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I. INTRODUCTION 

As this paper was prepared as a working r:aper· in conne.xion with 

the preparation of the comprehensive report of the United Nations 

Scientific Committee on the Effects of Atomic Radiation, United 

Nations document A/38?13, references to .Annexes D, G and H in the 

following text always refer to the annexes of that document. 

1. The purpose the calculations in this paper is to assess the possible total 

incidence of deleterious biological effects of fall-out from nuclear test 

explosions. This is a different mode of assessment from the one used in earlier 

approaches (e.g. Annex D), where the incidence in the moat highly exposed 

generation has been computed. A more ga~eral type of calculation is here 

presented. 

2. The estimate of doses from fall-out, and even more the evaluation of the 

biological effects, is an extremely difficult undertaking the results of \lhich must 

be treated with great reserve, since numerous assumptions have to be made, the 

validity of which cannot yet be verified. 

3. Where the biological effect on a population, expressed as the number of 

specified incidents of an injury, is the object of the computation, one must 

consider the time-lag caused by the long retention of radioactive material in the 

stratosphere. There is also a prolonged period in which uptake of radioactivity 

and subseq_uent radiation exposure occurs. Although a third time-lag, namely that 

between the exposure and the incidence of an injury is common to all sources, most 

sources other than fall-out 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 at other times. The total biological consequences of test explosions 

carried out up to a given date must therefore be evaluated by computing the future 

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

I ... 
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4. 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 

5. The genetically 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 particular time distribution of the environmental 

contamination, can be calculated as the infinite time integral of the per capita 

mean bone marrow dose rate, taking into account the influence of age. As will be 

seen in the following, the same result can be derived by a more direct method of 

c~lculation, which has been preferred here. 

7. The above doses 1 multiplied by the number of population and an appropriate 

constant, will give the total number of affected individuals in the population for 

all time during and subsequent to the exposure. All these calculations necessitate 

a number of assumptions which will be stated in detail in the follo~dng text. 

8. No scientific prediction of the future practice of weapon tests is possible. 

The Committee has nevertheless considered it informative to study what damage 

continuation of the test practice of the past few years may bring about. As long 

as linear dose~effect relation is assumed with no threshold, each year of testing 

must result in the same ultimate total number of injuries, if the rate of injection 

~f long-l~ved fission products into the stratosphere is the same. It is therefore 

appropriate to compare radiation doses and, where possible, the biological effect 

for one year of each practice that will, whether at the time or subsequently, give 

rise to exposure. 

9. For the total effect is is irrelevant when the exposure occurs} and only the 

total 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 given period. 

; ... 
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(b.) Case of threshold assumption 

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

is necessary to consider whether the sum of' the contributions exceeds the threshold 

at any time. For that reason, estimated exposure~ over appropriate periods of time 

(70 years for the marrow exposure) have been made. (As it may also be of individual 

interest to know when the mutational damage will enter the population at the 

maximum rate, 30-year integrB.l.s of the gonad dos.e have been calculated). 

Assumptions made for the purpose of calculations 

11. The uncertainty and complexity of the calculations may be exemplified by the 

computation of the relevant bone marrow dose due to s;9° from stratospheric 

fall-out, which irivol ves the following steps: 

:J.. Assumption on rate of injection of Sr9°·into the stratosphere. 

2. Assumption of mechanism and numerical expression f.or depletion of the 

stratospheric reservoir. 

3. calculation of the rate of Sr9° fall-out. 

4. Assumptions regarding the geograpbical distribution of fall-out and 

estimate of a population-weighted average. 

5· 
6 •. 

1· 

8. 

9· 

Calculation of the accumulated fall-out deposit. 

Assumption of future influence of weathering. 
. 90 

Numerical assumptions concerning food chain transmission of Sr and 

calculation of the contamination of diet. 

Numerical assumptions concerning uptake and retention of Sr9°. 

Calculation of accumulated Sr9° concentration in bone as a function of 

calendar date and date of birth. 

10. Numeri~al assumption connecting s;9° concentration in bone with marrow 

dose, including assumption on the relative location of sr9° with 

relation to the location o~ activ~ marrow. Assumptions on the size 

distribution of the marrow cavities must be made. ', l '-

11. Assumption regarding. the appropriate dose for estimates of a possible 

induction •. of l,eukemia.i 
•( · ·, -. -. 

j ... 
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12. Assumption on dose-effect relationship and possible weighting factors 

for age, marrow size (m~ss of active marrow) or other parameters of 

biological significance. 

13. Calculation of the appropriate dose rate. 

14.. Calculation of the appropriate individual dose~ 

15. Calculation of the per capita dose due to a certain contamination of the 

environment. 

16. Integration of the per cap~ta dose over all environmental contributions 

due to a certain injection. 

I ... 
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II. TEE FALL-OUT FUNCTIONS 

Mechanism of depletion of the stratospheric reservoir 

12. In Annex D, the assumption has been made that the rate of depletion of 

radioactive material from the stratosphere at any time is :proportional to the 

quantity stored there. This assumption can be formulated as 

F (t) = k • 'Q (t) r 
(1) 

where Fr(t) = fall-out rate :per unit area of the surface of the earth 
(mcjkm2 • year). 

k = time constant of depletion (year -l). 

· Q( t) = sr9° ,(or ci37) content of the stratosphere; expressed 
per unit area of the surface of the earth (mc/km2). 

The yalue of k has been assumed to be 0.1/yr. Values ranging from 0.07/year 

to 0.2/year have been considered possible by various authors·.l,2,3 

13. In addition to the exponential retention implied by the above assumption, 

the follmd.ng bro general equations for the material balance must be used for 

the evaluation ·of the depletion. 

dQ 
dt = n- /\'Q - F/t) (2) 

a.Fd (t) 
-.A'Fd(t) = Fr(t) dt (3) 

where n = rate of injection of sr9° (or Csl37)into the stratosphere,2 expressed per unit area of the surface of the earth (mc/km • year). 

Fd(t._) :::: accumulated deposit of Sr9° (or Csl37) per unit area (mc/km2). 

A = 0.025/year =disintegration constant of sr9° (or ci37). 

I ... 
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l4. F/tL Fd (t) and n in the equations are not local values but averaged over 

the whole surface of the earth. These geographical averages are not relevant for 

estiinates of the biological effects on a specific population (i) or on the whole 

population of the earth. 

local values of F(i) (t) 
r 

Although not used in these calculations, appropriate 

and Fii) (t) might be derived by help of a geographic 

factor Gi(t), such that 

(4) 

(5) 

Th;e geographical factor Gi(t) is given as a function of latitude in Annex D. 

15. A value G( t) appropriate for the whole population of the e!l-rth can be derived 

by averaging through summation over all population N
1

• The present value has been 

calculated as 

_ .~ Gi ( 0) • N. 
G ( 0) = _ ___;,.;;....._ __ 1._ 

> N . 
. ~ 1. 

