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"THE RADIOACTIVE FALLOUT AND RADIOACTIVE STRONTIU

ﬁ*i

Although the area of local damage from radiocactiye
fallout is larger for a high-yield weapon than for one oﬁ

lower yield, it can be shown that the long term effects
of fallout from the high-yield weapon are not as great

as are generally supposed. This conzlusion is reached

in the results of a special study of this subject known
as Project Sunshine, sponsored by the AEC.

Some of the present confusion which exists re-
garding the hazard from the fallout can be clarified
if one recognizes that the radiocactive debris comes
from two main sources. One of these depends upon the
nature and type of weapon, and the second upon the
conditions under which the weapon is fired. Surface
bursts involve the production of a heavy local fallout
as opposed to those fired in the air or under the sea.
High-yield bursts, moreover, according to evidence in
Project Sunshine, place the major part of the bomb
debris in the stratosphere where it appears to reside
for some ten years, slowly descending to the earth.
Commonly recognized as the greatest long term danger
is strontium-90, a chemical relative of calcium, and a
bone seeker.
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From world-wide evidence for fallout in relation
to recent studies of the maximum permissible concentration
of strontium-90 in humans, it can be concluded that the
hazard from the present rate of testing nuclear weapons

is insignificant. ‘A total of 11,000 megatogg of TNT
equivalent of fissio us 1€ a or content
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FES —= L1, megatons ——is very far in excess of

the total energy released to date.

An additional safety factor is that the half-life
of most of the fission products, with the exception of
strontium, is extremely short, and that nature has wisely
provided a built-in mechanism for discriminating against
the uptake of radiostrontium in favor of calcium by plants
animals and human beings.
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THE RADIOACTIVE FALLOUT AND RADIOACTIVE STRONT IUM

The radioactivity which falls out of the atmos-
phere after the explosion of a nuclear weapon is called
the radioactive fallout. In the ordinary atomic bomb,
for example, for each 20,000 tons of TNT equivalent of
explosive energy about two pounds of radiocactive materials
are produced. In these two pounds are some ninety dif-
ferent radioactive species varying in lifetime from a
fraction of a second to many yvears. This mixture of
radicactivity decreases in radioactivity in such a way
that for every seven-fold increase in age the total
radiocactivity is decreased ten-fold. Thus the radio-
activity by seven hours after the explcsion has decreases
to one-tenth the radiocactivity of one hour, and in 49
hours to 1/100, and at two weeks to 1/1000, and in three
months to 1/10,000 and so forth.

The conditions of fallout are largely determined
by the amount and type of material vaporized into the
fireball of the bomb itself. A bomb fired in the air
contributes such a relatively small amount of matter
to the cloud that the particles formed after dissipation
of the enormous energy released are of necessity very
tiny and therefore very slow in settling. The result
is that most of the radioactivities are expended in the
air and the area over which the fallout occurs is
rendered very large indeed, extending to the ends of
the earth in minute although detectable amounts.
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A bomb fired on the surface of the earth, however
may have an appreciable portion of its radiocactivity
reprecipicated within relatively short distances, while
bombs fired beneath the surface of the earth may place
essentially no fallout rzaicactivity in the atmosphere.
Therefore, the question of the area of contamination to
be expected from nuclear weapcns cannot be answered cate-
gorically without specifying the degree of contact of
the fireball with the surface of the earth and probably
also specifying the characteristics of this surface.
Obviously water would differ considerably from soil in
its ebility to precipitacte radicactive fallout. The
cgral in the southern Pacific islands used for the larger
U.S. weapons tests will under the great heat decompose
to form calcium oxide which wili then renydrate to form
caicium hydroxide, which in turn will atsorb carbon dioxihe
to form a crust of calicium carbonate. Obviously such a
complicated series of chemical reactions will make the
fallout particles from the great tests a2t Eniwetok differ
from what would be observed if the same weapons had
been fired over ordinary sand or granite rock. We cannot
imagine all of the details in which the nature of the soiﬁ
will affect the local fallout, but it is clear that the
effects will be substantial.

In the weapon test operations great care is take&
to insure that no danger resuits from fallout. Criteria
are used which are meant to irsure that this be so.
However, it is well to note that it is from the test
operaticns that we have learned what we do know about
the problem of civilian cdefense against fallout. We
must speak of test experience for it 1g the only source
of experimental information about the phenomena of radio-
active fallout.

