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I. INTRODUCTION

As this paper wes prepered as a working peper  in connexion with
the preparetion of the comprehensive report of the United Nations
Sclentiflc Commlttee on the Effects of Atomic Radiation, United
Nations document A/3838, references to Annexes D, G and H in the
following text always refer to the annexes of that document.

1. The purpose the celculations in this paper is to assess the possible total
incidence of deleterious biological effects of fell-out from nuclear test
explosions. This iz a different mode of assessmeﬁt_fram the one used in earlier
approaches (e.g. Annex D), where the incidence in the most highly exposed
generation has been computed. A more generél type of calculation is here
presented.

2. The estimate of doses from fall-out, and even more the evaluatlon of the
biologleal effects, is an extremely difficult undertaking the results of vhich must
be treated with gremt reserve, since numerous assumptions have to be mede, the
valldity of which cénnot yet be verified.

3. Vhere the biologleal effect on a population, expressed.as the number of
specified ilncidents of an injury, is the object of the computation, cne must
conslder the time-lag caused by the long retention of radlcactlve meterial in the
stratosghere. There 1s also a prolonged period in which uptake of radiocactivity
and subsequent radiation exposure ceccurs., Although a third time-lag, namely thet
between the exposure and the incldence of an injury is common to all sources, most
sources other than fall-cut produce or initiate biological effects to a degree that
can be measured by the extent of the radiation exposure at any time. In the case
of fall-out, however, exposure at a certain time already implies subsequent
exposure gt other times, The total blologlcal conseguences of test explosions
carried out up to a given date muat therefore be evaluated by computing the future

inevitable dose, as well as the present and past exposures.

-
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b, The calculations below have been made on the basis of the following two
assumptions relating radiation dose with possible biological effect:
(a) There is no threshold of the relevant dose, and the dose-effect relation
- is linear, and
{(b) There exists a threshold of the relevant dose,

(a) Case of non-threshold, linear dose-effect relation
Se The geneticelly relevant dose will be calculated as the infinite time integral
of the gonad dose rate, assuming that all individuals will be exposed to the same

dose rate irrespective of age and sex.

6. The dose relevant to the estimate of the possible radiation-induced occurrence
of leukemia, caused by a partlcular time dlstribution of the environmental
contamination, can be calculated as the infinite time integral of the per capita
mean bone marrow dose rate, teking into sccount the influence of age. As will be
seen in the followlng, the same resuwlt can be derived by a more direct methed of
calculation, which has been preferred here.

T« The above doses, multiplied by the number of population and an appropriate

- consgtent, will gi#e the total number of affected individuals in the population for
all time during and subsequent to the ex@osure. 211 these caleulatlons necessitate
a number of essumptlons which will be stated'in detail in the following text.

8. No scientific prediction of the future practice of weapon tests is possible,
The Committee hés nevertheless considered it informetive to study what damage
continuation of the test practice of the past few years mey bring sbout. As long
as llnear dose~effect relation is assumed with no threshold, each year of testing
must result in the same wltimate total number of injuries, if the rate of injection
'of long-lived fission products into the stratosphere is the same, Tt 1s therefore
appropriate to compare.radiation doses and, where possible, the bilological effect
for one year of each practice that will, whether at the time or subsequently, give
rise to exposure. '

9. TFor the total effect 1s 1s iyrelevant when the exposure occurs, and only the
totel relevant dose need be known., A year of each practice should therefore be

considered as related to a total dose-commitment rather than to some actual

exposure over a glven period.

[uon
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(b) Case of threshold assumption

10. In the threshold case, on the other hand, the comparison of actual exposures

1s necessary to consider vhether the sum of the contributions exceeds the threshold
at any time, For that reason, estimated exposures over appropriate periods of time
(70 years Tor the marrow exposure) have been made. (As it may also be of individual
interest to know when the mﬁtational damage will enter the population at the
maximum rate, 30-year integrals of the gonad dose have been calculated).

Assumptions wade for the purpose of calculations

11, The uncertainty and complexity of the calculations may be exemplified by the
computation of the relevant bone merrow dose due to Sr9o from stratospherié
fall-out, which involves the following steps:
‘1. Assumption on rate of Injectlion of Srgoiinto the stratosphere,
2. Assumption of mechanism and numerical expression for depletlion of the
stratospheric reservoir,
3. Calculation of the rate of Sr90 fall-out,
L, Assumptione regarding the geographical distribution of fall-out and
estimate of a population-welghted average.
5. Calculation of the aecumulated_fall—oﬁi deposit.
6.. Assumption of future influence of weathering,
To Numerical asssumptions concerning food chain transmission of Sr90 and
caleulation of the contemination of diet,
8., Numerical assumptions concerning uptake and retention of Srgo.
9. Calculation of accumulated Sr90 concentratlion in bone as a function of
éalendar date end date of birth.
10. Numeriéal assumption counnecting Sr90 concentration in bone with marrow
dose, lncluding assumption on the relatlive locatlon of Srgo with
-relation to the location of actlve marrow. Assumptions on the size
distribution of the marrow cavities must be made. S AL
1i. Aspumption regarding the appropriate dose for estimetes of a possible
t induction..of leukemisn; - z o

T

5
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Assumption on dose-effect relatlionship and possible welghting factors
for age, marrow size (mass of ective marrow) or other paremeters of
blological significance.

Calculation of the appropriate dose rate,

Caleulation of the appropriate individual dose.

Calculatlon of the per cepita dose due to a certain contamination of the
environment,

Integration of the per caplta dose over all environmental contributions
due Lo a certain injectlon.
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IT. THE FALL-OUT FUNCTIONS

Mechanism of depletion of the stratospheric reservolr

12, In Annex D, the assumption has been maede that the rate of depletion of
radiocactive material from the stratosphere at any time is proportlonal to the
quentity stored there. This assumption can be formulated as J

F(t) = k- q (t) (1)

where ??(t) fall-out rate per unit area of the surface of the.earth
(me/km? + year).
k = time constant of depletion (year"l).

Q(t)

8:90 (or 08157) content of the stratosphere; expressed
per unit area of the surface of the earth (me/km?),

The value of k has been assumed to be O.l/yr. Values ranging from 0.0T/year
to 0.2/year have been considered possible by varlcus authors.l’a’3

13. In addition to the exponential retention implied by the above assumption,
the following two general equations for the meterizl balance must be used for

the evaluation of the depletion.

n

aq NG =
3% = n-AR - F (%) (2)
aF, (t)
a. - s
—— = F (%) -?de(t) (5
where n = rate of injection of Sr90 (or 05137)into the stratosphere,

expressed per unit area of the surface of the earth (me/km™. year).

Il

F&(tﬂ accumulated deposit of sr2° (or 0315?) per unit area (mc/km?).

A = 0.025/year = dlsintegration constant of sr2° (or Csl37).

