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Chapter 1 

GENERAL INTRODUCTION AND SUMMARY OF CONCLUSIONS 

CHRONICLE 

George Bernard Shaw once opined “Much of your space and time is ,eing 

wasted on the subject of atomic warfare. The disuse of poison gas  in the 

1939-45 war ,  because it w a s  a s  dangerous to its users  a s  to their targets, 

makes it very unlikely that atomic bombs wil l  be used again. If they a re ,  

they wil l  promptly make an end of a l l  our discussions by making an end of 

ourselves . . . . Still, give me space for another c r y  in the wilderness, that 

my unquiet spirit,  wandering among the ruins of empires,  may have at least  

the mean and melancholy satisfaction of saying: (1) * ‘I told you so.* * *  

Project  SUNSHINE w a s  born of kindred unquiet spiri ts ,  most of which, 

however, a r e  not a s  grimly pessimistic as Mr. Shaw’s. Its purpose is to  in- 

quire into the nature  of the various large-scale d isas te rs  which conceivably 

might r e s u l t  f rom the detonation of large numbers of nuclear and/or thermo- 

nuclear weapons. By “large scale” we here  imply a r e a s  many magnitudes 

larger  than the immediate destruction area,  and thereby also connote an 

expanded temporal quality. 

The first reasonably comprehensive study of this problem was submitted 

to the U.S. Atomic Energy Com&ssion in the spring of 1949 and resubmitted 

in final fo rm a t  the end of that year under the code name of “Project  - 
GABRIEL.” (2’3’4) A far less  thorough but s imilar  study was made available - 

in unclassified fo rm in a sect im of The Effects of Atomic Weapons. (5) 
Previous estimates of the number of bombs or of the total yield necessary 

to  produce such large-scale and long-term effects have contained inherent 

uncertainties due to the physical and biological unknowns in the complicated 

history of radioactive fission products and their  effects on man. These un- 

certainties did not s eem to be of cri t ical  importance in the past  because the 

minimum estimates of yield required comfortably exceeded our stockpile 

capacity a t  that time. Now, with the advent of high-yield bombs and because 

of the world’s increasing stockpile, the margin over the early estimates 

*A list of references and notes thereto a r e  given at the end of each chapter. 
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is not so comfortable. It is most desirable to lessen these uncertainties by 

a concerted attack on the problem. represents an effort 

by RAND with the support of many of the leaders in the appropriate fields of 

science to formulate the problem in such a way that an explicit experimental 

program may be undertaken to provide the facts necessary fo r  a more  re -  

liable estimate of this large-scale hazard. 

rpr 
Project SUNSHINE 

THE LONG-RANGE RISKS 

Man, in his development of more  “efficient” means of waging war, has 

often increased the incidence of casualties to noncombatants. Now, in 
atomic warfare ,  there  exist means for  inflicting noncombative-type casualties 

long after the detonation of anumber of weapons, i.e., through radiative 

damage. 

The hazards existing near ground ze ro  following the immediate effects of 

a nuclear detonation consist mainly in exposure to external radiation; these 

hazards a r e  covered in detail in many weapon reports.  

SUNSHINE is to  examine the hazards of radioactive debris which by one means 

or another finds its way into a human being and thereby becomes a source of 
internal radiation damage ; this latter hazard may be present in relatively 

local a r e a s  of the ear th  or  may be spread more  extensively by natural  means 

o r  through the commerce of man. 

The main concern of 

The radioactive debris resulting f rom the burst  of a nuclear device can 

be classified a s  follows: 

A. 

B. 

Products dependent on the composition and nature of the device itself. 

Induced activities dependent on burst  environment. 

The ear l ier  GABRIEL project concluded that the most dangerous radio- 
90 active product is strontium 90 (Si 

products of a fission reaction. 

sion’s Division of Biology and Medicine, s ee  Ref. 6 for example, corroborate 

the identification of Sr  

), one of the most abundantly formed 

Later studies by the Atomic Energy Commis-  

90 a s  being the most important long-range contaminant. 

*Project SUNSHINE is to  be distinguished f rom the separate “short-range’’ 
RAND Project  AUREOLE--an evaluation of close-in, short  time-scale fall-out 
effects. AUREOLE wil l  be the subject of a RAND report  to be issued a t  a 
la te r  date. 
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These conclusions were established mainly as a result of the following 

properties of Sr : 90 

90  1. A nuclear detonation wil l  produce 1 g ram (gm) of Sr 

(KT) of yield energy, or  20 gm per 20-KT “nominal” bomb. 

is a considerable quantity. 

2. Its physical half life is long--20 years .  

3. It possesses  a long biological half life because of its bone-seeking 

property. 

per kiloton 

This 

4. Body ingestion is high. 

Project  SUNSHINE has further concluded that the manner of production 

peculiar to this contaminant suggests that it wil l  be readily available for 

incorporation into the biosphere. 

Consequently, a t  the present writing, w e  concur that Sr’” is the principal 
nn 

long-range, possibly world-wide, contaminant. Studies a r e  being continued 

to determine whether o r  not any other products under both (A) and (B) above 

may present  a biological hazard comparable to or  larger than that of Sr 

Possible substances may be certain isotopes which a r e  formed in fairly large 

quantities in thermonuclear bursts.  

90 . 

For  lack of data, several  problems a r e  not discussed in this preliminary 

report, but a r e  the subject of current  study. 

what role the hydrosphere may have in the disposal of radioactive contami- 

nants, the effects of the contaminant on life in the hydrosphere, and human 

dependence on its products. 

part ,  to give some values necessary for the consideration of this aspect of 
the problems. 

They include the problem of 

The proposed sampling program is intended, in 

Another problem is ecological in nature. It asks the question, “What is 

the effect on other forms of life a s  a result  of the decrease in population of 

a given biological form through the action of Sr 901, .  

This particular report  is concerned with the radioactive-biological hazard. 

There a re ,  however, other possible long-range effects of nuclear bursts,  two 

of which a re :  

1. Loading of the atmosphere with particulate matter--thus causing a de- 
c rease  in  insolation--may affect the weather of the earth. (7) Studies a r e  

in pr.ogress which compare the efficiency of ejection of mater ia l  by 
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large-yield bombs with natural  eruptions like Krakatoa and the in- 

jection of material  such as zodiacal dust. 

2. Large increases in upper atmosphere ionization by radioactive debris 

may affect communication systems. 
* 

Additional long-range effects conceivably may exist; to date, however, 

those suggested above appear to be the most  important. 

"hazard" --the effect of nuclear detonation on the weather--has been dis- 

cussed in detail elsewhere, for example, see  Ref. 8. 

The popular 

CONCLUSIONS 

In assessing the hazard to  a large population, it is necessary to ask  who 

The r i sk  is simply this: o r  what is at r isk a s  well a s  the nature of the risk. 

The bone-retentive and radioactive properties of Sr9' endow it with a high 

carcinogenic capability; a given amount above threshold (which may be zero) 

fixed in the bone wil l  cause a certain average percentage of the population to 
die of bone cancer comparable with that observed in victims of radium 

poisoning. 
Young and growing t issue is most  susceptible to radiation damage; bone 

formation in the individual is complete by the t ime he is 20 years  of age, 

although mineral  exchange occurs for the r e s t  of his life. In our model, 

therefore, we have taken a s  the individual most a t  r isk,  the one whoaccumu- 

lates Sr9' f rom the age of 0 to  20 years  in a population having a severely 

contaminated environment. 

The SUNSHINE model, while containing, a t  the present writing, some of 

the uncertainties of ear l ier  models regarding fall-out, availability in soil, 

etc., by-passes a number of intermediary biologically unknown factors by a 

simple assumption: 

The bones of an individual who g r o w s  up in an environment of a maintained, 

given ratio of S rYU to natural  strontium w i l l  contain SrY" and natural  strontium 

in the same ratio. 

This assumption, in effect, is simply the assumption used in a l l  biological 

t r ace r  experiments; i.e., the body cannot distinguish between the natural and 

*Suggestion by Edward Teller. 
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radioactive isotopes of an element. 

We have not attempted in this preliminary report  to define a “threshold” 

damaging dosage, a “mean lethal” dosage, etc. The t e r m s  a r e  misleading 

and the magnitude of the dosages a r e  unknown. Instead, we have normalized 

our studies to the Maximum Permissible Concentration (MPC) se t  by the 
International Commission on Radiological Protection. (9) This is the amount 

which, it is believed, may be retained safely in the body without causing 

minimal damage. 

The MPC for Sr90 is 1 microcurie ( p c)(i.e., one two-hundred-millionths 

of a gram). 

may be necessary to reduce the MPC values for large populations. 

This is an industrial standard for small  numbers of people. It 

It is with some trepidation that’we present in a preliminary report  of this 

nature an estimate of the number of nuclear detonations which w i l l  contami- 

nate the world. 

tamination has little meaning and that the necessary assumptions for such a 

calculation a r e  unrealistically simple. 

occur unevenly--in “blobs’* over large areas--mainly because of large 

differences in localized fall-out concentrations. Nuclear detonations occurring 

on a world-wide scale and possibly with a long-term “atmospheric storage” 

may smooth out the distribution somewhat. 

habits, disease, and environmental natural strontium content of soil w i l l  

render certain populations more  vulnerable to the contaminant than others. 

We believe the strontium ratio model to be applicable to problems of local- 

ized fall-out, ethnic, and environmental differences, but enough parameters 

a r e  as yet unknown that such a calculation is prohibitive at the present time. 

We a r e  thus forced to submit, for the present, an idealized calculation on a 

world-wide scale. 

First, we f ea r  that the concept of uniform world-wide con- 

The contamination undoubtedly will 

Secondly, differences in eating 

Neglecting the question of biologically effective dosages, the parameters 

necessary for assessing the hazard on a world-wide scale are:  

1. The fraction of Sr9* available f o r  distribution as a function of type of 

weapon, condition of burst ,  and meteorology. 

We assume here  high-altitude bursts, with the immediate a rea  of ground 

zero receiving no more than its proportional share  of the fall-out debris. 

Exchange of debris between the earth’s hemispheres is also neglected. 

over-all assumption is pessimistic. 

The 
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2. AtEZl0SpheriC gPE other 32.iZ%tUra% St63ra e mechanisms which might allow 
90 appreciable Sr decay before it becomes available to humans. 

90 Whether sr is StoEed in the a%EX3Sphere Or in the biosphere, tEs COllb" 

sideration is nat likely $0 increase Our esti te  by mQ$e than a factor of two, 

vailability ob Sr9O in debris for transfer to the biosphere. 

W e  believe the bulk 0% the Sr9 to be plated aut on the surface 0% the debris 

particles and also scavenged out in sslution by rainfall. Thus it. should be 

able far take-up by the biosphere. 

is contained inside insoluble particles, the calculation 
1% our seasonin iS hCOrTeCt 

below should then be regarded as hi hly pessimistic. 

4, Availability 0% natural strontium in soiqis. 

The parameter used here is 60 lb of agricult$\ara%%y available strontium 

per acre.('% ~e feel that over a period of time such as w e  are considerin 

more fixed strontium in the soil wil l  become available. The better value lies 

asmewhere between one and twenty times this amout. Having used the lower 

limit, our esti %e in this respect is also pessi~stic* 

90 istribution sf sr by plowin ~ fertilizer, etc. 

Fall-out debris deposited on mtille soil is not Peached down very ef- 

fectively by rainfall. In a ricu.lt:ural areas (the areas of interest), however., 

the soil is constantly w e l l  mixed to an effective depth by the efforts ~f man, 

W e  also assume wash-off as re%at w, These considerations do in them- 

selves make our calculation pessi  

6 .  Content of natural  strontium in bone. 

e U.S. adult$, normalized to the ""Standard Man#'* contains 0.7 

W e  have taken the liberty of ~ ~ r ~ a ~ ~ ~ ~ ~  the GABRE%, models to an M P 6  
90 of 1 y c  and have corrected the Sr yield factor. For comparison with  the 
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preliminary SUNSMPN estimate, the e e lies between 20 M T  
4 and 9 x 10 MT* 

800 MT limit; the baaacertahty of this 

mistic, since similar parameters ts 
are iavo%ved, 

An estimate develope 0x1 a cxdcium-strontium model has indicated an 

own, but it is probably pessi- 
trontium-ratis type of calculation 

It is seen that a number of physical and bis ical parameters remain t o  

be determined $0 reater exactitude; many are  nowml to several mgnitudes.  
Unt i l  comparatively recently it would ve been extremely difficults if not 

are afforded the opportmity of doin a radioactive-tracer e h e ~ s t r y  experi- 
i m p ~ s s i b % e ,  ts obtain a measure of a number of the parameters. Today w e  

ment 0x3 a world-wide scale. 
The release in the world of almost 10 kilograms (k 1 sf sr9* within .less 

than a decade has probably disseminated enou h Of the csntadnant  to provide 

a m ~ u t s  which ape p ~ o ~ a ~ ~ ~  $%OW detectable b samples 0% inert and biological 
materials th rou  paout the world. will 90 analysis of these materials for  Sr 
provide us with much of the information which is now lacking. 

For our mode% w e  will also require  an analysis of the ordinary strowtiurn 

eontent of soils, w a t e r s ,  and b i o h  icaP materia%s. Other requirements may 

appear as the pro ram develops. 

It is rather strikin that the last comprehensive measurements of soils 
for natural strontium w e r e  made in 1914-19l7. (I0) The strontium cycle in the 

biosphere is almost completely ~~~~~n~ and own meteorological factors 

abound. W e  subxnit therefore %ha.% the adoption of a sampling program similar 
to that proposed in this report may add considerable 
scientific endeavor, exclusive of its ~ontr ibut ion to the problem of Project 

SUNSHINE. 

rawledge to many a 

bw Chap. 5 we propose a pilot samplin Farn. At present a 6'pre-pilot99 

program is b e b g  conducted ow a very small scale through the combined 

efforts of several individuals who have been contacted personally. The pre- 

ram is more for the purpsse  of a feel for the problem rather 



levels for  different cul tura l  populations; this factor, coupled with the large 
variations in local fall-out, may w e l l  result in localized dangerous levels. 

c ontr Q 1. 
aton limit is directly proportional to the amount of available 

strontium in the soil. The addition sf a omts Qf nonradioactive strontium 

to the soil or to materials in ested by the individual in a iven area would, 

in effect, dilute the Sr9O he would be takin up in his diet. This action should 
90 reduce the bone retention of Sr proportionately. 

The limit is also inversely proportionate to the normal strontium content 
of the bone. hdividua%s who tend to accumulate hi k amounts of n o r m 1  
stsonti~m are more auseeptible to the action of the contaaYLi~la~~t. 

lieved that such individuals accumulate strontium, at least partially, in l ieu 

of the caleium which is deficient in their diet. 
action is C3bviC3us--more calcium in the diet. 

It is be- 

The sug ested prophylactic 

There undoubtedly will  be found other means of proteetion. Control of 
eontadnants  8 

the capability 
ieal, does nat appear t o  be beyond 
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Chapter 2 

ORIGIN AND NATURE OF RADIOACTIVE DEBRIS 

The chemical processes which follow the explosion of a nuclear device 

could be of importance in determining the chemical and physical form of the 

radioactive cloud and hence of the particles which ultimately constitute the 

fall-out. 

f rom a chemical point of view. 

bursts and those in which the fireball  touches the earth, so the high bursts  

a r e  considered first and then an attempt is made to modify these conclusions 

to include various other conditions. 

For this reason an attempt has been made to  describe the explosion 

There a r e  obvious differences between high 

AIR BURST 

In the ear ly  history of the explosion the temperatures  a r e  s o  high that 

chemistry is unimportant since a l l  the materials exist a s  single ions and 

atoms. We w i l l  consider first the time scale  for a 20-KT bomb. 

0.5 milliseconds (ms) the fireball  may be considered to  be an isothermal 

sphere and the surface temperature corresponds to  the temperature of the 

bomb materials.  After 0.5 ms the surface is cooler than the interior until 

after "breakaway," when the surface temperature  again increases t o  the 

temperature of the interior (see F ig .  1). 

Up to about 

The temperature a t  the second maximum is about 7000°K and this temper-  

a ture  is reached in approximately 0 . 3  sec. 

almost reached its maximum radius and has engulfed enough air so  that oxygen 

may be considered to be present in large excess. 

The fireball has in that t ime 

The various elements, a s  atoms, begin to combine with oxygen atoms to 

form gaseous diatomic molecules a t  temperatures of the order of 20,000 K 

for the most stable oxides and at  correspondingly lower temperatures for 

less  stable oxides. Many of these gaseous oxide molecules a r e  sufficiently 

stable to  f o r m  before any appreciable amount of 0 molecules a r e  formed. 

(Oxygen gas a t  1 atm pressure  is 50% dissociated at.3800 K.) 

0 

0 
2 

The relative stability of gaseous oxide molecules is given roughly by the 

value, which is the heat of dissociation of the molecule in to  the component D 
0 



Fig .  1--Time-temperature relations 
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atoms in  the ground s ta te  at OOK.  Values of Do have been summarized by 

Brewer!') The following a r e  some gaseous oxides in the order  of decreasing 

00 

stability: UO, ZrOZ, SiO, A10, SrO, and FeO. 

Although most of the fission products exist as oxides, some a r e  present 

in  other forms:  iodine and bromine exist as halide ions, probably combined 

w i t h  very electropositive elements such a s  cesium and rubidium f r o m  the 

f i rebal l  and sodium f rom the dust in  the a i r ;  s i lver ,  palladium, and rhodium 

a r e  very likely to be in metallic form; whereas xenon and krypton remain in 

the atomic gaseous state. 