(6) 

16. It is possible that the local variation of G.(t) will change after the 
. - 1. 

cessation of injection, and that G ( t) may approach unity. However, as the 

geographical variation of the fall-out rate in the future cannot at present be 

predicted, it has been assumed that at any time 

G' (t) :::: 'G (o) ~ 2 

General expressions of the fall~out functions 

17. In the case that the injection rate is constant, it is possible to integrate 

the equations (2) and (3), the general solution for the populated weighted average 

being 

F (t) "" G (t) · F (o) • e-At t G (t) . knA (1- e-Jlt) 
r r 

(8) 
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Fd(t) = G(t) Fd(O)·e-,\.t + ~(t) • -::Fkr'-(o_)_ (e-,\t - e-/ct) + G(t)·~ (! t ;j e-At - e-.1-.t) 
1\ J\. }\_ 

(9) 

where JL = k t A. 
18. In the following F r( t) and Fit) will denote the population weighted fall-out 

functions as derived with G( t) = 2. It will be assumed that t = 0 at the end of 

1958. For that time the following values of fall-out rate and deposit have been 

used (see discussion in Annex D) 

2 = 5.0 mc/km. 

Assumptions with regard to the continuation of weapon tests 

19. In considering pattern of testing two cases have been discussed in Annex D, 

namely 

Assumption (a): The fall-out rate will remain constant and equal to 

F (0). In the case of the condition implied by Equation (1), 
r 

this will mean a constant stratospheric content (mainly due 

to large initial injections), maintained by a compensating 

constant injection rate that must satisfy the relation 

- ( ) 1\ n = F 0 • -=:.:::.... a r k 

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 

(10) 

(11) 

20. With the values assumed fork,), J Fr (0) and Fd (0), the two injection 

rates will be 

/ ... 
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Particular expressions for specified intervals of time 

21. Full dose calculations require complete information on the fall-out functions 

for any time. It is necessary to consider separately the following three intervals: 

(A) Period before end of 1958, 
(B) Period between end of 1958 and the 

time of cessation of injection, 

(C) Period after time of cessation. 

(A) Period before end of 1958 
22. Neither of the assumptions (a) and (b) describes the actual fall-out during 

the period before the end of 1958. To simplify the calculations, the fall-out 

before 1954 will be neglected, and a linear increase of the fall-out rate will be 

assumed after an initial large injection 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 linearly from 0.5 mc/km2 • year in early 1954 to 1.5 
r 

1.5 mc/km • year at the end of 1958. This implies that Fd(t) did not rise linearly 

but according to a second power expression from 0 in early 1954 to 5 mc/km2 at the 

end of 1958, i.e. 

F (t) = G . F (t) = G . (1.5 t 0.2 t) r r (12) 

(13) 

(t..(o, t = 0 at the end of 1958) 

As the corresponding contribution to the dose is small compared with the 

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

the dose computations. 

; ... 
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li 

(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) an~ (9) are valid. The calculation will be carried out for the 

two assumptions (a) and (b) assuming the value of na and~ given above. The 

equations can be rearranged to read 

F (t) = G . knA- G . (kn- F (o) ) • e-Jlt (14) 
r ./L r 

- 1 kn - n Fr(o) At n Fr(o) 1).·t 
F(t)=G·-·-+G•(ii- ) e- -G·(-;;-- k -Fd(O))·e·r\ (15) 

d /1 .II. J'- k 1'1 

(c) Period after.cessation of injection 

24. If all injection is ceased at a time t = T, the fall-out functions ~11 for 

for all subsequent time be 

F/t) = :0: • Fr(T). e-./Let - T) (16) 

Fd(t) = G • (F (T) + !.F (T) ) • e-A(t- T)- G • 1. F 1(T)· ·• e-A(t- T) (17) 
d k r k r · 

Summary 

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

k = 0.1 I year 

A = 0. 025 I year (for both sr9° and cs137) 

Jl = 0.125 I year 

n = 1. 875 rnclkm
2 

• year a 

~ = 4.25 mclrom
2 

• year 

'G = 2 

F (o) = 1.5 r 

Fd(O) = 5 

I ... 
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26. The fall-out functions (giving the magnitudes in the same units as F ( 0) and 
r 

F d( 0) above and assuming the time is measured in years) will accordingly be 

simplified to 

(A) t< 0 F {t) = 3 T 0.4 t 
r 

(18) 

(19) 

(B) o<t<T .Assumption {a): 

(20) 

(21) 

Assumption (b): 

Fr( t)_ = 6.8 - 3.8 • e-0 •125 t (22) 

Fit) = 272 + .38 • e-0.125 t - 300 • e-0.025 t (23) 

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

20 and 30 under both assumptions (a) and .(b). In all cases, the expressions are 

of the type: 

Fr(t) = canst• e-A(t - T) = s
1

(T) • e-0 •125 t (24) 

Fa< t) = s2( T). e-0. 025 t- s3( T) • e-0.125 t 

where the constants si (T), s
2

(T) and s
3

(T) have the following values 

I ... 
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Assumption (a) 

Assumption (b) 

case 

T = 0 

10 

20 

30 

T = 0 
10 

20 

30 

sl 
(T) 

3 .• 000 

10 .• 47 

.36 .• 55 
127.6 

;.ooo 
19.93 

79-04 
285.4 

62 
(T) (T) 

83 

4o.oo ,30.00 

82.60 104.7 

137-3 ' 365-5 
-

207.6 1276 

40.00 30.00 
136.6 199-3 
260.6 790.4 

419.8 2854 

27. Figures 1 and 2 show the functions Fr(t) and Fd(t) respectively. 

I .. . 
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III. GONAD EXPOSURE 

Dose-effect relationship 
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28. The genetic effect of exposure from fall-out will be estin:ated on the 

assumption that the dose-effect relation is linear without threshold, and that 

all gonad dose contributions throughout the reproductive years are additive. 

29. For the following calculations a model ·population (of constant size P) 

has been considered, where the _age of breeding is 30 and the age of death 

70 years for all members.* 

30. The number of individuals affected subsequent to a certain gonad exposure 

will 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 mean gonad dose to the reproductive fraction of 

the population. A dose increment i; D vdll result in ;) N individuals affected 

in the future, computed as 

31. 

= K • P • llD g 
(26) 

The genetic dose-effect constant K can be derived from estimates 
g 

of the representative doubling dose B
2 

adversely affected births (see Annex H). 
and the current fraction (f) of 

In genetic equilibrium-the 

doubling dose, if received by every individual from conception to age 30, 
will give rise to fB affected births per year where B is the birth-rate. 

I 

As B is approximated by P/70, the relation between rate of introducing 

affected individuals and the rate of population exposure will be 

dN = 3 
dt 7 f • p • 1 dD • . , .. dt j).-

2 

(27) 

* In the follm1ing calculations the ratio of the "treeding to the total population 

~ppears. 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 populations that are 

today already relatively constant (nold11 in the demographic sense) 1 the ratio 

dcee not differ appreciably from 3/7, as can 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 

as a result. of any dose increment C) D, the total subsequent number of 

affected individuals will be 

3 SN = 7 . f • p 

and, theref~re, the constant for the model population is 

K· = g 
2 
7 

f 
1 -l rem 

(28) 

(29) 

32. In the case of stratospheric fall-out, the gonad exposure. will be 

extended over many decades · even if the injection is ce~sed now. Each year 

of injection will give rise to an extended exposure, i.e. will imply a certain 

dose commitment. For calculation of the total number of genetically affected 

individuals over subsequent years (N ) the appropriate dose related to any 
g 

pattern of injection is the infinite time integral of the mean gonad dose rate 

for all individuals of reproductive age. If this dose is denoted Doo 

N = K 
g g 

P • Doo (30) 

provided that the population remains constant. 

