of boron-1 0, has also 
shown a steady increase which has now outstripped 
the original production facility. 

THE BORON PLANT 

Design considerations 

The direct distillation of boron trifluoride gas at low 
temperatures has been well established as a method 
for continuous production of boron-10 at a fixed 
rate [4]. To lay the basis for an annual increase in 
demand a design study was carried out for a plant with 
a production rate of 100 grams per day of boron with 
enrichments up to 95 at. % boron-10. It was necessary 
that the plant should operate economically for high 
and low production rates and, in addition, the capital 
cost should be low. These requirements led to the 
choice of a chemical exchange distillation process and 
our previous extensive experience of boron trifluoride 
dimethyl ether led to its adoption as the working 
material. The main factors governing the design are : 
scale of production, product enrichment, theoretical 
plate height obtainable, the stripping efficiency 

* 20th Century Electronics Limited, New Addington, Croy
don, Surrey. 

required and the available building height. With the 
high natural isotopic abundance of boron-10 (18.8 
at. %) it was reasonable to consider a single column 
unit capable of producing the maximum enrichment re
quired. With the building height available it was found 
possible to construct a unit with a production rate of 
10 grams per day at 92 at. % boron-10, or 5 grams 
per day at 95 at. %. Consideration was then given to 
the choice between ten such units and a cascade system 
similar in concept (but of smaller scale) to the American 
plant [5]. This detailed consideration led to the adop
tion of a multiplicity of single columns for the follow
ing reasons : 

(a) The short equilibrium time of such a unit due 
to the negligible static hold up of the intermediate boiler; 

(b) The transfer of material from one column to 
another using liquid pumps was not required; 

(c) The capital cost of the units was low owing to 
their comparative simplicity and the short equilibrium 
time meant that new units could be brought quickly 
into production. 

Furthermore, although the original design estimate 
had been for 100 grams per day to meet an anticipated 
increase in demand, adoption of single units allowed 
actual demand to be met at any time without stock
piling the product. 

The column height and packing 

At least 300 plates were known to be needed to 
obtain the necessary separation, 240 in the rectifying 
section and 60 in the stripper. Plate height experiments 
were carried out using 3 in internal diameter tubing 
as this was considered to be the largest size likely to 
yield a plate height of under 2 in. The tests were carried 
out using packing of our own design and it was 
found that plate heights of between 1.8 in and 2 in 
could be obtained at the boil-up rates and partial 
pressure envisaged in the rectifier section. The packing 
used, a 1/4 in by 1/4 in 60 mesh stainless steel gauze 
ring has an excellent pressure drop .characteristic, 
a very important property in this application where 
charring can occur even at moderate bQiler tempe
ratures. 

Although a substantial increase in boil-up was 
ant.icipated in the stripper due to the extra electrical 
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power applied at the intermediate boiler, it was 
considered that plate heights of under 4 in could be 
expected in the upper 4 in diameter section if suitable 
redistributors were incorporated. 

The unit column 

Columns were constructed to confirm the experi
mental results and were of the following form : 
A rectifying section, 46 ft long, was surmounted by 
a stripper, 18ft long, with a main boiler at the base 
and an intermediate boiler mounted at the junction 
of the 4 in and 3 in section, 6 ft below the feed point. 
The general arrangement is shown in Fig. 1. Lagging 
and trace heating have been omitted for the sake of 
clarity. The main column sections and all pipework 
have been fabricated in copper. 

Basic controls such as feed arrangements and boiler 
hold-up are identical to those described in a previous 
paper [3]. Transfer of feed material between the 
various containers is accomplished by pressure diffe
rence using dry nitrogen. Final transfer from the feed 
pot into the column is carried out by vaporizing 
the boron trifluoride dimethyl ether using suitably 
controlled heating elements. 

The condenser and associated equipment 

The column is designed to operate with a condenser 
pressure of 30 mm. A constant condenser pressure 
which is very desirable in plant of this type has been 
found extremely difficult to maintain in columns of 
this size. Considerable development has therefore 
taken place in the associated controlling equipment 
to minimise column head pressure changes and their 
effect on the plant as a whole. The most serious diffi
culties occur due to over-pumping which lowers the 
column head pressure below the correct level. This can 
produce surges of vapour which the condenser is 
unable to absorb, particularly if it is set critically 
for maximum column efficiency. These surges then 
carry over large quantities of vapour into the pumping 
equipment where condensation occurs. Apart from 
the difficulty of handling this liquid in the pipe lines 
and control gear, the balance of the column is seriously 
upset and thermal control of the boiler is often lost. 
The column head arrangement shown in Fig. 1 has 
been designed to overcome this difficulty in the follow
ing way : the pumping lines controlling the column 
head pressure pass through two condensers. The 
water flow in the main condenser is adjusted to absorb 
the normal boil-up under steady conditions. The 
secondary condenser has a cooling capacity at least 
ten times that of the main condenser thus ensuring 
that no surges of vapour are allowed past it into the 
pumping and control pipe-work. The condensers 
are continually monitored with a thermo-couple 
system giving both instantaneous readings and audible 
alarm. 
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In a plant of this type it is implicit, for economical 
operation, that the maintenance be kept to a minimum 
and reliability extremely high. These considerations 
govern every part of our column design and are well 
illustrated in the column head controller. The sensing 
element consists of a small sealed mercury manometer 
with electrical contacts positioned to operate at the 
correct partial pressures. Relay contacts proved un
reliable in service so solid state switching is now em
ployed to control the pressure regulating valves. This 
arrangement reduces the switching current in the 
control element appreciably which adds further to 
the reliability of the whole system. 

Boiler design 

One of the aims in operating plant using boron 
trifluoride dimethyl ether is that of minimising charring 
of the working fluid in the boiler. Apart from the se
rious loss of product which can occur from this cause, 
the related clogging and coking in the lower part of 
the boiler leads to extraction difficulties and serious 
inconsistencies in the boiler temperature/content 
characteristic. Since this is used for controlling the 
boiler hold-up it is imperative that serious charring 
be avoided [3]. 

To obtain a good control using the constant boiler 
power input system the region A B of Fig. 2 should 
be flattened as much as possible. The points from 
zero content to the turnover point at 250-300 cc. 
content should not be too steep. Further, after the 
turnover point is reached temperature rise at the 
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higher content levels should be as small as possible 
to minimise charring and decomposition from super
heat effects when the boiler is flooded. These cause 
losses which have a direct bearing on the economics of 
the plant. The equilibrium time is directly affected by 
the hold-up in the boiler and this also must be borne 
in mind when considering a design. The final main 
boiler design is shown in Fig. 3. It consists of a 4 in 
inner diameter tube slotted as indicated and into which 
are brazed shaped copper evaporation plates angled 
and cross-grooved to obtain good reboiling charac
teristics. Ten grooves, approximately 0.01 in deep are 
cut across the plate having a pitch of approximately 
0.4 in (see fin detail in Fig. 3). The semi-circular cut
outs are to allow free passage to the rising vapour 
being generated below. Using heavy gauge tubing for 
the body of the boiler made it possible to keep the 
temperature difference between the boiler heater at 
the base and the top evaporator plate small (approxi
mately 5 oq at bottom boiler powers of 550-600 watts. 

The intermediate boiler uses the same evaporator 
plate design and angle of slot but has no base. Heat 
is therefore injected into each individual plate by 
a smaller heater mounted on an extension to the plate 
as shown in Fig. 3 b. It has been found possible to 
operate these boilers with input powers up to 1 kW 
without producing temperature differences of more 
than 10 oc between the evaporator plates and the 
refluxing liquid. It can now be said that with the 
dimensions of column now in use boiler input power 
is no longer a limiting factor. Loss of column efficiency 
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at the higher boil-up rates makes it necessary to run 
well within the ratings of the boilers. 

Boron-11 extraction system 

The extraction of boron-11 from the top of the 
column must be maintained at a very constant mean 
rate. It was therefore essential that some automatic 
metering of the extraction be arranged and this took 
the form shown in Figs. 1 and 4. The flow from 
the column is controlled by a pressure difference main
tained by local vacuum service lines between the column 
and the extraction system. The metered volume con
sists of a small glass container of special shape (Fig. 4). 
This has a thermally sensitive finger mounted inside 
it which is set to a critical height in the container. 
Two partial pressure lines are used, one adjusted to 
be slightly below the column pressure at the extraction 
point and the other slightly above. An electromecha
nical timer is used which can be adjusted to the re
quired number of cycles per hour, and the complete 
system works in the following way. In the extraction 
phase solenoid valve EMV2 is open and EMVl 
is shut. The glass container slowly fills until the liquid 
touches the sensing element which closes EMV2. 
As a result of this change the pressure in the extraction 
system rises to that of the column and no further 
extraction occurs. After a time interval determined 
by the electromechanical timer, valve EMVl opens 
discharging the contents of the metered volume into 
the boron-11 assessment container (normally kept at 
column pressure). Immediately after this operation 
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Figure 3. (a) Bottom boiler; (b) Intermediate boiler 
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the timer resets to zero time, valve EMVl is closed, 
valve EMV2 and a new cycle commences. 

CARBON-13 PLANT 

A carbon-13 plant based on one designed in 1949 
(H. London and T. Johns [2]) has been operating in 
the United Kingdom for some years. The process is 
one of fractional distillation of carbon monoxide at a 
temperature of 70 °K using a pumped liquid nitrogen 
condenser. This was quite close to the triple point of 
CO (68 °K) as experiments indicated that the separa
tion factor rose steadily from 77 °K down to the triple 
point at 68 °K [5]. Although there is no doubt that 
this is the case, the measurements were carried out 
using a vapour pressure apparatus, not distillation 
equipment. Subsequent experiments at a later date 
using a packed column and an atmospheric nitrogen 
condenser (77.4 °K) produced results indicating that 
little change of apparent separation factor occurred 
when operating at a higher temperature. This has been 
attributed to a competing effect due to the change of 
operating pressure from approximately 300 mm to 
720 mm at the higher temperature [7]. 

Since substantial simplification results from running 
the condenser at atmospheric pressure the new plant 
recently constructed has been designed to operate 
at this pressure. When the plant is run under these 

conditions neither nitrogen pumps nor partial pressure 
control equipment are needed. Consideration was 
given to operating without a column head/liquid 
nitrogen reservoir but it was thought advisable to 
maintain this arrangement so that supplies could be 
taken from it to new units when required. To make 
absolutely certain that no loss of enrichment occurred 
as a result of these changes the packed height was 
increased from 32 ft to 38 ft. This raised the number 
of plates in the rectifier from 600 to approximately 
730. A condenser vessel of much greater capacity has 
been used and the feed is arranged via a syphon vapour 
pump from a 70 litre container at ground level (Fig. 5). 
The large volume allows well spaced replenishing 
cycles of the order of 30 minutes which avoids con
tinual cooling of the syphon tube and reduces coolant 
losses. The fact that the main container at ground level 
can be vented to the atmosphere via EMV3 between 
feed periods ensures that the liquid nitrogen remains 
in equilibrium at atmospheric pressure and does not 
boil violently when it is fed into the condenser. 

The electromagnetic valve EMVl (Fig. 6) meters 
liquid nitrogen into the condenser and is operated by 
the controlling vapour pressure thermometer (VPT). 
The level in the reservoir is maintained by the sensing 
element in that container operating EMV2. Interlocks 
link EMV2 with EMV3 and 4 (Fig. 5) so that in the 
feed condition EMV4 and 2 are open and EMV3 is 
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shut. Furthermore, an over-ride control ensures that 
EMV2 is held shut whilst EMVl is open and no liquid 
nitrogen enters the reservoir whilst the condenser is 
taking in feed. It has been found that the condenser 
temperature remains more stable under these con
ditions and there is less possibility of the condenser 
feed cycle upsetting the column. 

A small positive pressure (1-2 pounds/in2) is required 
to transfer coolant from the reservoir to the condenser 
and this is obtained by using a sealed reservoir vented 
to the atmosphere with a safety valve set at the 
required level. 

CONCLUSION 

Requirements for boron-10 range in quantity from 
a few grams to many kilograms, in enrichment from 
50 to 95 at. % and a plant consisting of a multiplicity 
of the units herein described is capable of meeting 
these various requirements at a minimum cost and 
optimum efficiency. For most requirements parallel 
operation has proved satisfactory and variations in 
product enrichment can be controlled by altering the 
flow rates. A unit column produces 10 grams per day 
when running at an enrichment level of 92 at. %, and 
5 grams per day at 95 at. %. For higher enrichments a 
booster column is used. Maintenance and operation 
of this plant has proved straightforward and does not 
require skilled labour. 

The efficiency of carbon-13 production has been 
improved by a significant saving in nitrogen coolant. 
The new condenser functions well and the atmospheric 
arrangement, eliminating as it does three backing 
pumps and their associated valves and switches has 
improved the reliability of this section of the plant. 

Multi-kilogram quantities ofboron-10 and boron-11 
are now being handled, the main forms being elemental 
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boric acid and boron trifluoride gas. A wide range of 
compounds of both boron-10 and boron-11 and car
bon-13 is now available. 
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ABSTRACT-RESUME-AHHOTALWIR-RESUMEN 

A/567 Royaume-Uni 

Separation economique des isotopes stables 
a l'echelle industrielle 

par A. 0. Edmunds et a/. 

Depuis quelque temps deja, on effectue, au 
Royaume-Uni, la separation des isotopes de bore et de 
carbone. En 1953, on a commence le travail sur la 
separation du bore 10; a cette epoque on etait specia
lement interesse a obtenir du gaz BF3 hautement 
enrichi pour le remplissage de compteurs. Contrastant 
avec ceux des Etats-Unis, ou il existait une demande 
appreciable, les besoins initiaux europeens etaient 
faibles et sporadiques. Cette fluctuation de Ia demande 

exigeait une conception speciale de 1 'installation afin 
d'obtenir une unite de production economique. Le 
developpement a pris Ia forme d 'une multiplicite 
d'ensembles independants a Ia base, car on a trouve 
que de tels ensembles offrent le maximum de flexibilite 
du point de vue de la production, de la gamme des enri
chissements et de 1 'utilisation des matii:res premieres. 

Les problemes techniques relatifs a I 'utilisation de 
dimethyletherate de trifluorure de bore dans Ies ins
tallations de distillation et d'echange chimique pro
viennent presque entierement de deux de ses pro
prietes : sa nature hautement corrosive, particuliere
ment en presence de faibles quantites d 'humidite, et 
sa tendance a se decomposer a des temperatures assez 
moderees. Les travaux de mise au point mentionnes 
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ci-apres ont ete faits en ayant bien presentes a l'esprit 
ces proprietes limitatives. 

La conception des chaudieres, le garnissage des 
colonnes, le contr6le partiel de la pression et les 
methodes d'extraction sont autant de facteurs affec
tant la temperature de fonctionnement d 'une maniere 
directe ou indirecte. Un garnissage de haute efficacite 
avec faible chute de pression a ete mis au point, de 
nouvelles chaudieres ont ete con((ues et la tete de la 
colonne et les commandes d 'extraction ont ete ame
liorees. Les qualites des appareils a cascades et a une 
phase (effectuant l'enrichissement depuis l'abondance 
naturelle jusqu'a 90% de bore 10 en une seule phase) 
font 1 'objet d'une discussion et on expose la toute der
niere conception de l'appareil a une seule phase. 
L'installation actuelle se compose de huit appareils 
de ce genre, produisant de 25 a 30 kg par an. Les consi
derations economiques jouent egalement un role 
important en ce qui concerne la conception et des 
aspects tels que la simplicite de fonctionnement et de 
construction. Le temps d'equilibre est particulierement 
important et les appareils decrits peuvent etre en pleine 
production dans les cinq semaines suivant leur mise 
en marche. Ainsi une decision d 'augmenter la produc
tion peut etre appliquee relativement rapidement. 