The radiocactivities resuliting from the burst of
a nuclear weapon can be c.iassified as follows: (a)
radicactivities induced in the environment, and (b)
products dependent directly on the nature of the weapon.
The environment can be mede radicactive only by neutrons#
but all nuciear weapons involve large numbers of neutrong,
some cf which are certain to escape into the surroundingj.

Teking air bursts first, our problem is -- what
do neutrons do to air? The answer is simple, they make
radiocactive carbon, Cl4 half.iife 5600 years. For-
tunately, this radicactivit: is esserntially safe because
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of its long lifetime and the enormous amount of dilutin
carbon dioxide in the atmosphere. The cosmic rays them
selves make neutrons, which, of course, make radiocarbo
In fact, the earth has on its surface a total of 80 ton
of radiocarbon from the ¢ smic radiation. Now, since
each neutron forms one C atom of mass 14 times the
neutrons mass, this corresponds to 5.2 tons of neutrons
and we see that this enormous number of neutrons would
have to be produced and escape in order that nuclear

weapons would just double the feeble natural radioactivity

of living matter due to radiocarbon. Such an increase
would have no significance from the standpoint of healt
The atmosphere itself contains only one-and-a-half perc
of the total carbon with which the cosmic ray produced
radiocarbon is mixed, the main part being dissolved in
sea, so we expect that nuciear weapons could produce a
short—-range rise in the radiocarbon content of the
carbon dioxide in the atmosphere, which later would
decrease as the atmospheric carbon dioxide mixed with
the sea. Therefore, only one-and-a-half percent as
many neutrons would be required to double the natural
radiocarbon content of atmospheric carbon dioxide for
this time before mixing with the sea could occur, or
about 78 kilograms or 170 pounds of neutrons. To orien
ourselves, the 20,000 tons of TNT equivalent atomic
weapon involves the fission of one kilogram of uranium
or plutonium and the liberation of about ten grams of
neutrons. If all of these neutrons escaped into the
atmosphere it would obviously require 7800 such weapons

nt
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T

to double the radiocarbon content of the atmospheric

carbon dioxide even with no mixing with the sea, and a
520,000 with complete mixing. These correcspond to ex-
plosive energies of 156 and 10,400 megatons of TNT, re

ut

pectively, if all neutrons formed escaped. A reasonablle

escape figure might be fifteen percent so we can expec
that nearly 1000 megatons of fission would be necessar
Jjust to double the atmospheric radiocarbon content, ang
that about 66,000 megatons would be necessary for the
same effect on a long term basis.

The interchange between the atmosphere and]the

sea water, which is constantly taking place, would

deplete and remove the excess radiocactive carbon dioxiqe.

Now it is known from measurements of the radiocactive
hydrogen-tritium--which also is made in the atmospheéere
by the cosmic rays--that this interchange is siocw. In
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fact, we learn that the radiocactive water which is formed
by the burning of the tritium made by the cosmic rays is
not diluted by more than the top 100 meters or so of

sea water in its lifetime of about eighteen years. The
carbon dioxide dissolved in this water is about equal

to the total in the air. In other words, a dilution by
more than the two-fold which corresponds to the dissolve
carbon dioxide in the top 100 meters of ocean water

would take longer than eighteen years. However, the diluf
tion by this factor of two would occur essentially imme-
diately within a matter of weeks or months. Therefore,
we would have to double our estimates for even the short
time scale activation of the atmosphere to reach the
enormous figure of 2000 megatons of fission required.
Thermonuclear weapons, of course, also involve neutrons.
For a given energy release they produce somewhat more
neutrons than fission weapons, however, the order of
magnitude of atmospheric activation would not be

greatly different. So our estimates apply to all nuclear
weapons. The essential point is that the atmosphere is
difficult to activate and the activities produced are
safe. In addition to Carbon-14 there are a few others
produced in low yield-~they include tritium and very
short-lived products but none is produced in sufficient
amounts to be hazardous.

For weapons fired on the surface the activation
of the surface materials is a possibility, but in general
it appears that most of the neutrons form stable isotopes
and that the amount of radioactivity produced, at least
with ordinary surface materials, is relatively small.
The principal radiocactivities produced by nuclear weapons
are produced in the weapons themselves, and not in the
environment.