33. If the fraction of annual births affected as a result of spontaneous 

mutation is taken to be in the range 

. f = 1 - 4% {Annex II) 

and the doubling dose is taken to be in the range 

n2 == 10 - 100 rem, 

then the value of the genetic dose-effect constant lies in the range 

Kg = 4; -1 - 1,710 rem per million 

I ... 
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Gonad exposure from stratospheric fall-out 

34. Both stratospheric and tropospheric 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 a constant 

annual contribution over the time duXing which this injection is maintained 

constant. This will be discussed in a later section. The stratospheric 

fall-out that contributes to the gonad exposure is assumed to be mainly 

Cal37. The fall-out functions derived i~ part II of this paper can, 

therefore, be used as the basis for the dose computation. The gonad dose 

from cs137 will result from both external and internal exposure. 

External contribution 

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

the source is a deposit on an infinite plan 

where 

dD 
dt = k s B 

k = dose rate2from primary radiation 
per mc/km 

S = body shielding factor~ 0.6 

mrem/yee:r (31) 

= 0. o8 mrem/year 

B = build up factor :: ratio total/primary radiation dose rate ~2 

Fd(t) = deposit of Csl37 mcjkm2 assumed equal to Fd(t) for Sr9°. 

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 
. 4-

correction, factors between 3 and 2l have been suggested 7; 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 

Fd(t) mrem/year (32) 

j ... 
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Internal contribution 

38. Cs137 is taken up and excreted fairly rapidly by the body, but is 

poorly taken up from soil by plants. Therefore, both the contamination of 

food sources and the concentration in t~e human body have been assumed to 

be proportional to the fall-out rate, i.e. 

F (t) 
r (33) 

39. Experimental data on the body burden of Csl37 indicate that the 

average gonad dose rate amounted to 1 mreru./yea:r in the United Kingdom and 

the United States during 1956 and 1957.8,9 As the average fall-out rate 

over the two countries was about 3 mc/km2 .year (Fig. 2, Annex D) during these 

years, it will be assumed that ~ = 0.3 mrem/year per mc/km2 .year. 

Formulas for dose-rate in the gonads 

40. From the above assumptions it follows that the gonad dose rate can 

be written 

dD 
dt = g 

i 
t g 

e 
(34) 

where the constants have been taken to be : gi = 0.3 mrem/yea:r per mc/km2 
· year 

and g :: 0. 01 mrem/ year per mc/k:m 2 • As the functions F ( t) and Fd( t) e r 
representing population weighted averages are used, the dose-rate will 

be applicable for computation of the appropriate value of D
00 

for the 

whole population of the earth. 

41. With the assumed values of the constants gi and ge the following 

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

time in years) • 

(A) t < 0 

(B) 0 < t<T 

1.00 t- 0.15 t t 

Assumption (a) 

9D dt ~= 2.1 - 1.1 ~ 
-0.025 t e 

(35) 

(36) 

I ... 
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Assumption (b) 

~ ~ 4.76 - 0.76 • e-0.125 t ~ 3.00 • e-0.025 t (37) 

(C) t /T 

where the constants c1 (T) and c2(T) have the following values 

case c1_.(T) .c2(T) 

Assumption (a) T : 0 o.6ooo o .• 4ooo 

10 2.094 0.8260 

20 7.310 1.373 

30 25.52 2.076 

Assumption (b) T : 0 0.6000 0 .• 4000 

10 3.986 1.366 

20 15.81 2 .• 606 

30 57.o8 4.198 

42. Figu;r:-e 3 gives curves shm·ling the variation of gonad dose rate 

with time. 

(38) 

/ ... 
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43. The infinite time integral of the gonad dose rate has been calculated as the 

sum of the dose contributions DA (t<.O), DB (O<t(T), and DC (t)T). The 

following table gives the contributions in mrem: 

Table I 

Infinite time integral of gonad dose rate (mrem) 

Assumption (a) Assumption (b) 

T = 0 10 20 30 0 10 20 30 

DA 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 

~ 0.0 11.3 24.7 39.8 o.o 16.7 42.4 73-5 

De 20.8 30.5 39.1 44.0 20.8 51.7 73.6 90.1 

Total 24.0 45.0 66.0 87.0 24.0 71.6 119.2 166.8 

Diff. 21.0 2l.O 2l.O 47.6 47.6 47.6 

44. Table I shows that each year of injection implies a dose commitment of 

2.1 mrem on assumption (a) and 4.8 rorem on assumption (b). These figures can 

also be derived from e~uations (36) and (37) as e~uilibrium values. 

30-year integrals of gonad dose rate 

45. As it may be of individual interest to know when the mutational damage 

will enter the population at th.e maximum rate, 30-year integrals n30 of the 

gonad dose have been calculated. The variation of n
30 

with time of birth is 

show.n in Figure 4. 

j ••• 



20 

10 

0 
(1959/1959) 

50 l<lo 150 ye 

mttHl~lfFP.:'J:l:IUC: n:tr:t~ 
~rrne~!:r;; : T: 'i- ':~lli: 

.:::Jii:it; :; :hi:.: '! :'· 
::j I!J i; :;i; d;: : l:,i r:n rP ~ 
!:t ,, ;: ' ·;:~:_::: ·:.: :;:: m 
,,--: ::; ;::'ti'i ::-iii! "If 
[:l:;r, ::;; i:L : ::~: :~:hilt; 

.unq1:;:v J:J,~~ udfi 
·c- , ·~ 

:.o assumption (a) 

11. at 63 mrem 

-~·~;!: 'iU:: pd: ; ::;'IH# 
li:tr ·li:[!iJlfl!;r~: ;U -~~ 

li! i ill ~! ' :Ci .!i 

'i ill.; 

time or birth 

-



A/ AC.82/INF .3 
English 
Page 25 

46. Maximum values of n
30 

can be derived from Figure 4. The maximum values in 

the case where 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 maximum values of n
30 

are given in Table II. 

Tests ceased 

Table II 

Maximum values of n
30 

Assumption (a) Assumption (b) 

To of at end of n
30 

(mrem) ~ of 
equilibrium 

n
30

(mrem) equilibrium 

T = 0 1958 15 24 15 10 

10 1968 27 43 42 29 

20 1978 36 57 66 46 

30 1988 42 67 82 57 

co - 63 100 143 100 

Contribution from tropospheric fall-out 

47. Although the mechanism for depletion of the stratospheric reservoir of 

radioactive fission products is not known, the future fall-out has been estimated 

in the preceding paragraphs, assuming an exponential retention. As it is likely 

that the time constant is smaller than mean radioactive life of the most important 

isotope, Cs1 37, this assum~tion will not critically affect the estimate of the 

infinite time integral of the gonad dose rate. As the maximum 30-year gonad dose 

will be received by individuals born during the decade 1950-1960, this estimate 

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

I ... 
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48. Inthe case of' tropospheric fall-out, on the other hand, the assumption on 

the fall-out mechanism will critically 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-weighted average for the whole of the earth, certain 

geographical variations 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 this rate. 

49. It may be assumed that the presently observed level of' tropospheric fall-out 

deposit represents an equilibrium of the most significant isotopes. 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 meteorological 

conditions. 

50. The main source of uncertainty in the _computation of a population-weighted 

average from the tropospheric fall-out is tbat not even the present geographical 

distribution is sufficiently well known. However, local high values of deposit, 

which must be considered in all cases where a thr~shold assumption may be valid, 

have no relevance in the estimate of genetic effects to the population as a·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/kri, the annual population 

weighted gonad dose is of the order of some tenths mremD7B. It must be emphasized 

that this estimate is much more uncertain than the estimates of the dose 

distributions from stratospheric fall-out. 