En 1949 deja, la separation de carbone 13 etait 
effectuee par !'Atomic Energy Authority du Royaume
Uni. La demande n'en est encore que de l'ordre de 
quelques grammes par semaine et dans la nouvelle 
installation les progres ont ete orientes vers des econo
mies, a la fois dans !'utilisation du refrigerant (qui 
constitue le cout principal de la fabrication) et par 
1 'amelioration de la regularite de fonctionnement. La 
mise en marche de la nouvelle installation a double la 
production de carbone 13 et ces progres sont exposes 
en detail. 

A/~67 CoeAHHeHHoe KoponeacTBo 

SKOHOMH~H~e MeTOA~ paaAeneHHH 
CTa6HflbHbiX H30TOnOB B npOMbiWneH
HOCTH 

A. 0. 3AMYHAC et al. 

B Teqeuue pa.n:a JieT B Coe.n:uueuHoM RopoJieB
C1'Be Be.n:yTCH pa6oThl no paa.n:eJICHHIO H30TOnOB 
6opa H yrJiepo,IJ;a. B 1953 ro.n:y npHcTynHJIH K ua
BJJeqeHHIO B10, B To upeMH rJiauuoii aa.n:aqeil 6LIJia 
nocTaBKa CHJibHO o6ora~euuoro raaa BFa AJIH 
aanoJIHeHHH cqeTqHKOB. B npoTHBonoJiomuocT:o 
CiliA, r.n:e cy~ecTBOBaJI 6oJI:omoii cnpoc, nepuoua
'IaJibHLie noTpe6uocTH EuponLI 6LIJIH ueauaqu
TeJILHbi H HOCHJIH cnopa.n:uqecKHH xapaKTep. 8TH 
JWJie6aHHH cnpoca Bhi3LIBaJIH ueo6xo.n;HMOCTb oco
ooro no.n:xo.n:a K KOHCTpyK~HH YCT3HOBOK .n:JIH no
JryqeHHH 3KOHOMHqHbiX' npOH3BO.n:CTBCHHhiX arpe-
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raToB. Paapa6oT:Ka npumma lPoPMY coa.n:anua 
npeHMy~eCTBCHHO HeaaBHCHMhiX ycTpOHCTB, Tal\ 
1\al\ 6biJIO ycTaHOBJICHO, qTO OHH o6ecneqHB3IOT 
MaRCHMaJibHYIO rH6ROCTb C TOqRH apeHHH MO~HO
CTH, CTeneHH o6ora~eHHH H noTpe6JICHHH ChlpbH. 

TexnuqecRHe npo6JieMLI, cuaaaunLie c ucnoJIL-
30BanueM 3<fJHpHLIX COC,IJ;HHCHHH Tpex<fJTOpHCTOfO 
6opa na XHMHqecRoii ycTaHOBKe, pa6oTaiO~eii no 
CXCMe o6MeHHOH .n:HCTHJIJIH~H, B03HHKaiOT no-
11TH noJIHOCTbiO BCJICACTBHe ABYX CBOHCTB, a HMCH
no: HX CHJihHOfO l\Opp03HOHHOfO XapaRTepa, B 
oco6eHHOCTH B npHCYTCTBHH HC60JibillHX KOJIH
'lCCTB BJiarH, H HX TCHACH~HH paaJiaraTbCH npll 
couceM yMepeHHbiX TeMnepaTypax. OnHCLiuaeMLie 
HHii\e 3Tanhi CTpOH'ICJibCTBa OCy~eCTBJIHJIHCb B 
3Ha'lHTCJihHOH Mepe ('. yqeTOM 3THX CBOHCTB. 

RaK RoHcTpyR~HH ucnapHTeJia, TaR H naca.n:Ra 
1\0JIOHHhl, ROHTpOJib nap~HaJibHOfO .n:aBJICHHH II 
MCTOAbl H3BJieqeHHH OTpamaiOTCH npHMhiM HJIH 
KOCBCHHbiM o6pa30M Ha pa6oqeii TCMIIepaType. 
Hail:.n;ena naca.n;Ra, xapaRTepuayro~aHCH BLICOROH 
3<fl<fleRTHBHOCTbiO H MaJILIM nepena.n;OM ,IJ;aBJICHHH, 
CROHCTpyHpOB3Hbl HOBhiC HCnapHTCJIH Jl fOJIOBHaH 
'laCTb 1\0JIOHHhl, ycoBepmeHCTBOBaHhl npH60phl, 
peryJIHpyiO~He H3BJIC'lCHHC. 06cym.n;aiOTCH OC0-
6eHHOCTH RaCRa.n;HhlX H HCRaCRa.n:HLIX arperaTOB 
( o6ora~enue OT npupo.n:noro co.n:epmauua no 
90% Bto B o.n:noil: cTynenu), .n:aeTCH KpaTROe onu
canue nocJie.n;neil: ROHCTPYR~HH o.n:nocTyneuqaToil: 
ycTaHOBRH. Cy~ecTByiO~aa B nacTo~ee upeMH 
ycTaHOBRa COCTOHT H3'BOCbMH Tal\HX arperaTOB 
llpOH3BOAHTCJibHOCTbiO 25-30 1£Z/eoa. 8ROHOMH
qeCRHe <flal\TOphl ORa3biBaiOT TaRme CHJibHOC BJIHH
HHC na KOHCTPYR~HIO, npuqeM npuxo,IJ;HTCH yqHThi
BaTb TaRHe acneRThl, RaR npOCTOTa 3RCnJiyaTa~HH 
u coopymeHHH. Oco6enuo uamnyro poJib urpaeT 
upeMH ycTaHOBJieHHH paunouecua. OnucaHHLie 
arperaThl MoryT .n:oCTHqb nOJIHOH MO~HOCTH nHTb 
ue.n;eJih cnycTH nocJie HX aanycHa. TaHHM o6pa
aoM, pemenue o6 yBeJiuqeHHH npouauo.n:uTeJILHo
cTH MO»\HO ocy~eCTBHTb OTHOCHTeJII.HO 6biCTpO. 

Yme B 1949 ro,J,y YnpauJienue no aToMnoii :mcp
rnu Coe.n:uneunoro RopoJieBCTBa npoBOAHJio B ne-
6oJI:omoM MaCmTa6e H3BJieqeuue· eta. Cnpoc BCe 
ei~e BhlpamaeTCH B HCCROJibRHX rpaMMaX B He.n;e
JIJO. Ha HOBoii ycTanouRe ycuJIHH 6LIJIH nanpaBJie
Hhi Ha ocy~eCTBJICHHC 31\0HOMHH RaR B HCnOJib30-
BaHIIH OXJI3AHTCJIH (rJiaBHaH CT3ThH paCXO,IJ;OB nO 
ll3fOTOBJICHHIO), TaR H Ha nOBhlillCHHC Hap;em
HOCTU. Bue.n;enue B cTpoil: nouoii ycTaHOBRH y.n:noH
Jio npOH3BOACTBO eta. B AORJia.n;e nop;po6no onH
CMBaJOTCH ,J,OCTllrHyTbie npeiiMy~eCTBa. 

A/567 Reino Unido 

Separaci6n econ6mica de is6topos estables 
a escala comercial 

por A. 0. Edmunds ef a/. 

Durante algun tiempo se ha efectuado en el Reino 
Unido la separaci6n de los is6topos del boro y del 
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carbono. En 1953 comenzo el trabajo de la separacion 
del boro-1 0, entonces principalmente para el suministro 
de BF3 gaseoso altamente enriquecido, destinado 
al llenado de contadores. AI principio, las necesidades 
europeas eran pequei'ias y espon'ldicas, a diferencia 
de los Estados Unidos, donde existia una demanda 
importante. Esta demanda variable requirio un espe
cial disei'io de la instalacion con objeto de obtener 
una unidad de produccion economica. Su desarrollo 
ha tornado la forma de una multiplicidad de unidades 
basicamente independientes, que dans la maxima 
flexibilidad desde el punto de vista de la produccion, 
intervalo de enriquecimientos y utilizacion de materias 
primas. 

Los problemas tecnicos relativos al uso del. com
puesto doble de trifluoruro de boro y eter, en instala
ciones de intercambio quimico y de destilacion, son 
debidos, casi enteramente, a dos de sus propiedades: 
su naturaleza corrosiva, particularmente en presencia 
de pequei'ias cantidades de humedad, y su tendencia 
a descomponerse a temperaturas bastante moderadas. 
Los desarrollos que siguen se han efectuado teniendo 
muy presente estas propiedades limitadoras. 

La temperatura de operacion es afectada de un modo 
directo o indirecto por el disei'io de los calderines, 
el rclleno de la columna, el control de la presion 
parcial y los metodos de extraccion. Se ha desarrollado 
un relleno de alto rendimiento con baja caida de 

A. 0. EDMUNDS et a/. 477 

presion, y se han proyectado nuevos calderines, 
mejon'mdose la cabeza de la columna y los controles 
de extraccion. Se discuten las ventajas de las unidades 
de cascada y de paso unico ( enriquecimiento desde 
el natural al 90 % de boro-10, en un paso unico ), 
y se indica el ultimo disei'io de una unidad de paso 
unico. Nuestra instalacion actual consiste en 8 de 
dichas unidades, produciendo de 25 a 30 kg por ai'io. 
Las consideraciones economicas han representado 
tambien un importante papel en el proyecto, y se 
deben tener en cuenta aspectos tales como Ia simplici
dad en la operacion y en la construccion. El tiempo 
de equilibrio es particularmente importante, y las 
unidades descritas pueden estar en plena produccion 
dentro de cinco semanas a partir de Ia puesta en servi
cio. Por lo tanto, una decision de incrementar la 
produccion puede cumplirse de un modo relativa
mente rapido. 

Ya en 1949, Ia Atomic Energy Authority del Reino 
Unido efectuo alguna separacion del carbono-13. 
La demanda es todavia del orden de los gramos 
por semana solamente, y en la nueva fabrica el desa
rrollo se ha orientado para conseguir economias 
en el uso del refrigerante (el principal gasto de Ia 
fabricacion) y en mejorar el funcionamiento. La 
puesta en marcha de esta nueva instalacion ha doblado 
nuestra produccion de carbono-13; en Ia memoria 
se discute ampliamente este hecho. 
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applied to 

by countercurrent 
lithium isotopes 

By G. J. Arkenbout * 

In the field of reactor technology several applica
tions of pure lithium isotopes are possible [1] : 

(a) The use of lithium-7 as a coolant in a nuclear 
reactor; 

(b) The application of 7LiH or 7LiD as a moderator 
in a high temperature reactor; 

(c) The use of 7LiF as a solvent for nuclear fuels. 
The technical separation of the lithium isotopes 

still constitutes a problem. According to recent publi
cations, separation by countercurrent exchange-elec
trolysis is one of the rare methods that might lead to 
acceptable results. 

Hitherto literature on this subject has been rather 
scarce. Apart from a French patent of the Commissa
riat a l'energie atomique, which appeared in 1959 [2], 
we found only a paper by Lewis and Macdonald 
dating as far back as 1936 [3]. By letting fine droplets 
of amalgam descend through an ascending alcoholic 
solution of lithium chloride, Lewis and Macdonald 
obtained a noticeable separation in a column 18 m in 
length and only 4 mm wide. From their paper it 
appears that the maintenance of the desired zigzag 
movement of the amalgam droplets is a severe pro
blem. 

The information which may be derived from the 
French patent mentioned above is rather poor. No 
data on the experimental conditions such as the 
dimensions of the columns, flow rates of the phases, 
size of the amalgam droplets and no results on the 
separations obtained are given. However, the applica
tion of dimethyl-formamide as a solvent for the 
electrolytic phase instead of alcohol is new. 

In the present paper, it will be shown that the prob
lem of keeping the amalgam dispersed can be solved 
by using a finely packed column. Further, a new con
tinuous method (based on exchange) for obtaining an 
anodic reflux will be presented. 

COUNTERCURRENT EXCHANGE-ELECTROLYSIS 

Mass transfer between an ionic conducting elec
trolytic phase and an electronic conducting electrode 
phase can be realised in several ways. It can be obtained 
by contacting the two phases, each containing a 
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mixture of the metals A and B in concentrations 
different from the equilibrium values. When the elec
trode potential of metal A is higher than that of B, 
ions of metal A will be reduced and will move into the 
electrode phase. At the same time, an electrochemically 
equivalent quantity of metal B will be oxidised and 
transferred to the electrolytic phase. Such an exchange 
will be called exchange-electrolysis. The elementary 
separation effect of this exchange-electrolysis can be 
accumulated by a countercurrent transport of the 
two phases in a column. The separation method based 
on this principle will be called countercurrent exchange
electrolysis (CCEE). 

In each cross-section of a CCEE column, an electro
chemical balance will be maintained, provided secon
dary chemical or electrochemical reactions do not 
interfere. ·The rate of exchange is proportional to the 
deviation from equilibrium. The rate also depends on 
the interface area, the thickness of the liquid layers 
and a number of electrochemical factors. The equili
brium conditions may be formulated by the Nernst 
equation. For a mixture of two metals having the 
same valence, the Nernst equation is 

K=~ (1-y) 
y (1- x) 

K = equilibrium constant. 
x, y = gramequivalent fraction ·Of lithium-6 in the 
amalgam and the electrolytic solution, respectively. 

The equilibrium constant K may also be called the 
elementary separation factor of the system. A mathe
matical treatment of the multiplication of an ele
mentary effect in a column has been given by Cohen [4]. 

A complete apparatus for CCEE consists essentially 
of three parts, viz., the exchange column and two 
reflux sections. The reflux sections at the top and at 
the bottom of the column, where the lithium is trans
ported from the electrolytic solution to the amalgam 
and vice versa, are called the cathodic and anodic 
reflux sections. 

APPLICATION OF A PACKED COLUMN 

So far the countercurrent between the electrode and 
the electrolytic phase has been achieved in unpacked 
columns. In these columns, both the contact surface 
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and the residence time per unit of length are rather 
small. In view of the difficulties presented by unpacked 
columns it was considered whether a suitable packed 
column could be found. 

When a countercurrent of an amalgam and an 
electrolytic solution was started in a packed column 
without any precautions, it appeared that severe 
channelling occurred. This channelling resulted in a 
poor contact interface and could not be decreased by 
prolonging the process. However, it was found 
that this difficulty could be overcome if the column 
was started in a special way. 

The required distribution of the two phases was 
obtained by first filling the free volume completely 
with mercury and then partly replacing the mercury 
by the electrolytic solution. This filling treatment may 
be explained as follows. The interstices in the packing 
may be considered as capillaries and the filling of a 
capillary with mercury requires considerable energy 
due to its high surface tension. Therefore, the mercury 
will not enter the empty capillaries as long as it can 
pass down through some channels of the column 
which are already filled with mercury. Therefore, a 
homogeneous distribution in the column cannot be 
obtained without previously filling all the capillaries 
with mercury. 

In the column, neither of the phases seems to be 
fully dispersed. The mercury flows down in a con
tinuous stream between the packing particles, whereas 
the electrolytic phase follows the surface of the packing 
and the wall when ascending. 

