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RADICACTIVE FALLOUT

I. INTRODUCT ION

The radiocactivity prcduced by the fission reacticn
changes its ”ha acteristics continuously and ”apldly follow=-
ing the explosion of an atomic weapon and the conditions of
firing are of extreme importance in determining the rate of
which the radicactivity descends to earth. As a result there
are in general three different kinds of radioactive fallout,
the relative importance of which is determined by the nature
of the weapon, principally its yield, and the conditions of
flrlrg. Thess three types are: Flrsb the local fallout,
which is insigrificant unless the ¢1rebaII—tou0ues oF Comes
close to the éronnd but which in case the fireball does
touch the grourd can amount to a major fraction, in scme
instances as m .zh as 80 percent of the total debris. This
type of fallout consists of radioactivity which is carried
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down tv the larger particles. It consists largely -f matter

drawn up intc the fireball from the surface which i either
totally c¢r pirtially -vagrorized. Under these condit:ons so
mucn vatter is vaporized ty virtue of the fireball'. touch-

ing the ground that the particle sizes formed in the freshly
cooled vapor are large.

The second and third types of radioactive fallout
are world-wide in nature and consist of finer material and
are divided according to whether the material happens to lie

n the lower part of the atmosphere, the troposphere, where
raln and weather phenomena occur, or the higher part of the
atmosphere, the stratosphere, which is free of such pre-
cipitating mechanisms. The tropospheric fallout occurs in a
matter of two or three weeks or a month or so. It occurs
largely as a result of rain and snow, and water precipita-
ticn in general, and falls in the general latitude of the
test site. The stratoscheric fallout, in contrast, takes
years., Ve are not comp.ietely certvain, but it appears that
an average time of something like ten years, or perhaps
somewhat less, is a reasonszble figure, and during this time
the distribution becomes nearly world-wide. When the

stratospheric fallout manages finally to pass into the
troposuﬂvre it is quickly remcved by the same type of
mechanisn that brings down the world-wide tropospheric fall-
out, namely rain and moisture.

The precipitating mechanisms consist in general
of the collision of the tiny particles with moisture droplets
in clouds, tczether with the interception of particles by
falling raindrops. The first mechanism was recently sug-
gested by Dr. Greenfield in connection with Sunshine prob-
lems~~the study of world-wide fallout is called Project
Sunshine. In addition to the scavenging action of rains and

- fogs, there is definite evidence for a considerable prob-

ability of pick-up on direct contact of air with surfaces
such as the leaves of grass and trees. Frequently, grasses
are found to have higher strontium-90 content than wouid
correspond tc the soils in which they grow, and this is

due undouttedly to direct pick-up.

The« dissemination of strontium-90 and all fallout
is greatly dependent upon the firing conditions. There is
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snce that important factors include not cn’lv contact
eball with the surface, but the nature of tle

surface, whether it be land or water and the type of soil and
the corrosition of the water, whether fresh or sea weter.

Also, trhe height to which the fireball rises is important, in
particular the height relative to the tropopause, the dividing
layer btetween the troposphere and the stratosphere. Yield is
the main consideration here. A rough rule is that megaton
weapons push through the tropopause into the stratosphere,

and kijloton weapons stay below the tropopause in the troposphere.

Thus, we see immediately that kiloton weapons de-
posit their fission products much more quickly than do megaton
weapons. Of course this is of less Importance in so far as
the long-lived fission products, such as strontium-90 and
cesiun-137, are concerned, but it is of more importance fcr
the shorter-lived fission products. As a general rule, an
air-fired kiloton weapon will deposit its radicactive fall-
out in a period of between two weeks and one month on the
average after the <J=tonation, whereas an air-{ired megaton
weapon will deposit its radioactive fallout over many years-—-
on the average about ten years. Thus, the effects wnich are
due to the short-lived fission products are larger for a
given amount of fission energy release in kiloton weacons
than they are for air-fired megaton weapons. Considering
the average age of the kiloton fission products to be 1
month, the external gamma ray exposure from one megaton
of fission fired as say 50 bombs of 20 kilotons each would
be 30 times that for a single bomb giving one megaton of
fission energy--if both were fired well up in the air. The
fission products from the small bombs fired in Nevada would -
fall in the latitudes 100N to 60ON in about one month,
while the larger bomb would give fallout over essentially
the whole earth in about ten years. For strontium-90 ef-
fects there is relatively little difference per unit fission
yield since even the residence time in the stratosphere is
small compared to the 28 year half-life of radiocactive
strontium and the 27 year half-life of radiocactive cesium,
which is rroduced at slightly higher yield than strontium-90,
and which appesrs to be disseminated in about the sams way.

The content of radiostrontium and radiocesium in

the stratcsphers is by direct measurement shown to be roughly
the same thougn the radiocesium is somewhat higher possibly

(more)
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due to the slightly higher fission yield., The cont at of
radiocesium in rainwater is comparable to that of contium-
90. Also, the content of radiocesium in the human ody as
measured by ilarinelli at Argonne and Anderson and . agham
at Los Alamcs agrees well with the fact that it has an
average residence time in the human body of about f_.ve
months as compared to many years for strontium-90., The
radiocesium data are very interesting because of thzir
bearing on the fallout dissemination mechanism and tkhe
confidence with which we can establish the probable future
.behavior of radiocactive strontium. The data confirm pre-

. vious suggestions as to the dissemination mechanism, that
is, we find that radiocesium fallout except of the local
variety is carried down very largely in the form of mois-
ture droplets and that there is some direct pick-up by
leaves and grass on surfaces. It is captured and held
tightly by the top two inches of most soils, so the water
which falls and runs off in the form of rivers is clean

by the time it has drained a short distance through soil.
A1l of this is very similar to the radiostrontium behavior.