I~ternal exposure 

52. Assuming an air concentration of fission products at ground level of 

10-l5 c/1, the annual gonad dose from inhaled radioactive material has been 

estimated as 0.1 - 0.2 mrem. Fe'W data are available to permit an estimate of 

the gonad exposure from short-lived fission products taken up with food. As a 

gamma exposure comparable "With tbat from Csl57 in the body tissues woUld be 

I ... 
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detectable in lvhole-body gamma spectrography, the lack of evidence for such 

concentrations of short-lived gamma emitters might be taken to indicate that the 

total internal exposure gives less than l mrem/year. 

To:tal gonad dose from tropospheric fall-out 

53. Because of the scant information, the estimate of the total annual.gonad dose 

from tropospheric fall-out is very uncertain. It will be assumed here that this 

contribution is 0.5 mrem as an average for th~ world's population. As tropospheric 

fall-out wdll disappear when the injection is ceased, the resulting dose-rate is 

maintained only during the injection period. 

54. An annual dose of 0.5 mrem during the period of injection implies a dose 

commitment of 0.5 mrem per year of injection to the troposphere at the present 

rate. 

Summary tables 

55. Tables III and IV show the combined contributions to the gonad exposure 

from stratospheric and tropospheric fa~l-out. The result is given as a dose 

commitment per year of injection, as defined in paragraphs 8 - ~. 

Table III 

Dose commitment at certain injection practices 

Dose coromitment (mrem) Total 
Stratospheric Tropospheric (mrem) 

fall-out fall-out 

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 

I 

As a result of test 
until the end of 1958 24 2.5 27 

I ... 
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I 

Assumption ~a): 

Tests ceased at 
end of 

Tests continue 

Assumption (b): 

Tests ceased at 
end of 

Tests continue . 

1958 

1968 

1978 

1988 

1958 

1968 

1978 

1988 

Table IV 

Maximum 30-year gonad dose 

30-year dose due to: 

Stratcsperic Tropospheric . Total ojo of 

fall-out fall-out equilibrium 

{mrem) (mrem) (mrem) 

15 2.5 18 23 

27 7·5 35 45 

36 12.5 49 63 

42 15 57 73 

63 15 78 100 

15 2.5 18 ll 

42 7-5 50 32 

66 12.5 79 50 

82 15 97 61 

143 15 158 100 



Contribution from carbon-14 

A/AC.82/INF.3 
English 
Page 29 

56.~ When the total dose to which the human population has been committed over all 

time by weapons tests up to date is examined, it is necessary to consider also the 

contribution by an increase of carbon-14. It bas been reported by Rafter and 

Fergusson, 
10 

working in the latitude of New Zealand, as -vrell as by others in north 

temperate latitudes,11 that the ~4 content of atmospheric carbon has been increased 

by a fraction between 5 and 10 per cent since 1954, presumably because of nuclear 

test explosions. There is reason, since values from vddely differing latitudes 

agree, to suppose that this increase applies to the lower atmosphere as a whole. 

There are also indications10 that equilibration of this excess ~4 vdth the carbon 

of. surface ocean water is ~uite rapid. 

57. It is reasonable to suppose that the excess ~4 will, in a time short compared 

1dtb the half-life of c,14 come into equilibrium with the total biospheric pool of 
12 carbon, which exceeds the atmospheric carbon by a factor of about 60, if oceanic 

inorganic carbon is included, and the possibility of long term exchange with other 

inorganic carbon is disregarded. It vrill be assumed that the present partition 

between stratosphere and troposphere of ~4 formed in tests of nuclear weapons is 

similar to that of Sr9° and cs137 'Hhere the stratospheric content Q = F ( 0 )/k = 
2 o r 2 

15 mc/km as an average over the surface of the earth, and Fd(o) = 5 mc/km • This 

leads to the assumption that onJ.y l/4 of the total amount of ~4 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 2/3 per cent in the total biospheric c14 is to be expected. The 

present ~4 has been estimated (cf. Annex B) to contribute a gonad dose rate of 

about 1.5 mrem/year. Hence the increase will be very small - about 5 - 10 prem/ 

year - . but, because of the 5,600-year half-life of ~4, the total dose commitment 

will be the e~uivalent of this additional rate continued for 8,000 years. This 

wi,ll amount to some 40 - 80 mrem. 

59. Most of this dose 1dll be delivered so far in the future, that it is difficult 

to weight it properly for a comparison with the same dose delivered within a much 

shorter period. For this reason, the dose commitment due to c14 is considered 

here separately, and is not added directly to those which are delivered W'i.thin 

relatively short periods, comparable vdth the human life-time, although it may 

well come to exceed them. 
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60. Aside from the direct effect of beta r.adiation there is possib~ an eff ect 

due to transmutation of ~4 contained in the deoxyribonuclei~ acid of hereditary 

material, but the .magnitude of such an effect has not been experimentally · 

determined. 

I ... 
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61. The exposure of the bone marrow will be evaluated in the light of the 

:possible induction of leukemia. Two assumptions will be treated in :parallel 

because they give extreme results rather than because they are more likely than 

other assumptions. For both it wilJ. be :postulated that the effect does not 

de:pend u:pon rate of exposure or fractionation of the dose. Any recovery has 

thus been disregarcled. The assumptions are: 

(A) There exists a threshold of the releva.E.t dose, and 

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

Thresholcl case 

62. Where the existence of a threshold is assumed, it is appropriate to examine 

whether the highest exposure gives rise to a dose exceeding the threshold value. 

If this is not the case, the margin of safety can be estimated, i.e. it is 

:possible to say by bow much the mean exposure level can be increased before the 

threshold is exceecled. For this :pur:pose, even if the average dose in a 

population is calculated, the s:pread around this average also needs to be 

assessed in some way. 

63. The relevant dose (in the case of the threshold assumption) will be taken 

to be the 70-year mean marro1-r dose, averaged over the whole of the active marrow. 

This dose may not be relevant when only :part of the marrow is eJq:iosed, but as 

the long-term marrow exposure due to fission products incorporated over a long 

:period in the bone is fairly uniform, the 70-year mean marrow dose vTill be used 

here for the pur:pose of com:putation. 

64. The true relevant dose may be the maXimum dose to active marrow cells, 

wherever it occ..urs • However, no exposures can occur in bone marrovr longer than 

over the life-time, end the 70•y€~r ~ose is therefore ado~ted here in the 

absence of proof that a shorter period is appropriate. 

65. If the total energy of the Sr90 bod.y burden equivalent t.o l ppc sr90 /g of 

calcium is assumed to be diasi:pated in 7,000 g of bone, the average dose rate 

would be 2.64 mrem/year. It will be assumed here that some of the energy is 

delivered to the 1,500 g of reel bone marrow but the energy delivered to the 

/ ... 
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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 

0.6 and 0.9 mrem/year respectively.l3,l4 Assuming that spongious bone 

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 respectively (cf'. Table V). 

Table V 

Mean and maximum dose rates
9
bn mrem/year for chronic ~oisoning 

with 1 p.p.c Sr per gram of calci!Jllll3-

A. Uniform labelling B. Uneven distribution 
factor 101 2 

Maximum Mean Maximum Mean 
Bone marrow ,.o (1.a) C5':"6 5-9 (3.b) Q.b 

SIJongious bone 1.7 0.9 ;.4 0.9 

Compact bone 2.7 2.7 5·4 2.7 

Compact and 
spongious bone 2.7 2.5 5·4 2.5 

Figures in brackets give the maximum bone marrow dose inside spongious bone. 