Fiie
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Geographical factors

ik, fr(t), Fd (t) and n in the equations are not local values but averaged over
the wholelsurface of the earth. These geographical averages are not relevant for
estimetes of the blological effects on s specific population (i) or on the whole
population of the ?arth. Atthough not used in these calculations, appropriate'
local values of Fgl) (t) ana ng) (t) might be derived by help of a geographic
factor Gi(t), such that

B (6) = g6) - F, (x) ()
Féi) (¢) = 6, (t) « Fy (t) (5)

The geographical factor Gi(t) is glven as a function of latitude in Annex D.
15. A value G(t) eppropriate for the whole population of the earth can be derived
by averaging through summstion over all population N,. The present velue has been

i
calculated as
_ G, (0) « m,
< N
A

16, Tt is possible that the local variation of Gi('t) will chHange after the
cessation of injection, and that G (t) mey approach unity. However, as the
geographical varietion of the fall-out rate in the future cannot at present be
predicted, it has been assumed that at any time

G(t) = G(0) m2 (7)

General expressions of the fall-out functions

17. In the case that the injection rate is constant, it is pessible to integrate
the equations (2) and (3), the general solution for the populated welghted average

being
At -t (8)

r(t) = T(6) T, ()¢ F4T(8) +F (-
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= s~ . Ffo0) ' e o . 5
Fd(t)=G(t)le(O)-e by a{t) - ; (e"‘Jc - e "*J"’) + G(t)-% (% ¥ {% g0, e'f't)

(9)
whepe 4L = & 4 A,

18. In the following Fr(t) and Fd(t) will denote the population weighted fall-out
functions as derived with G(t) = 2. It will be assumed that t = O at the end of
1958, For that time the following velues of fall-out rate and deposit have been

used (see discussion in Annex D)

1.5 mc/km2 « year

Il

F, (0)

5.0 :mcz/l:m2

Fy (0)

Assumptions with regard to the continuation of weapon tests

19, In considering psttern of testing two cases have been discussed in Annex D,
namely

Assumption (a): The fall-out rate will remain constant and equal o
Fr(o). In the case of the condition implied by Equation (1),
this will mean a constant stratospherlc content .(mainly due
to large initial injections), meintalned by a compensating
constant Injection rate that must satisfy the relation

n = F(0) -+ =— (10)

Assumption (b): The injection rate will remain at a value equal to the
' mean value for the five years 1954 to 1958 inclusive.
This gives

A

By~ —Hy (8 0+ () (11)
- e

20. With the values assumed for k, 4, Fr (0) end "'E"d (0), the two injection
rates will be

Js s
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1.875 mc/km2 - year

h.25 kc/km? + year

%

Particular expressions for specified intervaels of time

Full dose celculations require complete information on the fall-out functions

any time.

It is necessary to consider separately the following three intervals:

(A) Period before end of 1958,

(B) pPeriod between end of 1958 and the
time of cessation of injection,

(¢) reriod after time of cessation.

Pericd before end of 1958

22,
the

end of 1958, i.e.

Neither of the assumptions (a) and (b) describes the actual fall-out during
period before the end of 1958. To simplify the calculations, the fall-out
before 1954 will be neglected, and a linear lncrease of the fall-out rate will be
assumed after an initial large injectlon that year. To fit the values of rate and
deposit assumed for 1958, the past fall-out rate will be approximated by the
assumption that f}(t) rose linearity from 0.5 mc/km? + year in early 1954 to 1.5
1.5 me/km + year at the end of 1958. This implies that fd(t) did not rise linearly
but according to a second power expression from O in early 1954 to 5 mc/km? at the

Fr(t) =G 'E"'r(t) =8 . (1.5 + 0.2 %) (12)
Fd(t) =G - T;"d(t) =G+ (5% 1.5%+ 0.1 t.2) (13)

!

(£40, t = 0 at the end of 1958)

As The corresponding contributlion to the dose is smell compared with the

contribution from future fall-out, this approximation is gulte satisfactory for

the dose computations.

/...
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(B) Period between end of 1958 and the time of cessation of injection

23, For the period between the end of 1958 and the time of cessation of injection,
the equations (8) and (9) are valid. The calculation will be carried out for the
two assumptions (a) and (b) assuming the value of n_aod o glven above. The

equations can be rearranged to read

P(6)=8.- 8. 5. (B _F(0)). At (1k)
_ _ . Ef(0) ) _ F(0) _ A |
Fd(t)=g.%.§-ﬁli+g.(ﬁ- : ).e/['t..g.(%- = UF o) e (15)

(C) Period after cessation of injection
eh, If all injection is cessed at a time © = T, the fall-out functions will for
for all subsequent time be

£ () =T - B0 A D) (36)

Fy(t) =E . (Fd(T) + %*fr(T) } o e Alt - 1) G - % . Fr‘(T)‘ L grill . ) (17)

Sunmaxry

25. The following values of the constants have been used in the calculations

¥k =0,1 / year

A =0.025 / year (for both Sro° end Ce 2!)
M = 0,125 / year

P, ™= 1.875.mc/km? . year

n, = k.25 nm/km? » year
G =2
. 0) = 1.5 mc/km? . year

F(
ﬁd(o) =5 mc/km2

5

/...
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26, The fall-out functions (giving the magnitudes in the same units as fr(o) and

Fd(o) above and assuming the time 1s measured in years) will accordingly be

slmplified to

(a) %<0

(B) o<%<rT

F(t) = 3+ 0.kt
2
Fd(t) = 10+ 3%+ 0.2%
Assumption (a):
.Fr(t) = 3

Fd(t) - 120 - 110 » 0”023 T

Assumption (b):
Fr(t)' = 6.8 -38.e010%

F(t) = 212+ 38 - e 0:125 &

300 -

6-0.025 t

(18)

(19)

(20)

(21)

(22)

(23}

(C) ©>T Here the equations (16) and (17) will be used for the cases T = 0, 10,

20 and 30 under both assumptions (a) and (b).

of the type:

conste

F (%)

"0. 025 t-

Fd(t) sa(f_ﬁ)- e

33(T) .

e-A(t - T) _ sl(T) , 0125 %

o~0:125

where the constants sy (1), 52(T) and BE(T) have the following values

In gll caeses, the expressions are

(24)

-
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Assumption (&)

Assumption (b)

case

S'l(TJ
3.000
10.47

36455
127.6

3.000
12.93
79,0k

285.4

(1)

Bs

40.00

82.60
137.3
207.6

Lk0.00
136.6
260.6
419.8

()
3

8

30.00

104,7
. 365.5
1276

30.00
199.3
790. 4

2854

27. Figures 1 and 2 show the functions Fr(t) and Fd(t) respectively.
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IITI, GONAD EXFPOSURE

Doge~effect relationshlp

28, The genetic effect of exposure from fall-out will be estirated on the
assumption that the dose-effect relation is linear without threshold, and that
all gonad dose contributlons throughout the reproductive years are additive.
29. For the following calculations a model population (of constent size P}
has been considered, where the age of breeding ie 30 and the age of déath

TO years for all members.#*

30, The number of individuals affected subsequent to a certaln goned exposure
will be estimated as the product of the population involved (which will be
agsumed to be constant), the appropriate dose and a dose-effect constant.