As the mater ia ls  cool, condensed phases wil l  be formed f r o m  the gaseous 

oxide molecules. The order  of condensation of the various oxides wil l  depend, 
1 
I under idealized conditions of equilibrium (Le., slow cooling), on the relative 

i volatility of the oxides. 

directly to the stability of the gaseous molecules, but may best  be related to 

the temperature  a t  which the vapor pressure  has a specified value. 

The volatility of the oxides is not necessarily related 

From the data summarized by Brewer!') we may ar range  the oxides in  

the order  of increasing volatility a s  follows: 

Vaporization Temperature  ( K) 
Oxide P = 1 atm 

ThoZ.. . . . . . . . . . . . . . . . .  4670 
Z r 0 2 .  . . . . . . . . . . . . . . . . .  4570 
(PuO) . . . . . . . . . . . . . . . . .  (-4500) 
(UO) . . . . . . . . . . . . . . . . . .  (-4500) 
L a 2 O 3 . .  . . . . . . . . . . . . . . .  4470 
B e O .  . . . . . . . . . . . . . . . . .  4300 (decomposes) 

A1203. . . . . . . . . . . . . . . . .  3800 (decomposes) 

3 800 CaO . . . . . . . . . . . . . . . . .  
SrO. . . . . . . . . . . . . . . . . . .  3500 

MgO. . . . . . . . . . . . . . . . . .  3350 
FeO . . . . . . . . . . . . . . . . . .  3400 (decomposes) 

BaO . . . . . . . . . . . . . . . . . .  3000 
(decomposes) SiOz. . . . . . . . . . . . .  1 . . . .  ,2800 

'Fe30q. . . . . . . . . . . . . . . . .  2060 (decomposes) 
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Condensed phases will form at some time when the temperature  is be- 

tween 5000°K and 2000°K, which on a t ime scale for  a 20-KT bomb means 

between 1 and 5 sec  after detonation. 

a very short  time. At 3.5  sec  the temperature  has reached 2500°K and the 

f i rebal l  has attained its maximum radius and contains approximately 2000 

tons of air. 

uranium, a total of 1 kg of fission products, and 1 ton of bomb structure,  the 

The actual condensation may occur in 

If we assume that it contains 100 lb of unused plutonium or 

* mater ia l  in the fireball  then has the following composition: 

9 

6 

3 

4 

Air. . . . . . . . . . . . . .  2 x 10 g m  99.9% 

Bomb s t ruc ture  . . . . .  10 g m  

Fiss ion products . . . .  10 g m  

0.1% 

0.00005% 

0.0025% P u o r  U . . . . . . . . . .  5 x10 g m  

With this composition and the relative volatilities of the oxides in mind, 

le t  us now consider which oxides a r e  likely to  condense first and the probable 

f o r m  of the condensed particles.  It should be noted that the condensable 

material is extremely dilute compared with that used in the laboratory con- 

ditions under which most condensation experiments a r e  car r ied  out. 

If we consider Z r 0 2 ,  which has the highest vaporization temperature  of 

any of the oxides of the fission products, then, assuming a maximum fission 

yield of 5% and a total  p ressure  of 1 atm, the par t ia l  p ressure  of Z r 0 2 ( g )  

would be atm. We may estimate the vaporization temperature  at 10 atm 

pres su re  to  be 1300OK. In the case of FeO (assuming the whole bomb structure  

to  be Fe),  the par t ia l  p re s su re  of FeO(g) would be 

p re s su re  a condensed phase of FeO would start to  fo rm at 2300'K. 

num at a par t ia l  p re s su re  of 10 

at 2700OK. Uranium oxide would have a par t ia l  p re s su re  of 3 x 10 

would be expected to condense a t  160O0K. 
that, even assuming equilibrium (i.e., no supersaturation),  the first condensed 

phase expected is A1203 in the case  of an aluminum bomb structure  and FeO 

for  an i ron structure.  

-8 

atm. At this par t ia l  

For alumi- 
-3  atm a condensed phase might be expected 

-6 atm and 

F r o m  these considerations we see  

Cooling through the temperature range where condensation takes place 
3 occurs  at the r a t e  of about 10 deg/sec for  a 20-KT bomb, so that  considerable 
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supersaturation is possible, particularly in view of the very low partial  
pressures  of most of the oxides. This supersaturation may  tend to  favor the 

initial condensation of those materials present in larger amounts, thus again 

indicating that the major components, such as  aluminum or  iron, probably 

condense first. Supersaturation may also lead to the simultaneous formation 

of a larger  number of condensation nuclei, since fewer molecules a r e  needed 

to form a nucleus, with the result  that very smal l  particles would be formed. 

Several  species condense simultaneously, so that each small sample contains 

a mixture of the condensable materials present a t  the instant of condensation. 

Some general  statements may be made about the nucleation process. 

1. The solid mater ia l  present in the a i r  engulfed by the fireball  cannot 

be an important source of nuclei, since a l l  of this mater ia l  would be vaporized 

and mixed with the gaseous bomb materials. 

2. The ions produced by the very intense radioactivity may serve  to 

collect a few gaseous molecules and thus form condensation nuclei. It seems 

likely that this mechanism would be very important in the later stages of the 

condensation when the degree of supercooling is large, so that two or three 

molecules would be enough to form a stable condensation nucleus. 

3. The material  may be self-nucleating by statist ical  fluctuations in the 

number of many-body collisions. 

F r o m  the experimental data which exist one can conclude that nucleation 

and growth must be proceeding simultaneously to  give the observed range of 

particle sizes.  If nucleation were slow and the subsequent growth process  

very fast, the particles would have an extremely narrow distribution in size 

about the mean. 

a l l  the mater ia l  would go into such nuclei and the particles would be very  

small  and a l l  very  nearly the same size. 

If nucleation were fast  compared to  growth, then essentially 

The experimental data on particle-size distribution have one thing in 

common: they al l  indicate in the region where the measurements a r e  best 

that the number of particles of a given diameter decreases  exponentially as 

the diameter increases.  The experimental data also show a decrease in the 

number of particles a t  low diameters.  

a t  a diameter which is very dependent on the method of sampling and sizing. 

For  example, optical microscope results indicate a maximum in the number 

distribution a t  a particle diameter of 1 micron ( y )  or  greater ,  while electron 

The maximum number, however, occurs 
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microscope resu l t s  indicate that this maximum occurs below 0.1 p . It 

seems quite clear that this decrease in the number of particles having small  

diameters  is not real, but is a result  of the sample collection efficiency and 

of the resolution of the microscope. In the absence of better measurements 

the most reasonable assumption seems to  be that the exponential increase 

actually continues down t o  very small  particles of 0.01 p or  less  in diameter, - 

-D/b 
I With the assumption that the number distribution is given by ND = Noe 

the fraction of the particles of diameter less  than a given diameter D' is 

given by f N  = 1 - e -D8/b. The fraction of the mass  which resides in particles 

of diameter less  than D8 is given by 

f M = l - e  -D'/b [,(,,'+t(grt 1 D8 6 t l ] .  

Figure 2 shows a plot of these two functions. It may be pointed out, for 

example, that 50% of the particles has D'/b less  than 0.693 and that this 50% 

of the particles contains only 2% of the mass and hence (assuming constant 

specific activity) only 2 %  of the activity. On a mass basis, 50% of the mass 

is contained in particles with D'/b = 4 and these particles constitute only 2% 

o r  3% of the total number of particles. 

> 

It m u s t  be emphasized, however, that these considerations assume 

specific activity independent of size. Since some of the activity comes from 

gaseous precursors  and is presumably deposited on the surface of particles, 

the specific activity may vary with size. 

exact analysis of a l l  the effects, but some general conclusions may be drawn. 

The activity present in a l l  particles having a diameter less  than about 

one-fifth of the median diameter is entirely negligible compared with that in 

particles having diameters four t imes larger  than the median diameter. In 
the RANGER and GREENHOUSE shots, f rom which the data seem to  be fairly 

reliable, the median diameter in airborne material  is 1.2 to  2.2 cc , thus the 

particle sizes of most interest  f rom high a i r  bursts  (as far a s  over-all ground 

contamination f r o m  fall-out o r  rain-out is concerned) a r e  those in the diame- 

t e r  range of 0.8 to 15 iu. 

It is not practical  to attempt an 

1. 

2. If  the exponential number distribution of particle sizes is correct,  the 

small  fraction of the activity in extremely small  particles may still be very 

important for some consideration. 

particles.may be a serious hazard. 

F o r  example, inhalation of these small  

18 
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A consideration of the fo rm of the fission products a t  the t ime of con- 

densation is important, since this is the controlling factor in determining 

whether a given fission product w i l l  be distributed more  or  less  uniformly 

in particles or w i l l  f o rm a surface layer on existing particles a t  a later 

t ime, 

lived members  of the fission product decay chains, the fraction of the total 

activity present in the various elements in the first 5 s e c  after detonation 

can be estimated. At 10 s e c  and longer, the calculation can be made with 

Even though some uncertainties exist in the half lives of the short-  

some certainty; such calculations have been presented by Hunter and Ballou, (2) 

the resul ts  of which a r e  shown in Table 1. 

During the interval of 1 to 5 sec,  it appears that the percentages given in 

The striking fact Table 1 would not be vastly different f rom those at 10 sec.  

about these considerations is that during the t ime when the temperature  is 

right fo r  condensation of solid materials,  a very  large fraction (- 80%) of 

the radioactivity res ides  in the more  volatile elements, such a s  noble gases, 

halogens, and alkali  metals,  which do not condense until low temperatures  

a r e  reached or  until decay to  another less  volatile element has occurred. An 

important example of this type is the mass-90  chain. 

which eventually ends up a s  Sr 

( l e s se r  amounts of Br9' and Rb9' a r e  formed and a very  little Sr9') and m u s t  

go through the decay chain: 

Most of the material  
90 90 is produced in the pr imary  fission as K r  

3 3  2.74 19.9 61 
90 short  90  s ec  90  min 90 y r + ~ 9 0  hr+ Z r  90 . (Br ) ---+ K r  + Rb ___j S r  

Most of the mater ia l ,  therefore,  spends the first few seconds after explosion 

as Kr9' and hence has no chance to enter into the growth of solid particles as 

Rb9' or  Sr9' until af ter  the solid particles have been formed and cooled. 

These facts have many ramifications in the consideration of the effects 
90  of Sr  . Particularly important a r e  the following: 

1. A large fraction of the mass-90 chain is condensed minutes after deto- 

nation, so  that the solid particles formed f r o m  the fireball  have become 

very dilute and a r e  mixed with inactive solid par t ic les  of the air .  Thus 

Sr9' may be fairly well separated f rom most  of the other fission 

products and its detection by counting total  activity may be more 

diff ic ult. 
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Table  1 

CONTRIBUTION OF ELEMENTS AS PERCENTAGE OF 

TOTAL ACTIVITY AT VARIOUS TIMES* 

20 sec 1 min 1 hr 1 day 

*Those -e l emen t s  which contr ibute  less than 1% of the  to t a l  a r e  indicated 
by d a s h e d  lines. 

1 5 2  I 
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2. The Sr90 produced in this manner is much more available in the bio- 

sphere,since it w i l l  be in very soluble form on the surface of the 

particles o r  actually dissolved in the water droplets of the cloud. 

As indicated by the large percentage of the total fission products present 

as r a r e  gases  or other volatile elements at the t ime of initial condensation, 

the mass-90 chain is only one example of substances which w i l l  condense 

late in the history of an explosion. 

importance a r e  the 89, 91, 137, 139, and 140 chains. 

Other mass-number chains of possible 

The t ime scale and condensation t imes discussed above refer  to 20-KT 

bombs. 

given temperature  can be scaled approximately by the factor (E/20)” to 

obtain the t ime for a bomb of yield E. 

When la rger  or  smaller  bombs a r e  involved, the t ime to reach  a 

* 
Thus i f  we take 2500°K as the condensation temperature,  the t ime of 

condensation for a 1-MT bomb is about 25 sec. 

much slower for a higher-yield bomb, so that condensation can occur under 

circumstances corresponding more  nearly to equilibrium conditions tending 

to give la rger  particles. 

mater ia l  is inversely proportional to  E, la rge  values of E tend to  increase the 

supersaturation and to  counteract the effect of slower cooling on the particle 

size. 

determine how the particle s ize  var ies  with yield. 

degree of fractionation of the fission products would change markedly with 

yield, but one could not say that the over-all fractionation would be either 

increased or decreased. 

of longer t ime before condensation. 

fractionation with respect  to mater ia ls  like 

increased, but perhaps more fractionation of Sr 

The r a t e  of cooling is also 

On the other hand, since the density of condensable 

The experimental data on particle s ize  a r e  not sufficiently reliable to 

One would expect that  the 

We must take individual chains and study the effects 

we would expect less  90 In the case  of Sr 

and Z r 9 5  as the yield is 
90 89 with respect  to Sr  . 

SURFACE OR UNDERGROUND BURST 

In the case  of bursts  where the fireball  touches the earth, large quantities 

of the surface mater ia ls  a r e  swept into the resulting cloud. 

the tower in  tower shots.) 

(This includes 

When the region is composed mostly of silicates, 

V a r i o u s  scaling laws have been suggested, but this l aw  seems  to correspond 
most  near ly  with the observed facts. 
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molten sil ica (Si0 ) w i l l  form, which is then swept around through the cloud 2 
in the typical toroidal type of motion. 

solvent for the metallic oxides and hence these mater ia ls  a r e  dissolved and 

eventually solidified in the glass a s  the si l ica cools. These large particles 

appear to concentrate in the s t em jus t  under the mushroom, a s  indicated by 

the fall-out pattern observed by Colonel Lulejian. 

the total activity is apparently captured by these si l icates but falls out within 

a very shor t  time. 

even in molecular fo rm for those substances which have gaseous precursors ,  

and is air borne fo r  long periods of time. 

large fraction of the total fall-out on the East Coast f rom bombs exploded in 

Nevada. 

par t ic les  very efficiently for  a long t ime af ter  the explosion. 

along with the tendency of the si l ica to react  chemically with the metal  oxides 

explains the principal difference between the Nevada fall-out and that f rom the 

Pa cif ic  Is lands, whe r e calcium carbonate pr  edominat e s . 

Wiolten sil ica is an  extremely good 

* 
A large percentage of 

b 

c 

n. 
t 
i 
! 

A small fraction remains as very small particles,  perhaps 
I 

! 
k 

This fine mater ia l  represents  a 

Since sil ica g l a s s  remains sof t  down to 1500°K, it may collect smal l  

This property 

The carbonate mater ia l s  a r e  converted a t  relatively low temperatures  to  

calcium oxide (CaO) and this may o r  may not mel t  o r  decompose, depending 

on the t ime at which it enters  the fireball  o r  resulting cloud. (Melting point, 

2873OK; vaporization temperature ,  3800'K; decomposition, 4000OK.) In any 

event, CaO is a much poorer solvent fo r  metallic oxides than sil ica and hence 

would be l e s s  efficient in collecting sma l l  particles of condensed matter.  

the la rger  particles formed by the tes ts  in the Pacific, the activity tends to 

concentrate on o r  near  the surface of the particles a s  i f  the radioactive 

mater ia l  had been picked up after a solid particle of CaO had been formed. 

Par t ic les  of this kind probably represent  large CaO fragments which were not 

in the fireball  a t  the t ime  of the initial condensation, but were swept through 

the cloud la ter  in solid form.  

along with the fission fragments is probably much too firiely divided to be 

szctioned and examinzd in  the manner used in the study of the Pacific tests.  

This hypothesis could be tested by measuring the specific activity of the 

In 

.Do .II *,. .,. 

The CaO which was vaporized and condenszd 

*Personal communication f r o m  Col. N. M. Lulejian, Air Force  Research 

*::Personal communication f r o m  C. E. Adams, Naval Radiological Defense 

and Developmznt Centzr. 

Laboratory. 
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c a l c i u m  in s u c h  p a r t i c l e s  and compar ing  th i s  with t h e  spec i f ic  act ivi ty  of 

c a l c i u m  in  f ine p a r t i c l e s  o r  even in  to ta l  s a m p l e s  taken  f r o m  the cloud a f t e r  

a few hours .  

of induced ca lc ium activity,  w h e r e a s  t h o s e  swept  into t h e  cloud l a t e r  would 

have m u c h  l e s s .  

The p a r t i c l e s  which a r e  in the  f i r e b a l l  should have l a r g e  amounts  
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Chapter 3 

DISTRIBUTION OF RADIOACTIVE DEBRIS 

METEOROLOGY 

A nuclear detonation creates  a large hot bubble of a i r  containing most of 

the radioactive debris. 

and in the process of rising, it is cooled by adiabatic expansion and mixing 

with large quantities of ambient a i r .  

mass  brings it to equilibrium with the atmosphere in about 5 to 10 min, and 

it stops rising at  this time. 

ence of gravity; very large particles rapidly reach the ground; very small  

particles a r e  so mixed by the atmospheric turbulence that they may be con- 

sidered to act  a s  a gas. The large mass of air containing the small  particu- 

late debris is subjected to the same atmospheric motions a s  any other large 

mass  of a i r .  

debris is to  inquire into the motions of the atmosphere. 