Sand with a particle size of between 0.35 and 0.5 mm 
acts very well as a packing material. We have used 
columns 1 and 2 m in length and 2.5 em wide (inner 
diameter). The ratio between the volumes of the elec
trode and electrolytic phases in the column was about 
4: 3. The flow rates of the both phases were 0.1 or 
0.2 ml/min cm2• 

CHOICE 
OF THE ELECTRODE-ELECTROLYTE SYSTEM 

Mercury may be used as a solvent for the electrode 
phase in the separation of the lithium isotopes by 
CCEE. 

The choice of solvent for the electrolytic phase is 
more difficult (many solvents react with lithium 
amalgam or do not dissolve lithium salts to a sufficient 
extent). The activation polarisation of the applied 
electrode reactions must be small, so that the rates 
of exchange will be sufficiently large. Dimethyl
formamide (DMF), already mentioned in a French 
patent [2], seemed to be the most promising solvent. 
DMF does not react with lithium amalgam and dis
solves lithium halogenides very well. From polaro
graphic measurements it was deduced that the rates 
of exchange in DMF will be sufficiently large [5]. 
Except for the first two experiments with lithium 
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bromide, all other experiments were carried out with 
lithium chloride. 

The elementary separation factor of the system 
Li(Hg)-LiBr(DMF) was determined by Perret and 
co-workers [6]. They mixed an amalgam and a DMF 
solution containing lithium with rather different 
isotopic ratios and analysed the isotopic ratios in 
both phases. It follows from their experiments that the 
elementary separation factor amounts to 1.05 ± 0.025. 

We have deduced the elementary separation factor 
from CCEE experiments without reflux. The elemen
tary separation factor found in this way for lithium 
chloride as well as for lithium bromide is 1.05 ± 0.02. 

THE ANODIC REFLUX 

The discontinuous method of refluxing mentioned 
in the literature [2, 3) is not promising. A continuous 
procedure for the anodic reflux based on a reaction 
with acid is not very attractive. 

We have developed an anodic refluxing procedure 
based on exchange electrolysis with DMF solutions 
containing halogenides of the alkaline or alkaline 
earth metals. For several reasons, halogenides of other 
metals appeared to be less suitable. Actually, sodium 
bromide and strontium chloride have been used be
cause of their appropriate solubility. 

A large and constant reflux fraction can only be 
obtained if the amount of reagent supplied to the 
refluxing section is exactly equivalent to the amount 
of lithium entering the refluxing section. This amount 
of lithium may vary because of changes both in the 
flow rate and in the concentration of the amalgam. 
This means that the supply of reagent must be adapted 
to the lithium flow. This necessary adaption is easily 
achieved with the refluxing method presented. 

The anodic refluxing apparatus developed shown in 
Fig. I consists of three parts : the lower part of the 
exchange column, the refluxing column and the satu
rating section. The refluxing column is a sand-filled 
column 20 em in length and 2.5 em wide. 

The amount of reagent supplied to the exchange 
column per unit of time is kept too small to oxidise 
all the lithium, yet large enough to transfer about 
80% of the lithium to the electrolytic phase. By intro
ducing only about 80% of the required reagent into 
the lower part of the column, any danger of the reagent 
penetrating too far into the column is prevented. The 
amalgam leaving the exchange column and entering 
at the top of the refluxing column still contains 20% 
of the original amount of lithium metal. At the bottom 
of the refluxing column, a saturated or at least concen
trated DMF solution of sodium bromide or strontium 
chloride is introduced. In the refluxing column, the 
lithium left in the amalgam exchanges with some of 
the sodium or strontium ions. As a result, the amalgam 
leaving the refluxing column contains no lithium. 
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DMF solution of sodium chloride 
(sodium bromide) 

EXCHANGE COLUMN 

DMF 

n 
Saturated DMF solution 
containing 20% of the lithium 

I I 
I I 

I -
Unsaturated DMF 
solution containing 20% of the I ithium 

SATURATING SECTION 

I REFLUX COLUMN 

Saturated or concentrated DMF solution 

Figure 1. The anodic reflux section 

The reagent solution leaving the refluxing column 
is saturated in the saturating section by mixing the 
solution vigorously with solid sodium bromide or 
strontium chloride. The temperature of the saturating 
section is constant. The solution leaving the saturating 
section is diluted to the required extent and then 
pumped into the exchange column. By using· this proce
dure, the concentration of the reagent solution entering 
the exchange column is kept constant and independent 
of the amount of lithium exchanged in the refluxing 
column. 

The lithium amalgam is easy to handle, provided 
that the concentration of the lithium does not exceed 
0.5M. The saturation concentrations of sodium 
bromide and strontium chloride are 0.95M and 0.35M. 
Since equal flow rates are required for both phases, 
the DMF solution leaving the saturating section was 
diluted to double its volume before entering the 
exchange column. 

THE CATHODIC REFLUX 

The cathodic reflux was obtained discontinuously 
by evaporating the DMF, dissolving the salt residue 
in water and electrolysing the aqueous solution. 
Lithium chloride has been chosen as the salt, as the 
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gaseous chlorine, liberated at the anode, can be 
removed very simply due to its limited solubility. 
The electrolysis of an aqueous solution of an alkaline 
chloride is complicated by many side reactions [7]. 
The electrolyser finally used and shown in Fig. 2, 
produced lithium amalgam in small amounts (1 ml/ 
min) with a current efficiency up to 95%. The concen
tration of the lithium chloride must be larger than 2M. 
The volume of the electrolytic solution is 15 ml [8]. 

The good results obtained with this electrolyser are 
due to the high current density, the small contact time 
of the amalgam and electrolytic solution and the 
continuous and quick removal of the amalgam. The 
height of the mercury level in the cell is very important. 
Solid lithium amalgam is formed if the mercury level 
rises a few millimeters, whereas current fluctuations 
occur if the mercury level drops. 

The DMF was evaporated in a vacuum. At intervals 
of about one hour, 5 ml of electrolytic solution were 
removed from the electrolyser and used for dissolving 
solvent free lithium chloride. The solution obtained 
was returned again to the cell. 

Obviously, this refluxing method has some disad
vantages. Improvement of this refluxing method will 
be the subject of further investigation. The large hold
up of lithium chloride in the refluxing section (equiva
lent to about 200 ml electrolytic phase) caused by the 
large concentration in the aqueous solution is an 
additional drawback, demanding further attention. 

THE SEPARATION EXPERIMENTS 

Ten separation experiments have been carried out 
in sand-filled columns 1 or 2 m in length and 2.5 em 
wide as follows : four experiments with an anodic 
reflux only, at the bottom of the column, four experi
ments with a cathodic reflux only, at the top of the 

¢ 30 

-
\ 

Figure 2. The electrolyser 
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column, and two experiments with both refluxing 
sections. In the experiments with an anodic reflux, 
lithium amalgam prepared by electrolysing an aqueous 
S>olution of the starting lithium chloride was supplied 
to the top of the column. In the experiments with only a 
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cathodic reflux section, a DMF solution of the starting 
concentration of lithium chloride was introduced at 
the bottom of the column. The starting lithium chloride 
contained 7.5% lithium-6. Data on experimental 
conditions are given in Table I. 

Table 1. Experimental conditions and results of the separation experiments 

Time h 
Experi
ment 
No. 

Column 
length m 

Flow 
rates 

ml/min 
em' 

System 
Anodic Cathodic 

Lithium-6 
content 

obtained a 

Ratio 
out/in b 

Q< 
lnQ 

InK 
reflux reftux 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
1 
2 
2 
2 
2 
2 
2 
2 
2 

0.1 
0.2 
0.2 
0.2 
0.2 
0.2 
02 
0.2 
0.2 
0.2 

Li (Hg)-LiBr (DMF) 
Li (Hg)-LiBr (DMF) 
Li (Hg)-LiCI (DMF) 
Li (Hg)-LiCI (DMF) 
Li (Hg)-LiCI (DMF) 
Li (Hg)-LiCI (DMF) 
Li (Hg)-LiCI (DMF) 
Li (Hg)-LiCI (DMF) 
Li (Hg)-LiCI (DMF) 
Li (Hg)-LiCI (DMF) 

43 
23 
24 
35 

27 
42 

17 
31 
28 
42 
42 
43 

12.0 
11.0 
6.5- 9.5 
6.5-10.8 
5.8 
5.3 
5.3 
5.3 

12.0 
13.0 

1.60 
1.47 
0.87-1.27 
0.87-1.44 
0.77 
0.71 
0.71 
0.71 
1.60 
1.73 

1.68 
1.53 
1.51 
1.74 
1.31 
1.45 
1.45 
1 45 
1.68 
1.84 

10.6 
8.7 
8.4 

11.3 
5.5 
7.6 
7.6 
7.6 

10.6 
12.5 

• The lithium-6 content of the starting material is always equal to 7.5%. 
• Ratio out/in stands for the ratio between the lithium-6 content of the sample obtained and the lithium content of the starting material. 

. (y bottom) (1-y top) 
• Q = separatiOn factor = (y top) (1-y bottom) 

During the experiments with a cathodic reflux, the 
current efficiency in the electrolysis cell decreased 
initially from 95 to 70% and remained constant after
wards. The amalgam concentration was kept as con
stant as possible by adjusting the electric current to the 
current efficiency. The concentration of the amalgam 
produced was frequently determined by separate 
analyses. 

A number of lithium samples were collected both 
during and at the end of each experiment. The isotopic 
ratio of these samples were determined by mass
spectrographic analyses, carried out by the FOM 
Laboratory for Mass Separation. The ratios of the 
final samples have been summarized in Table I. 

The isotopic ratio of the samples taken at intervals 
during the experiments have been plotted in Fig. 3 
as a function of time. 

DISCUSSION 

The results given in Table I show, that a sand filled 
column is an efficient contact apparatus for CCEE. 
It is shown in Fig. 3 that the concentration gradient 
in the column is built up in a reproducible way. The 
sand-filled column appeared to be a very reliable appa
ratus needing hardly any special attention. 

The column requires a rather long start-up time 
because of its large hold-up in comparison with the 
applied flow rates. A steady state could not be attained 
in the exchange column during our experiments, as 
may be seen in Fig. 3. 

The continuous procedure for achieving the anodic 

reflux proved to be very satisfactory. This method 
seems to be fit for a technical application. 

The separations in the cathodic reflux experiments 
appear to be less effective than those obtained during 
the anodic reflux experiments. This must be mainly 
ascribed to the large hold-up of this refluxing section. 

COMMERCIAL POSSIBILITIES 
OF THE PROCESS 

A preliminary estimate of the costs of producing 
lithium-7 by countercurrent exchange-electrolysis has 

2.0 

1.5 

1.0 

ratio out/in 

• exp. 2 

0 exp. 9 

+ exp. 10 

0 exp. 5 

1!!1 exp. 6 

1:1 exp. 7 

Jll exp. 8 

Figure 3. The lithium-6 content as a function of time 

Ratio out/in stands for the ratio between 
the lithium-6 content of the sample obtained 

and the lithium-6 content of the starting material 
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been made. The cost of manpower appears to be the 
most important contribution to the price of the pro
duct. Automation of the process may reduce the price 
of lithium-7 to below the present price of $120 per kg 
of 99.99% lithium hydroxide monohydrate. 

A method which might compete with countercurrent 
exchange-electrolysis is electromigration in molten 
salts. A complete cost-analysis of electromigration 
cannot be given because the development of this 
method is not yet completed. However, it is likely 
that the costs of electromigration will be higher than 
those of countercurrent exchange-electrolysis. More
over, the application of countercurrent exchange
electrolysis will not seriously be hampered by the lack 
of suitable construction materials which is among the 
problems met with in electromigration in molten salts. 

In the meantime, we have found a new solvent which 
can be used instead of dimethylformamide. By using 
this new solvent, the lithium chloride can easily 
be transported in a continuous way from the electro
lytic phase to the electrolysis cell. In this way, the 
cathodic refluxing procedure at the top of the column 
has been made continuous and the most important 
problem involved in the automation of the process 
has been solved. So it may be expected that further 
automation will give rise to few difficulties. It may be 
concluded that a continued investigation of counter
current exchange-electrolysis for its possible technical 
application is certainly worthwhile. It is clear that 
much additional data, e.g., on column properties, 
should be collected before optimum conditions for a 
technical apparatus can be chosen. 

OTHER. POSSIBLE APPLICATIONS OF CCEE 

The application of the described method is not 
restricted to the separation of the lithium isotopes. 
It also offers possibilities for the separation of the 
calcium isotopes and for the reprocessing of a liquid 
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metal reactor fuel such as a solution of uranium in 
molten bismuth. For the latter problem, a packed 
column seems to be more promising than the disk 
and doughnut extractor as developed by Josephson 
and Burkhart [9]. 
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ABSTRACT -RESUME-AHHOTAI4t-'1.si-RESUMEN 

A/639 Pays-Bas 

Separation par electrolyse d 'echange a centre
courant appliquee aux isotopes du lithium 

par G. J. Arkenbout 

Plusieurs applications des isotopes purs du lithium 
sont possibles dans le domaine de la technologie des 
reacteurs, par exemple : 

a) L'utilisation du lithium 7 comme fluide de refroi
dissement dans un reacteur nucleaire; 

b) L'application de 7LiH ou 7LiD comme modera
teurs dans un reacteur a haute temperature; 

c) L'utilisation de 7LiF comme solvant pour combus
tibles nucleaires. 

La separation des isotopes du lithium a l'echelle 
technique pose encore un probleme. Selon des publi
cations recentes, la separation par electrolyse d'echange 
a contre-courant est une des rares methodes qui pour
raient conduire a des resultats acceptables. 

La litterature concernant ce sujet est encore peu 
abondante. Outre un brevet d'invention fran9ais de 
1959, nous n'avons trouve qu'une publication de 
Lewis et Macdonald remontant a 1936. Ces auteurs 
faisaient tomber des gouttelettes d'amalgame a contre
courant dans une solution ascendante de chlorure de 
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lithium et obtenaient ainsi une separation notable 
dans une colonne longue de 18m et ayant un diametre 
de 4 mm seulement. II ressort de ce travail que la 
necessite de maintenir un mouvement de zigzag des 
gouttelettes d'amalgame cree un probleme difficile, 
qui s'oppose a !'application technique de ce mode 
operatoire. 

Des travaux n!cents utilisant des colonnes a gar
nissage ont donne des resultats plus prometteurs. Un 
traitement convenable d 'une colonne con tenant du 
sable de granulometrie 0,35-0,5 mm rend possible le 
transport de l'amalgame de lithium et d'une solution 
de chlorure de lithium dans de Ia dimetylphormamide 
en sens inverse l'un de !'autre. 

Le reflux au bas de Ia colonne, ou le lithium est 
transporte de l'amalgame a Ia solution electrolytique 
(reflux anodique), est realise a ]'aide d'une nouvelle 
methode continue fondee sur l'electrolyse d'echange. 
Le reflux cathodique est obtenu par !'evaporation du 
solvant dimethylformamide, transfert du chlorure de 
lithium dans I 'eau et electro lyse de Ia solution aqueuse 
de chlorure de lithium. 

