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2. Although several nuclear devices have been
tested since the last report of the Commiitee,! these
have not added significantly to the global inventory
of long-lived radio-active material in the biosphere.
Furthermore, since the last report was prepared
(June 1966), the rate of deposition of nuclear debris
from the atmosphere has decreased substantially,
thereby simplifying considerably the problem of predict-
ing the future levels of the long-lived radio-nuclides
in the food and tissues of man to be expected from
tests carried out so far.

3. Moreover, the results of extensive and compre-
hensive surveys carried out in a number of countries
have contributed considerably to our knowledge of the
levels of long-lived radio-nuclides in man and food
chains in those countries, as well as to our under-
standing of the many and complex processes involved
in the transfer of radio-activity to the human body.

4. In the present report, the impact of these recent
developments on the assessment of the effect of nuclear
fall-out on man is reviewed in detail. In particular, the
radiation doses to which man has been committed are
estimated from the results of the series of measurements
now available,

5. Although the estimates of the doses thus obtained
do not differ significantly from the previous ones. the
Committee now has increased confidence that they
are representative of the doses to which humans have
been committed, at least for those populations in the
countries and areas from which the results of measure-
ments are available,

II. Recent data on environmental contamination
A. AIRBORNE AND DEPOSITED ARTIFICIAL
RADIO-ACTIVITY

1. Atmospheric injections

6. Six nuclear devices were exploded above ground
in central Asia during the years 1966-1968. After
each test in 1966 and 1967, increases in surface-air
activity were observed in Japan within a few days>7
and in North America®!! and Europe!® 13 within the
first two weeks., The debris from the explosion in
June 1967, on the other hand, was observed at the
surface after some months, Reports describing the be-
haviour of the debris from the 1968 test are not yet
available,

7. Five nuclear devices were exploded above ground
at the Tuamotu Islands in the south Pacific during the
last half of 1966, three in mid-1967 and five between
July and September 1968. Increased surface activities
were observed in South America,'* !  South
Africa.l 1320 Agpstralial™®? and New Zealand®?
within a month after each explosion.

8. Temporarily increased surface-air activities have
been observed from time to time. The composition of
the radio-active material suggests that it has originated
from underground explosions.?6-28

9. In January 1968, an airplane carrying nuclear
weapons crashed on the ice in a sparsely populated
area near Thule off the coast of northern Greenland.
Most of the radio-active material, mainly consisting
of plutonium-239, was spread over an area of approxi-
mately 12,000 m® There was no nuclear explosion
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and no evidence was found that radio-activity had
spread from the immediate vicinity of the place of
accident.®

2. Inventories
(a) Strontium-90 and caesium-137

10. No significant amounts of nuclear debris were
injected into the atmosphere between 1963 and
mid-1967, and the stratospheric content of long-lived
nuclides has consequently decreased steadily. Thus, in
the period 1963-1966, the total content of strontium-90
in the atmosphere decreased at an approximately con-
stant rate with an apparent half-life of about one
year.3% 81 The same half-life was found for the man-
ganese-54 presumably produced in the 1961 and 1962
test series presumably produced in the 1961 and 1962
altitudes in 1962 showed a somewhat smaller rate of
removal with a half-life of about 17.5 months. It is
estimated that the explosions in 1967 added 170 kilo-
curies and 0.6 kilocuries of strontium-90 to the strato-
sphere of the northern and southern hemispheres. re-
spectively, while those in 1968 added a further
160 kilocuries and 240 kilocuries®* 3% (Agure 1). Be-
cause of the small amount of debris from earlier tests
still remaining in the stratosphere in 1968, these recent
additions have increased the stratospheric inventory by
about 30 per cent, However, they have only added an
amount equal to about 4 per cent of the global inven-
tory (deposited plus stratospheric) due to the earlier
tests.

11. The ®¥°Cs/"Sr ratio in nuclear debris may
vary to some extent, depending not only upon the
particular processes taking place in the nuclear devices
but also upon fractionation phenomena, However, ob-
servations on the 37Cs/%Sr ratio in atmosphere and
deposit in the years 1966-1968 have not revealed any
systematic trend, and, for the purposes of estimating

global inventories, it can be assumed that its value is
1.6.12, 13, 34-36

(b) Carbon-14

12. The content of artificially produced carbon-14 in
the stratosphere decreased from (36=8) 10%% atoms
at the beginning of 1963 to (17+4) 10%° atoms at
the beginning of 1965.57 No recent data on the strato-
spheric content in the southern hemisphere are avail-
able, but the indications are that the decrease has been
small since 1965, The tropospheric content of
carbon-14 in the northern hemisphere has gradually
decreased since the years 1963-1964, when maximum
concentrations of about 100 per cent of the natural
level were observed, to about 65 per cent in 1967.38
In the southern hemisphere, the concentration has
gradually increased as a consequence of interhemi-
spheric mixing so that the tropospheric concentrations
were about the same in both hemispheres in 1967.38
No observations on the effect of the explosions in 1967
and 1968 on the carbon-14 levels have been reported.

(c) Plutonium-238

13. The burn-up of the radio-isotope power source
SNAP-9A in the upper atmosphere in April 1964
released 17 kilocuries of plutonium-238.3% 4 Because
of the high altitude of injection and the small particle
size of the debris, the rate of depletion of the upper
stratosphere was small during the first years, the ap-
parent hali-life being about ten years** The rate of
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Figure 1. 99Sr concentration contours, August 196732 (pCi (100 scm)-?,
where 1 secm = 1.226 kg air)

depletion has gradually increased, and the apparent
half-life in the stratosphere after 1966 has been esti-
mated to be between two and three years.**® Mea-
sured upper-air concentrations accounted for about
3 kilocuries in the northern hemisphere and 8 kilo-
curies in the southern hemisphere in mid-1967,%2 and
the cumulative deposit to the end of 1967 was estimated
to be 2.2 kilocuries and 4.7 kilocuries in the northern
hemispheres, respectively,3

3. Deposition
(a) General

14. In the period 1965-1967, the annual deposition
of strontium-90 decreased by about 50 per cent per
year in the northern hemisphere and by a somewhat
smaller amount in the southern hemisphere.’* * The
latitudinal variation was, in general, the same as
earlier, with the highest deposition in the middle lati-
tudes of each hemisphere (figure 2). In the northern
hemisphere, a pronounced seasonal variation with max-
ima in spring was observed throughout the period
(figures 3 and 4). A similar but less pronounced
variation was also observed in the southern hemisphere.

15. Most of the strontium-90 and caesium-137
deposited up to the middle of 1967 was due to explo-
sions occurring before 1963. In the second half of
1967, steadily increasing **Ce/13'Cs ratios in the
northern hemisphere indicated that a larger part of
the long-lived nuclides came from recent explosions.*®
It has been estimated that about half of the long-lived
nuclides deposited in the northern hemisphere in 1968
came from recent explosions.?

16. The nuclear atmospheric explosions occurring
between 1966 and 1968 have all resulted in deposition
of short-lived fission products. A study by Hardy*®
on 3°5r/®Sr ratios in deposition indicates that most of
the deposition occurring within the first half-year after
an explosion is deposited in the hemisphere where the
explosion took place, However, small amounts of fresh
dehris from explosions in the southern hemisphere have

[0

occasionally been observed in the northern hemisphere
and vice versa.l3 5. 46

17. Fresh nuclear debris consists of a mixture of a
large number of beta- and gamma-emitting nuclides.
The composition changes with time and may also be
affected by fractionation of the debris. The total beta
activity or the amount of any single nuclide will, for
that reason, not give a quantitative measure of the
deposit occurring soon after an explosion. However,
the content of barium-140 in ground-level air or pre-
cipitation can be used as a convenient indicator of the
amount of fresh deposit, as it can easily be measured
by gamma-spectrometric methods and also because it
has a half-life of the same order of magnitude as
iodine-131, which is the nuclide of main concern as
regards doses from fresh deposit. Debris from the
explosions in central Asia has normally been observed
at ground level in the northern hemisphere during the
first month after explosion.!3: *5 The levels have been
moderate, peak values of barium-140 observed in the
United Kingdom between 1966 and 1968 ranging
from 0.01 to 0.1 pCi kg! in ground-level air. The
ground-level activities in the southern hemisphere due
to the explosions in the south Pacific have shown
barium-140 peak values of about 1 pCi kg? in South
Africa,® Australial® and Argentina.® Occasional high
total beta activities in ground-level air have been ob-
served in Japan®’ and North America.?

18. The global annual deposition of strontium-90
has been estimated from the results of two world-
wide networks operated by the United Kingdom Atomic
Energy Research Establishment (AERE) and the
United States Atomic Energy Commission Health and
Safety Laboratory (HASL). Statistical analysis of
deposition data indicated that the latter network had
underestimated the deposition by as much as 20 per
cent*” and this has now been confirmed.*3*® The
cumulative global deposition at the end of 1966 was,
from the AERE network, 12.5 megacuries®® and, after
allowing for the collection efficiency of the samplers,
12.6 megacuries*® from the other network.
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19. The cumulative deposit has been independently
estimated from the results of a world-wide sampling
programme of strontium-90 contents of soils®® to be
13 megacuries. The cumulative deposits from 1958 to
1967 are given in figures 5 and 6 and table I, Table II -
summarizes the strontium-90 inventory from 1963 to
1967, as derived from upper-air and deposition data.

20. No comprehensive information on global
caesium-137 deposition comparable to that on stron-
tium-90 is available. For most practical purposes, it is
sufficient to assume a constant 13°Cs/®Sr ratio and so
calculate the caesium-137 deposition from the deposi-

tion of strontium-90, The value of the ratio to be used
for estimating global inventories of caestum-137 was
discussed in paragraph 11.

(b) Relative deposition on land and ocean

21. Deposition in the oceans was discussed in detail
in the Committee's 1966 report.3! The main concern in
this connexion was that large differences in deposi-
tion rates between oceans and land could, if unrecog-
nized, give rise to significant errors in the estimates
of the global inventory. Although this did not directly
affect estimates of the dose commitments to the world's
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population, it was felt that the possibility of large syste-
matic errors in assessing the inventory needed to be
studied closely, The experimental data on this subject
are still somewhat contradictory, )

22. The evidence for excess strontium-90 fall-out
in the oceans comes primarily from the sea-water
measurements themselves which, when integrated over
the entire volume of the oceans, result in an estimate
of the inventory substantially larger than that extra-
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polated from land measurements. Systematic observa-
tions of strontium-90 concentrations in surface water
of the north Atlantic have also suggested that the rate
of deposition there is higher than over land.%* 93

23. However, the possibility of large differences
between land and ocean deposition is unlikely because
of other considerations. The most compelling is that
the estimates of the global strontium-90 inventory,®
when corrected for radio-active decay, have been vir-
tually constant during the period 1963-1967 (table II).
As the estimates of the deposit were based on measure-
ments made at land stations, a considerably higher depo-
sition onto the oceans should have resulted in systema-
tically decreasing estimates of the total inventory.

24, Studies of the cumulative deposit of strontium-90
onto ocean shores in Norway and Iceland®® also fail
to show any significant difference between the deposit
close to the sea and some kilometres inland. In addi-
tion, an experiment carried out at Crater Lake, Oregon,
United States. showed that there was no measurable
difference in strontium-90 deposition onto a fresh-water
surface of about 60 km* compared to that onto adjacent
land.?® These results suggest that, if there is enhanced
deposition of strontium-90 onto the oceans, this may
not be due to different conditions of strontium-90




removal from the lower truposphere over the oceans
from those over land.

25. Karol*" studied the deposition of radio-active
aerosols from the troposphere onto the land and sea
surfaces, using a quantitative meteorological model
and data on surface-air concentrations. His computa-
tions from the model indicate that, within a zonal belt,
the average rate of deposition on land and on the sea
should be the same.

26. In view of the above considerations, the fall-out
over the ocean per umit area in each latitude band is
assumed, as in previous reports and for the purposes
of the Committee, to be equal to that over the land.

B. ARTIFICIAL RADIO-ACTIVITY IN FOOD AND TISSUES

1. Strontium-90

27. The levels of strontium-90 in milk and whole
diet in the period 1966-1968 are shown in tables III
and IV, respectively. In the northern hemisphere,
levels have been declining steadily from the peaks of
1963. Based on annual averages, the over-all decline
up to 1968 has been by a factor of between three and
four. In the southern hemisphere, maximum contamina-
tion levels were reached somewhat later, and the sub-
sequent decline has been less marked. Levels are still
generally higher in the northern hemisphere than they
are in the southern hemisphere, though the difference
had narrowed considerably by 1968. In some areas,
particularly the Faroe Islands and Iceland, levels of
strontium-90 in milk a2nd diet are significantly higher
than the average values typical for most of the north-
ern temperate zone. As already indicated in earlier
reports, these elevated levels are mainly due to high
rainfall and poor soil conditions, particularly low cal-
cium content,

28. The decline in strontium-90 levels reflects the
decrease in the annua! rate of deposition, which by
1968 was very small, so that levels of strontium-90
in food-stuffs during that year were largely due to
absorption from the accumulated deposit in soil. It is
to be expected that the further decline in contamina-
tion levels will, from now on, be much slower, as they
will follow the processes of decay and leaching of
strontium-90 in soil.

29. Strontium-90 levels in human bone (table V)
are also declining, As expected, the highest rate of
decline has been observed in bone from the younger
age groups (figure 7), but measurements on adult
vertebrae from the northern hemisphere have also
indicated declining levels from the peaks experienced
in 19635 and 1966. In the case of Denmark, for example,
"Sr/Ca ratios in adult vertebrae in 1968 were about
25 per cent lower than the peak levels observed in
1965, Aleasurements of the levels in other hones,
particularly in the slower metabolizing long-bone shafts,
are less plentiful, but there is an indication that the 1968
levels may be slightly lower than those in 1967
(figure 7).

2. Caesium-137

30. The annual mean levels of caesium-137 in milk
declined steadily in the northern hemisphere from 1965
to 1967 (table III). The levels in 1967 were of the
order of 10-20 per cent of the 1964 peak values. In
the southern hemisphere. the decrease has been smaller.
The available 1968 data indicate that the levels in milk
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in some countries of the northern hemisphere have in-
creased since the middle of the year as a result of
deposition from recent nuclear explosions.’: % The ob-
servations of the caesium-137 content of whole diets,
summarized in table IV, indicate that levels have varied
in the same way as they have in milk. In some
regions of the world (for example, in some parts of
Florida (United States).® New Zealand,***> Nor-
way,® the Ukrainian Soviet Socialist Republic®® and
and the United Kingdom,” and in the Faroe Islands®?
and Jamaica®), levels of caesium-137 in milk, and in
several areas (for example, Florida® and the Ukrainian
SSR), levels in meat, are substantially higher than
the corresponding latitudinal averages. These higher
levels are possibly due, as in the case of strontium-90.
to a combination of high rainfall and specific soil
conditions.

31. Changes in dietary contamination have been
reflected in changes of caesium-137 levels in man
(table VI), The mean body burdens in 1967 have
usually been about 30 per cent of the 1964 values. The
smaller decrease of body burdens compared with that
in milk levels, is mainly due to the fact that part of the
diet is produced the year before consumption. The ex-
ceptionally high body burdens observed in subarctic
regions persist, and 1t seems that the relative rate of
decrease is smaller than that in temperature regions
as a whole, :

3. Todine-131

32. The atmospheric tests carried out in the southern
hemisphere during the years 1966-1968 resulted in
measurable iodine-131 levels in milk in South America,
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Africa and the south Pacific region (table VII). The
highest integrated level reported from one explosion
series was 27 nCi d I in the Buenos Aires area in the
second half of 1966.

33. In the northern hemisphere, detectable levels
of iodine-131 were observed in Japan after atmos-
pheric explosions in 1966 and 1967% 7 and in the
United Kingdom in January 1967.8%
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4, Carbon-14

34. The concentration of carbon-14 in the human
body has been steadily approaching tropospheric levels.
Since 1966, the body content has been approximately
in equilibrium with the now slowly decreasing tropo-
spheric levels arising from injections before 1963
(figure 8).8¢
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Figure 8. 14C concentration trends in the troposphere and in human blood and hair in Scandinavia6é

Assessment of radiation doses from
environmental contamination

A, GENERAL

1. Concept of the dose commitment

35. When a group of persons is exposed to radiation,
it is often desirable to estimate the expected frequency
of the injurious effects that may follow. If dose and
effect are linearly related and there is no threshold,
neither the individual doses nor the time distribution
of the dose need be known, and the frequency is
obtained from the product of the average radiation
dose received and the rate of induction of the biological
effect of interest per unit of dose. It is called the absolute
risk and represents the probability that the average
individual will show the effect after recelving a given
dose.

36. However, since the rate of induction of certain
effects may varv with dose and dose rate. the actual
rates of induction at the levels of radiation to which
human populations are exposed cannot necessarily be
specified, and thus absolute risks cannot be estimated.

37. For doses of a similar order of magnitude,
however. and as long as linearity may be assumed, an
approximate comparison of the risks from two sources
can be made by considering the ratio of the radiation
doses delivered to the same tissue by each source
during the same time interval. The dose rate from
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natural radiation is a convenient reference for this
purpose.

38. If, however, a source gives rise to radiation at
a varying rate, it is convenient to integrate the mean
per capita dose rate over an infinite period of time,
As long as the dose thus calculated is finite, some
indication of the relative risk can be obtained from
the ratio of the dose to that delivered over a finite
time interval (for example, one year) by a reference
source such as natural background.

39. As a measure of the mean integrated doses, the
Committee in its 1962 report®” adopted the concept of
the dose commitment proposed by Lindell.8

2. Definition of the dose commitment

40. The dose commitment was defined by the Com-
mittee in the annexes of the 1964%° and 19667 reports.
In the latter, it was defined as follows: “...the dose
commitment to a given tissue is...the integral over
infinite time of the average dose rates delivered to the
world’s population as a result of a specific practice.
e.g. a given series of nuclear explosions. The actual
exposures may occur over manv years after the explo-
sions have taken place and may be received by indivi-
duals not yet born at the time of the explosions. . .”,

_41. When a population is exposed to ionizing radia-
tion, the tissues of individual members receive radiation
doses. the magnitudes of which depend on complex



physical and biological factors. If Ry(¢) is the dose
rate to the tissue under consideration received at
time ¢ by an individual { born at time ¢; the dose
received up to time ¢ is

t
Dy(t) :/R;('r)a'r, (1)
i
where R;(r) can assume values other than zero only
during the individual's lifetime.

42, If, at time =, the population consists of N(7)
individuals, then the average dose rate at that time is,
summing over all is,

R(-) :N—;'_)ERi(.-), (2)

and the average dose received up to time f by the
population is

t
D,(t) ‘:/ R(+)dr.

The use of — 0 as the lower integration limit in equa-
tion (3) conveniently avoids the need to define the time
scale relative to the exposure.

43. The average dose received by the population,
accumulated over infinite time, is

o0

Dy( ) Z/R('r)d'r.

