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I. RADIOACTIVE FALL-OUT

1. In a nuclear explosion, several hundred radioactive
1sotopes are produced from fission. With exception of a
small number of isotopes they have short half-lives and
decay rapidly. In addition to fission products and resid-
ual fissionable material, a number of neutron-induced
radioisotopes are produced. Their nature depend on the
surrounding materials. Also, most of the radioisotopes
formed by neutron-induction have short half-lives,
usually less than a few hours.

2. The radioisotopes formed in a nuclear explosion
are distributed by meteorological processes and even-
tually reach the surface of the earth. They enter the
human body in several ways: first, by direct inhalation
of airborne material ; second, through uptake and depo-
sition on vegetation eaten by humans; third, by transfer
through animals and, fourth, by contamination of water
supplies.

3. In addition to considering the exposure from mate-
rial taken into the body, it is necessary to consider ex-
ternal radiation exposure. Except at the immediate site
of the explosion, external radiation from airborne mate-
rial is negligible in comparison with the external radia-
tion from fission products deposited on the ground. The
external radiation from deposited fission products de-
pends mainly on their activity, half-lives and gamma
emission characteristics.

4. Materials entering the human body deliver a dose
which 1s closely related to the time they are retained by
the body. This means that many of the isotopes produced
in fission do not present radiation hazards since they do
not enter significantly into metabolic processes, Atten-
tion has therefore been centred on isotopes which are
potentially hazardous by reason of: (1) high fission
yield, (2) fairly long physical half-life, (3) high absorp-
tion by the body and (4) long biological retention time.
Special consideration is given to elements that concen-
trate in specific tissues, even though they do not have all
the characteristics described. Using these criteria, the
most important isotopes would be expected to be Sr*
and Cs?*’.

5. In addition to the fission products and certain
neutron-induced activities, some of the residual fission-
able material, such as isotopes of uranium and plu-
tonium, will also be distributed by meteorological proc-
esses and can be hazardous since they are alpha emitting
bone seekers. However, the absorption by the body is
very low and at present there is no evidence of amy
uptake of these materials in human tissues.

Fall-out wmechanisms

6. The fireball from a nuclear explosion in the mega-
ton* range cools so slowly that a major part of the fission
products enter the stratosphere, where they become
widely distributed. From this reservoir, the fission prod-
ucts fall onto the earth's surface over a period of many
years (stratospheric fall-out). These fission products
therefore consist mainly of long-lived isotopes. The
mechanism of transfer from the stratosphere to the
troposphere is not completely understood.

Nore: Throughout this report and its annexes cross-refer-
ences are denoted by a letter followed by a number: the letter
refers to the relevant technical annex (see Table of Contents)
and the number is that of the relevant paragraph, Within each
technical annex, references are made to its individual scientific
bibliography by a number without any preceding letter.
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7. The heat of the fireball from explosions in the
kiloton® range is dissipated quite rapidly and the fission
products do not normally rise above the tropopause. The
radioactive cloud from an explosion may travel many
times around the earth and. during this time, the tropo-
spheric fall-out is deposited at latitudes fairly close to
taat of the explosion. The relative magnitude of the con-
tribution of the stratospheric and tropospheric com-
ponents to the deposit therefore is different for different
localities. Half the radioactive material in the tropo-
sphere is removed by deposition, mainly through rain-
fall, in about three weeks® and the deposition is effec-
tively complete within three months. This deposit con-
sists mainly of isotopes of fairly short hali-life. At the
present time the tropospheric fall-out is deposited inter-
mittently during the year and a certain deposit of short-
lived activities is built up and maintained. Isotopes of
special concern for this report are Sr®, Zr®, Ru%,
Ru0¢, Bat? and Cel*,

8. If the fireball touches or comes close to the ground
in a nuclear explosion, there will be a local fall-out that
constitutes a significant fraction of the total activity
produced. This type of fall-out consists of radioactivity
carried down by relatively large particles and in addition
to fission products, contains shortlived isotopes produced
by neutron induction in the material from the ground
drawn into the fireball. This annex is concerned mainly
with stratospheric and tropospheric fall-out.

Measurement of fall-out

9. Measurements have been undertaken to determine
cencentrations of radioactivity due to fall-out in air, soil
and biological material, especially foodstuffs and human
bone. Emphasis has been placed on a determination of
the world-wide distribution of Sr®. A survey of methods
which have been found to be valuable in relation to the
work of this Committee is given in annex E, and all
relevant data from fall-out measurements that are sub-
mitted to this Committee are collected in tables XIV to
XX and in the map at the end of the volume.

Airborne activity

10. Air samples can be obtained by filtration of air or
by electrostatic precipitation. Studies of vertical distri-
bution of fission products in the atmosphere have been
made using filters carried by aircrafts or balloons. The
samples are counted for total beta activity after decay of
natural radioactivity or analysed for individual nuclides
after radiochemical separation. One cause of uncertainty
in the measurement of airborne activity at high altitude
is in many cases the insufficient knowledge of the-collec-
tion efficiency for this particulate activity. =

11. Measurements at ground level in 1956-1957 show
a concentration of Sr® from 10*° to 10-17 ¢/1 of air*™.

For altitudes up to about 10,000 metres, the amount of -

fission products per kg of air increases slowly with alti-
tude, but the rate of increase is much greater above the
tropopause>®7. At the present time there are too few
data available to permit a complete inventory of the
stratospheric content. 2

*1n a nuclear explosion the total energy release is com
i ion i -hich pro-
explodes. Thus a 1 kiloton nuclear explosion 1s one.w ‘
duces the same energy as the explosion of 1 kiloton (10° ltoqts)t)l'
of TNT, namely of about 10** calories. A l.megaléornl exp os:dd
similarly would correspond to the explosion ot--1: mcg'-!.
(10® tons) of TNT.

pared™.
with the energy release by TNT (trinitrotoluene) when it &
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Fall-out deposit

12. Fall-out deposit measurements are necessary to
estimate the external irradiation of man and the amount
of specific isotopes likely to enter the biological food-
chains and so eventually the body.

13. Many countries are measuring fall-out rate and
accumulated deposit. At present, there are available to
this Committee results from about 350 stations. How-
ever, large areas of the earth are not covered by the
survey and not all the stations and laboratories operate at
the same technical level. The results received by the
Committee, however, allow a number of useful calcula-
tions to be made.

14. Soil analysisP?® and various types of collectors,
are used for studying fall-out deposit. Table I gives
some technical information on these collectors. The
agreement between results obtained by different methods
of collection is reasonably good.

15. The location of sampling stations is of the utmost
importance in obtaining representative samples. The lo-
cation of new stations should be determined in consulta-
tion with meteorologists to assure a representative col-
lection of precipitation (especially in areas where
snow-fall is important).

16. With daily collection on gummed film or gauze,
the amount of long-lived nuclides in the samples is gen-
erally very low ; and, owing to the large soluble fraction,
the washing effect of rainfall is considerable. For these
reasons the radiochemical determination of Sr® in these
samples is valueless. The Sr®® content can, however, be
computed by measuring the total beta activity of the
samples and following its decay (assuming that all the
activity originated in a single test).® However, in the
present situation, with stratospheric mixture of mate-
rials from different tests, this computational method is
unreliable unless it is repeatedly calibrated against radio-
chemical determinations on samples collected by the pot
method.®!® A more refined method for the computation,
taking into account the stratospheric reservoir, has re-
cently been worked out, but this method is based on data
that are not generally available.2® The advantages of the
gauze or gummed film is that they allow a daily survey
of fall-out at many different stations.

17. Results reported to the Committee up to March
1958 are shown in tables XIV, XV and XVII and in

TaBLE [.

the map at the end of the volume where the fall-out
deposit at 1 July 1957 is plotted.

18. The world-wide fall-out rate and deposit of Sr
is uneven and there are variations with latitude which
show maxima in the region between 30° and 50° North
and South, with a2 minimum near equator, as shown by
the curve on figure 1. This curve, showing the fall-out
rate during 1956 and 1957, is based on data obtained by
radiochemical analysis. Data from soil analysis?* and
from gummed film measurements'® give the same over-
all picture for fall-out deposit, although the peak in the
northern hemisphere seems to be somewhat broader. The
computation of a world-wide average of fall-out rate and
deposit is rendered difficult by the existence of large
areas not covered by surveys.P¥3-19 It is clear, however,
that the southern hemisphere has accumulated deposits
that are lower than the average, while areas in the
northern hemisphere (Japan, the United Kingdom, the
United States) have deposits of about three times the
world average.’®-*® It should further be pointed out that
the large deviations from the average are towards the
low side.

19. Tt has been reported that the fall-out rate in some
countries shows seasonal variations,*® apparently corre-
lated with the known ozone fluctuations. This 1s, how-
ever, not supported by data from other countries.

1I. COMPUTATION OF EXTERNAL DOSE FROM
FALL-OUT DEPOSIT

20. The fall-out deposit contains gamma-emitters and
is therefore an external source of radiation. The com-
position of the fission products and the corresponding
gamma intensities change with time after an explosion.
In the tropospheric component there is a large number
of short-lived gamma-emitting isotopes and in the strato-
spheric component Cs**? is predominant.

21. Itis impossible to make direct measurement of the
very low exposure rate from fall-out except at areas
close to test sites. Therefore, more indirect methods must
be used.

22. To compute the exposure rate from deposited
fission products, it is customary to assume that they are
uniformly distributed over an infinite plane. The ex-
posure rate from primary radiation is approximately
independent of the distance above the ground, provided

METHODS FOR COLLECTION AND MEASUREMENT OF FALL-OUT ACTIVITY

Evaporation sampling

Method (from pot collection) Filtration and ion exchonge Gummed flm Gouze

Collection................ Rain water and dust Rain water and dust Dust Dust

Area, approx, range in m?.. 0.05to 17 0.07 to 3.1 0.1 0.3

Time of collection......... 1 to 30 days or during 4 te 30 days or during pre- 1 day 1 day
precipitation, also 3 cipitation
months’ samples

Sample preparation and

evaluation............. The water is evapo- The water is passed through The gummed film 1s The gauze is

rated and the residue paper, pulp, paper filter, ashed and the resi- ashed and
mounted for count- anion exchanger and ca- due mounted on subsequently
ing or first ashed or tionexchanger. The paper planchet or sealed treated as the

radio-chemically an-
alysed.

and the exchangers are
separately ashed and

between plastic gummed film.

films for counting.

mounted for counting.

Efficiency of collection
inpercent............. 100+

950 63¢ 36¢

* Assumed 100 per cent effective.
® Determined by measurement of effluent water,
© The pot collection method is used as reference,
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Figure 1. Meteorological factors for the different places of observation have not been taken into account

this does not exceed a few metres. One gets the ex-

pression: _
I=cX Ey X Fs™(t) (D)
where
I is the exposure rate (mrad/year)
mrad.km?®
c= 0.1 ‘
year.mc.Mev

Ey is the average gamma energy emitted per disinte-
gration (Mev)

F4T(t) is the total activity of the deposit (mc/km?)
This formula can be used for individual y—emitters
such as Cs'®, or for mixtures if Ey and FyT(t) are

known.

23, Two computation methods for the exposure rate
from composite fall-out deposits have been used. One
computation is based on measurements of total beta-
activity of daily gummed film or rainwater samples.’s
This method has been shown to be reasonable at present
even though the radicactive fall-out now is a mixture
from several explosions.?®

24. The other method takes into account that the ex-
posure is derived from two components: (1) a “fresh”

component of tropospheric origin and (2) a “long-lived”
component (Cs**") mainly of stratospheric origin.*” It is

shown that the 30-year dose** can be expressed with

reasonable accuracy as:

Dy =aA¢ + bAggss (2)
where a and b are constants, A, is the total beta activity
(me/km?) and A'y3;is the activity of Cs?%" (mc/km?).
The values of the constants depend on the collection time
and the time before the beta counting is done,

25. Values obtained for the infinite plane 30-year
exposure due to fall-out deposited up to the end of 1957
are shown in table XIV and are of the order of 10 to
180 mr. The dose delivered to the gonad and bone mar-
row must be computed taking into account shielding,
weathering and leaching factors. The shielding factor
accounts for the reduced dose rate during the time the
population spend indoors where the dose rate from fall-
out deposit is reduced. whereas the weathering and leach-
ing factors account for movement of the deposited
gamma-emitting isotopes from the upper layers oi the

earth’s surface, for example to lower layers of the soil.