66. In considering the maximum dose rates for cases A and B the geometrical 

distribution of the uniform labelling is the only factor which has been taken 

into account.13 For bone marrow the maximum dose rate ~Till be obtained within 

Haversian systems inside cpmpact bone. The difference between the values 2.7 
and }.0 in table V represents a difference in stopping power. The maximum 

values due to uneven distribution are based only on differences in mineralization 

between regions with linear dimensions of the same order as the y9°JS-~e. 
The influence of microscopic changes in the mineralization has not been allowed 

for, yet it is believed that this is relatively unimiJortant, most probably less 

than a factor of 2. The ratio of maximum to mean marrow dose will be about 10, 
which includes the factors 2, for uneven distribution of the sr9°, and 5, for 

the increased dose-rate in enclosed cavities. 

; ... 
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67. Knowledge of the threshold level would imply evidence in support of the 

threshold'theory. No such information exists, and all that can be said from 

the available data is that a possible threshold may lie anywhere between 

0 and 400 rem.15 

Case of non•threshold, linear dose-effect relation 

68. On the alternative extreme assumption that.no threshold exists and that 

the dose-effect relation is linear, the number of ~ersons who 'dll develop 

leukemia after a certain marrow exposure can be estimated as the product of 

the ~opulation involved (which will be assumed to be constant) 1 the appropriate 

dose and a dose-effect constant. The appropriate dose is the per capita mean 

marro,·r dose, ~<There "mean marrow dose" denotes the average dose over the whole 

mass of active marrow. An increment &~; of the per capita mean marrow dose 

will be assumed to result in a number bN of leukemia cases in the future, 

computed as: 

bN :. IS. • P • bD (39) 

where P is the population and ~ the dose-effect constant for induction of 

leukemia. 

69. An estimate of the dose-effect constant for induction of leukemia can be 

made from the present data on number of occurrences following a certain expostire 

(see Annex G). It will be assumed that a single exposure of 1 rem to the entire 

red marrow vdll result in 1.5 annual cases per million exposed for a ~eriod of 

15 years follovdng the exposure,* The total number of cases is therefore 

* If the risk of developing leukemia is not limited to the first 15 years 
follo~g the exposure, but maintained at constant value throughout life, 
the increment dNk will be different for each age•group k of the population 
exposed to a dose dD. The corresponding dose-effect factor -would be 
1.5 (70 -1." k) rem-1 per million where?.: k denotes the age at the time 
cf exposure. However, the available data se~ to indicate a decrease of 
the annual rate of incidence after 10 yearsl6,17 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 million, 
which difrers from the assumed factor only by a factor of 2.3. 



A/AC.82/INF.3 
English 
Page 34 

23 per million exposed, and 

K1 = 23 rem·l per million 

This f'actor can be applied to all individual a having a lif'e 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 a. whole. 

Marrow exposure from stratospheric fall-out 

70. In the case of stratoa.pheric fall-out, the most important source of marrow 

ex:posure is strontium-90 incorporated in the bone. There is also a. marrow 

ex:posure from c_aesium-137, both external and internal. The marrow exposure 

from cs137 varies with time in the same way as the gonad e~sure from this 

source, and is approximately of the same magnitude. It is therefore described 

by the curves in figure 3. As it amounts to only about 5 per cent of the 
90 . 

marrow exposure from Sr 1 it will be disregarded in the follo~Ting estimate, 

and the marrow dose f'rom sr9° will be taken as the only significant contribution 

from stratospheric tall-out. 

71• The s~0 marrow exposure differs from the Csl37 gonad exposure not only 

in magnitude but also in the distribution over time. The gonad exposure is a 

function of the f'all-out rate and deposit at the time of exposure, since 

Cs137 is fairly rapidly excreted~ Because of the long retention of Sr90' 

however, the marrow will. be exj;losed over a long period of tilne following the 

uptake, and the relation between the fall-out functions and the marrow exposure 

at a certain time is relatively complicated. 

Total bone burden of' strontium-90 

72. The relationship between the sr9° body burden of the :population and that 

of the dietary has previously been approximated (Annex D) by assuming that all 

of the calcium in the body will at any time have a strontium burden reflecting 

that of the dietary. This is obViously an overestimate, but is probably not 

in serious error for younger individuals because of the time pattern of sr9° 

contamination. A more rigorous and general evaluation is possible from 

I ... 
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mathematical consideration of rates of calcium and strontium accretion in relation 

to the projected time-~atterns of Sr90/ca ratios. Such treatment provides two 

advantages: (a) more realistic value for the sr9° burden is forthcoming and 

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

Sr90 /Ca ratios 'With time that :Permit estimations of mean marrow doses. 

73. Sr90 is taken up by the body through food-chains • The change in the 

ratio Sr90/Ca during each step fro.m soil to bone is often described by the help 

of discrimination factors, but for the purpose of these calculations the rate 

of Sr9° uptake will be assumed to follow the empirical expression (see Annex D): 

where c( t) = ratio Sr90 /Ca in the minerals entering bone 

ar and ad = constants with different values for various 
food-chains .• 

(40) 

74. Equation (40} makes it possible to determine the quantity (q) of Sr90 that 

is incorporated in the bone at the same time as a certain mass ( o{) of calcium: 

q(t) : c(t) • (){ (41) 

In the follOWing q and ~ will denote the rate of incorporation of sr90 and 

calcium respectively. The ~rate of increase will depend on the rate of 

turnover of earlier incorporated material. 

75· By using an empirical formula of the tY:Pe (4o) that may be extra~olated 

over a hundred years, the bone burden of sr9° can be computed by help of c(t) 

and a number of assumptions on the calcium and strontium metabolism. It will 

be shown that the final result, in form of the infinite-time integral of the 

dose-rate, or the maximum 70-year dose, does not de~end critically on the 

assumptions about the metabolism of bone (see paragraph 101). 

76. The rate at which dietary ca and Sr9° enter the skeleton depends on 

several processes the most important of which are formation of new bone mineral 

and resorption of existing bone mineral. For the system under consideration the 

processes of surface exchange of.ions between bone and blood can be neglected. 

The uptake of calcium can then be 'tpproximated by equations based on the difference 

between rates of accretion and resorption. 
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77. Evidence is available as to the way in which the human body content of 

calcium increases with age. 17 This evidence may be adequately approximated for 

the purposes ef these calculations by assuming that the body calcium increases 

linearly with age from 6 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 a.t 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 varying 
. h 18-21 . i in compl~ty ave been proposed. The simple model descr1bed below s 

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) 

dB("t) = 0( - k (t) · B(~) = const. = A 
dT" 0 /"' 

where B('C) =fl'G, and 0( :;() + k
0 
(~) • B('t) =J3 (1 + k

0 
't) 

C't) 20 years) 

dB('t") :0(-k ((;) • B('t') =0 
d"(;' 0 

where B(Z) = const. = Ba,, and 0( = k
0 

(c) • Ba. 

The symbols are: 

a( = rate of total calcium accretion, 

k
0 

('t') = fraction of calcium turned over per unit time, 

/3 = constant net increase of calcium per unit time 
under age 20:, 

B('"G) =mass of bone calcium at age?;, 

Ba =mass of bone calcium in a.n adult. 