‘ The plants pick the strontium-90, and radiocesium
to a lesser extent, out of the soil and also off of their
leaves and take it into their systems. There appea.'s to be
a discrimination mechanism which operates in most plants so
that the strontium-90 content of the plant is consiierably
less relative to its calcium content than in the caze of the
soil. On the average, the discrimination factor between the
top soil and plants against strontium relative to czalcium
seems to be about l.4. When the cows eat grass they further
discriminate by about a factor of 7 in making milk 3o there
.is an over-all protection factor for strontium-90 from the
top soil to milk of atout 1.4 x 7 or 10, Also, there is a
further discrimination factor against strontium relative ¢
calcium in the human body. This factor is not known too
well, but is xnown definitely to be at least as large as 2
and is thought possibly to te as high as 8. Researches are
now in progress to settle this. Therefore, there is a series
of protective factors which makes the concentration of radio-
strontium derived from milk relative to calcium in human bone
not over 1/20 and possibly as little as 1/80 of tha*t in the
top soil. OI course, it shculd be pointed out that there is a
considerable part of the fallout which is picked up directly
on the leaves and to this the factor of 1.4 does no: apply,
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so for this fraction of the fallout the protective f. tor
may be reduced to l4. Since milk 1s the source of m: <

of our calcium, this means that the actual ratio of r.idio-
strontium concentration in new human bones relative to
that in the top soil should approach these numbers.

It must be realized that though only a small part
of the calcium is derived from vegetables and meat, a similar
calculation must be made for this portion and the total
average ratio obtained. It seems that the meat-vegetatle
overall discrimination factor is about 10 so if 20 percent
of the calcium is derived from such sources on the average
the average overall factor will be between 1/13-and 1/30.

The experlmental data on new human bone in children appear
to give a smaller figure, 1/60, as mentioned later.

L matter of importance in connection with the
amount of strontium-90 which one would expect to be de-~
posited in human bone as a result of atomic weapon detona-
tions is the calcium concentration in the top soil. Since
calciun is so similar to strontium, it seems very likely,
and the evidence confirms this, that high available c.lcium
content of the soil will reduce the probability of strontium-
90 being taken up into the plants. Of course this probably
does not have nearly as great an effect on the uptakzs of the
material which is picked up directly on the leaves. .ie might
expect therefore that soils which are particularly low in
calcivm might show higher strontium-90 contents for tne
grasses grown cn them. This is, in fact, so, and sheczp and
goats and cattle feeding on such pasture display a higher
strontium-90 bone content.

How such calcium def'iciencies in the soil should
affect the strontium-90 uptake by the human population is a
most important question. One sees immediately that food
distribution systems are such that the food supply is de-
rived from larze areas, and that there is consequently a
sharp reduction in the sensitivity of the human population
to calciun deficiencies in local soils. This is brouzht
out particularliy well by the data on the radium contz=ts of
human bones and their obvious lack of strong dependence on
the radium contents of local waters. But for people who
consistently drink milik from cows grazing on such ground
there should be a definite effect on the amount of rzdio-
strontium uptare and the effect should be proportlon . to

(more)
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the radiostrontium content of the milk. So the ques ion resolves
itself largely into "What are the strontium-90 conte: ©s of the :
foods people in such regions actually consume?" Ve :'ind on
.inspection of the food eating habits and calculation of the
strontium-90 intake relative to calcium, that the increase in
average strontium-90 concentration of the food due to the low
calcium content of the particular soils can hardly be more
than five-fold for a soil calcium deficiency of 50~fcld. That
is, whereas normal soil carried about 20 grams of available
calcium in the top 2.5 inches, a region with soil of only .4

- grams per square foot would produce a human body burden
equilibrium of about five times that which the normal soil

- would produce. .

In order to understand the hazard of radiostrontium,
which is generally agreed to be the most hazardous of the
long-lived fission products, we try to establish the maximum
permissible concentration both for occupational workers and

" for the population in general. These numbers have been set
at } microcurie and .l microcurie for the standard man, re-
spectively. That is, an occupational worker may carry 1
microcurie of strontium-90 in his body, whereas the go2neral
public should not have over .1 of a microcurie of strontium-
90 in the average standard adult. This last figure corre-
sponds to a concentration of 100 micromicrocuries per gram
of body calcium or what we call 100 Sunshine Units, that
is, 1 micromicrocurie of strontium-G0 per gram of body
calcium is defined as 1 Sunshine Unit.

Now, we must try to see in some other way how our
normal experiences can be brought to bear on the question:
"How dangerous is atomic weapons testing from the point of
view of radiocactive fallout?" At the present time we have
in our bodies about .1 or .2 of a Sunshine Unit and children
have about one-half of a Sunshine Unit. In a few minutes
I will speak about the question of the variation from these
average values, but assuming at the moment that these are
the values, what is the threat or the hazard from these
quantities? Obviously, they are much smaller than the 100
Sunshine Unit tolerance figure mentioned above. To cbtain
a comparison with normal experience, let us consider the
fact that we know in a general way the magnitude of the
radiation levels to which we are ncrmally subjected by the
cosmic rays, potassium in our own bodies, and the uranium,

(more)
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thorium and votassiua in the ground and in our surr iandings,
We know thesz quantities amount to something like 1 O milli-
roentgens per year for an average person in this lz itude.
But we &lso know that there are considerable variations
with conditions.

For example, & perscn living in a brick house may
very well get 25 to 50 milliroentgens per year more than one
living in a wooden house, because of the natural radioactiv-
ity of the bricks. It is also very well known that whereas
.at sea level in this latitude the cosmic ray dosage is 37

.milliroentzens per year, at 5000 feet altivude as in Denver,
Colorado, the dosage from cosmic rays is 60 millirosntgens

per year, or a difference of 23 milliroentgens per year. What

is this in terms of strontium-%90 body burden?