Taking all these effects into account, composite reduction

factors ranging from 3 to 21 have been used in reports

received by the Committee 1239495 UJsing an average re-
duction factor of 10, the 30-year genetically significant

** The 30-vear dose, which is approximately the genetically
sigrificant dose, is the dose received by an individual for the

first 30 years of his life.

101




dose would be about 1 to 18 mrem. It should be empha-
sized that this is only the dose from what is already
deposited. and that the total dose from what has been
injected into the atmosphere will be higher, as discussed
in paragraphs 94 to 115. Including the tropospheric com-
ponent, the total dose from the external component will
be of the same order of magnitude as the dose from fall-
out isotopes taken up by the body.

TII. Sr® As AN INTERNAL RADIATION SOURCE

26. Among the fall-out isotopes, Sr is of particular
interest on account of the biological hazard that this
isotope presents. Strontium is an element of the alkaline-
earth group, and its chemical properties are in many
ways similar to those of calcium, barium and radium.
Thus Sr® co-precipitates with calcium as phosphate or
carbonate, and is included in the bone structure. Once
included, Sr* may remain in the bone structure for
many years, the exact time not being known.** The
osteocyte and bone marrow cells will be irradiated by the
B particles from Sr® and its daughter product Y®. The
ultimate question to be answered is the size of bone and
bone marrow doses delivered by these isotopes.

27. To evaluate the present hazard from Sr®® the con-
centration in the bone must be determined. For hazard in
the future, however, the change in this concentration,
together with the concentration of Sr® in different focd-
stuffs, should be determined. Of course, Sr®® primarily
follows stable strontium through the food-chain, ie.,
from the deposit on the ground, through uptake by plants
and transfer through animals. For practical reasons,
however, it is the calcium contributors to the national
diet that are mostly studied.

Ewaluation of Sr®° as an internal hazard

28. A Sr* programme should attempt to take up the
following problems:

(a) Amount of Sr* so far deposited ;
(5) Amount of Sr® to be deposited:
(¢) Rate of deposition of Sr*°:

(d) As a result of (a), (b) and (¢):

Eventual total accumulation of Sr® on the ground;
(e) Kinetics of strontium in the biological cycle:
(f) Present bone level of Sr®°;

(g) TFuture bone level of Sr%.

To this end, the determination of Sr® in the following
materials is needed:
(a) Human bone;
(b) Components of the human food-chains;
(c) Fall-out materials (collected by the pot method);
(d) Air (atmosphere and stratosphere) ;
(e) Soils, grazing grounds and waters.

The determinations o1 stable calcium and strontium in
the above-mentioned materials are of importance since
their concentration is of value in interpreting the Sr®
results.

Sr% in soil

29. Soil analysis is useful for the determination of
accumulated Sr*, as soil can be considered as a primary
collector. For determination of fall-out rate, however,
this method is not sufficiently accurate. In addition, the
soil analysis has little value for the direct estimation of
present Sr®® hazard owing to the difficulty of estimating
the relative importance of the uptake of Sr* in plants
from soil and from foliage retention, that is, from
uptake of Sr® deposited directly on the leaves.

30. The extraction of Sr® from the soil for analysis
is difficult and many techniques are used, such as alkaline
fusion, acid leaching, ammonium acetate leaching and
electrodiolysis. The large amount of soil needed for
analysis makes the alkaline fusion impracticable and the
acid leaching method is very much preferred.®:

31. The upper 5 cm of the soil retain at present about
70-80 per cent of the deposited Sr%, the exact value
varying somewhat with the type of s0il.1%2*-*3 The total
amount of Sr?, as determined in different countries. is
given in table I1. Where only the upper 5 cm of the soil
was analysed, a factor of 1/0.7 has been used to calculate
the total amount. The numbers given are the average
and the range of reported values. The values are in
reasonable agreement with values for total deposit of
Sr? obtained by other methods of measurement.®*1:13:13

32. For the study of the behaviour of Sr* in food-
chains. it is useful to express the Sr® concentration in
activity per gram of available calcium.** The amount
of calcium per kg of soil is extremely variable: for ex-
ample, different areas in the United Kingdom show a
range from 0.1 to 150 g calcium/kg soil,?* although a
small part only of the calcium is likely to be labile and
available to plants in soils with the higher concentrations.
Also, the available fraction of calcium is very variable:
for example, in two different localities in the United
States 3 and 42 per cent respectively of the calcium is
available.*® The availability to plants may also vary if its
chemical form in the soil changes with time or under
different conditions. Similarly the chemical form of
stable strontium will influence its availability to plants.

S$7° in food-chains

33. From the environment to the human skeleton,
strontium follows a long path accompanying calcium.
The problems to be considered are the transfer of Sr™
and stable strontium in food-chains and the transfer
from soil to plant.

Discrimination factors

34. The chemical similarities between strontium and
calcium make the use of Sr*/calcium ratio convenient
for following Sr®® {rom the environment to human

** For concentrations of Sr* the unit 1 micro-microcurie
(ruc) Sr® per gram calcium is used (1 strontium unit, 1 S,U.).

TaBLE II. AMOUNT oOF Sr% 1IN soIL
Country. covventininnininnnnnn Japan®? Sweden? UK?. 8 USA20. 88 USSRS$
Period of measurement.......... .. Jenuary-May 1957 Mid-1936 July 1957 October 1957 February-July 1937
Srf®¥inme/kmd. ... 2.5-6.3 1.2s 3.3 9.7 6.0
(0.6-2.0) (3.5-14.5) (3.2-13) (3.0-12)

2 These preliminary data are probably too low, as an ammonium acetate leaching method was used for the extraction of Sr*°

from soil.




TaBrLg III.

DISCRIMINATION FACTORS

Sypecies Diet Aethod Remarks Classification» Voluet Reference
Man.......... Milk Double tracer with 4 patients, 9 to 73  Diet — bone 0.54 (0.50-0.62) 29
each meal years old
Man.......... Norma! mixed Stable Sr/Ca ratio Average adult diet  Diet — bone 0.25 30
in diet and bone in U.K
Man.......... Normal mixed Stable Sr/Ca ratio Average diet in Diet — bone 0.5 48,91
in diet and bone Canada
Man.......... Normal mixed Stable Sr/Ca ratios 1 normal Diet — bone 0.24 31
Man.......... Non-mitk Double tracer with 4 patients Diet — bone 0.4¢4 (0.37-0.51) 29
each meal
Man.......... Non-milk Double tracer, 2 pztients Diet — bone 0.35 (0.25, 0.45) 32
single dose
Man.......... Normal mixed Sr%/Ca ratio in diet Indirect calculation Diet — bone 0.25 33
and bone
Man.......... Stable Sr/Ca ratio Average Japanese Diet — bone 0.17 34
in diet and bone diet and average
(disregarding bone concentra-
marine contribu- tion
tion to diet)
Sheep......... Grass from unculti- Stable Sr/Ca ratio 6 animals Diet — bone 0.24 (0.15-0.31) 22
vated pasture in grass and bone
Sheep......... Grass from unculd- Sr9?/Ca ratio in 6 animals Diet — bone 0.23 60.09—0.42) 22
vated pasture grass and bone
Goat.......... Non-milk Double tracer, daily 2 animals Diet — bone 0.23 35
dose
Rat........... Milk Double tracer in Diet — bone 0.572-0.02 28
dietary
Rat........... Non-milk Double tracer in Diet — bone 0.272-0.01 28
dietary
Rat........... Non-milk Lifetime feeding of Diet — bone 0.28 27
radiostrontium/
Ca
Rat........... Non-milk Stable Sr/Ca ratios Diet — bone 0.27 27
Mouse......... Non-milk Stable Sr/Ca ratios Diet —» bone 0.35 27
Guinea pig..... Non-milk Stable Sr/Ca ratios Diet — bone 0.22 27
Jack rabbit..... Natural (on desert)  Stable Sr/Ca ratios Diet — bone 0.20 27
Cottontail rabbit Natural (on desert)  Stable Sr/Ca ratios Diet — bone 0.22 27
Kangaroo rat... Natural (on desert) Stable Sr/Ca ratios Diet — bone 0.16 27
Cowaovvvvnnnn Radiostrontium and Diet — milk 0.14 36
radio-calcium at
different times
Cow..ovevnnn Sr® assay of Wis- Diet —» milk 0.16 37
consin milkshed,
1953
Cow..ooovn ... S assay of Wis- Diet — milk 0.16 21
consin milkshed,
1955
Cow........... Sr% assay in UK., Diet —» milk 0.09 26
1955
Goat.......... Double tracer, daily Diet — milk 0.09 35
dose 2 animals 13 (0.08, 0.10)
days
Rat........... Double tracer in Plasma — foetus 0.55-0.65 38
dietary
Rabbit........ Double tracer in Plasma — foetus 0.49 38
dietary
DF DF (blood — bone) 1s Yery near

Althot:igh some of the following discrimination factors are

determined as DF

(diet — blood)’ they have been written

(diet — bone)’ %
unity.39. 35, 842

b The range or mean = standard error is given where avaxlable
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bones. However, the chemical behaviours of strontium
and calcium are not identical and, therefore, their utili-
zation varies in biological processes such as assimilation
and milk secretion. For example, cows utilize calcium
more efficiently than strontium in producing milk. To ex-
press quantitatively the preferential utilization of one of
these elements in a given process, the following nomen-
clature is proposed :

Discrimination factor! DF (precursor-»sample) =
Sr/Ca ratio in sample

Sr/Ca ratio in precursor

This discrimination between strontium and calcium is
caused by several physiological factors among which the
most important are: preferential absorption of calcium
from the gastrointestinal tract; preferential urinary ex-
cretion of strontium; preferential secretion of calcium
from blood into milk and preferential transfer of cal-
cium across the placental barrier. The quantitative eval-
uation of the contributions of these physiological
processes has been made under certain conditions.®*
It is possible to define an over-all discrimination factor
for a given food-chain as the product of the discrimina-
tion factors for each step of the chain, under the condi-
tion that there is no additional entrance of strontium or
calcium from other sourres into any of the intermediate
steps. For example, in the chain: soil — grass — cow’s
{nilk — human bone, the over-all discrimination factor
is:
DF (soil>bone) =DF (soil-—)grass)x DF (grass—>cow's milk)
(cow’s milk-»human bonce),

35. Various methods have been described for measur-
ing the discrimination factors:

(a) By measuring the stable strontium/calcium ratio
in precursor and in sample ;**

(5) By measuring the radiostrontium/calcium ratio,
for example Sr*/calcium in precursor and in sample in
equilibrium, either under field conditions®»?¢ or in die-
tary experiments ;*

(¢) By double tracer experiments, for example, using

Ca®s and Srs,®

36. In the case of Sr® transfer from fall-out deposit
to human bone, the problem is complicated at present by
the possibility that-the human bone may often not be in
equilibrium with the environment, The discrimination
factors obtained by technique (a) give inherently the
equilibrium value and this technique is therefore very
important for the evaluation of future risk. For this
reason, the determination of stable strontium and cal-
cium in the steps of the food-chains is fundamental.
It is important, however, that the subjects have lived on
a diet with a constant stable strontium/calcium ratio and
that the entire diet is analysed. Some values for discrimi-
nation factors are summarized in table IIT and in para-
graph 47.

The soil-vegetation step in food-chains

37. It is very difficult to compute an over-all discrimi-
nation factor for the soil-vegetation step. The plants
receive Sr* from soil through the roots and also directly
from iall-out deposited on the leaves and the concentra-
tion may not be uniform throughout the plant.’®2° With
information available at present it is difficult to estimate

T A system of nomenclature has been earlier proposed®; in
this system the term “Observed Ratio” (OR) was proposed for
the over-all discrimination between a precursor and sample and
the term “Discrimination Factor” was used to denote the dis-
crimination that is produced by a given physiological process.
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the relative importance of the two routes of entry as:

(8) The accumulated deposit is at present increasing,
whereas the fall-out rate has been approximately con-
stant for the last four years.P104

_ (&) The mechanism of deposition (dry fall-out, con-
tinuous slow precipitation, heavy showers) may change
the efficiency of foliar retention.

(¢) The type and condition of the foliage may change
the efficiency for retention of direct deposit.

(d) There are great differences in the growing
periods and, therefore, in the exposure time of different
plants.

(e) The accumulation of fission products at the stems
of plants may influence the relative significance of the
two factors, as this accumulation will depend on the fall-
out rate for some previous years.D#

(f) There are indications that in soils with low avail-
able calcium contents, the root uptake of Sr*° is more
important than in soils with more available calcium.P#

(g) The depth of the root penetration, the soil type,
the water supply and the depth of ploughing may change
the root uptake.