The appropriate dose is the mean gonad dose to the reproductive fraction of
the population. A dose increment gD will result in oN individuals affected
in the future, computed as

51\I=Kg=P-§9D (26)

31l. The genetic dose~effect constant Kg can be derived from estimates

of the representative doubling dose 5é and the current fraction (f) of
adversely affected births (see Annex H). In genetic equilibrium.the
doubling dose, if received by every individusl from conception to age 30,
will give rise to fB affected births per year where B is theibirth-rate.
As B is approximated by P/70, <the relation between rate of introducing
affected individuals and the rate of population exposure will be

@ —— 3 - [ » __]_'_ - @ (27)
dt 7 £ P =7 ©at
2

* In the following calculations the ratio of the kreeding to the total population
sppears, For the model population assumed, this ratio is 30/70. In the general
case the ratio is w/W (with the symbols used in Annex C) for constant populations,
such as we may expect for the distant future. For actual populatione thet are
today already relatively constant ("old" in the demograrhic sense), the ratio
dces not differ appreciably from 5/7, as cen be seen from the data on child
expectancy presented in Table I. Annex C.
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Hence, in the above model population, not only in genetic equilibrium but
ag a result of any dose increment $D, the total subsequent number of
affected individuals will be

5m=$.f.r.~};—.5:o (28)
Dy
and, therefore, the constant for the model population is
K =é-f-£ rem-l (29)
T D
2

%2. In the case of stratospheric fall-out, the gonad exposure will be
extended over many decades even if the injection is ceased now. Each year

of injection will give risge to an extended exposure, i.e. will imply & certain
doge commitment. For calculation of the total number of genetically affected
individuals over subseguent years (Ng) the appropriaté dose related to any
rattern of injection is the infinite time integral of the mean gonad dose rate
for all individuals of reproductive age, If this dose is denoted Dap

B =% i P « B (30)

provided that the population remains constent.
%3, 1If the fraction of annuel births affected as s result of spontaneous
mutation is teken to be in the range

£f o= 1 -Lg (Annex H)
and the doubling dose is taken to be in the range

52 = 10 - 100 rem,
then the value of the genetic dose-effect constant lies in the range

Kz = U3 - 1,710 rem T per million

; -
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Gonad exposure from stratospheric fall-out

34, Both stratospherie and %ropospheric fall-out contribute to the

gonad exposure., As the tropospheric contribution is directly proportional
to the rate of tropospheric injection, it can be considered as & constant
annual contribution over the time during which this injection is meintained
congtant. This will be discussed in a later section. The stratospheric
fall-out that contributes to the goned exposure is assumed to be mainly
03137. The fall-out functions derived in part IT of this paper can,
therefore, be used as the basis for the dose computation. The gonad dose

from 03137 will result from both externsl and internal exposure,

External. contribution

35. The following expression can be derived for the gonad dose rate when

the source is & deposit on an infinite plan

%% = k - 8 -+ B + F(t) mrem/year (31)
where k = doge rateefram primary radiation = 0.08 mrem/year
per mc/km
S = body shielding factor ~2 0.6
B = build up factor = ratio total/primary radiation dose rate =2
Fd(t) = deposit of ol mc/km2 assumed equel to Fd(t) for Sro°.

36. The above dose rate must be corrected by a factor for the effect of
weathering and also by a factor for the effect of shielding by buildings and
irregularities of the ground in the practical case. For the combined

correction, factors between 3 and 21 have been suggested e

; a factor of 10
will be assumed here. It must be emphasized that the uncertainty introduced
by this factor may be greater than the spread implied by the suggested values.
37. From the above assumptions, the external contribution to the gonad dose
rate will be derived as '

(%%) 5 B, Fd(t) = 0,01 . Fu(t) mrem/year (32)
[

-
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Internal contribution

38. e T s haien up and excreted falrly rapidly by the body, but is
poorly taken up from soll by plants. Therefore, both the contamination of
Tood sources and the concentration in the human body have been assumed to
be proporticnal to the fall-out rate, i.e. ‘

(‘%)1 = g - F(t) (33)

39. Experimental data on the body burden of 05137 indicate that the

average gonad dose rate amounted to 1 mrem/year in the United Kingdom and
the United States during 1956 and 1957.2’7 As the average fall-out rate

over the two countries was about 3 mc/kme.year (Fig. 2, Amnex D) during these
years, it will be assumed that gi = 0.3 mrem/year per mc/km2~year.

Formulas for dose-rate in the gonads

Lo, From the above assumptions it follows that the goned dose rate can
be written

Do R ) te - F ) (3H)

where the congtants have been taken to be : gi = 0.3 mrem/year per mc/km2~ year
and g, = 0.0L mrem/year per mc/kme. As the functions Fr(t) and Fd(t)
representing population weighted averages are used, the dose-rate will

be applicable for computation of the sppropriate value of DOD for the

whole population of the sarth.

b1, With the assumed values of the constante gi and ge the following

expressions for the dose-rate have been derived (dose-rate in mrem/year,

time in years).

(a) t <o % - 1.00 + 0.15t * 0.002 t° (35)
(B) o<+ Assumption (a) :
%P. T (36)



Assumption (b) :

o . ~0.125 ¢
2= k76 - 0.6 -

()} £ >»7T

an e, (@) - ,-0:125 &

% °2(

where the constants cl(T) and CE(T) have the

case

Assumption (a) T= 0
10
20
30

Assumption (b) e 0

i
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2 3.00 - 5-0.025 ¢ (37)
o"0.025 ¢ (38)
followling values
e, (T) cy(T)
0.6000 0.4coo
2,00k 0.8260
7.310 LTS
25,52 2.076
0.60C0 0.4000
5.986 1.366
15.81 2.606
57.08 4,198

b2, Pigure 3 gives curves showing the variation of gonad dose rate

with time.

Lows
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Infinite time integral of gonad dose rate
k3, The infinite time intégral of the gonad dosé rate has heen caleculated as the
sum of the dose contributions D, (te<0), QB-(0<it<(T), and D, (t>T), The

following table gives the contributions in mrem:

Teble I
Infinlte time integral of gonad dose rate (mrem)

Assumption (a) Assumption (b)
T = 0 10 20 30 0 10 20 30
D, 3.2 3,2 3,2 3.2 3.2 3.2 3,2 3.2
Dy 0.0 11.3 2Lk, 7 329.8 0.0 16.7 ke 735
D 20.8 30.5 38.1 44,0 20.8 5L.7 73.6 90.1
Total 2h,0 45,0 66.0 87.0 2h,0 1.6 119.2 166.8
DLEE, 2.0 21.0 21.0 4.6  47.6 LW7.6

4, Table I shows that each year of injectlon implies a dose commltment of
2,1 mrem on assumption (a) and %.8 mrem on eassumption (b). These figures can
also be derived from equations (36) and (37) as equilibrium values.

F0=-year integralq of goﬁad dose rate

b5, As it mey be of individuel interest to know when the mutational damage
will enter the population at the meximm rate, 30-year integrals D}O of the
gonad dose have been calculated. The veriation of D30 with time of birth 1s
shown in Figure &,

; (R
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46. Maximum velues of D50 can be derived from Figure 4. The maximum values in
the cese whers the injection is continued long enough to permit the equilibrium to
be reached are 2.1 x 30 = 63 on assumption (a), and 4.76 x 30 = 143 on
assumption (b). The meximum values of D,. are given in Taeble II.