First, we must consider what part of the natural
radiation, if any, is similar to the radiation of strontium-
9C in biological effect so we can say withiout douot and
hesitancy that the physiological effects, whatever they
are, will be the same for the same energy absorbed. TFrortu-

~nately, the cosmic rays seem to fitv this bill. In other

. Wwords, we are at liberty to compare the cosmic ray radia-

~ tion dosages with the dosages from radiostrontium in our
bone structure. The reason this is permissible is —hat the
jonization density along the tracks of the mu-mescns which
are the principal cosmic ray components a2t s=2& level and at
altitudes of 5000 feet are nearly the same as those of the
" ytitrium-90 beta rays, the principal radiation which radic-
strontium emits; that is, radiostrontium has a radicactive
daughter, yttrium-90, which emits a very energetic teta ray
and the ionization density along the track of this radiation
is very similar to that of the mu-mesons of the cosmic rays
and their disintegraticn electrons, and it is generally ac-
cepted by health physicists and radiobiologists that radis-
tions of the same ionization density have very similar, if
not identical biological effects for the same energy ab-
scrbed. The high energy of the yttrium-90 gives it an
average distance of penetration in tissue of 2 millimeters
so any effect of local non-uniformity of deposition of
strontium~90 in the bone is removed. The cosnic rar ex-
posure is, of course, uniform throughcut the bone structure.
Therefore, wes can equate cossmic ray dosage with strontium~
. 90 dosage and thus it is possivle for us to say that the

(more)
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difference 'between one altitude and another is equal in ef-
fect, other effects being equal, to a certain number of Sun-
shine Units in bone. Now to follow this thought thr.ugh, 1
Sunshine Unit is equal to 3 milliroentgens per year. There-
fore, the difference in annual cosmic ray radiation cosage
between Washington, D. C., or any place at sea level in this
latitude, and Denver, Colorado, is equal to 8 Sunshine Units,
that is, 16 times the present body burden of equilibrium bone
or bone near equilibrium as we see it in young children who
are growing now.

’ Therefore, we must examine whether anything in our
experience indicates that these differences are significant
in terms of the occurrence of the principal effects expected
of radiostrontium, namely leukemia and bone cancer. Wow of
course when one looks for such vital statistics, one finds
that they are very hard to acquire., However, the National
Institutes of Health and the Department of Health, Education
and Welfare, have given us statistics for the occurrence of
leukemia and bone cancer for the year 1947 for the three
cities, New Orleans, San Francisco and Denver. They are
shown in Table I.

TABLE I
Occurrence of Bone Cancer and Leukenia

(New Cases per Year per 100,000 Population)

Bone Cancer Leukenia
Denver 2.4 6.4
New Orleans 2.8 6.9
San Francisco 2.9 10.3

It is clear from this table there is no obvious effect of
altitude, and it is also clear that there are other factors
which are noticeably more important than cosmic ray cdosage.
Of course there may still be a considerable effect of alti-
tude hidden irn large fluctuations caused by other factors,
which presumably are largely unknown and we cannot say that
this proves anything. It does, however, give us some assur-
ance Ircm nermal experience that the effect of eight Sunshine

(more)

[ B .

i

]
P
W

P
P
fa
k
F
gl
h ]
K



1. £ E E L & L LL L 4L L & 4 &k i S

Units will not cause a detectadle increase in bone 1ncer or
sukenia.

This fits well with the laboratory data ¢ animeals
and the limited experience on humans with radiuwm. Taav is,
1 microzurie being 1000 Sunshins Units, is still cc:sidered
to be pretty safe on tne basis of the laboratory dzza. It
is set as a tolerance for occupational workers and it is
therefore reascnable that eight Sunshins Units should give
an erffect so small as to be very, very difficult to detect,
It is, I think, helpful for us, however, to realizs that the
present tcdy burden of strontium-00 in new bone from the
weapons tests that have occurred in the past is equal to
the increass in cosmic ray intensity that goes with an in-
crease of some LOO feet in altitude, a very small fraction
‘of the difference in cosmic radiation intensity between
Denver and sea level. Therefore, at the same time that we
consider the possible effects of strontium-~-90 frem such con-
centrations, we may deduce from our everyday ordinary ex=-
perience limits on the effects to be expected. None of the
evidence on the occurrence of bone cancer or leuvkemia as a
function of &ititude has given us any reason to believe that
the present tolerance limits are in any way in error. The
‘precent body ourdens in new bones are small comparec to these
limits. ‘

Separate from the strontium-G¢0 effects arec the ef-
fects of general gemma radiation, the radiation that is re-
ceived mainly from outside the human body, and which cones
mainly from the very young fission products in the local
fallout area, but which can come in smallest part from radio=-
cesium accumulating on the ground in the case of the strato-
spheric fallout, or more importantly, from the shortsr-lived
fission prcducts deposited oy the tropospheric fallcut. Of
course, weapons tests are so conducted as to avoid exposures
to local fallout, so our present discussion of the effects of
weapons ¥ill ve restricted to the much smaller gamma ray
doses from thes ofisite tropospheric and stratospheric types
of fallout. 1In time of war, oI course, it would be the
local fellout which would be of more direct concern, next to
blast arnd thermal elfects, and it is to this aspect of fellcut
which FCDA acdresses itself in the main. In regard o nu~
clear tests, we have to study the effects on human genelics

ef
and the possible effects of sucn doses of radiation on health.

<.