The buoyance of this bubble causes it to r i se  rapidly, 

The resultant rapid cooling of the rising 

The particles in the bubble fall, under the influ- 

The first step, therefore, in considering the spread of atomic 

The picture that one gets of the motion of the atmosphere is very much a 

function of the sensitivity of the measuring instruments and of the frequency 

and spacing of the measurements. 

in midlatitudes, there  is a mean motion of the a i r  f rom west to east  and that 

superimposed on this motion there a r e  cyclones and anticyclones which range 

from 100 to 1000 km in diameter. Special studies on a very small  scale give 

ample evidence that there a r e  turbulent elements of the order of a few meters ,  

but the evidence for motion in the range scale  f rom 1 to 100 km is not adequate. 

The established networks indicate that, 

These different scales of motion al l  have their effect on the atomic cloud. 

The mean westerly winds and the large-scale motions a re ,  a t  least  in the 

early history of the cloud, much larger  than the cloud, so that the effect of 

these motions is to transport  the cloud. In general, then, the centroid of the 

cloud wi l l  move toward the east  and w i l l  be shifted to the north o r  south by 

the large-scale disturbances. 

of the cloud wi l l  tend to distort  the cloud, stretching and twisting it into wisps 

and clumps. Scales of motion smaller than the cloud wi l l  stir it and expand 

it in an eddy diffusion process. 

The scale of motion of the order of magnitude 

4 0 0 0 5 2 5  
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This is a very much simplified version of what happens, and it neglects 

the disparity between the horizontal and ver t ical  motions. 

in  the atmosphere a r e  severa l  o rde r s  of magnitude greater  than vertical  

motions, but the change in horizontal motion in the vertical, i.e., the vertical  

shear ,  is severa l  orders  of magnitude greater than the change of horizontal 

motion in the horizontal. Thus, the portions of the cloud at various heights 

w i l l  be moved with different winds. 

ft, the top of the cloud will, on the average, be about 300 k m  away f rom the 

bottom of the cloud after 24 hr.  

Horizontal motions 

If the cloud extends f rom 30,000 to 40,000 

One additional type of atmospheric motion is convection. The most 

dramatic  display of atmospheric convection is, of course,  the thunderstorm, 

but many l e s s  spectacular forms of convection ac t  to stir the entire tropo- 

sphere ra ther  thoroughly. 

convection, it can spread the cloud through the entire depth of the troposphere 

in  a matter  of a few hours. 

If the cloud enters  an a r e a  of moderate to violent 

The extreme variability and lack of adequate observations on some scales  

of motion of the atmosphere make it difficult t o  assign numbers to  these 

atmospheric effects, but f r o m  the limited knowledge available an attempt 

will be made to give order  of magnitude estimates.  

a n  atomic cloud in the middle latitudes in winter, with the cloud stabilizing 

between 30,000 and 40,000 ft and not encountering a convective area.  

cloud w i l l  move eastward about 1000 mi in 24 hr  and w i l l  be about 700 mi north 

o r  south of its original latitude. 

away f rom the bottom. The cloud w i l l  have spread, a t  each altitude, to a 

radius of about 40 m i  and may have moved vertically a few thousand feet. 

Thus at the end of 24 hr the cloud wi l l  be contained in a ribbon about 300 mi 

long, 4 mi wide, 15,000 f t  thick, and about 1200 mi f rom its original position. 

The debris  within this ribbon w i l l  not be distributed in any regular way, but 

w i l l  consist of clumps and wisps of high concentration with areas of low con- 

centration in between them. If convection affects the cloud, it w i l l  be mixed 

throughout the troposphere and w i l l  be extended even more  in the horizontal 

by the shea r s  in the lower layers  of the a i r .  

of par t ic les  in a standard atmosphere, neglecting convection effects, is given 

in  Appendix 111.) 

Consider the history of 

The 

The top of the cloud w i l l  be about 300 mi 

(A discussion of the settling 
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t e s t s  than have been made and to have them in many points of the world. 

would be surprising i f  the number of bombs exploded to date gave a statist i-  

cally reliable distribution of the debris. It appears that the only way a use- 

f u l  purpose. could be served by analyzing concentrations of debris f rom the 

existing tes ts  is to relate them to atmospheric motions and then extrapolate 

the resul ts  by the use of atmospheric data. 

It 

FALL-OUT PATTERNS 

While the quantity of mater ia ls  produced in an atomic explosion can be 

calculated for any following time period, if the yield is known, the biological 

hazards  to  be expected w i l l  depend strongly on the distribution of the mater i -  

a l s  over the ear th  due to fall-out, scavenging by precipitation, etc., and the 

subsequent chain of events by which such mater ia ls  may get fixed in the human 

body. 

and in the upper atmosphere, which may reduce greatly the probability that 

such mater ia ls  g e t  incorporatzd in the bio-chemistry of living organisms, 

including man. 

Also, reservoi rs  for the radioactive mater ia ls  may exist in the oceans 

F r o m  the fall-out measurements taken after TUMBLER/SNAPPEK and 

I V Y ,  it is possible to  g e t  some rough ideas concerning the distribution of 

fall-out in the United States and world-wide f r o m  explosions in Nevada and 

at Eniwetok. 

taken a s  representative of distributions f rom the two t e s t  s i tes  and if the 

TUMBLER/SNAPPER measurements a r e  used as a calibration for the aver -  

a g e  fraction of the actual fall-out retained by gummed papers,(') a very crude 

estimate of the current  United States and world-wide contamination due to  

S r  can be made. 

These data a r e  summarized in Table 2. If these results a r e  

90 

Also, f rom the study of available data, important gaps in our knowledge 

a r e  indicated which require  additional study and experimentation for their  

c la r if icat  ion. 

Fall-out in the United States f rom TUMBLER/SNAPPER 

The TUMBLER/SNAPPER fall-out w a s  measured during the period from 

Apri l  1 to June 18, 1952, a t  ninety-two stations spread over the United States. 

The last tes t  of the TUMBLER/SNAPPER se r i e s  was on June 5, 1952. The 

4 0 3 0 5 2 8  
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fall-out measurements for each 24-hr period were extrapolated to January 1, 

1953, and were totaled. 

d/min/ft 

Head, Washington. 

and dividing by the number of stations was 1511 d/rnin/ft . 

The maximum total  for any station was 14,000 
2 x: 2 at  Elko, Nevada, and the minimum was 86 d/min/ft a t  North 

The average obtained by adding the totals for a l l  stations 
2 

Since the stations were by no means uniformly distributed, a better aver- 

age w a s  obtained by averaging the fall-out by s ta tes ,  weighting the average 

for  each s ta te  by its a rea ,  and computing the weighted average for the United 

States. 

stations in a state, o r  only one o r  two, the average for the s ta te  was obtained 

by averaging in the fall-out f rom the nearest  stations circumscribing the 

s ta te  boundaries. 

and Mississippi. 

Utah were second and third with 6333 and 6167, respectively. 

2 This weighted average w a s  1750 d/min/ft . Where there  were no 

2 The smallest  average was 270 d/min/ft for both Louisiana 
2 The greatest  was 6585 d/min/ft for Idaho, and Nevada and 

Since 

2 = 1.256 x curies/mi , 1 d/min/ft2 = (5280)L 

3.7 x 10" x 60 

the average fall-out f rom TUMBLER/SNAPPER extrapolated to January 1, 

1953, was 1750 x 1.256 x 
f r o m  a 20-KT bomb is 

or  2.20 x loe2  curies/mi2. The 8 - r a y  activity 

8 particles/sec,  8.2 x 
*I. 2 
L 

a t  time t seconds after the 

per kiloton a t  a time t days after an A-bomb explosion is then 
The number of B megacuries (Mc) 

-1.2 
x t  I 

24 

20 x 3.7 x 10 

8.2 x 10 
16 

f l  Mc/KT a t  t seconds a f te r  the explosion, o r  for t in 7 -1.2 o r  1.108 x 10 

days, the number of B Mc/KT is 

x t 

*Disintegrations per minute per square foot. 
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T/S 
Shot 

5 
6 
7 

8 

29 

Percentage of Activity Average 
Produced and Deposited Fall-out 
in  Area around Test  Site (%) 

20-30 25 

2-3 2.5 

7 -10 8.5 

5 5 

Using this  relation and extrapolating the p activity produced by each shot to  

January 1, 1953, w e  obtain the value 1.94 f i  Mc as the total  p activity f rom the 

TUMBLER/SNAPPER se r i e s  if  measured on January 1, 1953. - 

The total  B activity, a s  of January 1, 1953, which fell out over the United 
6 2  States (a rea  = 3 x 10 mi ) is then 

2.2 x 6 , 
10 . ,  

o r  6.6 x l om2  f l  Mc. 

Since the program of the New York Operations Office did not include 

measurements of the fall-out at distances l e s s  than 200 mi f rom the test 

site, considerable of the activity falling out in this a rea  is not accounted for 

in the above figure. 

the t e s t  s i te  f r o m  the first 4 TUMBLER/SNAPPER shots, which were air 

bursts .  

mi2 area f r o m  tower shots 5 through 8 are  as follows: 

There was virtually no fall-out in the 2 0 0 - m i  a rea  around 

Estimates of the fraction of the activity which fel l  out in the 30,000- 
(4) 

-1 This amounts to  10 

States of 0.166 @ Mc. Thus, 

p Mc as of January 1, 1953, o r  a total  for the United 

= 8.56% 
1.94 

is the amount of activity produced which fell  out on the United States during 

the period f rom April 1 t o  June 18, 1952. 

World-wide Fall-out f r o m  TUMBLER/SNAPPER 

The fall-out f rom TUMBLER/SNAPPER has been extrapolated’ to 

January 1, 1953, for fifteen stations outside the continental United 
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I 
Sta tes .  

SNAPPER period. 

f r o m  t h e  f i rs t  3 TUMBLER/SNAPPER s h o t s  but did r e p o r t  f o r  s h o t s  5 

th rough 8. 

f r o m  60° N t o  3 5 O  S lati tude.  

Six of t h e s e  s ta t ions r e p o r t e d  fall-out for  t h e  entire TUMBLER/ 

T h e  o ther  nine w e r e  act ivated too l a t e  t o  r e c o r d  fall-out 

0 The a rea  covered  is roughly f r o m  80 W t o  15O E longitude and 

The  a v e r a g e  of the six s ta t ions  repor t ing  for t h e  f u l l  per iod  is 294 
2 d /min/ f t  . 

a v e r a g e  is 110. 

t h e  t o t a l  avai lable  f o r  fall-out beyond a r a d i u s  of 200 mi from the t e s t  site. 

Since a total f o r  all 8 shots  of (1.94 - 0.10) = 1.84 b Mc w a s  thus  available,  

the va lue  of 110 d/min/ft  

157 should have been obtained i f  the s ta t ions  had included all 8 shots  i n  t h e i r  

m e a s u r e m e n t s .  

For the nine s ta t ions  repor t ing  f o r  s h o t s  4 through 8 only, the 

Shots 4 through 8 account  for (1.39 - 0.100) = 1.29 f l  Mc of 

2 f o r  t h e s e  nine s ta t ions  times 1.84/1.29 = 110 x 1.43 = 

T h e  a v e r a g e  f o r  the fifteen s ta t ions  is 

15 = 212 d/min/f t  294 61 157 2 

- 3  2 or 212 x 1.256 x lom5 = 2.66 x 10 

and  15O E longitude and 60° N a n d  35O S la t i tude is 

,9 c u r i e s / m i  . The a r e a  between 80° W 

0.8660 t 0.5736 
2 

x 197 x lo6 (‘Os 300 -l 2 ‘Os 550 

= 52.0 x 10 6 x 0.7198 

~ 3 7 . 4  x 10 6 2  mi 

6 -2 = 9.95 x 10 and  2.66 x 

total act ivi ty  produced in TUMBLERISNAPPER, o r  a t o t a l  of 13.7y0 accounted 

for. mi is 0.166 t 0.0995 = 
0.265 Mc. 

x 37.4 x 10 p Mc, o r  0.0995/1.94 = 5.13% of t h e  

6 6 2  The  to ta l  for t h e  (37.4 + 3) x 10 mi2 = 40.4 x 10 

If t h e  r e m a i n d e r  of (1.94 - 0.26) = 1.68 p Mc w e r e  d is t r ibu ted  evenly o v e r  
6 t h e  r e m a i n i n g  157 x 10 

10 mi would b e  

mi2 of t h e  ear th ,  the a v e r a g e  fall-out for the 157 x 
6 2  

or  
2 - 852 d/min/ft . 1.07 x 

1.256 x 10 -5 - 

* P r i v a t e  communicat ion f r o m  M e r r i l  Eisenbud,  A E C  New York Operat ions 
Office. 
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This is clearly higher than would be expected in view of the average of 

212 d/min/ft 

States, over which the westerly winds mus t  c a r r y  the radioactive clouds 

before they spread out over the r e s t  of the world. 

2 6 2  
measured for the 37.4 x 10 mi just  to  the east  of the United 

Since the gummed paper may not retain 100% of the activity falling on it, 

particularly i f  rainfall containing the radioactive mater ia l  falls on the paper, 

it is of interest  to assume some reasonable value for the average fall-out 

that might be expected over the portion of the world not sampled and to cal- 

culate the factor by which the gummed-paper readings would need to  be 

multiplied i f  all the TUMBLER/SNAPPER activity were to  be accounted for .  

If we assume an average fall-out of 20 d/min/mi for  the a r e a s  not sampled 

in the TUMBLER/SNAPPER experiments, then 1.256 x t 

212f x 37.4 x 10 

value of f = 9.46. 
1/9.46, o r  10.6%, for the gummed-paper collection method. 

It would appear that unless the efficiency of collection of the gummed 

paper is as low as 10% to 15%, 80% o r  more  of the TUMBLER/SNAPPER 

activity remained suspended in the atmosphere for periods after June 18, 

1952, or  large quantities of activity fell in a r e a s  not sampled. 

2 

6 (1750f x 3 x 10 
6 6 6 
t 20f x 156.6 x 10 ) t 0.1 x lo6  = 1.94 x 10 . This gives a 

On this basis  the efficiency of collection would be only 

Fall-out f rom Operation I V Y  

Fall-out data f r o m  Operation IVY, extrapolated to  January 1, 1953, were 

reported for forty-four stations in the United States and for forty-nine world- 

wide stations.(5) The world-wide sampling covers a much la rger  fraction 

of the ear th 's  surface than w a s  the case  for TUMBLER/SNAPPER, although 

there  a r e  still large a r e a s  in the polar regions and south of the equator, and, 

of course, behind the Iron Curtain, which were not sampled. 

samples cover some 111 x 10 
activity f rom IVY, the sampled area w a s  divided into four par t s  and the 

average fall-out for each area was computed. F r o m  these averages the 

total  measured fall-out was determined. These data a r e  summarized in 

Table 3 .  

In all, the 
6 2  mi . For  purposes of accounting for the 

4 0 0 0 5 3 3  
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Table 3 

IVY FALL-OUT 

Latitude 
Area  Range 

1 80°N -ZOOS 

2 60°N-100S 

3 50°N-00 

4 60°N-300S 

Total --------- 

Longitude 
Range 

0 O -9 0 O W- 

9OoW-18O0 

90°E-1800 

0°-900E 

--------- 

6 

6 

6 

6 

6 

32.8~10 

25.6~10 

1 8 . 9 ~ 1 0  

33.7~10 

111.OxlO 

2 d/rnin/ft2 1 BMc/mi 
as of 

Jan. 1,'53 1 Ja$, '53 

796 1. oox10-2 

1800 2.2 6x10m2 

19,485 2 4 . 5 ~ 1 0 - ~  

223 0 .2  8x10-' 

------ --------- 

Total j3 Mc 
M to M t  

days as of 
Jan. 1, '53 

0.328 

0.579 

4.63 

0.094 

5.631 

2 The range of fall-out was f rom 330,000 d/min/ft at Iwo Jima to  
2 20 d/min/ft 

assigned to an  a r e a  of 100 degrees squared by noting the relative position of 

the neares t  surrounding stations. 

stations in  this a r e a  would give 35,111 d/min/ft2, which would certainly be too 

high a weight for this exceptionally high reading. If the 330,000 d/min/ft 

had been omitted entirely, the average for Area  3 would have been 12,428 

d/min/f t . 

curies/mi2, o r  4037 d/min/ft2. The average for the forty-six United States 

stations was 1609 d/min/ft . 

at Lagos, Nigeria. In Area 3, the  large reading at Iwo Jima was 

A simple numerical  average of the fourteen 

2 

2 

6 -2 The average fall-out for  the 111 x 10 mi2 sampled was 5.07 x 10 

2 

The average of six stations south of the equator and two stations north 
2 of latitude 60°N was 371 d/rnin/mi . 

tive of the 86 x 10 

measured d u r i n g  the 61 days following MIKE can be calculated. 

the 86 x 10 

fall-out f o r  the world, measured during the 61 days following the tes t  and 

extrapolated to January 1, 1953, is 6.03 B hdc. This is less  than 1% of the 

total  p activity produced in IVY.  

If this last figure is taken as representa- 
6 2  mi not included in Table 3 ,  the world-wide total activity 

The total for 
6 2  

mi not accounted for  i n  Table 3 is 0.40 /3 Nic and the total IVY 

I 
t 
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To account for the low measured activity during IVY, by means of the 

unknown efficiency of collection by the gummed papers,  would require  that 

in TUMBLER/SNAPPER more than ten t imes the activity actually produced 

would have been measured by the fall-out experiments. 