30
Table IT
Maximm values of D30
Tests ceased Assumption (a) Assumption (b)
at end of D30 (mrem) eqpi?igiium Dao(mrem) eqpi?&giium
T =0 1958 15 o 15 10
10 1968 o7 k3 Lo 29
2 1978 36 57 66 46
50 1988 Lo 67 8o 57
oo - 63 100 143 100

Contribution from tropospheric fall-out

b7, Although the mechenism for depletion of the stratospheric reservolr of
radioactive fission products is not known, the future fall-out has been estimated
in the preceding paragrephs, assuming an exponential retention. As it 1s likely
that the time constent is smallier then mean radiocactive life of the most important
lsctope, 09157, this assumption will not critically affect the estimate of the
infinite time iﬁtegral of the gonad dose rate. As the meximum 30-year gonad dose
will be received by individumls born during the decade 1950-1960, this estimate

is also fairly reliable whatever the asctual mechanism of depletion may be.

y I
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48, 1In the case of tropospheric fall-out, on the other hand, the assumption on
the fall-out mechanism will eritically affect the estimate, since the type of
isotopes deposited will depend on the time constants involved. As the computation
of genetic effects on the linear dose-effect non-threshold assumption must be
based upon a population-welghied average for the whols of the earth, cartain
geographical variastions must be assumed., As the tropospheric fall-out deposit

in equilibrium is proportional to the tropospheric injection rate, estimates of
future deposit must be based upon assumptions on thls rate,

kg, It may be assumed that the presently observed level of tropospheric fall-out
deposit represents an eguilibrium of the most significant isétoPes. A continuation
of the present pattern of testing will therefore be expected to maintain the
present tropospheric fall-out deposit as well as rate., The geographical
distribution will depend on the location of the test sites and on metecrological
conditions.

50. The main source of uncertainty in theAcomputation of a population-weighted
average from the tropospheric famll-out is that not even the present geographical
distribution is suffieciently well known. However, local high values of deposit,
which must be consldered in all cases whers a tﬁrpshold assumptidn may be valid,

have no relevance in the estimate of genetic effects to the population as & whole.

External exposure

51. If the present level of tropospheric fall-out is assumed to have a
geographical variation over the range of 50-200 mc/km?, the annual population
welghted gonad dose is of the order of some tenths mrempqa. It must be emphasized
that this estimate is much more uncertain then the estimates of the dose
distributions from stretespherle fall-out.

Internal exposure

52. Assuming an air concentration of fission products at ground level of
10'15 ¢/1, the amnual goﬁad dose from inheled radloective material has been
estimated as 0.1 - 0,2 mrem. Few data are available to permit an estimate of
the gonad exposure from short-lived fission products teken up with focd. As a
gamma exposure comparable with that from 03137 in the body tissuesHWUUld be

Jess
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detectable in whole-body gemms spectrography, the lack of evidence for such
concentrations of short-lived gemme emitters might be taken to indicate that the

total internal exposure glves less than 1 mrem/year.

Total gonad dose from tropospheric fall-out

5%. DBecause of the scant informatlon, the estlmate of the total annual gonad dose
from tropospherlic fall-out 1s very uncertain. It will be assumed here that this
contribution is 0.5 mrem as an average for the world's population. As tropospheric
fallwout will disappear when the injection is ceased, the resulting dose-rete is
maintained only during the injection period.

54, An annual dose of 0.5 mrem during the period of injection implies a dose
compltment of 0.5 mrem per year of injection to the troposphere at the present

rate.

Summary tables

55. Tables ITT and IV show the combined contributions to the gonad exposure
from stratospheric and tropospheric fall-out, The result is given as a dose

commitment per year of injectvion, as defined in paragraphs 8 - G.

Table IIL

Doge commitment at certalin injection practices

Dose commitment (mrem) Total
Stratospheric Tropospheric { mrem)
fall-out fall-oub
Per year of future
injection according
to assumption (a) 2.1 0.5 2.6
Per year of injection .
according to assumption (b) 4.8 0.5 5.3
As a result of test
until the end of 1958 ol 2,5 o7

-
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Table IV
Maximum 30-year gonad dose

A0~-year dose due to:

. % of
Stratcsperic Tropospheric - Total
fall-out fall-out EquE LXbrium
{(mrem) {mrem) (mrem)
Assunmption (a):
Tests ceased at
end of 1958 15 2.5 18 2%
1968 27 Te5 35 45
1978 36 12.5 Lo 63
1988 L2 15 57 73
Tests continue 63 15 78 100
Assumption (b):
Tests ceaged at
end of 1958 15 Eed 18 11
1968 Lo T:5 50 32
1978 66 12.5 9 50
1986 82 15 97 61
Tests continue: 143 15 158 100
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Contribution from carbon-lk

56. When the total dose to which the humen population has been committed over all
time by weapons tests up to dete 1s examined, it is necessary to conslder also the
contribution by an increase of carbon-1lt. It has been reported by Rafier and
Fergusson,lo working in the latitude of New Zealand, as well as by others in north
temperate latitudes,ll that the clh content of atmospheric carbon has been increased
by a fraction between 5 and 10 per cent since 1954, presumably becauée of nuclear
test explosions. There is reason, slnce values from widely differing latitudes
agree, to suppose that this increase applies to the lower atmosphere as a whole.
There are also indicationslo that equilibration of this excess Clh with the carbon
of surface ocean water is quite rapid.

57. It is reasonable to suppose that the excess Clu will, in s time short compared
with the half-life of C,llL come into equilibrium with the total bilospheric pool of
carbon, which exceeds the atmospheric carbon by a factor of about 60,12 if oceanic
inorganic carbon is included, and the possibility of long term exchange with other
Inorganic carbon is dlsregarded. It will be assumed that the present partition
between stratosphere and troposphere of Clh formed in tests of nuclear weapons is
similar to that of Sr’C and Cs'2! where the stratospheric content Q =F (0)/k

15 mc/km ag an average over the surface of the earth, and F (0) = 5 mc/km This
leads to the assumption that only 1/4 of the total emount of Cl formed in the
tests up to date is at present detectable at ground level.

58. From these assumptions, it follows that from the weapon tests up to date an
increase of 1/3 to 2/5 per cent in the total biospheric CllL is to be expected. The
present Glh has been estimated (cf. Annex B) to contribute a gonad dose rate of |
about 1.5 mrem/yesr., Hence the increase will be very small - about 5 - 10 urem/
year - but, because of the 5,600-year half-life of Cl the total dose commitment
will be the equivalent of this additlonal rate continued for 8,000 years. This
will amount to some 40 - 80 mrem,

59, Most of this dose will be delivered so far in the future, that it is difficult
to welght 1t properly for a comparison with the same dose delivered within a much
shorter period. For this reason, the dose commitment due to Clh is considered
here separately, and is not added directly to those vhich sre delivered within
relatively short pericds, comparable with the human life-time, although it may

well come to exceed them.
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60, Aside from the direct effect of beta radiation there islpossibl} an effect
due to transmutation of Clh contained in the deoxyribonucleic acid of hereditary
material, but the magnitude of such an effect has not been experimentally °
determined,

foes
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IV. BONE MARROW EXFPOSURE

Dose effect relationship

6L, The exposure of the bone marrow will be evaluated in the light of the
possible induction of leukemis. Two assunptions will be treated in parallel
because they give‘extreme results rather than because they are more likely than
other assumptions. For both it will be postulated thet the effect does not
depend upon rate of exposure or fractiomation of the dose. Any recovery has
thus been disregarded. The assumptions are:

(A) There exists a threshold of the relevanmt dose, and

(B) There is no threshold, and the dose-effect relation is linear.

Threshold case
62. Where the existence of a threshold is assumed, it 1s appropriate to examine

whether the highest exposure gives rise 1o a dose exceeding the threshold value.
If this is not the case, the margin of safety cen be estimated, i.e. it is
possible to say by how much the mean exposure level can be increased before the
threshold is exceeded. For this purpose, even 1f the average dose in a
population is calculated, the spread around this average also needs to be
agsessed in some way.