{more)
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Let us again zoply the criterion of normal human exyr -iencse
to this, Iieasuremesnus have shcown that the general & :rage
intensity of fallout gamma rays from tests is 1 to ¢ milli-
roentgens per year. Now the general magnitude of th effects
to be expected from this can be compared with the natural
radiation intensity. Ve find, as mentioned earlier, that
such things as living in a brick house instead of a wooden
house can amount to as much as 25 to 50 milliroentgens ex-
tra dosage per year, that there are certain areas in the
world where the average dose in this country of 150 milli-
roentgens per year is exceeded by ten-~fold, that people
1iving on granitic rock as compared to those living on
sedimentary rock receive about 70 milliroentgens per year
more dosage due to the higher content of uranium and thorium
in these rocks and that people living at higher altitudes
have a higher natural cosmic ray dosage. Also, of course,
we know that medical uses of X-rays can be considerably
larger than any of these fallout dosages.

We do have experience and valid evidence that the
somatic effects other than cancer and leukemia, that is,
the effects of radiation on ordinary human health, rcquire
dosages which are very much larger, of the order of %5 to
50 roentgen units in order to be observed as changes in
the blood and 100 to 200 roentgens for injury symptc: s;
whereas the dosages we are speaking of from test fal.out
are about one hundred thousand fold smaller. -

As for genetic effects, these are extremely
difficult to evaluate, since tnere is so little known
about human genetics. Put judging from experience with
plants, insects, animals, and lower organisms, there is
every reason to expect some genetic effects of radiation.
The question is how much radiation is required for a given
level of effect. There are a certain number of mutations
in every new human generation. Are these largely induced
by natural radiation or are they mainly of chemical, or
rather biochemical origin, or both? From a chemical point
of view, it seems likely that not all the spontaneous
mutations in the human or any other species are caused by
radiation effects, because it seems likely that radizction
acts in inducing mutations mainly via molecules which it
generates in the human cell, and that the mutations zare
caused by these chemicals .and therefore in & sense are
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chemical in nature. Now if this be so, and the rac tion in-
duced mutati-as are nearly always cauued by chemice : which
are produced in tae first instance by radiation, tt : cheni-
cals themselves which are not produced by raalnulOL sut have
other orlélns can cause mutations, so it seems lik: .y that a
major part ol the natural or spontaneous mptaulons .o any
species is not radiation induced., This point is an important
one to settle, for the reason that we have to bonoa ¢ the
effects of fallout radiation with the fraction tke natural
spontaneous nutations which is due to the r;d*ﬁtlon we are
normally subjected toe In other words, if the normzl muta-
tions are all due to radiation, then the effects of th
additional radiation from general test fallout, or from

other sources of radiestion such as atomic power, or the
medical uses of isotopes and X-ray, will be larger. It :
seems likely, and many genetic authorities agree on genetic
grounds with this conclusion, that a major portion of the
spcntaneous mutations of the humnan species is not due to
radiation but due to other causes. Therefore, a fraction of
the spontaneous mutations in the human species is taken as
being due to irradiaticn. MNow, what this fraction is, it

is difficult to say, but Professor H. J. Muller has esti-
mated that this might be 10 percent. Therefore, con¢ esti-
mates the 150 milliroentgens per year from natural radiation
now causes avout 10 percent of the spontaneous mutations,

and thereforv, that the test fallout if continued irdefinite-
Jywill, at the present level of about 1 to 5 millircentgens
p r year cause an increase in the natural spontanecus muta-
tion rate of sonething like 1/50 of ten percent, or 5.2 of

a percent of the spontaneous mutations. In the extreme, if
it should prove that all of the spontaneous mutatiocn rate
is radiation induced despite the chemical arguments, the ef-
fect would be ten times as great, or two percent. Dr. Dunning
of the Division of Biology and liedicine of the AEC estimated
1.4 percent in 1955 on similar assumptions. (The Scientific
Menthly 81, 265-December 1955.) Thnis effect is one which is
cowparabie to moving to a slightly different locality and is
much less serious than changing from one house to another or
doing any of a dozen things. The only important pJLny is
that genetic effects show only if large numbers of reople

are subjected to them. Therefore, we would expect tnat the
effects of large populations vhanglnc their environiant,

such as living at a higher altitude, or living ina r
of naturally hloher radiocactivity, should cause gernctic

(moré)
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effects, if test fallout does so. An examination of .ital
records should be made to test for such effects and (e
Atomic Energy Commission is doing so as best it can. The
United Nations Scientific Committee on the Effects ol Atomic
Radiation has been comparing the data on natural background
dosages, and it is hoped that this study will be continued
and that the search will be made for observable effects of
variations in the natural background dosage, for it is cer-
tain that any effects due to gamma rays from fallout must

be already present in much larger measure due to the natural
dosage.

- II. VARTATION IN INDIVIDUAL STRONTIUM-90 BURDENS

What is the likelihood that even though the average
strontium-90 content be well within tolerance limits, that a-
few individuals should exceed tolerance limits? Let us con-
sider first the case which will ultimately hold, the situa-
tion of complete equilibrium with the environment in so0 far
as the strontium-90 burden is concerned. The only way we
can make judgments about the expected individual variztions
from the mean concentration is by direct experiment on human
body composition, not only for strontium-90 but for other
analogous constituents. Most of the recent data on the
strontium=90 body burden are from odd bits of bone removed
during surgical operations, but fortunately we have actual
data for the strontium-90 content of the entire bodies of
some several dozen stillborn childrenl/in the city of
Chicago in the year 1953. A strenuous effort is now being
made on the Sunshine Project to continue this series and

l. W. F. Libby, "Radioactive Strontium Fallout," Proc. Nat,
Acad. Sci. L2, No. 6, 365-390 (1956); University of
.Chicago, Project Sunshine Bulietin No. 12, August 1,