Turning now to the radiocactivities naturally pro-
duced in nuclear weapons themselves, probably the most
important is radioactive strontium, 28 years half-life.
The reasons that this is so important are that strontium
is chemically similar to calcium, which is one of the
main mineral constituents of the body. Bone consists
principally of calcium phosphate, and for this reason
radiostrontium, like calcium, is deposited in the bone.
The amounts of ordinary non-radiocactive strontium
naturally present are so small that the radiocactive
strontium will follow ordinary calcium into the body.

(more)
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The second reason that radiocactive strontium, Sr9o, isjan
important fallout radiocactivity is that it has a long Rut
finite lifetime--28 years half-life, 40 years average
life~~and thus has a persistent effect. Third, becaus
of its bone seeking property it stays in the body a lorfg
time, and fourth, the probabilities of body ingestion dqan
be high. Finally, the fifth reason for its importance
is that Sr90 is produced in high yield in the fission
reaction--about four or five percent of all fissioning
atoms yield this isotope.

In order to orient ourselves about this, let us
consider the maximum permissible concentration recom-
mended by the National Committee on Radiation Protectio%
for AEC workers for radiostrontium--one microcurie for
the standard man--whose body is taken to contain 1000
grams of calcium in total. The maximum permissible cons:
centration is of course well below any level at which
one would expect any damaging effects to appear. On
the basis of experiments with animals, statistically
observable increases in the number of bone tumors
should not be expected to appear at less than ten
times this level. As we go above this figure the
chance for bone tumors occurring increases rapidly so
that the likelihood of bone cancer with thirty to
forty times that figure is appreciable.

Let us consider in some detail the mechanism by
which this most important fallout radiocactivity produced
in nuclear weapons might be expected to enter the human
body. The first point is that from the point of view
of fallout there are two essential classes of nuclear
weapons~-the high yield megaton weapons, and the lower
yvield kiloton weapons. All nuclear weapons produce
atomic clouds which rise to heights dependent upon
the energy released, and the clouds from the megaton
class of weapons rise rapidly up through the tropopause
and pass into the top layer of the atmosphere which we
know as the stratosphere. This part of the atmosphere
is essentially isolated from the lower layer in which
we live, the troposphere, and where all of our normal
winds and storms, etc. occur. Therefore, radiocactivity
produced in megaton weapons is placed largely imme-
diately in the stratosphere while the smaller kiloton
weapons produce clouds which in general do not reach
into the stratosphere, but stop near the tropopause--

(more)




-6 -

the imaginary boundary between the stratosphere and tropo
—-—and have the bulk of their radiocactivity left in the tn

sphere.

In the troposphere where rain occurs any particul]
matter will be washed down in a period of days or weeks.
It is easy to show, for example, that one-tenth inch of
ordinary rainfall will probably remove essentially com-
pletely all particulate matter except for that which is
so small as to be almost of molecular dimensions. In
other words, for one-tenth of an inch of rainfall one ca
be quite certain that the air between the layer in which
the rain originates and the ground is washed clean of
fallout activity, except for the minute fraction which
may be so small as to move with the air out of the way
of the falling raindrops as they make their way toward
the earth; and even this tiniest fallout material is
likely to be precipitated also for it will migrate rapidl
by molecular type motion and in this manner is likely to
absorb itself on other particulate material and so be
rained out. For these reasons, tropospheric radioactive
fallout does not stay in the atmosphere for more than
a matter of weeks. It may make two or three trips around
the earth in a given latitude before being entirely re-
moved, but its lifetime in the atmosphere will be a
matter of weeks.

This is in very sharp contrast to the material
which is placed in the stratosphere by megaton weapons
which appears to stay there for a matter of years. Per-
haps ten years is a good average, at least for the
weapons fired to date. t is well to bear in mind that
this conclusion may be dependent upon the nature of the
material carried up in the cloud, but our present ex-
perience indicates that the fallout from megaton weapons
which does not occur essentially in the first few hours
or days, and is therefore deposited mainly locally, is
deposited only at a very slow rate corresponding to an
average time in the stratosphere of about ten years.

As a result of this long residence time in the highest
layers of the atmosphere, the winds mix and distribute
the radiocactive material broadly over the earth and
one finds when the fallout does finally find its way
down into the troposphere where the rain and snow wash
it out, that the rates of precipitation are relatively
uniform over the entire earth's surface.