Dans des experiences effectuees durant 20 a 40 heures 
dans une colonne d'echange de 1 a 2m de long, on a 
obtenu un enrichissement en lithium 6 de 7,5 a 13,0% 
au bas de Ia colonne et un appauvrissement en 
lithium 6 de 7,5 a 5,3% au haut de Ia colonne, comme 
le montrent des analyses par spectrographie de masse 
( ces chiffres correspondent a des facteurs de separation 
de 1,68 et 0,76 alors que le facteur de separation ele
mentaire est ega! a 1,05). 

L'application de Ia methode exposee n'est pas 
limitee a Ia separation des isotopes de lithium, elle 
offre aussi des possibilites pour Ia separation des iso
topes du calcium et pour Ia regeneration d 'un combus
tible nucleaire constitue par un metal liquide, par 
exemple une solution d'uranium dans du bismuth 
fondu. 

PaaAelleHHe 
3JleluponHaa 
TOKe 

A/639 HH,o.epnaH,O.bl 

H30TOnOB JlHTHH nyreM 
C 06MeHOM 8 npOTHBO-

r. 1-1. ApKeH6oyT 

lJuCTblC lf30TOIJbi JlllTUH MOI'YT HaiiTU HeCKO.'lh

IW CTIOC060B, DpUM!'HeHUH B TCXHOJIOriill peaHTO

poB, HallpHMep: 

a) ucnoJibaonanne LF B KalfeCTBP TenJionocH

TCJIH B H,L(epHOM peaRTope; 

b) ncnoJihaonanne LFH mmLFD n KaqecTnc 

3aMe,IJ;JiliTeJIH B BhiCOKOTeMnepaTypHOM peaKTOpe; 

c) ncnoJibaonanne LFF n KalJeCTBe pacTnopnTc

JIH Hp;epnoro TOIJJIHBa. 
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Op;naKo paap;eJienne naoTonon JIHTHH B npoMLIIII

JiennoM MacmTa6e CBHaano noKa eiii;e c onpep;e

JJeHHhiMJJ TPYAHOCTHMJJ. CorJiacno nocJiep;nnM ny

OJIJJKaQJJHM paap;eJienne nyTeM aJieKTpoJinaa c 

o6MeHOM B npOTHBOTOKe HBJIHeTCH O)J;HUM H3 npe

BOCXO)J;HhiX MCTO)J;OB, KOTOphiH MOiReT npnBeCTH II 

meJiaeMhiM peayJihTaTaM. 

,ZJ;o CHX nop ony6JJUKOBaHO OlJeHh MaJIO JIHTe

paTyphi, nocBHIII;ennoii: aToMy nonpocy. RpoMe na

TenTa <l>paHQJJU, IJOHBJJBIIIeroCH B 1959 rop;y, 6hJJI 

o6na py»<en JIHIIIh .IJ;OKJJap; Jhrouca n MaKp;onaJih

;~:a, ,L(aTHponaHHbiii 1936 rop;oM. 3aKanLIBaH Ma

JICHbKJJe RaneJibRJJ aMaJibraMbl HaBCTpe•Iy BOCXO

.:(HIQeMy pacTnopy xJiopnp;a JIHTHH, Jlhronc n MaK

;wnaJih.IJ; ,IJ;o6nJIHCh aaMeTnoro paap;eJieHnH B 

1\0JIOHKe )J;JIJJHOJI 18 .M JJ ,IJ;HaMeTpOM JIHIIIh 4 .M.M. Jb 
;~annoro ,L(OKJia,IJ;a BH;:J;HO, 'ITO o6ecneqenne neo6-

xo,J,nMoro 3Hf3arooopaanoro )J;BHiReHJJH KaiJeJieK 

aMaJihraMhi npep;cTaBJIHeT CJiomnyro npo6JieMy, 

tlCKJIIOlJaiOIII;YIO TCXHUlJeCKOC npnMenenne ,IJ;aHHO

ro MeTO)J;a. 

IIocJiep;nne pa6oTbi npn noMOIII;H nacap;olJHhiX 

1\0Jionn, cyJIHT Mnoroo6eiii;aiOIII;ne peayJibTaTbi. 

CooTBeTCTBYIOIII;aH no;:J;rOTOBKa KOJIOHHhr, co,ll;ep

maiii;ei1: necoK c paaMepoM qacTnlJeK nopHp;Ka 

0,35-0,5 .M.M, o6ecnequnaeT nepenoc B npoTHBo

TOKe aMaJibraMhi JIIITHH H paCTBOpa XJIOpnp;a Jlli

THH B ):(HMeTHJI(pOpMaMJJ)J;e. 

Opomenne na ,!(He KOJIOHHhi, r)J,e rrponcxop;nT 

HCpeXO)J; JIJJTHH lf3 aMaJihraMbi B 3JieKTpOJIHTHlJe

eRHit pacTnop ( ano):(noe opomenne), 6hiJIO ocy-· 

Jl..\eCTBJICHO HenpepbiBHbiM MeTO):(OM, OCHOBaHHhBI 

ua aJieRTpoJiuae c o6MenoM. l\aTop;noe opomenne 

Hp01f3BO)J;HJIOCb nyTeM BhiiiapnBaHifH ,!J;IfMeTHJI

I~OpMaMifgHOI'O paCTBOpHTeJIH, nepenoca XJIOpH):(il. 

.'lHTifH B BO)J,Y II 3,1Jt'KTpOJill3a paCTBOpa XJIOpHp;a 

JIIITHH B BO):(t'. 
Macc-crreRTporpal)'mlJecRIIii anaJiua peayJibTaTon 

;mcnepuMeHTO.B, npOBO)J;HMbiX B Te'II'Hife 20-
40 1l B o6MeHHOii KOJIOHJ\e ,L(JllfHOii OT 1 ,ll;O 2 .M, 

llOKa3UJI, lJTO CO,J,Cpmanue JJifTUH-0 Ha .IJ;HC KOJIOH-

1\U yueJIHlJHJIOCh c 7,5 )J,O 13%, an nepxneii 'laCTif 
1\0JIOHKII yMeHblllHJIOCb C 7,5 ;~o 5,3% (:JTII ,L(aH

HhH.' COOTBeTCTBYIOT K03tplf>UQifeHT8M pa3):(CJICifiiH, 

}HIBHbllll 1,68 H 0, 7(), Tor)J,a 1\UK uepBOHa'laJibHblii 

J\031{llf>H~IfeHT paaf~eJJeHUR: paBHHJJCH 1,05). 
HcnoJib30Banne oJIIICbmaeMoro n ,ll;OKJia;:~,e MeTo

;~a IIC orpaHiflHIBat'TCH paa,ll;eJJCJBteM li30TOIIOB 

.nltTHH. Ou MomeT ObiTb npnMenen TaKme ,ll;JIH 

pa3AI'JieHJtH lf30TOIIOB KaJih~lfH H P,JIH nepl1pa6oT

I\H iKJJ,L(KOMCTaJIJIII'IeCKOfO pea KTOJlHOI'O TOIIJJUBU, 

naupJtMep paCTnopa ypana n paciiJJaBJJ<'HlloM nuc

MyTe. 

A/639 Poises Bajos 

Separaci6n de los is6topos del litio por 
intercambio electrolftico en contracorriente 

por G. J. Arkenbout 

Los isotopos puros del litio encuentran diversas 
aplicaciones en tecnologia nuclear, por ejemplo: 
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a) El litio-7 se usa como refrigerante en los reac
tores; 

b) El 7LiH y el 7LiD se emplean como moderadores 
en los reactores de temperatura elevada; 

c) El 7LiF se utiliza como disolvente para combus
tibles nucleares. 

La separaci6n de los is6topos del litio en escala 
tecnica sigue siendo un problema. Segun publicaciones 
recientes, la separaci6n basada en el intercambio 
electrolitico en contracorriente constituye uno de 
los pocos metodos que podrian dar resultados acep
tables. 

Las publicaciones sobre este tema son bastante 
escasas. Fuera de una patente francesa, publicada 
en 1959, el autor solo encontr6 una memoria de 
Lewis y Macdonald, del aiio 1936. Dejando caer 
finas gotas de amalgama a traves de una soluci6n 
ascendente de cloruro de litio, esos autores obtuvieron 
una separaci6n apreciable, en una columna de 18 m 
de largo y solamente 4 mm de diametro. Se deduce de 
la memoria que Ia conservaci6n del necesario movi
miento en zigzag de las gotas de amalgama constituye 
un problema grave que entorpece Ia aplicaci6n 
tecnica del procedimiento. 

Mejores perspectivas ofrece Ia labor con columnas 
rellenas recientemente realizada. Sometiendo a un 
tratamiento adecuado una columna que contenga 

G. J. AR.KENBOUT 

arena de tamaiio de grano comprendido entre 0,35 y 
0,5 mm, es posible establecer un transporte en contra
corriente de amalgama de litio y soluci6n de cloruro 
de Iitio en dimetilformamida. 

Aplicando un nuevo metodo continuo basado 
en el intercambio electrolitico, el autor pudo lograr 
el reflujo en el fondo de Ia columna, donde el Iitio 
pasa de Ia amalgama a Ia soluci6n de electrolito 
(reflujo an6dico). En cuanto al reflujo cat6dico, 
se obtiene evaporando el disolvente (dimetilformamida) 
para disolver luego nuevamente el cloruro de Iitio 
en auga y someter esta soluci6n a Ia electr61isis. 

En experimentos de 20 a 40 h de duraci6n, llevados 
a cabo en una columna de intercambio de 1 a 2 m 
de longitud, se logr6 aumentar el contenido de litio-6 
desde 7,5 hasta 13,0% en el fondo de Ia columna, 
y reducir el contenido de litio-6 desde 7,5 hasta 5,3% 
en Ia parte superior, segun se deduce de los analisis 
por espectrografia de masas (estos datos corresponden 
a factores de separaci6n de 1,68 y 0,76, mientras que 
el factor de separaci6n elemental alcanza a 1 ,05). 

La aplicaci6n del metodo descrito no se limita a 
Ia separaci6n de los is6topos del litio. Se presta 
tambien para separar los is6topos del caclio y para 
regenerar combustibles nucleares metalicos Iiquidos 
como, por ejemplo, soluciones de uranio en bismuto 
fun dido. 
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I sot ope separation 

Chairman M. Benedict (United States of America) 

Paper P/440 (presented by Y. Takashima) 

There was no discussion of this paper. 

Paper P/89 (presented by C. Frejacques) 

DISCUSSION 

C. U. LINDERSTR0M-LANG (Denmark): Can you 

state the cost of separation work related to a unit 
quantity of material? 

C. FRIDACQUES (France) : As we do not know the 
exact size of American plants, it is difficult to quote 
valid comparative figures. Under normal economic 
conditions and with the large plants envisaged in this 
paper, I would estimate the unit cost of separation 
work to be about 80% higher, and the cost of an 
additional gram to be about 40% higher, than the 
official rates in the United States. 

[The Chair was taken by C. Frejacques (France)] 

Paper P/29 (presented by J. A. Morrison) 

DISCUSSION 

W. P. BEBBINGTON (United States of America): 
Your extremely interesting exposition fully accords 
with our experience and is well worth the attention of 
anyone contemplating the operation of a heavy
water reactor. Any organic compounds are certainly 
to be avoided, since they can seriously upset the 
control of conductivity and deuterium ion concen
tration. 

Following the Canadian lead, we have adopted the 
infra-red method for analysis of heavy water, for both 
the reactors and the production plant. Our chemists 
believe that their precision in the very high range is 
even somewhat greater than that quoted in this paper. 

Have you any estimate of the amount of light 
water that is added to the reactor as adsorbed moisture 
or as the hydrate of alumina on reactor components, 
and do you make any effort to minimize such conta
mination? Also, do you use additives for the control 
of acidity or corrosion? 

J. A. MORRISON (Canada): In our NRU reactor 
the fuel rods are in contact with the D20. The quantity 
of H20 added to the D20 system 'in this way is very 
small since we dry the rods with hot air before they 
are inserted into the reactor. I cannot give an absolute 
figure, but the downgrading is less than 0.005 wt%, 
since we operated the reactor for several years with 
only a small decrease in the isotopic concentration. 
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We do not use additives to control acidity or 
corrosion. We conducted and extensive experiment 
with the pH of the D20 between 5 and 5.5, but did 
not see any significant decrease in the quantity of 
gibbsite (Al20 3·3D20) that was produced and the 
experiment was stopped. This work is reported in 
reference 11. 

The precision quoted in the paper was about what 
we obtained with technicians in a normal laboratory. 
Since the paper was written, an adaptation of the 
infra-red method, using glass inserts, has been deve
loped for analyses in the 90-99.5 wt% D20 range. 
This has improved the precision of routine analyses. 
Of course, if greater care is taken, more precision 
than that quoted can also be obtained with the ori
ginal method. 

E. RoTH (France): Is the downgrading of 0.5 t 
of heavy water in NRX (or 6 t in NRU) caused 
by the entry of the 0.2 kg/year of H20 mentioned, 
or are these additional quantities of downgraded 
water? 

At what temperature does the electrolytic plant 
operate? 

J. A. MORRISON (Canada): The figure of 0.2 kg/ 
year represents the quantity of H20 that enters the 
D20 system and it causes a very small degradation, 
< 0.001 wt%, which is of little consequence. Most of 
the downgraded water is either water that escapes 
accidentally as a result of equipment failure, or water 
that is withdrawn deliberately during maintenance or 
an experiment. 
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The temperature of the river water varies from 1 oC 
in winter to 20 oc in summer. The cells are run a 
few degrees above these temperatures, depending 
on the time of year. 

Paper Pf290 (presented by W. P. Bebbington) 

DISCUSSION 

J. GAUSSENS (France): Referring to Savannah, 
you mentioned investments of $I45/Ibjyear, operating 
costs of $13.5/lb and a United States Atomic Energy 
Commission (USAEC) selling price of $24.5/Ib. This 
corresponds to an annual amortization of approxi
mately 7%, which is very low. Have you used the same 
rate in your forecasts? 

W. P. BEBBINGTON (United States of America): 
The relationships between operating cost, investment 
and selling price have been determined somewhat 
arbitrarily by the USAEC without great regard to 
commercial standards of profit or return on invest
ment. A more complete discussion of these aspects is 
included in reference I4. I believe the USA price of 
heavy water has been kept rather low to encourage 
the early development of heavy-water reactors. 

Paper P/753 (presented by P. G. Deshpande) 

DISCUSSION 

W. P. BEBBINGTON (United States of Am((rica) : 
I believe that Mr. Deshpande is very conservative in 
his estimate of 7 500 hours of operation annually. 
Even in our 12-year-old plant we are able to attain 
about 8 500 hours and it is not uncommon for one of 
our units ·to run continuously for a year without a 
shutdown. If natural gas were to become available 
in the Nangal region, it would constitute an ideal 
energy source, permitting direct firing of heaters and 
the use of gas turbines, as pointed out by my colleagues 
Mr. Proctor and Dr. Thayer in reference 14 to the 
paper. However, the gas might prove too valuable 
as a chemical raw material to use for this purpose. 

P. G. DESHPANDE (India) : The estimate of 7 500 
hours of operation annually is based on the opera
tional experience of chemical plants in India. We are 
not sure about the availability of natural gas in the 
Nanga! regions and therefore have not considered 
natural gas as a fuel. 

Paper P/754 (presented by P. G. Deshpande) 

There was no discussion of this paper. 