Only two possibilities remain to explain the result: (1) either most  of 

the activity remained suspended in the upper atmosphere fo r  periods exceed- 

ing 2 mo, or (2) large quantities fell out in a reas  not adequately covered by 

the sampling network. Since the stations nearest  to the tes t  s i te  reporting 

fall-out for the entire period were more  than 500 mi f rom Eniwetok, a 

considerable quantity of activity could have fallen in this area.  No informa- 

tion is available on the nearby fall-out, except f rom verbal  communications 

indicating that the fall-out on other islands in the atoll was  not abnormally 

high and that the islands were safe for occupation soon after the shot. Also, 

large a reas  of ocean and the whole a rea  within the Iron Curtain were not 

sampled. 

had no sampling stations. In fact, the ratio of the number of stations to the 

a rea  outside the continental United States was one station per approximately 

4 x 10 

activity may have fallen in a number of a r e a s  which were not sampled. 

“hot spots” have been observed in the United States f rom tes t s  in Nevada. 

Likewise, the polar regions and much of the a rea  below the equator 

6 2  mi . The possibility cannot be ruled out that a large par t  of the 

Such 

On the other hand, since the cloud f rom MIKE went through the tropopause 

into the stratosphere,  and there  is evidence that a large portion of the activity 

may condense out in particles of 0.1 v or  less  in diameter,  it may be that such 

mater ia l  w i l l  stay suspended in the atmosphere for long periods of time. In 

support of this hypothesis, it is known that large quantities of dust f rom the 

explosion of the volcano Krakatoa stayed suspended in the atmosphere for 2 

or  3 yr .  In this case it is probable that the dust particles were larger  than 

those f rom an atomic explosion. 

IVY Fall-out in the United States 

As mentioned above, the average fall-out f rom IVY in the United States 

was 1609 d/min/ft2, or a total of 0.0606 Mc, a s  of January 1, 1953. 

presents  less  than 0.01 of 1% of the total p activity produced in IVY, and it 
is l e s s  than the total measured for the TUMBLER/SNAPPEK ser ies  (0.166 19 Mc). 

This r e -  
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The range of variation in the I V Y  fall-out on the United States was f rom 

4900 d/min/ft in For t  Worth, Texas, to  420 for both San Francisco and 

Los Angeles, although measurements at a second station in each of these 

cit ies gave 680 and 1000, respectively. 

the United States 6 days after M day a t  Los Angeles. 

station to record the a r r iva l  of the IVY fall-out was Atlanta, Georgia, a t  

M plus 23 days. 

2 

The fall-out w a s  first observed in 

The last United States 

SPECULATIONS AS TO THE EXISTING HAZARDS 

The concensus of opinion of nearly everyone who has studied the problem 
90 is that the radioactive isotope Sr 

constitute a long-term hazard for man. 

in A-bomb debris  is the most likely to  

Consequently, it is of interest  to  

s ee  what conclusions can be reached, f rom existing data, concerning the 

quantities of Sr9' which have already been produced and the range of concen- 

t ra t ions which may be encountered a t  various places on the earth. 

The fission yield of Sr9' is 4.6%. The generation of 1 KT of energy by 
9 0  the fission of U235 w i l l  produce 1 g m  of Sr , (See Appendix V.) The forty- 

four A-bombs detonated by the United States to date have produced approxi- 

mately 9 kg of Sr . If this quantity of Sr has been distributed uniformly 

over the ear th 's  surface,  we  should find 4.5 x 10 

90 90 

-5 2 
gm/mi2,  or  45 p g / m i  . 

However, a s  we have seen f rom the TUMBLEK/SNAPPER and IVY fall- 

out measurements,  the fall-out f rom individual explosions var ies  by a factor 

of 200, either way, f r o m  the average for stations outside the t e s t  sites. 

Consequently, w e  can expect that even i f  all the Sr9' from forty-four A-bomb 

explosions has fallzn out, t h e  concentration of Sr will vary over the earth 's  

surface f rom 9 x lo3 p g / m i  

range, Sr 

SUNSHINE project. 

90 
2 2 to 0.2 p g / m i  or less .  Localized, but long- 

90 contamination may well be the most important aspect of the 

It was also seen that for high-yield weapons as much a s  90% of the ac- 

tivity may be suspended in the upper atmosphere for long periods of time. 

Also, it is known that Sr89 has a tendency to  fractionate in the cloud, so  

that  its concentration becomes higher a s  the cloud becomes older. The Sr 
90 should exhibit a s imilar  behavior because of its gaseous precursor  K r  

J* -1. 

90 

. 

;'Verbal communication, R.  W. Spence, Los Alamos Scientific Laboratory, 
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This would have two effects; namely, the fall-out of Sr9' would tend to be 

spread out over greater  a r e a s  than the total fission product activity, and 

the Sr 
the total activity fall-out measurements have indicated. 

90 would have a g r e a t e r  tendency to s tay in the upper atmosphere than 

Because of the uncertainties concerning the collection efficiency of the 
90 gummed paper and the lack of information concerning the fraction of Sr 

which may stay suspended in the atmosphere and for what lengths of time, 

all we can say, at present, is that the range of concentration of Sr 
2 2 of the order  of 9 x lo2 pgg/mi to 0.02 ~ g g / m i  . 

rainfall  carrying the Sr90 into the ocean o r  deep underground waters. 

90 may be 

This concentration is probably reduced even more  on land because of the 

RECOMMENDATIONS FOR FUTURE STUDY 

F r o m  the above considerations it is c lear  that additional data a r e  required 

in order  to  determine more  exactly the quantities of Sr9' which may be avail- 

able for human consumption. 

additional data should be obtained in future tes ts .  

If it is practicable to  do so, the following 

1. A thorough investigation should be made of the collection efficiency 

of the NYOO program's  gummed paper for radioactive debris  f r o m  A-bombs. 

This should include both the dry fall-out and the mater ia l  brought down with 

rainfall. 

with distance of t rave l  and age of the debris  being collected, since the aver-  

age  particle s ize  may be a function of these parameters .  

If possible it should also be determined i f  th is  efficiency changes 

2. While it is obviously difficult o r  impossible to  sample large a reas  of 

the ear th 's  surface for the fall-out of radioactive debris,  more  samples 

covering a r e a s  in the southern hemisphere and islands in the oceans should 

be obtained. 

be taken of any polar expeditions to  obtain such samples.  Also, samples 

should be collected near  the tes t  si tes,  or  a t  least some method of survey 

should be used, such a s  that used in TUMBLER/SNAPPER, to make possible 

an estimate of the total  fall-out in these important a r eas .  

Since the polar regions have not been sampled, advantage should 

3 .  After CASTLE (the next s e r i e s  of Pacific proving-ground tes ts)  an 

effort should be made to continue the sampling during the whole period before 

the next tes t  s e r i e s  to  see  i f  fall-out f rom mater ia l  suspended in the atmos- 

phere will continue to be observed for  longer periods than the duration of 
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* 
past sampling programs. There a r e  obvious difficulties involved because 

of the fission product decay and the large number of samples which would 

have to be analyzed. 

ing  the number of square feet  of paper exposed a t  each station would solve 

these difficulties. 
9 0  

Perhaps increasing the sampling periods and increas- 

4. Since Sr very probably fractionates, the Sr9’ content of fall-out 

samples for various representative stations and for  varying periods of time 

af ter  the tes t  should be measured. 
8 s;: 

5. If possible an attempt should be made to determine the chemical and 

physical form of the Sr9’ in the fall-out material .  

*The NYOO is collecting fall-out data a t  some stations during the period 

26aThe NYOO is making assays on the combined 

between UPSHOT/KNOTHOLE and CASTLE. 

samples collected in the TUMBLER/SNAPPER and IVY operations. 
nary results a r e  given in Chap. 5. 

90 Sr  content of past  
Prelimi- 
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Chapter 4 

BIOMEDICAL CONSIDERATIONS 

INTRODUCTION 

F r o m  the biomedical point of view, any attempt to define the lower limit 

of hazard (exclusive of immediate bomb effects) f rom the effects of atomic 

bombing o r  other atomic energy releasing devices, must be concerned with 

the problem of radioactivity. 

changes, dust, etc., do not s eem to enter into the picture a t  levels where 

radioactivity is already assuming considerable importance. 

The effects of such things as climatologic 

Radioactivity has many effects on the human body, but a quantitative 

search  for the lower limit of hazard rapidly eliminates the short-term acute 

effects and even the chronic gross-tissue effects, such a s  necrosis. 

problem of a lower limit of hazard, then, enters  the rea lm of carcinogenic 

and genetic effects. At the present t ime the data available do not permit a 

ser ious evaluation 'of the genetic problem. 

when a reasonable estimate of genetic effects can be made, carcinogenic 

activity will still remain the limiting factor. 

The 

It is probable, however, that even 

The present study, therefore,  narrows down to the hazard of carcinogenic 

activity due to the fission products released. 

workers  in this field indicates that Sr9' is the most likely limiting factor by 

severa l  o rders  of magnitude when one considers the products released by 

atomic bombs. Although we have made no quantitative comparison between 

Sr9' and other fission products, we may indicate the importance of the se-  

lected isotope because of the following: 

The prevailing opinion of 

1. It is produced in considerable quantity by the atomic bomb (e.g., 1 KT 
produces 1 g m  of Sr  

It is produced in a manner which suggests that it wi l l  be in a soluble 

fo rm and readily available for  incorporation into the biosphere. 

3. It  has a long physical half life. 

4. It is a bone-seeking element in animal metabolism and therefore wil l  

have a long biological half life. 

90 
). 

2. 

4 0 0 0 5 3 9  
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CALCIUM AND STRONTIUM METABOLISM 

It is proper to point out that very little is known about the strontium 

pathway in the human. 

between calcium and strontium metabolism which will enable us to  circum- 

vent the constriction of “strontium ignorance” by paying attention to certain 

quantitative aspects of calcium metabolism. 

However, there  a r e  certain relationships established 

90 Another important point to  consider is the fact that, unlike radium, Sr * 
w i l l  find its way into the human economy in mixture with its stable isotope. 

We a r e  thus confronted with a crude tracer-type experiment in which the 

radioactive mater ia l  of interest  w i l l  be quantitatively modified by its relation- 

ship to  the iner t  ca r r i e r ,  and that the inert  c a r r i e r  must, inferentially, be 

evaluated via an assumed relation to calcium metabolism. 

Calcium plays an important role  in severa l  body functions, but quanti- 

tatively about 9 9 %  of the element is found in the bones; we may therefore 

r e s t r i c t  ourselves to  bone metabolism. A s  strontium follows a similar 

metabolic pathway, our chief items of concern wi l l  be deposition and accumu- 

lation of radioactivity in bone. 

The strontium content of human bones, which forms the basis for subse- 

quent quantitative considerations, is given in Table 4 on page 39. 

The values given in Table 4 a r e  of considerable interest .  The relatively 

constant amount of strontium present  holds for all age groups and also for 

the cadavers preserved since 1914. This would indicate that the variations 

existing in  diet, etc., between the people dying in 1914 (these were a l l  adults) 

and those dying in 1949 did not appreciably affect the strontium content of the 

bones. 

throughout the skeleton. 

Also, the data indicate a fairly uniform distribution of the strontium 

If we take 0.02% to be the average strontium content of bone ash  and 

7000 g m  to be the average weight of the skeleton (50% of this is ash), we 

a r r i v e  a t  0.7 g m  as the average content of strontium in the adult skeleton. 

Figure 3 is a plot of calcium accumulation versus  age. (l) These a r e  

experimental data taken f r o m  growth studies on boys. Assuming that stronti- 
um is deposited in bone a t  the same relative ra te  as calcium, we can use 

+Except possibly through direct  inhalation of atomic bomb debris,  but see  
Appendix I V  .. 

11000540 
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Fetus 

All ages 

"1914" cadavers 

Table 4 

STRONTIUM CONTENT OF HUMAN BONES(~) 

0,016 0.016 0.017 0.017 

0.023 0.022 0.022 0.022 

0.027 0.025 0.027 ----- 

~ ~~ 

Strontium in Human Bone Ash 
(in %I  

1 Par ie ta l  1 Vertebra I Rib I Femur 

39 

this curve to a r r ive  at the strontium content for  any age. 

indicates the strontium values plotted for a final Sr/Ca weight ratio of 

The right ordinate 

7 10'~.  

Figure 4 indicates the daily accretion of calcium and strontium at various 

ages. Here  again the calcium values a r e  experimental and the strontium 

values are added, so that the above ratio applies. It is obvious f rom this 

graph that the growth years  a r e  the ones which wi l l  define the tolerance 

levels allowable in the environment. 

Figure 5 plots data regarding calcium deposition in the fetus and is in- 

cluded as a guide for interpreting the resul ts  of fetal samples should this 

study be undertaken. 

90 
Some aspects of bone formation and s t ructure  a r e  important with regard 

to  the Sr  

the place of greatest  deposition of calcium and strontium, is in the region of 

the epiphyses. It is here  that the long bones grow in length by the t ransfor-  

mation of cartilage to  bony s t ructure .  

deposited minerals will be found fa r ther  away f rom the ends of the bonz. 

problem. The most  active s i te  of bone formation, ana therefore 

As the bone grows in length the 

Another important aspect concerns the dynamic equilibrium of calcium 

and strontium deposits in the bones. It is well known that the calcium 

0054 I 
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F i g .  5--Increase in calcium of human f e t u s  (Ref. 3 )  
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demands of the body a r e  fulfilled by withdrawal f rom the bones, if the diet 

is inadequate. All evidence indicates, however, that  this  turnover and 

dynamic equilibrium is not uniform fo r  the whole bone structure.  

source of mobilizable calcium is in the organic matrix and the bone t r a -  

beculae. 

cortex, is probably quite inactive and the calcium and strontium which reside 

there  a r e  probably turned over in  negligible quantities. 

bone metabolism which renders  the quantitative considerations of most 

recent t r a c e r  work inapplicable to  the problem we a r e  considering. 

t r a c e r  experiments which have been reported a r e  dealing with a relatively 

high concentration of strontium deposited in the bone and a re  followed for 

short  periods of time. 

followed while it is present  in the “high turnover” s t ruc tures  and is not a 

t r u e  quantitative picture for considering the same amount of mater ia l  

deposited largely in the “low turnover” portions of mineralized bone. 

experiment reported by P e ~ h e r ( ~ )  supports this contention. He injected 

radioactive calcium and radioactive strontium intravenously into mice and 

after 24 h r  he recovered 58% of the calcium and 33% of the strontium. 

However, when he reduced the amount of strontium injected, the recovery 

percentage more closely approximated the calcium values. Thus, we are  

probably further supported when we insist  that  at the low levels of natural  

s t ront ium intake we assume that calcium and s t ront ium wi l l  behave quanti- 

tatively in the same way. 

deposition graphs described ear l ier .  

The chief 

The older mineralized bone, which forms the bulk of the bone 

It is this aspect of 

The 

Thus, in  absolute t e r m s ,  the bulk of the mater ia l  is 

An 

This supports the use of the calcium and strontium 

This quantitative behavioral difference at different ranges of concentration 

again points out the inapplicability of the t r a c e r  experiments being reported 

in  the l i terature.  

This brief discussion of the deposition of calcium and strontium in bone 

also brings to mind an important quantitative aspect relative to the mass of 

t i s sue  at risk. If we a r e  discussing the gradual accumulation of a permissi-  

ble body concentration over the growth years ,  we can safely assume that the 

total  mass of the skeleton will be uniformly exposed. However, i f  we a r e  

discussing the accumulation of radioactivity in adults, a smaller  mass  of 

t i s sue  is involved, probably on the order  of one-tenth of the total  skeleton. 

Other factors  enter into consideration also. The 10% of the skeleton involved 
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in the adult is in the region of high turnover with regard to dynamic equi- 

librium, and retention may be quantitatively different over a period of years  

when compared with that in a young growing person. 

basis we must a lso bear in mind that young growizg t issue is more radio- 

sensitive than adult t issue having lower ra tes  of cell  division. 

direct  comparison between the effects on adults and the effects on growing 

children presents a high degree of quantitative uncertainty a t  this time. 

On a comparative 

In fact, a 

1 

MAXIMUM PERMISSIBLE BODY BURDEN FOR sr9' 

This study is attempting to  define the hazard involved relative to the 
90 production of Sr  

for quantitative comparisons and evaluations of r isk,  it is suggested that the 
-3  90 maximum permissible body concentration of 1 

as established by the International Commission on Radiological Protection 

(1950) be used. 

by atomic bombs. In order  to  provide a reference standard 

c (Le., 5 x 10 g)  of Sr 

Any calculations referring to the number of bombs exploded, the fall-out 

problem, etc., may then be extrapolated to this reference point. 

manner we may then estimate, for a given se t  of conditions, the number of 

people who have been brought to  this level. Or,  alternatively, we can esti-  

mate the percentage of this level to  which all people at r i sk  have been 

brought. 

In this  

-3  This figure of 1 P C ,  or  5 x 10 p g ,  of Sr9' (as the maximum permissi-  
90  

The dependability 

ble body burden) has important implications relative to  the amount of Sr  

one can calculate a s  being nonhazardous when released. 

of this standard in predicting what it is supposed to predict  is a matter of 

vital  concern in any quantitative consideration regarding the release of Sr 

into the earth 's  atmosphere. A few remarks  relating to  how this standard 

came into being and to some of the limitations involved would s e e m  to be in 

order .  