38. For the indirect evaluation of the relative impor-
tance of the two components, both stable strontium and
calcium data are useful. A possible approach is based on
the measurement of the specific activity of Sr®° in plant
and in soil -(ppc Sr®°/g stable strontium). As the Sr?
retained by the foliage is carrier-free the ratio:

specific activity of Sr® in soil

specific activity of Sr® in plant
gives the fraction of the total Sr* in the plant that comes
trom soil. If the specific activity of the soil is computed
from the total strontium content and not from the
amount of strontium available to the plant, this fraction
will represent a lower limit, and the available strontium
may in certain circumstances represent a small propor-
tion only of the total strontium.

39. An experiment has been reported on the direct
determination of the surface contamination of grain of
the 1956 harvest in the Soviet Union. The grain was
washed with 0.5 per cent hydrochloric acid and water,
which removed at least 50 per cent of the total Sr%.°

40. Another approach to the problem depends on a
direct correlation of the rate of deposition of Sr®, the
accumulated deposit and the Sr content in any particu-
lar food. This has been attempted for milk*® in the fol-
lowing way, taking yearly averages to avoid seasonal
effects, and assuming that the Sr®* in milk comes from
the following sources:

(s) Uptake by vegetation through the roots, assumed
to be proportional to the accumulated deposit in soil (Fa,
in mc/km?, the value at the beginning of the one-year
period) :

(b) Direct deposits on leaves, assumed to be propor-
tional to the fall-out deposit in a one-year period (fg, in
mc/km?).

The average St9 level in milk in a one-vear period Cy
is then given by:
Ca = au(Fq + 1/2f0) + bnfa 3)

where @y and &y are proportionality constants.

41. Using data from Perry, N. Y., U.S.A.. a set ¢
constants ay and ba can be computed. The values for
F4 and fq4 are estimated from New York City pot data
corrected by a factor derived from gummed film data
from places near Perry and in New York City.




TaBLE IV. Sr® pata rFrRoM Perry, N. Y., U. S. A,

fa, ennual Sr¥®

Srit in Fa, deposited

Period milk, S.U. Sri%in me/km?  deposit, mcfkm?,
April 1954~March 1955 1,20 0.89 2.30
Jan. 1935-Dec. 1955.. 1.89 2.16 2.78
Oct. 1955-Sept. 1936.. 2.86 4.57 3.36
July 1956-June 1957.. 3.94 7.48 3.58

From these data one calculates the constants: ay = 0.34 S.U.
km?/mc and by = 0.23 S.U. km?/mc.*

42. In the milk from the four one-year periods, the
fractions of Sr® derived from foliar retention are 43,
35, 27 and 21 per cent respectively of the total Sr®
content. These fractions need not necessarily be meas-
ures of the foliar retention of the plants, as the relative
contribution may have been altered by factors such as
washing of the grass by rain, and differences in chemical
form of the Sr% that the plants had obtained from the
two origins, It is likely also that values of ay may vary
with time if the chemical state of radiostrontium in the
soil changes progressively.

43. To determine the root uptake directly, crop ex-
periments have been performed in the United Kingdom
with Sr®® tracer.’® With the conditions of soil and culti-
vation in that country, concentration of 1.1 S.U. in grass
was found for an accumulated level of 1mc/km® from
root uptake alone.** This corresponds to a milk concen-
tration of about 0.15 5.U., derived by using the appro-
priate discrimination factor from table III1.P%¢ The
constant ay in equation (3) should thus have a value
of about 0.15 S.U. km*/mc for the United Kingdom
as derived from experiments lasting for one year with
Sr®® well equilibrated with soil. Experiments also indi-
cate a foliar retention ranging up to 90 per cent of the
total herbage contamination.

44. For other food materials and crops, a method
similar to that given in paragraph 40 is applicable with
three provisions:

(@) The relevant period during which the fall-out is
averaged should in some cases be limited to the growing
period of the plant if this is much shorter than one year,
although the fall-out during this period may correlate
with the annual fall-out rate.

(b) Some plants have leaves at the base of the stem,
or a horizontal mat of roots, which may persist for sev-
eral years and prevent the Sr* fall-out from passing
to the soil. If the growing parts of the plant derive Sr®
from such a persistent stem base or root mat, the appro-
priate averaging period for the fall-out rate may need
to be several years. Since, at the present time, the fall-
out deposited during the last four vears is nearly equal
to the total fall-out deposit, the formula given above may
fail to distinguish between uptake from a stem base or
root mat on the one hand and from the accumulated
deposit present in the soil on the other.

_ (¢) The uptake of Sr*¢ from the soil is likely to be
influenced somewhat by the amount of available calcium
in the soil. There are indications that in soils which are
very deficient in available calcium, the root uptake of
Sr®® may be greater than from high total calcium soils.??
and that on such soils the possible formation of root mats
may also enhance the uptake. The foliar uptake of Sr®
Is not, however, influenced in this way by soil calcium.
The proportions of Sr® taken up through leaves and
through roots will therefore depend on the calcium
"%

¥ * The values given in reference 43 were calculated using experi-

mental data from a shorter period. They differ by;about 10 per
cent from the values above.
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status of the soil as well as upon the type of plant, con-
ditions of culture and the rate and quantity of Sr® fall-
out. It should be emphasized, however, that the Sr®
uptake of plants from soil is effected not only by the
absolute quantity of calcium present, but also by the
degree of saturation of the colloidal complex of the soil
by calcium and other cations, such as magnesium, potas-
sium and sodium, and this varies materially from one
soil to another. 5 ’

45. In the important case of rice, the outer layers of
the grain become contaminated by carrier-free Sre°
deposited on them from fall-out occurring during a very
short period before the harvest. The kernel of the grain
has an Sr® uptake which appears to be more dependent
upon accumulated deposit than upon rate of fall-out ;22
this will be accentuated by the shortness of the growing
period, by the ploughing of each season’s straw into the
upper soil layers and also by the formation of a root mat
under certain conditions of growth. The Sr® content of
white rice is thus mainly dependent on root uptake,
whereas that of brown rice, from which the outer layers
have not been removed, is at present more dependent on
surface contamination.

46. To distinguish between the amount of Sr*® reach-
ing plants through their roots, as compared with that
coming from foliar absorption or uptake from the stem
base, 1s important for predicting their relative signifi-
cance under future conditions. If, in the future, the accu-
mulated deposit of Sr® in the soil has increased con-
siderably relative to the fall-out rate, the relative uptake
of Sr® from the soil is likely to become much greater
than that by other routes, especially for soil of very low
calcium content. Forecasts of plant contamination under
such future conditions can, therefore, only be based ade-
quately upon that component of present uptake which
depends on the accumulated deposit of Sr°,

47. From the preceding paragraphs it may be deduced
that an evaluation of a generally valid discrimination
factor that includes the step from soil is very difficult at
best. For defined conditions, however, some values have
been reported, Thus DF (soi1 > dgiery has been estimated
as 0.5, based on values for stable strontium/calcium
ratios in average Japanese soil and diet,* Data obtained
in the United States indicated that DF (i1 - planty may
be about unity.*®* A general approach, by using stable
strontium/calcium ratios in average rock and soil and
in human bones, has given the value 0.07 = 0.01 for
DF (soi1 - buman boney,*? although this value will vary ac-
cording to the type of diet.

Concentrations of Sr*® in foodstuffs

48. Data submitted to the Committee on concentra-
tions of Sr? in different foodstuffs are collected in
table XV1. The data show a wide range, caused both by
geographic and seasonal effects. Only selected data are
therefore meaningful if one wants to examine the in-
crease of the concentration with time. Some such data
for milk are collected in table V. Analysis has shown
that dried and fluid milk and cream and skimmed milk
from the same whole milk sample have the same Sr*%/
calcium ratio.*®

49. Cereals and vegetables, as a rule, show higher con-
centrations of Sr® than milk and milk products, as
shown in table V1.

Cealcium sources in diet

50. If the dietary habits of a population are known
with respect to the main sources of calicum and also the



concentration of Sr* in the various foodstuffs, the daily
uptake of Sr®® from vegetation to human bone can be
computed, using discrimination factors for the different
steps in the food-chains as given in table IIL.D*
Table VII, submitted by the Food and Agriculture Or-
ganization in consultation with the World Health
Organization, gives some data on dietary habits in differ-
ent countries. Additional data from some of these coun-
tries support the values. *3:3%3452 ]t should be pointed out
that there are only a few countries from which suitable
data were available,5

TABLE V. AVERAGE CONCENTRATION OF Sr% IN MILE
(in S.U.) IN SOME SELECTED AREAS

Location 1954 1955 1956 1957 Reference
Canada
6 Stations®, .....ceevrrennenans 50 6.2 48,49
U.K.
SomersetP. . ..iiiiiinnnaann .. 4.1 44 51 22,30
U.S.A.
Perry, N. Y. (Jan.—Dec.)....... 19 33 39 92
(Apr—Dec))....... 1.1 22 3.7 4.0
New York City (Jan.—Dec.).... 2.7 4.5 92
(June-Dec.).... 1.4 3.7 5.0
State College, Miss. (May-Sept.} 3.8 48 92
Columbus, Wisc. (Jan.-Oct.). .. 3.7 42 92
(May-Oct.)... 26 40 5.3
Mandan, No. Dak, (Jan.-Dec.) . 9.2 16 92
(May-Dec.). 7.2 91 22

* Monthly data for each station are compared with data from
the same month in the two years, altogether 57 values used.
b Median values.

TasLE VI. CoxNCENTRATIONS OF Sr® 1ix (S.U.) v
CEREALS AND VEGETABLES
Location and
type of sample 1956 1957 Reference
Japan
Rice, white...... 49 (36,62) 23
Rice, brown..... 154 (81-250)
Wheat, flour.....
Wheat, brown... 162 (153,170)
Soviet Union
Wheat and rye.. 69 (28-140) 5
United Kingdom
Vegetables. ..... 11 (6-35) 30
United States
Different cereals. 14 (4-38)
Vegetables*. .. .. 8 (1-29) 9 (1-23) 33,50

* The samples were frozen vegetables from food plants.

TABLE VII. SOME PRINCIPAL SOURCES OF CALCIUM
IN THE AVERAGE DIETS OF A FEW
SELECTED COUNTRIESS!

Per capile average daily intake, mg caleium

Cereals, vegetadles, Milk and milk  Fish and marine

Country elc. products products
Argentina........... 84 510 -
Australia............ 52 570 12
Canada............. 109 780 -
Japan.............. 264 20 106
Philippines.... ... ... 53 32 -
Union of South Africa 56 260 7
United Kingdom. .. .. 370 585 12

51. The data in table VII should only be taken to
indicate the order of magnitude of the calcium supplies

in the different countries. The main contribution to the
human diets vary widely from one country to another,
and there are wide variations within the same country in
accordance with many general and local differences in
food supplies, dietary habits and economic conditions.
Milk and milk products are the major source of calcium
intake in most Western countries (giving about 70-85
per cent of the total calcium), whereas they play a very
minor role in most of the countries in Asia and Africa,
where other foods such as cereals, vegetables and also
fish and marine products are the principal sources of
calcium in the average diets. Moreover, certain foods
not originally rich in calcium are fortified by mineral
calcium in many countries.

Stable strontium sources in diet

52. Some data on the content of stable strontium in
various types of food are also available and are sum-
marized in table VIII, '

TABLE VIII. AVERAGE STABLE STRONTIUM CONTENT
IN VARIOUS TYPES OF FOODS
Type mg Sr/eCa Reference
Cereals and vegetables.............. 2 22,23
Milk and milk products............. 0.3 20,22,48
Marinefish.........ccoivvnnnn... 3 23
Fresh water fish.................... i 23

These data show that the stable strontium/calcium ratio
of certain foods may be up to ten times higher than in
milk and milk products. Therefore milk may not be the
main source of stable strontium in diet although it may
be the main source of calcium (see table IX).

Daily intake of Sr¥° in man

53. Daily intake of Sr*® has been reported from some
places. Table IX shows data from the United Kingdom,
together with data on stable calcium and strontium
intake.

TABLE IX. AVERAGE DAILY INTAKE OF CALCIUM,
STABLE STRONTIUM AND Sr% IN ADULT
DIET IN UNITED Kincpom30

Calcium intake, Stable strontium Sr® intake

Food mg/dey intake, ug/day wpuc/doy
Mik........... 667 193 3.64
Flour and bread* 332 714 0.66
All other foods. . 200 526 2.35

TotAaL 1199 1433 6.65

» Fortified with mineral calcium.