(more)
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Returning now to radiostrontium--at the rate off
one kilogram of fission for twenty kilotons of TNT
equivalent, two megatons of fission energy would be
equivalent to very nearly one millicurie of strontium-40
per square mile of the earth's surface, or about 79 dig-
integrations per minute per square foot of the earth's
surface. The average soil of the earth has about twently
grams of calcium, which is in form available for plant
metabolism in the top two and a half inches for each
square foot of area. Now recalling the maximum per-
missible concentration level of one microcurie per starfd
man and ncting, as we will show later, that in order
that this concentration not be exceeded, the top soil gf
the earth should not contain any more radiostrontium
than would correspond to ten times the concentration i
the human body which is just permissible, i.e., one mi
curie per 1,000 grams of calcium, or 2,200 disintegrati
per minute per gram of calcium, we find that 11,000 me
tons of fission energy would produce this average level
of radioactivity. Actually, as I will indicate later,
there can be a concentration of strontium-90 in the

ard
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soil about ten times greater than the recommended maximpm

permissible concentration before one would expect man
living in such an envirconment to accumulate a maximum
permission concentration. Referring to my remarks of g
fesomoments ago, the 11,000 megatons would yield a
Sr

con-tent in humans just equal to the Maximum Permisfible

Concentration (MPC); at less than ten times this value,
or below 110,000 megatons energy equivalent, statistica
observable incidence of bone tumor should not appear;
but at 30 to LO times the MPC, or 330,000 to 440,000
megatons, the likelihood of untoward effects would be
appreciable. Zven the lowest of these figures is very
far in excess of the total energy released to date.

High yield weapons fired near the surface
have a portion of their activity deposited in and on
particles large enough to fall out in the first few
hours or days. Thus we have three kinds of fallout
from high yield weapons: The first, or local, which is
due mainly to large sized particles. This may cover a
considerable area depending on winds mainly. In the
February 15, 1955 release of the Atomic Energy Com-
mission which described the experience in the Marshall
Islands in the Castle test series in the Spring of
1254, some 7000 square miles were described as being

ly




- 8 -

contaminated by this type of fallout. The second falloft
from the high yield weapons is that portion which residqgs
on the small particles, but which never reaches the
stratosphere and thus stays in the troposphere until it
is carried down by rainfall or settles cut. There is
thus a band of fallout in the same general latitude as
the test site; the material may circle the earth two or
three times befcre being precipitated, but does fall
out within the first few weeks. However, a large
part--half or more depending on firing concditions—-of
the radiovcactive yield from high yield weapons resides
in the third category which is the fallout which occurs
from the stratosphere itself. Of course, some of the
arge locai falilout may form particles which were lifted
into the stratosphere, but which were so large and so
bulky that they fell out rapidly anyhow. The finely
divided material which reaches the stratosphere apparenyly
stays there for years in the main. A slow leakage throygh
the tropopause into the troposphere cccurs with apparently
something like ten percent per year descending. DMeasur
ments of the strontium-90 content of soils, rain and sndw,
and biological materials on a worldwide basis have all
shown that strontium-90 fallout occurs all over the
world at rates which are not too dissimilar from one
another, except that there is a tendency in the middle
latitudes in which the tests are conducted for an
extra fallout presumably of the tropospheric variety
described above. Since the completion of the Castle
series of tests, this world-wide rate of fallout has
approximated one and cne-half millicuries of radiostron-
tium per square mile per year. We thus see that radio-
active fallout from the stratosphere is & very slow
process. This is very fortunate indeed, since the
high yieid weapons thus have a major part of their
radicactivity dissipated in the atmosphere in a
harmless way if they are fired in the air or on the
surface.

The fallout apparently occurs in the final step
by a washing down I the fropospheric air by rain to-
gether with cdirect falling. The radiostrontium descendiIS
from the stratosphere intc the troposphere by the procegses
of diffusion and fallirg, and i1s then caught up by the
tropospheric weather and in a matter of a few days is
deposited. Rezsonable estimates for the middle lati-
tudes give the average 1ife in the troposphere to be
about one week,
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The radiostrontium comes down mainly in raine
drops although fine morning mists and fogs may be par-
ticularly effective in this regard also, as well as
surface contact and direct falling. It descends on
the foliage and on the soil. That fraction of it
which falls on plant leaves has a good chanzz of
being absorbed directly into the plant--much in the
way the most modern leaf fertilizers operate. The
Eniwetok tests were conducted on coral islands and as
a result their fallout may be largely water soluble,
In any case, direct measurements of the radiostrontium
content of alfalfa and other crops show them to be ap-
preciably higher in radiocactivity than the soils on
which they grew, strengly indicating a leaf assimi-
lation mechanism to be important. The rain falls and
carries radiocactivity, but when it runs off to the rivgrs
and the seas it is nearly pure due to the action of the
soil in absorbing the fallout, so that rivers are es-
sentially free from radiostrontium. Lakes and reser-
voirs have a content which corresponds approximately
to their surface areas only. The radiostrontium is
absorbed in the top two or three inches of soil and
held there very tenaciously. Plowing, of course,
buries it more deeply, but it appears that in un-
plowed soil the radiostrontium does not move in a
matter of two or three years.