Paper Pf91 (presented by B. Lefranr;ois) 

DISCUSSION 

U. SCHINDEWOLF (Federal Republic of Germany): 
In view of the frequent references in the literature to 
the favourable properties of the NH3-H2 system for the 
production of heavy water, and after we had concluded 
pilot-plant experiments on heavy-water production 
by the H20-H2 exchange system in dual-temperature 
operation, we started experiments with the ammonia 
system. We began on a laboratory scale and then 
continued in a small counter current exchange column, 
using a gas pressure of 200 atm and temperatures of 
- 30 to + 60 oc. 

We are now working with a pilot plant constructed 
and operated by the firm Friedrich Uhde GmbH at 
Dortmund, Germany. This dual-temperature pilot 
plant consists of two exchange columns of length 28 m 
and 10m, which are fitted with about 200 sieve plates 
and can be operated at a pressure of 200 atm and 
temperatures of -40 and +60 oc respectively. The 
plant can be run with a maximum throughput of 
I 000 m3/hr (STP) of synthesis gas (N2-H2 mixture 
I : 3) at a pressure of 200 atm. The optimum liquid 
flow rate follows from the theory of K. Bier. 

In one typical dual-temperature experiment lasting 
10 days we obtained an enrichment factor of 3.2, 
operating the columns at -20 and + 37 oc respectively. 
This result was to be expected on the basis of our 
earlier experiments in the small single-temperature 
countercurrent column. By approaching the optimal 
operating conditions we can expect a considerably 
higher enrichment factor. 

Evaluation of the experiments indicates that the 
dual-temperature system using ammonia and hydrogen 
as exchange partners and potassium amide as catalyst 
is a technically and economically feasible one for the 
production of heavy water. 

I should therefore like to know why Mr. Lefran9ois 
considers that dual-temperature exchange is not 
economical. Is his conclusion due to the special contact 
devices needed? 

B. LEFRAN<;OIS (France): On the basis of experience 
with various contact systems, we believe that if the 
temperature of - 50 oc alone is used, the single
temperature system is the most economical. We have 
tried I4 dispersion systems. 

C. U. LINDERSTR0M-LANG (Denmark) : I suppose 
that the basic need to extract as much as 80% of the 
deuterium in the feed was one of the main reasons for 
your adoption of the single-temperature process. 
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B. LEFRANt;OIS (France) : The large output imposed 
by the ammonia/hydrogen process was indeed one 
of the reasons for our choice. The super-stripping 
tower increases the number of contacts, and we tried 
to reduce these by using a single-temperature process. 

M. BENEDICT (United States of America): Are there 
any plans to construct a commercial plant in France 
for the production of heavy water by the ammonia/ 
hydrogen exchange process? 

B. LEFRANt;OIS (France) :Yes, a plant with an annual 
output of 20 t is under construction. 

W. P. BEBBINGTON (United States of America): 
We have awaited with great interest further informa-

ACTA DE LA SESI6N 2.10 487 

tion on the French development of ammonia/ 
hydrogen exchange and are pleased to know that it 
has warranted application in a commercial plant. 
Could you tell us a little about the unique problems 
of handling the catalyst and say how successfully 
these have been solved; that is, how much catalyst is 
lost or destroyed in the process? 

B. LEFRANt;OIS (France): We believe that we have 
in fact successfully dealt with the catalyst problems. 
We make the catalyst by dissolving potassium in 
ammonia. All the reactions for destruction of. potas
sium" amide are well known. The main substance 
formed is potash, which we filter out, as it is insoluble 
in ammonia. About I kg of amide is destroyed daily. 

(Mr. M. Benedict resumed the Chair) 

Paper P/388 (presented by Y. V. Nikolaev) 

DISCUSSION 

M. HIGATSBERGER (Austria): For about three 
years the Reactor Centre at Seibersdorf operated by 
the Osterreichische Gesellschaft ftir Atomenergie 
has been using an electromagnetic isotope separator 
which is especially suitable for radioactive and fission 
product separation work. The machine has a non
uniform 180° magnetic field and an average beam 
radius of 100 em. In the case of certain isotopes, as 
much as 100 mg/day can be separated. The separator 
is at present used mainly for destructive spent-fuel 
analysis and nuclear data work. 

P. G. DESHPANDE (India): What materials are 
employed for the columns and packings of the ex
change distillation method using the dimethyl ether 
complex [(CH3)20BF3] for the production of B10? 

Y. V. NIKOLAEV (USSR): The columns are of 
stainless steel and the packings of copper. 

F. VIEHBOECK (Austria): Have the intermediate 
isotopes of rare gases, such as 131Xe, been separated 
by mass diffusion methods and, if so, what enrich
ments have been achieved? 

Y. V. NIKOLAEV (USSR): A device for the separa
tion of intermediate-mass isotopes by mass diffusion 
is at present under construction. 

P. HUBER (Switzerland): Are you operating an 
NO rectification plant and, if so, what is its output? 
Do you know whether the exchange 14N180 + 15N 
I6Q --* 14NI6Q + 15N1BO takes place in the rectification 
column? 

Y. V. NIKOLAEV (USSR): We possess a laboratory 
installation with which 15N concentrations of 35% 
and 180 concentrations of 20% have been achieved. 
Using the data obtained, we are now constructing 
equipment to produce ,......., 4 kg of 99% 15N annually. 

As regards the exchange to which you refer, from 
the kinetics of concentration growth in our laboratory 
cascade we can conclude that it does take place, be
cause otherwise the kinetics of growth would be 
considerably slower. 

Paper P/465 (read by title only) 

DISCUSSION 

E. RoTH (France): At Saclay we are building a 
plant which has a hydrogen water exchanger as a 
means of feeding the tritium to the thermal diffusion 
equipment. 
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Compte rendu de Ia seance 2.10 

Separation des isotopes 

President M. Benedict (Etats-Unis d'Amerique) 

Memoire P/440 (presente par Y. Takashima) 

Ce memoire n'a pas fait l'objet d'une discus
sion. 

Memoire Pj89 (presente par C. Frejacques) 

DISCUSSION 

C. U. LINDERSTR0M-LANG (Danemark) Pouvez-

vous indiquer le cout du travail de separation par 
unite de matiere? 

C. FREJACQUES (France) : Les dimensions exactes 
des usines americaines n'etant pas connues, il est 
difficile de donner des chiffres de comparaison valables. 
Avec des conditions economiques normales et pour 
les grosses usines envisagees dans le memoire, le prix 
de 1 'unite de travail de separation est superieur 
d'environ 80 %, et le prix du gramme supplementaire 
d'environ 40 %, a celui deduit du tarif officiel des 
Etats-Unis. 

[C. Frejacques (France) prend Ia presidence] 

Memoire P/29 (presente par J. A. Morrison) 

DISCUSSION 

W. P. BEBBINGTON (Etats-Unis d'Amerique) : Votre 
tres interessant expose correspond entierement a 
]'experience que nous avons, et il merite d'etre etudie 
par tous ceux qui se proposent de faire fonctionner 
un reacteur a eau lourde. II faut certainement eviter 
tous les composes organiques, car ils peuvent perturber 
gravement le contr6le de la conductivite et de Ia teneur 
en ion deuterium. 

A Ia suite des chercheurs canadiens, nous avons 
adopte Ia methode infrarouge pour l'analyse de l'eau 
lourde, pour les reacteurs comme pour l'usine de pro
duction. Nos chimistes pensent que la precision dans 
le domaine des fortes concentrations est meme supe
rieure a Ia precision indiquee dans votre texte. 

Avez-vous une idee de Ia quantite d'eau Iegere 
ajoutee au reacteur sous forme d'humidite adsorbee 
ou d 'hydrate d 'alumine sur les composants du reac
teur? Essayez-vous de limiter cette contamination? 
Enfin, utilisez-vous des additifs pour combattre 
I' acidite ou Ia corrosion? 

J. A. MoRRISON (Canada) : Dans notre reacteur 
NRU, les elements de combustible sont en contact 
avec l'eau lourde. La quantite de H20 ajoutee au 
systeme D20 de cette fa<;on est tres faible car nous 
sechons les elements a l'air chaud avant de les inserer 
dans le reacteur. Je ne peux pas vous donner de valeur 

absolue, mais la degradation est inferieure a 0,005 % 
en poids, car nous avons fait fonctionner le reacteur 
plusieurs annees avec une tres faible diminution de la 
concentration isotopique. 

Nous n'utilisons pas d'additifs pour combattre 
l'acidite ou la corrosion. Nous avons fait un long essai 
en maintenant le pH de I'eau lourde entre 5 et 5,5, 
mais n'avons observe aucune diminution notable de 
la quantite de Gibbsite (Al20 3, 3 D20) produite, 
et cet essai a ete arrete. Ce travail est expose dans la 
reference 11. 

La precision indiquee dans le memoire est a peu pres 
celle qu'obtiennent des techniciens dans un laboratoire 
normal. Depuis que ce memoire a ete redige, on a 
mis au point une variante de la methode infrarouge, 
avec insertion de verres, pour les analyses dans 1e 
domaine 90-99,5 % D20 en poids. Cette variante a 
ameliore la precision des analyses courantes. Bien 
entendu, on peut, en prenant plus de soins, obtenir 
avec la methode originale une precision superieure 
a celle qui est indiquee. 

E. RoTH (France) : La degradation de 0,5 t d'eau 
lourde dans NRX (ou de 6 t dans NRU) est-elle causee 
par !'entree des 200 g/an de H20 mentionnee ou 
s'agit-il de quantites suppementaires d'eau degradee? 
A queUe temperature fonctionne l'usine electrolytique? 

J. A. MoRRISON (Canada) : Le chiffre de 200 gjan 
correspond a la quantite de H20 qui penetre dans le 
systeme D20 et provoque une degradation tres petite, 
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inferieure a 0,001 % en poids, de peu d'importance. 
La plus grande partie de 1 'eau degradee est so it de 1 'eau 
qui s'echappe accidentellement ala suite d'une avarie 
de l'equipement, soit de l'eau qui est volontairement 
soutiree pendant l'entretien ou pendant une experience. 

La temperature de l'eau de la riviere varie de 1 °C 
en hiver a 20 °C en ete. Les cellules fonctionnent a 
quelques degres au-dessus de ces temperatures, suivant 
l'epoque de l'annee. 

Memoire P/290 (presente par W. P. Bebbington) 

DISCUSSION 

J. GAUSSENS (France) : A propos du Savannah, 
vous indiquez un investissement de 145 dollars par 
livre et par an, un cou.t de fonctionnement de 13,5 
dollars par livre, et le prix de vente de la United States 
Atomic Energy Commission (USAEC) de 24,5 dollars 
par livre. Ceci correspond a un amortissement annuel 
de 7 % environ, ce qui est tres faible. A vez-vous fait 
les memes hypotheses pour vos previsions? 

W. P. BEBBINGTON (Etats-Unis d'Amerique) : Les 
relations entre les frais de fonctionnement, 1 'investis
sement et le prix de vente ont ete determinees assez 
arbitrairement par la USAEC, sans tenir reellement 
compte des marges beneficiaires commerciales ou de 
1 'interet sur 1 'investissement. Ces aspects sont discutes 
plus completement dans la reference 14. Je pense que 
le prix de l'eau lourde aux Etats-Unis a ete maintenu 
a une valeur assez basse pour encourager le develop
pement rapide des reacteurs a eau lourde. 

Memoire Pf753 (presente par P. G. Deshpande) 

DISCUSSION 

W. P. BEBBINGTON (Etats-Unis d'Amerique) : Je 
pense que les 7 500 heures de fonctionnement annuel 
envisagees par M. Deshpande constituent une estima
tion tres moderee. Notre usine, qui a deja douze ans, 
nous permet encore d'atteindre 8 500 heures, et il n'est 
pas rare qu'une de nos unites fonctionne pendant un 
an sans aucun arret. Si du gaz nature! devient dispo
nible dans la region de Nangal, il constituera une 
source d'energie ideale, permettant le chauffage direct 
des bouilleurs et !'utilisation de turbines a gaz, comme 
mes collegues M. Proctor et le Dr Thayer l'ont signale 
dans la reference 14 du memoire. Cependant le gaz 
peut se reveler une matiere premiere trop precieuse 
pour la chimie pour etre ainsi utilise. 

P. G. DESHPANDE (Inde) : La valeur estimee de 
7 500 heures de fonctionnement annuel correspond 
a 1 'experience de fonctionnement des usines chimiques 
en Inde. Nous ne savons pas si nous pourrons disposer 
de gaz nature! dans la region de Nangal et n'avons 
done pas envisage le gaz nature! comme combustible. 
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Memoire Pf754 (presente par P. G. Deshpande) 

Ce memoire n'a pas fait l'objet d'une discussion. 

Memoire P/91 (presente par B. Lefran<;ois) 

DISCUSSION 

U. SCHINDEWOLF (Republique federale d'Alle
magne) : En raison des nombreuses references aux 
proprietes favorables du systeme NH3-H2 pour la 
production d'eau lourde, et apres avoir acheve des 
experiences a l'echelle pilote sur la production d'eau 
lourde par le systeme d'echange H20-H2 en fonction
nement bitherme, nous avons commence des expe
riences avec le systeme a !'ammoniac. Nous avons 
commence au laboratoire, et continue avec une petite 
colonne d 'echange a contre-courant, avec une pression 
de gaz de 200 atm et des temperatures de -30 et 
+60 °C. 

Nous travaillons maintenant sur une usine pilote 
construite par la firme Friedrich Uhde GmbH, de 
Dortmund (Allemagne), qui se charge egalemen.t du 
fonctionnement de 1 'installation. Cette usine pilote 
a deux temperatures comprend deux colonnes 
d'echange longues de 28 et 10 m, equipees de 200 
plateaux tamis environ, et peut fonctionner a une 
pression de 200 atm et a des temperatures de -40 et 
+60 °C respectivement. L'installation peut fonctionner 
a un debut maximal de 1 000 m3 TPN/h de gaz de 
synthese (melange N2-H2 dans la proportion de 1 
pour 3), a une pression de 200 atm. Le debit liquide 
optimal est donne par la theorie de K. Bier. 

Dans une experience type a deux temperatures, 
pendant une duree de 10 j, nous avons obtenu un 
facteur d'enrichissement de 3,2 en faisant fonctionner 
les colonnes a -20 et +37 oc respectivement. Ce 
resultat correspondait bien a nos premieres experiences 
avec la petite colonne a contre-courant a une seule 
temperature. On peut esperer un facteur d 'enrichisse
ment beaucoup plus grand en s'approchant des condi
tions optimales de fonctionnement. 

Nos experiences indiquent que le systeme a deux 
temperatures utilisant !'ammoniac et l'hydrogene 
comme partenaires d 'echange et l'amidure de potas
sium comme catalyseur constitue un procede techni
quement et economiquement realisable pour la pro
duction d'eau lourde. 

Je voudrais done savoir pourquoi M. Lefran~ois 

considere que l'echange bitherme n'est pas econo
mique. Cette conclusion est-elle due a la necessite 
d 'utiliser des systemes de contact speciaux? 

B. LEFRANyOIS (France) : A la suite de nos expe
riences avec differents systemes de contact, nous pen
sons qu'avec une seule temperature de -50 °C le 
systeme monotherme est le plus economique. Nous 
avons essaye 14 systemes de dispersion. 
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C. U. LINDERSTR0M-LANG (Danemark) ; Je pense 
que le fait de vouloir extraire jusqu'a 80 % du deute
rium contenu dans le melange d 'alimentation est I 'une 
des principales raisons ayant conduit au procede 
monotherme. 