54. Wide variation can be expected because of differ-
ent food habits and living conditions, as illustrated by
computations from Japan.** They show that whereas the
majority of the population have an average daily intake
of 3.3 to 5.8 ppuc Sr®® per day, there is a substantial num-
ber of people, who either eat unpolished brown rice or
drink and prepare food with unfiltered rainwater, which
may cause a daily intake of 23 to 26 upc Sr®® per day.

S in human bone

55. The measurements of Sr® concentrations in
human bone give the data that are most needed for the
estimation of present risks from fall-out. The interpre-
tation of bone Sr% results is complicated by four impor-
tant faciors, which will be discussed in the following
paragraphs.




(1) Due to lag in contamination of calcium sources
with Sr®, human bone is not yet in equilibrium with the
environment. To correlate the Sr content of human
bone with the contamination level of the environment
and to predict future risks, it is necessary to know how
close the system bone-environment is to equilibrium. For
this purpose stable strontium measurements are very
useful,

(2) If Sr® were unevenly distributed in the human
skeleton the measurement of a single bone would not be
representative of the average skeleton value.

(3) Uneven distribution of Sr% within the bone
would also make the relevant dose computation difficult.

(4) The average Sr® content of bone may also vary
with age.

The importance of the stable strontium determination

56. Using the stable strontium/calcium ratios in dif-
ferent steps of the food-chains and in bone, it is possible
to determine the discrimination factors®®® and compute
the equilibrium concentration in bone. The determina-
tion of stable strontium in bone can be done by specto-
graphy*”*%% or by activation analysis.*®%® The reported
values differ somewhat, and this may partly be explained
by a small but significant difference observed from one
locality to the next.*” An average of 450 = 100 pg
strontium/gram calcium has been found using 756 sam-
ples from all over the world.*” Investigations in Canada
and the United Kingdom have given average values from
290 to 370 pg strontium/gram calcium using a limited
number of samples (16 to 35).°%%:5 Young children
apparently have somewhat lower strontium concentra-
tions in bone than adulis,?**® which should be expected
as a result of foetal discrimination against strontium,

Sr2° distribution in different bones of the skeleton

57. The problem of non-uniformity in the distribu-
tion of stable strontium in different bones in the skeleton
of man has also been investigated by stable strontium
measurements, [t seems that there is a uniform distribu-
tion,*™%¢ which should mean that the distribution of Sr®®
should also be uniform when the skeleton has reached
equilibrium with a contaminated environment. This has
been confirmed for goats fed by Ca* and Sr®° over an
extended period,* and by measurements on the distribu-
tion of Sr® in cow's bones.*®* In man, however, there
are experiments showing non-uniformity by single in-
jections of double tracers and also in the Sr®® distribu-
tion at present in adults.?*%7

Uniformity of Sr* distribution in bone

58. It seems clear that Sr® would be distributed uni-
formly with calcium throughout the bones of a child
whose calcium intake had been contaminated with Sr*
at constant concentration during the whole of its life
since, in these circumstances, all bone formed would be
derived from calcium of equal Sr® content.

59. Non-uniform deposition would arise from two
main causes:

(a) A progressive change in the Sr® contamination
of dietary sources will lead to a corresponding change
in Sr% lex{e} of new deposits of bone, which contain the
most sensitive cells. With rising dietary levels, the bone
concentrations in young children will indicate the current
dietary conditions. Much of the bone of older children

_and of adults will, however, be contaminated at lower
¢ levels corresponding to the lower levels in diets of
earlier years. In this sense, the maximum bone concen-

trations in young children may be in equilibrium with
their current diet, although the amount of bone con-
taminated at this concentration may well be only a
fraction of the whole skeleton. Correction for non-uni-
formity of Sr* distribution is not, however, required if
the concentration in young children is used as an indica-
tion of the maximum concentrations being reached in
new bone deposited in older children or adults.

(b) Any change in source of calcium intake may in-
volve an alteration of Sr?° level in this intake and thus
in bone that is currently being formed. An important
instance arises in young children, whose bone calcium
will have been derived from three different sources:

(i) From the mother during gestation;
(ii) From the mother’s milk during maternal
feeding;
(1i1) From the subsequent dietary sources.

60. Some indication may be given as to the importance
of these factors. Calcium derived during gestation ap-
pears at present to be somewhat lower in Sr* levels
(about one half) than the child’s subsequent diet, since
the level in the bones of stillborn children is rather less
than in children 1 to 2 years old (table X). The Sr*
content of the bones of a child of 2 years would be only
slightly lowered for this reason since at this age only
about 15-20 per cent of the bone calcium and associated
5r% will have been derived during gestation.s®

61. Maternal milk contains about 40 per cent of the
level of Sr® in the diet of the mother.?® Since about 25

. per cent or less of the bone of a 2-year-old child, previ-
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ously breastfed for half a year, will have been derived
from maternal milk, this factor would only lower the
average bone Sr°° level by about 15 per cent or less
from an equilibrium condition with the diet.®®

62. Thus the highest radiation doses delivered to bone
from radiostrontium are likely to be those in the new
bone, that is at present being laid down in children
aged over 1 year. If the concentration remains constant,
the absolute quantity of strontium in the body increases
with the size of the skeleton up to 20 years, and on the
assumption of a linear dose effect relationship, the
probability of somatic mutation in bone-marrow cells
increases with the size of the skeleton.

The problem of computing skeleton dose from Sr*

63. As a first approximation, Sr® will be considered
to be uniformly distributed in the skeleton and it will
be assumed that the whole radiated energy is absorbed
by the bone. The mean particle energy of the pair Sr®
and Y? is 1.13 Mev?, so that a skeleton containing lg
calcium per 7g bone will receive an average dose rate in
compact bone of 2.7 mrem/year per strontium unit.
In the skeleton about 10 to 13 per cent is spongious bone,
having a dose rate of about 0.9 mrem/year per strontium
unit, The average dose rate to the compact and spongious
bone of 2.5 mrem/year will be used in the following
calculations. %2

64. The bone marrow dose from Sr* deposited in the
bone will be lower than the bone dose, depending on the
size of the marrow cavity. A calculation of a mean mar-
row dose is therefore a very complex problem.®¢* In
the following it will be assumed that 1 strontium unit will
cause a mean bone marrow dose rate of 1 mrem/year.
The true value of the mean marrow dose** might

** The computation of the mean marrow dose is difficult and
approximate only,



TABLE X. AVERAGE CONCENTRATION OF Sr% IN MAN (STRONTIUM UNITS)®
Canadats. 4 United Kingdom?, 8¢ United Statesdtd

Age Group 1956-1957 1956 1957 1955-1956 19561957
Stillborn to 1 month,.............cvinenns.. 0.7 3) 0.44 (5) 0.55 (42)
lmonthtolyear.............cocvvvvvennn. 1.6 (2) 0.70 (11} 1.1 (19)
1yearto 5 years.....ooiueenniainainannns 2.1 (4) 0.83 (13) 1.2 (17) 0.56 (10) ° 0.67 (30) <
Syears to 20 Years. . .......iiiieninainennn 0.1 (1) 0.25 (12) 0.45 (19) 0.26 (17) 0.54 (32)
More than 20 years. . ...........ocuuenvnannns 0.4 (3) 0.11 (5) 0.1 @ 0.07 (137) 0.07 (62)

* The number of samples in each age group is given in
parentheses,

however, be as low as 0.5 or as high as 2 mrem/year
per strontium unit.¥

65. It should be emphasized that bone marrow cells
which are almost surrounded by bone will receive doses
which may be equal to those in compact bone. Taking
into account all causes for non-uniformity, i.e. the non-
uniform deposition in the mineralized zones, the varia-
tion in bone layer widths and geometrical factors
(corners), the bone marrow level is probably five times
the figures quoted above.

Concentration of Sr°° in maen

66. The knowledge of average values is not sufficient
for risk evaluation and individual data are extremely
useful. It is emphasized that data on bone concentrations
should be accompanied by the following information:

(a) Date of death or biopsy;

(b) Age at death or biopsy;

(¢) Precise origin;

(d) In case of children: methods of feeding.

67. Not all the data obtained so far include complete
information, and further studies are required. Table X
gives some of the bone concentrations measured in dif-
ferent countries (see also table XVII).

IV. Cs'3 a5 AN INTERNAL SOURCE

68. The similarity between the nature of the precur-
sors, half-lives and fission yields of Sr® and Cs'*'
suggests that the distribution of these two isotopes is
similar in fall-out. On the other hand, their different
chemical properties make their behavour in food-chains
and in the body different.

69. Cs'* is poorly taken up from soil by plants.*®
Therefore, the contamination of food sources should
depend largely on fall-out rate. The biological half-life
of caesium is comparatively short (about 140 days in
man® and 20 days in cow®®), thus indicating that the
level of the isotope in the human body will approach
equilibrium with the environment relatively quickly.

70. Cs'* concentrations are often expressed by the
Cs**7/potassium ratio. Some evidence exists, however,
that the metabolism and routes of entry into the human
body of these elements are to some degree different. For
example, in man, the biological half-life of potassium
(35 days)® is apparently shorter than that of caesium.
An analogy of Sr®/calcium ratios should therefore not
be implied.

64,65

Methods for measurement of concenmtrations of Cs'*7

71. Measurements of concentrations of Cs**? can be
made without radiochemical separations. Cs?** has a

* Higher mean marrow doses are possible and higher doses
in small foci of bone can be expected.
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St: Including a few data from North America outside the United
tes.
< Age group 0 to 5 years.

gamma-emitting daughter product, Ba'*", which can be
determined using gamma-spectroscopy, as can K#*° Fis
The large difference in energy of the gamma rays emit-
ted from Cs'** (0.66 Mev) and K* (1.46 Mev) makes
the discrimination adequate even with crystal detectors
of low energy resolution. Radiochemical methods are
also in use for separation of caesium from other
material F!8

72. The present burden of Cs!* in man can be deter-
mined i1 vivo with whole body spectrometry or gamma
spectroscopy.E'® Large liquid scintillators have the ad-
vantage of being geometrically efficient, but the energy
resolution is relatively poor. Sodium iodide crystals
have good energy resolution, but even with the largest
crystals available, the counting rate is not as high as
with the large liquid scintillators. To obtain the maxi-
mum of information, both types of counter seem
necessary.%®

Concentration of Cs**” in foodstuffs

73. As in the case of Sr® it should be possible to
relate the Cs?3" burden in man to the concentration in
the diet. In some areas (i.e. the United States), milk
contributes about 50 per cent of the human uptake®’
and can therefore be used for comparative purposes.
During 1956-1957, milk in different countries showed
a general Cs'*? concentration of 20 to 70 ppc Cs'*"/g
potassium,?365:72.74,88,67 The wide range is partly caused
by variation with geographic locality. Measurement of
rice in Japan 1956-1957 showed a concentration of about
50upc Cs'7/g potassium.

Daily intake of Cs¥*7 in man

74. Estimations of daily intake of Cs*" have been
made for Japan and the United States, giving about 30
to 50 upc Cs'¥/day.?*% Because of the short biological
half-life for Cs', variations in the diet will change the
Cs'37 level in man rapidly. With the constant concen-
tration in the diet, the equilibrium burden in man is
reached in about two years,

Concentrations of Cs'*7 in man

75. The measurements of Cs*” in man show a range
of 25 to 70 ppc Cs'¥ /g potassium in the north temperate
zone during 1956-1957 with an average of about 35 ppc
Cs'*7/g potassium.’®*®* During periods shortly after
tests, a slight increase has been observed.®* Concentra-
tions in the diet and in man are apparently rather similar,
which is unexpected because of the longer biological
hali-life of caesium as compared to potassium.®®

Dose rate from Cs**7 in man

76. Since the average potassium content of a stand-
ard man (70 kg body weight) is about 150 g5%e%7°
the average Cs'*7 gonad dose rate amounts to about




1 mrem/year (ranging from about 0.5 to 2 mrem/year).®
Uniform distribution of caesium in soft tissue is as-
sumed as is indicated by stable caesium measurements.™

V. DosSES FROM TROPOSPHERIC FALL-OUT

77. Fall-out from the troposphere consists mainly of
short-lived isotopes and the dose contributions are there-
fore primarily dependent on fall-out rate rather tharn
on accumnulated deposit, The latitudes where the tropo-
spheric fall-out is deposited are mainly determined by
the latitude of the test sites. The doses from tropospheric
fall-out material vary with geographic location roughly
in the same manner as the dose from stratospheric
fall-out.