1956.
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also to check the huran bone data by analyses of cc :lete
skeletons. Ve odresent the distribution of the strc ziume
90 data for the stillovorn children in Figure 1. Dara for
the occurrence of ordinary non-radicactive strontiw. in

huran bones also have been published.2/ These cbvicusly

2. K. X. Turekian and J. L. Kulp, Science 124, 405 (1956).

refer to the full steady state condition and are obviously
at leest as nearly in equilibrium with the environment as
the fallout radicactive strontium ever will be. These data
are presented in Figure 2. The occurrence of radium in the
human body also has bteen used since it is chemically similar
to both calcium and strontium, and therefore is a bont
seeker and because it is obviously also in steady state
equilibrium. The data used were those by Palmer and Queené/

3. Hanford Report, HW-31242.

in Figure 3. And, finally, we use the recent data on occur-
rence of normal potassium in human bodies as determined by
Anderson and Langhamk/at the Los Alamos Scientific Laboratery

- ——— - —— ——— o

L. E. C. Arnderson, R. L. Schuch, W. R. Fisher and V.
Langham, "Potassium and Cesium Radiocactivity in People
and Foodstuffs.” (In press.)

as presented in Figure L. All of these data show a normal
frequency distribution as indicated by the thecretical curves.
The respective widtns of the curves (standard devietions) are
36 percent for radiostrontium, 40 percent for normal strontium,
LO percent for radium and 18 percent for natural radiopotassiui.
It is completely clear from these data that they agree with

(more)
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one another in general shape and that the magnitude - ' the
distribution of the strontium-90 contents of the Chicigo
stillborn babies was not in any way anomalous. There. ore,
we shall take the distribution curve for radiostrontium
to be the same as for the normal strontium data. The
occurrence of non~radioactive normal ordinary strontium

in the bones should certainly tell us what the equilibrium
distribution will be for radiocactive strontium, and from
it we should be able to learn the points about distribu-
tion which we cannot yet learn in any detail from the
radioactive strontium itself. Turekian and Kulp noted

in their study of normal strontium in human bone that in
a given region the deviation from the average was about
34 percent of the average, that is, for human bone from
the regions Colorado, Texas, Colcgne, Bonn, Venezuela,
Chile, Vancouver, China and India. In each instance the
ratio of the standard deviation from the mean itself was
taken and the average calculated to obtain 34 percent.
Therefore, we take 34 percent as the expected standard
deviation from the mean for a given locality for the
eventual strontium-90 equilibrium burden in human bones.

With this result we can, assuming a normal errcr
curve shape of the distribution of probabilities, answer
the immediate question: What is the probability of au
individual exceeding the tolerance even though the mean
does not? On the basis of this analysis we find that at
steady state and in equilibrium the variation from the
mean will constitute an error curve with a shape corres-
ponding to the standard deviation, being 1/3 cf the mean.
Therefore, at steady state among people living in a given
locality, only one person in about 700 will have more than
twice the average strontium-90 burden, and the chances of
anyone having as much as three times the normal burden will
be about one in twenty million.

Now what about the non-equilibrium distribution,
when the strontium-90 is finding its way into the biological
system? Obviously, the burden will be much lower here, but
the deviation from the mean will probably te much higher
percentagewise, particularly in adults where most of tne
bone has been deposited before strontium-90 was produced.
The present strontium-90 content of adults depends very
much on the growth rate and the metabolic activity of the

(more)
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various uvones in the given individualt?s body which = ppens
te te samplecd. Hose\or, the specifiic concentraticr .f the
stront ium-50 deposited will not exceed that in new . ne
developsd entirely in the pressant viological enviro: aent,
i.e., the local ccncent atlun in adult boume will 107 cx-
ceed that feor the whoie bone in young children, wiocse total
bedies are cemposed cf the mixture of streontium~-29 and
calzivr which now is present in food. Since the present
ratio fer children to adults is about four to one fer

averzge totai strontium-90 content, the factor of concen-

tration in adults! active bone regions may b= as muech &s
four-foid grecatver than the whole body aversge. Thus the
epparant spread for random bone samples taken from adults
sheuld be very large compared to the true equilibrium
spread for these reasons. As egquilibrium is approacned,
h0W°VbP the spread must decrease very, very markedly.

The data on human bones indicate a very wide
scatter, but it seems extremely clear that the variation
is & vcz'ectlon of the fect that the main skeleton cof
adult iadividucsls is nct in egq ulllurlum with the present
rood %upply, and that tne varlatlons reflect the dirflerent
rates at whicn the various bones in the btodies of irii-
vicuzls ars meing into equilibrium with the fcod suoply
in the gereral bilolozgical environmenv. A study of waole
skeletoua taxen Irom one given locality which is nov under
way as a part of Project Sunshine will zlarif'y the point
about the vari:-ions among irndividuals in their rate of
coming into eguilibrium with the general biological cn-
vironment. This study is under way in Dr, Kulp's ladora-
tory.

+ should appear from these studies that the
variaticn from the mean of adults will be larger than the
actor of cne--third which apparently is normal for the
types of equilibrium distribution considered above. It
is, of course, very important to establish the truth of
Yhis prediction clearly However, the general agrecment
in shape of the distribution curves Ior such Wldblj Aif-
f'erent materials as normal potassium in whole bodies.
radium, and rnormal elenentary strontium in Pragmcnb‘"y
human bone, and actual fallout radiczctive strontiun in
the whole bodies of stillborn chilidren, give us good rea-~

~.son.toc believe that there is nothing extraordinary in the

distrioution of radiostrontium in human bone.

-
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III. VARIATICY OF THE STRONTIU.-GO BODY BURDEN WITE .OCALITY

Most impeortant cf the causes of variation «I the
strontium-90 content of individuals with locality is, of
course, the amount of fallout in a given region. The general
rules about the intensity of fallout have been described
above. For air-fired megazon weapons our present indication
is that the fellout is almost world-wide and for reacons
of simplicity and in the absence of better information at the
present time, we work on the model that this is a uniform
distribution, over the entire world, of material that falls
from the stratosphere. Further evidence and data c¢n this
point are rapidly being collected which will undoubtedly
settle the stratospheric horizontal mixing question.