63, The relevent dose (in the case of the threshold assumption) will be taken
to be the TO~year meen marrow dose, averaged over the whole of the active marrow.
This dose may not be relevent when only part of the marrow is exposed, but as
the long-term marrow exposure due to fission products incorporated over a long
period in the bone is fairly uniform, the TO-year mean marrow dose will be used
here for the purpose of computation.

€L, The true relevent dose may be the weximum dose to active marrow cells,
vwherever 1t occurs. Hdwever, no exposures can occur in bone marrow longer than
over the life-time, and the TO=ycar ¢cse 1s therefore adopted here in the
absence of proof that a shorter period ls appropriate.

65. If the total energy of the 570 body burden equivalent to 1 puc Srgo/g of
calcivm is assumed to be dissipated in 7,000 g of bome, the average dose rate
would be 2.64 mrem/year. Tt will be assumed hers that some of the energy is
delivered to the 1,500 g of red bone marrow but the energy delivered to the

Lias



A/AC.82/INF.3
Fnglish
Page 32

yellow marrow or to tissues outside the skeleton will be disregarded. The mean
values of the dose rates to bone marrow and spongious bone have been taken to be

13,1k Assuming that spongious bone

0.6 and 0.9 mrem/year respectively.
constitutes 10 - 12.5 per cent of the total bone mass this implies dcse rates of

2.7 and 2.5 mrem/year to compact bone and total bone respecitlvely (ef. Table V).

Table V

Mean and maximum dose rates.in mrem/year for chronic rolsoning
with 1 guc Sr”” per gram of caleiuml>

A, Uniform lebelling B. Uneven distribution
factor = 2
Meximum Mean Maximum Mean
Bone marrow 3.0 (1.8) 0.6 5.9 (5.06) 0.6
Spongious bone 1.7 0.9 3.h 0.9
Compact bone 2.7 2.7 5.k 2.7
Compact and
spongious bone 2.7 2.5 5.k 2.5

Figures in brackets give the maximum bone marrow dose insgide sponglous bone.

66. In considering the maximum dose rates for cases A and B the geometrical
distribution of the uniform labelling i1s the only factor which has been taken
13 :

into account. Por bone marrow the maximum dose rate will be cbtained within
Haversian systems inside compact bone. The difference between the values 2.7
and 3.0 in table V represents a difference in etopping power. The maximum
values due to uneven distribution are based only on differsnces in mineralization
between regions with linear dimensions of the same order as the Ygo/ﬁ-range.

The influence of microscopic changes in the mineralization has not been alloved
for, yet it 1s believed that this is relstively unimportant, mogt probably less
than a factor of 2. The ratio of meximm to mean marrow dose will be about 10,
which includes the factors 2, for umeven distribution of the Srgo, and 5, for

the Increased dose-~rate in enclosed cavities.

foos
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67. ¥nowledge of the threshold level would imply evidence in support of the
threshold theory., No such informetion exists, and all that can be said from
the avallable data is that a possible threshold may lie anywhere between

15
0 snd 400 rem.

fase of non-threshold, linear dose-effect relation

63. On the aliernative extreme assumption that.no threshold exists and that
the dose~effect relation is linear, the number of persons who will develop
leukemia after a certain marrow exposure can be estimated as the product of
the population involved (which will be assumed to be constant), the appropriate
dose and a dose~effect constant. The appropriate dose is the per caplta mean

merrow dose, where "mean marrow dose" denotes the average dose over the whole

mass of active marrow. An increment &7 of the per capite mean marrow dose
will be assumed to result in a number &N of leukemia cases in the future,

cemputed as:
. 8N = K + P &D (39)

vwhere P is the population and Kl the dose-effect constant for induetlon of
leukemis.

69. An estimate of the dose=-effect constant Por induction of leukemia can be
made from the present date on number of occurrences following a certain exposure
(see Annex G). It will be assumed that a single exposure of 1 rem to the entire

red merrow will result in 1.5 annual cases per million exposed for a period of

*

15 yeers followlng the exposure. The total number of cases is therefore

¥ 1If the risk of developing leukemla is not limited to the first 15 years
following the ezposure, but mainteined at constant value throughout 1life,
the increment dN, will be different for each age-group k of the population
expoged to a dose dD. The corresponding dose-effect factor would be
1.5 (70 -7 ) rem=L1 per million where'? denotes the age at the time
cf exposure. However, the available data se%P.to indicate & decrease of
the annuel rate of incidence after 10 yearsl0:L1T and this possibility will
not be considered here. As the mean age in a model population is 35 years,
the average dose-effect factor would be 35 + 1.5 = 52 rem~l per milliom,
which differs from the assumed factor only by a fector of 2.3.
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25 per million exposed, and
=1 s
Ki = 23 vrem  per million

This factor can be applled to all individuals having a life expectancy of more
than 15 years at the time of exposure. In a model population where the age of
death is 70 years, it is hence valid for 80 per cent of the population. In the
following it will be taken to apply to the population as & whole.

Marrow exposure from stratospheric fall=oub

T0. In the case of stratospheric fall-out, the most importent source of marrow
exposure is strontium~90 incorporated in the bone. There 18 also a marrow
exposure from ceesium=-137, both external and internel. The merrov exXposure
from 03157 varies with time in the same way 28 the gonad exposure from this
source, and is epproximately of the same megnitude. It is therefore described
by the curves in figure 3. As it amounts to only ebout 5 per cent of the
merrovw exposure from Srgo, it will e disregarded in the followlng estimate,
anq the marTOW'doae_from Srgo will be teken as the only significant contribution
from stratospheric fall=out.

TL. The Sr90 marrow exposure differs from the 05137

gonad exposure not only
in megnitude but also in the distribution over time. The gonad exposure is a
funetion of the fall-cut rate and'deposit at the time of exposure, since

05157 ils feirly rapidly excreted. Because of the long retentlon of Sr !
however, the marrow wili fe exposed over a.lbng period of time following the
uptake, and the relation between the fall-out functions and the marrow exposure
at a certeln time 1s relatively complicated.

Total bone burden of strontium=-90

T2, The relatlionship between the Srgo body burden of the population and that

of the dietary has previously been approximeted (Annex D) by assuming thet all
- of the caleium in the body will at any time have a strontium burden reflecting

that of the dietary. This is obviocusly an overestimeste, but is probably not
90

in serious error for younger individuamls because of the time pattern of Sr
contamination. A more rigorous and general eveluation is possible from

fove
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methematical consideration of rates of celcium and strontium accretion in relation
t0 the projected time-patterns of SrgO/Ca ratios. Such treatment provides two
sdventages: (a) more reslistic value for the 5r9° burden is forthcoming and

(b) general relationships in regard to age, date of birth, and pattern of

Srgo/ba ratios with time thet permit estimations of mean marrow doses.