External Sources

78. The tropospheric material has an observed mean
residence time of two to four weeks? and although it is
deposited intermittently during the year. a certain de-
posit of short-lived activities is built up and maintained.
The reported values indicate that a level of short-lived
radioactivity is maintained at about 50 to 200/mc/km?
(See table XIV). Allowing a factor of 10 for shielding
and weathering and assuming an average y-energy of
about 0.5 Mev?®, the annual gonad and mean bone mar-
row dose should be of the order of 0.25 to 1 mrem/
year.D??

Internal Sources

79. The air concentration of fission products at
ground level has been reported to be about 10-'%/l
during 1956 to 1957 (See table XVI). Assuming that
this material has the same composition as the fall-out,
the annual dose resulting from inhalation has been com-
puted™® using data for retention, volume of inhaled air,
weight of critical organs, etc.,, based on L.CR.P.—
criteria.®” The annual doses, according to the calcula-
tions, are:

Whole body dose .................. 0.2 mrem
Lung dose (if material soluble) ..... 0.1 mrem
(if material insoluble) ... 1.5 mrem
Thyroid dose ..........occvunin.tn 0.6 mrem
Bone dose (Sr®, Sr?, Ba'*®) ........ 0.15 mrem
Average bone marrow dose (Sr®?, Sr®,
Ba) ... 0.05 mrem
Averagegutdose ...........iveinn 0.03 mrem

S7r% and Ba'*? as internal sources

80. Dose contribution from short-lived activities can
be introduced through food-chains when the food has not
been stored for a long time. Storage of food reduces the
activity of short-lived isotopes, which makes it very
difficult, if not impossible, to give world-wide average
annual doses from tropospheric material.

81. It has been reported that Sr®/Sr®® activity ratios
in milk show fluctuations in the range 1 to 25.3%:2%48:4%
774 There are marked seasonal variations, largely de-
pendent on whether the cows were on pasture. Thus the
average Sr® concentration in milk has been reported as
3 to 12 upc Sr®/g calcium in January to April
whereas it was of the order of 100 to 150 puc Sr*%/g
calcium in September and October in Canada in both
1956 and 1957. The Sr® concentration was all the time
of the order of 4 to 8 puc Sr*/g calcium.*®
. 82. Computation of the relative doses from the two
1sotopes, using the range of values observed in milk for
the Sr®®/Sr® ratios, show that the doses from Sr®® give
rise to a bone dose ranging from about 1 to 20 per cent
of that from Sr®.} Ba'*? in the amount that corresponds

1 A biological half-life of strontium of 11 years is used.*?

109

to the mean residence time of the tropospheric fall-out
(3 weeks), gives a dose contribution that is less than
10 per cent of the dose from Sr2,

83. Data from measurements in Canada, show the

presence of Sr* in bone from man and animals, as given
in table X1.

TABLE XI. CONCENTRATIONS OF Sr8? AND Sr%
IN BONE#

(upc per g calcium)

Sample and date of death Age Sra Sroe
Human bone
December 1956........ S months 5.4+0.6 1.8:+0.2
December 1936........ 10 months 3.7+0.4 1.4220.2
November 1956........ 22 months 5.7+0.3 3.8+0.2
Cow bone
October 1956.......... Foetal 144 8.6
October 1956.......... 3 weeks 28.3 5.3
October 1956.......... 4 weeks 43.4 51
October 1956.......... 6 years 15.6 8.1
October 1956.......... 13 years 18.7 3.8
August 1956.......... Ol 6.3 3.3
August 1956.......... Old 8.4 €9

1'%t as an internal source

84. Measurements of I}¥ are of interest because of
the selective concentration of iodine by the thyroid
glands of man and animals. The normal human thyroid
weighs 20-35 g and contains about 10 to 15 mg of stable
iodine. All soft tissue has small amounts of stable iodine
and blood plasma contains about 0.05 pg/cm®.*® The
effective half-life of I'* in the body is very close to the
radioactive hali-life, 8 days.®*

85, Since 1954, many laboratories have measured
activities of I'*! from fall-out in human and cattle
thyroids.™-8® The thyroid samples obtained from autop-
sies are counted with scintillation counters calibrated
against I'* standards. In some cases the results are
corrected using values from muscle measurements to
eliminate the K* and Cs**? contributions.

86. Apparently the cattle contamination is from two
sources: inhalation and feeding on contaminated pas-
tures. Results obtained by feeding cattle on fresh fodder
or with barn fodder during the same periods suggest
that 70 per cent of the I'* uptake is from intestinal
absorption,® but there are other experiments that indi-
cate both higher®® (up to 95 per cent) and lower™ per-
centage from this route of entry.

87. Results of measurements of the I**! content in
cattle thyroids from various laboratories show a large
spread of values. Neglecting high values from areas near
test sites, average results for cattle from different geo-
graphical locations are comparable, and are of the order
of 1 to 100 ppc/g thyroid for the period May 1955 to the
end of 1956.7%7% On account of the short half-life, I***
concentrations in thyroids vary with time as related to
weapon tests.?80

88. I'3 jctivities in human thyroids are lower than
in those of cattle from the same area and show less
spread in the values. Considering only the I*** activities
from a group of barn-fed cattle and correcting for dif-
ferent respiratory volumes, values similar to those of
human thyroids are obtained.®® This supports the idea
that the human I3 intake is through inhalation. In
some areas of the United States away from test sites, the
1'% concentrations in human thyroids averaged about
4 ppc/g thyroid during May 1955.%° The human thyroids
measured were mostly from adults (more than 50 years
old), but a few samples from persons of different ages




suggested that the I'** activity increased slightly with
age.®® The human thyroid concentrations also vary with
time according to weapon test periods. It is therefore
difficult to estimate the integral thyroid dose over a
period of time.

89. Considering the linear dimensions of the normal
thyroid gland, it can be computed that the gamma con-
tribution to the average thyroid dose is about 10 per cent
of the beta contribution.®* Integrating the data for the
United States, excluding areas immediately adjacent to
test sites, average doses of the order of 5 mrem/year
are found in man for the years 1955 and 1956.%° Dose
from I'* in soft tissues is of the order of 10~* times the
thyroid dose.D% Therefore the average annual gonad
dose in the United States for the years 1955 and 1956
was of the order of u rem.

90. In areas near test sites, short-lived iodine isotopes
will reach the thyroids. From the half-lives and average
energies of these isotopes, the thyroid dose delivered can
be computed as 4 times the dose from I*** if radiolodine
is inhaled about 10 hours after the nuclear explosion,’*
but after 10 days the contribution is negligible.

VI. ESTIMATION OF DOSES FROM FUTURE FALL-OUT

91. Data on present fall-out rates and accumulated
deposits and the human burden of fission products
allow the estimation of present dose rates. However, for
evaluation of future genetic and somatic effects it is
required to estimate the 30-year and 70-year doses. This
estimation can of course be based on computations only
of future fall-out rate and deposit and not on experi-
mental data_ It is possible, however, to make these com-
putations using available data and certain assumptions
which have at present little if any support in physical
data. The results must therefore be considered only in
connexion with these assumptions and necessarily cannot
be any more valid than these.

92. Once the values for the future average world-wide
fall-out rate and deposit have been calculated, the next
step is to evaluate the doses received by human beings.
This requires calculations based on factors, some of
which are uncertain and others which cannot be general-
ized for the world's population, such as agricultural con-
ditions and practices or living and dietary habits.

93. Owing to all these factors the evaluation of doses
is rather uncertain. Farthermore, no indication, based on
experiments, can be given as to the degree of uncertainty
involved in the evaluations, but an attempt has been
made to choose the more pessimistic of the possible
alternative assumptions, and the over-all calculations
may therefore overestimate the doses to be expected
from future fall-out.

Estimation of fall-out rate and deposit in the future

94. A major part of the long-lived components of fall-
out arises from the stratospheric reservoir, which is
built up by “high yield explosions”.P¢ It has been re-
ported that about 10 per cent of the deposited Sr® comes
from tropospheric fall-out®®3 in areas far from test sites
(Sweden and United Kingdom). In the United States
the contribution is estimated to be about 30 per cent,?*
which may be taken as representative for areas relatively
close to test sites. Only a small error, therefore, is intro-
duced in considering that all the Sr® fall-out arises from
the stratospheric reservoir. As Cs*¥7 and Sr®® have ap-
proximately the same half-life and fission yield, and
similar gaseous precursors in the fission chain, the
following evaluation will be assumed to apply for both
isotopes.
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95. The material balance of Sr®° in the stratosphere-
earth system can be described by the following general
equations:

dO()

—dt—— =n-—- )\Q(t) - Fx-(t) (4)
% = Fi(t) — AFo(®) 3)

where:
n is the injection rate of Sr% into the stratosphere
per unit area {mc/km2-year). (n is as a convention
assumed to be uniform for all the earth’s surface.
This assumption implies a relatively fast latitudinal
stratospheric mixing.)

Q (t) is the Sr% content of the stratosphere, ex-
pressed per unit area (mc/km?).

F.(t) is the world-wide average fall-out rate of Sr%
per unit area (mc/km2-year).

Fa(t) is the world-wide average accumulated deposit
of Sr® per unit area (mc/km?).

is the disintegration constant of Sr% (0.025/
year).

96. These equations do not imply any particular rela-
tion between the stratospheric content and the fall-out
rate, nor do they imply any specific function for the
variation of n with time. The equations, therefore, can-
not be fully resolved. At present, data on n are not
available to the Committee. The computations will there-
fore be carried out for hypothetical cases of future
values for n. Equation (5) implies that no leaching or
weathering occurs.

97. Analysis of fall-out material has shown that Sr®
can remain in the stratosphere for many years before
being deposited on the earth, The depletion mechanism
of the stratospheric reservoir is not yet adequately
known. It has been estimated from measurement of fali-
out rate and stratospheric content that the annual Sr®
fall-out is about 12 per cent of the stratospheric content,?
This annual fraction corresponds to a mean residence
time of about 8 years, which is in agreement with a value
of 10 = 5 years derived from unpublished data.’” The
concept of a constant fractional removal per year of the
stratospheric content is inconsistent with meteorological
principle. However, nothing better can be offered at
present. If the concept is to be used, a mean residence
time of about 5 years appears to be the best value and
a reasonable upper limit is about 10 years.®* The latter
value has been used in the calculations to follow, since
it tends to yield results on the pessimistic side.

98. For the calculations it will be introduced as
working hypothesis that the annual fraction does not

change with time: _ _
Fi(t) =k Q(t)

where k = 0.1/vear. It can be seen that all the follow-
ing equations for F,(t) and F4(t) that depend on the
value of & will give higher results for lower values of £*.

99. As the radioactive material is in the form of
microscopic particles of various sizes, it might be ex-
pected that the residence time of this material in the
stratosphere will be a function of the size spectrum of
the particles. This has importance especially in the event
that no new material is introduced into the stratosphere.
because the depletion would then continuously change
the size distribution.

A

*Using k = 0.2/year in the following computations gives
doses that a2re 0 to 40 per cent lower than those obtained using
k = 0.1/year.




100. It is now possible to present a model in which
equations (4) and (5) can be integrated. The hypotheses
of the model are the following:

(a) All the Sr® fall-out comes from the stratospheric
resServoir ;

(b) The fall-out rate is proporiional to the stratos-
pheric content;

(¢) The Sr* deposited on the earth is not acted upon
by weathering effects or leaching:

(d) The injection rate of Sr® into the stratosphere n
will be constant in the future. Two hypothetical cases
giving two different values of » will be discussed below.

101. The general solutions of equations (4) and (5),
using equation (6), are:

kn

Fr(t) = F,(O)e‘(‘+l)!+k+)\(1 — e +k):) (7)
Fd(t) = FQ(O) e~M 4 FrT(O) (e=™ — e—(x + nYy 4

n( kL A min_ oo )
 mteme e e™)

F.(0) and F4(0) are the values

for the fall-out rate and accumulated deposit at the time
t = 0,8which in the following will be taken as the end
of 1938.