— 0

(4)

and is called the dose commitment,

3. General problems of estimating dose commitments
44. The age structure of a population is defined by
three functions of time:

N(t) = the total number of people in the popula-
tion at time #;

v(t) = the birth-rate at time £

f(1,6) = the probability that a person born at time

6 is alive at time £
For the purposes of the present discussion, these three
functions will be regarded formally as being continuous.

45. The size of a cohort born in a small time interval
dé around time # is then

N(6)v(6)d8. (%)
and the size at some later time ¢ will be
f(1.6)N(6)v(8)d0. (6)

46. If the mean dose rate at time 7 to the living
members of the cohort is R(+,6), the mean dose accu-
mulated up to time ¢ will be

i

D(!ﬂ):/R(.’ﬂ)f(T.O)dr.
6

(7)

At time ¢, each cohort @ contributes a fraction
f(t.8)N(8)v(6)de
N{1) ©)

to the total population, and the mean population dose
rate will therefore be

¢

R(t) = /

— 0

R(18)§(t6)N(6)v(6)d8
N(t)

(9)

from which the dose commitment as defined in para-
graph 43 is obtained.

47. Equation (9) simplifies considerably in the
special case of a stationary population in which birth-
rate » and average life span u, are constant and related
by

(10)

so that

D,() :%// R(t,&)f(t,ﬂ)dﬂdt:Ti—Ec(oo).(11)

where
»
Eifo) = /D(ao,&)d() (12)
—»

is the mean infinite dose integral over all cohorts. In
the case of a single individual, Di(s) = E;( 0 ).

48. The numerical values of E.( ) /iy, and Dy(o0)
in real populations are practically the same for all
nuclides of interest in the present connexion, with the
exception of strontium-90, where the difference is, at
most, 20 per cent. E.( =% )/t can therefore be used as
an approximation for the dose commitment. as this
has some advantages. Firstly, its value is easier to
estimate than that of the dose commitment itself. and.
secondly, the numerical estimates obtained are less sensi-
tive to assumptions concerning the demographic char-
acteristics of the population,

49. The dose commitment to specific tissues may
require special treatment. For example, the dose to the
gonads is associated with the genetic risk only to the
end of the reproductive period. The genetic dose com-
mitment is obtained therefore by replacing the survival
function f(u) with a corresponding fertility function
fo(11). If all births are assumed to occur at the mean
reproductive age 1, of the parents, then

o =1 (13)

30. In many cases, there is an appreciable lag
between the receipt of a dose and the overt manifesta-
tion of biological damage. The effect of this lag @ can
be roughly taken care of by replacing the mean life
spant i, by u,, —9. In practice, however, the distribu-
tion of lag times, particularly at low dose rates, is
not well enough known to make it possible to allow
for this effect in the calculation. and it is therefore
usually neglected.

when % < uy;
when u > u,.



31. The radiation doses received by fcetuses are
not normally included in the dose commitment. Not
only is the contribution extremely small, but the type
of damage suffered, as well as the relative tissue
sensitivities, may not be the same at this stage as they
may be later in life. It may be useiul therefore to
define a separate dose commitment for the foetal sub-
population. Thus,

>e]

Dyfw) = j Ry(+)d-,

— D

(14)

where R;( « ) is the mean dose rate delivered to the
feetus during an age interval Ax in which the feetus
is susceptible to a particular type of damage; other-
wise, R;(7) =0. The size of the subpopulation is
vINAu.  Feetal rates from external sources and from
internal sources that are reasonably uniformly distri-
buted will be about the same as those received by the
mother so that, for these sources, Dy(o0 )~Dpy( ). To
estimate the dose rates to the foetus from particular
radio-nuclides, the distribution of these radio-active
sources in the mother and in the foetus must be known.

52. Although the dose commitment has mainly been
applied to the case of exposure of the world popula-
tion to radiation from nuclear tests, the concept is, in prin-
ciple, applicable to other cases. For estimating the value
of the dose commitment, however, it may be necessary
to take into account various specific properties affect-
ing the distribution of dose among members of the

population. The dose commitment i{s then obtained as
the average of the dose commitments to the relevant
subpopulations, appropriately weighted by subpopula-
tion size.

B. GENERAL TRANSFER FUNCTIONS
1. Introduction

53. Doses due to environmental contamination from
nuclear tests are delivered to tissues from sources inside
and outside the body. In the latter case. the dose com-
nmitment can, in principle, be estmated straight-
forwardly, following the general procedures discussed
in the previous section. In the case of doses resulting
from radio-nuclides deposited within the body. the
calculations are complicated because there is no prac-
tical way of measuring tissue doses directly from such
sources, The primary measurement therefore is the
burden of the nuclide in the body or tissue rather than
the dose rate, and the latter must be calculated from
phyvsical principles and the distribution of the source
within the body.

54. Calculating the dose commitment then becomes
mainly a problem of predicting changes in the amounts
and distribution in the body of the relevant radio-
nuclides. In practice, this may involve not onlv con-
siderations of the metabolism of the nuclides in various
organs and tissues but also in food-stuffs. The chain of
events leading from the primary injection of radio-
active material into the atmosphere to irradiation of
tissues can be represented schematically as follows:

Inhalation

1
Input — Atmosphere — Earth's surface & Diet — Tissue — Dose

0 (1)

Some of the possible simultaneous pathways are shown
in the diagram, indicating the possibility that several
steps may be bypassed.

55. Since the dose comumitment from a given source
is the integral over infinite time of the mean per capita
dose rate resulting from that input, steps in the sequence
from input to the final dose commitment can be con-
veniently described in terms of the ratios of the
infinite integrals of appropriate quantities in step j of
the sequence to the infinite integral of the appropriate
quantity in the preceding step 1. These ratios define
the transfer coefficlents Py that appear as links in the
pathway from input of radio-activity into the atmos-
phere to the subsequent radiation dose to man,

56. The tissue dose from a given source, acting
through a given sequence or chain of events, is the
product of the input from that source and of all the
relevant transfer coefficients. The total dose rate to
the tissue is then the sum of the doses contributed
by each sequence. For instance,

Dose :I?lﬁut [(Pg[P]ngJPg_‘PA”) :— (P01P1.$P.55) +
017128 a5 (13)

57. Reference will sometimes be made to the value

of the coefficient obtained when numerator and deno-

minator have been integrated to some finite time. In
this case, the general svmhol t or a specific year will

2
(l)

(3) (4) (5)
1

External irradiation

be given in parentheses immediately following the
symbol P. In some sequences, intermediate steps may
not be involved, and this will be indicated by the
numeric suffixes attached to the symbol P. For example,
the case of external radiation in which diet and tissue
steps are not involved will he referred to as P.;. On
the other hand, cases will arise in which an inter-
mediate step, although involved. may not in practice
be treated separately in the calculations. This will be
indicated by the use of a single symbol P with a suffix
showing the numbers of all the steps implicitly included.
For example, P,;; indicates the ratio of the infinite-
time integral of the levels in tissue to the infinite-
time integral of the fall-out deposit,

58. The units in which the values of the P coeffi-
cients will be expressed vary with the specific nuclide
and with the nature of the quantities being linked.

2. Specific transfer functions
(a) Transfer from primary source to atmosphere (P,;)

59. A source of radio-active environmental pollution,
such as a nuclear explosion, is characterized by the
production rate U of the nuclide considered. Depending
on conditions, variable amounts of the radio-active
materials are released into the environment. If the
rate of release into the atmosphere is IV, the transfer
coefficient Py, is defined by



o0
/ Wdt
—-* —

0
/ Udt

—

L4 . (16)

Por= T

(Subsequently, I will be used as a shorthand notation
for integration over time from — o to ).

60. In the case of nuclear explosions, information
on P,y is often lacking, and in practice the dose com-
mitment is estimated from IW, i.e., the total amount
of radio-active material injected into the atmosphere.

(b) Transfer from atmosphere to eartl’s surface
12

61. The subsequent atmospheric inventory depends
on the rate of removal by deposition onto the earth’s
surface and on radio-active decay. The transfer coeffi-
cient Py, is defined by

IF

P12:-I—Wr— B

(17)

where F, is the rate of deposition in units of radio-
activity per unit time, and IF, is thus the total inte-
grated deposit.

62. The numerical value of P, depends on the time
lag between injection and deposition. If this time lag
is small compared to the radio-active half-life of the
nuclide considered, P;; is close to one. As the mean
residence time of debris injected into the stratosphere
is, at most, a few years and the residence time in the
troposphere is a few weeks, P, for long-lived nuclides,
such as strontium-90 and caesium-137, can for practical
purposes be taken to be unity. For short-lived nuclides,
explosion yield, height of injection, particle-size of
the debris, etc. have a considerable influence on the
numerical value of P;s. For nuclides, such as carbon-14,
that appear in gaseous form, no meaningful P;s can
be defined.

63. The integrated deposit up to time ¢t is defined by
t

.F(t): /F,-(-r)df (18)
— o

and the cumulative deposit by

i
Fq(t) = /F,(T)e»—(t_f)/TV i, (19)

— 0
where T, is the radio-active mean life.

64. Deposition and population density vary widely
over the earth’s surface, and, for that reason, weighting
factors must be applied when relating mean deposition
to dose commitment. If F, is the mean deposition in
some area A consisting of a number of regions ¢ with
deposition F, and population N, a population factor is
defined as

_ _SFEN,

== 20
FA.EN{ ( )

A

which, if the area is the whole globe, can be used to
estimate the dose commitment from the mean global
deposit, The ratio G¢ = F;/F, is called the geographical
factor and can be used to describe local variations in
deposit.

(c) Transfer from deposit to diet (Pss)

65. The levels and time distribution of radio-activity
in food-stuffs are determined by a number of complex
processes occurring in the biosphere. The over-all
effect of these processes is summarized by the transfer
coefficient P,y defined by

Pas =-IIF—C, (21)

where C is the mean dietary content of the nuclide
considered and IC. consequently, the total integrated
dietary content. Often a direct estimate of Pss cannot
be made, and it is then necessary to consider more
closely the processes involved. For this purpose, it is
convenient to use a transfer function.

66. If dC(t. ) is that part of the radio-active con-
centration in the diet at time ¢ that is attributable to
the amount of radio-activity F.(7)dr deposited during
the interval dr at time 7, the transfer function is defined
as

1 3C(tr) 59

K(t:") Fr(f) 37 ( )

where K(t7) is subject only to the assumption that

the transfer processes are unaffected by the consequent

radiation doses received in the biosphere. The level

of activity in the diet at time £, being the sum of the

§emaining portions of all previous deposits, is there-
ore

¢
C(t) = / K(t7)F (r)dx. (23)

— 0

67. Many important processes affecting transier
through the biosphere have a pronounced yearly cycle.
The effects of this periodicity can be largely smoothed
out by taking yearly averages of C(#) and F.(%).
When K (t+) is derived from such yearly averages, it
is generally assumed that the value of K(#,) is deter-
mined by the time lapse t—7 = wu. The integrated
dietary level is then obtained by summing over all
times the annual mean amounts in the diet. or

1’C=]o C(t)dt:]0 .k:(u)a!u].0 F.(t)dt
— 0 — >0
:IF,.]OK(u)du. (24)
0

68. 1f yearly average are used and it is desired to
derive an explicit form for the function K(z) from the



levels measured in individual food-stuffs and the annual
deposit, the periods selected for averaging should be
chosen with care. For example. when a calendar year
is selected, it may become necessary to introduce
additional terms to allow jor the fact that the fodder
used in one year may have been produced during a
preceding year. Similar problems can also arise in the
southern hemisphere because the time of harvest there
is spread over two calendar years. Such additional
terms are necessary to obtain reliable predictions of
future mational contamination levels, but, for esti-
mating transfer functions applicable to larger areas from
which no measurements are available, results averaged
over periods much longer than a year are greatly to
he preferred.

69. When deposition occurs in a time period shorter
than a year. the consequent level in diet may depend
on the time of year when deposition occurs as well as
on the elapsed time. In this case,

K(tr) =~ K(tt—1) =~ K(t,n),  (25)

where t; is the middle of the deposition period. The
integrated dietary level is then

oL

IC = IF, /K(n,u)du.
0

70. The transfer coefficient K(¢r) has been defined
for total diet. In practice, diets are composed of various
types of food-stuffs to which different transfer func-
tions may apply. Analogous functions can be derived
for each dietary component. If these are denoted by
K1), then

(26)

K(u) =X aK(u) (27)
and
<0
IC:IF,Sa‘/ Ki(u)du, (28)
0

where a; is the fraction that component 7 contributes
to the total diet and the summations are over-all com-
ponents.

71. The levels of a radio-active nuclide in diet may
be expressed in any convenient units. such as activity
per unit mass, activity taken in per day or activity per
unit mass of some stable element.

72. Very little is known quantitatively about the form
of the transfer function K (), particularly for » longer
than a few years. which may be much shorter than
the period of interest. In its previous reports. the
Committee assumed that

K(u) =pr+pae™> 0< v <1year (29)
= pae = u > 1vear (30)

and
Pyy=pr+paTm. (31)

where p, and py are constant factors of proportion-
ality referring to the transfer into food-stuffs from the

current deposition and the accumulated deposit in soil,
respectively, and where A is the rate constant of the
assumed exponential process by which the nuclide is
removed from soil so that T, is the mean residence
time equal to A1,

73. The methods available for determining the
values of pr and pg, as well as the limitations of applving
an over-simplified model, were discussed in the Com-
mittee’s 1962 and subsequent reports. It was shown
that, in general, the contributions so far have been
largely determined by current deposition. This means
that the values of p4 and T, could not be estimated
reliably.

74, Since the Committee’s last report, the annual
amounts of fall-out have declined sufficiently to make
the short-term effects negligible, and estimating a
numerical value of Pg; is now easier. Thus.

o0 ¥ 0
/C(t)dt:/ C(t)dt+/ C(t)dt, (32)
— — I

and if ¢ is selected so that F.(¥) = 0, then. following
the Committee’s previous assumptions.

C(¥) = pa Fa(t),

and the dietary levels at some later time = are then

(33)

C(r) = pa Fa(t) e —MT— 1) (34)

so that

0

/C(T)d'r:de,;(t’),\" =C(¢) T, (35)

e
and

0 4
IC:/ C(t)dt:[C(t)dt-{—C(t’) Tw (36)

The first term on the right is obtained by summing
the measured dietary levels up to time .7

75. The present formulation has the important
advantages that (@) the estimate of IC thus obtained
is less sensitive to errors introduced by the assump-
tions and becomes increasingly independent of the
assumptions as # increases and (b) the integral on the
right side of the equation can be considered a lower
limit of the estimate of IC, while, if T, in the second
term on the right is taken to be the radio-active mean
life, then the sum of the two terms is the maximum
value that IC could attain. It is therefore possible to
apply limits to the numerical estimate of P,; since

t,

/ C(t)dt/F(¥') <P

— 0

t’
< / C(t)dt +C(¥) T | /F(Y).  (37)

—_— 0



(d) Transfer from dict to tissue (Pg;)
76. The transfer coefficient Py; is defined by

10
-

where Q is the population mean level of radio-activity
in a given organ or tissue. The level of radio-activity
may be expressed in different ways, such as total
amount of radio-activity, activity per unit mass of
organ or activity per unit mass of some stable nuclide
in the organ.

Py, = (38)

77. When a given amount of a radio-nuclide enters
the body, a varying amount becomes deposited in the
different organs and tissues. Subsequently, through
both radio-active decay and biological elimination, the
levels in the different parts of the body decline. If
dQ(t~) is that fraction of the radio-activity in a given
organ or tissue at time ¢ following the intake of an
amount C (7)ds during the interval dr at time r, we
can define a general transfer function. m(t,r) as

1 20(t) :
V=T e (39

78. The level of activity in the organ or tissue at
time ¢ is obtained by summing the contributions from
all earlier intakes, that is,

¢
Q;(t) :/ C(r)m;(t,f)df.

— 0

myt,r

(40)

Since it can be assumed that, at the low levels of
activity in the body resulting from nuclear weapons
tests, the various metabolic processes are unaffected by
the radiation doses received, equation (40) is generally
valid.

79. An average function #mt,76) can similarly be
defined for the members of a cohort 6 so that

Q(t9) =/ C(r)m(tx8)dr, (41)
0

where Q(t.6) is the mean level of the nuclide at time
t in members of the cohort.

80. The mean leve] weighted by population at time
t is, in analogy to the mean population dose rate as
defined in equation (9).
t
()= [ QULAU(LON()x(8)ds
- N(t)

—

(42)

(e) Transfer from tissue to dose Ps

81. If an integrated radio-activity level IQ results
in a dose commitment D,(« ), the transfer coefficient
P;;, IS
Dﬂ(w) .

10

In this case, the corresponding transfer function is the
dose-rate function g.

82, If Oy (t) is the level of a radio-nuclide in a given
organ or tissue of an individual at time ¢ and Ry(t)

P45 = (43)

is the dose rate received by the organ or tissue of
interest, the dose-rate function is defined by

Ry(t) |
9(t) =50y

The organ or tissue of interest need not necessarily be
the same as that containing the nuclide. The dose-rate
function is only valid for a given distribution of the
nuclide in the body. If different parts of the body have
varying metabolic properties resulting in time-
dependent changes in the distribution of the nuclide, the
dose-rate function will also change with time. An
example of this type of behaviour will be discussed later
in connexion with strontium-90 in the skeleton.

83. The average dose-rate function for a cohort is
similarly defined as
R(t8)

g(fﬂ): Q(t,ﬁ) >

where Q(t,0) and R(t,0) are, respectively, the level of
the nuclide in the organ or tissue of interest and the
dose rate at time # averaged over the living members
of the cohort 4.

84, In most cases, g(#8) can for practical purposes
be regarded as a constant g so that

P“‘;:g. (46)

When g(t,8) varies considerably with age, it is usually
more convenient to calculate Pyys directly.

(44)

(45)

85. The mean cohort dose rate is, from equation
(45), given by

R(16) = Q(t,6)9(16),

and thus, according to equation (41),

(47)

R(t6) = g(t.0) / C(r)m(t,r.8)dr (48)
6

and cquation (7)
t’

D(t6) _/ i(v6)g(.6) /C(T)m(t/ 8)d= |d¥ (49)

in which it is convenient to change the order of integra-
tion to obtain the equivalent expression

D(18) = / C(¥) / 1(=8)g(+8)m(=t.8)ds |d¥.(50)
9 ¥

86. Adding together the mean doses for all the
cohorts in a population gives

t
E.(t) :[ D(t6)d8 =

—
14 ¢

/ /C(f') / f(=.8)g(+.6)m(+t 6)dr |drds. (31)
r

—x 8

When the fractional survival of the members of a
cohort depends only upon age and is therefore inde-



pendent of 4, then f(r.6) =f(r—6) =f(u) where u
is the age of the cohort at time ¢ Similarly, when
physiological processes and dietary habits are also con-
stant in time and depend only upon the age of the
cohort,

g(=8) =g(~—48) =g(u) (52)
and
m(r.6) = m{tr — 61 — 0) = m{uy’), (53)

where 1’ is the cohort age at time #. Equation (51)
can then. after integrating to infinity over all cohorts,
be written

Ec(oo)sz(t)dt// fw)g(u)m(ua )dud’, (54)
g

in which the double integral is constant in time so
that

—_ 0

oo}
Efx)=4, / C(t)di (55)

—

with
o0 oo
Alsz g(u)f(u)m(uy’)dudi’. (56)
0w

87. Thus, in principle, the value of E,(c0) can be

estimated if the value of the constant A; and the ac-
cumulated levels of the nuclide in the diet are known
and if the physiological and demographic properties of
the population considered in deriving equation (54)
are generally valid. Combining equations (11) and (55)
and bearing in mind the considerations in paragraph 48,
it follows that

Dﬂ(w) —~ E;() _

A,
IC Uy IC ~ Um

The practical problems of evaluating the constant 4,
and applying equation (57) to real populations vary
markedly according to the different radio-nuclides in-
volved and will be left to later sections.