Thu Sr90 ig taken up by the body through food-chains. The change in the

ratio Srgo/Ca during each step from soil to bone is often described by the help
of discrimination factors, bﬁt for the purpose of these calculations the rate

of Sr90 uptake will be assumed to follow the empirical expression (see Annex D):

)]

o(t) = a, « F(t) + 8y * Fy(t) (40)

where e{t) = ratio SrgO/Ca in the minerals entering bone

ar and a., = constants with different values for verious
food=chains.

| 0
4. Equation (LO) mekes it possible to determine the quantity (q) of 5770 that
is incorporasted in the bone at the same time as a certain mess (o) of calcium:

a(t) = e(t) (1)
In the following g and ¢ will denote the rate of incorporation of Srgo and
calcium respectively. The net rate of increasse will depend on the rate of
turnover of earlier incorporasted material.v
75. By using an empirical formula of the type (40) that may be extrapolated
over g hundred years, the bone burden of Sr90 can be computed by help of c(t)
end s number of assumptions on the calcium and strontium metabolism. It will
be shown that the final result, in form of the infinlte~time integral of the
dose=rate, or the maximum TO-year dose, does not depend critically on the
essumptions sbout the metabolism of bone {see paragraph 101).
76. The rate at which dletery Ca and Sr90 enter the skeleton depends on
several processes the mogt important of which are formetion of new bone minersl
and regorption of existing bone mineral, For the system under consideration the
processes Of surface exchange of.ions between bhone and blood can be neglected.
The upteke of caleium cen then be spproximated by equations based on the difference

between rates of accretion snd resorption. !




A/AC.82/INF.3
English
Page 36

77. Evidence is available as to the way in which the humen body content of
A7 This evidence may be adequately approximated for
the purposes ef these calculations by assuming that the body calcium increases

caleium increases with age.

linearly with age from 4 months after conception up to age of 20 years. The
errors introduced by replacing the sigmoid growth curve by a straight line with
a discontinuity at age 20, are of the less importance since the main concern is
with the dose integral to the age of 70,

78. Bone salt metabolism has been studied in detail and models of verying
complexity have been promsed.lg”zl The simple model described below is in
keeping with the principles reflected in the reference material. With the
approximation of the body calcium increase, the net uptake of calcium is governed
by the equations:

(T ¢ 20 years)

d-g_J_.g) o=k (T) * B(T) = const. ﬁ (42)

where B(T) —‘-/SZJ, and X 2/6 t kg (%) - B(T) =ﬂ(1 * ko'z) (42a)

( G 3 20 years)
— -— L ] -
dB-J-—)-i ‘ =0 ko (T) B(’C) — &5 (43)

vhere B(7') = const. = By and OK = k_ (T) » B, (43a)

The symbols are:

o
k (T)
P

rate of total calcium accretion,

I

fraction of calcium turned over per unit tims,

constant net increase of caleium per unit time
under age 20,

B('(): mass of bone calcium at age T,

Ba = mass of bone calcium in an adult.
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T9. Wo satisfactory evidence is avalleble as to how the fractional caleium
turnover rates vary with age in man. The chenges in turnover rates could possibly
be represented by power functions, exponential functions or series of exponential
functions. However, there are no date that permit methemsticel treatment. IT

is necessary then to determine how different velues of the turnover rate will
effect the results obtained.

80. In the general expression

® =0~k () 3 () (1)
d

it is useful to consider two extreme values for ko
() If k =zoo, on infinite amount of celcium is taken up (and turned over)
per unit time. This implies that the bone is cohtinuously in complete

equilibrium with its enviromment, and the spparent concentration of Srgo in bone,
8(t, % ), 1s at any time '
8(t,7 ) =c(t) (45)

(II) If k =0, caleium is acquired only during the period of growth, at the
rate /6 , and then retained during the life-time.

8l. As any retentlon curve can be approximeted by a series of exponential
funetions which represent various fractlonal turnover constants, the result
obtained with these expressions mey be expected to f£z2ll somewhers between the
limits set by the extreme cases {(I) end (II). As these extremes will be shown
to glve quite similar results, more sccurate assumptions do not seem to be
called for.

82. When assumptions for the caleium metsbolism have been made, the bone
burden of Srgo can be calenlated from the eguation

ag (<Y 5
¢ ;
where g = uptake of ar?® per unit time = c(t) o,

(N

k, = fraction of Sr90 turned over per unit tinme, kl = k%_ A

where kSr is the biclogical turnover factor and

?\ is the radiocactive decay constant,

90

{T) = total amcunt ¢f Sr’° in bone. fuue
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83. There is reasonably good evidence that the turnover rates of calcium and
strontium are essentially equal. The influence of various assumptions on the
strontium retention will be discussed in paragraph 100. The use of a constant kl
in equation (46) implies that the retention of strontium in bone is an exponential
function of time. The following calculations will be performed on the basis of
this assumption, and the possible error introduced.hereby will be estimated.

90

84. The apparent concentration of Sr’  in bone, i.e. the ratio s(t,T) =
(t,% )/B(¥), can now be computed by integration of equation (44), assuming

that alsoe ko is constant.
(T ¢ 20 years)
T
-klt" kl'r
6T s e b L) o) G0 at )

(T > 20 years) v
¥ “ % , k. T
s{t,T)=e 1 E_OJO e{t) - (1 + ko’() . ekl at¥ + RS Jc(t) ce T d“c’] (48)
2

Empirical formulas for e(t)

85. To use equations (47) and (48) it is necessary to know c(t). As mentioned
in paragraph 73, empirical formulas may be derived from available data, of the
type (40); In practice it will be assumed that the fall-oubt rate dependent term
can be disregarded in long term extrapolations. Hence the following equation

will be used:
o(t) = a- F,(t) (49)

86. In Annex D (paragraphs 118-120), data and consteants have been developed that
relate the accumrlated fall-out deposit of Sr’C to the Sr2°/Ca ratio found in
milk (Perry, N.Y. and the United Kingdom) and rice (Japan). These values will
be used in the following to calculate typical radiation doses, assuming that
these two foods constitute the entire source of dietary calcium and Srgo. The
constant a cen be derived from the Sr /Ca ratio in the two diets and the




J
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discrimination factor mllk-bone to glve the Srgo/Ca ratioc in the new material
incorporated in bone, ¥
(1) For a milk diet;

aM==O.l5‘ppc Srgo/g Ca per mc/km2

(2) For a rice diet:
ap = C.9 ppe Sr90/g Ca per mc/km?

Marrow dose rate

87. The meen marrow dose rate will be proportional to the apparent concentration
of Sr9°, s{t,T):

DAeT) L Y - o(5,7) (50)
The proportionality factor X will be taken to be 0.6 mrem/year per strontium unit,
wrereas the dose-rate in the bone will be teken to be 2.5 mrem/year per strontium
unit (ef. paragraph 65).

88. The uncerteinty involved in the estimate of the best value of the dose
constant Ef is due mainlty to lack of information on the location of the bone
strontium with respect to the asctive marrow, the difficulity of calculating the
sctual dose distribution from the information of the strontium disfribution, gnd
to uncertalnty with regard to the size distribution of the marrow cavities.

¥ This constant glves the Sr90 ratlo in the newly formed bone, In the case of

rapid excretion during a short period after the uptake (power function
retention), it is assumed that 5r90 end Ce are excreted at the same rete, If
this is the case, the ratio of the fractlons that are retained for longer
periods will remain the same, and squations (41), (%2 a) and (43 a) will still
glve the smount of 5290 thet is taken up to be lncorporated in kone over

long periods of time. If this is not the case, c(t) should denote the Sr9%/ca
ratio of the more firmly incorporated material., In the latter case, the
constant a will have lower values if 8r?0 1s excreted more rapldly than
caleium,

g
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89. As the dose rate is a function of date of birth as well as of calendar date,
it cennot be represented by a single curve for each assumption on injection
practice. In the following sectlions, the infinite time integral of the per capita
mean merrow dose-rate wlll be calculated so as to give the dose commltment for each
practlce: the meximum 7O-year integrals will alsc be computed, so as to indicate
the margin of safety in the case of the threshold assumption,

Infinite time integral

90. The dose commitment for e certein injection practlce can be calculated as the
infinite time integrel of the per capita mean marrow dose rate. In the following
the dose commitment has been assessed by help of s different approach, considering
the effect of an infinitesimsl uptake of Sr90 at a certain time.