(42) 

.(42a) 

(43) 

(.43a) 
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79· No satisfactory evidence is available as to how the fractional calcium 

turnover rates vary with age in man. The changes in tu:rnover rates could possibly 

be represented by power functions, exponential. functions or series of exponential 

functions. However, there are no data that permit mathematical. treatment. It 

is necessary then to determine holr different values of the turnover rate w:i.l.l 

affect the results obtained. 

80. In the general expression 

dB = ~ - k ( Z) • B ( '() d 0 

it is useful to consider two extreme values for k 
0 

(44) 

(I) If' k
0 

: oo., an infinite amount of calcium is taken up (and turned over) 

per unit time. This implies that the bone is continuously in complete 

equilibrium with its environment, and the apparent concentration of sr90 in bone, 

s( t, 1:), is at any time 

s( t., 7 ) ::: c( t) (45) 

(II) If k
0 

= o, calcium is acquired only during the period of growth, at the 

rate j3 , and then retained during the life-time. 

81. As any retention curve can be approximated by a series of exponential 

functions which represent various fractional turnover constants, the result 

obtained with these expressions may be expected to fall somewhere between the 

limits set by the extreme cases (I) and (II) • As these extremes will be shovm 

to give quite similar results, more accurate assumptions do not seem to be 

called for. 

82. Vlhen assumptions for the calcium metabolism have been made, the bone 

burden of Sr9° can be calculated from the equation 

dQd ~?) :: q- ~ • Q('-~) 
(.. 

where q a uptake of sr9° per unit time ;; c( t) •o( J 

k_ : fraction of sr9° tu:rned over per unit time, k... : k,.. + 
-.1. ~ ~Jl' 

Where kSr is the biological turnover factor and 

j\ is the radioactive decay constant, 

Q( ,y ) - ' t 1 t f 0 90 . b . t.. - <,o a an:cm1 0 <.Jr m one. 

(46) 

/ ... 
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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 k
1 

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 introduqed.hereby will be estimated. 

84. The apparent concentration of sr90 in bone, i.e. the ratio s( t, 't) = 
Q(t, 0 )/B( t'), can now be computed by integration of equation (46), assuming 

that also k is constant. 
0 

((;' < 20 years) 
'( 

~~- J. kr 
s(t, 't) :_ e · l. c(t). (1 t k "'C). e d <:: 

t;' 0 

( G ) 20 years) 

t- r {; 
s(t,·t') = e -k} lL. c(t). (1 t k "(). e~ d't 

20 ° 

Enmirical formulas for c(t) 

+ k • 
0 

(47) 

-(t: k -r J 
2
d c(t) · e 

1 
d"G (48) 

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-out rate dependent ter.m 

can be disregarded in long term extrapolations. Hence the following equation 

will be used: 

(49) 

86. In Annex D (paragraphs 118-120), data and constants have been developed that 

relate the accumulated fall-out deposit of Sr90 to the sr90/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 Sr9°. The 

constant 5!. can be derived from the Sr9° /Ca ratio in the two diets and the 



~ 
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discrimination factor milk-bone to give the Sr9°/ca ratio in the new material 

incorporated in bone.* 

(1) For a milk diet: 

'1-i = 0 .15 Jl)lC sr90 I g Ca. per mclkm
2 

(2) For a rice diet: 

UR = c. 9 )l)lC sr9° I g ca per mc/Jsm
2 

Marrow dose rate 

87. The mean marrow dose rate will be proportional to the apparent concentration 

of Sr9°, s(t;"i;' ): 

dD (t/t) = 'i. s(t,'(;') 
dt u (50) 

The proportionality factor 6 will be taken to be o.6 mremlyear per strontium unit, 

"t~r..ereas the dose-rate in the bone will be taken to be 2.5 mrem/year per strontium 

un;i t ( cf. paragraph 65 ) • 

88. The uncertainty involved in the estimate of the best value of the dose 

constant 0 is due mainly to lack of information on the location of the bone 

strontium with respect to the active marrow, the difficulty of calculating the 

actual dose distribution from the information of the strontium distribution, and 

to uncertainty with regard to the size distribution of the marrow cavities. 

* This constant gives the Sr9° ratio 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 sr90 and ca are excreted at the same rate. If 
this is the case, the ratio of the fractions that are retained for longer 
periods will remain the same, and equations ( 41), ( 42 a) and ( 4 3 a) will still 
give the amount of sr90 that is taken up to be incorporated in bone :)Ver 
long periods of time. If this is not the case, c(t) should denote the sr9°jca 
ratio of the more firmly incorporated material. In the latter case, the 
constant a will have lower values if sr90 is excreted more rapidly than 
calcium. 

I ... 
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89. As the dose rate is a function of date of birth as well as of calendar date, 

it cannot be represented by a single curve for each assumption on injection 

practice. In the following sections, the infinite time integral of the per capita 

mean marrow dose-rate will be calculated so as to give the dose commitment for each 

practice: the maximum 70-year integrals will also be computed, so as to indicate 

the margin of safety in the case of the threshold assumption. 

In;[ini te time integral 

90. The dose commitment for· a certain injection practice can be calculated as the 

infinite time integral of the per capita mean marrow dose rate. In the following 

the dose commitment has been assessed by help of a different ap~oach, considering 

the effect of an infinitesimal uptake of Sr9° at a certain time. 

91. The sr9° taken up into bone during an infinitesimal period dt, at time t 

can be expressed by 

dQ = 0<... .• c(t)dt (51) 

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

retained 

dQ(u,?:). = dQ. (u, u) • e-~(c- u) (52) 

92. By integrating the dose rate caused by this retained Sr9° 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 t: 

dD (u, t) = Fm(u) D · c(t)dt (53) 

The dose increment factor Fm( u) for individuals with an expected life span of m 

years will be shown to be (see paragraph 97) 

Under age 20 years F (u) = m 

Over age 20 years F (u) = m 

o< . • (l - e-ki{m - u)) 

~ Ba 

ko ·(l _ e-~(m ~ u)) 

kl 

(54) 

(55) 

I- - -



l 

« In the general case ---B = k ·o 
• B( u) + £]_ and with the 

B B a a o< 1 a 
bone growth -B : 20 (1 + k u), 

a o 
for u( 20 years. 

A/AC.82/INF.3 
English 
Page 41 

simplified linear model of 

93. The value d5 of the life time dose increment averaged over the whole population 

subject to the uptake during the period dt at time t can be calculated as 

dD{t) - ~ r dD du - 't- c (t) dt • Fm (56) 

where 

(57) 

94. With the average dose increment factor F known for a population where the m 
mean life is m years, the dose commitment for an injection practice causing the 

contamination c( t) can be calculated as 
+rn 

:::::: F 
'ID ~·! c(t) dt. 

- o: 

(58) 

95. The dose increment factor F·(u) is given in figure 5, assuming the accretion 
m 17 

of skeletal calcium reported by Mitchell et al. The biological interpretation of 

the factor is discussed in the text to the figure. The average values F
70 

for a 

model population where every member lives to age 70 years are indicated in the 

diagrams. It will be shown that F is not critically dependent on either the rate 
m 

of calcium and strontium turnover or the mean age of the population. The simple 

linear model for calcium accretion under age 20 years would give results indicated 

by tbe broken lines on figure 5. 
.) .-_ . .; . 

-, ·, 

,_; [_. 

; ... 
' 
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(d) k ~ k_ a 0 · o -sr 

f2,n. 