(f) Dose from external radiation (Pos)

88. If a deposit IF, results in a dose commitment
due to external radiation of Dpest( 0 ), the transfer co-
efficient P,; is

(57)

Psys =

= Dpenel() -

Py = TF, (38)

89. The corresponding transfer function is defined as
1 QR{(ts) .

h(t)‘) - Fr('f) (39)

o7

in analogy with transfer functions discussed earlier.
In practice, (%) is normally approximated by

hits) =hae — Mt —r) (60)

where ko is a dose-rate conversion factor, accounting
for the average effects of weathering, shielding by
buildings, etc., on which the properties of /i(7,r) depend
in a complicated manner,

S8
(¥4

C. TRANSFER OF SPECIFIC NUCLIDES
1. Strontium-90
(a) detabolism in man

90. In previous reports, the time incegral of the
strontium-90 body burden was estimated from the
time integral of the levels of the nuclide in diet using
a theoretical model of uptake and elimination of cal-
cium in bone together with a proportionality factor
(observed ratio) allowing for the differential transier
of calcium and strontium from diet to bone. Bv con-
trast, in the present report, the time integral of the
body burden is estimated from the levels of strontium-90
measured in human skeletons. This method depends
more critically on knowing how strontium-90 is dis-
tributed and retained in the skeleton. The experi-
mental foundation jor the values of the parameters to
be used in the new method of estimation are reviewed
in the following paragraphs. It will be shown later
that the estimates of the diet to bone transfer co-
efficient P;, obtained by the two methods agree well
with one another. To make for easier comparison of
the relative merits of the two methods, a brief sum-
mary of the use and limitations of the concept of the
observed ratio and other aspects of the relative trans-
fer of calcium and strontium through food chains are
also reviewed in the following sections.

(i) Distribution of strontiuni-90 in the body

91. More than 99 per cent of the calcium, stable
strontium and strontium-90 in the body is found in
the skeleton.’* The small amount of experimental in-
formation available suggests that stable strontium is
distributed uniformly throughout the various bones
of the skeleton.” Similarly, strontium-90 in the skele-
tons of children and adolescents appears to be uni-
formly distributed, although no systematic studies
have been carried out on a large scale. In contrast,
the distribution of strontium-90 in the adult skeleton
is not uniform, the highest ®*Sr/Ca ratios being found
in those bones, such as vertebral bodies and ribs,
which are predominantly trabecular, and the lowest in
those, such as femoral shafts, that consist predomi-
nantly oi compact bone.

92. To compare measured *°Sr/Ca ratios in adult
bones from countries in which different types of bone
have been collected, normalization factors are required,
The normalization factor for a given bone is the ratio
of the ?°Sr/Ca ratio in that bone to the %°Sr/Ca ratio
either in another bone, selected as standard, or in the
whole skeleton. Several investigators have measured
normalization factors, and their results are compared
in table VIII and figure 9.

93. The number of samples in some cases is small,
intraskeletal relationships have not always been mea-
sured on the same individuals and there have been
differences in methods of computation used by different
workers so that these observations are difficult to
interpret.

94. There are wide variations between individuals
as shown, for example. by a recent study in Czecho-
slovakia™ in which 9°Sr/Ca ratios in vertebrae and
femoral shafts of the same individual were compared.
In the ffty-four individuals examined, the correlation
between the *°Sr/Ca ratios in the two bones was only
0.3. which, though significant at the 95 per cent proba-
bility level, does indicate that normalization factors
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Figure 9. Variability of normalization factors as reported by different workers?
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variation in time,

measured on and applied to a small number of samples
may be misleading.

(ii) Strontium retention functions

935. Adults. Experiments on human subjects in
which strontium retention has been measured directly
by whole-body counting of strontium-85 or inferred
from total excretion. together with measurements made
on subjects accidentally contaminated with strontium-
90, show that strontium retention can be described by
a sum of exponentials such as

R(t)=Ape~ N Log,0 =M 4 g0 =N (61)

96.‘ The first two time constants correspond to
half-lives of two or three days and ten to twenty days,

26

respectively, the third one to a half-life of at least
several hundred days. However, the physical half-life
of strontium-85 is sixty-five days, and retention can
only be followed experimentally for periods up to
about 500 days.

97. Longer-term retentions have been followed by
Miiller e¢ al.’™ ¢ and by Wenger and Soucas®™ using
a group of luminous dial painters accidentally con-
taminated with strontium-90. Wenger and Soucas
found one subject who. just after intake ceased., was
excreting strontium-90 with a half-life of about 300
days, while another subject, studied 940 days after
intake ceased, showed a half-life of about 2,500 days.
Aiiller studied a group of fifty-two persons for about
2,500 days (just over six vears) and found that the
excretion curve could be separated into a fraction
with a half-life of about 700 dayvs and one with a hali-



life of about 6,000 days. Rundo*® described measure-
ments made on a man with a twenty-year history of
exposure to radio-active materials. When his esti-
mated strontium-90 content was plotted semi-
logarithmically against time from 1957 to 1967, a good
straight line was obtained, corresponding to an ei-
fective half-life of 4.2 years and indicating a bio-
logical half-life of 5.1 years (1,870 days).

98. Although this spread in the estimates is due in
part to individual variation, there are probably also
differences in the computational methods used by dif-
ferent investigators as well as differences in the history
of contamination between subjects,

99. Alternatively, the results of retention experi-
ments can be fitted to a function of the form

Riy=de =M 437 C (62)
where R(t) is the retention ¢ days after intake. B is
the fraction of the intake that is retained at one day
and released as a power function of time and C is a
constant less than unity. So far as the dose commit-
ment is concerned, the exponential term is of no con-
sequence, since A corresponds to a half-life of a few
days only. The power function alone gives a good fit
to the strontium-85 retention for periods from twenty
or thirty days after the uptake to about 300 days.
Miiller reports that it still fits after 2,500 days.

100. Since B varies, depending on whether the
nuclide is injected directly or is taken by mouth, the
power function retention should be represented by

R(t)=f.Bi—C (63)
where f, is the fraction absorbed from the gastro-
intestinal tract into the blood. Experimental values for
the parameters f;, B and C vary from person to person
as reported by the same investigator and also between
investigators.

101. Several workers™ 8 have studied small groups
of subjects and obtained estimates of B, f, and/or
the product f;B. The considerable variation found
among the results of different workers is probably
due not only to the small samples studied but also,
in cases of ingestion, to differences between experi-
mental conditions. Typical values of the parameters
are f,=0.2, B=0.5, C=0.2,

102. Measurements of stable strontium in adults?®
suggest that metabolic equilibrium is established,
and this is incompatible with a power-law function.
Marshall®! postulated that there is a transition from
a power-law to a mono-exponential function occurring
t, years after a single intake and that the time constant
of the exponential A is related to the constant C in
the power function by the relation A = C/f,. He esti-
mated that, for humans, ¢, is about 3,000 days which,
combined with a value of C = 0.2, gives A =0.025 y~'.

103. Bryant and Loutit®? and Rivera and Harley%
estimated that the fractional replacement rates of stable
strontium in adult vertebral bodies and femur shafts
are 0.08 y! and 0.02 y1. If the body is in strontium
balance, these values must be equal to the rates of
excretion of the element from these bones, implying
that the final mono-exponential function following a
single intake has a biological time constant of 0.02 y
which is in close agreement with Marshall's estimate.

During a period of chronic intzke of strontium-90,
however, the long-term excretion will have compo-
nents corresponding to the 0.08 y=! elimination rate
constant for vertebral-body-like bone and to the 0.02 y~!
rate constant for femur-shaft-like bone. However, in a
recent study.® a model slightly different from that
used for estimating the 0.08 y! and 0.02 y! replace-
ment rates has been introduced, which yields replace-
ment rates lying between 0.03 and 0.04 y~! for verte-
brae and between 0.02 and 0.03 for ribs.

104, If the strontium-90 levels in bone are in-
tegrated over decades as is usual when calculating the
dose commitment, the contributions from terms hav-
ing time constants corresponding to half-lives less
than a year or so are small and can be neglected. On
the other hand, evaluating the long-term excretion
rate constant from an analysis of year-to-year varia-
tions in the annual mean levels in bone of strontium-
90 due to weapons testing is difficult because of the
fast initial excretion.

105. Juweniles. What has so far been said applies
to adults, and it is not known whether and to what
extent these considerations apply to children and ado-
lescents (age < 20)., Attempts have been made to
estimate strontium-90 excretion rates for children from
the relatively small amount of data available on levels
in bone and in diet.5% %58 The results obtained are

shown in figure 10. In these studies it is implicitly
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assumed that annual excretion rates are a function
of age only and that, at any given age, strontium-90
is eliminated at the same rate regardless of the time
at which the strontium-90 was originally laid down.
These assumptions would be strictly correct with a
simple exponential excretion function but might be a
poor approximation if excretion followed a power law.

(iil) Observed ratio

106. The observed ratio between bone and diet is
the proportionality factor expressing the relationship
at a steady-state between the %Sr/Ca ratio in bone
and the ratio in which the two elements are available
from the diet from which the bone is derived. The
observed ratio is, within a limited range, independent
of the calcium concentration.

107. Interest in the observed ratio rests mainiv in
the possibility that, through its use, the levels of
90Sr/Ca in bone may be estimated from known levels
in diet. The observed ratio can be measured only in
systems at a steady-state or where the strontium and




calcium being introduced cannot be confused with that
already present, Two methods have been used to esti-
mate the observed ratio for adults:¥ (a) measuring
the ratio of stable strontium to calcium in the diet
and in bone; () administering simultaneously radio-
isotopes of both strontium and calcium. In these
methods, it is assumed that the person has consumed
a diet with a constant stable strontium to calcium
ratio and that the system is at equilibrium.

108. The observed ratio obtained from double-
tracer experiments (simultaneous administration of
radio-active calcium and strontium isotopes) is not
critically dependent upon the interval between intake
and measurement, provided sufficient time is allowed
for removal of the fractions associated with soft tissues
rather than with bone.

109. Values of the observed ratio estimated from
stable strontium to calcium ratios in bone and diet
for a number of countries are shown in table IX. The
range is from 0.15 to 0.33 with an average of 0.22.

110. Values of the observed ratios as a function
of age in juveniles have been estimated from strontium-
90 to calcium relationships, and the results obtained
are shown in figure 11. However these estimates have
been derived from the estimates of annual excretion
rates referred to in paragraph 103, and therefore the
validity of the results thus obtained depends on ex-
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Figure 11, Value of the observed ratio for juveniles

cretion being a mono-exponential rather than a power
function of time.

111, Effect of diet composition on observed ratios.
A number of factors associated with diet composition
that may alter the value of the observed ratio have been
studied experimentally with laboratory animals,®
Attempts to demonstrate similar effects in man. how-
ever, have generally led to inconclusive results, When
measurements are made on levels of strontium-90 from
fall-out, the experimental conditions can rarely be de-
fined properly, and the results are difficult to interpret.

28

112. Knizhnikov and Marei® have measured ob-
served ratios for both stable strontium and strontium-
90 between bone of still-born and maternal diet in the
Soviet Union, finding a value of 0.08 for the former
compared with 0.05 for the latter. They suggest that
the difference is due to the difference in availability
between strontium absorbed from soil and that de-
posited on the surface of cereal grain. A different in-
terpretation is, however, possible if it is assumedst
that only a fraction of the strontium and calcium de-
posited in the fcetus comes from the maternal diet, the
rest being derived from the maternal skeleton.

113. Carr et al® measured %Sr/55Sr ratios in
urine of subjects fed for four weeks on a diet con-
taining whole-grain bread baked from wheat grown
on soil contaminated with high levels of strontium-90
and milk from a cow injected with strontium-83 prior
to milking. Close agreement between the urinary and
dietary isotopic ratios suggests that strontium avail-
ability is not affected by the composition of the diet.
This experimental result does not conflict with the
suggestion of Knizhnikov and Marei, because the
strontium-90 in the cereal grain was derived from soil
rather than directly deposited.

114, The 2°Sr/Ca ratios in diets for Moscow and
New York City are plotted in figure 12. The average
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Figure 12. 90Sr/Ca ratios in whole diet and adult human vertebrae
in Moscow?4: 180 and New York Citylst

diet levels for the two cities during the years 1963-
1966 are in the ratio 2.3, but the average levels in
adult vertebrae during the same period (also shown
in figure 12) are in the ratio of only 1.3, implying
that in Moscow the observed ratio for strontium-90
is nearly half that in New York City. On the other
hand, the observed ratios for stable strontium are very
nearly equal for the two cities (table IX).

113, Knizhnikov and Marei®s have also suggested
that fluorine in drinking water may reduce the value
of the observed ratio. Their measurements show stable
strontium observed ratios declining from 0.18, when



the fluorine content is low, to half this value when the
fluorine concentration is about 1.5 parts per million,
Conflicting results have been obtained by other
workers,?® however. and a proper assessment is not
vet possible.

(b) Food-chain mechanisms

116. Because of the diversity of food-stuffs entering
human diets and the many ways in which they are
produced, prepared and combined in different areas
of the world. a comprehensive quantitative description
of the transfer of strontium-90 through food chains
would be complex. Further limitations are imposed
in practice by the lack of detailed information con-
cerning the calcium intake of a large fraction of the
world population, the levels of strontium-90 in the
different food-stuffs and the effect of local climatic
and agricultural practices on transfer processes.

117, To overcome thesc problems, the Committee
in its 1962 report classified food-stuffs into four broad
types—milk, cereals, starchy roots and vegetables—
for each of which a representative value of the transfer
coefficient was derived from data then available. Like-
wise, total diets were classified into three main types
depending on the proportions contributed to them by
the different food-stuff classes. Weighted mean transfer
coefficients were thus obtained for each diet-type.
When further weighted by the size of the population
consuming them and the level of the strontium-90
deposit for the latitude where the food-stuffs were
produced. these coefficients could be combined to give
a weighted global mean transfer coefficient.

118, In the 1962 and subsequent reports, the global
transfer coefficient thus obtained was used to estimate
the %°Sr/Ca ratio in new bone from the world-wide
mean deposit and the observed ratio between bone and
diet. The limitations of this approach were discussed
in the 1962 report (annex F, paragraphs 12 and 18).
and the inherent uncertainties were pointed out.

119. In its 1962 report, the Committee also em-
phasized that the transfer coefficients would be re-
liable only when applied over large areas. This con-
versely implied that transfer coefficients could only be
reliably estimated from results averaged over wide
areas. For this purpose, means weighted by production
or population must be used, as simple arithmetic means
of survey results obtained over wide areas where there
exist different climatic and agricultural methods may
be misleading.

120. In the case of food-stuffs obtained from plants,
difficulties arise because of the variability in the re-
ported results of measurements of the caleium as well
as of the strontium-90 content, and recent experience
has shown that contamination levels expressed in
activity per unit mass of calcium are often more vari-
able than when expressed as activity per unit mass
of the commodity. A number of factors undoubtedly
contribute to the wvariability, including, particularly,
errors of sampling. for the calcium contents of plants
vary according to variety, local soil coaditions, cultiva-
tion methods and local climate.

121. In the tropics and subtropics, soils deficient
in calcium are common? Though of low fertility,
these soils are used for food production. From such
soils, °0Sr/Ca ratios in vegetable produce may be signi-
ficantly higher than would be predicted by empirical
relationships established in temperate zones. Never-
theless, this effect is probably offset by the appreciably
lower accumulated deposit of strontium-90 in the tropi-
cal zone, and, for the purposes of this report. it will
be assumed that the integrated diet levels will not
exceed those estimated for the populations living in
the northern temperate zones where the average
strontium-90 deposits are maximal.

(c) Transfer functions
(i) Transfer coeficient—deposit to diet

122. When the %Sr/Ca ratios in individual food-
stuffs are known, values of P,s can be estimated by the
method described in paragraph 74.

123. Milk, The %°Sr/Ca ratios in milk from areas
or countries in the northern temperate latitudes are
shown in table X, There is some scatter among the
individual results. reflecting the changing patterns of
deposition rates and weather from year to year and
from place to place, Nevertheless, over a reasonably
long averaging time, the effects of these variations
are largely smoothed out.

124. The value of P,; (milk) has been calculated
from the average annual levels shown in the last
column of table X and from the average integrated
deposit for the latitudinal band, 65 mCi km= (figure
13). The average milk level integrated to 1967 is 137
pCi y (gCa)~!. Taking the observed level in 1967—
9 pCi (gCa)'—and assuming a mean life of strontium-
90 in soil of twenty-one years, the integrated level in
milk subsequent to 1967 will be 189 pCi y (gCa).
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Consequently, the integrated level in milk over all time
due to tests carried out prior to 1963 will be 137 + 189
=326 pCi v (gCa)!, corresponding to Pss (milk)
=35 pCi y (gCa)?* per mCi km™.

125. The above calculation is based on data from
relativelv large but well-defined milk sheds or, in the
case of the larger countries, on mean levels weighted
either by production or by population. Other cases.
where mean levels have not been weighted, have been
omitted since the results are not necessarily indicative
of the milk consumed by the general population. Also
omitted from the calculations are the %°Sr/Ca levels
in Japanese milk which, because of the use of special
cattle feed, are not typical of the latitudinal band as a
whole,

126. The countries represented in the calculation
contribute about 38 per cent of the total European
production and 46 per cent of the total production in
the northern hemisphere. If the °°Sr/Ca ratios ob-
served in the milk of Moscow and the Ukrainian
Soviet Sacialist Republic could be taken as representa-
tive of milk produced in the Soviet Union, the estimate
of Py (milk) would represent about 70 per cent of
the total milk production of the northern hemisphere,
most of which is produced in the latitudinal band
40-60°N.

127. Similar calculations for the southern hemi-
sphere are not as useful at present because the annual
deposition there in 1967 was still significant compared
with the accumulated soil deposit. Only about 10 per
cent of the world milk production comes from the
southern hemisphere, and of this about half is produced
in the band of maximum deposition (30-50°S) which
includes, principally, Argentina, New Zealand and the
more densely populated region of Australia. Cumula-
tive levels (unweighted means) in milk relative to the
cumulative deposit in these countries are comparable
with the corresponding levels in the middle latitudes
of the northern hemisphere, suggesting that the values
of P, (milk) in the south are also comparable with
those obtained for the north.