B. LEFRAN<;Ois (France) : La production importante 
imposee par Ie procede ammoniac-hydrog{me a certai
nement ete I 'une des raisons de notre choix. La tour 
d'extraction augmente le nombre de contacts, et nous 
avons cherche a reduire ce nombre en utilisant un 
procede monotherme. 

M. BENEDICT (Etats-Unis d' Amerique) : Projetez
vous Ia construction en France d'une usine de pro
duction d'eau lourde par le procede d'echange ammo
niac-hydrogime? 

B. LEFRAN<;OIS (France) : Oui, une usine devant 
produire 20 tjan est en construction. 

W. P. BEBBINGTON (Etats-Unis d'Amerique) : Nous 
attendions avec interet des renseignements sur les 
travaux franr;ais concernant I'echange ammoniac
hydrogene et no us sommes heureux de sa voir qu 'ils 
justifient le passage a une usine commerciale. Pourriez
vous nous donner quelques renseignements sur Ies 
problemes particuliers de manipulation du catalyseur, 
et nous dire s'ils ont ete resolus de far;on satisfaisante, 
c'est-a-dire quelle quantite de catalyseur est perdue 
ou detruite? 

B. LEFRAN<;Ois (France) : Nous croyons avoir 
resolu les problemes de catalyseur. Nous produisons 
le catalyseur par dissolution du potassium dans ]'am
moniac. Toutes Ies reactions de destruction de l'ami
dure de potassium sont bien connues. La principale 
substance formee est Ia potasse, que nous filtrons, 
car elle est insoluble dans I 'ammoniac. Un kilogramme 
environ d'amidure est detruit journellement. 

(M. Benedict reprend Ia presidence) 

Memoire P/388 (presente par Y. V. Nikolaev) 

DISCUSSION 

M. HIGATSBERGER (Autriche) : Le Centre du reac
teur de Seibersdorf, gere par I 'Oesterreichische 
Gesellschaft ftir Atomenergie, utilise depuis trois ans 
environ un separateur electromagnetique d 'isotopes, 
particulierement adapte a Ia separation des produits 
radioactifs et des produits de fission. Cet appareil a 
un champ magnetique a 180° non uniforme et un 
rayon moyen du faisceau de 100 em. Pour certains 
isotopes, on peut separer jusqu'a 100 mgjj. La sepa
ration est principalement utilisee en ce moment pour 
l'analyse destructive du combustible irradie et pour 
!'obtention de donnees nucleaires. 

P. G. DESHPANDE (Inde) : Quels materiaux utilisez
vous pour les colonnes et les garnissages dans Ia 
methode d'echange par distillation avec le complexe 
de ]'ether dimethylique [(CH3) 2 OBF3] pour la produc
tion de 10li? 

Y. V. NIKOLAEV (URSS) : Les colonnes sont en 
acier inoxydable, les garnissages en cuivre. 

F. VIEHBOECK (Autriche) : Avez-vous separe les 
isotopes intermediaires des gaz rares, comme 131 Xe, 
par des methodes de diffusion de masse et, Ie cas 
echeant, quels enrichissements avez-vous obtenu? 

Y. V. NIKOLAEV (URSS) : Un appareil pour Ia 

separation des isotopes de masses intermediaires par 
diffusion de masse est en cours de construction. 

P. HuBER (Suisse) : Avez-vous une installation de 
rectification de NO et, dans ce cas, quelle est sa pro
duction? Savez-vous si l'echange 14N180 + 15N160--+ 
14N160 + 15N180 a lieu dans la colonne de rectifi
cation? 

Y. V. NIKOLAEV (URSS) : Nous avons une installa
tion de laboratoire avec laquelle nous avons obtenu 
des concentrations en 15N de 35 % et des concentrations 
en 180 de 20 %. A partir des resultats obtenus, nous 
construisons une installation qui produira annuelle
ment environ 4 kg de 15N a 99 %· 

En ce qui concerne I 'echange que vous avez men
tionne, nous pouvons conclure de Ia cinetique de 
variation de Ia concentration dans notre cascade de 
laboratoire qu'il se produit effectivement, car, dans le 
cas contraire, cette cinetique serait beaucoup plus 
Iente. 

Memoire Pf465 (seul le titre de ce memoire a ete lu) 

DISCUSSION 

E. RoTH (France) : Nous construisons a Saclay une 
installation qui utilise un echangeur hydrogene-eau 
pour alimenter en tritium 1 'appareillage de diffusion 
thermique. 
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npoTOKOn 3QCeAOHMII 2.10 

Pa3AeneHMe M30Tonoa 

npeiJceiJame.llb: M. 6eHe,O.HKT (CWA) 

,IJ,oKna,o. P/440 (npeACTaBHn R TaKaWHMa) 

ITo 3TOMY JJ;ORJiaJJ;y JJ;IIcRycciiii He 6Lmo. 

,/J,oKnaA P/89 (npeACTaBHn K. l!lpe>KaK) 

,IJ,HCKYCCJ.1fl 

R. Y. JlliH,lJ,EPCTPEM-JIAHr (,lJ,aHIIH): Mo-

meTe Jill BLI C006~IITb CTOIIMOCTL paa]l;eJieHIIH Ha 

e]I;IIHIIQY npoii3Be]l;eHHOrO MaTepiiaJia? 

R. <DPEiKAR (<DpaHQIIH): RaR BLI aHaeTe, 

HaM Heii3BeCTHbl TO'IHLie MO~HOCTII aMepiiRaH

CRIIX 3aBO]I;OB, HO llpll HOpMaJILHbiX 3ROHOMII'Ie

CRIIX YCJIOBIIHX, yRaaaHHLIX B HarneM ]J;ORJia]l;e, ITO 

MOIIM pac'leTaM, CTOIIMOCTb paa]l;eJieHIIH ITO'ITII Ha 

20% BLirne, qeM B CiliA. 

MecTo npeJJ;ceJJ;aTeJIH aaHIIMaeT R. <DpemaR (<DpaHQIIH) 

,/J,oKna,o. P/29 (npeACTaBHn ,/J,>K. A. Mop
PHCOH) 

,IJ,HCKYCCHfl 

Y. II. BEBB11HfTOH (CiliA): Barne qpeasLI

qauHo IIHTepeCHOe OITIICaHIIe ITOJIHOCTLID COBIIa

]l;aeT C Harneu npaRTIIROH, II OHO BIIOJIHe aacJiy

mnBaeT BHUMaHIIH BCeX, RTO aaHHMaeTCH 3RCITJiy

aTaQUeU THmeJIOBOJJ;HLIX peaRTopoB. HecoMHeHHO, 

CJie]l;yeT H36eraTL npiiMeHeHHH RaRHX-JIII60 opra

HU'IeCRUX COe]I;IIHeHIIH, TaR RaR OHII MoryT CepL

C3HO ITOMeillaTL peryJIIIpOBaTL IIpOBO]J;IIMOCTb II 

ROHQCHTpaQUID IIOHOB JJ;eHTepiiH. 
CJieJJ;yH RaHap;cRoMy rrpiiMepy, ,D;JIH aHaJIHaa TH-

11\eJIOH BO]I;bl Mbl npHHHJIII MeTO,ll; HH<f>paRpaCHOH 

CIIeRTpOCROIIIIII KaR ]I;JIH peaRTOpOB, TaK H ,ll;JIH 

rrpoMLirnJieHHLIX ycTaHOBOK. Harnn XIIMHRII cqu

TaiDT, 'ITO TO'IHOCTb HX aHaJIII30B B O'ICHb BLICO

KOM JJ;HarraaoHe, JJ;ame HeCROJILKO 6oJILille, 'leM 

yKa3LIBaJIOCb B KaHa]J;CROM ]I;OKJia]l;e. 

IlpoBoJJ;HJIII JIH BLI RaKIIe-JIII6o pac'leTLI KOJIII

'IecTBa o6LI'IHOH BO]J;LI, KOTOpoe JJ;06aBJIHeTCH B 

peaRTOp B BIIJJ;e a]I;COp6upOBaHHOH BJiarii UJIH riiJJ;

paTa aJIIDMIIHIIH Ha yaJiax peaRTopa, II npiiHIIMae

Te Jill BLI RaKne-Jin6o MepLI JJ;JIH cBeJJ;eHIIH K Mu

HIIMYMY 3Toro aarpHaHeHnH? RpoMe Toro, ncnoJIL

ayeTe Jill BLI JJ;06aBRH JJ;JIH peryJinpoBaHIIH RIIC

JIOTHOCTH IIJIII ROpp03HII? 

,l],m. A. MOPP11COH (RaHaJJ;a): B HarneM pe

aRTope NRU TOITJIIIBHLie cTepmHII HaxoJJ;HTCH B 

ROHTaRTe C T.HmeJIOH BO]I;OH. l\oJIII'ICCTBO 06LI'I

HOH BO]I;LI, JJ;06aBJIHCMOH B CIICTeMy C THmeJIOH 

BO]I;OH, TaRHM o6pa30M, O'leHL HeBeJIIIRO, TaR RaR 

MLI cyrnnM cTepmHII B ropH'IeM BOaJJ;yxe nepeJJ; 

ycTaHOBKou B peaRTope. H He Mory npiiBeCTII 

a6COJIIDTHYID QH<f>py, HO paa6aBJieHue ocy~eCTB
JIHeTCH ]1;0 ROHQeHTpaQIIII HIIme 0,005 BeC. %, TaR 

KaR Mbl 3RCITJiyaTIIpyeM peaRTOp B TeqeHHe He

CROJILRHX JieT C O'ICHL He60JibillliM ITOHUmeHIIeM 

ROHQeHTpaQIIII li30TOITOB. 

MLI He npnMeHHeM JJ;o6aBoR JJ;JIH peryJIIIpoBa

HUH RIICJIOTHOCTII IIJIII Roppoaiiii. MLI nposeJIII 

6oJibillOH 3RCIIepiiMCHT npii pH THmeJIOH BO]J;bl OT 

5 ,ll;O 5,5, HO He Ha6JIID]I;aJIII CROJILRO-HII6yJJ;L 3Ha

'IIITeJILHOrO yMeHLilleliHH ROJIII'ICCTBa o6paayro

~erOCH ru6ciiTa (A l203 · 3020), II 3RcrrepnMeHT 

6LIJI npeRpa~eH. 8ToT 3RcnepnMeHT onucaH B pa-

6oTe 11 • 

To'IHOCTL, yRaaaHHaH B JJ;ORJiaJJ;e, 6LIJia no'ITII 

TaROH me, RaKyiD Mbl IIOJIY'IHJill C TeXHIIRaMll 

o6LI'IHOu Jia6opaTopnn. C Tex nop KaR 6LIJI HanH

caH JJ;OKJiaJJ;, paapa6oTaH BapuaHT MeToJJ;a IIH<f>pa

RpacHou crreRTpOCROIIIIII C IICIIOJib30BaHlleM 

CTeRJIHHHbiX BRJia]J;hlilleU ]I;JIH aHaJIII30B ROHUCH

TpaQIIII THmCJIOH BO]I;hl B JJ;llarraaoHe 90-
99,5 Bee. Ofo. 8TO IT03BOJiliJIO. ITOBLICHTL TO'IHOCTL 

cepuuHoro aHaJin3a. RoHe'IHo, npn co6JiroJJ;eHuii 

60JibillOH OCTOpomHOCTII MOmHO TaRme IIOJIY'IliTb 

60JibillYID TO'IHOCTL II IIpll nepBOHa'laJILHOM MCTO

]I;e aHaJIIIaa. 

8. POT (<l>paHQIIH): ELmo Jill naa6aBJieHIIe 

0,5 r THmeJioii BOALI B peaRTope NRX (nJIII 6 r 
B peaRTope NRU) BLI3BaHo nocTynJieHIIeM 0,2 x:z 
o6LI'IHOH BO]J;bl B rOJJ;, RaR yRaaaHO B ,D:ORJia,n:e, 

liJill 3TO 6LIJIII ]I;OITOJIHIITeJILHLie ROJIII'IeCTBa pa3-

6aBJieHHOH BO,D:LI? Ilpn RaRoii TeMrrepaType pa6o

TaeT 3JieRTpOJIIITU'IeCRaH VCTaHOBRa? 

L(m. A. MOPP11COH (RaHa,n:a): 
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0,2 K2/zofJ COOTBeTCTByeT KOJIH'IeCTBY o6bl'IHOH 

BOP,LI, KOTOpoe rrorrap,aeT B CIICTeMy C THil\eJIOH 

BOP,OH II Bbi3biBaeT O'IeHb He60JibiDOe paa6aBJIC

HIIe (MeHee 0,001 BeC. Ofo), 'ITO He IIMeeT IIO'ITII 

HIIKaKIIX rrocnep,cTBIIii. OcHoBHaH qacTL paa6aB

JieHHoii BOAhl rrpiixop,IITCH Ha TY BOAY, KoTopau 

CJiy'IaHHO BbiTeKaeT B peayJILTaTe IIOBpemp,eHIIH 

o6opyp,oBaHIIH, IIJIII Ha TY Bop,y, KoTopau HaMe

peHHO yp,aJIHeTCH BO BpeMH peMOHTa IIJIII aKCIIe

piiMeHTa. 

TeMrrepaTypa peqHoii BOALI Kone6neTCH OT 1° C 

3IIMOH AO 20° C JieTOM. 3JieKTpOJIII3Hhle BaHHbi 

pa60T310T rrpii TeMrrepaType Ha HeCKOJibKO rpa

AYCOB BbiiDe aTIIX TeMrrepaTyp B 3aBIICIIMOCTII OT 

BpeMeHII rop,a. 

,lJ.oKnaA P/290 (npeAcTaBMn Y. n. 6e6-
6MHrTOH) 

,D.HCKYCCHfl 

JK. fOCCEH (<l>paH~IIH): foBopu o 3aBop,e B 

CaBaHHa-PIIBepe, Bhl ynoMIIHaJIII TaKIIe ~II<flpbi: 
«aiiiiTaJIOBJIOil\eHIIH 145 fJOJtJt/rfiynT • zofJ, aKCIIJiy

aTa~IIOHHhle pacxop,bl 13,5 fJOJtJt/rfiynT II rrpop,am

HaH ~eHa KA3 CiliA 24,5 fJOJtJt/rfiynT. 3To cooT

BeTCTByeT rOP,OBOH aMopTII33~IIII OKOJIO 7% , 'ITO 

HBJIHeTCH o'IeHL HII3KIIM. B Bamiix rrporHoaax Bhl 
IICIIOJib30BaJIII T3KIIe p,aHHble? 

'Y. II. BEBBIIHfTOH (CiliA): 3aBIICIIMOCTL 

Memp,y CTOIIMOCTbiO aKCIIJiyaTa~IIII, K3IIIIT3JIOBJIO

il\eHIIHMII II rrpop,amHoii ~eHoii 6hiJia orrpep,eJieHa 

uecKoJILKo rrpoii3BOJILHO KA3 CiliA 6ea oco6oro 

yqeTa IIpOMbiiDJieHHbiX HOpM IIpii6hiJIII IIJIII 803-

BpaTa KaiiiiTaJIOBJiomeHIIii. Bonee rrop,po6uoe onn
caHIIe aTIIX aCIIeKTOB p,aeTCH B pa6oTe 14 . .fl IIOJia

raiO, 'ITO aMepliKaHCKaH ~eHa Ha THil\eJiyiO BO.!I.Y 
6biJia YCTaHOBJieHa P,OBOJibHO HII3KOH, C TeM 'IT06bl 

IIOO~pHTb 6hiCTpyiO paapa60TKY THil\eJIOBOP,HhiX 

peaKTOpOB. 