Case 1: The tests stop at the end of 1958
102. This implies that n = 0 for any subsequent time.
Using this relation, equations (7) and (8) will be:
Fi(t) = Fy(0) e—tx + s ©)
Fo(t) = Fu(®) e + 702 (e — = +3%) (10)

Equations (9) and (10) show that the fall-out rate de-
creases exponentially from the moment of interruption
of tests, while the fall-out deposit increases, goes through
a maximum at a time;

_1 F(0) (k +N) (11
k7 (Fa(0) + FA0)/k)kx

(about 13 years after tests stop) and then decreases,
eventually with the half-life Sr®,

In

tm ax

Case 2: Tests continue

103. For the calculations of future fall-out rate and
deposit two assumptions are used: (a) the rate of fall-
out of Sr% will remain in the future at the constant
value observed for the last four years, or (b) the rate
of injection of Sr% into the stratosphere will remain in
the future at a value equal to the mean value for the
years 1954 to 1958 inclusive. If tests are stopped at any
subsequent time T, then F.(t) and F4(t) would from
that moment on,with either assumption, be determined
by the equations:

F.(t) = F.(Te-® +n¢ -

) (e—r =T _

(12)

Fa(t) = Fo(T)e e - 4

e~ +0¢ —T) (13)

104. Assumption (a). In the model adopted, this
assumption implies that Q will remain at an equilibrium
value, which has been caused by large initial injections,
followed by a constant injection rate that compensates
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Figure 2. Fall-out rate of Sr? determined by radiochemical
analysis.9:11,15.87.90.82 Values obtained by extrapolation of data for
part of year are encircled.

for the stratospheric depletion. This might have been the
situation during the last four years, as illustrated in
figure 2. From equations (4) and (6) it follows that:

k+ A

n = F(0) 5 (14)
Using this relation, equations (7) and (8) will be:
Fi(t) = F(0) (15)
= PRV ON (1) -
Fu(t) = Fa(0)e ™ 4 N (1—e) (16)

If the tests go on indefinitely, Fq(t) will reach an
equilibrium value of: _
F.(0)
A

Fa(”) = (17)
The 90 per cent equilibrium value will be reached in
about 70 years.

105. Assumption (b).aThe period from the beginning
of 1954 to the end of 1958 has been chosen®103 because
the values of F.(t) and F4(t) were small before 1954
and the error introduced assuming both to be equal to
zero would be small. The estimation of an average »
for the period 1954 to 1958 inclusive implies in our
model computing a constant # such that it would pro-
duce, in five years, the observed values of F.(0) and
F4(0) at the end of1938.

106. The total amount of Sr%® in the environment
= —~ = F.(t
is Fa(t) + 3(6) = Fat) 52 ,
for the period 1954 to 1958) isan % determined by?¢
F@ + 2D 2 ey (8)
where r is 5 vears, and F.(0) and F4(0) are the fall‘out
rate and deposit at the end of 1958. Under tbls;ashsu.mgtb
tion the solution of equations (7) and (8)-8:% . * % h

. Therefore 7 (a,ve;gg:a.
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Fi(t) = Fe(o)e® +M" + L%\ (1 —e—& +3%)(19)
Fd(t) = E(O)e R % (e M—e—& +N1)
7 k A B . N
s o)

(20)
If tests go on indefinitely F,(t) and Fa(t) will reach
the equilibrium values:

Fu=) = 25 1)
- ak
Fy(x) = NCES)) (22)-

The 90 per cent equilibrium values will be reached in
about 135 and 100 years, respectively.

Values of F,(0) and F4(0)

107. 1t is difficult from the available data to compute
a world-wide fall-out rate and deposit, partly because
large areas of the earth are insufficiently covered by the
net-work of stations collecting data and partly because
the different stations and laboratories do not all operate
with comparable collection and evaluation methods. The
estimation is especially difficult for the fall-out deposit,

as many stations have only operated for less than
two years.

108. The world-wide average of the fall-out rate of
Sr% was estimated from the latitude distribution curve,
figure 1.8 It was assumed that the fall-out rates at the
poles were zero. As measurements seem to indicate
that the fall-out rate has been fairly constant over the
last four years (see figure 2) 2% the rate of 1.5 mc/km*

/km
year obtained from the data from 1936 and 1957 has also
been assumed valid for 1958.

109. The world-wide average of the accumulated fall-
out deposit of Sr®® has been obtained from soil, pot and
gummed film data,®®-2%2%2%2% The values obtained were
extrapolated to the end of 1958 using the quoted value
1.5 mc/km*year for the average fall-out rate, giving as

an average about 5 mc/km? as the average accumulated
deposit at the end of 1958.

110. Population weighted averages have been calcu-
lated using the same data as in paragraphs 108 and 109,
and the latitudinal distribution of the world’s population
as obtained from a detailed population map.’® At present,
the maximum fall-out level occurs at the same latitude
as the maximum population density and the population
weighted averages for fall-out rate and deposit are at
present higher than the area weighted averages by a
factor of about 2. It is possible that this may change in

the future and that in the event of cessation of tests it
may approach unity. However, no allowance for this
possible reduction has been made in the present calcula-

Population weighted fall-out rate of sr®
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tions.** The population weighted values of the fall-out
rate and of the accumulated deposit at the end of 1958
are accordingly taken as:

F.(0) = 3 mc/km2-year
Fq(0) = 10 mc/km?

Methods for dose estimations¥**

111. The equations derived above give the variation
of the fall-out rate and deposit with time for the differ-
ent cases studied (see figures 3 and 4). The computation
of doses to human beings also requires information on
the behaviour of Sr® and Cs'37 in the food-chain, and
this introduces new uncertainties. The main information
required is the extent to which the dose rate is correlated
to fall-out rate and to fall-out deposit and the values of
these correlation factors. At present the available infor-
mation is insufficient and has to be complemented by
some assumptions.

** For population weighted average fall-out rate and accumu-
lated deposit the symbols F.(t) and Fa(t) are used (without
bar). As F,(0) and Fa(0) are a factor of 2 higher than F.(0)
and Fq(0), respectively, it can be seen from equations (7), (8),
(14) and (18) that also F.(t) and Fa(t) are a factor of 2
higher than F.(t) and Fa(t).

***For the dose estimations population weighted average

fall-out rate and accumulated deposit F.(t) and Fa(t) will
be used.
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Figure 4

112. In the following paragraphs dose computations
will be considered for:

(a) External irradiation of gonads caused by Cs'%;

(b) Internal irradiation of gonads caused by Cs'*7;

(¢) Internal irradiation of bone marrow caused
by Srée,

In addition to the cases of (1) cessation of tests at the
end of 1958 and (2) continuation of tests until equilib-
rium is reached, the doses for cases of (3) interruption
of tests at different times in the future are also given as
percentages of the equilibrium dose.

External irradiation of gonads caused by Cs'*’

113. Equation (1)P** shows that the exposure rate
from external irradiation is proportional to the accumu-
lated fall-out deposit:

1)

I =cXE XFI@t)
take care

Taking into account a reduction factor c'to
of shielding, leaching and weathering effects, the dose
rate is given by:

(dD e =c Xc!'X Ey X Fi(t) =g, X Fi(t)
mrad -km?

dt
Here ¢ = 0.1 Jear-mc- Mev o
be 0.1.7%5 In the case of exposure from Cs'¥7 the value to

(23)

-~
==

and ¢! will be assumed to-




be used for Ey is 0.92 X 0.89 X 0.661 Mev (92 per
cent of the disintegrations give y-rays of energy 0.661
Mev and of these y-rays 11 per cent are converted.)
The dose rate from deposited Cs!37 is therefore:

dE]tz) s =geXFa(t) =0.005 X F4(t) mrem /year (24)

Internal irradiation of gonads caused by Cs**?

114, The human burden of Cs'% at present depends
primarily on the fall-out rate of Cs37,P% thus giving
dD

the dose rate:
(d—t)l =g X F:(t)

Calculations from experimental data show that the aver-
age gonad dose rate amounts to about 1 mrem/year in
the United Kingdom and the United States during 1956
and 1657.P% The observed fall-out rate of Sr*® in those
countries was about 3 mc/km® during the same years
(figure 2).P1%+ Assuming the same fall-out rate for
Cs®37 as for Sr* (probably an underestimate), the dose
rate due to internal irradiation from Cs* is 0.3

(25)

mrem/year for a fall-out rate of 1 mc/km? If in the
future the dose rate is proportional to the fall-out rate,
then:

Total irradiation of gonads caused by Csi37
115. The total dose rate for the gonads from Cs!%7 is

dD
dc = goFa(t) + glFr(t) (27)
The 30-year doses for the two assumed injection rates
(assumptions a and b) and for the different cases con-
sidered for cessation of tests are therefore given by

dD

E), =g XF(t) =03 XF(t)  (26)

30 30 30
Dy = f %t - gif Fa(t)dt + g, f F.)dt  (28)
0 0 0

The equations for F,(t) and F,(t) to be inserted in the
different cases can be found elsewhere in annex D,
identified by their numbers as given in table XII.

TasLE XII. EQUATIONS FOR USE IN FORMULAS (28), (34) anp (33)
Falt) Fulo)
Assumpt. a Assumpt. b Assumpt. a Assumpt. b
Testsstopend of 1958....... (10) %

Tests stopend of 1968, T=10 (16)and (13)
Tests stopend of 1978, T=20 (16)and (13) (20)and (13)
Tests stopend of 1988, T=30 (16)and (13) (20)and (13)

Tests continue

(16)

(20) and (13)

(15)and (12) (19) and (12)
(15)and (12) (19) and (12)
(15)and (12) (19) and (12)

(20 (15 1029)

The 30-year doses become functions of the time for the
start of integration, i.e., of the time of birth of the per-
sons concerned. It can be shown that the maximum oc-
curs for persons born at the end of 1958 If tests
continue, the maximum doses occur when equilibrium
conditions are reached for fall-out rate and deposit.
In order to compute the total of individuals genetically
affected by a given series of tests, it is necessary to add
up the Dy, values for all population groups born in
successive years. Because the doses are almost com-
pletely delivered over only a few decades for tests ceas-
ing at the end of 1958, these sums of D,, values over
all successive population groups are satisfactorily ap-
proximated for the present purpose by the maximum
values of Dy, in table XIII, if these are assumed to
apply over a period of 30 years.

Internal irradiation of bone marrow caused by Sreo*

116. Any estimation of future levels of Sr* in human
bone is extremely difficult because it depends both on
estimations of the Sr* fall-out rate and deposit in the
future and on estimations of how these levels will influ-
ence the concentration of Sr*® in bone. This last problem
is particularly uncertain, as the uptake in the bone is
very much dependent on the dietary habits and the food

7 This becomes slightly incorrect when the cessation date is
later than about 1978, Even for cessation in 1988, however, the
approximation is good if the tropospheric contribution to the
doses is added.

* The bone marrow dose from external and internal Cs***
can be calculated by integration of equation (27) over 70 years.
The dose contribution is of the order of 10 per cent or less than
that from Sr* in bone and has accordingly been neglected in
table XIII.
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technology in a given region.P%-P% As it has been dis-
cussed in paragraphs 37 to 46, the uptake of Sr® in
different plants at different locations may be dependent
on a number of factors, such as fall-out rate, accumu-
lated deposit and the amount of available calcium in soil.

117. The following paragraphs provide calculations
of the equilibrium diet-bone concentrations to be ex-
pected in humans subsisting on each of two foods: milk
and rice. In actual practice, a population does not subsist
entirely on either milk or rice, and these calculations
should, therefore, be accepted as approximations based
on conditions which would not in practice be realized.

118. The concentration of Sr? in human bone in equi-
librium with contaminated food can be estimated using
formula (3) in paragraph 40 if milk is the main source
of calcium in the diet:

C¥ = DF ik —voney X Cnt = DF (it ~ boney (29)
X (av(Fa + 3fa) + bumfq)
where C3; is the concentration of Sr% in newly formed
bone, DF (mux — voney the discrimination factor from milk
to bone and the rest of the symbols are as in para-
graph 40.