128. Other food-stuffs. Other food-stuffs, mainly
of vegetable origin, include cereals, vegetables and
starchy roots. Since starchy roots are of minor im-
portance, they will not be considered further. Rice
is the staple food of about half of the world popula-
tion, and nearly 1,000 million people rely on it for
almost all of their caloric requirements. The only sys-
tematic study on rice contamination, however, is that
reported from Japan® where production amounts to
about 7 per cent of the world total. Rice is particularly
difficult to sample reliably because, being predominantly
a subsistence food crop, more than half of the world
harvest and as much as three-quarters of the harvest
in individual countries never enter markets but are
consumed on the farms where the crops are grown.

129. The results obtained in Japan may not be
tvpical of the Far East in general. Most of the rice
consumed in the world is of the long-grained indica
variety, whereas in Japan it is the round or short-
grained japonica variety that is grown, and Japanese
methods of cultivation are unique. The levels of con-
tamination vary widely. In 1961, when deposition rates
were low. individual measurements in Japan varied by
a factor of two when expressed on a per unit mass
basis and by a factor of 4.5 when expressed relative to
calcium content, In 1963 and 1964, the range varied
by a factor of seven for levels expressed on a per unit
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mass basis, but no data on calcium contents were
given. Rice is milled and polished, and these processes
remove some of the minerals and, particularly, much
of the strontium-90 content. The Japanese results indi-
cate that 90 per cent may be removed this way.

130. Japan is the only country where the levels of
strontium-90 contamination in wheat and rice can be
compared, The results show that. on a per unit mass
basis, polished rice contains between one-thirtieth and
one-fortieth of the amount of strontium-90 of whole-
grain wheat, while, on a per gramme of calcium basis,
the hrelative contents vary between one-fifth and one-
tentn.

131. The reported strontium-90 contents of whole-
grain wheat from countries in the northern temperate
zone are shown in figure 14. The levels observed in
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Fignre 14. 90Sr content of whole wheat grain in the north
temperate zone

North America are generally lower by a factor of two
than those of Europe. Few sets of data om levels in
wheat and the corresponding deposition cover a suffi-
cient period to allow a meaningful integration. Since
using the high levels from Denmark would lead to a
conservative estimate of Pgy (wheat), and since that
country has furnished fairly complete results, the esti-
mate of P,s (wheat) has been based on these data.
If a value of 40 pCi kg™ is taken for each of the years
1955-1958. the cumulative levels up to 1967 are 1,050
pCi y kgt. The level in 1967 was 34 pCi kg=* which,
with a2 mean life of twentv-one years for strontium-90
in soil. implies future levels integrated to infinite time
of about 700 pCi v kg™ Thus. the total expected con-
tamination in wheat is 1730 pCi v kg!, and this,
combined with an average deposition of 65 mCi km™
for the latitudinal band, gives a value of P;; (wheat)



I

27 pCi y kgt per mCi km™. An average value of
.33 gCa kg™ in wheat then gives P.; (wheat) =81
pCi v (gCa)~* per mCi km2,

132. A comprehensive study of contamination in
other cereals—rye, oats and barley—is also available
from Denmark. The results imply that the value of
P.: is the same for the four grains when contamination
is on a per unit mass basis, whereas for oats it is about
half that for wheat. rve and barley when expressed
in terms of 9°Sr/Ca ratios.

(=]

133. While milling removes about 80 per cent of
the strontium-90 contamination acquired by direct
deposition and about 30 per cent of the calcium. only
about two-thirds of the stable strontium are removed
by milling.%% implying that the resulting decontami-
nation will be less when most of the strontium-90 comes
from soil. Since milling removes two-thirds of the
stable strontium, the integrated future level in white
flour, assuming 70 per cent extraction, is

700 3. = 333 pCiy ke
Similarly, since milling removes about four-fifths of the
strontium-90, the corresponding integrated level up to

1967 is
1,050 —1(% — 300 pCi y ke,

Thus, combining the two contributions and dividing
by the mean integrated deposition for the north tem-
perate zone (65 mCi km2) gives a value of P,; (white
flour) of approximately 10 pCi y kg™ per mCi km=,
corresponding to 50 pCi y (gCa)~! per mCi km if the
calcium content of white flour is taken to be 0.2 g
kgt Similar values of P, are implied by results of
strontium-90 measurements in Argentina and Australia;
the quantitative assessment is, however, difficult be-
cause of the relatively high rates of deposition in the
southern hemisphere during the year of observations

(1967).

134, The levels of strontium-90 contamination of
green vegetables have been measured in a few countries
in Europe, Australia, Japan and the Soviet Union
(figure 15). However, some surveys were discontinued
before deposition rates became negligible. Most were
started in the early sixties. thus missing some contribu-
tions from the earlier years, and all were confined to
relatively few types of vegetables. The results from
Japan and the Soviet Union are only available on a per
unit mass basis. Representative sampling is very difficult
because of the large number of varieties grown, the
different sizes of crops grown and harvested at various
times of the year in different countries and the variable
calcium contents of different types of vegetables.

135. Also shown in figure 15 are the levels of
strontium-90 in white flour observed in Denmark and
the Netherlands. These suggest that, when deposition
is high, green vegetables will contain much less stron-
tium-90 per unit mass than white flour, although the
reverse appears to be the case when contamination is
mainly derived from the soil. It is to be expected there-
fore that, in the future, levels of contamination per
unit mass will be higher in vegetables than in flour.
However, differences by a factor of three or four are
to be found between individual types of vegetable, and
the exact relationship will consequently vary with the
composition of the mixture of vegetables, If it is
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Figure 15. "Sr content of green vegetables and white flour
in the north temperate zone

assumed that contamination levels increased linearly
from zero at the beginning of 1954 to the earliest
recorded measurements, the data given in figure 15,
when treated by the method given in paragraph 74,
can be shown to correspond to a value of P,
(vegetables) equal to about 5 pCi y kg! per mCi km™.
The calcium contents of green vegetables are variable,
but for present purposes a value of 0.33 gCa kg™ is
reasonable so that P,s (vegetables) is equal to about 15
pCi y (gCa)? per mCi km™.

136. The values mentioned in paragraph 135, how-
ever, cannot be used in other areas where types of
plants consumed, soils, climate, number of crops and
harvest times are different.

137. Whole diet. The assumptions underlying the
calculations above imply that the relative amounts of
strontium-90 in the different types of food observed
in 1967 will henceforth remain constant, The ratio of
9Sr/Ca in diet to that in milk in several countries in
1967 varied between one and 1.5 (table XI). With the
above-mentioned assumptions, P,y (diet) could be
estimated to lie between P.; (milk) and a value one
and a half times higher. namely, between 5 and 7.5
pCi y (gCa)~! per mCi km™2.

138. The transfer coefficient P,: for total diet can
also be estimated from the P.; factors for individual
food-stuffs and the corresponding contributions from
each food-stuff to the total calcium intake. In a typical
high-milk-type diet, these contributions are roughly
80 per cent for milk, 5 per cent for white flour and 15
per cent for vegetables, The value of P,y (diet) can
therefore be estimated, from equation (28) and the
estimates of P, for the three types of food-stuffs, to be



9 pCi y (gCa)~* per mCi km™, in acceptable agreement
with the estimates presented in paragraph 137.

139. Estimates of Py (whole diet) for the high-
milk-type diet are insensitive to errors in the estimates
of P,s for cereals and vegetables. Obviously, for diets
in which milk is a less prominent component, the
estimates would be more sensitive. Similarly, errors
introduced by using the simplifying assumption that
strontium-90 is depleted from the soil reservoir by an
exponential process having a mean rate constant of
4.5 per cent removal per annum cannot exceed a factor
of about two. Thus, in the case of milk, for example,
the strontium-90 levels already observed would lead
to a value of Pg; equal to 2.1 pCi y (gCa)? per
mCi km™2 (paragraph 124) even if no further uptake of
the nuclide from the soil occurred. On the other hand,
if radio-active decay (about 2.5 per cent per annum)
were the sole removal process, the value of P.s could
not exceed 8 pCi y (gCa)~! per mCi km=2. The margin
of error is even smaller with other food-stuffs because
the fraction of the time-integrated levels obtained by
extrapolation is smaller.

140. For the purpose of this report, the value of
the transfer ccefficient P:; (whole diet) for the high-
milk-type diet is taken to be 9 pCi y (gCa)? per
mCi km=2,

(ii) Transfer coefficient—diet to tissue

141. To estimate the transfer coefficient P4, Lindell®®
introduced five basic assumptions:

(a) strontium is incorporated into bone at a rate
directly proportional to the rate of calcium incorpora-
tion ;

(b) the "Sr/Ca ratio in new bone is proportional
to the ?9Sr/Ca ratio in the diet from which it is
derived. The proportionality factor is independent
of age and, for the purposes of calculation, is taken
to be equal to the observed ratio (OR) in adults
under steady-state conditions;

(¢) strontium-90 is eliminated exponentially with
a time constant independent of age;

(d) all members of the population have the same
mean life span 1, so that

f(u) =1
f(u) =0

(e) the dose-rate function

0 < U < ity
U Uy,

)

‘

is constant.

142, Ii strontium-90 levels in diet and bone are
expressed in ?9Sr/Ca ratios, it follows from the first
three assumptions that

ORrR 22 '1(”) —/ (u—u)
B( u)

where 1’ is the age at time of uptake: 1 the age at

some later time: B(w) the mass of calcium in the

skeleton at age 1: k; = ke -+ X the rate of strontium-90
loss: and o the rate of calcium incorporation given by

afit’) = kB,
a() = $(')(1 + kor')

in which %, is a constant, ¢(u’) is a growth function
and B, is the mass of calcium in the adult skeleton.
The constant .4;, defiined by equation (36) as

mfi,w') =

(64)

' > 20
0<u <20
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w0
A,://f(u)g(u.)m(n,u')dudu’,
0w

can then, after introducing assumptions (d) and (e),
be written

U Um MUm

A,:/ /m(u,u’)dudu’:y/ Fn(w)dw, (65)
’ 0

where
U
F,,.(u’):/ mu )du, (66)
and is called the dose-increment factor.

143. Lindell defined an average dose-increment fac-
tor as

U
1 e, .
_r‘/ Fou(w' )du (67)
0
so that
Foo— A
" yuyOR (68)

Since, according to equation (57), PyPy; = Aiftim
and since y = Py;, then Py; = F,, OR. In its previous
reports, the Committee adopted values of 0.6 and 0.25
for F, and OR, respectively, correspondmg to
Ps; =0.15. Lindell®® showed that F,, is not critically
sensitive to the value of the mean life span nor to the

numerical values assigned to k, and ks, as long as they
are about the same order of magnitude.

144, Alternatively, if measurements of #Sr/Ca
ratios in human bone are available for all age groups
in the population, Ps; can be estimated directly, and
Lindell’s first two assumptions can be avoided. The
strontium-90 level integrated up to some time ¢ is

U

/ f S(¥ 1)dude’.

—300

(69)

The strontium-90 in the bone at time ¢ will further
contribute to the exposure so that, if it is assumed that
the nuclide is eliminated exponentially, the integrated
future levels due to the amounts ingested up to time
¢t will be

U Uy
/ / S(tu”) B(” ) gt ) i, (70)
0

where 1" is the age at time t and u is the age at some
later time.

H

o

”
H

145, It follows then that the integrated strontium-90
level in bone due to the amounts mcested through diet
up to time ¢ is G; 4+ H;. Hence,




py= kA (71)
where
t
C,= / C(¥)dr. (72)
—c0

Equation (70) can be written

m

H,=u—1/ S(tw )W )dv”,  (73)
"0

where
1‘"!

W) = / g? ;:)) )

(74)
1"'

and is called the integral weighting factor. It has been
evaluated for several values of k; in adults combined
with various excretion functions in children. The re-
sults are shown in figure 16.

146. The integral weighting factors are strontium-90
bone burdens integrated over the balance of life for an
initial strontium-90 burden of 1 pCi (gCa)~! at age
u”. The value of H; can therefore be obtained for any
year by multiplying the appropriate integral weighting
factors by the corresponding #°Sr/Ca ratios observed

20—

S

lategrol weighting foctor W(u")

in bone in each age group, summing the products
over the whole population and dividing the sum by
um as in equation (73).

147. In practice, the number of samples of bone
available in each yearly age group is too small, and
therefore average integral weighting factors are cal-
culated for groups of ages. Thus, all samples from
persons twenty years of age and over are combined
to obtain a single average value for adults, and samples
from children and adolescents in the age range five
to nineteen years are similarly combined. For ages
between zero and four years, it is preferable to have
results of bone analyses for each individual year of
age, and these are available from a number of countries,

148. Values of H: have been estimated for adult
vertebrae assuming &, = 0.1 y-! for this type of bone.
The reasons for choosing vertebrae rather than whole
skeleton are discussed in paragraph 159, The same
value of ks, was assumed for children. Although there
is no experimental evidence to support this assumption,
the value of H: obtained does not depend critically on
it, both because the effect of calcium accretion during
growth is large and because the integrated levels up
to twenty years of age contribute less than 25 per
cent to the integrated levels of the whole population.

149, The values of P,; for each of the years in
which data are available have been calculated for
Australian vertebrae and are tabulated, together with
the values of G;, H: and C, in table XII. From this
it can be seen that, except for the first year or two,
P;; is. as expected, reasonably constant, the mean value
from 1961 to 1967 being 0.21. Apart from possible

H k] frem 0-20 as given by Fletcher et gl. (figure 10)
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Figure 16. Variation of integral weighting factor P(x") in bone with age of uptake 1”
and 20Sr excretion rate constant



errors (mostly due to sampling) in the original data,
the greatest source of uncertainty is the value of the
excretion rate for strontium-90. In the absence of
further large-scale tests, it will soon become evident
whether the value of 0.1 y! is reasonable or not, for,
if the true value is greater or less than this, then the
values of Ps; obtained in future years will either de-
crease or increase systematically.

150. A value of P;, was also calculated for those
countries in the north temperate latitudes in which milk
contributes a large fraction of the total dietary intake
of calcium, For this purpose. the reported %°Sr/Ca
ratios for each age group were averaged over all the
countries from which sufficient data were available
(figure 17), and the integrated diet levels were obtained
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from the average levels in milk of the countries in the
same geographical area (table X) multiplied by the
average diet-to-milk ratio for this diet type (table XI).
The results are shown in table XIII.

151. The mean value of Pjs; equal to 0.2 thus
obtained agrees with that previously calculated from
the Australian data. The 9°Sr/Ca ratios measured in
vertebrae from Poland and the Soviet Union, also
shown in figure 17, lie within the limits of variability
of those from countries in which milk is a relatively
more important dietary constituent, Despite differences
in the levels of dietary contamination in these two
countries, the corresponding levels of strontium-90 in
bone weighted by population and integrated to 1967
are also about the same, though the corresponding value
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Figure 17.99Sr/Ca ratios in human bone samples in the north temperate zone

34




of P, would be about a factor of three lower. The
relative strontium-90 levels in adult skeletons for
countries in which bones other than vertebrae have
been sampled can be estimated from the data in figures
18 and 19. Thus, levels in tibia from Finland are very

o Tibie {Finlond)

x Femur (United Kingdom)

& Femur sheft (Seviet Union, Moscow)
o Femur shait {Czechoslovakia) A

N T R T A

1960 1962 1964 1966 1968

Figure 18. 995r/Ca ratios in long bones

similar to those measured in femur from the United
Kingdom and the Soviet Union (figure 18). On the
other hand, when levels of strontium-90 in ribs from

2.0 —
/\x
*
1.5 p—
Froace
\l A—J\A
A/ a 4
USSR
(Moscow)
s ] /
C) N
% 10— VRS
-— / \ %
2 oY
o
! \ \
A x
/ °
a 5
x/ I/ Japan
//
IS
0.5 — ’
8g ,
o- .7 o
P
ol f v 14 1
1960 1962 1964 1966

Figure 19, 90Sr/Ca ratios in adult ribs
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Japan are compared with those from France and the
Soviet Union (figure 19), it can be inferred that
strontium-90 levels in skeletons from Japan tend to
be somewhat lower than ihe average for the latitudinal
band as a whole.

(iii) Dose-rate factor

152, Adulis. The mean dose rates to active bone
marrow and endosteal tissue applicable in the case
of uniform contamination of the skeleton with stron-
tinm-90 have been calculated by Spiers.®*” However,
in what has so far been experienced, skeletal contamina-
tion in adulis has been manifestly non-uniform, #°Sr/Ca
ratios in typical trabecular bone (vertebral bodies)
being more than three times higher than those found
in typical compact bone (femur diaphyses). Since the
dose rates to bone marrow and endosteal cells are
largely due to the strontium-90 contained in trabecular
bone, averaging the strontium-90 body burden through-
out the whole skeleton underestimates the %°0Sr/Ca
ratio and, hence, the dose.

133. The magnitude of the error introduced when
the skeleton is non-uniformly labelled can readily be
ascertained by separating the dose contributions from
strontium-90 in trabecular and cortical bone and then
weighting according to the °Sr/Ca ratios in the two
bone types.

154. The results of the calculations are given in
tables XIV and XV for bone marrow and endosteal
tissues, respectively. From table XIV it is seen that
the bone-marrow dose rates arise from two separate
sources, that is, from the strontium-90 in the two bone
types, trabecular and compact, as follows:

0.369 mrad yt per pCi (gCa)~* in trabecular bone
0.180 mrad y-! per pCi (gCa)™! in compact bone.

Similarly, from table XV it is seen that the dose rates
to endosteal cells are

0.678 mrad y* per pCi (gCa)~ in trabecular bone
0.206 mrad y* per pCi (gCa)™* in compact bone.

Ii the skeleton is uniformly labelled at 1 pCi (gCa)-?,
then the bone-marrow and endosteal-cell dose rates
are. respectively, 0.369+0.180 or 0.35 mrad y? per
pCi (gCa)~?, and 0.678+0.206 or 0.88 mrad y! per
pCi (gCa)~. To the latter figure Spiers added a contri-
bution (0.25 mrad y=* per pCi (gCa)?) due to the dose
delivered to the endosteal tissues in shafts of long
bones, Since this correction was not based on direct
experimental data, it must be regarded as an arbitrary
safety factor leading to an over-estimate of the dose-
rate factor.

155. For the non-uniformly labelled skeleton, it is
assumed that the ?°Sr/Ca ratio found in vertebral bodies
is representative of the levels in trabecular bone
throughout the skeleton. whereas that in femoral
diaphyses is representative of compact bone. From the
empirically observed normalization factors in 1967
(table VIII), the levels in vertebral bodies and
femoral diaphyses are, to one significant figure, 2 and
0.6 pCi (gCa)™, respectively, when the average °Sr/
Ca ratio in whole skeleton is 1 pCi (gCa)~.

156. The weighted mean dose-rate constant to the
whole active bone marrow, when the average 2°Sr/Ca
ratio in whole skeleton is 1 pCi (gCa)-%, is then cal-
culated as follows:



Trabecular bone _
contribution=2.0 0.369=0.74 mrad y~!