9. The Sr90 teken up into bone during an infinltesimal pericd d4t, at time *
can be expressed by

d4Q = o « c{t)dt (51)

An individual of age u at the time of uptake will at a later age » have
retained

aa(u, T ) = @ (v, u) - o alT- 0 (52)

92, By integrating the dose rate caused by this retained Sr90 over the balance of
life, one obtains the life time dose increment to the marrow due to the individual

uptake during the period dt at age u and time +:
ap (w, t) = F(u) %« c(t)as (53)

The dose increment factor Em(u) for individuals with an expected life epan of m
years will be shown to be (see parsgraph 97)

Tnder age 20 years Fm(u) = i -« (1 - euki(m B u)) (54)
% %
Over age 20 years Emﬁu) = 5 (1 - e-kl(m - u)) (55)

gt /...
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In the general case %Ei :‘ko . g(u) +f§2 and with the simplified lineer model of
bone growth g * == (1 + kou), for u¢ 20 years.

Ba
93. The value dD of the life time dose increment averaged over the whole population
subject to the uptake during the perlod dt at time t can be calculated as

-
an(t) = %J aD du = K e (t) at - 'F'm (56)
vhere
m
F o= = -Of r(w) du (57)

9h. With the average dose increment factor Eﬁ nown for a population where the
mean life is m years, the dose commitment for an injection practice causing the
contamination c(t) can be caleulated as

+ o
b, = 'Ffm- Kf c(t) dt (58)

95. The dose increment factor Eﬁ(u) ig given in figure 5, assuming the accretion
of gkeletal calcilum reported by Mitchell et al.l7 The blological interpretation of
tbe factor is discussed in the text to the figure. The average values FTO for a
model population where every member lives to age 70 years are indicated in the
diagrems. It will be shown that Fﬁ is not critically dependent on either the rate
of calcium and strontium turnover or the meen age of the population. The simple
linear model for calecium accretion under age 20 years would give resulis indiceted

by the broken lines on figure 5.

o
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Figure 5, The doas inerement factor F70 for an expected
©{ 1ife span of 70 yesrs, as a funmetion of age of uptake.
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5170, with infinite turmover constant. Note the high dose this would
give to the adult.
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¢) Biologlieal half 1ife for Sr assumsd to be 50 years (kSr = 0,014/ /year).
Note the increasing importance of uptske and retention in childhood,
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96. The formulas {54) and (55) have been derived on & specific assumption about
the slgnificence of the exposure of marrow in children. On the non-threshold,
linear dose-effect assumption, the mean marrow doses must be weilghted for mass of
marrow. The foliowing two extreme cases have been considered, namely

(1) No weighting for the smaller amount of marrow in children, and

(2) Veighting of the child dose in proportion to the mess of bone.
As there is more marrow in proportion to bone in a child than in sn adult, the
case (2) will glve an over-correction, and the true result can be expected to lie
between the two ceses (1) and (2). The influence of merrow weighting is
1llustrated by figure 6.

Jeus
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97. In the case that the marrow is welghted in proportion to the mass of bone,
the formulas (5%) and (55) can be derived from (53) where dD(u, t) is the integral
of the dose-rate caused by dQ(u,7, ) over the balance of life:

m

an(u, t) = ﬁf %-,E(aa) d‘; (59)
and

Lty = A v g ) (60)

ay B, ’

The integration glves
u< 20 years : ap(u,t) =Y+ o(t) at - - - (1 - e"h.!.(m - u) ) (6L)
¥ B yeave 1 fi0u k) = Y olk) B¢ 2L - R (62)

98. 1In the case that no marrow welghting is made, the formula (60) must be
replaced by the following expression for u¢ 20 years

d _ Y ~
7 (dD) 50y - @ () (63)
vhich with the simple linear model of bone growth leads to

u < 20 years an{u,t) = § » e(t)at « (1L + kou){eklu [Ei(klu) ’ E1(20kl)J +

201:1

- (e-kl(m -u) | Jigln-u) )} (64)

where E:I. denotes the exponential integral.
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Accordingly the dose increment factor will be

Fm(u) = (1 + kou) { e [Ei(klu) - Ei(EOkl)} +

+ 2% kl (e-kl(EO - 'I.l) - e“k.l.(m & 'l.l.) )} (65)

The influence of the marrow welghting is shown in figure 6. All other dlagrams
have been derived from the formulas (54%) and (55) and not from (65), 1.e. they
illustrate the marrow-weighted case,

99. Figure'7 shows the dose increment factor Fm(u) for the speclal case that
k.= ¥y, = 0.01l% and various values of the expected life (m).

100. Figure 8 shows how Fm(u) wlll be affected in the case the turmover of
strontium is more rapid than that of calcium.

101l. Flgure 9 summerizes the results by showlng how the average dose increment

factor 'Fm varies with the turnover rate of calcium and the expected 1life in a

population., The variation is apparently very limited, ranging from 0.5 to 0.8 for

likely values of k and m.

r -
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g F:lsu:é 9. The population dverage of the dose ineremsnt factor for various
; ‘ turn over constants &s & function of the expected mean 1life,
1.0 r i 1 22
: -H e
EaiiiEas s i = izt mm
s e
bt ¢
AT -
e e Bli=
10 20 30 40 i 50 i 60 [T 70 years =
3 i ‘expected mean life =

Note: For 1life spanr hetween 30 and 50 years. and for values of ks
inbom'rangi’ngtraoum s the rmgtotthlaaanpopulgtim dosse
increment factor l? is enly 0.5 = 0,8, The reason for this remarkably
pArrow range is tho compensating effects of changes implied in the various
assunptions which have been made, For amplo & more rapid turnover will
reduce the. rstention of strontivum taken up by a. ehild
the uptake and exposure of the adult. With a shorter mean life span for
the popilation, a larger proporticn will be in the younger ege group with
a high uptake of strontiwm, but the totsl life-time exposure is reduced,

hntnd..llinm
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102. As the ?m is not critically dependent on the assumptions on bone metabolism,
the retention of ecalcium will be approximeted, for the purpose of these
calculations, by a single exponential function of time, with ko = 0.01k, which
corresponds to a half-life of 50 years. This is the value that has been suggeste
by the ICRP. If Sr90 is assumed to have the same biological half-life as calcium
the value of kl will be 0.0k For the following calculations Eﬁ wlll be taken t
be 0.5. If no correction for marrow mass is made, the factor will be 0.65 for

m = 70 years in the case illustrated in figure 6.

103, With Eﬁ = 0.5 and Y = 0.6 equations (58) and (L9) give

il o]
(1) For a milk giet D= 0.045 J- Fd(t) at {mrem per ms/km?) (66)
-00
+o0
(2) Por a rice diet D= 0.27 .f Fd(t) 8t (mrem per mc/km?) (67)

- Q0

10h. The dose commitment per year of lnjection must be the same whatever time t
the injection occurs. It can therefore be calculated from equilibrium

considerations, using equations (21) and (23) as

B -F Y a - ) (68)

vaich yields 36a and 82a respectively on assuﬁptions (a) and (b) of the injection
rate, With the values for the constant a from paregraph 86, this gives the dose
commltments ligted in table VI.