,lJ.oKnaA P/753 (npeACTaBMn n. c. ,lJ.ew
naHAe) 

,D.HCKYCCHfl 

'Y. II. BEBBIIHfTOH (CiliA): .H rronararo, 

'ITO r-H .lJ:emrraHp,e O'IeHL KOHCepBaTIIBeH B CBOIIX 

paC'IeTaX OTHOCIITeJibHO 7500 ~ aKCIIJiyaTa~nii B 

rop,. Aame Ha HameM aaBop,e, pa6oTaro~eM 
12 JieT, Mbl CMOfJIII P,OCTH'Ib IIO'ITII 8500 ~. II He

peP,KO HeKOTOphle II3 HaiDIIX ycTaHOBOK pa6oTaiOT 

uerrpephiBHO B Te'Ieniie rop,a 6ea ocTaHOBOK. Ecnii 

rrpiipop,HLiii raa CTaHeT p,ocTyiiHhiM B paiioue Han

raJia, TO OH 6yp,eT IIp,eaJILHbiM IICTO'IHUKOM anep

fiiii, TaK KaK o6ecrre'IIIT HerrocpeP,CTBeHHbiH IIO,!J.O

rpeB HarpeBaTeJieii II rrpiiMeneHIIe raaoBLIX Typ-

6IIH, KaK yKa3biBaJIII MOU KOJIJierii r-H llpOKTOp II 

1(-p Teiiep B pa6oTe 1\ rrpiiBe,!l.eHHoii B .!I.OKJiap,e. 

Op,HaKo raa MOil\eT oKaaaTLCH CJIIIIDKOM ~eHHLIM 
XIIMU'IeCKIIM CblpbeM, 'IT06bl ero MOii\HO 6hiJIO UC

IIOJib30BaTb P,JIH aTOH ~eJIII. 

TI. f. JJ:EiliTIAH,UE (liHAIIH): PacqeT ua 

7500 ~ aKCIIJiyaTa~IIII B fO,!J. 6LIJI OCHOBaH Ha 

OIIbiTe aKCIIJiyaTa~IIII XIIMII'IeCKIIX 3aBOP,OB B lfH

,!I.UII. MLI e~e He yBepeHLI B p,ocTyiTHOCTII rrpn

pop,Horo raaa B paiioHe HaHraJia II noaToMy He 

paCCMaTpiiBaJIII ITpiipOP,HbiH raa B Ka'IeCTBe TOII

JIIIBa. 

,lJ.oKnaA P/754 (npeACTaBMn n. r. ,lJ.ew
naHAe) 

Do noMy AOKJiap,y AIICKycciiii He 6Lmo. 

,lJ.oKnaA P/91 (npeACTaBMn 6. JletflpaHcya) 

.lJ,HCKYCCHfl 

T. ililiH,UEBOJib<l> (<I>Pf): BBIIAY qacTLix 

CCbiJIOK B JIIITepaType Ha 6JiarorrpiiHTHble CBOHCT

Ba ciicTeMhl NHa - H2 p,nu rroJiyqeniiH Tumenoii 

BOP,bl II IIOCJie TOfO, KaK Mbl aaKOH'IIIJIII aKCIIepii

MeHTbl Ha OIIbiTHOH YCTaHOBKe P,JIH IIpOII3BOP,CTBa 

THil\eJIOH BOP,bl B CIICTeMe, rp,e IIpOIICXOP,IIT o6MeH 

H20 - H2 rrpii ABYX TeMrrepaTypax, Mhl rrpiiCTy
IIIIJIII K aKCIIepiiMeHTaM C CIICTeMOH Ha aMMIIaKe. 

Mbi Ha'IaJIII pa6oTy B na6opaTopHoM MacmTa6e n 

3aTeM IIpOP,OJiil\aJIII B He60JibiDOH npOTIIBOTO'IHOH 

o6MeHHOH KOJIOHHe npii p,aBJieHIIII raaa 200 aT II 

TeMrrepaTypax OT -30 P,O + 60° C. 
Ceiiqac Mhl pa6oTaeM Ha rronyaaBoP,cKoii ycTa

HOBKe, IIOCTpoeHHOH II aKCIIJiyaTIIpyeMOH <fJIIpMOH 

«<l>piiP,piix IOp,e» B ,UopTMYHAe, <I>Pf. 3Ta p,Byx

TeMrrepaTypHaH IIOJiyaaBOP,CKaH ycTaHOBKa COCTO

IIT II3 ,!J.BYX o6MeHHbiX KOJIOHH P,JIIIHOH 28 II 10 .U, 

KOTOphle IIMeiOT OKOJIO 200 CeT'I3TbiX TapeJIOK II 

MoryT pa60T3Tb IIpii ,!1.3BJieHIIII 200 aT II TeMIIe· 
paTypax -40 II + 60° C COO'fBCTCTBeHHO. }' CTa

HOBKa MOil\eT pa60T3Tb C M3KCIIM3JibHOH IIpOII3BO

P,UTCJibHOCTbiO 1000 M,3/~ ( NTP) CIIHTeTII'IecKoro 

raaa (N2- H2 B cMeCII 1: 3) rrpii ,!J.aBJieHnii 

200 aT. OrrTuMaJILHaH cKopocTL rroToKa miip,Ko

CTII cooTBeTCTByeT Teopiiii K. BIIpa. 
B op,HoM TUIIII'IHOM aKcrrepiiMeHTe rrpii p,Byx 

TeMrrepaTypax, rrpop,onmaBmeMcH 10 p,Heii, MLI 

rroJiy'IIIJIH Koa<fl<fln~nenT o6ora~eHHH 3,2, Korp,a 

KOJIOHHbl pa6oTaJin C"OOTBeTCTBeHHO IIpH TeMne

paType -20 n +37° C. 3TOT peayJILTaT Momuo 

6hiJIO omn,!J.aTL Ha ocHoBaHIIH Hamnx 6onee pan

Hnx aKcrrepnMeHTOB Ha ue60JibillOH IIpOTHBOTO'I

HOH Konouue, pa6oTaBmeii rrpn op,uoii TeMrrepa

Type. llpn rrpn6JIIIil\eHIIH K OIITHMaJILHbiM pa6o

'IUM ycnoBIIHM Mhl MomeM omn,!J.aTL ana'InTeJILHO 

6oJiee BhiCoKoro Koa<fl<fln~neuTa o6ora~eHnH. 
O~eHKa peayJILTaToB aKcrrepnMeHTOB rroKa3LI

BaeT, 'ITO ABYXTeMrrepaTypHaH CHCTeMa, B KOTO

poii B Ka'IeCTBe CblpbH HCIIOJIL3yeTCH aMMHaK II 

Bop,opop,, a B KaqecTBe KaTaJIII3aTopa aMIIA KaJIIIH, 

HBJIHeTCH TeXHII'IeCKII H aKOHOMH'IeCKII ocy~eCT

BHMOH AJIH npoiiaBOACTBa THmenoii BOlJ.hl. 

floaTOMY H XOTeJI 6hl 3HaTb, IIO'IeMy f-H Jle<fl· 

paHcya C'IIITaeT, 'ITO p,ByxTeMrrepaTypHLiii o6Meu 
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ne aKOHOMH'IeH. OcnoBaHo JIH ero 3aKJIIoqenne na 
TOM, 'ITO Heo6XOAHMLI OC06hle KOHTaKTHLie YCT
pOHCTBa? 

B. JIE<I>PAHCY A (<l>paH~HH): Ha ocnoBe onw
Ta C pa3JIH'IHLIMH KOHTaKTHLIMH CHCTeMaMH Mhl 
C'IHTaeM, 'ITO, eCJIH HCIIOJih30BaTh JIHIIIh TeMIIepa
Typy -50° C, OAHOTeMIIepaTypHaH CHCTeMa HB
JIHeTCH nan6oJiee aKoHOMH'IHOH. MLI HCIILITLIBaJiu 
14 AHCIIepCUOHHLIX CHCTeM. 

R. JI. JIHH,ll,EPCTPEM-JIAHr (,[l,anuH): fl 
npeATIOJiaraiO, 'ITO He06XOAHMOCTh lf3BJie'IeHHH 
AO 80% neiiTepUH H3 HCXOAHoro IIPOAYKTa 6hiJia 
onnoii 113 rJiaBHLIX npH'IHH Bamero BLI6opa onno
TeMnepaTypaoro 11po~ecca. 

B. JIE<I>PAHCYA (<l>paa~uH): BoJibmoii BLI
xon, o6eclle'IUBaeMhiH aMMHa'IHO-BOAOPOAHhiM 
11po~eccoM neiicTBHTeJibHO 6LIJI onaoii H3 11puqna 
aamero BLI6opa. BamHH co ((CBepxoTroHKOH» yHe
JIU'IHBaeT 'IHCJIO KOHTaKTOB, If MLI IIOIIhiTaJIUCh 
COKpaTHTh HX llyTeM npuMeHeHHH OAHOTeMIIepa
TypHOrO npo~ecca. 

M. BEHE,[l,lll\T (CiliA): liMeiOTCH JIH KaKne
an6ynh IIJiaHLI IIOCTpOUTh npOMLIIDJieHHYIO YCTa-
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HOBKY BO <l>paH~Iflf AJIH npOH3BOACTBa THllieJIOH 
BOAhl nyTeM o6MeHa aMMUaKa H BOAOpona? 

B. JIE<I>PAHCYA (<l>paH~uH): ,[l,a, CTpOHTCH 
ycTaHOBKa C rOAOBOH 1Ip0113BOAUTeJihHOCThiO 20 T. 

Y. ll. BEBBliHfTOH (CiliA): MLI c 6oJih
mnM uHTepecoM omnnaJin naJihHeiirnux coo6~e
nuii 0 !{>paH~Y3CKUX pa6oTaX 110 aMMUa'IHO-BO;J;O
pOAHOMY o6MeHy u ceftqac c YAOBOJihCTBHeM Y3Ha
JIU 0 TOM, 'ITO <lTOT 11pO~eCC HaftneT 11pHMeHeHHe 
na npoMhiiiiJieHHoii ycTaHoBKe. MorJIH 6LI BLI He
MHoro paccKa3aTh o Clle~n!{>nqecKux 11po6JieMax, 
CBH3aHHLIX C KaTaJIU3aTOpOM, If CKa3aTh 0 TOM, 
KaK YCIIeiiiHO OHH 6hiJIH pa3pemeHLI, TO eCTh, KaK 
MHOrO KaTaJIH3aTopa TepHeTCH UJIU pa3pyrnaeTCH 
B 11po~ecce? 

B. JIE<I> P AHCY A ( <l>paH~UH) : Mhi C'IHTaeM, 
'ITO MLI YCIIeiiiHO CllpaBUJIHCh C npo6JielllaMU Ka
TaJIH3aTopa. MLI noJiyqaeM KaTaJIU3aTop llyTeM 
pacTBopeHnH KaJiuH B aMMuaKe. Bee peaK~HH pa3-
pymenuH aMnna KaJIHH xopomo H3BecTHhi. OcnoB
HLIM o6pa3yiO~HMCH Be~eCTBOM HBJIHeTCH IIOTaiii, 
KOTOpLIH Mhl OT!{>UJibTpOBbiBaJIU, TaR KaK OH He 
pacTBopHeTcH B aMMHaKe. EmenneBHo pa3pyrna
eTCH OKOJIO 1 "KZ aMuna. 

(r -H M. BeaennKT 3aHuMaeT MecTo 11pencena-TeJIH) 

,D,oKnaA P/388 (npeACTaBHn tO. B. HHHO
naee). 

,D,I-'ICKYCCI-'Ifl 

M. II. XIIrATCBEPrEP (ABcTpnH): OKoJio 
Tpex JieT B peaKTopHoM ~eHTpe B 3aii6epcnop!{>e 
aKcnJiyaTnpyeMoM ABcTpniicKHM o6~ecTBOM 110 
aTOMHOH <lHeprHH, lfCIIOJih3yeTCH <lJieKTpQMarHUT
HLIH pa3AeJIHTeJih lf30TOTIOB, KOTOpbiH oco6eHHO 
IIOAXOAHT AJIH pa60TLI C paAHOaKTUBHLIMH H30-
TOIIaMu H IIpOAYl\TaMU neJieHUH. Y CTaHOBKa HMe
eT neonnoponnoe 180° MarnuTnoe noJie u cpen
nnii panuyc ny'IKa 100 eM. B cJiyqae neKoTopLix 
H30TOIIOB OHa MOllieT pa3AeJIHTh AO 100 Mz/iJeHb. 
B nacToH~ee BpeMH pa3neJiuTeJih ncnoJih3yeTc11 
rJiaBHLIM o6pa30M AJIH pa3pymnTeJibHoro aHaJIH3a 
OTpa6oTaHHOrO TOIIJIUBa H AJIH pa60TLI IIO IIOJiy
qeHHIO H,!I,epHLIX ,II,aHHLIX. 

n. r. ,[l,EIIIllAH,[l,E (liHAHH): KaKne MaTe
ruaJihl HCHOJIL3YIOTCH AJIH H3rOTOBJ1eHHH KOJIOHII 
If HaCaAOK npu o6MeHHOH AHCTHJIJIH~Hif, Korna 
npHMeHHeTCH AHMeTHJIOBhiH :>!{>np ( (CHa) 22 · 0 · 
• BFa] AJIH noJiy'IeHHH B 10? 

10. B. Hlll\OJIAEB (CCCP): HoJioHHhi c~e:w
HLI 113 HepmaBeiO~eft CTaJIU, a HaCaAKU H3 MC,J,II. 

<1>. <I> liBEl\ (ABcTpua): Pa3neJIHJIUCh JIB 
llpOMelliyTO'IHLie H30TOIILI peAKHX ra30B, TaKHe, 
KaK Xe131, Macc-nn!f>!{>y3uouaLIM MeTonoM n, ecJiu 
na, KaKoe o6ora~euue 6LIJIO AOCTUrHYTO? 

10. B. Hlll\OJIAEB (CCCP): YcTaHOBKa AJIH 
pa3AeJieHUH llpOMemyTO'IHLIX lf30TOIIOB MeTOAOM 
Macc-nu!f>!{>y3uu ceftqac cTponTca. 

n. rYBEP (IIIBeii~apna): Pa6oTaeT JIH y Bac 
ycTaHoBKa AJIH peKTn!{>nKa~un NO u, ecJiu na, 
TO KaKOBa ee 11pOH3BOAHTeJILHOCTb? 3uaeTe JIM 
BLI, 'ITO B peKTn!{>uKa~uouuoii KOJIOHHe 11poncxo
AHT o6Meu NI40IB+NI50t6--+ Nl4016+ Ntsots. 

10. B. HliKOJIAEB (CCCP): Y Hac ecTL Jia-
6opaTopHaa ycTaHoBKa, Ha KOTopoii Mhl IIOJiyqa
JIU KOH~eHTpa~uu N 15 no 35% n 0 18 no 20%. 
Ha ocuoBaHun noJiyqeaHLIX naHHhiX Mhi ceiiqac 
cTponM ycTaHoBKY AJIH 11pon3BOACTBa 4 -,;,z 99% 
N 15 B ron. 

qTo KacaeTCH o6MeHa, o KOTopoM Bhl roBopn
JIH, TO Ha OCHOBe KUHeTHKH pOCTa KOH~eHTpa~HH 
R HameM Jia6opaTOpHOM KaCKane Mhl MOllieM 3a
KJII0_911Th, 'ITO o6MeHa He 11pOHCXOAHT, IIOTOMY 'ITO 
B IIpOTHBHOM CJiyqae KHHeTHKa poCTa 6hiJia 6bi 
3Ha'IUTeJibHO MenJieHHee. 