At the present time, the general latitudes in the
Northern Hemisphere which are between 100 and 600 North have
the highest strontium-90 content. In the United States,
which because of our proximity to the Nevada Test Site has
unusually high fellout, there are at the present time about
25 millicuries per square mile of strontium-9C, For average
soil this means 2 concentration in the top soil of at.ut
50 Sunshine Units., With the factors of discriminaticn men-
tioned above, this means that an equilibrium body burden
between 1.7 Sunshine Units and 3.9 Sunshine Units is to be
expected. Actually, the present body burden in young chil-
dran indicates that the lcwer value is probably more real-
.istic. The present bedy burden in children -- about 0.5
Sunshine Units -~ protably was derived irom an average
strontium-90 content in the top soil of something like 15
millicuries per square mile, or abocut 25 to 30 Sunshine
Units during the time the strontium-90 was being acquired.
Thus we find that the experimental value for the ratio
between the body burden of young children and the average
concentration in the top soil is about 50 to 1; rather
closer to the higher range of the laboratory results than
to the lowest range.

Table II contains the latest data for the total

strontium-90 fallout as measured in U. S. soils, and Figure
5 displays these data graphically.
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The Northern part of the United States ha about
20 to 30 millicuries of strontiun~-90 per square mili . the
Southern Statzs are somewhat lower. The low figure »>f 7
millicuries per square mile for Crand Junction, Col _ado,
is orobably due to local climatic and sample site c:ndi-
tions,

(more)
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Table II

Health and Safet: laboratory 1956 Survey of U, S. Soils for Str. .itivm-90

Samples talken betiween Cc-ober 8 and 13, 1955,

trontium extractec -ith

6N HC1l at room temr=—gture.

Zeplicates represent individual soil . iguots

taken after sanrlinz and

s s
2l C

ring.

hacn_error term reoresents ¢

Sampling
Site

Albuquerque, N.M.

Atlanta, Ga.

Binghamton, N. Y.

Boise, Idaho

Des Moines, Iowa

Detroit, Michigan

ctandard dedation due Lo counting error.

0-2n

2-6n

02"

2-6n

0-2n
2-61

0-21

2-61

0-21

2-6m

Grand Junction, Colo.0-27

£ & E X L

2-103"

i L

d/m soil
0.078 + 0,001
0.075 ¥ 0,001
0.008 ¥ 0,002
0,005 ¥ 0,002
0.35 * 0.007
0.12 ¥ 0.009
0.018 T 0,004
0.021 ¥ 0.003
0.32 + 0.007
0.35 ¥ 0.007
0.019 ¥ 0.003
0.023 ¥ 0.005
0.23 *+ 0.006
0.26 ¥ 0.006
0.012 ¥ 0.002
0.015 ¥ 0,002
0.31 *+ 0.007
0.31 ¥ 0.007
0.028 ¥ 0.002
0.02} ¥ 0.003
0.26 + 0.006
0.27 T 0.006
0.038 ¥ 0.003
0.044 ¥ 0.003
0.10 + 0.001
0.091 ¥ 0.001
0.11 ¥ 0.019
0.070 ¥ 0.013
= 0.002
= 0.002
(more)

me/- 2
me /mi2 Ave. Total
705 '_"_ 051 7.3 S - ‘:’_{"’:/’! o/
7.2 ¥ 0.1 T
Lol * 0.9 34 11 7 / g
2.4 + 0.8 ,,,rfi
v"‘/‘//

1,  + 0.3 15 e T’;;m.._,;.’e '
16 + 0.4 /,-;‘;‘1"/’:. s
2.8 :'_ 006 300 18 ,:'_,/(",'v :fw
3.3 % 0.5 - Yl

17 + 0.4, 18
18 + 0.4
Loi * 0.8  L.8 23
5.2 * 1.1
20 + 0.6 22
23  * 0.6
3.1+ 0.6 3.5 26
L,0 + 0.6
23 + 0.5 23
23 * 0.5
7.6 + 0.7 7.1 30
6.6 + 0.7
20 * 0.5 20
20 * 0.5
7.3+ 0.5 7.8 28
8.4 + 0.6
7.8+ 0.1 7.0
7.1 % 0.1
8.2 + 1.4
5.1 * 1.0
= 0.45 =0.48 7
=0.51
I ey [*4 i & r P i



Sampling
Site

Jacksonville, Fla.

los Angeles, Calif.

Memphis, Tenn.

F4

New Orleans, lLa.

New York, New York

Philadelphia, Pa.

Rapid City, S. Do

Rochester, N. Y.

Salt Lake City, Utah

Seattle, Washington

Depth

0-21
2._6':1

0-2"
2..7"

02"

2-4n

0-2"
2-6n

0-2n

2-6n

0-2n

2-6m

0-2"
2-4n

0-2"
2-6n

0-2"

.2.8n

0-2m

2-6n

- 19 -

[+l +H1L+1+

OO

0,00

0,27 * 0,006
0.26 * 0,006
00028 : Oo003
0,029 * 0,003

Ge2h *+ 0,006
0.22 * 0.006
0,009 * 0,002
0,006 * 0,002
0.21 + 0,006
0.29 * 0,007
0.072 * 0,004
0,068 ¥ 0,004