90 

90 There is no direct  experimental evidence that Sr  is a carcinogenic 

agent in man. 

Sr9' in animals with that of radium and then to  estimate the equivalent 

response in man f rom the known radium effects in man. The generally 

accepted maximum permissible amount of radium fixed in the human skele- 

ton is 0.1 P g ,  and the Sr9' value given above is supposed to  be equivalent 

It has, therefore,  been necessary to  compare the effects of 
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to  this. 

ments in preference to the calculation in t e r m s  of a permissible amount of 

radiation equivalent to  0.3 r/week to  the cr i t ical  t issues .  

distribution problem in a t i s s u e  such as the skeleton, the estimation of the 

concentration, and s o  the radiation dose, w a s  considered too uncertain.) 

(This method of approach w a s  accepted for the bone-seeking ele- 

Because of the 

The published data on radium exposure in man indicate that an oste- 

ogenic sarcoma has been found with a radium burden as low a s  1.2 cc g. 
Thus, the maximum permissible body burden has been s e t  a t  one-tenth of 

the lowest amount known to be carcinogenic. However, skeletal changes 

have appeared in roentgenograms of people with body burdens as low as 

0.4 fl  g. It appears  probable that the radium safety level w i l l  have to  be 

reduced as more  cases  a r e  followed and evaluated. 

remember that the International Commission on Radiological Protection 

w a s  considering occupational exposure. 

ested in evaluating the r i sk  of a limited number of adults. 

world-wide population exposure we must remember  that children a r e  at risk,  

that the total years  of exposure a r e  a lso greater ,  and that a safety factor 

which is acceptable for ,  say, one hundred thousand people might not be accept- 

able for th ree  billion 2eople. 

medical point of view, there  a r e  enough uncertainties in the picture to  in- 

dicate that the presently accepted maximum permissible body burden may 

have to be lowered. 

of World-wide Contamination," Appendix I, page 73 .) 

It is a lso important to  

This means that they were inter- 

In considering a 

In summary,  then, it would s e e m  that, f rom the 

(For  another point of view, s e e  "Remarks on Calculation 

SOME CALCULATIONS 

If we accept the maximum permissible concentration of Sr9' as being 

p g) and the amount of strontium in  the adult skeleton 1 p c (Le., 5 x 

as being 0.7 gm,  then a ratio of 

-9 ( sr9') Sr soi l  = ( - Sr  sr9') body = 7 x 1 0  

in the ingested mater ia l  (each in a f o r m  of equal availability) w i l l  bring a 

person to  the maximum permissible level over the growth period of 0 to 20 

Y r .  
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It is also possible to calculate the amount of Sr9’ which when deposited 
in the agricultural soi l  w i l l  bring people living off the products of that soil  

to the level of the MPC. In view of the fact that the strontium soil-analysis 

f igures have been questioned, this calculation is included a s  an illustration 

and any quantitative implications should be deferred until an acceptable 
average amount for  available strontium in the soi l  is a t  hand. If we consider 

27,000 g m  (60 lb) of strontium to be available per ac re  of land,(5) then 

approximately 200 clg of Sr  
bution to the diet to be one of maximum permissible body burden level. 

90 maintained will render this acre’s  contri- 

On the basis of m i f o r m  distribution, the maintenance of the earth,  
including arable land, a t  this level w i l l  require 2.5 x 10 

amount of Sr9” is created by nuclear detonation totaling 2.5 x lo4 MT. 

7 g m  of Sr9O. This  

SUMMARY AND CONCLUSIONS 

1. The importance of Sr 90 as a hazard to  human beings has been dis- 

cus sed. 
9 0  2. The reasons why Sr  is the limiting factor relative to  human hazard 

3 .  The relationship between calcium, iner t  strontium, and Sr9’ has been 

f rom nonimmediate effects of the atomic bomb have been indicated. 

presented and a method fo r  quantitatively assessing the hazard problem has 
been suggested. 

4. The uncertainties with regard to  safety standards have been pointed 

out. 

5. The lack of f i rm quantitative chemical analyses with regard to 

strontium in the soil, etc., a r e  indicated, and it is strongly suggested that 

these data be obtained. 

6 .  In view of all the uncertainties involved, it is suggested that a food 
90 and water monitoring system be se t  up to assay the Sr 

point of ingestion. 

essentially a t  the 
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Chapter 5 

SAMPLING AND RESEARCH PROGRAM 

THE SAMPLING PROGRAM 

F r o m  the foregoing description of the present  knowledge of the distri- 

bution and movement of inactive strontium throughout the various c)-cles and 

f r o m  the information available on the amounts and locations of Sr9' which 

has  been or w i l l  be produced by nuclear detonations, it is quite apparent that 

insufficient data a r e  presently at hand to  design a full-scale investigation of 
the possible hazard. It is considered essential  t o  develop a better feel for  

cer ta in  cr i t ical  elements of the problem through a pilot qpery before launch- 

ing a major investigation to  obtain definite answers  to all the important 

questions which can be posed. 

In broad te rms ,  the f inal  study should answer the following needs: 

1. To determine i f  the radioactive fall-out which has  occurred f r o m  the 

bombs detonated s o  far constitutes a direct  o r  indirect  menace to  the 

health or well-being of humans. 

If no hazard has yet  occurred to man o r  t o  his economy f rom the 

present  amounts of fall-out, to  determine the number of bombs, with 

proper consideration to location, rate,  and mode of detonation, which 

may be tolerated t o  keep the fall-out below a safe maximum (for 

friendly populations). 

2. 

3 .  To determine the mechanisms whereby undesirably high arnowts  of 

radioactive mater ia ls  may be concentrated in man o r  products es-  

sential  for his  existence. 

The pilot study, then, should be designed (1) to assist with the intelligent 

planning of a full-scale investigation to meet the objectives listed above and 

(2) to  obtain some data to provide the basis for a quick f i rs t -order  estimation 

of the answers  to some of the most important questions. 

which w i l l  provide the mater ia l  for the experimental portions of the pilot study, 

should be flexible and allowed to change during the study, as the first resul ts  

obtained will Serve as a useful guide in further sampling. 

wi l l  te l l  whether the sampling program outlined in this section is adequate. 

The sampling program, 

Thus, experience . 

3 0 0 5 5 0  



An important part  of the sampling program is the “mechanistic” sampling, 

i.e., sampling aimed toward determining the physical f o r m  of the contaminant 

and the methods of nonlocal dissemination. This sampling program should be 

car r ied  out in conjunction with what might be termed the “biological” sampling. 

The latter is car r ied  out to determine how and to what extent the mater ia l  is 

absorbed by the biosphere. We shall  describe the former  program only 

briefly; it is the most difficult and wi l l  take the longest t ime to develop. 

data a r e  to be obtained on an  urgent basis (partially because of greater  con- 

tamination after the CASTLE test se r ies ) ,  it is believed that the results of 

the biological sampling program w i l l  be the most significant. 

If 

The first “mechanistic” problem is to determine the particle s ize  and 

There a r e  strong indi- nature  of particles.  

cations that much of the particulate mat ter  important to long-range consider- 

ations is in the fo rm of ultra-finely-divided glasslike particles, possibly 

chemically inert .  Sampling of the atmosphere requires  handling matter in 

this new form. 

(See Chap, 2 and Appendix 11.) 

There is so little experience with aerosols  involving particles of the 

ranges probably occurring that the problem of sampling the atmosphere is 

one of no minor difficulty. 

solutions to it--electrostatic precipitation and diffusion ba r r i e r s .  I t  appears 

that the electrostatic precipitation process ,  being extremely efficient for the 

collection of very-small-diameter particles,  w i l l  be adequate for the task. 

Failing this means, the use of diffusion b a r r i e r  does s e e m  to be promising 

( see  “Analysis for Sr90” on page 60) .  

the chemically nonactive isotope Kr90,  there  is a strong possibility that the 

contaminant w i l l  be available in nearly atomic f o r m  to plate out on the newly 

formed particles and atomic debris.  

able for solution. 

designed to  determine r a t e  of “weathering” of debris  after deposit. 

rapidly plants take up Sr 

plating. 

There does, fortunately, s e e m  to be two possible 

9 0  Because of the fact that S r  is formed through the decay of the precursor ,  

90 If so,  the Sr  should be easily avail- 

This hypothesis could be tested by various experiments 

How 
90 may also provide a measure  of the degree of 

Another important aspect of the “mechanistic” program is to determine 

the scavenging and other methods of bringing down the contaminant f rom the 

lower and upper atmosphere. 
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Up to altitudes obtainable by aircraf t  the atmospheric sampling program 
appears relatively simple. 

heights higher than those obtainable by aircraf t  has not been answered com- 

pletely. There a r e  possibilities of utilizing balloons for  indicating by teleme- 

tering the general radioactive levels or  by actual collection of a sample. The 

need for these observations s tems f rom the lack of knowledge of atmospheric 

processes. 

that fine particulate matter m a y  be held for long periods in the stable regions 

of the stratosphere. 

deposition a s  the debris is admixed with the weather layers and brought down 

by the processes  of eddy diffusion, fall, and rain scavenging. Some evidence 

for  this exists f r o m  the report  of a small  but measurable "drip',' of debris 

f rom IVY. It should be noted, however, that there is very little knowledge 

a s  to  how the troposphere is cleaned of the debris or  of how much deposited 

debris is raised from the ground by wind and redeposited. 

s e r i e s  of samples is taken f r o m  the atmosphere,  it wil l  be impossible to 

show, in an unambiguous fashion, how much debris is retained in the atmos- 

phere and how rapidly it is removed. 

The great question of what to do for samples a t  

It has been suggested, and the suggestion appears reasonable, 

Such a storage would lead to a slow, relatively steady 

* 

Until an adequate 

Atmospheric sampling wil l  be discussed in greater  detail in the forth- 

coming report  of the RAND Project  AUREOLE; many of these techniques 

wil l  be applicable to the world-wide problem. So we return to the more 

urgent question of sampling for biological information. 

A first requirement of the "biological" sampling program is to establish 

the usefulness and sensitivity of the analytical procedures for Sr90 which a r e  

described later in this chapter. 

determine the general levels of Sr 

which w i l l  be used. 

cal procedures and to  determine the size of samples to be collected. Such 

preliminary information can probably be obtained f rom several  types of 

samples which have already been collected by other investigators. 

Concurrent with this step i t  is necessary to  
9 0  which may be anticipated in the samples 

This is needed both to se t  the sensitivity for the analyti- 

The f i r s t  of these samples a r e  some of the fall-out specimens collected 
90 by the AEC monitoring system. (Do they contain S r  , and how much? A 

recent preliminary analysis showed that they do contain radioactive strontium, 

*Private Communication, Merr i l  Eisenbud, AEC New York Operations Office. 

4 0 0 0 5 5 2  
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* 
but no distinction between the 89 and 90 isotopes was made, ) 
the more  active of the older samples f rom TRINITY and the active rain water 

collected in eastern Massachusetts will be useful for  the calibration mention- 

ed. Inasmuch as human samples a r e  important in a l l  phases of the investi- 

gation, it is desirable to have a t  least  one sample available during the early 

s tages  of the experimental program. 

samples f rom the Boston a rea  have already been made by A. K. Solomon of 

Several  of 

(Arrangements for  such human bone 

the Harvard Medical School.) 

*:Private communication, Merr i l  Eisenbud, "Strontium Analyses of NYOO 
Fall-out Samples," July 23, 1953: 

"The method of analysis consisted of dissolving in  acid the ashed 
fall-out samples. 
and were followed by two separations of strontium as the nitratz.  
Collected samples spiked with strontium-90 yield an 80% to 857'0 
recovery. 

The alkaline metals were precipitated a s  oxalate 

"The confirmatory yttrium milking procedure has not a t  this writing 
been completed. The strontium assays follow 

Place  

T/S 1 Boise 

2 Boise 

3 Gooding 

I V Y  4 Iwo 

5 

6 Manila 

Counts per  Minute 

Date Total Strontium % Strontium 

6/5 6600 760 11.3 % 

615 7500 250 3.3% 

6/5  2600 82 3.270 

11/5 8800 218 2.5% 

11/4 26900 750 

11/6 1700 39 

2.8% 

2.3% 

Theoretical 

Reference Hunter 
' and Ballou." 

T/S 570 

I V Y  7 3 0  

4 0 0 0 5 5 3  
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The discussion of the factors involved in this problem as presented in 

the ear l ie r  sections of this report  s e rve  as a guide to the type of sample and 

the location f r o m  which samples should be taken. 

samples  should be obtained both f rom locations which a r e  near to detonation 

s i tes  and represent  exposure to high fall-outs and f r o m  locations downstream 

f r o m  the detonations which represent  a r eas  of l e s se r  exposure. 

s o  chosen might also represent  a variation in  other than distance and exposure. 

All such variables a s  dietary habits, source and types of food, water and milk 

sources ,  amount of rainfall, and local soi l  types may influence the amounts of 

Sr  

It is fairly obvious that the 

The a reas  

90 reaching humans o r  affecting other important bionomic cycles. 

With these factors in mind, the following s ix  a r e a s  a r e  suggested for in- 

vestigation in the pilot program: 

(2)  Kansas or  Iowa, (3) New England (Boston), (4) South America, (5) England, 

and (6) Japan. 

(1) northern Utah o r  southwestern Idaho, 

There a r e  fall-out data already available f rom most of these areas .  Area 

1 is selected a s  representing an a r e a  of maximum fall-out. Area 2 represents 

l e s s e r  fall-out, but is important as the center of the grain-growing region. 

Area  3 has still less  fall-out, but is an  a r e a  where considerable information 

is already available on radioactive contamination of rain, s t reams,  and r e s e r -  

voirs.  

and England, Area 5, is in a northern hemisphere a r e a  where exposure should 

be very  low, but samples readily obtainable. 

cause excellent arrangements a r e  presently in effect there  for obtaining human 

specimens f r o m  al l  age groups. 

represent  a much longer exposure t ime and wi l l  a lso provide an opportunity 

to observe any effects of different diets and living habits on the concentration 

of Sr  in humans. 

South America, Area  4, provides an a r e a  in  the southern hemisphere; 

Japan, Area 6 ,  is included be- 

Then, too, the Japanese specimens wi l l  

90 

In each of these s ix  areas, the following types and numbers of samples 

should be considered: 

Human material ,  12 samples . . 

0 to  10 yr  old, epiphysial end of rib, 
pooled--2 samples,  2 teeth 

10 to  20 y r  old, epiphysial end of rib, 
pooled--2 samples,  2 teeth 

over 20 yr  old, epiphysial end of rib, 
pooled--2 samples,  2 teeth 
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Livestock, 10 samples . . 

Food s tuf fs ,  8 samples . 

Waters, 3 samples 

Soils, 3 samples 

young animal, 

mature  anima 
. .  I rib--3 samples 

, rib--3 samples 

bone meal- - 3  samples I I teeth--1 sample 

cow milk, o r  milk solids--3 samples 

feces,  human, pooled--1 sample 

local truck farms--1 grain, 1 root, 1 leaf 

local egg shells--1 sample 

. . .  

The total  number of samples f r o m  each a r e a  is thus 36, giving a world-wide 

total  of 216. 

The human specimens a r e  essential  for  determining the actual levels of 

Sr90 which may now be present  in the human body. As demonstrated in the 
90 

ea r l i e r  sections of this report ,  present knowledge of the distribution of Sr  

and the manner it may reach  humans is inadequate for predicting under what 

circumstances and in what amounts it may reach the body. 

cussion provides good argument that bone is an excellent collector and inte- 

gra tor  of strontium. 

specimens a r e  a lso suggested, pr imari ly  to  determine if  they may not a lso 

provide concentration of strontium. The l i terature  does not agree  on this. 

If teeth a r e  proved useful indicators,  they wi l l  be more  readily available for 

future studies than human bone. 

Previous dis- 

Thus the suggestion that bone specimens be used. Tooth 

The threz human age groups a r e  suggested because of the postulated 

difference in the uptake of strontium in these ages. 

have specific information on this before any definite statements can be made 

regarding the relation between concentration of Sr 

the maximum safe body burden. 

suggests that only fairly large metropolitan a r e a s  be selected in the locations 

s ta tes .  

specimens and the presence of large hospitals with adequate staffs who can 

properly collect and segregate the specimens desired.  

It will be necessary to  

90 in an environment and 

This requirement for human specimzns 

This wi l l  ensure the availability of sufficient quantities of human 
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The other specimens listed as of in te res t  for  analysis have severa l  

important functions : 

1. They w i l l  provide a check on fall-out in the a r e a  as obtained f rom 

present sources ,  or  give a n  idea of the amount of fall-out where 

other data a r e  not available. 

They w i l l  present a c ros s  section of the diet of the human population 

and thereby provide a means of correlating concentration of Sr9' in 

diet with the concentration in the human body. 

They will represent  samples of the hydrosphere, lithosphere, and a 

few bionomic cycles of importance to  man, so that any concentrations 
90 of Sr  

be detected. 

2. 

3 .  

which may build up in any of these pr ior  to entry into man may 

In addition to the 216 samples listed above, the following severa l  samples 

of a general  nature  may give useful information about the value of other types 

of samples  for possible use in the subsequent investigation: 

1. Whole human skeletons. 

bone o r  tooth samples to  whole body samples. They w i l l  be difficult 

to  obtain and to assay, but such samples a r e  essential. 