119. It will be assumed that, in the future, the
accumulated deposit, Fa(t), will be the determining
factor for the milk contamination.P4 Using a value
of a, intermediate between those determined for
Perry, N. Y.,P4 and in the United Kingdom P4 and
DF (uitk —voney = 0.5 (table IIT) P3 a simplified equa-

tion will be:
where C}; is given in strontium units when Fg(t) is
in me/km?2.
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120. In the cases where rice is the main source of
Sr®° in the diet, a formula has been derived to cover
the rather unusual method of farming this grain in
Japan, where most of the plant material from earlier
crops is ploughed down in a homogeneously cultivated
soil.3#

1
C§= DF(sou—»nce)xDF(nce—-bone)XK’XFd(t) (31)

& is the concentration of Sr® in newly formed bone.
DF(sau - rice) and DF(ﬂce — bone)r the discrimination fac-
tors from soil to rice and from rice to bone, are taken
as 0.5 and 0.17 respectivelyP¥.P4 4 is the amount of
available calcium in the soil, approximately 95 X 106
g/km? (with outer limits approximately 30 X 10¢ and
230 X 10° g/km?).* The formula will in this case be:

CE ~ 0.9 X Fqlt) (32)

where CR is given in strontium units when Fq is in
mc/km?®

121, It is evident that the equations (30) and (32)
for concentrations of Sr* in bone are uncertain. The
neglect of foliar retention and of sources of Sr® other
than milk tend to give bone concentrations that are too
low, especially in the immediate future. It must be
emphasized that the bone concentrations are calculated
only for newly formed bone.P18

122. The mean bone marrow dose is assumed to be
1 mrem/year for a bone concentration of 1 strontium
unit.P%¢ Therefore the dose rate in bone from Sr®
will be:
dD 5
ac C (33)
where CB is the concentration of Sr® in newly formed
bone, as given by equations (30) and {32) for the two
diets considered. The 70-year doses for the two as-
sumed injection rates (assumptions e and ), and for
the different cases considered for cessation of tests are
therefore obtained by integration over 70 vears of
equation (33), giving, for the hypothetic milk diet:

70

(D1o)ys = 0.15 Fa(t) dt (34)
0
and for the hypothetical rice diet:
70
(35)

D)z = 0.9 Fq(t) dt
0

The equations for Fe(t) to be inserted in the different
cases can be found elsewhere in annex D, identified by
their numbers as given in table XII. The doses are cal-
culated for persons born at the end of 1958, which give
approximately the maximum 70-year doses. If tests con-
tinue, however, the maximum doses occur when equi-
librium conditions are reached for accumulated deposit,
and have accordingly been calculated for that case.

123. To use the equations (30) and (32) in these
computations implies the assumption that the whole
skeleton has, at any time, the same concentration of
Sr*® as bone which is newly formed at that time. The
Committee is aware that this assumption is not consistent
with the rather long biological half-lives of calcium and
strontium. It is, however, a satisfactory approximation
for the purpose of the present calculations, which it
greatly simplifies. Moreover, this extreme assumption
tends to over-estimate the average 70-year dose, and so
the calculations may be taken as an upper limit for those
population cohorts receiving the maximum 70-year
exposure,

Estimated doses

124. Table XIII shows the results of the computa-
tions for the different cases. The numbers should only
be considered in connexion with all the assumptions and
uncertain factors discussed in the preceding and follow-
ing paragraphs.

125. For the estimations of future fall-out rate and
accumulated deposit the regional values can be expected
to differ by a factor of about %5 to 2 depending mainly
upon latitude.P*® In some areas of the world the tropo-
spheric fall-out may tend to raise the upper limit of this
range, especially in the vicinity of test sites.

126. The uncertainiies in the calculations of doses,
based on the estimated fall-out levels, may be consid-
erable, but are difficult to evaluate because of insuffi-
cient experimental data. It seems, however, that the
experimental data indicate an uncertainty in the per
capita mean marrow doses of a factor of about 3
merely because of regional variations in the conversion

factors from fall-out deposit to bone concentration of
Sroo'Dns-rzo

VII. CALCULATION OF BIOLOGICAL EFFECTS*¥*

127. The frequency of certain possible consequences
of radiation has been estimated on the following basis:

Leukemia, assuming a linear dose response
relationship and no threshold

128. In this case, the number of individuals affected
annually (R;) is calculated from the appropriate 70-
year mean marrow dose (D,,), the dose effect constant
(K)) for leukemia as derived in annex G, paragraph
50, and the assumed world population (P), and dividing
by 70 to give a mean annual rate. Thus:

Dy X K, XP
70

K, is here calculated on the assumption that a leukemia
incidence of 1.5 cases per million per year per rem con-
tinues after each element of radiation exposure for the
remaining life of the individual, or for an average period
of 35 years in a population living to age 70. K, has thus
a value of 52 cases per million per rem.

(a) In estimating on this basis leukemia ascribable
to natural radiatien, D,, is 7 rem (annex C, table XXV')
and R, is calculated for P = 3 X 10°and 5 X 10°, giving
values of R, of 15,800 and 26.200. (The natural occur-
rence of leukemia is calculated on a basis of 50 deaths
per million per year.)

(b) Leukemia ascribable to fall-out from weapon
tests, if such tests stop in 1938, is calculated with
P = 3 X 10? and with values of 0.16 and 0.96 for D.,.
These are estimates for milk and for rice diets (table
XII1), and would correspond to incidences of 360 and
2,160 cases per year. Because most of the dose is actually
delivered during a few decades, the total of induced
cases would about equal 70R, and so would be 25,200 to
151,000. .

(c) Leukemia attributable to fall-out in_equilibrium
conditions reached after prolonged testing is calculated
for P = 5 X 10°. The values of D,, (table XIII) range
from 1.3 rem under assumption a and with a milk diet,
to 17 rem under assumption b and with a rice diet,
giving incidences of 4.830 and 63,800 cases per year.

*% For the purpose of table II, chapter VII, of the re[:\or% the
figures calculated in the following paragraphs have been
rounded off.

R, = (36)



TasrLE XIII.

ESTIMATED DOSES FROM STRATOSPHERIC FALL-OUT® (computed from population weighted world-

wide average values of stratospheric fall-out rate and deposit)®

Genetically significant dose:
Maximum for any 30-year period (rem)

Per capita mecn marrow dose:
A aximum for any 70-year period (rem)

Estimates for countries
. deriving most of |
dietary calcsum from ricec

Estimales for countries
. deriving most of
dietary calcium from milke

Weapon tests cease atend of 1938...............cccuenn 0.010 0.16 0.96
Assump. ad Assump. b Assump. qd Assump, bd Assump. ad Assump, bd
Weapon tests continue until equilibrium is reached i ;
in about 2 hundred years. .. ...........ccuuven 0.045 0.10 1.3 2.8 7.5 17
Estimated percentages of the mazimum doses for continued weapon lests
Assump. gd Assump. b2 Assump. a2 Assump. &4
Weapon tests cease:
DR 22 10 13 6
1068, it i aaa i 43 33 24 16
1078 e e et 63 55 34 26
B g 72 62 42 33
100 100 100 160

= The methods used for calculation of these doses are given in
paragraphs 91 to 123.

b I%Teg?onal values may differ by a factor of 1/5 to 2 from the
estimated population weighted world-wide average values because
of the latitudinal variation of fall-out rate and deposit. In some
areas of the world the tropospheric fall-out may tend to raise
the upper limit of this range, especizally in the vicinity of test sites.

¢ The extent to which these estimates apply to populations of
different dietary habits and to those living in areas of differing

Estimates for milk diet with assumption b and for rice
diet with assumption ¢ are 10,500 and 28,200 cases per
year.

Leukemia, assuming a threshold of 400 rem

129. On this hypothesis, cases of leukemia might re-
sult if the 70-year dose exceeded 400 r at any point in
the marrow. The maximum dose in marrow might, in a
small cavity, equal that in surrounding bone; and it is
possible that such bone might, owing to irregularities in
mineralization, receive a dose of up to twice the mean
bone dose, which in turn is estimated to be about 2.5
times the mean marrow dose (taking a mean bone dose
of 2.5 mrem per year per strontium unit*** and a mean
marrow dose of 1 mrem per year per strontium unit).
The maximum marrow dose might thus equal 5 times the
mean marrow dose.

(a) With natural radiation, a threshold of 400 rem
will only be exceeded in an individual receiving 400/7,
or 57 times the normal D,, of 7 rem.

(&) With fall-out from tests ending in 1958, the mean
marrow doses of 0.16 and 0.96 on milk and rice diets
correspond to maximum marrow doses of 0.80 and 4.8.
The threshold would thus be exceeded by individuals
receiving 400/0.8 and 400/4.8, or 500 and 83 times,
the average values of D,,.

(¢) Under equilibrium conditions of fall-out after
prolonged continuation of tests, the mean 70-year mar-
row doses would range from 1.3 to 17 rem, and the
corresponding maximum marrow doses would be 6.5 and
85 rem. A threshold of 400 rem would thus be exceeded
by individuals receiving 62 times the average value for
milk diet with assumption a, and 4.7 times this value for
rice diet with assumption b.

*** A mean osteocyte dose of 2.5 mrem per year per strontium
unit has also l?een used for the purpose of the calculations of
the numbers given in note to table II, chapter VII.
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soil conditions is discussed in paragraphs 116-121.

4 Assumption a is that the injection rate is such as to maintain
a constant fall-out rate of Sr% and Csl¥, whereas assumption &
is that weapon tests equivalent in release and stratospheric injec-
tion of fission products to the whole sequence of weapon tests
from the beginning of 1954 to the end of 1958 will be repeated
at constant rate. This second assumption will give an equilibrium
value for the fall-out rate and deposit approximately a factor of
2 higher than that calculated by using tﬁe first assumption.

This report affords only very incomplete evidence as to
the likely variation of individual marrow doses from
the mean values, and no estimate is given of the way in
which the risk of leukemia might increase once a thresh-
old dose was exceeded. These results, on the hypothesis
that a 400 rem threshold exists, therefore give only a
general indication of the relative hazards in different
circumstances.

Major genetic-defects

130. For the purpose of these calculations it is as-
sumed that, by the time any mutations currently occur-
ring came to be expressed as damage in the population,
the world population would have become stabilized at
P = 5 X 10°, half of whom were below the mean age of
reproduction.

The total number of births would be 5 X 10°/70 and a
part (K;) of these would be affected by major genetic
defects (annex H, table XI), the value of K; being
assumed from present experience to lie between 1 and
4 per cent of all births. The normal occurrence of such
defects would thus be from 715,000 to 2,860,000 per
year.

The total number of births affected by a 30-year
gonad dose Dj, is given by
Dio P
— XKy X—
D, 2
where D; is the representative doubling dose and is
assumed to lie in the range 10 to 100 rem. Under
equilibrium conditions, the evaluated rate of such
births would be

D30

(37)

P
XKgX—
2 2X30
(2) Radiation from natural sources
For D3o = 3 rem (annex B, table XXV) the rate of

(38)




3 (1tod4) 25 x 108

X
30

X
(10 to 100)
=125,000 to 1,000,000 per year.

affected births is
100

(b) Fall-out, tests stopping in 1938

The total gonad dose is about equal to the maximum
30-year dose of 0.01 rem (table XIII) so that the total

0.01 (1 to 4)
100

X

number of affected births is
(10 to 100)
2.5 X 10% = 2,500 to 100,000 births.

No rate can appropriately be given since these births
will occur over a period prolonged beyond the 30-year
interval over which the dose is integrated.

(c) Fall-out, tests continuing for a prolonged period

The values of D3y are 0.06 rem and 0.12 rem on
assumption a and & (table XIII)}, giving rates of

(0.06 or 0.12) (1to4) 2.53X10°

(10 to 100) 100 30

Rates are thus 500 to 20,000 on assumption a and
1000 to 40,000 on assumption b. Rates can here be
given since equilibrium conditions are postulated.

VIII. NOoTE ON INFORMATION DOCUMENT

131. A document (A/AC.82/INF.3) entitled: “An
approach to a general method of computing doses and
effects from fall-out” was prepared by the Secretariat
of the United Nations in collaboration with a group of
experts of the Committee, as a working paper. It was
completed just before the Committee’s last session (9-14
June, 1958). The Committee has not had sufficient time
to study and eventually to accept this work which was
considered to be of substantial scientific interest; it has
decided to make this paper available because it will be
useful to scientists engaged in calculations of gonad or
bone marrow doses and their biological effects.®”
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TABLES CONTAINING DATA ON FALL-OUT FROM REPORTS SUBMITTED TO THE
Unitep Nations ScienTiFiC COMMITTEE ON THE EFFECTS OF ATOMIC RADIATION

TABLE XIV. EXTERNAL IRRADIATION DUE TO FALL-OUT

Country Argenting Denmark France Japan Mexico Netherlands Norwoy Stweden United Stales
Sampling method. ........... Stainless Plate Funnel com- Peclyethylene Gummed  Stainless  Stainless Funnel Gummed film
steel pot bined with sheetand por- film steel pot  steel pot ‘
gummed film eclain tray .
Sampling peried............. 1month 24 hours (if 1 month or Dust: 24 hrs,, 2to 3days 2 days 24 hours 4to30days 24 hours
more than 0.5 aftereachpre- water after or during
mm precipita- cipitation each precipi- precipitation
tion is col- tation
lected)
Period of measurement. .. .... Jan. to Sept. Jan.to Dec. Aprit1955to May 195¢to May 1956 to Nov.1955t0 QOct.1956t0 April1953t0 Oct. 1952t
1957 1956 July 1957 June 1957 Oct. 1957  Oct. 1957  Sept. 1957 June 1957  Jupe 1957
Total accumulated activity from
fall-out (me /km?%s......... 41b 60 500 150b 94-377 70

“Infinite plane” exposure dur-
ing a 30-year period, from the
total fall-out during the pe-

riod of measurement (mrad). 123¢ 9 24 25 55¢
(4-13)8 (20-120)
Factar of reduction due to
weathering................ 3 2
Factor of reduction due to
shielding by buildings . ..... I 3
Total reduction factor....... . 3 7 6

N a Ag;i:{ity a- the end of the period of measurement, comprising local tropospheric and stratospheric fall-out deposited during
that period.

b Extrapolated to 1 January 1958.