Teble VI

Dose commitment resulting from certain injection practices

Dose commitment (mrem) per year of injection

Assumption (a) Assurption (b)

(1) For a mllk diet 5.4 12
(2) For a rice diet 32 3
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70-year integrals of the mean marrow dose-rate

105. The life-time mean merrow dose as a function of time of bhirth tb will be
calculated as

70 70

DTO(tb) = j '@%‘%’Z”l dT:I\é' s(t,7)aT (69)
O 6]

using the expressions {47) and (48) for s(t,7 ). This is a numerically complicated
calculation, vhich has been performed for various values of injectlion rate and time
of cessatlon of Injection, The result is shown graphically in figures 10 - 11,

and the maximm TO0-yesr doses are given in table VIIL.

Contribution from tropospheric fall-oul

106. Figure 12 gives an example of the variation of the dose increment factor Fm(u)
according to equations (54) and (55) for an uptake o< « ct)dt of Sr89, which is
the most important isotope to consider in the estimete of marrow exposure from
tropospheric fall-out. With fm =5 10_3, the dose commitment for a practice

resulting in the contamination c(t) is found to be

[e.0]

ialle )
D =5.10"° . Xf e t)at (70)




AfAc.B2/coNE. 3
English
Page 54

(
T
I

Pigure 12, The dose increment factor F,,o(‘n) ‘in the case of Sr’ with

s am R

a physical hialf 1ife of 51 days (kg 89 = §year),

5]

=

o

11T ¥R A
B T '

LR A
R T

£

W AN
(R Y

- g




AJAC.B2/INF. 3
English
Page 55

107. In the case of Sr89 the dose constant 3’ is taken to be 1 mrem/year per
Piivis Sr89/g'0a. It will be assumed that c(t) is 0.5 times the concentration of
Sr89 in milk, Ffor which figure 13 shows some reported data. The integral of c(t)
over one year cen be estimeted as about 2043yc/g Ca per year. Accordingly the
dose commitment for one year of injection is

Dio =5-1o'3-1-20=0.1mre_m
108. The formula (47) may be used for an estimate of the apparent concentration
of Sr89 in a child., A simplified model of the seasonal variation of Sr89 in milk
has been assumed (on the basis of the Canadian date 22 in figure 13) for calculation
of the contamination of the bone of infents born at a time so that the calcification
starts at the beginning of the peak of environmental contamination. For these
infants, the mean merrow dose during the first year will be about 10 mrem,¥* and the
TO-year mean marrow dose some 20 mrem if the tropospheric injection is continued.
For children born at other times of the year, however, the dose will be smaller,
and the per capital mesn marrow dose in the whole populations, including adults,
will be of the order of 0.1 mrem per year.® The mean marrow dose rate for the
infants is shown in Figure 1h.

# TIn the case of the threshold assumption, where the maximum marrow dose may be
relevant, it is Important to note that the maximum marrow dose for acute
poisoning with radiostrontium may exceed the mean marrow dose by a factor of
05-50 compared to the factor 10 for chronic poisoning,ll

B
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Possible bioclogical consequences of nuclear weapon tests

109. Using the dose-effect constants and the calculated dose commitments per year
of Injectlon, it is possible to compute the number of serlously affected persons

in the world's population. These numbers camnot be sald to represent the expected
result, not even the likely one, as no level of likelihcod can be associated with
the assumptions made. However, they are numbers thet cannof be ruled out on the
basis of present knowledge, and they follow from the assumptions made in this text.
Teble VIII gives the biological commitments per year of injection.

110. The total consequences in the form of the number of cases over all years
subsequent to one year of injection of flssion products to the stratosphere have,
in the case of the assumption of a non-threshold, linear dose-effect relation, been

calculated from the following formulas which summarize the preceding computations.

For the number of mejor genetic effects

1 r i
= ] . t—1 s e F Y # ‘e +
N=K -P-D =K -F.fg F (o) + g '+ Fylco) * D —_— (71)
vhere Dltrop is the annual gonad dose from tropospheric fall-out and the other
symbols are the ones used in the preceding text.
For the number of leukemia cases
1 -
N“"'K:L'P'DCO '—:K]_.P‘Fm‘ aoach(CD) (72)

111, The world population has been taken to be P = 5»109 in the genetic case

and P = ?}*109 in the somatic case.

112, The total number of cases has not been calculated in Annex D andis not given
elsevhere in the report of the Committee., The result presented in table VIII does
not imply any other differences from the assumptions stated in Annex D than the
ones reflected by the factors in the formulas (71) and (72).

113. Annuval number of cases has been estimated in Annex D but cannot be derived

by the approach used here. As the values of the 30-year gonad dose and 70-year
marrow dose as calculated here do not differ appreciably from the values calculated
in Annex D, the more conservative approximate caleulations in that Annex yleld a

result that is not far from the one derived here.

/...
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114, The number of cases under the assumption of a threshold in the dose-effect
relation can only be estimated from the number of individuals that would have a
dose exceedlng the threshold dose because of the total exposure produced by all
sources of radiation. The number of cases of injury would be much less than the
number of persons exceeding the threshold, The 70-year marrow doses, as shown in
table VII, may not be relevant in the threshold case but may have to be multiplied
by & non-uniform distribution factor that is of the order of 10 for chronic Sr90
polsoning. The population-welghted averages do not apply either, and the local

values of the geographic factor G, mist replace G.
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Table VII.

Maximum 70-year mean marrow doses

(A) For a milk diet

Tests cease

Assumptlon (a)

Assumption (b)

at end of % of % of
Dol mrem) equilibriun | Dpoliren) equilibrium

T= 0 1958 83 17 83 7

10 1968 150 20 235 * 2L

20 1978 205 b 515 33

30 1988 255 51 kos Lb

o0 - 500 100 1,130 100

(B) Por s rice diet

Tests cease Assumption (a) Assumption (b)

at end of % of % of
Dol mrem) equilibrium | Drol?Ten) equilibrium

T =0 1958 500 i 500 8

10 1968 900 30 1,420 21

20 1978 1,250 L1 2,250 35

30 1988 1,550 51 3,000 4h

o - 6,760 100

5,000 100
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Estimate of certain possible total genetiec and leukemogenlc consequences

- of radiation received by the world population

(To facilitate numerical
checks, the numbers in the
table have not been rounded
off %0 a degree that would
reflect the uncertainty
involved)

Total, following
one year of

Total, following one year of
nuclear test explosions -

exposure to
natural
radietion

Ccntinued on
assumption (a)*

Continued on
assumption (b)¥ #%

. Leukemia (on basis of the
agsumption that no
threshold exists):

Thugber of cases for
(1) a milk dlet
(2) a rice dlet

(on basis of the
threshold assumption,
see paragraph 114)

6,800
6,800

365
2,190

820
4,920

Major genetic effects f

Number of cases if the
doubling dose is 100
rem and the current
fraction of affected
births is 1 per cent

Number of cages 1f the
doubling dose is 10 rem
and the current
fraction of alffected
births is 4 per cent

21,500

860,000

560

22, 1,00

1,140

k5,600

* Pee paragraph 19.

*¥ This would also apply to the years in the period 1954-1958.

{ The dose contribution from Clu produced by nuclesr test explosions has not
been included, as the dose is delivered over a much more extended period of
time then that from Cet7 (see peragraph 59).

-
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