Compact bone
contribution=0.6 0.180=0.11 mrad y*

Total= 0.85 mrad y!-

so that, with a concentration of 1 pCi (gCa)~* in ver-
tebral bodies, the dose rate to the whole active marrow
is 043 mrad y.

157. Similar arguments apply to the dose to the
whole endosteal tissue (except the long-bone-shaft
endosteum), the weighted mean tissue dose rate to
which is calculated as follows:

Trabecular bone

contribution=2.0 0.678=1.36 mrad y-1
Compact bone

contribution=0.6 0.206=0.12 mrad y*

Total= 1.48 mrad y?

so that, with a concentration of 1 pCi (gCa)~! in ver-
tebral bodies, the dose rate to endosteal cells is
0.74 mrad y'. If the long-bone-shaft endosteum con-
tribution is added, the mean dose-rate factor can be
shown to be 163 mrad y* per pCi (gCa) averaged
over the whole skeleton, or 0.82 mrad y' per
pCi (gCa)™* in vertebral bodies.

158. The dose rates for the whole of the skeleton
and the whole of the bone marrow are then

Endosteal tissue
0.82 mrad y-1 per

Bone narrow

(@) Non-uniform . 043 mrad y-1 per

pCGi (gCa)-1 in pCG (gCa)-! in
vertebral bodies vertebral bodies

(b) Uniforma ... 0.55 mrad y1 per 113 mrad y1 per
pCi (gCa)-1 in pCi (gCa)1 in
any bone any bone,

2 The dose-rate factors for uniform distribution of strontium-
90 given here are the same as given in_Table 6 of publication
11 of the International Commission on Radiological Protection.

where the non-uniform factors apply during at least
some part of the lives of those in the population who
were adults or late teenagers during the periods of
maximum fall-out levels and where the uniform factors
apply to those who were children or yet unborn at
that time, For present purposes, however. the dosz-
rate factors for uniform distribution can be applied
without serious error throughout the period for which
the dose commitment is calculated.

159. There are, however, several advantages to
using strontium-90 levels in vertebral bodies for cal-
culating the dose commitment. Vertebral bodies are a
convenient source of autoptic bone material and have
been widely used in a number of countries, As discussed
earlier, there is uncertainty about the values of nor-
malization factors and, particularly, about their future
time course. Applying dose-rate factors for vertebral
bodies makes it possible to use most of the data directly
without multiplying the results by factors that tend to
be arbitrary, that may vary with time and that require
further assumptions, According to data given by Spiers,
vertebral bodies contain more than 40 per cent of the
active bone marrow in adults and nearly the same
fraction of endosteal cell:. Thus, vertebral bodies con-
tain a larger iraction of the critical tissues than any
other group of bones, although the largest fractionzl
dose-rate contribution comes from the flat bones—
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pelvis, clavicles and scapulae—which, however, have
not been used in bone surveys. The dose-rate con-
tribution of vertebrae is only slightly less, and these
two types of bone together contribute 60 per cent of
the total dose rates to bone marrow and endosteum.

160. Strontium-90 is assumed to be uniformly dis-
tributed in the skeletons of children and adolescents
so that, in the past, normalization factors have been
applied only to measurements obtained from bones of
persons more than twenty years of age. This has meant
that average ?0Sr/Ca ratios for whole skeletons have
shown a sharp discontinuity at age twenty which is
not plausible on physiological grounds. The use of
80Sr/Ca ratios in adult vertebral bodies largely removes
the discontinuity in a rational way,

161. Children. Spiers has applied methods similar
to those used for adults to calculate dose-rate factors
for children. However, the experimental material avail-
able to him was very much smaller, consisting only of
a vertebra and a femur from a five-year-old child.

162. The dose-rate factor calculated by Spiers for
bone marrow in a five-year-old child is 0.82 mrad y*
per pCi (gCa)™?, or about 1.5 times the corresponding
value for adults with uniformly labelled skeleton. It is
not known how this value changes for other ages be-
tween birth and twenty years of age. No corresponding
estimate of the dose-rate factor for endosteal cells in
children is given. However, when estimating the dose
commitment of the whole population, the value of the
dose-rate functions for adults can, with little error, be
taken to be constant with age.

Caesium-137

163. The dose commitment from ingested
caesium-137 is easier to estimate than is that from
strontium-90, because caesium-137 can, for dosimetric
purposes, be considered to be distributed uniformly in
the body and because it is excreted rapidly. In con-
trast to strontium-90, the Ilong-term uptake of
caesium-137 into diet from soil in temperate regions
is generally less important than direct deposition on
vegetation. The total dietary intake of caesium-137
can be estimated more reliably therefore from directly
measured levels, since only a relatively small allow-
ance for long-term uptake is necessary.

2

164. Caesium-137 and strontium-90 produced by
nuclear explosions in the atmosphere are transported
to the earth’s surface without fractionation, as shown by
the relative uniformity of the observed 137Cs/%0Sr
ratios in air and deposit.}? 13, 3+36. 101

(a) Caesium-137 in food chains

165. The main dietary sources of caesium-137 are
milk. meat, vegetables and cereals.®® In some regions,
fish from inland lakes is locally important.10% 36 Ip
general, however, levels tend to be highest in meat and
cereals and lowest in vegetables.’% Direct comparison
of intakes between different regions thus requires ob-
servations on representative diets (table IV),

166. Within areas with reasonably uniform deposi-
tion and with similar soil types, levels in different
food-stuffs are fairly closelv correlated.5® 1% Mea-
surements on a single item can therefore be used to
detect regions where large deviaiions from normal may
occur. Milk is convenient for this purpose, as repre-
sentative samples can be obtained easily and analysis




is simple. A large number of milk analyses from dif-
ferent regions have been reported (table IIT).

167. When allowance is made for differences in
deposition, levels of caesium-137 in diet and milk as a
rule vary by relatively small amounts between those
regions trom which data have been available. Observa-
tions from regions with non-western diets are. how-
ever, scarce, and no definite conclusions can be drawn
about average levels in these areas,

168. Exceptionally high values have been observed
in reindeer and caribou meat in subarctic regions. The
special conditions in these regions are discussed sepa-
rately in paragraphs 191 and 192. High milk concen-
trations have also been observed in other areas
(paragraph 30) where the higher uptake seems mainly
to be due to predominance of soils low in micaceous
clay and exchangeable potassium so that pastures are
poor and/or high in organic matter. In addition, high
precipitation may in some cases (for example, in moun-
tainous areas) result in enhanced caesium-137 deposi-
tion and uptake. Tracer experiments indicate that up-
take of caesium-137 from red, lateritic and alluvial
soils common in the tropics and subtropics is consider-
ably higher than uptake from the clay soils of tem-
perate regions, but no measurements in local food
products or people in the tropics are available.®4: 105

(b) Transfer from deposit to diet

169. The transfer of caesium-137 to diet is normally
characterized by high uptake during the first years after
deposition and by a relatively small uptake subse-
quently.® No quantitative description of the transfer
from deposit to whole diet has so far been attempted.
However, in its 1964 report, the Committee accepted
that the transfer to milk could be described by the
following equation originally applied to British data by
Bartlett and Mercer:1%¢

C(t) = p'vFe(t) & t'sc [Fo(i—1) + Fr(t—2)]. (75)

where C(t) denotes the caesium-137 concentration in
milk, F.(t) the mean deposition rate in year ¢ and
P’r and P’ are constants determined empirically from
observed levels. Equation (73) gives a transfer coeffi-
clent Pgy=—p/p-2p’s; and corresponds to a transfer
function (paragraph 66) with K(0) = p’y. K(1) =
K(2) = p'scand K (u) > 2 = 0. The uptake after more
than two years is thus formally neglected.

170. More elaborate models have been used to
describe the relationship between levels in deposition
and in milk by Bartlett and Russell!9% 108 and by
others.’® In these models, the long-term component
has explicitly been taken into account by assuming
K(u) = 2 = p,e“/™, where p, is a constant derived
from tracer experiments.

171. Milk levels show a pronounced yearly cycle
depending on deposition rates and agricultural prac-
tice, but the yearly mean level is representative of
the dietary intake in that year. Meat and grain prod-
ucts, which provide about half of the caesium-137 intake
in western-type diet, are often stored and may thus be
representative of an earlier fall-out situation. The rela-
tive contributions of different types of food-stuffs con-
sumed therefore vary with deposition rates, even though

Cf66) _ L(66)+K(2) F,(64) 4+ K(1) F,(65) + K(0) F,(66)

at produciion level they remain unchanged in any
given year. If the dietary levels are integrated over
a number of vears, the etfect of such variations cancel
oug, but there may remain a long-term change in the
proportions by which different types of food con-
tribute to diet, if there is a real difference in the soil
uptake between plants.

172. If observations on dietary levels are available
for most of the deposition period. P,; can be estimated
directly by means of the relation

‘jcmm fam&
_ == t

Pas — (76)

E(t) TOF(@)
where C’ is the part of the dietary level due to deposi-
tion before time ¢ The first term to the right will be
called Pg,(t). Observations on total diet are nowhere
available for the whole period of interest, but they can
be inferred from observations on bodv content, as the
integrated body content over a reasonably long time
is directly proportional to the dietary intake (para-
graph 182), For example, Gustafsson and Miller'0% 316
give the integrated dietary intake of caesium-137 for the
years 1961-1967 in the Chicago area as 180 pCi y
(gK). The total uptake can then be estimated by
multiplying this value by the ratio between the inte-
grated body levels in the years 1953-1967 and the
levels in the period 1961-1967, giving 275 pCi y (gK)-L.
The total mean deposition of caesium-137 in Chicago
up to 1967 was about 85 mCi km= and thus
Py (1967) = 3.25 pCi y (gK)™* per mCi km=.

173. To estimate the second term to the right of
equation (76). some assumptions regarding the long-
term uptake must be made. It is generally assumed
that the dietary level caused by a given deposit de-
creases with time at least at a rate corresponding to
the radio-active decay. An upper limit to the value is
thus obtained by multiplying C(67) by the radio-
active mean life T, which, with the Chicago data, gives
a value of 4.4 for the second term so that Py =7.65
pCi (gK)™ per mCi km=2.

174. Since a considerable part of the 1967 dietary
levels was due to uptake irom caesium-137 deposited in
the years 1965-1967, this method over-estimates the
second term. In the following paragraphs, an estimate
of the proportion of the dietary level in 1967 resulting
from deposition in 1965 and earlier will be made. tak-
ing into account the special deposition pattern during
the vears 1964-1967. The integrated dietary level due
to deposition before 1965 can then be obtained by
extrapolating this proportion. As the cumulative deposit
increased very little during the period 1965-1967. this
extrapolated term can be used as an estimate of

=}
C'()d-.
1968

175. The ratio between the dietary levels in 1966
and 1967 can be written

(77)

C(67) = L(67) + K(2) F:(65) + K(1) F(66) + K(0) F.(67)"
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where L(66) is the uptake in 1966 due to deposition
in 1963 and earlier and L(67) the uptake in 1967 from
deposition in 1964 and earlier. It will be assumed
that these terms are directly proportional to the cumu-
lative deposit in 1963 and 1964, respectively. The annual
deposit in the northern hemisphere decreased by about
50 per cent per year!!® from 1964 to 1967. The fact
that

F (64)

F.(65)
implies that
C(66) _Fu(63) + E[F,(64) + F.(65) + F.(66)]
C(67)  Fa(61) + k[Fr(65) + Fr(66) + Fr(57)](’79)

F,(65)
F(66)

F,(66)
F.(67)

(78)

==

where £ is a constant reflecting the rate of uptake from
comparatively fresh deposit. In order to avoid the lag
effects discussed in paragraph 171, milk rather than
total diet was chosen to estimate k.

176. When the pertinent deposition and milk data
for the United States are inserted in equation (79),
it i3 found that k 33, implying that somewhat
less than 20 per cent of the milk level in 1967 was
due to deposition before 1965. The future dietary con-
tent due to deposition before 1965 can thus be estimated
as 0.2 C(67) T’n. where T, is the effective mean
residence time in soil. The sum of this term and the
observed integrated dietary content up to 1967 gives
an over-estimate of the total integrated dietary content
due to deposition before 1965, as the effect on diet
during the years 1965-1967 from deposition in this
period is included. As the integrated deposit increased
very little between 1965 and 1967, this over-estimate
is smail, however, Pg; is obtained by dividing the total
integrated dietary content thus obtained by the in-
tegrated deposit at the end of 1964. The pessimistic
assumption that 77, is equal to the radio-active mean
life (forty-four years) gives an estimate of P.; =4.1
pCi y (gK)™* per mCi km™,

177. A fairly large number of observations on the
body content of caesium-137 are available, and the dose
commitment can then be estimated, without knowledge
of P,s, from the ratio P.s/Pss(t) (paragraphs 172 and
186). Since

0

fom&

—

Pos
Pos(t) — ¢
/C(,-)df

— %

(80)

this ratio can be estimated for different regions in the
northern hemisphere, using, for example, milk data
and the method indicated in paragraphs 172 to 174.
This method has the advantage that information on
local deposition is not required.

(c) Metabolism of caesium-137 in the body

178. Caesium-137 ingested by man is rapidly dis-
tributed in the body. about 80 per cent being deposited
in muscle and & per cent in bone.l® About 10 per cent
is rapidly excreted, and the remainder is excreted at
a slower constant rate, The observed half-life in adults
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varies between less than fifty and more than 200 days
and seems to depend on body weight, sex and dietary
habits. 11?112 Even within a relatively homogeneous
group, the variability in half-life is considerable.l!3
The half-life in children is shorter than in adults and
is of the order of ten days for new-born infants.1%0
Based on published data, McCraw?!!* gave the empirical
equation T = 12.8 (u* + e) days, where u is age
in years, There has been some indication that a small
part of caesium might be fixed in bone with long
residence time!®® but no quantitative .observations
have been reported.

179. The average body content of caesium-137 in a
population at a given time varies with individual values
of the biological half-life and with dietary habits. The
observed caesium-137 levels (in pCi (gK)-* are 20-30
per cent lower in women than in men.111? Levels in
children are, as a rule, lower than in adults.!o® 216, 137
For estimating the dose commitment, it will be
assumed that. the caesium-137 level (in pCi (gK)?)
in children is the same as in adults, an assumption
which probably results in a small over-estimate of the
‘population average.

180. Although the most accurate determinations of
caesium-137 body burdens are by whole-body counting,
this method has limitations, as most body counters are
immobile. For that reason, measurements on human
blood, urine, etc. may serve as a useful supplement to
whole-body counting in regions where representative
whole-body measurements are not feasible. Such
methods also make it possible to use pooled samples
irom a large number of individuals. and this may be
important in regions where there is reason to suspect
large variations due to unknown ecological factors.

181. The relation between caesium-137 concentra-
tion in blood and body burden has been studied by
Yamagata'® who has also made an extensive survey
of body burdens using blood samples.’?1:1#2 Recently
a study by Jaakkola et al'** has shown a very good
correlation between body burden expressed in nCi
(gK)-! and blood concentration and a much poorer
correlation with caesium-137 concentrations in twenty-
four-hour urine samples. The results indicate, however,
that pooled urine samples from at least twenty in-
dividuals give a reasonable estimate of the average
body burden. These results are confirmed by similar
investigations made by Ramzaev ef ol.**® The caesium-
137 concentration in human hair has also been found
to be well correlated with body content.t*% 318

(d) Transfer from diet to body

182. The short residence time of caesium in the
human body (7",) implies that the ratio between
integrated body content and total dietary intake over
some extended period of time (more than, say, two
vears) will be a good estimate of the transfer co-
efficient P,,, that is,

/Q(:)a’.— f 0f+)d-
_—YJ ~I‘1 81
Poy=— SUETY (81)
/C(T)df'/ C(-)ds
—_— f[

whenat 22 2y



183. The coefficient Py; can be estimated directly,
using data from the Ur_lited _States”s' 1"? andﬂ_'Den-
mark.!** Expressed in picocuries of caesium-137 per
oramme of potassium. the integrated body content of
adults in the United States during the years 1961-1967
was 300 pCi v (gK)-! and the corresponding dietary
intake 180 pCi ¥ (gK)~! so that P,y = 2.8, For Den-
mark. the integrated body content during the years
1963-1967 was 533 pCi y (gN)-! and the dietary intake
184 pCi y (gK), giving Py, =29, In this case, Py
can be regarded as dimensionless,

18+. Alternatively, body contents and dietary intakes
can be expressed in terms of total activity., Because
the integrated body content, when so expressed, is
equal to the total dietary intake multiplied by the frac-
tional intake f; and by the caesium-137 mean life in the
body 77w,

P.’H = flT”m (82)

and is thus expressed in units of time. Since fractional
intake is close to one,”! P4 is close to the mean resi-
dence time in the body. Taking the total content of potas-
sium in the body as 140 grammes and a yearly intake of
1.400 gramimes, and using the same data as in the pre-
vious paragraph, the values of Pj; then become 0.27 and
0.31 year for the United States and Denmark, re-
spectively, corresponding to a mean biological residence
time of about 100 days. The value of the transfer
coefficient thus obtained differs from that obtained in
the previous paragraph by the ratio of the potassium
body content to the potassium yearly intake or by
approximately 0.1 y=.

185. When observations on total deposit and in-
tegrated body burdens are available, numerical
estimates of the factors Py; and P,y are not necessary
if the body can be assumed to be in equilibrium with
the diet, as in that case the dietary step can be by-
passed and the deposit linked to body burden by means
of a transfer coefficient P,s;. In the Committee’s 1964
and 1966 reports, P,y was estimated from the follow-
ing equation relating body burden and deposit:

O(t) = Py Fy(t) + Pao (Fo(t — 1) = Fo(t — 2)).(83)

where P, and P, were empirical coustants. This
equation is analogous to equation (73) and

P:34=Pr+3Psc- (84)

186. A mwore direct estimate of P,z; can be obtained

from
eC 4
/ Q(+)dr / Qfr)dr
—_ P, —_—n
Py — i = = 85
i F(x) Pas(1) F(t) (83)
187. The United States data discussed in para-
graphs 172 to 175 give. as a conservative estimate,
_ 41 44 (1) o2
Peyy = 325 "85 — 11 pCiy (gK)™! per mCi km™2,

(86)

which is consistent with the value obtained by multi-
plying Ps;, as given in paragraph 176 by Ps; as
obtained in paragraph 183.

188. A study of the variation of Pas; in different
parts of the northern hemisphere can be made by
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comparing integrated body burdens. As, in the north-
ern hemisphere. the deposition rates have varied fairly
uniformly with time and as body burdens up to 1967
have mainly been due to short-term uptake, the ratios
between body burdens in different parts of the hemi-
sphere in the same time periods should be directly pro-
portional to F(67) Ps(67).