The researches on radiostrontium conducted
by the Atomic Energy Commission have been extensive.
They have consisted of sampling soils on a world-
wide basis. The actual sampling was done by Dr.
Lyle ilexander cf the U. S. Department of Agricul-
ture, Beltsville, Maryland. Dr. Alexander with great
skill and care has repeatedly collected series of
soil samples for study, analyzed them chemically and
submitted them for measurement of rzdiostrontium conterft
to the Health and Safety Laboratory of the New York
Operations Office of the Atomic Energy Commission,
the Lamont Geological Observatory of Columbia Uni-
versity, and the Enrico Fermi Institute for Nuclear
Studies at the University of Chicago. Direct fallout
collected on gummed papers, milk and cheese, alfalfa,
animal meat and bone, and even human bodies has been
extensively studied. On the basis of the information
so obtailned, it 1s possible to say unequivocably that
nuclear weapons tests as carried out at the present
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time do not constitute a health hazard to the human popuy-

lation--in so far as radiostrontium is concerned and it
is believed with good reason that radiostrontium is
likely to be the most important of the radiocactivities
produced. It is well to note that since radiostrontium
is assimilated in the bones it constitutes essentially
no genetic hagzard, because its radiations do not reach
the reproductive organs.

The milk and cheese radiostrontium content is nAF

as high, relative to that of the grass which the cows
eat, as one might expect. There appears to be a dis-
crimination against the fallout material such that the
calcium in milk and cheese is roughly one-fifth to one-
tenth as radioactive with radiostrontium as the grass
that the animals eat. There are various possible
physiological explanations of this and the conclusion
itself may not be completely certain, but the data

available to date indicate this to be true. In addition,

the plant uptake of radiostrontium from soil does dis-
criminate somewhat against radiostrontium as compared
to calcium. The calcium taken up from the soil into
the plant has in general about one-half the radio-
strontium content that the soil calcium has. These

two results protect the human population against in-
gestion of radiostrontium, since milk and cheese are
the principal sources of calcium in the human diet. We
find, therefore, that the radiostrontium content of
human bodies is the lowest of all animals measured and
is lower than the avSBage soil and the average foliage
by ten-fold. The Sr to calcium ratio in young
people--whose bones are still forming--corresponds to
about one 1/10CC ¢f the maximum permissible concentratig
recommended for adults: one microcurie per standard mar
containing 100C grams of calcium. The average soil in
the United States 1s about ten-fold higher, whereas
abroad the radiostrontium content in other areas of
the world not subject to the local test fallout is abouf
"one-third of that for the United States.

The surface air itself contains radiostrontium
due to the fallout from the stratosphere and correspond]
to the average time between rainstzrms in which it can
collect. Filtration of air at sea level discloses
radiostrontium on filters if the filters are fine
enough, even in periods when bombs are not being

\more)
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tested so the only fallout is from the stratosphere

reservoir from the high yield weapons. Measurements
in the Antarcti: on snow samples collected there show
that the fallout rate there in January and February

1955 was comparable with that observed in the middle
latitudes.

Finally, though the main part of the radio-
activity from high yield weapons fortunately dissi-
pates in the stratosphere, the small but very sig-
nificant part which falls out within a few hundred
miles of the site of the explosion for weapons fired
on the surface constitutes a very real hazard and
nothing I have said this evening should be inter-
preted otherwise. The weapons tests are conducted with
great attention to this and the other dangers and
every effort made to protect against misadventure.
What we have learned from the studies I have des-
cribed--which by the way have been conducted under
the name Project Sunshine--is that these local pre-
cautions should be entirely adequate and the world-
wide health hazards from the present rate of testing
are insignificant.
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