Plasma,  o r  calcium f rom plasma. Information about this must  be 

secured f r o m  the American Red Cross or  f r o m  the National Blood 

Committee. 

the discarded res in  columns would contain almost  all of the plasma 

calcium and could easily be leached to provide a large,  pooled sample. 

Additional hydrosphere samples. These should consist of one o r  more  

of the following: tuna f i sh  bones f r o m  a cannery, oyster shells,  and 

brown seaweed which, it is believed, concentrates strontium, 

These a r e  necessary  in order  to compare 

2. 

If plasma is routinely collected over res in  columns, 

3 .  

F o r  the reasons given in the biomedical section of this  report, analysis 

for inactive strontium and calcium in all of the samples collected and used 

is considered most essential. 

It is difficult at this  t ime to guess at the cost  for the analysis of each 

sample. 

If the pilot analyses, as outlined here,  prove to be too expensive, it may be 

necessary to  decrease the number of samples. The list of samples in this 

chapter w a s  prepared in the order  of descending desirability. 

Quick estimates ranging f rom $50 to  $1000 a sample have been made. 

Consequently, 
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the first economy would be to cut down the number of soi l  and water samples 

f r o m  3 to 2. 

stuff analyses. 

of places studied, removing first, Area 4 (South America), second, Area 5 
(England), and third, Area 6 (Japan). 

mies wi l l  not prove necessary,  since the value of the study wi l l  be consider- 

ably impaired by cutting down the number of a r e a s  surveyed. 

hand, i f  more  samples could be obtained in the pilot program, one could in- 

c r ease  the number of samples taken at each place to make the statist ics more 

representative.  

more  than one quantum might give resul ts  of greater  significance. 

The second economy would be to  cut down the number of food- 

Beyond this point, it seems desirable to  cut down the number 

It is hoped that these stringent econo- 

On the other 

Each se t  of 36  samples is regarded a s  a minimum quantity, 

The collection of samples will undoubtedly be expedited and the quality 

of sampling much improved if an individual associated with the study travels 

to  the foreign place to  supervise the sample collection. 

tact  w i l l  undoubtedly improve the efficiency of sample collection for the 

domestic cases ,  too. 

Such personal con- 

Nothing has  yet been said about the probable size of the specimens r e -  

quired, statist ical  factors which relate t o  the sampling program outlined here,  

o r  the laboratory techniques. 

sections of this chapter. 
These subjects a r e  discussed in the following 

Statist ical  Considerations 

The general  a r e a  of study and the outline of a pilot sample survey have 

been presented in the previous section. 

survey poses severa l  statist ical  problems that will have t o  be solved before 

satisfactory results can be obtained by the survey. Basically the science of 
s ta t is t ics  has two contributions to make to  sampling problems : 

The carrying out of this  pilot sample 

1. To enjoin randomness in the selection of individual observations at 

various points in the sampling process  so a s  to  ensure against bias 

in the estimates obtained; 

To increase the accuracy (minimize the standard e r r o r )  of the 

est imates  of the required quantities (e.g., average lifetime dose 

given some steady-state situation) by taking advantage of the 

s t ruc ture  of the underlying process  in  the design of the collection 

and5n thz analysis of the sample data. 

2. 

f 
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The first of these contributions wil l  come into play when the detailed pre-  

scriptions a r e  written out for the collection of the various samples described 

in the preceding section. 

will have to be greatly expanded before any sampling can be done. Since the 

proposed sample survey is a pilot-type program, the second contribution of 

statist ics cannot come much into prominence. 

designed to gather information so that a subsequent, l a rger  sampling program 

can be more  judiciously designed, using the considerations that a r e  subsumed 

under (2) above. At present we  know very little about the processes we a r e  

studying, so that there is not much structure in the problem to be taken 

advantage of now. Something, of course, can be done, and an example of the 

kind of analysis one might attempt in the case of the human samples is de- 

scribed in the following paragraphs. 

In fact the description of the samples themselves 

Pilot programs a r e  usually 

A Sample Analysis of Human Data 

All hazard calculations wi l l  have to be specific to some geographic dis- 

tribution. 

regions, some of them quite distant f rom the city itself, but in most cases 

the water, milk, and f r e sh  vegetables a r e  locally supplied. In any case 
different cities have different food supply a r e a s  and any analysis wil l  have 

to take this into account. 

The food supply of a given city, however, comes f rom various 

The only question is how this is to  be done. 

The following is a crude model of the so r t  of scheme an analysis may be 

built on. 

ingestion function a(t), where, for any person, the age and a l l  chronological 

t imes for  the community a r e  normalized to it by translation in  the time axis. 

By exposure is meant the amount of Sr 
of the individual. 

in this country includes Kansas, for example, if the wheat in his diet comes 

f rom Kansas. 

The model has two elements: an exposure function E(t) and an 

90 available in the total environment 

The environment of the individual no matter  where he lives 

The dose of an individual a t  age T is: 

D(T) = LT E(t) a(t) dt. 

The r ea l  probknn for even the crudest  analysis is what variables a r e  to 

enter into E(t) and a(t) and how a r e  we to measure them. The following 

is suggested a s  a first attem;?t to relate the Sr9' deposited in the bones of 

4~~~~~~ 
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human beings to  some calculated exposure. 

be determined by (1) the geographic and t ime distribution of fall-out of Sr 

(2)  the food sources  of the a r e a  (city) under study, and ( 3 )  the gross  scaveng- 

ing process  of nature by means of which the fall-out is made nonavailable. 

Denote by X(t)  the fall-out of Sr9' at t ime t per  unit a r e a  over an appropriate 

a r e a ;  the exposure E(t) might then be assumed to  be equal t o  

Let E(t), the exposure function, 
90 , 

where B represents  a generalized decay and scavenging parameter.  As a 

pract ical  suggestion for computing X(t) ,  the activity level of Sr deposited, 
it s e e m s  sensible to weight equally the average activity level in a reas  within 

150 mi of the city and the United States general  average of t ime t. 
s u l t s  of the soi l  samples and Eisenbud's data, corrected to Sr 

whatever way seems appropriate, w i l l  have to  f o r m  the basis of the estimation 

of exposure. 

9 0  

The r e -  

activity in 90  

The ingestion function a(t) is a function of (1) age (metabolism of strontium 

and diet a s  influenced by age), (2) the general  efficiency of the whole biologi- 
90 ca l  and plant process  whereby Sr 

beings, and (3)  the availability of Sr 

incasement in g l a s s  beads, soi l  fixation, etc. 

goes f rom the lithosphere into human 
90 to  plants, as it is laid down, due to 

In this general  context the sampling should be roughly a s  follows: 

1. In the 6 sample a r e a s  (probably large cit ies within the a reas) ,  collect 

r i b  bone samples f rom autopsies by age groups 0 t o  10, 10 to 20, 20 and over. 

2. In each age group, for each city, collect roughly 200 grn of bone; 

randomly s o r t  this into two 100-gm samples. 

one to  detect 10 

dose is 1 p c of Sr 

obtain a good determination of the Sr 
assumed a s  background). 

This s ize  of sample will allow 
-4 of a lifetime tolerance dose, assuming that this lifetime 

90 and that five counts per minute w i l l  be required to 
90 activity level (two counts pzr minute 

3 .  In these cities one will, after the analysis of these samples, have a 
90 picture of the current  levels of Sr  

function of a g e .  

cur ren t  level in human beings is l e s s  than 10 

1000 g m  w i l l  detect los5 of the tolerance dose, etc. It has bezn suggested 

activity in human bone mater ia l  as a 

(The 100 gm per assay  may have to  be increased i f  the 
-4 of the tolerance dose. If S O ,  
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that a few preliminary assays be done in o rde r  to  determine just  what level 

we a r e  dealing with. If it is very low, say o r  of the tolerance dose, 

the s ize  of the sampling program may have to  be revised in order  to save 

money.) 

4. F o r  each grouped sample of 100 gm, one must compute the function 

X(t)  for the city and a g e  group under analysis. The a g e s  of the persons in the 

sample w i l l  be used, and in the pooled dose the separa te  ages should be taken 

into account, o r  at least  the average age of the bone in the pooled sample. In 

general  it w i l l  be best  to have complete case histories of the various people 

in the pooled samples. The in- 

gestion function a (t) is to  be approximatzd by a s tep function ati (i = 1, 2, 3 ) ,  

a se r i e s  of constants, one for  each of the six age groups, The parameters  to 

be estimated a r e  the ai's and 8 .  In the absence of any detailed s t ructure  in  

the model, it appears reasonable to use a least-squares fit to  estimate the 

parameters ;  accordingly we a r e  to minimize: 

These should be collected with the samples.  

3 2  2 
tviin c .x [ a i~ i j (8 )  - Y. .  ] (i = 1, 2, 3 ) ,  

1J i=l j=1 

where E . . ( B )  is the calculated exposure for the i j th  a s say  sample and Y 

the observed amount of Sr9' per g ram of bone in the 100 g m  sample. The 

exact method for computing E..(/?) w i l l  have to be worked out. 
1J 

is 13 ij 

The Problem of Obtaining Individual Samples 

The problem of collecting individual samples  has been mentioned earlier. 

The experience f rom other sample surveys indicates that g r e a t  ca re  must be 

taken in writing out the detailed instructions for the collection of individual 

samples s o  that they will be groperly collected, labeled, and described, 

Usually sampling programs a r e  more  successful i f  everything except the 

actual collection of the sample item is done at one central  headquarters. 

example, in the case of the soil  samples it seems reasonable that the follow- 

ing so r t s  of things be done: 

For  

1. Fo r  each city the surrounding a r e a  must be delineated and a map of 

the a r e a  obtained; on this map the food-producing soi l  a r e a s  must be deline- 

ated (presuming these soils to be the snly ones we a r e  interested in because 

only the S r  90 in these soils represents  a human ingestion hazard). 
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2. F r o m  these a reas  the three  samples must be selected in some way. 
2 Suppose each sample is to consist of the soi l  in a volume 1 yd 

W e  have the choice for  each sample of pooling n smaller  samples o r  of having 

one sample of the given volume. 

pooling of smaller sample volumes, but it is not clear what n should be. 

There a r e  certain costs of collectidn involved in making N very large, and 

these must be balanced off against the increased information obtained about 

the average Sr9' level of soil in the area.  In addition there  a r e  schemes of 

sampling intermediately between complete random sampling for all n sub- 

samples and having only one sample 36 in. by 36  in. by 7 in. 

involves first drawing k random subareas  for sampling, and then within these 

subareas  drawing m samples of soil, where k m  = N, the total  sample number, 

each of which is equal to 1/Nth of the volume of soil  required. The most 

advantageous sampling procedure w i l l  depend on the variability of the Sr 

level in the soi l  within the a rea  and on the relative cost of going to the k sub- 

a r e a s  as compared with the cost of taking each sample of 1/Nth of the required 

volume of soil. 

by 74x1. deep. 

It would appear better to  have a t  least  some 

One of these 

90 

3. The actual analysis of the data, once collected, is s o  straightforward 
90 (unless analyses other than the sample determination of the Sr  

iner t  strontium level a r e  undertaken, e.g., analyses of the soi l  composition 

and its effect upon the availability to  plant life) that there  is no need to  men- 

tion it. 

mat te rs  of detail that cannot be foreseen now, that the help of a statistician 

is most needed. 

level and 

The pr imary  problem is the collection problem and it is here,  on 

Similar consideration wi l l  enter into the design of the collection program 

fo r  the other types of mater ia ls ,  e.g., animal bone, etc. 

ANALYSIS FOR sr9' 

Sampling 

The general  principles of sample t reatment  and measurement a r e  fairly 

obvious. 

being investigated. We must take a fa i r  portion, bearing in mind the vast  

mixing problem, then collect f r o m  this portion al l  the radioactive fission 

fi.ib&&s brbsent. 

One must in the first instance collect a fair sample of the r ea lm 

F r o m  remarks  made previously it is clear  that the 
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collection of a l l  the radioactive fission products present may not be a simple 

task, particularly in the case of the atmosphere, for we have the possibility 

that a considerable portion of the radioactive particles involved is of a very 

small size--i.e., less t h h  0.1 cc and possibly of the order  of 0.01 I in di- 

ameter .  Par t ic les  of this dimension a r e  extremely difficult to isolate. The 

method of electrostatic precipitation is presently being exploited by the 

Stanford Research Institute and the New York Operations Office of the AEC. 

The results a r e  encouraging. 

Additionally, we recommend that a study be made of possibilities of the 

diffusion ba r r i e r ,  since it is clear f rom its physical characterist ics that it, 

indeed, must remove particles however small. 

ble to direct  test ,  however, by use of several  ba r r i e r  s e r i e s  and observance 

of the distribution of the radioactivity. 

effective, the first in the ser ies  w i l l  absorb a l l  the radioactivity. If it is t rue  

that diffusion ba r r i e r s  can be utilized to make a complete radiochemical 

assay  on a i r ,  one might well develop a technique of producing other fi l ters 

less  security-sensitive, but which will perform a s  well for the problem of 

removal  of the colloidal aerosol fission product matter f rom the atmosphere. 

This could be done by using bomb debris as tes t  material; Le., by purposely 

selecting fall-out material  a s  t e s t  material, o r  possibly by synthesizing 

s imilar  mater ia l  in the laboratory and conducting tes t s  on various filters. 

This work could be done in the Carbide and Carbon Corporation laboratories 

in the diffusion plant a t  Oak Ridge. 

University has observed that the particles produced by an electric a r c  between 

aluminum electrodes in air have particle s izes  in the range of 0.01 CC and 

smaller .  

the electrodes would allow one to synthesize an aerosol  similar to that pro- 

duced by the atomic bombs. Then this might be used in developing adequate 

f i l ters  . 

This latter point is suscepti- 

That is, if  the b a r r i e r s  a r e  completely 

Professor John Turkevich of Princeton 

It is conceivable, therefore,  that the use of radioactive material  for 

In sampling the hydrosphere one must remember the propensity of the 

radioactive mater ia l  to pass through filters. 

ration is necessary. 

unsavory task, but in the absence of information a s  to how to be certain of 

the removal of the fine colloid, no alternative seems to be available. 

ing evaporation, the sal ts  left  can be treated for the dissolution of such inert  

It seems, therefore,  that evapo- 

The evaporation of considerable volumes of water is an 

Follow- 
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materials  a s  silicon dioxide, aluminum oxide, etc., so that the radioactivity 

will be in t rue  solution. 

treatment with about 50% hydrofluoric acid solution in platinum vessels. 

This procedure wil l  suffice. It may be unnecessarily drastic,  however, a s  

only direct  t es t  can show. The c a r r i e r  elements, such as strontium, should 

then be added and an ordinary radiochemical analysis made. In the absence 

of an effective dissolution procedure, however, misleadingly low assays could 

be obtained. 

against the lost par t  of the radioactivity in ultra-fine colloidal form. 

The procedure for this is well known to be the 

It is difficult to overemphasize the importance of guarding 

Lithosphere sampling is quite difficult in that  the treatment of any con- 

siderable amount of d i r t  with hydrofluoric acid to  guarantee the dissolving 

of the colloidal f ission particles is a most unsavory task. 

s eem to be any obvious alternative a t  the moment, however, to the complete 

dissolution of a di r t  sample followed by a treatment with hydrofluoric acid 

solution. 

There does not 

The sampling principles for the biosphere are fortunately less  than annoy- 

ing. 

in chemically active form. 

mater ia l  followed by the dissolving of the a sh  in a slightly acid solution and 

the radiochemical processing of the solution is a perfectly allowable procedure. 

If the strontium has been incorporated in the biosphere, it certainly is 

Therefore, the direct  ignition of the biological 

Chemical Processing of Samples 

After the samples f rom the atmosphere, the hydrosphere, the lithosphere, 

and the biosphere have been properly dissolved, the subsequent processing 

should run about a s  follows: 

1. The addition of a comfortable amount of nonradioactive strontium 

salt to serve a s  a ca r r i e r ,  together with other salts t o  serve a s  hold- 

back c a r r i e r s  for the other fission products. 

The separation of a pure salt of strontium f rom the solution. 

might, in the case of the majority of samples,  consist in the precipi- 

tation of carbonates by the use of sodium carbonate solution, followed 

by appropriate purification, such as by ion exchange o r  by any of the 

well-known precipitation methods. 

2. This 
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We a r e  fortunate in the nature of the decay scheme of radioactive 

strontium, which proceeds as follows: 

~ r 9 ~ - ~ 9 ~ +  Z r  90  . 
The strontium activity corresponds to  a pure &?-ray spectrum of 0.54 

Mev (upper limit) and a half life of 20 yr ,  while the Y90 daughter t ransfor-  

mation involves an  emission of 2.18 Mev of @ rays  with a half life of 61 hr .  

No  7 radiation is involved in either. 

carbonate mixture, one could either purify the strontium as indicated above 

o r ,  without further purification, redissolve the carbonate precipitate with 

dilute ni t r ic  acid, add a small amount of f e r r i c  nitrate,  and neutralize with 

ammonium hydroxide. This would produce a precipitate of f e r r i c  hydroxide 

which should scavenge all yttr ium and ra re-ear th  activities very efficiently. 