189. Body burdens in different regions and ratios
relative to Gustafsson's and Miller's values are given
in table VI from which it is seen that. with the ex-
ception of the regions discussed in paragraph 168, the
ratios in the northern hemisphere lie between one and
two with most values around 1.3, the only exception
being Japan with a value of 0.6. It is notable that
the ratios in northern Europe tend to increase at the
end of the period, indicating that the long-term con-
tribution is somewhat higher than in the United States.
This increase is modest, however. and it seems rea-
sonable to assume that the long-term contribution
after 1967 is of the order of 25 per cent of the total.
as in the United States. Studies of the dietary intake
in the different parts of the Soviet Union!®'- 128 indi-
cate that the levels in the Moscow and Leningrad
areas, from which body burdens have been reported.
%Jre‘reasonabl_v well representative of the entire Soviet

nion,

(e) Dosec-rate factor

190. According to Spiers,!® a caesium-137 body
content of 1 pCi (gK)! gives a dose rate of 18 urad
v'! for a man weighing 70 kilogrammes and 15 prad
y! for a child weighing 8 kilogrammes, If the caesium-
137 body content is expressed as pCi (gK)™, the dose-
rate function g(u) is thus approximately independent
of age, and it will be assumed that

Py; = 18 prad y™ per pCi (gK)-? (87)

which, combined with the estimate of P, from the
United States data, gives

Pz:u.: - Pe.uP.;s =0.20 mrad per mCi km™—2. (88)

(f) Subarctic regions

191. Caesium-137 levels in the food-stuffs produced
in subarctic regions are generally higher than those
expected from the amounts of the nuclide deposited
per unit area and are especially high in reindeer and
caribou meat, as well as in fish from lakes with water
low in mineral content.®® The body burdens of cae-
sium-137 in individuals eating large quantities of rein-
deer or caribou meat are more than ten times higher

than the local population average, 39132 as shown in
table VI.

192. Levels of caesium-137 in reindeer and caribou
are high because the lichens, which are an important
food for these animals during winter, effectively entrap
and retain a substantial proportion of the deposit falling
onto them, The apparent half-life of caesium-137 in
lichens due to grazing and leaching varies from 2.5 to
fifteen years!®3-13% 5o that estimates of the dose commit-
ment for these regions are uncertain, Miettinen and
Rahola®®! have calculated average integrated body
burdens of about 30 nCi y (gK)! for Finnish Lapps
(reindeer breeders) during the years 1961-1968. As-
suming an apparent half-life of between 2.5 and fifteen
vears. the long-term contribution after 1968 is from
12 to 75 nCi y (gK)-1. Thus. the total integrated body



burden should be from 40 to 100 nCi y (gK)-, or
about 100 times the average for the northern hemisghere.

3. External radiation

193. The exposure from gamma-emitting nuclides
deposited on the ground was discussed extensively in
the Committee’s 1962 and 1966 reports, and the methods
used earlier for estimating the corresponding dose
commitment are still valid.

194. Theoretical and experimental studies on the
transmission of gamma radiation from radio-active
deposits make it possible to calculate the resulting air
dose, provided the properties of the ground and the
distribution of radio-activity in the top layer are
known.13¢-13% However, as this information is largely
unavailable, estimated air doses are only approximate.
No new data regarding shielding by buildings and
screening by the human body warrant any change in
the Committee’s earlier estimate'4? of a combined shield-
ing and screening factor of 0.2.

195. The effect of the radio-activity distribution in
the top layer on the dose-rate conversion factor has
been assessed for the case in which the activity de-
creases exponentially with depth.13723® When the re-
laxation length ! (which corresponds to the depth at
which the activity has decreased by a factor of ¢)
increases from zero (i.e., plane source) the dose-rate
factor initially decreases rapidly but subsequently rather
slowly. When [ increases from 1 to 3 centimetres, the
dose-rate factor for caesium-137 decreases from 60 to
40 per cent of the plane-source value®” From such
calculations and studies of the actual distribution,1t!: 142
it can be deduced that ground roughness and weathering
result in a reduction factor of from one to 0.3 as com-
pared to a plane source.

196. As the short-lived nuclides deliver most of their
dose contribution within a relatively short period of
time, no reduction factor for soil penetration is required.
As regards caesium-137, the main dose contribution
occurs after the nuclide has penetrated into the soil.
In order to take account of this, a soil shielding factor
is applied for caesium-137. The value of this factor is
taken to be 0.5. The dose-rate factors given by Beck?!38
are used (table XVI). The largest contribution to the
dose commitment from external radiation comes from cae-
sium-137. As the 13°Cs/%Sr ratios in deposit are ‘airly
constant, the caesium-137 external dose conumitment
can be estimated from either caesium-137 or stron-
tium-90 deposition data.

197. Measurements of air doses due to deposit from
nuclear explosions have been reported from Japan 143 1%
the United Kingdom'*® and Sweden.'*® The yearly
mean exposures, ranging from 4 to 12 milliroentgens in
Japan, from 4 to 6 milliroentgens in the United Kingdom
and from 6 to 9 milliroentgens in Sweden, have not
varied appreciably between 1965 and 1967. In Japan,
comparatively high exposures were observed during the
period December 1966-January 1967. presumably due
to fresh debris from tests in central Asia.

198. Estimates of exiernal doses based on deposit
measurements have been reported from Argentina® and
Australia.l™?® In Argentina, doses to gonads and bone
marrow from short-lived nuclides deposited after the
1966, 1967 and 1968 tests in the south Pacific were
estimated to have been 4.9, 09 and 1.3 millirads.
respectively. In Australia, the corresponding doses were
well below I millirad.

40

199. While deposition of shorter-lived nuclides dur-
ing the years 1965-1967 was all due to tests carried
out in that period, that of the longer-lived nuclides
included a contribution from earlier tests which cannot
easily be isolated and which have already been included
in the estimate of the external dose commitment given in
the 1966 report. The Committee estimates that the
external global dose commitment due to short-lived
nuclides from tests between 1965 and 1967 is. at most,
2 per cent of the external dose commitment from tests
up to 1964.

4, Carbon-14

200. Because carbon-14 circulates in nature and its
radio-active half-life is long compared with that of the
other long-lived nuclides, strontium-90 and caesium-137,
the dose from carbon-14 will be received over a very
much longer period of time. It is therefore convenient
to consider the dose commitment due to carbon-14 in
two ways, namely, the total dose commitment itself
and that fraction of it which will be delivered up to
the year 2000, when most of the dose commitment
from the other long-lived nuclides will have been de-
livered. It is the numerical value of the latter fraction
which is usually added to the dose commitments due
to the other nuclides to obtain the over-all dose com-
mitment from weapons tests so far carried out. but it
must be remembered that there will be a further, and
larger, contribution from carbon-14 which will be
delivered after the year 2000.

201. Most of the carbon-14 produced by nuclear
explosions has been injected into the stratosphere where
naturally produced carbon-14 also originates. Transport
processes are thus essentially identical for natural and
artificially produced carbon-14, If it is assumed that
present levels of natural carbon-14 on earth reflect a
steady-state condition and that the carbon balance will
not change appreciably in the future, it is possible to
estimate the dose commitment without any specific
assumptions regarding transport processes, population
structure, etc. by means of the expression

(4
D?(w) =% B

where yo is the dose rate due to natural carbon-14, B
is the production rate of natural carbon-14 and W is
the amount of artificially produced carbon-14.67

202. The exchange processes determining the bio-
spheric levels are characterized by a rapid exchange
with time constants of the order of a few vears at most
between different parts of the atmosphere. biosphere
and ocean-surface layer. The transfer into deep ocean
and humus is a slower process with time constants of
the order of tens of years, and the back-transfer to the
atmosphere is still slower with time constants of manv
hundreds of years'#™ 5 After a few years, the at-
mospheric and biospheric levels due to an atmospheric
injection will thus decrease at a rate mainly determined
by the transfer to deep ocean and humus. and the effect
of a back-transport will be quite small. at least during
the first fifty vears. This is the situation obtaining now,
since no significant additions to the artificial carbon-14
inventory have been made since 1962.

' (89)

203. Quantitative studies of the transfer processes
usually rely on compartment models with first-order
kinetics. Complicated models have been applied,48-151
but, for the purpose of estimating the dose commitment
up to the year 2000, a model with four compartments



is sufficient: (@) stratosphere: (&) troposphere and
biosphere; (¢) ocean-surface layer; and (d) deep ocean
*and humus.*® The errors introduced by using this
simplified model are small compared to the errors due
to uncertainties in estimates of the exchange coefficients.

204. The exchange of artificially produced carbon-14
between different parts of atmosphere and the oceans
has recently been studied by Nydal,**® who estimated
the stratosphere-troposphere exchange coefficient to be
0.5 v, in agreement with earlier estimates3® He
further found a mean residence time of four years in
the troposphere, a value also obtained by Young and
Fairhall.® From estimates of the net production rate
of carbon in land plants%® it can be concluded that
the largest part of the carbon dioxide in the atmosphere
is taken up by the oceans.

205. Estimates of the rate of uptake by deep ocean
and humus are, at present, mainly based on observa-
tions of the natural carbon-14 balance*%%¥ The ex-
change coefficients thus derived refer to well mixed
compartments, and it cannot be assumed that they are
quantitatively applicable in the present connexion.

206. When the exchange coefficients discussed in
paragraphs 203 to 205 are applied to the four-com-
partment model, it follows that an injection of 10%7
atoms of carbon-14 in the stratosphere leads to a con-
centration in the troposphere (expressed in per cent
of the natural level) of

I(t) = 0.16 £0-00012¢ 1,96 g-0.020¢
1284 €035t _ 4.96 0.0t (90)

where ¢ is the time after injection in years. The first
term allows for radio-active decay. The time constants
in the last two terms of this expression are mainly
determined by the rapid exchange processes in at-
mosphere, biosphere and ocean-surface layer, whereas
the time constant in the second term to the right is
determined by the slower processes discussed in para-
graph 203,

207. By the end of 1967, no major atmospheric in-
jections of carbon-14 had occurred in four years. It is
found from equation (90) that the second term to the
right represents about 80 per cent of /(f) when ¢ is
between four and forty years, and the approximate in-
tegrated tropospheric level for the years 1968-2000 is,
therefore, obtained by assuming that C(t) decays with
a time constant 0.029 y* in this period. Thus,

2000 32
/ I(t)dt ~ C(1967) / 0099t 4 = 21 1(1967) (91)
1968 4]

208. As was pointed out in paragraph 203. the
exchange coefficients determining the time constant
0.029 are tentative. The integrated tropospheric level is,
however, not very sensitive to the value of the time
constant. If its true wvalue is in the range 0.01-0.06,
it is found that

2000
I(t)di = (20 =7) C(1967 ).
1963

(92)

209. The integrated tropospheric concentrations up
to 1967, inclusive, can be estimated from data sum-
marized in the Committee’s 1964 report™ and by
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Nydal'*® (figure 20) to be 510 and 390 per cent year
of natural carbon-14 in the northern and southern
hemispheres, respectively. In both hemispheres, the
concentrations in 1967 were about 65 per cent of the
natural level. Thus, the integrated level up to the year
2000 is estimated to be about 3510 + 21 X 65 = 1.875
in the northern hemisphere and 1,750 in the southern
hemisphere, or about 1,800 per cent year of carbon-14
globally.

210. As the exchange between tropospheric air, food-
producing plants and land animals is rapid, human body
levels have followed tropospheric levels with a delay of
one to two years.1% 155 Measurements on human blood
and hair indicate that equilibrium has been virtually
established since 196515 (figure 8), and it can thus be
assumed that the integrated body burden up to the
year 2000 is the same as the integrated tropospheric
content. The dose commitment up to the year 2000 is
thus obtained from equation (92) by multiplying by
the dose-rate constant y,.

211. The dose rate due to the natural carbon-14
produced per year is 0.7 mrad y in bone marrow and
soft tissue and 0.9 mrad y? in cells lining bone sur-
faces,190

5. lTodine-131

212, Todine-131 has a short radio-active half-life
so that its presence in the biosphere is important only
during the first few months immediately following a
nuclear explosion. This means that appreciable mixing
does not occur before deposition and that the actual
fall-out pattern depends very much on the weather
during the first week or so following the explosion.
Because deposition patterns are so variable and unpre-
dictable, doses can only be calculated if the levels of
the nuclide in food are measured directly or if the local
transfer coefficients and deposit are known. Since these
are often not available from large areas of the world,
it is not possible to estimate dose commitments on
the global scale but only those to local groups of persons
whose food supplies have been adequately monitored.

213. 1f dose commitments are required, it is essential
to have ready a monitoring system whereby representa-
tive dietary samples can be obtained and analyzed
rapidly. In those areas where milk is a major dietary
component, it has been found that. within a specified
region. there is usually a strong correlation between
the concentration of barium-140 in ground-level air
and iodine-131 concentration in milk. Since it is com-
paratively simple to obtain air samples, such a measure-
ment can be used to trigger full milk sampling systems.

(a) lodine-131 in food chains

214. Where it is a major dietary component, milk
dominates as a source of iodine-131 ingestion. In areas
where little milk is consumed, the main source of
iodine-131 intake is probably vegetables.b* 213 Qnce
deposited on grass, iodine is removed by various pro-
cesses such as cropping, leaching and volatilization.
Several studies have indicated an effective half-life of
three to six days%? The efficiency of transfer from
grass to milk depends on many factors associated with
local farm practices. During winter, transfer will ob-
viously be negligible in areas where cows eat stored
feed. Breed of herd, season, density of herbage and milk
vield may affect the transfer appreciably.8t138. 150
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Figure 20, 14C variation in the tropospherel+9

(b) Metabolismn of todine-131 in the body

213. lodine-131 is concentrated in the human thyroid
which receives a dose many orders of magnitude greater
than any other organ.’®® For a given dietary intake, the
resulting dose to the thyroid is at least ten times higher
in six-month-old infants than in adults, although the
total iodine-131 content of the thyroid is about the
Same-100-162

(¢) Dose-rate factor

216. In the Committee’'s 1964 report,!®® it was
estimated that an integrated milk level of nCi d 17
results in.a thyroid dose of 11.5 millirads to children
one to two years of age, in close agreement with later
estimates. Corresponding mean doses for individuals
in age groups zero to ten, ten to twenty and twenty to
seventy years of age are, according to Neill’s and
Robinson’s data,2®? 6.1, 2.5 and 0.7 millirads, respec-
tively,

6. Other nuclides

217. Relatively large amounts of iron-55 were pro-
duced in the nuclear test series during 1961 and 1962.
As iron is readily transferred in the biosphere and
taken up by man, relatively high activity levels have
been observed in the subsequent years. A number of
investigations on iron-55 in food chains and in man
have been reported.!®-17® Although the body burdens
are comparable to those of caesium-137. the resulting
dose rates are far smaller since the dose-rate factor
for iron-33 is quite small, 169
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218. Studies on other nuclides produced by nuclear
explosions, such as sodium-22, manganese-54, kryp-
ton-85, plutonium-239, and tritium, indicate that the
internal dose commitments due to these nuclides are
of minor importance.}?1-1%4

D. DoSE COMMITMENTS FROM EXTERNAL AND
INTERNAL CONTAMINATION

1. Introduction

219. For the purpose of estimating dose commit-
ments, particularly from internally deposited caesium-
137 and strontium-90, the world population is divided
into three groups:

1(a). Populations living in regions from which a
relatively large amount of data on contamination by
these long-lived nuclides is available and where
transfer processes are sufficiently well understood to
make possible reasonably reliable predictions of future
levels. The regions included are those in which the
principal source of caesium-137 and strontium-90 in
the diet is dairy produce, such as western Furope
and North America in the north temperate zone and
Argentina. Australia and New Zealand in the tem-
perate zone of the southern hemisphere.

I(b). Populations living in regions in the snorthern
temperate sone from which a relatively large amount
of environmental data is also evailable but where some
transfer processes are different from those in 1(a).
These regions include parts of the Soviet Union and
other areas of eastern Europe in which the principal
source of caesium-137 and strontium-90 in diet are
whole wheat and rve. This group also includes the

'-’



population of Japan which differs from the eastern
FEuropean populations insofar as rice and vegetables
are the principal sources of strontium-90 and cae-
sium-137.

1I. Populations in the remaining regions of the
world from which abmost no environmental data are
available and litile is known about transfer processes
tirough jood chains. For these regions, it is thus
necessary not only to predict future levels but also
io estimate past levels. These regions include, in
particular, the tropical and subtropical beit.

220. In addition to these broad population groups.
there are substantial groups of individuals for whom
the dose rates may be much higher than typical values
for the temperate zone because of special climatic and
dietarv factors. An important example is that of the
arctic and subarctic regions where people include rein-
deer and caribou meat and fresh-water fish in their
diets. As they are a relatively small fraction of the
world's population, the enhanced doses that they receive
do not contribute significantly to the world-wide dose
commitment.

221. The dose commitment due to carbon-14, on the
other hand, does not depend significantly on dietary
and social habits, and, since the deposit of carbon-14
is more or less uniforin over the globe, it will be equal
for all populations. .

222. Dose commitments for the population belonging
to group I(a) will be calculated first. using equation
(16) and the values of the transfer coefficients relevant
to each case, as estimated in the preceding paragraphs.
The special problems arising in the case of populations
belonging to groups I(d) and II will then be con-

sidered separately.

2. Distribution of world-wide deposit of long-lived
radio-nuclides

223. The distribution of deposit over the surface of
the earth is shown in table XVII. The average integrated
deposit of strontium-90 in the north temperate latitudes
to the end of 1967 is about 65 mCi km™2, whereas that
of caesium-137, obtained by multiplying the value for
strontium-90 by 1.6 (paragraph 20), is 104 mCi km=2.
The corresponding values in the south temperate lati-
tudes are 14 mCi km* and 22 mCi km™= for stron-
tium-90 and caesium-137, respectively.

3. Dose commitments to group I(a) population

(a) Internal dose commitiments
(i) Strontinm-90
224. The following values of the transfer coefficients
are used
(a) Pz = 9 pCi y (gCa)? per mCi km™? (para-
graph 140)
(b) Py (vertebrae) = 0.2 pCi y (gCa)! per
pCiy (gCa)™* (paragraph 151)
(¢) P,s; (bone marrow) = 0.55 mrad y per pCi
(gCa)-! (paragraph 158)
P,; (endosteal cells) = 1.1 mrad y? per pCi
(gCa)~* (paragraph 158)

Thus we obtain
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D,( ) (bone marrow) = 64 mrad in the northern
hemisphere

= 14 mrad in the southern
hemisphere

D,(=) (endostealcells) = 128 mrad in the northern
hemisphere

— 28 mrad in the southern
hemisphere

(ii) Caesiun-137

225. Since Py, P.; = 0.2 mrad per mCi km™
(paragraph 190),
Dy ) = 21 mrad in the northern hemisphere
4 mrad in the southern hemisphere

(iii) Carbon-14

226. The total dose commitment from carbon-14 is
estimated from equation (89). The rate of production
of natural carbon-14 is 2.6 10°® atoms per year, and
the amount of carbon-14 injected by tests carried out
up to 1967 is 650 10°¢ atoms so that

650
Dy(w) =v—5g (93)
Since vy, equals 0.7 mrad y? in bone marrow and soft
tissues and 0.9 mrad y* in cells lining bone surfaces
(paragraph 211), the corresponding dose commitments
are 180 and 230 millirads, respectively.