1 • .5 .. 

'• 

: ,t 

i . 

. } . 
. li> ·. 

i!i ' 
~ ·~- .. <.·===- 160 :!~ 1 .~. 

.or .. ~!. 
iflf 

Ifil l I 
a) Extreme case of instantaneous · equll.iOri'lllll between bone and envirollJIIental 

Sr90 • with infinite turnover constant. Note t.he high dose this would 

give to the adul.t. 

b) Biological llalf. life for Sr assumed to be 1 years. (ksr .. o.l/;rear) • 

c) Biological balf life for Sr aesumsd to be 50 ;rears (kgr .. O.OU/year). 
Note the increasing importance of uptake and retent.ion in chUdhood, 

and the reduced uptake in the adul.t. 

- -- · - · · · · · ···-- -- - ---
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96. The formulas (54) and (55) have been derived on a specific assumption about 

the significance of the exposure of marrow in children. On the non-threshold, 

linear dose-effect assumption, the mean marrow doses must be weighted for mass of 

marrow. The following two extreme cases have been considered, namely 

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

(2) Weighting of the child dose in proportion to the mass of bone. 

As there is more marrolr in proportion to bone in a child than in an adult, the 

case {2) will give an over-correction, and the true result can be expected to lie 

between the two cases (1) and (2). The influence of marrow weighting is 

illustrated by figure 6. 

I ... 
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97. In the case that the marrow is l·Teighted in proportion to the mass of bone, 

the formulas (54) and (55) can be deriyed from (5~) where dD(u, t) is the integral 

of the dose-rate caused by dQ(u,~) over the balance of life: 

J
m 

dD(u, t) = 
u 

~'t (dD) d ~ (59) 

and 

d 
d(;' (dD) (60) 

The integration gives 

u< 20 years : dD(u,t) ~ )(. c(t) dt • ( 
-k (m - u) ) 

1 - e 1 (61) 

u ) 20 years dD(u,t) (62) 

98. In the case that no marrow weighting is made, the formula ( 60) must be 

replaced by the fo11mdng expression for u( 20 years 

d 'I rY 
d't' (dD) = B (?:) • dQ (u, (,) (63) 

which with the simple linear model of bone grovnh leads to 

u < 20 years dD(u,t) ~ '( • c( t)dt • (l + k
0
u) { ekl u [E1 (~ u) - E1 (20~~ + 

+ 2~ (e-~(20- u) _ 0 -k1(m- u) )} (G4) 

where E. denotes the exponential integral. 
~ 

I ... 
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Accordingly the dose increment factor will be 

+ l ( -k1(20- u) -k_(m- u) 
20 ~ e - e ~ (65) 

The influence of the marrow weighting is show. in figure 6. All other diagrams· 

have been derived from the formulas (54) and (55) and not from (65), i.e. they 

illustrate the marrow-weighted case. 

99. Figure1 7 shows the dose increment factor F ( u) for the s:pecial case that 
m 

k = k8 = o. 014 and various values of the expected life (m). o r 
100. Figure 8 shows how F ( u) will be affected in · the case the turnover of m . . 
strontium is more rapid than that of calcium. 

101. Figure 9 summarizes the results by showing how the average dose increment 

factor F varies with the turnover rate of calcium and the ex:pected life in a 
m . 

:population. The variation is a:pparently very limited, ranging f rom 0.5 to 0.8 for 

likely values of k and m. 

I ... 
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Figure 7. The variation ·'of the dose increment· factor Fm(u) 

with the expected life span (m), assuming a biological half tc~ ,_;::t-= 

life or 50 years for strontium. 
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·riguN 8. The dose increment ~;ctor :u} as a' !unction of a~ ot -~~ 
uptake ot Sr~, assuming a biologic~ half' lite ot SO 7~ tor oalcium ~l 
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-~-

1n IUD 811&Pst. that . both turnover ·rates are' -remely slow in ·thAt &d.u1t. 
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F~ 9. The population average ot the dose inc~ factor for variou 

turn onr oonatuts as a function ot .the expected lDHil lite • 

k • k_ ~ 0 
. 0 7151" 

10 .so 
expected· mears li.te 

lotet Far 'lit• apan• l)etwen 30 aad. SO J1t&l'8: .Ulll tor T&lue• ot J&s~=· k0 

1D bone 1'8.D&iDs t.roa 0 to CD , th:e HDP . Ot th• MUl popgl.atic:tl doH 

iD.arement factor f. is ~ o.s- o.e. Th• reason tor thia reMrkatlq· 
urrow ranp ia the compensating effects of cbatl.p~ illplilld 1n the ftrioua 

unmpticma llbich .have been· made. For ~ple, .. IDimt rap2;.4 t~ will. 

l"eCiuce the. retention ot etront!Um. taken up b7 ~ chi14, bll1; v1ll 111~ 

the uptake and eltPQIUJ'e of the adult. With a shorter •an ·life 1pan for 

the poplilati0111 a .larger proportion v:l.U be in th• ;rovnp~ age· sroup with 

a high uptake of •trontium.., ~ the total lU...,time exponn u reduced.., 
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102. As the Fm is not critically dependent on the ~ssumptions on bone metabolism, 

the retention of calcium will be approximated, for the purpose of these 

calculations, by a single exponential function of time, with k
0 

= 0.014, which 

corresponds to a half-life of 50 years. This is the value that has been suggeste1 

by the ICRP. If sr90 is assumed to have the same biological half-life as calcium 

the value of k1 'Will be 0.04- For the following calculations Fm will be taken t1 

be 0.5. If no correction for marrmv mass is made, the factor will be 0.65 for 

m = 70 years in the case illustrated in figure 6. 
103. With F = 0.5 and a~ o.6 equations (58) and (49) give m 

+co 

(1) For .a milk diet 0.045 J Fd(t) 
2 

D = dt {mrem per mc/km ) 
00 

-oo 

(2) For a rice diet 

+oo 

Dco= 0.27 J Fit) 

-ro 

dt (mrem per mc/km2
) 

( 66) 

(67) 

104. The dose commitment per year of injection must be the same whatever time t 

the injection occurs. It can therefore be calculated from equilibrium 

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

(68) 

"YThich yields 36a and 82a respectively on assumptions (a) and (b) of the injection 

rate. Hi th the values for the constant ~ from paragraph 86, this gives the dose 

commitments listed in table VI. 

Table VI 

Dose commitment resulting from certain injection practices 

Dose commitment (mrem) per year of injection 

Assumption (a) As~umption (b) 

(1) For a m:l.lk diet 5-4 12 
(2) For a rice diet 32 73 



equilibr 

for a milk d:i 
for a rice d:i 

•i 

iH 

200. 

100 ot----i-·--· 

a). 

1·value: 

500 mrem 
3,000 mrem 

[r_:· 

a 
lin f-p 
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105. The life~time mean marrow dose as a function of time of' birth tb >1ill be 

calculated as 

70 
;::; f 

0 

dD( t' r. ) 
dt' 

70 

d t' = J D · s( t ;"C) d 'C 
0 

(69) 

using the expressions (47) and (48) for s(t,"). This is a numerically complicated 

calculation, which has been performed for various values of injection rate and time 

of' cessation of injection. The result is shown graphically in figures 10 - 11, 

and the maximum 70·year doses are given in table VII. 