To make cer ta in  of the purification of the calcium-strontium carbonate pre-  

cipitate for yttrium, one might have to  add a little yt t r ium before, o r  together 

with, the f e r r i c  nitrate. Actually lanthanum nitrate would serve  as well, and 

it is cheaper. After purification of the strontium-calcium solution for  yttrium, 

one should reacidify with dilute nitric acid and allow the sys tem to stand for 

regrowth of the 61-hr yttrium activity. 

yt t r ium could be added and the solution t reated again with ammonium hydroxide 

until alkaline, and the yt t r ium precipitate could then be removed by filtration 

and counted. 

The only other fission product activity which is likely to  be present in 

this  yt t r ium precipitate is La140, which a r i s e s  f rom the 12.8-day Ba14'. This, 

therefore,  would be important only in relatively young samples. 

The possibility that  Ra226 and Pb2l0 (RaD) would also be present  in the 

Following the precipitation of the 

At this  point a few mill igrams of 

calcium-strontium precipitate should be considered. 

f r o m  RaD might appear in the yttrium sample and in te r fe re  with the counting 

of Y90. In this eventuality it would be necessary  to  separate  the strontium 

f r o m  lead before growth of the Y 

The RaE growing 

90 . 

Counting Procedures  

It is clear  f rom the procedure outlined above that the yttrium milking 

technique allows one to  concentrate the yt t r ium daughter activity in equi- 

l ibrium with-any given amount of strontium in very small amounts of solid 



yttrium sample. 

with the lowest backgrounds and the maximum sensitivity. 

nature of the radiation of y 

milligrams per square centimeter without serious self-absorption, and in  

fact  to employ the known enhancement of counter sensitivity by backscatter- 

ing f r o m  supports =de of elements of the largest  atomic numbers, such a s  

gold o r  platinum. 

gold or  platinum should increase the chance of recording disintegrations 
occurring in thc solid yttrium samples to  something around 75%. 

be possible to do  this on counters small enough to  ensure the detection of the 

few disintegrations per minute expected in  the average sample for the world- 
wide assay. Typical counters which have been used in other connections have 

sensitive a r e a s  of 200 to 400 c m  with wall thicknesses of 2 or  3 mg/cm2 and 

background counting r a t e s  of s ix  o r  eight counts per minute. 

that up to 1 o r  2 g m  of yttrium sample can be mounted in thin layers  under 

conditions of maximum common sensitivity, thereby making it .possible to 
measure  disintegration ra tes  of one o r  two, o r  to  be conservative, five, dis-  

integrations per minute with Some degree of accuracy, The techniques utilize 

the principle of anticoincident shielding for the reduction of the counter back- 

ground. 

techniques employed in other low-level counting applications should suffice. 

The particular apparatus has been described by several  workers--e.g., the 

Therefore, one can envisage the use of Geiger counters 
The penetrating 

90 allows one to use samples a s  thick a s  several  

In other words, mounting thin layers  of yttr ium salt on 

It should 

2 

This means 

The construction of counters of clean materials and the general 

apparatus used in natural  radiocarbon assay.  (1) 

The problem of detection and measurement of weak radioactive substances 
is an  ancient one, around which a considerable lore  and a r t i s t ry  have been 

built. 

t o  use some of the more  sensitive techniques known. 

essent ia l  that  the procedure be a s  simple and as reliable a s  possible. 
a r e  two obvious ways in which t o  proceed in the low-level strontium measure- 

ment problem. 

with its yttrium daughter--the equilibrium being assured by allowing the 

purified strontium to  stand fo r  at least  a week before measurement. 

other is t o  separate  the y t t r i u m  daughter and measure it alone. 

technique has the advantage of giving more radiation f o r  measurement, but 

is obviously inapplicable to samples which contain a la rge  bulk of strontium 

In the case  of radiostrontium a t  the levels likely to be found, one needs 

On the other hand, it is 

There 

One is to measure purified strontium, as such, in  equilibrium 

The 

The first 
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and a r e  thus more subject to radioactive contamination e r ro r s .  

technique, though it involves sacrificing half of the radiation, affords the 

opportunity of measuring a large bulk of mater ia l  by treating the yttrium 
daughter, which in itself wi l l  have no more bulk than the c a r r i e r  added for 

the final separation, provided that the sample has previously been purified 

for bulk yttrium and other r a r e  earths. 

bility of the second procedure in these instances, we wi l l  give some calcu- 

lations below which indicate the regions of applicability of the two procedures. 

The second 

In order  to  demonstrate the desira-  

Since both strontium and its yttrium daughter a r e  pure p - r a y  emitters,  

one immediately chooses a Geiger counter a s  the detection instrument to  be 

used, since it is the only instrument which w i l l  detect a single thermal  

energy electron with apparently 100% efficiency. It is, therefore, dlearly 

the most  sensitive of a l l  instruments for the detection of ionization a s  such. 

Having selected the Geiger counter, one seeks to mount the strontium o r  

yttrium sample in the position which wi l l  ensure the maximum ratio of sample 

activity to background activity. 

Geiger counter should be a s  high a s  practicable. 

counters might be considered, such a s  (1) the 4* type, (2) the conventional 

thin-window bell type, (3) the windowless flow-type, and (4) the thin-walled 

cylindrical type.(2) The choice of a particular type of counter is somewhat 

a rb i t ra ry  and w i l l  depend on the samples to be analyzed and on the availa- 

bility of the equipment. 

It is clear that  the counting geometry of the 

Several different types of 

It is fur ther  clear that one should not interpose between the counter gas  

and sample any more  solid mater ia l  than is necessary, though both the stronti- 

um and yttrium radiations a r e  quite penetrating (Sr 

Y90 range, 1065 mg/cm2; half-thicknesses, 14 and 134 mg/cm2, respectively). 

The solid mater ia l  in the sample itself must also be considered. Fo r  an 

isotropic source, i f  X represents the thickness of the sample in mzan free 

paths (X = 0.693 T / T  , where T is the thickness and T is the half-thickness 

in mg/cm ), then the flux through the surface of the sample is given by 

90 2. range, 180 mg/cm , 

2 

1 X 
F(X) =XI1 2r( - e-x +[ zEi(-z) dz , 

where N is the number of particles originating in unit t ime in a unit volume 

of the sample, p is the absorption coefficient, Ei(-z) is the exponential 
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integral  s," (eX/x) dx, x is the depth of the volume element below the surface, 

and z = p x .  The activity f rom a sample of thickness T mg/cm2 is then 

where A. = 1/2 t imes specific activity in d/m t imes a r e a  in  cm', and I is the 

integral  in Eq. (1). (For  an anisotropic source the integral  I is deleted.) 

The activity f r o m  the combined Sr9' and Y 9 0  in a sample of thickness T 

is given by 

0.693T 0.693T 7- 

If the yttrium were separated f r o m  this same sample with a small amount of 

ca r r i e r ,  its activity would be 

Ay = A  T .  
0 

2 2 and 134 mg/cm Figure 6 shows a plot of these two functions using 14 mg/cm 

as the half-thicknesses fo r  Sr9' and Y 

the two curves occurs a t  90 mg/cm . 
9 0  , respectively. The intersection of 

2 

Thus, with a given sample of material  to be analyzed and a particular 

counting arrangement, one could decide whether to  simply isolate strontium 

and count Sr 90 and Y90 together o r  to separate and count the Y 9 0  alone. If 

the sample thickness would bz much greater than 38 mg/cm' when both were 

together, then it would be advantageous to  separate the yttrium. F o r  very 

thin samples of, say, 20 mg/crn2 or  less ,  strontium and yttrium should be 
2 counted together. 

make littlz difference as f a r  as  counting rate  were conczrned and the choice 

would be a matter of convenience. 

In the intermediate range of 20 to 55 mg/cm it would 

The principal task in measurement of extrdmely small amounts of radio- 

activity remaining after one has supplied a sufficiently sensitive counter is 

the reduction of the extraneous background ra te  due to  cosmic radiation and 

the ubiquitous radioactive products of uranium and thorium which exist in a l l  

laboratories in such amounts a s  to give very appreciable count ra tes .  

OBg%b+ponent of the background is best  removed by selecting solid 

The 
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material  which is f r ee  of uranium and thorium and of their  disintegration 

products such a s  radon. Consideration of this problem, together with the 

problem of cost, has led to the belief that s tee l  should be an excellent ma- 

t e r i a l  for a low-level counter shield. 

The method used to eliminate the cosmic-ray component of the background 

consists in surrounding the counter and sample with a complete layer of 

Geiger counters which a r e  in tangential contact. 

counters in place the background is reduced to a very smal l  value. 

reduced further by incorporating a device developed by Kulpt3) who introduced 

a 1.5-in. -thick shield of distilled mercury between the anti-coincidence shield- 

ing counters and the central  measuring counter. 

t o  reduce the background count f rom five to two counts per minute. 

With these “anti-coincidence’’ 

It can be 

By this means he was able 

The apparatus a s  described involves no extraordinarily complicated parts.  

In particular,  since the electronics is very simplz, few difficulties develop 

during opzration. 

need replacing o r  some one of the anti-coincidence shielding counters may 

cease to  function properly and require replacement, but, generally speaking, 

the apparatus is rugged and trustworthy and can be depended on for continuous 

operation over long periods of time. 

$3000, depending very largely on whether the electronics is purchased o r  

constructed in the laboratory. The elzctronic components, a s  well a s  the 

anti-coincidence counter tubes, a r e  available f rom commercial  companies. 

The shield would require special  construction. 

Occasionally one of the vacuum tubes in the apparatus may 

The total  cost would be in the vicinity of 

Sensitivity of Strontium Assay Procedure 

One could expect t o  detect some s ix  counts per minutz on a background of 

s ix  with reasonable t ime and reasonable accuracy of measurement. 

would correspond to a specific activity of 6/W 
is the total  weight of the strontium in the sample in grams.  

largz enough to contain 10 ,up c/gm is measurable. Correspondingly 

smaller samples would sufficz for  materials of higher specific activity. 

LVith this result  in mind one can spzculate a littl? about the probable 

This 

CCP c/gm of sample, where W 

Thus a sample 
4 

9 0  difficultizs to be encountered in the world-wide Sr 

in this report .  

1 kg of fission Groducts, assuming a 5% fission yizld, 1.3 x 10 

assay bzing recommendeti 

F o r  a nominal atomic bomb of 20-KT energy which releases  
23 atoms of 
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st ront ium a r e  produced. 

5 x 10l8 cm2 area of the 

7.5 x p p c / c m  . 2 

Uniform dissemination of this mater ia l  over the 

ear th  would yield a superficial Sr9’ density of 

It seems very unlikely that the fall-out strontium would have been mixed 

with more  than 1 g m  of strontium per square centimeter of the earth’s s u r -  

face,  thus giving a specific Sr9’ activity of 7.5 x 10 

seen  above, is measurable. 

Alamogordo bomb can now be detected in distant places of the ear th  i f  world- 

wide contamination is a character is t ic  of explosions on relatively short  

t.owzr s. 

-4 
~1 ,uc/gm, which, a s  

We can probably conclude, therefore,  that the 

The specific Sr9’ activity in soi l  today, assuming world-wide distribution, 

undoubtedly is considerably greater  than that for the Alamogordo detonation 
alone, in view of the fact  that many bombs have been fired. Considerations, 

similar to  those above, show that it would probably be relatively easy to  

measure  Sr 90 in marine sediments, but somewhat more difficult to  measure 

it in sea  w a t e r  itself. 
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The following is a summary of the assumptions of the ear l ie r  GABRIEL 

studies . 

GABRIEL: November 12, 1949 

The number, N, of nominal (20-KT) bombs required to  reach threshold 

lethality over a uniform “settling a rea”  is given by 

2D x N =- Gad f a, 
D = “threshold lethality” in 

G = plant uptake and ingestion factor in grams per person per bomb, 

a = accumulation (and absorption) factor,  

d = bone-deposition factor. 

It is believed that the basis  for the factors  2 and 8 is to  allow the answer 

to  be too small by a factor of 16, or  too great  by a factor of 4 (an assumption 

which is not too clear in the test) .  

p g ,  

The various assumed values were: 

D = 10 pg  (estimated e r r o r :  factor of 4), 
G = SH/AF, where S = 

H = proportion of strontium in the soi l  which goes to human consumption 

p g  yield per  bomb, 

per year  (or per  crop?), 

A = a r e a  of spread of debris,  

F = average number of people who derive their  food per  mi2 of arable  

land. 

The ear l ie r  GABRIEL repor t s  made the following assumptions: 

1. S was assumed to  equal 55 g m  of Sr9’ per nominal (20-KT) bomb. 

(Actually the yield is about 20 gm.) 

H was assumed to  be 10 

of the‘strontium in the root volume of soil  and, on the average, 10% of 

the plant is consumed. 

-3  2. on the basis that edible plants take up 1% 
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GABRIEL, 1949, low calcium 

GABKIEL, 1949, high calcium 

GABKIEL, 1951 

metabolism 

metabolism 

3 .  A may represent  a local or  world-wide area, .  depending on the as- 

sumption of extent of uniform spread of debris. 

F was assumed to be 200 people supported per mi2 of arable land. 4. 

Megaton Limits for GABKIEL 
Threshold Lethality ( 10 p g )  

Larger  than Less than 

8 1.8 x 10 6 

5 

4 

2.9 x 10 

7 

7 
1.5 x 10 

4 x 10 

2.4 x 10 

4 x 10 

Other biological factors  a r e  a and d; a w a s  assumed to range from 0.05 

for individual? having low calcium metabolism to 0.60 for those having high 
calcium metabolism, and d was assumed to  be 0.70. 

GABRIEL: November 8, 1951, and Eecember 3 ,  1951 

Thz later GABKIEL calculations omittzd considerations of ora l  absorption 

and bone deposition by calculating on the basis of 

D - D 
N =  S/’A x H/F - 

X Note here  a lso the absence of the “ 2  + 8” uncertainty factor. 

sumption here  was that the estimation “may be 100 too low--or -10 t imes 

too high.” 

the ear l ier  GABKIEL study. 

The e r r o r  as- 

The assumed values of the parameters  were the same as those in 

Using GABRIEL assumptions (but not values), it may be intzrzsting to 

der ive thz megaton limits (using the proper conversion factor f rom nominal 

bombs) for a world-wide uniform distribution, unrealistic a figure as it may 

be. Thesz a r e  given in Table 5. W e  have corrected S/A = 0.1 pg/mi’/nominal 

bomb. 

Table 5 

GABRIEL THRESHOLD LETHALITY 

(In t e r m s  of megaton yields) 

Range: 4 x 10 €v!T to 1.8 x 10 MT 4 8 

4 0 0 0 5 1 2  
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F o r  standard MPC (1 r c ) ,  the values given in Table 5 a r e  to be reduced 
4 by a factor of l/2000, which gives a range of 20 MT to 9 x 10 

wide MPC on GABRIEL assumptions and resul ts  in an effective spread factor  
MT for a world- 

of 4 x lo5. 

REMARKS ON CALCULATION OF WORLD-WIDE CONTAMINATION* 

“1. Important progress  has been made by the RAND GABRIEL on 
the basis of the calculations. 

It consists in considering the ratio of Sr  

bone and in  the biosphere. 

more  reliable and much more  precise  values for .the tolerance contamination 

than the previous basis in  which it was assumed that a certain a rb i t ra r i ly  

chosen fraction of the Sr9’ would find its way into human bodies. The exact 

assumptions about the rat io  of Sr to  the iner t  substances matter l e s s  than 

the adoption of the general  principle of Dr. Mitchell. 

This new basis was reported by Dr.  Mitchell. 
90 to  total  Sr o r  total Ca in human 

This type of consideration is likely to give much 

90 

“2. The calculation which I presented on the last day of the conference 

was predicated on a number of assumptions, four of which a r e  definitely 

pessimistic. These a r e  

“(a) All the Sr90 which is produced will fall out before appreciable 

“(b) All the Sr9’ w i l l  be in an exchangeable f o r m  and w i l l  remain 

radioactive decay. 

exchangeable in the soi l  for all its radioactive lifetime. 

“(c) 

“(d) The tolerance dose for Sr9’ is one microcurie  distributed 

The ratio of Sr to  Ca in the human bone is the same as in the 

so i l  f rom which the food is derived. 

uniformly through the bone. 

“In addition to  these, two assumptions were made of which I do not know 

whether they a r e  optimistic or  pessimistic,  namely, 

“(e) The amount of exchangeable calcium in soi l  is one par t  per  

thousand by weight. 
90 “(f)  The amount of Sr  taken up is related t o  the amount of cal- 

cium taken up independently of the ratio of iner t  Sr  t o  Ca. 

*The following r emarks  were taken f rom a memorandum f rom Hans A. 
Bethe, Cornel1 University, dated June 24, 1953. 

4 0 0 0 5 1 3  
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“In addition, an assumption is made which is probably optimistic, namely, 
90 “(g) The redistribution of Sr  by fert i l izer,  etc., does not change 

the ratio of Sr9’ to Ca  in the soil  f rom which human food is derived. 

“ 3 .  With the assumptions made under 2, the tolerance dose is reached 

with a total  fission yield of about 1000 metagons. 

“4. Assumption (a) under paragraph 2 is clearly pessimistic.  It would 

s e e m  both simple and possible to  calculate f r o m  the available data of Eisenbud 

what fraction of the Sr 
present  r a t e  of fall-out continues unchanged. This would still s e e m  to be a 

pessimist ic  assumption, and it is likely to give a number considerably l e s s  

than 100%. 

duly pe s simis ti c. 

Concerning assumption (b), experiments such as that of Dr. Larson, 

but conducted with Sr90 rather than Sr89, a r e  c lear ly  desirable. General 

opinion seems to  be that Sr9’ would not remain exchangeable even i f  it is s o  

originally. 