227. The fraction of the dose commitments to be
received by the year 2000 are obtained from equation
(92) and the appropriate values of y,. giving 13 mil-
lirads to bone marrow and soft tissues and 16 millirads
to cells lining bone surfaces.

(iv) Strontium-89

228. Internal doses due to strontium-89 are insig-
nificant compared with those ifrom other sources of
radiation.

(b) External dose commitments
(1) Caesium-137

229, From table XVI, the air-dose-rate conversion
factor for caesium-137 is 0.04 mrad y* per mCi km=2
so that, taking a mean life of caesium-137 of forty-four
years and, as in the 1966 report, a shielding factor
equal to 0.2, the dose-rate factor is 0.35 mrad per
mCi km2 to gonads, bone marrow and cells lining bone
surfaces. The corresponding dose commitments are 36
and 5 millirads in the northern and southern temperate
zones, respectively,

(ii) Short-lived nuclides

230. The external dose commitment from short-lived
nuclides is taken to be equal to that from caesium-137
as found in the 1966 report, The Committee recognizes
that this is an approximation that may over-estimate
the dose commitment from this source.

4. Dose commutments to populations of group I(b)
and group I

231, Although, during the period up to 1968, levels
of strontium-90 and caesium-137 in diets of eastern
Europe (as represented by the Soviet Union and



Poland) have consistently been higher by a factor of
between two and three than those in western European
diets, the corresponding levels in human tissues have
only differed fractionally.

232, Because the difference that this observation
implies between the values of the diet-to-tissue transfer
coefficients of the two populations is not well understood,
there is come doubt concerning predictions of the future
time course of the body burdens, if the present disparity
between the dietary levels of the two groups continues.
However, since future levels must continue to decline,
the levels integrated over future time in group I(b)
populations cannot greatly exceed those predicted for
group I(a), because the rate of decline of levels in
the future cannot be less than that determined by the
rate of radio-active decay. The uncertainty is larger
for strontium-90 since, for caesium-137, a smaller pro-
portion of the total expected dose is yet to be delivered.

233. In the case of Japan, measured levels of both
long-lived nuclides in human tissues have been some-
what lower than those found in the corresponding tissues
of populations belonging to group I(a) in the northern
hemisphere. Thus, the dose commitments for stron-
tium-90 and caesium-137 calculated for group I(a)
populations living in the northern temperate zone
somewhat over-estimate those applicable to Japan. Until
better information is available, therefore. the Com-
mittee is satisfied that the dose commitments calculated
for the northern temperate zone are also applicable
without serious error to populations belonging to
group I(b).

234, Tt is only possible to speculate about the values
of dose commitments to populations belonging to group
II. In its previous reports, the Committee had assumed
that levels of caesium-137 in human tissues would be
proportional to the levels of deposit, though there was
no evidence to support this. Body burdens of stron-
tium-90 were assumed to be proportional to levels of
contamination in food-stuffs, the latter being estimated
from the levels of the deposit using deposit-to-food-stuff
transfer coefficients estimated in the temperate latitudes
and allowing for the different proportions each food-
stuff contributed to the diet. The deposit-to-diet transfer
coefficients for both caesium-137 and strontium-90
may be greater in tropical and subtropical arees than
in the temperate zones because of differences in climate,
soil and agricultural practices. However, in regions
belonging to group 11, the cumulative deposit is smaller
by a factor of between two and ten than it is in the
north temperate zonme. Thus, even though the deposit-
to-diet transfer coefficients for individual food-
stuffs may be several times greater than the correspond-

ing values in the temperate zones, it seems unlikely
that the levels of contamination in group II dietary
components will significantly exceed those observed in
group I(a). When allowance is made for the different
dietary composition, the most pessimistic assumption is
that the levels in whole diet will. at most, be as high
as those observed in eastern European populations.
The Committee believes therefore that the dose com-
mitments estimated for internally deposited strontium-90
and caesium-137 in the northern temperate zone may
be taken as reasonably reliable upper limits for the
group I population,

235. Estimates of dose per unit deposition due to
external sources are based on measurements and para-
meters appropriate to the north temperate zone and
may, because of the effect of different living habits on
shielding, be too low for populations living in other
areas. However, the maximum error due to this effect
cannot exceed a factor of two, and, since accurate data
are not available, it will be assumed for present pur-
poses, as in previous reports, that the dose commitment
due to external sources is proportional to the integrated
deposit.

236. The world-wide average dose commitment from
external sources is therefore calculated in the following
way. The distribution of the world population and
fall-out by latitude is given in table XVII, from which
it has been estimated that the mean deposit over the
world surface is 26 mCi km=. Since the population-
weighting factor Z is 1.56 (table XVIII), the average
deposit of strontium-90 weighted by population is 40
mCi km2 and that of caesium-137, after applying the
ratio 1.6 (paragraph 10), 64 mCi km=. Using the
same factors as given in paragraph 227, this cor-
responds to a dose commitment from external cae-
sitm-137 of 23 millirads. The corresponding dose com-
mitment due to short-lived radio-nuclides is also taken
to be 23 millirads (paragraph 230).

237. The dose commitments due to internally de-
posited carbon-14, strontium-90 and caesium-137 to the
world population are taken to be the same as those
estimated for the north temperate zone (paragraphs
222.228). As noted in paragraph 234, the doses ob-
tained for strontium-90 and caesium-137 are considered
to represent upper limits of the dose commitments for
those populations that live outside the north temperate
zone.

238. Dose commitments estimated for the north and
south temperate zones, as well as the average for the
world weighted by population are summarized in
table XIX.
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(walues in megacuries)

ANNUAL AND CUMULATIVE WORLD-wIDE 998y pgrosiTiont!

Annual deposition

Cumulative deposit

Northern Southern Northern Sosuthern
hemisphere hemisphere Total hemisphere hemssphere Total
I're-1958 1.7 0.6 23
1958 0.74 0.31 1.05 239 0.83 3.22
1959 1.10 0.19 1.29 3.41 0.99 4.40
1960 0.26 0.17 0.43 3.59 1.14 4.73
1961 0.35 0.19 0.54 3.84 1.28 5.12
1962 1.45 0.31 1.76 5.16 155 6.71
1963 2,62 0.33 2,95 7.62 1.84 9.46
1964 1.66 0.44 2.10 9.06 221 11.27
1965 0.78 0.36 1.14 9.61 251 12.12
1966 0.33 0.21 0.54 9.70 2,65 12.35
1967 0.17 0.11 0.28 9.62 269 12,31
TasLg II. 90Sr INVENTORYDY
(values in megacuries)
1963 1964 1965 1964 1967
Mar. July Nov. Mar, July Nov, Mar, July Nov., Mar. July Oct. Jan, Apr. July Oct.
Stratosphere ..o e 6.5 5.1 38 3.0 2.1 1.7 1.3 0.9 0.8 0.6 0.5 0.4 0.3 0.3 0.3 04
Troposphere .......... ... . .. .. 0.5 0.2 0.2 0.4 0.3 0.1 0.2 0.1 0.1 0.1 0.1 0 0 0 0 0
Local falloout ........cc.iiiiiiiiiiiiiannanns 24 24 24 23 2.3 2.3 23 22 22 2.2 22 22 2.1 21 2.1 2.1
Global fall-out .............. .. ............. 7.2 8.7 9.4 929 109 11.2 11.5 11.9 12.1 12.2 12.3 123 12.3 124 124 124
Toran 166 16.4 15.8 15.6 15.6 15.3 15.3 15.1 15.2 15.1 15.1 149 147 14.8 149 14.9
Corrected for decay to March 1963 .......... 16,6 16.5 16.1 16,0 16.1 15.9 16.1 16.0 16.3 16.3 16.4 16.3 16.2 16.3 10.6 16.7




TasLE III. €0Sr aANp 137Cs IN MILK
WSy to calcium ratio 37Cs concentration
(pCig-') (pCi 1)

Region or country 1965 1966 1967 1968 1965 1966 1967 1968 References
Argentina .................. 6.5 52 5.2 38 20 21 11 10 15
Australia .................. 9.2 7 53 47 28 20 15 247-250
Austria ... oo, 31 23 138 70 212,236
Belgium ................... 19 13 73 36 214
Canada .................... 19 13 10 8 108 51 33 25 215-219
Czechoslovakia ............. 18 16 220
Denmark .................. 17 12 8 56 26 14 124,221,222
Faroe Islands .............. 113 73 51 1100 800 586 202-204
Finland .................... 18 13 10 9 190 143 106 78 208,209
France .............vvveen. 28 21 17 14 115 58 29 225,226

30 13 12 130 4 24 227
Germany—Federal Republic of 24 16 12 107 61 223,224
Greenland .................. Dried milk imported from Denmark 205-207
Hawail ...ccooviiiiiiinn... 7 4.3 3 50 25 9 240
Iceland .................... 80 750 210
India ...................... 11 11 24 246,251
Israel ....cooviiieniinnine 3.3 23 20 25 14 11 228,229
Italy ...l 19 13 140 80 230
Jamaica ...l 11 9 270 200 184 240
Japan ....oiiiiiiiee. 15 11 36 231232
Mexico ...l 1.5 55 243
Netherlands ................ 17 15 9 107 43 37 233
New Zealand .............. 12 7.9 6.4 5.2 60 40 31 23 25
Norway ..oovvviivernenenns 40 28 16 11 360 234 181 146 211
Panama .................... 49 4 37 21 22 240
Puerto Rico ................ 8 6 42 21 14 240
Sweden .........iiiinn... 18 13 10 117 71 46 40 234,235
Switzerland ................ 39 28 15 69 28 15 236
Ukrainian Soviet Socialist
Republic ................. 10 8 237
Union of Soviet Socialist Re-
publics ...........iia.... 16 12 8 78 56 127,239
20 16 13 215 S0 51 185
United Arab Republic ....... 15 13 6 242-244
United Kingdom ........... 19 12 9 98 46 20 65,238
United States .............. 14 11 9 57 29 16 240
Alaska .................. 14 12 6 57 34 20 186
Chicago ................. 12 9 8 240
New York City .......... 19 12 10 9 241
San Francisco ............ 9 240
Venezuela ................. 43 4 20 14 9 240




TasrLes IV.

9051 anp 137Cs IN TOTAL DIET

%Sr to calcinm ratio

197Cs daily intake
(»Ci

(pCig-1) pCi d-1)
Region, area or couniry 1965 1966 1967 1968 1965 1966 1967 1968 References
Northern hemisphere
Austria ...oiiiiiiiieiaenn 40 23 231 135 212,236
Denmark  ..oveviriiainn. 23 14 10 193 79 44 124,221,222
Faroe Islands .............. 56 33 2 880 500 480 202-204
Federal Republic of Germany 36 29 25 132 84 223,224
Finland .............cccc... 34 21 340 260 28
France
Paris . .vviiininnennaiians 30 22 19 17 227
Southeast ................ 34 27 22 18 227,252
Greenland ...........cconuue 27 15 9 194 89 297 205-207
India (Tarapur) ............ 24 35 251
Israel ... ...l 22 92 253
Japan (urban) ............. 25 24 18 34 18 14 257
Netherlands ................ 29 21 12 160 87 47 233
NOrway ...coviveeiiinninn 54 38 660 420 28
Sweden .........ieenial.. 32 22 221 132 2
Ukrainian Soviet Socialist 37 42 221 127
Republic .................
Union of Soviet Socialist Re- 63 40 28 236 147 127,128
publics ............. ...
United Arab Republic ...... 45 13 242,244
United Kingdom ............ 18 Survey discontinued 106 236
United States .......... P 4 16 12 105 55 30 240
Alaska .................. 29 29 16 140 240
Chicago ......c..covvvvnen. 19 15 12 130 254,233
Hawaii .................. 21 10 6 65 65 35 240
New York City ........... 24 18 17 14 170 241
San Francisco ............ 1 6 5.3 43 108 241
Southern hemisphere
Argentina .................. 9 7 7 5 24 18 15
Australia .................. 11 7 [ 249
47



TanLe V.

YOSr/Ca RATIOS IN HUMAN BONE

(number of samples in parentheses)

New-born and/

Bone type

Region or conntpy Year or still-born 0-1 year 1 year 2 years 3 years 4 years $-19 years 19 years (adiits) References
Northern hemisphere
Camada ... o 1965 29 74 86 10.0 7.5 6.3 4.0 3.1 Va 260
(]O) (77) (16) A7) (23) (16) (103) (71)
1966 5.7 04 7.1 7.0 4.7 A\ 272
(20) (151) (32) (28) 17) (18) (125) (15)
1967 2.8 4.0 5.4 5.2 6.2 5.0 38 Vv 272
)] (141) (44) (39) (20) (15) (138) (59)
Czechoslovakia ... ... ... .. ... 1965 4.0 5.0 6.9 3.5 4.2 5.5 48 2.2 v 220
37) (51) (10) (5) ) 3) (56) (141
1.7 \' 73
1968 (54)
Denmark ... ... 1965 29 0.6 41 2.7 Vv 221
(14) (25) (ol) (23)
1966 1.9 29 26 3.3 4.6 44 26 vV 222
19 34 @ )] @ (2 (33) (32)
1967 1.8 27 Vv 124
(22) (32) (31) (42)
S 1968 1.2 19 Vv 58
» (10) (51) (19) (34)
Finland ... ... ... ... .. ..... 1965 48 31 2.9 0.65 Te 258
n (19) (41) (47) ]
1966 2.1 24 0.65 T 258
(2 (22) (46) (78)
1968 1.7 0.72 T 258
(10) (14) (23) (131)
Federal Republic of Germany ... 1965 2.5 6.2 5.5 2.7 1.1 T 261
92) (10) ® (13) (43)
1966 2.1 5.1 1.0 T 261
(76) (4) (9) (14) 47)
1967 1.5 29 3.6 0.9 T 201
(116) (15) &) (36) (62)
Trance ... ... . ... .. ..., 1965 292 6.8 7.6 3.3 22 A% 179
(32) (47) (l 'i) (35) (69)
1956 221 2.1 179
(21) (46) (13) (56) (56)
Japan oo 1965 2.2 5.1 2.5 1.0 Re 262
(]2) (13) (27) (20)
1966 0.8 R 262
(3) (35) (27) (23)
Norway ........oiviviiineinns 1965 5.4 114 11.8 7.4 259
(20) (3) ()

P—-—”

an




M rin? 8

\asg

s
1966 3.0 6.3 10,0
(22) (10) ©
1967 44 6.5
(17) (14) (1())
1968 4,2
(34) ) (5)
Poland .........ccoiiiiiial, 1965 6.8 4.0 3.5
@ ) (3
1966 5.0 6.1
6) (2
United Kingdom ............... 1965 2.5 7.1 9,1 6.1 6.8 4.5
(101) (86) an (8) &) (5)
1965 3.0 6.8
(2) (20)
1966 49 6.5 5.6 48 48
(90) 74 (8) (6) (@ (7)
1967 2.2 3.3 48 4.1 23 32
(87) (60) (12) ) 4)) 6)
Union of Soviet Socialist Re-
publics .. ... 1965 3.5 5.0 5.8
(99) (39) (16)
1966 4.1 5.5
(132) (81) (48)
1967 3.0 4.3
~ (94) (51 (45)
ey 1968 26 3.7
(37) )] (16)
United States
New York City, N. Y, ....... 1965 28 5.0 7.0 7.2 6.7 4.1
) (5 (&) (2) () (2)
1966 4.3 7.0 6.2
(80) (2) (3) (1)
1967 4.1 3.2 4.0
) © @ @ )
1968 3.3 3.6
@®) “)
San Francisco, Cal. .......... 1965 1.6 3.3 38 3.1 3.0 1.8
(13) (13) (6) M 3 (5)
1966 23 3.1 38 29 2.7
(18) (14) “4) 2) (4 (3)
1967 0.9 1.6 1.7 1.5
(27) 19 (3) 2) (2)
1968 0.7 1.8 1.7
(20) m (5)
All regions ....vvivvviniininnn. 1965 39 41 48 4.3 3.0
(22) (12) (18) (15) (14)
1966 39 4.1 3.2
) (14) (15) (16) (16)
1967 1.3 3.3 4.6 36 4.5
%) ) %)) (12) (2)

(193)
2.7
(93)

Normalized
to whole
skeleton®

< < < < < < < <

<

259

259
259

263
263

264
264
264
266

178
178
178

178

268
269
270
243

268
269
270
243

186
186
186
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TasLe V. 90S8r/Ca RATIOS IN HUMAN BONE (continued)

(number of samples in parentheses)

New-born and/ Bone type
Region or conuntry Year  orstilhborn  0-1 year 1 year 2 years 3 years 4 years 5-19 years 19 years (adulls) References

Southern hemisphere

Argentina  (littoral area) ... .. 1965 1.6 2.0 2.3 2.0 1.7 1.5 15
(12) (39 6] (5) (4) 12) B
1966 14 20 2.2 20 1.5 1.6 15
(20) (1) (13) (12) (16) (1)
1967 1.5 2.1 20 27 1.6 1.7 15
(#4)) (30) (16) a3 (15) (37)
1968 14 1.5 1.8 2.1 1.9 1.8 15
(48) (49) (15) (am (15) 42)
Australia ... o 1965 14 2.8 34 28 23 25 1.5 0.95 v 247
(53) (121 (23) (13 an ) (102) (460)
1966 1.5 2.0 2.5 27 2.5 2.3 1.5 1.0 \'% 248
(171) (14) (16) ) (10) (78) (381)
1967 1.0 1.3 1.7 2.2 1.8 1.7 1.5 1.0 \'% 249
(65) (120) (18) 8) 8) ) (65) (276)

t V—Vertebrae

b T—Tibiae

¢ R—NRibs

4 F—Femora

® Adult vertebrac (Moscow) for years 1965-1968 were 3.1, 2.7, 2.3 and 1.8 pCi (gCa)-1, respectively.