,D,oHnaA P/465 (3a4HTbiBaeTCfl TOflbHO Ha-
3BaHHe). 

,D,I-'ICKYCCI-'Ifl 

8. POT (<l>paH~HH): B CaKJie Mhi cTponM ycTa
HOBKy, B KOTopoii 11pOHCXOAHT 06MeH BOAOpO,J,a 
BOALI KaK cpeACTBO IIOAa'IH TpHTIIH B TepMOAU!fl
!{>y3UOHHOe o6opynoBaHue. 
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Acta de Ia sesi6n 2.10 

Separaci6n de i s6topos 

Presidente : M. Benedict (Estados Unidos de America) 

Documento P/440 (presentado por Y. Takashima) 

No hubo discusion de esta memoria. 

Documento P/89 (presentado por C. Frejacques) 

DISCUSI6N 

C. U. LINDERSTR0M-LANG (Dinamarca): ;,Puede Vd. 

establecer el coste del trabajo de separacion por 
unidad de material? 

C. FREJACQUES (Francia): Como no se conocen las 
dimensiones exactas de las instalaciones americanas es 
dificil dar cifras de comparacion validas. En condi
ciones economicas normales y para las gran des instala
ciones previstas en Ia memoria, el precio de la unidad 
de trabajo de separacion es superior en cerca del 80% 
y el precio del gramo suplementario en un 40% 
aproximadamente al que se deduce de la tarifa oficial 
de los Estados Unidos. 

[EI Sr. C. Frejacques (Francia) ocupa Ia Presidencia] 

Documento P/29 (presentado por J. A. Morrison) 

DISCUSI6N 

W. P. BEBBINGTON (Estados Unidos de America): 
Su exposicion, extraordinariamente interesante, esta 
por completo de acuerdo con nuestra experiencia y 
bien merece la atenci6n de cualquiera que se proponga 
explotar un reactor de agua pesada. Debe, cierta
mente, de evitarse cualquier compuesto organico, ya 
que estos pueden perturbar seriamente el control de la 
conductividad y de la concentracion de iones deuterio. 

Siguiendo la iniciativa canadiense, hemos adoptado 
el metodo infrarrojo para el analisis del agua pesada, 
tanto en reactores como en instalaciones de produc
cion. Nuestros quimicos opinan que su precision 
para concentraciones muy elevadas es aun algo mayor 
que la indicada en esta memoria. 

i, Tiene Vd. alguna estimacion de la cantidad de 
agua ligera que entra en el reactor bien en forma de 
humedad adsorbida o bien como alumina hidratada 
en los componentes del reactor, y han tornado Vds. 
algunas medidas para reducir a un minimo tal conta
minacion? Adem as, i. han empleado V ds. aditivos 
para el control de la acidez o de la corrosion? 

J. A. MORRISON (Canada): En nuestro reactor 
NRU las barras de combustible estan en contacto 
con el D20. La cantidad de H20 introducida en el 
sistema del agua pesada, por este concepto, es muy 
pequeiia, ya que nosotros secamos las barras con aire 

caliente antes de introducirlas en el reactor. Yo no 
puedo dar una cifra absoluta, pero la degradacion 
es inferior al 0,005 % en peso, ya que tenemos el 
reactor en funcionamiento desde hace varios aiios 
y solo hemos apreciado una disminucion muy pequeiia 
en la concentracion isot6pica. 

No empleamos aditivos para el control de la acidez 
ni de la corrosion. Hemos llevado a cabo un largo 
experimento con el pH del D20 entre 5 y 5,5 pero no 
notamos una disminucion significativa en la cantidad 
de gibbsita (Al20 3 • 3D20) que se produjo y el experi
mento se paro. Este trabajo se reseiia en la referenda [11]. 

La precision indicada en la memoria es, aproxima
damente, la que se obtuvo con laborantes trabajando 
en un laboratorio normal. Desde que se redacto la 
memoria, se ha desarrollado una adaptacion del 
metodo de infrarrojo empleando vidrios suplemen
tarios, para los analisis en el intervalo del 90-99,5% 
de D20 en peso. Esto ha mejorado la precision de los 
analisis de rutina. Desde luego, si se tiene mas cuidado, 
se puede obtener una precision mayor que la indicada 
con el metodo original. 

E. RoTH (Francia): La degradacion de las 0,5 t de 
agua pesada en el NRX (o 6 ten el NRU) ;,es origi
nada por la entrada de los 0,2 kg/aiio de H20 mencio
nados o se refiere a las cantidades adicionales de agua 
degradada? 

;,A que temperatura funciona la instalacion electro
Utica? 
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J. A. MoRRISON (Canada): La cifra de 0,2 kgjano 
representa la cantidad de H20 que entra en el sistema 
del D20 originando una degradacion muy pequena, 
inferior a 0,001 % en peso, lo que tiene poca impor
tancia. La mayor parte del agua degradada es o bien 
la que escapa accidentalmente como consecuencia de 
fallos en el equipo, o agua que se extrae deliberada
mente durante el entretenimiento o durante un experi
mento. 

La temperatura del agua del rio varia desde 1 oc 
en invierno a 20 oc en verano. Las celdas trabajan 
a unos pocos grados por encima de estas temperaturas, 
segun la epoca del ano. 

Documento P/290 (presentado por W. P. Bebbington) 

DISCL)SI6N 

J. GAUSSENS (Francia): Con referencia a Savannah, 
Vd. menciono inversiones de 145 dolares/lb ano, 
costes de funcionamiento de 13,5 dolaresjlb y un pre
cio de venta de la United States Atomic Energy 
Commission (USAEC) de 24,5 dolaresjlb. Esto 
corresponde a una amortizacion anual del 7 %, 
aproximadamente, Ia cual es muy baja. i., Ha empleado 
Vd. el mismo porcentaje en su calculo? 

W. P. BEBBINGTON (Estados Unidos de America): 
Las relaciones entre costes de funcionamiento, inver
sion y precio de venta han sido determinadas por Ia 
USAEC algo arbitrariamente, sin considerar dema
siado las normas comerciales en cuanto a beneficios 
sobre las inversiones. En Ia referencia [14] se presenta 
una discusion mas completa sobre estas cuestiones. 
Yo creo que el precio estadounidense del agua pesada 
se ha mantenido bastante bajo con objeto de alentar 
el rapido desarrollo de los reactores de agua pesada. 

Documento P/753 (presentado por P. G. Deshpande) 

DISCUSI6N 

W. P. BEBBINGTON (Estados Unidos de America): 
Yo creo que el Sr. Deshpande es muy prudente en su 
estimacion de 7 500 horas anuales de funcionamiento. 
lncluso en nuestra instalacion que lleva en funciona
miento 12 alios, somos capaces de llegar aproxi
madamente a las 8 500 horas y no es raro que alguna 
de nuestras unidades trabaje continuamente durante 
un ano sin una parada. Si se dispusiera de gas natural 
en Ia region de Nangal, ello constituiria una fuente de 
energia ideal, permitiendo la calefaccion directa de los 
calentadores y el empleo de turbinas de gas, como 
senalan mis colegas el Sr. Proctor y el Dr. Thayer 
en Ia referencia [14] de Ia memoria. Sin embargo, el 
gas puede resultar demasiado valioso como materia 
prima quimica para emplearlo en estos usos. 
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P. G. DESHPANDE (India): La estimacion de las 
7 500 horas anuales de funcionamiento esta basada 
en la experiencia de explotacion de instalaciones 
quimicas en Ia India. No estamos seguros de Ia dispo
nibilidad de gas natural en las regiones de Nanga! y 
por esta razon no hemos considerado el gas natural 
como combustible. 

Documento Pj754 (presentado por P. G. Deshpande) 

No hubo discusion de esta memoria. 

Documento Pj91 (presentado por B. Lefran~ois) 

DISCUSI6N 

U. ScHINDEWOLF (Republica Federal de Alemania): 
En vista de las frecuentes referencias que se hace en 
las publicaciones cientificas a las favorables propie
dades del sistema NH3-H2 para la produccion de agua 
pesada, despues de ha-oer terminado los experimentos 
en planta polito para la produccion de agua pesada 
por el proceso de intercambio H20-H2 a dos tempera
turas, hemos comenzado experimentos con el sistema 
de amoniaco. Empezamos a escala de laboratorio y 
continuamos en una pequena columna de intercambio 
en contracorriente, utilizando una presion de gas de 
200 atm y temperaturas de - 30 a + 60 oc. 

Ahora estamos trabajando con una planta piloto 
construida y explotada por la firma Friedrich Uhde 
GmbH en Dortmund, Alemania. Esta planta piloto 
a dos temperaturas consta de dos columnas de inter
cambia con longitudes de 28 m y 10 m, equipadas 
con unos 200 platos perforados que pueden funcionar 
a una presion de 200 atm y temperaturas de - 40 y 
+ 60 oc, respectivamente. La planta puede funcionar 
con un caudal maximo de 1 000 m3/h (C.N.) de gas 
de sintesis (mezcla N2-H2 en la proporci6n 1 :3) a 
una presion de 200 atm. La medida del gasto optimo 
de liquido sigue la teoria de K. Bier. 

En un experimento tipico del proceso a dos tempera
turas, de 10 dias de duracion, obtuvimos un factor 
de enriquecimiento de 3,2, funcionando las columnas 
a -20 y + 37 oc respectivamente.- Esie resultado se 
habia previsto sobre Ia base de nuestros experimentos 
anteriores en Ia pequena columna en contracorriente 
a una sola temperatura. Aproximandonos a las 
condiciones optimas de funcionamiento, podemos 
esperar un factor de enriquecimiento considerable
mente superior. 

La evaluacion de los experimentos indica que el 
sistema a dos temperaturas empleando amoniaco e 
hidrogeno como sustancias de intercambio y amida 
de potasio como catalizador es un sistema factible 
tanto tecnica como economicamente para Ia pro
duccion de agua pesada. 
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Por esta razon me gustaria saber porque el 
Sr. Lefran<;ois considera que el proceso de intercambio 
a dos temperaturas no es economico. z,Se debe su 
conclusion a la necesidad de sistemas de contacto 
especiales? 

B. LEFRAN90IS (Francia): Basandanos en Ia expe
riencia con diversos sistemas de contacto, creemos 
que si se emplea unicamente Ia temperatura de 
- 50 oc, el proceso a una temperatura unica es el 
mas economico. Hemos ensayado 14 sistemas de 
dispersion. 

C. U. LINDERSTR0M-LANG (Dinamarca): Yo su
pongo que Ia necesidad fundamental de extraer un 
80 % del deuterio del material de alimentacion fue 
una de las principales razones para la adopcion del 
proceso a una temperatura unica. 

B. LEFRAN90IS (Francia): La gran capacidad exigida 
por el proceso amoniaco-hidrogeno fue realmente 
una de las razones para nuestra eleccion. La torre 
de super-extraccion aumenta el numero de contactos 
y nosotros intentamos reducir estos empleando un 
proceso a una temperatura unica. 

M. BENEDICT (Estados Unidos de America): 
z,Existen planes para construir en Francia una insta
lacion comercial para Ia produccion de agua pesada 
por el proceso de intercambio amoniaco-hidrogeno? 

B. LEFRANc;Ois (Francia): Si; se encuentra en cons
truccion una fabrica con una capacidad anual de 20 t. 

W. P. BEBBINGTON (Estados Unidos de America): 
Hemos esperado con gran interes una posterior 
informacion sobre el desarrollo en Francia del inter
cambia amoniaco-hidrogeno y nos alegra saber que 
tiene aplicacion garantizada en una instalacion comer
cia!. l, Podria V d. decirnos algo acerca de los pro
blemas de manipulacion del catalizador y el exito 
con que han sido resueltos?; es decir, z,cuanto cata
lizador se pierde o se destruye durante el proceso? 

B. LEFRAN90IS (Francia): Creemos haber resuelto, 
con exito, los problemas del catalizador. Preparamos 
el catalizador disolviendo potasio en amoniaco. Son 
bien conocidas todas las reacciones de destrucci6n 
de la amida de potasio. La principal sustancia for
mada es el hidr6xido potasico, que lo filtramos, 
dada su insolubilidad en el amoniaco. Aproxima
damente se destruye 1 kg de amida diariamente. 

(EI Sr. M. Benedict vuelve a ocupar Ia Presidencia) 

Documento P/388 (presentado por Y. V. Nikolaev) 

DISCUSI6N 

M. HIGATSBERGER (Austria): Durante unos tres 
afios el Centro de Reactores de Seibersdorf, explotado 
por la Osterreichische Gesellschaft fi.ir Atomenergie, 
ha empleado un separador e1ectromagnetico de 
isotopos, especialmente adaptado para trabajos de 
separacion de productos de fision y radiactivos. La 
maquina dispone de un campo magnetico de 180° 
no uniforme y un radio medio del haz de 100 em. 
En el caso de ciertos is6topos pueden separarse 
cantidades de basta 100 mg/dia. En el momento 
actual el separador se esta empleando principalmente 
en trabajos de analisis destructivo de combustible 
irradiado y en la determinacion de datos nucleares. 

P. G. DESHPANDE (India): z, Que materiales se 
emplean para las columnas y para el relleno en el 
metodo de destilaci6n por intercambio usando el 
complejo eter dimetilo [(CH3h0BF3] para la pro
duccion de 10B? 

Y. V. NIKOLAEV (URSS): Las columnas son de 
acero inoxidable y el relleno de cobre. 

F. VIEHBOECK (Austria): z,Han separado los is6-
topos intermedios de gases raros tales como 131Xe, 
por metodos de difusi6n de masa? y si es asi, z, que 
enriquecimientos han alcanzado? 

Y. V. NIKOLAEV (URSS): En los momentos actuales 

se encuentra en construcci6n un dispositivo para la 
separaci6n de is6topos de masas intermedias por 
difusion de masa. 

P. HUBER (Suiza): l, Tienen Vds. en funcionamiento 
una instalaci6n de rectificaci6n de NO? y si es asi 
i.Cual es su capacidad? z,Saben Vds. si tiene Iugar en 
la columna de rectificacion el intercambio 14N180 + 
15N16Q ___,._ 14N18Q + 15N18Q? 

Y. V. NIKOLAEV (URSS): Tenemos una instalacion 
de laboratorio con la cual se han alcanzado concen
traciones de 15N del 35 % y concentraciones de 180 
del 20 %- Empleando los datos obtenidos, estamos 
ahora construyendo un equipo para producir aproxi
madamente unos 4 kg de 15N del 99 % al afio. 

Con respecto al intercambio al que V d. se refiere, a 
partir de la cinetica del crecimiento de concentraci6n 
en nuestra cascada de laboratorio, podemos decir que, 
en efecto, tiene Iugar, debido a que, de otra forma, 
la cinetica del crecimiento seria considerablemente 
mas lenta. 

Documento P/465 (se ley6 solamente el titulo) 

DISCUSI6N 

E. RoTH (Francia): Estamos construyendo en 
Saclay una instalaci6n que emplea el intercambio 
hidr6geno-agua como sistema de alimentacion del 
tritio al equipo de difusi6n termica. 
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