Contribution from tropospheric fall-out 

106. Figure 12 gives an example of the variation of the dose increment factor F (u) 
. . 8 m 

accor~ng to equations (54) and (55) for an uptake~ • c(t)dt of Sr 9, which is 

the most important isotope to consider in the estimate of' marrow exposure from 

tropospheric fall-out. With F = 5 • 10-3, the dose commitment for a practice 
m 

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

D
00 

= 5 • lo-3 • ';{ j en c(t)dt (70) 

-CD 

I . .. 
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Pigue 12.· The d.Gille ·1n~t fao~or P 
70

(u) · iD tM aaa• of Sr89 with 

a J2ll7daaJ. half W'• ot Sl day• (ksz.S9 • 5/-rear). 
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107. In the case of sr89 the dose constant Y is taken to be 1 mrem/year per 
8 ' ~ 

~c Sr 9/g Ca. It will be assumed that c(t) is 0.5 times the concentration of 

sr89 in milk, for which figure 13 shows some reported data. The integral of c(t) 

over one year can be estimated as about zo )l)lc/ g Ca per year. Accordingly the 

dose commitment for one year of injection is 

D
1 

= 5 • 10-3 • 1 • 20 = 0.1 mrem 
00 

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 data 22 in figure 13) for calculation 

of the contamination of the bone of infants born at a time so that the calcification 

starts at the beginning of the peak of environmental contamination. For these 

infants, the mean marrmv dose during the first year ~ll be about 10 mrem, -* and the 

70-year mean marrow dose some 20 mrem if the tropospheric injection is continued. 

For children born at other times of the year, hovrever, the dose will be smaller, 

and the per capital mean 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 show in Figure 14. 

* In 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 
25-50 compared to the factor 10 for chronic poisoning.ll 

I ... 



A/AC.82/INF.3 
English 
Page 5S ,.., 

li-~~·U~t. I ; : ' 1-;?: ~i=;2 .. 
·p..t.-e: ~:.:_:j:=Lt::= 

sr89 (Canadian 
·_f··-·rt:+=-

l?igure 13. Lewls of 1n milk data) tttl~ .;::;~ 
ft;:fll: -+-'-

' 
ll::!::t 

~ ppc sr89/g Ca 
" 

X 195) 
H-r 

....... 
IJ,;JU 0 1957 

100 

: 

: 

~ ~ISO~ 

'f-M : 

:;Jl~~~-i . 
~~:~, ' . . 

~~-c~· '.+-;-.-,., +'"~ 

§fflli I l+t l I 

·~-:--:F- t-:- : · -~- ·~-
_,__ 

=f~~..c:H ~r"t-i ,-~:; ~ ,.._ -w~-~· .. (;···~ "'' .~ ~='- I :in ::- ~~ 

= ~--~~~tii· mwr · 's.io~:.'·l-'-·· t;;= t::± 
:;:::-."F;~C: .. -~'-, . r: ~JF-_, · ~ 

·u-:--';-:· .. 
-,-- . . . ' '··· . -~~ :;_:;: 1·::. J~~ . f!4' .I:::=::::=:: ~l.ic:~otJJ:T: : :-:c. ·•·c''l'l-' +-.- . , _ 

t+i: .. ..... .;·-:r~ : ~cl~ 
; • TAM 14'INt MAD IJ.l'D MAY .nm .TnT. Attn ~ ~'I' ·-r.uw nli'l'! ···-· -· --· .. -·· 

----- ----·---· --- ·-.. · ·---·----------



i60 

:.U. t 

fH I J 

140 

Figure 1.4. Apparent concentration of sr69 in bo.ne ot chUdren for whom 

the calcification starts at the beginning of the seasonal contamination ..... a~r 

ppc sr ca 

:c. ,) 

(A.) Assumed seasonal variation of sr89 concentration in new material 

incorporated in bone, milk being the main source. 

(B) Apparent concentration s{T) of Sr89 i£ milk is the main source 

from the start; of calcification. 

iF! 
: '1! ' 

It 

. . mean_ -----:c:.w:t+~ 
marrow dose 

' 

'[{l.rem/yea.r :r 110 
''" 

::-11Jc· 

II : :: li;· 
l 

: ~:; i ,, ' 

5 



A/ AC. 32/INF.3 
English 
Page 58 

Possible biological consequences of nuclear weapon tests 

109. Using the dose-effect constants and the calculated dose commitments per year 

of injection, it is possible to compute the number of seriously affected persons 

in the world's population. These numbers cannot be said to represent the expected 

result, not even the likely one, as no level of likel~tcod can be associated with 

the assumptions made. Hm.;rever, they are numbers that cannot be ruled out on the 

basis of present knowledge, and they follow from the assumptions made in this text. 

Table VIII gives the biological comndtments 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 fission products to the stratosphere have , 

in the case of the assumption of a non-threshold, linear dose-effect relation, been 

calculated from the follouing formulas "'vhich summarize the preceding computations. 

For the number of major genetic effects 

"1-There D
1 t is the annual gonad dose from tropospheric fall-out and the other rop 

symbols are the ones used in the preceding text. 

For the number of leukemia cases 

111. The "'mrld population has been taken to be P = 5 •109 in the genetic case 

and P ~ 3•109 in the somatic case, 

(72) 

112. The total number of cases bas not been calculated in Annex D andis not given 

elseuhere 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 tbe formulas (71) and (72). 

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

by the app~oach 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 calculations in that Annex yield a 

result that is not far from the one derived here. 

I ... 
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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 1-1ould have a 

dose exceeding 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 a non-uniform distribution factor that is of the order of 10 for chronic sr90 

poisoning. The population--vreighted averages do not apply either, and the local 

values of the geographic factor G1 must replace G. 
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Table VII. Maximum 70-year mean marrow doses 

(A) For a milk diet 

Tests cease Assumption (a) Assumption (b) 
at end of n70(mrem) % of n70(mrem) % of 

eg_ui·li brium equilibrium 

T = 0 1958 83 17 83 7 

10 1968 150 30 235. 21 

20 1978 205 41 375 33 

30 1988 255 51 495 44 

00 - 500 100 1,130 100 

(B) For a rice. diet 

Tests cease Assumption (a) Assumption (b) 

at end of n70(mrem) % of n70(mrem) %of 
equilibrium eg_uilibrium 

T :::::: 0 1958 500 17 500 8 

10 1968 900 30 1.,420 21 

20 1978 1,250 41 2,250 33 

30 1988 1,550 51 3,000 44 

co - 3,000 100 6,760 100 

/ ... 
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Estimate of certain possible total genetic and leukemogenic conse~uences 
of radiation received by the world poJ2,Ulation 

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

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

Number of cases for 

(1) a milk diet 

(2) a rice diet 

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

Ma,jor genetic effects I 
Number of cases if the 
doubling dose is 100 
rem and the current 
fraction of affected 
births is 1 per cent 

Number of cases if the 
doubling dose is 10 rem 
and the current 
fraction of affected 
births is 4 per cent 

* See paragraph 19. 

Total, following 
one year of 
exposure to 
natural 
radiation 

6,800 

6,800 

21,500 

S60,000 

Total, following one year of 
nuclear test explosions--

Ccntinued on Continued on 
assumption (a)* assumption (b)* ** 

365 
2,190 

820 

4,920 

1,140 

45,600 

** This vmuld also apply to the years in the period 1954-1958. 
I The dose contribution from ~4 produced by nuclear test explosions has not 

been included, as the dose is delivered over a much more extended period of 
time than that from cs1 37 (see paragraph 59). 

I ... 
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