)

TasLe VI, 137Cs onY BURDENS
(pCi (gK)-1)
A—Rody burden

B—Ratio between United States and local values (adjusted, when appropriate, to adult average,
assuming the average ratio between male and female values to be 1.3)

Region, area or country  Latitude Sex 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968  References

Northern hemisphere
United States aver-

aget ........... 30-50°N MF A 31.5 36.5 47.0 57.0 48.0 325 43.0 79.5 140.0 111.5 69.0 41.0 109
. o - A 50 33 38 95 158 135 87 50 29 273
Belgium ........... ~ S0°N ME 104 102 091 120 113 1.21 126 122
Caada (Ottawa) .. ~45°N  MF & 7 274
o A 185 168 107 74 46 127
Denmark .......... 55-60°N MF B 1.32 151 154 181
Federal Republic of
Germany ........ 47-55°N
o C A 28 75 151 114 83 49 117
Karlsruhe ... MF 5 065 094 1.08 1.08 120 120
Nordrhein-West- M A 249 186 128 76 117
falen ........ B 1.55 1.45 1.62 1.64
- . A 152 211 188 150 275-277
Finland ............ ~ 60°N MF B 101 1.51 1.60 218
- o . A 118 227 194 278
France ............. ~ 50°N MF B 1.48 1.62 1.74
Israel ............. ~ 35°N M A 418 279
. . S A 107 280
Italy .............. 40°N MF B 1.35
o - A 93 77 54 281-282
_45°N IF
Japan ... ... 30-45°N ME B 0.58 0.60 0.68
) . S A 430 290 28
Norway ........... ~ 60°N MF B 3.85 4.20
. i A 157 164 185 71 263,283
Poland ............ 50-55°N MF B .98 117 1.66 1.73
R apie A 74 68 54 45 111 205 187 139 107 74 284 285
Sweden ............ ~60°N ME 3 1.30 142 1.66 105 140 1.46 1.68 202 261
. \ e A 185 161 92 50 116
Switzerland ........ ~ 50°N M1 n 1.32 1.44 1.33 1.22
Union of Soviet So-
cialist Republics ..
o A 181 258 286
Moscow ....... ~ 55°N M B 228 1.84
— : A 145 174 142 92 68 115,287
Leningrad .. .. Mi B 1.83 1.24 1.27 1.33 1.66
United Araly Re-
public .......... ~ 30°N A 23.5 14.5 288



Tagee V1. 397Cs pony surnexs (continued)

Region, aven or conntry  Latitude Sex 1956 1987 1958 19859 1940 1961 1952 1963 1964 965 1946 1967 1968 References
. . . ont o A 32 37 48 58 49 36 35 81 185 150 77 38 289,290
United Kingdom ... 50-60°N ME 1.02 1.01 102 12 12 L 081 102 LI 1.35 L 093
. . ong A 38 57 50 33 44 92 149 109 60 33 118
United Kingdont . 50-60°N B 1.32 L1317 LI L1513l 1.21 110 099 092
. . - ¢ A 148 39 45 118
United Kingdom .., 56-60°N M B 1.16 1.12 0.96
Subarctic regions®
Alaska  (Anaktovuk
Pass) ..., O5-70° N MOOA 3000 4 500 9 100 G 600 4904 4 300 201,202
Capada ..... ..... 60-7U°N
(Eastern  Arctic
Iskimos) . M A 5800 293
(Central  Arclic
skimos) M A 11 000 293
Finfand ... ...... 65-70°N
Retndeer bhreeders,
Tapland .. .. MOA 3 600 4600 8900 10 300 8 900 6300 5900 131
Union of Soviet So-
& cialist  Republics 65-70°N
(Reindeer breed- 11000 132
ers, Nenels dis-
trict) ... MNOA
Southernt hemisphere
Argentina ..., ... .. 30-40°S A 31 20 16 13
Australia ..., ... ... 30-40°S A 65 42 37 18 294

* Average bedy burdens for the years 1953, 1954 and 1955 were 2.0, 7.0 and 145 pCi (gK)-1,
b Average spring to summer values for groups largely subsisting on reindeer or caribou meat,



TasLE VII, 131] 1N MILK AND THYROID DOSES

Time integial of ¥11 Integrated thyroid
conceniration in milk doses to nfants
(pCid1-1) (mrad)
Region, ares or counsry 1966 1967 1968 1966 1967 1968 References

Argentina

Bariloche ... 7602 1392 38 16 13

Buenos Aires ........ccoovnen 26 993 4346 2477 312 50 29 15

Salta .....iiii 15028 1800 174 21 15
Australia

Malanda (Highest) ........... 11 000 10 360 4540 127 120 33 2

Hobart-Launceston (Lowest) .. 1500 380 790 17 4 9 22
Chile (Santiago) ........c.o...n.- 4000 46 g <10 14,203
Colombia (Bogota) ............. 400 5 5 <10 14,295
Ecuador (Quito) ............... 23500 29 <10 14,205
Fiji (Suva) ...ooovviiiiiiinnan 12 600-15 000 146-174 23
Madagascar (Diego Suarez) .... 13000 6500 150 22 80 14,295
New Zealand .........ccooieen. 1000 12 23
Pern

Lima .. 6000 4000 70 23 50 14,283

Tacna ..o 120
Society Islands

(Papeete, Tahiti 1) .......... 53 203
Western Samoa (Apia) ......... > 7300 > 84 23

Taste VIII. RELATIVE DISTRIBUTION OF 90Sy IN ADULT SKELETON
A — samples not necessarily taken from same individuals

Femur
Vertebrae  Ribs  diaphyses Vertebrae
Vertebrae Number
Whole Whole Whole —————— Femur 0
Date skeleton skeleton  skeleton Ribs diaphyses samples References
1956 ....... TSRS 34 15 08 23 43 2 177
1957 oo 1.8 1.1 0.5 1.6 3.6 9 177
1958/1939 . ...l 21 14 0.45 1.5 47 59 177
1939 — — — 2.1 5.6 11 296
1961 .. —_ — — 1.6 3.1 4 296
1963 ©ooeee — — — 14 — A 179
0 1.5 1.0 0.3 15 3.1 A 74
1964 ... —_— — 1.4 — A 179
1863 i — — — 1.7 —_ A 179
1963 oo — — — 1.7 4.7 A 74
1966 ... —_ — 1.4 —_ A 179
1967 .o 1.9 0.75 0.6 2.5 29 40 74
1968 . — — — — 2.7 54 73
TapLe IN. BoONE/DIET OBSERVED RATIOS
Regton or country Observed ratio References
Australla ... 0.33 s
Canada ...t e 0.24-0.26 305
Denmark ....oiiiiii e 0.33 b
Japan L e 0.13-0.16 306,307
Union of Soviet Socialist Republics (Moscow) ........ 0.20 88
United Kingdom .................... e 0.23-0.25 308,309
United States ... ittt 0.18 310
0.16-0.20 311
CRICAZO - et e 0.15 312
New York City ... oiiii i 0.17 312
San Franciseo .......oviviiniiier i, 0.22 312

a Calculated from data published in references 247-249, 297-303.
b Stable strontium in diet from reference 176 and in bone from reference 304.

a3



TaBLe X. AXNNUAL AVERAGE 90Sr/Ca RATIOS IN MILK BY COUNTRY OR AREA IN THE NORTH TEMPERATE ZONE
pCi (gCa)2
Country or area
Federal United States of America
Republic
cecho- of Uksai- United New
slova- Den- Ger- Fin- Nether- stan USSR King- Whole York Salt Lake
Year Canada®® kig>®  mark!™ many?!? land™ France®!t lands’% SSR™T  Moscow® domi®® Country'® Chicago®® City8® Cityl®  Mean
1955 ....... — — — 3 — — — — — 4 — — — — 3.5
1956 ....... — — — 4 — — — — — 6 — — — — 3.0
1957 ....... — — — 6 — — — — — 6 — — 5 4 5.3
1958 ....... — — — 5 — — — — — 7 — 7 8 4 62
1959 ....... — — 9 9 — — — —_ 3 10 — 7 11 6 8.5
1960 ....... — — 4 7 7 — — — 6 6 — 8 8 6 6.5
1961 ....... — — 4 6 6 — — — 4 6 7 6 7 4 5.6
1962 ....... — — 12 11 i3 — 9 — 13 12 11 9 12 8 11.0
1963 ....... 26 21 24 26 22 — 25 27 23 26 19 17 26 19 232
1964 ....... 28 20 235 27 23 — 22 20 18 28 19 16 23 23 22,5
1965 ....... 19 18 17 24 18 24 17 1 14 19 14 12 19 17 17.4
1966 ....... 13 12 12 16 13 19 15 9 15 12 11 9 12 10 12.7
1967 ....... 10 — 9 12 10 14 9 — 8 9 9 8 10 5 9.4
1968 ....... 8 — — — 9 12 — — — — — — — — —
Total 1955-1967 137
Taste XI. Rartio oF #9Sr/Ca RATIOS IN WHOLE DIET AND IN MILE236
Mean for

Country 1963 1964 1965 1966 1967 19631967

Argentina .................. .. 18 1.5 1.3 1.3 1.3 1.4

Australia ... ...l 1.1 1.0 0.9 0.9 1.2 1.0

Denmark ........ocovviiiiiiiiiann 1.3 1.7 1.3 1.2 1.2 14

Federal Republic of Germany ...... 1.3 1.6 1.7 1.8 — 1.6

Finland .......... .0 — — 1.8 1.6 — 1.7 .

France .........coiiiiiiiiiiiinn, — — — 1.0 1.3 1.2

NOIWaY tietiineinrieeinnenneanss — — 1.3 1.3 — 1.3

Sweden ...l — — 14 1.5 — 1.5

United Kingdom ................... 09 09 1.0 — — 0.9

United States ..................... 12 14 1.4 14 1.5 14

Hawaii ....ocovvvvviiiiiiiina.. 1.6 22 3.5 2.1 20 23

India ..., — — — 3.6 — 3.6

Japan ... i, 21 2.2 23 23 — 22

Union of Soviet Socialist Republics .. 23 31 3.7 3.0 — 3.0

TapLe XII. ESTIMATION OF P,; FROM BONE MEASUREMENTS IN AUSTRALIA®

Year (t) 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967
Population average #0Sr/Ca ratio .. .26 28 19 30 32 63 .66 76 84 1.21 126
Levels integrated to year t—I: G,_, .26 54 73 1.03 1.35 1.98 2.64 340 4.24 545 6.71
Levels integrated from ¢ to oo : H,.. 1.63 1.92 122 19 214 445 464 530 i 840 88 831
Gy, + H, ............. ... . 1.63 218 1.76 264 3.17 5.80 6.62 7.94 9.23 1264 1432 1502
Dietary level integrated to t ....... 4.5 8.3 124 172 216 26.3 32.1 385 47.6 383 65.5 71.5
Py, .36 .26 14 RE RE] 22 21 21 19 22 22 21

a From data given in references 247-249, 297-303.
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Tawve XIIT, EstIMATION oF P,, FROM BONE MEASUREMENTS IN NORTH TEMPERATE LATITUDES®

Year (t) 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1945 1946 1967 1968
Population average "S8r/Ca ratio 0 0.17 0.28 0.44 0.65 0.70 1.01 1.21 1.32 1.73 2.88 3.33 278 232 1.92
Levels integrated to year t—1: Gy, i} 0 0.17 0.45 0.89 1.54 2.33 3.34 4,55 5.87 7.60 10,48 1381 16.59 18.91
Levels integrated from f to oo: H, 0 1.14 1.89 3.00 4.23 5.46 7.10 8.60 9.42 11.95 19.57 23.06 1991 16.73 13.92
Gal-H_, ... ................ 0 1.14 2.06 3.45 512 7.00 9.43 11,94 15.97 17.82 27.17 33.54 33.72 33.32 32.83
l.evels in diet? integrated to ¢ .. .. — 4,90 11.90 19.30 28.00 40.00 49,00 57.00 72.50 104.50 135.30 158.50 175.90 188.10 200.00
— 0.23 0.17 0.18 0.19 0.18 0.19 0.21 0.19 0.17 0.20 0.21 0.19 0,18 0.16

a I'rom data given in figure 17,
b Dietary levels obtained from milk levels (table X) multiplied by 1.4.

TapLe X1V, VALUES oF D,

/Dot FOR CORTICAL AND TRABECULAR BONE IN ADULT SKELETON?17

Trabecular bonte Cortical ot
i Marrow Mean Murrow
Fraction Mean e . fraction, -
Gr Basi b becular 5 fraction, 5 Cortical 5
’bao‘;l!:'::"f calf‘f;llsagzu i;olz'o!g"elfl cjo-;?r;%ﬁigg):l D,,,/Do m mem/Do Cong;z‘b'ul;ion ‘D,,,/Du f‘” fm“m/nn

Iip bone 0.6 0.189 0.1134 0.0326 0.051 0.0306 0.0088
Scapulae Hip bone 0.287 A 0.287
Clavicles 04 0.114 0.0456 0.0131 0.072 00,0288 0.0083
Crantom Cranium 1.0 0.120 0.1200 0.119 0.0143 0.272 0.2720 0.110 0.032.
Ribs
Mandible Rihs 1.0 0.138 0,1380 0.114 0.0157 0.136 0.1360 0114 (LO1RS
Sternum
Humeri 0.53 0.161 0.0853 0.0049 0 0

Femur 0.057 0.057
FFemora 0.47 0.134 0.0630 0.0036 0,060 0.0282 0.0016
Vertebrae

Lumbar 1.0 0.124 0.124 0.423 0.0525 0 0 0.423 0

vertebra
Sucrum .

Torarn 0.1367 Toran 0.0606
8 1, is the dose rate to a very small tissue-filled cavity. It is usually taken to be 2.7 mrads y-1 per pCi (gCu)-! and that from strontium-9) in cortical hone is 0.0666

mrads y-1 per pCi (gCa)=1. D,, is the mean dose rate to the hone marrow. Therefore, the 2.7 =0.18 mrad y-1 per pCi (gCa)-!'.

bone marrow dose rate factor due to strontium-90 in trabecular bone is 0.1367 2.7 =0.37



Tase XV. VALUEs OF D,/D# FOR CORTICAL AND TRABECULAR BONE IN ADULT SKELETON317

Trabecular bone

Cortical bone

Frac-
Basis  tion of
s Endostecl Endosteal
of Mean . Mean :
4 2 fraction, — . . froction, _

G’b‘:";’eft Of L‘Gglg:fd- ﬂ;ﬁwd tf”l‘?bﬂebci:“l:;:l Dg/Da F] f‘D./Do coftmg'lon Dl/Do fs f.D‘/Do
Hip bone 0.6 0.299 0.179 0.0545 0.051 0.0306 0.0093
Scapulae Hip bone 0.304 0.304
Clavicles 0.4 0.238 0.095 0.0288 0.072 0.0288 0.0088
Cranium Cranium 1.0 0.200 0.200 0.140 0.0280 0.272 0.272 0.140 0.0381
Ribs
Mandible Ribs 1.0 0.229 0.229 0.134 0.0307 0.136 0.136 0.134 0.0182
Sternum
Humeri 0.53 0.284 0.150 0.0090 0 0 0

Femur 0.060 0.060
Femora 0.47 0.256 0.120 0.0072 0.060 0.0282 0.0017
Vertebrae

Lumbar 2

vertebra 0.258 0.258 0.362 0.0934 0 0 0.362 0
Sacrum

ToraL 0.2516

TortaL 0.0761

a D, is the dose rate to a very small tissue-filled cavity. It is usuvally taken to be 2.7 mrads y~! per pCi (gCa)-1.D, is the
mean dose rate to the endosteal tissues on the surface of the trabeculae. Therefore, the dose-rate factor to ceils lining bone sur-
faces due to strontium-90 in trabecular bone is 0.2516 2.7 = 0.683 mrads y~! per pCi (gCa)-! and that from strontium-90 in cortical

bone is 0.0761 2.7 =

0.21 mrads y-? per pCi (gCa)-l.

TABLE XVI. AIR-DOSE CONVERSION FACTORS FOR A PLANE SOURCE13S

WCs B Cs MRy 158h “Mn 87y usBg uIcC, IRy
Dose-rate conversion factor .
K; Bp mrad yt per mCi  0.079 0.006 0.032 0.063 0.109 0.358 0.349 0.009 0.073
|37 ) -
Mean life T,,; years ........ 44,0 1.13 144 3.90 1.24 0.257 0.051 0.129 0.157
.................. 348 0.007 0.05 0.25 0.14 0.09 0.02 0.001 0.011

KJ BJ TMJ

a The conversion factors include dose contributions from daughter

TasLE XVIIL,

nuclides.

LATITUDINAL POPULATION AND FALL-OUT DISTRIBUTIONGO, 315

Total Sy Cumulative Sy  Total ®Sr
. deposition deposition deposition
Area Populstion 1964-1967 to 1967 1966-mid-1968

Lazitude (Mm?) (Per cent) {mCi km-7) (mCi km-2 (mCi km-%)
70-80°N ............ 11.6 17
60-70°N ............ 189 04 88 26.1 3.5
50-60°N ............ 25.6 119 18.9 63.8 49
40-50°N ............ 3L5 177 20.1 66.6 10.5
30-40°N ............ 36.4 234 14.6 42.4 9.2
20-30°N ............ 40.2 25.2 11.1 34.0 7.6
10-20°N ............ 428 8.4 89 9.1 42
0-10°N ............ 44.1 4.0 5.7 47 36
0-10°S ............ 4.1 42 3.5 9.4 3.8
10-20°S ............ 42.8 1.7 29 6.4 14.1
20-30°S ............ 40.2 1.5 3.1 8.1 30.7
3040°S ... 36.4 14 6.2 13.6 19.7
40-30°S .......... . 31.5 0.1 7.6 13.6 11.9
50-60°S ............ 25.6 1.8
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TasLe XVIII. ESTIMATES OF FACTOR Z

%S¢ cunnulative SSr 1966-
05 1964-1067 to 1967 mid-1968
Mean deposition, F
(mCi km~=) 11.3 420 6.3
Northern hemisphere SNF/IN, 143 428 7.8
zZ 1.24 1.02 1.24
Mean deposition, £
(mCi km-2) 44 9.0 12.3
Southern hemisphere SN F/IN 42 9.3 129
z 0.95 1.04 1.04
Mean deposition, F
(mCi km-2) 7.9 25.5 9.3
Global SN F /SN, 134 398 8.3
Z 1.69 1.56 0.89

TasLe XIX. DosSE COMMITMENTS FROM NUCLEAR TESTS CARRIED OUT BEFORE 1968

Dose commitments (mrad)

Present estimates 1966 Estimates
North South
temperaie temperate
Tissuc Source of radiatior. sone cone Whole world Whole world
Gonads ....... ... ... External Short-lived 36 8 23 23
137Cs 36 8 23 25
Internal 137Cs 21 4 2]e 15
14 13 13 13 13
Torare 110 33 80 76
Cells lining bone surfaces ................ External Short-lived 36 8 23 23
137Cs 36 8 23 25
Internal 90Sr 130 28 130a 136
137Cy 21 4 2]a 15
14Cb 16 16 16 20
895r <1 <1 <1 0.3
ToraL® 240 66 220 240
Bone marrow ........... e External Short-lived 36 8 23 23
17Cs 36 8 23 25
Internal 208y 64 14 641 78
137Cs 21 4 212 15
14Chb 13 13 13 13
895y <1 <1 <1 0.15
ToraLe 170 51 140 130

2 The dose commitments to internally deposited 99Sr and !37Cs given for the north temperate zone are considered to represent

upper limits of the corresponding dose commitments to the world population.

b As in the 1964 and 1966 reports, only the doses accumulated up to year 2000 are given for 1#C; at that time, the doses from
the other nuclides will have essentially been delivered in full. The total dose commitment to the gonads and bone marrow due
to the 14C {rom tests up to the end of 1967 is about 180 mrads, and that to cells lining bone surfaces is about 230 mrads.

¢ Totals have been rounded off to two sigmificant figures.
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