0,17 + 0,005
0,16 ¥ 0,005
0,029 * 0,003
0,026 ¥ 0,003

0.29 + 0,006

0.34 *+ 0,006
0,053 * 0,004
0,045 ¥ 0,003
0.22 * 0,006
0,013 * 0,00
0,013 * 0,002
0032 * 0.007
0,33 * 0,007
0.31 ¥ 0,007
0,016 * 0,002
0,016 = 0,002
0.46 * 0.011
Oocily * 0,010
0,051 ¥ 0.007
0,052 % 0,004

me/mi2
7.3 £ .6
2.7+ (.9
4.0 * 1,0
6.9 + 0.5
8.0 *+ 0.5
3.3 1 0.9
22 ¥ 0.7
15 + 0.4
6.5 + 0.7
o6+ 0.7
8,8 + Co2
8.3 * 02
3.3 + 0.9
2.2 + 0.7
10+ 0.3
1+ 0.3
4, *+0.8
1, + 0.8
12 : Ouh
11+ 0.4
7.3 + 0.8
boly + 0.7
20 *+ 0.4
23 * 0ok
12+ 1.0
10 * 0.7
16 + 0ok
2.5 * Ol
2.5 * 04
22 + 0.5
23  * 0.5
22 * 0.5
507 * 0.7
5.9 * 0.8
17 *+ Q.4
16  * Cok
9ok + 1.2
9.6 + 0.7

me/mi?

Ave., Total
7.3
3.4 11
ey
2,8 10
15

6.6 22
8,6
2,8 11
12
1 26
12

6.8 19
22

1 33
16

2.5 19
22

5.8 28
17

9.5 27
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The differential rates at which the falle . has been
occurring probably zre best measured by the so..call. d "pot
collection' method. A bucket with vertical walls o: appreci-
able height is placed out in the open and allowed to collect
the total fallout for a given period including the rain, snow,
dust, etc, The bucket is left out whether it has rained or
not and covers the total fallout for a given period. Figures
6 and 7 give the curves so obtained for New York and Pittsburgh
areas together with the estimated errors of measurement., It
is interesting to note the changes in slope and to correlate
them with the occurrsnce of test activities and the relatively
short-livad tropospheric fallout. The minimum slopes which
appear during quiet periods when no one is testing are the
stratospheric fallout of which we have spoken -and these
slopes when we have enough pots overating all over the world
will, when taken tcgether with the results of the measure-
ments of the amounts of radiostrontium and radiocesium in
the . stratosphere, give an accuracte value for the strato-
spheric residence time and se“tle the mixing question.

In addition to the intersizy of fallout, the ques-
tion of the fraction of the radisstrontium, and, fer tropo-
spheric falicut, the radiviodine of eight-day half-life, that
‘is in assimilable form is an important one, So far most fall-
out strontium appears to be completely water soluble and
therefore most assimilable, though continusd tests ca this
point should be made., Direcct leaf pick-up of course promotes
assimilation of the strontium because the plant difierentiation
against strontium when it assimilates it from soil thus is
avoided, Another factor is, of cecurse, the concentration of
available calcium in the sozl. Dy zvailable calcium we mean
calcium which is awvailabie to rlants and not the tetal calcium
in the so0il. 1I% is known th&t soils which are high in avail-
able calcium produce plants cf lower radicactive strontaum
content; that is, the radicactive strontium to calcium ratio
in the plant is lower as a direct consequence of the lower
concentration of radiostrontium in the available soil calicium.
In addition, as mentioned previously. plants tend tc prefer
calcium to strontium with a discrimination facter of about
l.4. Sheep which grow in certain arzasz of Wales have shown
concentrations in their bones approaching 150 Sunshine Units,
while sheep and cattle growing in the U. S. have hardly ever
exceeded one-fifth of this. The Weclsh soil in certain areasz

(more)
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is very low in calcium and as a result grows grasses of high
radiostrontium content. Of course, it is clear that Tertili-
zation with calcium will immediately relieve this di-:iculty,
but in the absence of such fertilization, the questica is:
How serious is the effect of calcium deflclency in promoting
strontium-90 pick-up through the food chain?

As was remarked earlier, there is an averaging
which occurs in food distribution systems and calcium deficient
soils are naturally rather poor producers and as a consequence
the weight of the food so produced is less than for a goocd
well fertilized, well balanced soil. This factor reduces the
flow into the general food system of material of exception-
ally high strontium-90 content. It therefore will probably
bé sufficient to consider the radiostrontium of milk, since
milk is the main source of calcium, in order to test for the
radiostrontium content of the food in given areas. Direct
measurements have shown that a factor of five encompasses the
total variation due to all factors including calcium de-
ficiencies in acid scils.

The general intake must depend on the food distri-
butlon pattern and the relatively small fluctuation in milk
contents must reflect this. The number of individuals who
rely totally on the food output of soil of very low c2lciunm
content is very small indeed, but it.must be true that
these individuals if they grew up on such a provincial,
isolated farm would have as much as ten to 50 times the
normal average strontium-90 content. The normal calcium
concentration in soils in the United States is about 20
grams per square foot for the top 2.5 inches and about
the poorest 50il known has about 0.4 gram available calcium
per square foot for the top 2.5 inches--a deficiency factor
of 50.

It is clear from a detailed examination made by

the author for people living in calcium deficient areas with
normal food distribution Datterns that a factor of 5 is about
as large an effect as can be expected from a fifty-fold
deficiency of calcium in the soil. The food from outside of
the calcium deficient area reduces by a factor of about ten
the increase in strontium-90 pick-up rate which would be ex-
pected from the calcium deficiency in the soil if people lived

(more)
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entirely off the soil for their whoie growing period of 20
years or so.

The food of “lowest strontium-90 content itc fish
flesh, because of the great dilution the fallout rec.ives
by the hundred meters of sea water above the thermoc.ine,
which rapidly mix with the fallout.within a few hours or
days. This means that the specific concentration of radio=-
active strontium, or any other fallout constituent in sea
water, is relatively very much lower than it would be in
soil. For example, 100 meters of sea water has 370 grams
of dissolved cealcium per square foot as compared to the
average of 20 grams per square foot for the top 2.5 inches
of soil which absorbs and holds the fallout radiostrontium.
Therefore, in principle sea food and fish are lowest among
foods in content of radiostrontium fallout.