¢ Dose for infinite time. This dose is only slightly different from the 30-year dose.

4 From fall-out during the period March-October 1957.
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TaBLE XV. Sr% FALL-OUT ON THE GROUND
Union of
Soviet  United Arab ..
Unionof  Sociglist P.gmblic United United
Country Argentine  Belgium Prance Japan Mezico Netherlands  Norway South Africa Republice (Bgypt)  Kingdow= States
Sampling method....... Stainless Aluminium Funnel com- Polyethylene Gummed  Stainless  Stainless  Porcelain  Gauze Gummed Funpel (¢} Gammed
steel pat pot biged with  sheetand  filmand  steel pot  steel pot pot film paper
gummed ilm  porcelain pot (b) Stainless
tray steel pot
(¢} Galvanized
(1§
Sampling pariad........ Imonth  2{hours 1 month, or Dust:24 hrs, 2to3days 2 days 24 hours 24 hours 24 hours 24 hours 1month  (s) 24 hours
after each  water after (%) 1 wk.-1 mo
precipitation each () 3 to 7 days
precipitation
Period of measurement. . Jan.-Sept. Apr~Nov. Apr. 1855~ (a) May1854- Mar-Qci, (a) July Mar.1956~ Jan~Apr, () Upio Mar—Dec, May 1054~ () Oct. 1851-
1957 1957 July 1957 Aug. 1956 1957 1985- June 1957 1956 end 1955 1957 Apr, 1957 June 1957
(b) Oct. 1956~ Nov, 1956 ®) July- (b) Feb. 1954~
June 1857 (b) Dec. Bept. 1957 Sept. 1957
1956— () Mar. 1955~
Nov. 1957 Nov, 1957
Method of determination
of Stw. ...l Rad.chem. Rad.chem. Calculation* (a)Calcula-  Caloula-  (a) Calcula- Caleul Rad.chem. Rad.chem. Rad.chem. Rad.chem. () Calculs-
analysis  analysis tions tions tions tion» analysis  analysis  analysis of analysis tion»
(b) Rad.chem. (b) Radio~ of pooled  pooled (improved)
analysis chem. samples  samples () and (0
analysis Rad.chem.
analysis
Accumulated deposit of
Bre during the period
of meagurement (mc/
[ TRUTRUTPTOT 14 15 20 8.0 06  Approx.53 24 028 ()l 75 (q) 8.8(42-21)
(03-09) (0.8-3.2) () 154
(@ 9.0
Fall-out rate of Ero
(me/km? - year) ..... 1955: 0.6 1054: 1.0 (a) Approx. Sept. 1956— ()28 14 1954: 2.0 1857 3.9¢
1956: 6.7 1855: 0.7 23 Avg. 1957: (2.2-4.3) 1955: 2.3 (1.8-6.2)
1956: 3.8 ®) 23 0.9 1058: 2.4¢

* Using Hunter and Ballou curves 8.
® Assumed a deposit of 0.4 me/km? prior to May 1954.
< Assumed a deposit of 0.7 mc/km? prior to May 1954.

d New York City.
¢ Pittsburgh.

f Mean value from 4 funnel stations.
* Mean value from 8 pot stations.
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TABLE XVI. MISCELLANEOUS DATA ON Sr9%

Unior o,
i . R Soriet Soc:'aflid United United
Country Argentina Brazil Cencda Japan Mezico Norway Sweden Republica Kingdom States
8r% in air ai ground level
(102 o/1)..ccennn.n Nov. 1955 to Mar, to Dec.  April 1952 to 1953: 6.4
Nov. 1956: 1955: Jaa. 1956: (3.0-11.2)
53 60-140 E 1954: 20
(28-106) Sept.-Nov. (1.0-60)
1957: 1955: 41
6.3-100 (3.6-120)
June to Aug.
1966:
78
Sr# in soil (m2/km?).... 1957: 1956: Summer 1956: Feb.toJuly  March 1955:  1953: 1.5
36 4.8 1.2b 1957: 17(0.5-2.9) (0.4-24)
(2.5-6.3) (4.5, 4.6) (0.6-2.0) 6.0 July 1956: 1955: 4.8
(3.0-12) 4.7 (1.9-10) {0.8-7.5)
1956: 6.9
(2.9-12)
8r® in drinking water
(0% e/l)eeoinennn.. 1857: 200 1857; 3§ 1654: 6.1
(15-55) (4.5-9.0)
1655: 10.1
(4.9-33)
1958: 15.4
(1.4-26)
1957: 17.6
(0.7-27.2)
8 in milk (upue/gCa)... Apr.toJune First months  1956: 5.0 1956: 2.4 Oct. to Dec. 1957: 7.4 July 1956 to  1955: 3.9 1954: 1.3
1957: 1957: (1.5-11.6) (2,1,2.9) 19568: (4.5-15.3) June 1957: {1.8-8.4) (0.5-2.3)
35 27403 1057: 8.2 1857: 2.9 1.2(0.8~1.5) 49 1958: 5.4 1955: 3.2
3.1,3.9 (2.5-19.8) Oct, to Dec. (2.2-8.0) (2.8-10.3) (0.3-3.10)
. 1957: 1958: 5.0
3.0(2.5-3.5) (1.3-17)
1957: 80
(1.9-33)
£r% in plaots (uue/gCa). 1956: Cereals, 1956: Grase Hay:
Vegetables: 69 1955: 34 1954: 1.3
9.4 (1.1-23) (28-140) (5.5-53) (0.5-2.3)
White rice: 19536: 30 1955: 3.2
49 (38, 82) (11=77) (03-10)
Brown rice: 516(91-2100)¢ 1956: 5.1
154 (81-250) (1.3-17)
Rice bran and 1857: 8.0
chafl: (1.9-33)
450 (390-540)
18572
Brown wheat:
162 (153, 170)
Wheat flour: 53
Br* in animal skeleton
Gpe/gCa)eeennnanns Cows, 1956;: Deer horn, grown Sheop, 1956 Sheep Cows and
52 1954: 4.4 24 1955: 11.0 Sheep
(22-8.8) (1.5-9.9) (10-77) (8.0-13.9)¢ 1954: 33
1855: 4.7 52(5.7-183) (1.7-7.0)
(1.6-11.7) 1956: 13.0 1955: 7.8 %
1956: 2.6 (7.6-15.6)¢ (0.51-24)
Fish, 1956 to 48(24-160)0
1957:
Freshwater:
3.4 (0.4-11.4)
Marie:
0.29 {0.19, 0.38)

» Calculated from total B-activity measurements, .

b Preliminary data, probably too low because of the leaching method used (1M ammonium acetate).
* Sampled in October each year.

d In units of mc/1.

» Grown on normal soil,

f Grown on acid hill soil.

« Lowland sheep.

® Highland sheep.



TABLE XVII. Sr% 1N HUMAN SKELETON

(nuc/gCa)
Union of
Soviet Socialist
Country Caxada Japan Norway» Republics United Kingdom United States
Period of measurement.... June 1956 to Dec. 1956 to QOct. 1956 to Second half Oct. 1935 to Jan. to Dec. 1955 to
June 1957 May 1957 Dec. 1957 1957 Dec. 1956 June 1957 July 1956
Age group
Stillborn to 1 month. . ... 0.7 (0-1.1) 46 (4.1-4.6) 0.5 0.44 (0.15-0.8) 0.54 (0.4-0.7) 0.57 (0.45, 0.70)
{ month to 1 year....... 16 (1.4, 1.8) 0.8 (0-1.3) 0.70 (0.15-13) 15 (0.9-24)  0.83 (0.71-0.97)
1 year to 5 years........ 2.1 (0.1-3.8) 0.7 (0.2-1.1) 2.3 (1.6-32)b 0.85 (0.54-1.45) 13 (04,2.2) 0.51 (0.10-1.7)
5 years to 20 years...... 0.1 0.73 (0.2-1.25) 0.4 (0.3-0.5) 0.26 (0.15-0.53) 0.39 (0.3-0.5) 0.47 (0.13-1.4)
More than 20 years. ..., 0.4 (0.1-0.6) 0.41 (0.04-1.75) 0.3 (0-0.7) 0.11 (0.06-0.2) 0.04 (0.02-0.11)
* Preliminary data, determined without using low-level counter, b Age O to 5 years.
TaBLE XVIII. Cs!¥ FALL-OUT ON THE GROUND
(Determined by radiochemical analysis)
Country Japan Sweden United Kingdom
Sampling method. .......ccovvvviiiniinnnn. (a) Precipitation collection Funnel Funnel
() Soil
Sampling period. . ...... ..ol (a) 40 to 83 days 4 to 30 days or during 3 months
precipitation
Period of measurement..............0oo.... (a) March to June 1957 April 1953 to June 1937 Jan. 1956 to March 1957
(b) Aug. 1957
Accumulated deposit of Cs!¥ during the period (b) 6.3 6.0 5.3
of measurement (mc/km?)................... (3.8-6.7)
Fall-out rate of Cs!¥ {mc/km?-year)......... (a) 2.3 July 1955 to June 1957: 1.3
TaBLE XIX. Cs!¥ IN FOODSTUFFS AND THE HUMAN BODY
(In units of pucCs!37/gK)
Country Jopon Mexico Norway Sweden United Kingdom United States
Period of measurement........ 1956 to 1957 Dec. 1956 1957 1956 June 1956 to July 1957 1956
Mik...ooi i 81 40~ 33s 60~ 25
(44-140) (20, 60) (4.0-107) (4-96)
Vegetables and fruit........... 6.4 13
(3.3-11) (3-38)
Cerealsand rice............... 48 20
: (31-65) (3-32)
Humanbody................. 30-60 34 30-70
(20-44)
Human urine................. 34 11
(9-78) (7.2-14)

¢ In units of pucCsl37/1,




TaBLE XX.

MISCELLANEOUS DATA ON FALL-OUT

U;'zie"d lfll‘rab
Country Belgium  Brasil  Denmark France  Indic taly Japan Netherlands Norway Stwreden ( gz,:pt')‘
Period of measurement of air 1957 Mayto 1956 1957 Feb.tc Nov.1936 a)1955 Alay 1956 Mar. 1956
concentrations of fission July 1956 Aug, 1956 b) 1956 to to
products........cc..ouunes Jan, 1958 ¢) 1957 Dec. 1957 Oct. 1957
Maximum concentration of 14.8¢ 21,00 87> 17.9b 332: a) 147+ 120® 180
_ fission products in air at b) 177.3»
« ground level (10-%c/)..... ¢) 153.6>
Mean concentration of fission 7.5 0.3 28 10 5.6 126 a) 5.9 9 7
products in air at ground b) 37.)
level (10-%ll) ............ c) 54.1
Content of I'3! in thyroids of Sept. 1936  May to
cattle (upe/g) e vevrennnnn 100-800 Sept. 1956
11 (0-129)
Oct, 1956
344 (3-1200)

13t iy milk Que/D)..nn .

1957
82
(0-1350)

Uniy,
Kingdor:
April 1952

to
Jan, 1936

1138

s Average over 1 month,

b Average over 24 hours,
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The scientific experts who have taken part in the preparation of the report while attending Committee sessions
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Professor F. Hercik (Representative)
Professor F. Béhounek

Dr. M. Hasek

Dr. L. Novak

Professor V. Sobek
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Dr. V. Zeleny
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Dr. A. Halawani (Representative)
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INDIA:
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Dr. A. R. Gopal-Ayengar
Dr. A. S. Rao
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Dr. Y. Hiyama

Dr. D. Moriwaki
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Dr. M. Nakaidzumi
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Dr. N. Saito

Dr. E. Tajima
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* Now in the United Arab Republic,
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