IV, EFFECTS OF CONTINUED TESTING AND GENERAL CONCLUSIONS

In summary, then, we see that the present body
burcen of strontium-90 from atomic weapons tests in the
United States corresponds to the radistion dosage to the
bones which wouid result from a few hundred feetv increase
in altitude, and the present vital stztisticsz show no
observable effect on the occurrence of bone cancer or
leukemia of much larger changes in altitude. The to_erance
figure of 100 Sunshine Units, or .1 of z microcurie for an
average individual, or 100 micromicrocuries pver gram of
body calcium, that is recommended now is about two hundred
times the present level for new bone in the U, 5., and it
will not be exceeded by fallout from weapons tests in any
foreseeable circumstances.

The distribution of strontium-90 burdens among
individuals for a given locality will be a normal error
curve with & standard deviaticn of about one-third of
the average concentration, This means thar about one in-
dividual in 200 wilil have more than twice the normal aver-
age value for a given locality, and that about 1 in several
million will have three times the average value,

(more)
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The effect of locality is more important, ..owever,
particularly in the effect of calicium deficiency in ~he
soils. Careful consideration of this question indic :ses
that there will be very few individuals who show a & rontiume-
90 content which is strictly inversely proportional o the
available calcium cancentration of the soil in their region.
This is due to the fact that food distribution syste.s
automatically average over a wide area and people assimilate
their calcium slowly. Most people drink milk and eat cheese
and other calcium-bearing focds from a rather wide area, and
this effect reduces by an estimated factor of ten the poten-
tial effect of calcium deficiency in the local soils.

On the basis of laboratory experiments the human
body concentration of strontium-90 at equilibrium will be
between 13 and 30 times less than that in the top soil.

The present data indicate that the higher figure is closer
to the truth, and so we will be conservative in taking the
figure of 20 for this ratio. Therefore, the present burden
of 50 Sunshine Units in the top soil of the United States
may eventually lead to as much as 2.5 Sunshine Units in the
human bones, but more likely will lead to about 1l.7.

Of course, as testing continues and more fallout
occurs, the levels will rise., The strontium-90 that still
resides in the stratosphere at the present will fall out
according to our expectations at a rate which just ahout
compensates for the decay of the material already decosited,
so that no great additional increase from this sourcs is o
be expected from weapons fired in the past. If the testing
should continue at about the same rate as it has averaged
over the last five years, then we should at equilibriwr
after an infinite time, approach a level of 8 times the
present rate, since the average 1life of strontium-90 is 40
years. This assumes that the future testing will be con=-
ducted so as to give in each future five-yesar period the
same as the last five have., And so we would expect in the
United States at that time an average human strontium-90
concentration of 20 Sunshine Units with the conservative
factor of 20 between the tcp soil concentration and <he
concentration in human bone, or 5 Sunshine Units if the
factor of 80 is used. In other words, in the United States
something between 5 and 20 Sunshine Units would be the

»

(more)
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equilibrium ccacentration of human bones if testing c-ntinuad
indefinitely at the average rate of the past five yea 5.
This levzl wou.d be approached only after a few decac 3,
After 2% years the level would be half of this equilii rium
value, and aftesr another 28 years, 56 years total, frea an
arbitrary beginning which we have set as 1952, we would ex-
pect in the year 2008 three-fourths of the equilibrium
figures. So scmewhere between 4 and 15 Sunshine Units of
strontium-90 in human bones in the United States might re-
sult from the present type of testing being continued for
the next 50 years.

In those certain areas 'in the world where the soil
is low in calcium, this level might go five-fold nigher. At
the present rate of testing we might indeed approach the
figure of 100 Sunshine Units, the tolerance limit for large
populations, at the beginning of the 21st century for these
certain limited regions in the world. The observed condi-
tions in these regions could be relieved, however, by
fertilization of the soil with calcium, either calcium
nitrate or lime being used, as appropriate from other con-
siderations.

The Sunshine Project continues to study the prob-
lems of world-wide fallout-~-the stratospheric inventory of
radiostrontium and radiocesium, the occurrence of these
isotopes in the soils and water and the biosphere &all over
the earth, the biological effects at certain levels of
contamination with strontium-90, and to a lesser dagree with
cesium~-137, and the possible genetic effects of the icw gamma
ray dosages associated with world-wide fallout from atcmic
tests. All of these are studied not only with the point in
mind of devising methods of protection against atomic warfare,
but also with' the thought of possible application in the re-
mote event of industrial accidents which may happen in con-
nection with certain of the peaceful uses of atomic energy,
particularly atomic power. Certainly an understanding of
the basic principles of world-wide fallout is applicable to
the control and safe-handling of isotopes. All of this is
done in collabcration with the United Nations Scientific
Committee on the Effects of Atomic Radiation, and it is to
be hoped that azs the data appear all of the countries in
the world will join together in this international effort
to understand tetter the effects of the great new fact in
life, the nuclear atom.
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: POTASSIUM
- (ANDERSON & LANGHAM, UNPUBLISHED)
50 |- (Age Group, 20-39 Years) _
_ Frequency of natural potassium radioactivity levels
in people (histogram) compared with normal distribu-
40 - tion curve (solid line). Note the doubly expanded -
pt scale of the abscissa os compared with Figures 1-3;
= the potassium distribution has a width of only 18%
o because of the homeostatic regulation of potossium
> balance.
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Fig. 5 .
$r90 IN U. S. SOIL (HASL - OCT. 8, 1956) (HCI EXTRACTION METHOD)

Numbers are in mc/mi2 at individual site.
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