“ 6 .  

90 f r o m  Mike wi l l  have fallen out af ter  30 years  i f  the 

For  low-yield bombs, the 100% assumption is probably not un- 

“5. 

Concerning (c), it seemed to me that we should disregard the old 

data indicating about 30 parts  of Sr per 1000 par t s  of Ca in soil. 

might reasonably use the new data which give about th ree  atoms of Sr  per 

1000 of Ca. 

ration of Sr  into the bone a s  compared to  Ca, and thus would increase the 

allowable fission yield by a factor of 10. 

But that we 

This would still indicate an advantage factor  of 10 for the incorpo- 

“7. Concerning (d), I believe that the international tolerance of one 
90 microcurie  of S r  

Ra and with that of uniform body radiation of gamma-rays. 

the accepted principle is cor rec t  according to which neutrons a r e  much more  

dangerous than gamma-rays per unit energy. 

rays  must  be much less  dangerous than alpha-rays. 

it is really cor rec t  to  make a direct  comparison of beta-rays with gamma- 

r ays  provided the beta-emitter is real ly  uniformly distributed over the bone. 

With these assumptions, one gets a tolerance dose of 10 microcuries  of Sr 

when distributed uniformly over the bone. 

Ra tolerance and f rom the accepted gamma-ray tolerance. Of course, this 

number is entirely consistent with an assumed one microcurie  i f  the latter 

is concentrated near  the more  sensitive par ts  of the bone, as it would probably 

is really inconsistent both with the accepted tolerance of 

I believe that 

If this is t rue ,  then also beta- 

I fur ther  believe that 

90 

This follows both f rom the accepted 
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90 
be for an  adult who has been exposed to Sr only for a few months o r  years .  

However, in this case the average bone of this adult w i l l  contain a lower con- 

centration of Sr9' compared to total Ca than the food which the person has 

consumed recently. This factor of uncertainty is eliminated when we talk 

about the level of Sr9' in the food and in those parts of the bone which have 

been recently laid down. It seems to me entirely reasonable and safe to 

accept the 10 microcurie tolerance in connection with the calculations of 

GABRZEL. 

"8. Concerning (e) , nothing but renewed investigation of the chemical 

composition of soils can help. If there  is less  Ca, the allowable number of 

megatons wi l l  be reduced proportionally. Concerning (f) , Lar  son's experi- 

ments s eem to indicate just  what I assume. 

"9. If thera t io  of Sr9' to Ca in animal bones, etc., is equal to that of 
the soil f rom which the food is derived, or less ,  a s  it seems to be, then the 

application of bone meal fert i l izer wi l l  not change the ratio unfavorably, 

"10. I think it is very essential  to go through with the investigation pro- 

posed by you, namely, to assay the Sr content in bones of various animals 

including humans, and particularly in  sewage and feces, at the present time 

to get more  reliable data." 

90 

CALCULATIONS ON ASSUMPTIONS OF H. A. BETHE 

The basic  assumption is 

yz) +J 
Ca body C soil  ' 

o r  

(s."L - - ( ~ r ' 4  ? Ca ody Ca soil  

o r  

With 1 p c  of Sr9' fixed in the bone, we have 

5 x 10-l2 , 



assuming 1 cm2 of topsoil weighs 30 gm, giving a content of 30 mg of calci- 

um, and assuming 2(e) in the previous section. 

The required amount of Sr9' in soi l  to bring that soi l  to  tolerance capa- 

90 , 

- 13 90  bility is 1.5 x 10 /cm2 = 4 mg Sr9O/mi2. The a r e a  of the earth 

being 2 x lo8 mi', the total  requirement for tolerance is then 800 kg of Sr 

which represents  a fission energy of 800 MT. 

g m  Sr  

PROJECT SUNSHINE FORMULA 

The energy re lease  in megatons from fission bombs which would be r e -  
90 quired t o  bring the population of the ear th  to  any given level T of Sr  

posited in the skeleton, if the indivic uals  grew f r o m  bir th  to maturity in an 

environment contaminated uniformly with the Sr9' produced, can be expressed 

by the following. (Nodecay of Sr is assumed and the Sr  is assumed to 

be 100% available for incorporation in the biological sequence f rom soi l  to  

man.) 

de- 

90 90 

Let  MT = the number of megatons of f iss ion energy released, 

W = the number of grams of available natural  strontium per 

square mile of area, 
- the number of grams of natural  s t ront ium fixed in the human 

B -  
skeleton at maturity, 

T = the number of grams of Sr90 fixed in  the skeleton which is 

sr 

w 

considered to be the level of interest  (h4Pc o r  any other 

m = the number of g rams  of Sr9' produced by the re lease  of 1 MT 

standard) , 

of fission energy, 

A = the area of the ear th  in square miles,  

then 

Since there  is little chance that m wi l l  be changed appreciably by future 

measurements  and A is fixed, this  relation can be simplified as follows 

(taking m = 1000 gm and A = 3 x lo8 mi  ):  2 
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MT = 2 x 10 5 T  (5) x Wsr.  

Taking T to  be 1 N C  (the international MPC), uB = 0.7 grqand W s r  = 
on an  idealized 7 4 

1.7 x 10 

world-wide basis. 

is discussed in Chap. 1. 

gm, one finds (as in Chap. 4) MT to  be 2.5 x 10 

The validity of the assumption underlying this calculation 

! 
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APPENDIX I1 
* 

PARTICLE SIZE OF DEBRIS FROM THE ATOMIC BOMB 

A theoretical  consideration which may apply to  the condensation process  

of the solid mater ia l  in the fireball  of an atomic bomb is presented here.  

well-established nucleation theory of Becker and Doring, and others,  

used. 

ous gaseous sys tem cooled at a uniform ra t e  is t reated here. Application to 

the atomic bomb involves complications which have not been considered as 

yet in detail. 

quantities s eems  to  indicate that the mechanism is reasonable. 

The 
(1) is 

Only a treatment of the condensation by self-nucleation of a homogene- 

However, a rough check on the magnitudes of tho physical 

The slow process  in the condensation is assumed to be the formation of 
the solid oxides f r o m  gaseous oxide molecules. 

should f o r m  on a much shorter t ime scale  and at much higher temperatures 

than those involved in the condensation. 

The gaseous oxide molecules 

CONDENSATION MODEL: SIMPLE ANALYTICAL FORM 

In a homogeneous supersaturated g a s  at constant temperature  nuclei a r e  
forming at a constant rate.  Once formed, a nucleus grows by condensing 

single molecules on its surface. The growth r a t e  of a particle Which has 

radius R is given by 

2 = 4 R Fvo, 

** 
where F is the flux of single molecules 

molecule. This equation simplifies t o  

and v 0 is the volume of a single 

where f l  is defined by the equation. 

*Communicated by John L. Magee, University of Notre Damc. 

**An accommodation coefficient should be used, too, since a l l  molecules 
which s t r ike the surface may not remain. 
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The radius of any particle increases  linearly with t ime 

R(t,t’) =F(t  - t‘), (3) 

where t ‘  is the t ime the nucleus w a s  formed. 

present  at the t ime t is 

The total volume of precipitate 

V ( t )  =Lt F R 3 ( t , t ’ )  I(t,t’) dt’ , (4) 

where I(t’) dt’ is the number of nuclei which were formed in the t ime interval 

dt ’. 
If a g a s  is chilled at a constant rate,  the r a t e  of nucleation also increases 

with t ime. We shal l  see below that a reasonable first approximation is: 

(- 00 I.t’<_ t) ,  (5) 
at I(t’) = Ioe 

where I 

is a constant. 

is the nucleation ra te  at a t ime which is set  equal to  zero,  and a 
0 

Substitution of Eqs. (3)  and (5) into (4) allows an analytical integration 

( f rom t’ = - DO t o  t’ = t): 

v(t) = 4 n  - B3 1 [6 e”‘). 
a4 O 

In this  integration, 8 was taken to be a constant, which means that this for- 

mula can only be used when there  is no ser ious depletion of gaseous single 

molecules of the condensate. At such a t ime the particle-size distribution has 

a particularly simple form. 

in  the interval R to  R t dR were  those formed at the t ime t - R//3 to (t - R/B ) 
t dR/@. Thus 

The number of particles which have a value of R 

or, m o r e  simply, 

N(R) oc e -(a / B  )R (8) 

The big particles,  therefore,  have the distribution given by (8). Since the 

rate of nucleation is exponential in t ime, it can be argued that the entire dis- 

tribution can be approximated by the same function. The development of a 
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distribution function which takes into account depletion has not been consider- 

ed a s  yet. I 
t 

THE PHYSICAL MODEL: FREE ENERGY OF MOLECULAR CLUSTERS 

The free energy of a small cluster of x condensable molecules with re.- 

spect to the gaseous s ta te  we shall call  W ( x ) ,  Le., 

La s 

R 

9 )  

le 

;- 

w(x) = ) x t surface f r ee  energy,  (9) 

! - c is the difference in f ree  energy for one molecule between 
gas where psofid 

a large solid and the gaseous s ta te  in question. If we can approximate the 

vapor pressure  as a function of temperature 
\ * 

as 

- ( A  H/RT) p = const. e 0 

it can be shown that 

1 

where A H  is the heat of vaporization and Ts is the saturation temperature for 

the system; R is the gas constant in this formula (it was used as particle 
radius above). 

The work required to fo rm a cluster of x molecules is divided into two 

te rms .  The first te rm,  

is negative for all temperatures  below the saturation temperature and var ies  

directly as the cluster size;  the second te rm,  

2/3 surface free energy bc x , 

*The vaporization does not have to be a simple process,  but may be a de- 
composition into a variety of products. Fo r  example, A1 O3 yields the gaseous 
products A10, A120, and Oz. This method is also applica 4, le  in such cases. 
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. 
is always positive and var ies  a s  the surface a r e a  of the cluster. For in- 

creasing surface area,  the sum of these t e rms  goes through a maximum. 

In the condensation theory it is assumed that all c lusters  which have positive 

f r ee  energy and which a r e  smaller  than the cluster  of maximum f ree  energy 

a r e  in equilibrium. It can be shown that 

i 

N(x) = N(l) exp[- w(xl RT ] J  (12) 

where N(x) is the number of c lusters  of s ize  (x) per unit volume, N(1) is the 

number of uncombined condensable molecules per unit volume. 

The maximum value of the function 

W ( x )  - - -6 AH 1 - + t c x  2/3 = - Bx t Cx 2/3 
RT Ts 

occurs  a t  

Here  B and C are  constants. 

The concentration of c lusters  of this size is 

N(x*) = ~ ( 1 )  exp ( - & $ ) a  

(13) 

The rate  of nucleation (see below) is directly proportional to  this quantity. 

The constant B is given as - (AH/R) (l/Ts - l/T), of course. The value of 

C is not a s  easy to obtain, but we can estimate its magnitude by several  

methods. If surface tension data a r e  known, then 

(:2f'3 x J  2 1 3  surface f ree  energy = 4*0 - 

where o is the sur face  tension and v 0 is the volume of a single molecule of 

the  cluster.  

Another method for the estimation of C may be helpful. Consider a small 

c luster  which has a simple symmetry.  

take is thirteen in hexagonal close packing. 

c luster  with-one central  molecule surrounded by its twelve nearest  neighbors. 

A convenient number of molecules to  

Thirteen molecules make a 
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f 

.1 

> 

This collection of molecules has 12 bonds to  the central  molecule and 5 each 

to  the others. 

interior of a large solid, these thirteen molecgles would have 1/2 x 13 x 12 = 

78 bonds. 

per  molecule. If we s e t  

1 
The total number of bonds is 1/2(12 + 12 x 5) = 36 bonds. In the 

The missing heat of binding, therefore,  is approximately (42/78)oH 

c x  2/3 = 
=(%)13 RT AH 

AH C = 1.25 R-T . 
In this consideration we have neglected entropy considerations and so C is 
actually smaller ,  by a factor which m a y  be as small as one-half. 

the  magnitude must be 

However, 

AH CZ-. 
RT 

U s e  of this value for C gives for Eq. (15): 

NUCLEATION RATE 

Clusters which grow beyond the s ize  x* have f r ee  energy which decreases  

The ra te  at which nuclei a r e  formed is with the addition of single molecules. 

the ra te  at which clusters  with x > x  * (2) a r e  formed. This ra te  is 

I = F S g  N(x*). 

Here  S is the a r e a  of a cluster divided by x2/3, i.e., the a r e a  of a cluster is 

given by S X ~ ’ ~ ;  F is the flux of single molecules as used above. 

Using (18), we have 

S. 



If the temperature is changing linearly with t ime, say,  Ts - T = at, then 

where A and T a r e  constants defined by the equation. In the las t  expression, 

at/Ts has been neglected. 

If we assume that the precipitation takes place rather  rapidly after a time 

t has elapsed and define 
0 

to ’ t ‘=  t - 
we can write for the nucleation ra te  

which is the simple exponential approximation we proposed ear l ie r ,  i.e., 

and we see  that 

o r ,  with substit 

.f AH 1 -- T 2 4  7 =27 2 2  K T s  t o ’  a = 2  

0 a to 

ttion, 

a to  = Ts - T o ,  

where To is the temperature of condensation, and 

7 
L 

A H  a 4 T S  

a = n  (Ts - TJ T s  - T 0 RTs ’ 

( 2 3 )  

Here we note that one can use Eq. (21) to get the particle-size distribution 

instzad of using Eq. (5) .  If this is done, Eq. (8) has a slightly more  compli- 

cated form. 
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ESTIMATION OF CONSTANTS 
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me 
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!4) 
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The purpose of this development is the correlation of the properties of 

the precipitate with known properties of the oxides (or other molecules) 

which condense to form the precipitate. 

essentially no start has as yet been made in this direction. 

we shal l  examine a few magnitudes to  show that a consistent description 

seems to be within the r ea lm of possibility. 

Because of lack of t ime and data, 
In this section 

Examination of particle-size data suggests a particle-size distribution 

for par t ic les  in the range f r o m  2 to 10 P to  be 

4 -  
with a value of the constant a / B x l O  c m  '. W e  shal l  estimate the magnitude 

to  be expected for  a/# f rom physical consideration. 

The magnitude of /3 is easy to  obtain, e.g., 

-4 = 5 x 1 0  . 1 5 -23 
B = FV = x x io x 2 io  

0 

3 
Here  we  have assumed that there  a r e  1015 oxide molecules (say, A10) per c m  

at the t ime of condensation; their  velocity is 10 

adds to a particle is 2 x c m  . 
5 cm/sec; the volume each 

3 

The magnitude of a is somewhat more difficult to obtain because of the 

a rb i t ra r iness  of the quantity to, i.e., the t ime which is set  a s  zero  in Eq. (5). 

Clearly this time must be near to  that at which the process  is complete. The 

total  volume of 2recipitate will finally b e z Z  x 10 
- 8  3 c m  . If we use Eq. (6 ) ,  

3 - 8  47r B 
V(to) = 2 x 10 = 7 - ~ - [ b I ( t ~ ) ]  , 

4 
I(to) = 6.4 a , 

in  which fl  = 5 x has bzen used. 

With the u s e  of Eq. (20) we find that if 
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The hea t  of vaporizat ion to  b e  taken  should be about 50 ,000  Cal,’moi,.. 

woiAd give m o r e  than  100,000 ca l /mole  f o r  A1203, s i n c e  the  unit v,,. d r c .  t i l k -  

ing is only p a r t  of a molecule . )  Thus f o r  T Z 2 5 0 0 .  

Substi tution of a f r o m  Eq. ( 2 5 )  into Eqs. ( 2 7 )  and (28)  gives 

If we t a k e  AH/RTs = 10, T S = 2500, a = 500, the  solut ion is a =  25 

This  pa i r  of solutions g ives  a /# l  = 5 x lo4,  which is somewhat  1drl;t-r ttiorr 

t h e  probable  value,  although about  the  c o r r e c t  magnitude. 

reasonable ,  the value lo4 f o r  a/#l  can b e  obtained. 

quant i t ies  of this  calculat ion is the value of a ,  the  cooling r a t e  in  dcl;rc:ca:, Iwr 

second. 

It is c e r t a i n  t h a t  f o r  va lues  of all the physical  cons tan ts  which wou ld  ’ , , ’ v r t t  

One of the  most unci.rtal;t 

If ins tead  of 500 we take  100, the  cor responding  value of a i s  7 ‘iiici 

This  calculation s u g g e s t s  that the  e x t r e m e  diminut ion i n  the  cooling ra t (* ,  

as  the  radiat ive cooling b e c o m e s  ineffective a 

i n  the precipi ta t ion p r o c z s s .  

As  a f inal  check on t h e  cons is tency  of th i s  

value of x.” at t = t 0’ Using Eqs. (14) and  (25), 
4. 

F o r  01 = 7,  T s / a  = 2 5 ,  and RTs/  AH = 1/10, 

about 2000°K, may be important  

la st ca lc  ulation, w i‘ obtain thc  

we c a n  w r i t e  

4- ~. 
x ‘  =35, 

4. 1- 

suff ic ient ly  low t z m p e r a t u r e s ,  x approaches  unity and nucleation is no longer 

4 0 0 Q t S e k o w  p r o c e s s .  
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DISCUSSION 

The mechanism proposed here  for  condensation by means of self-nucleation 

of oxide molecules appears to  be promising enough to  warrant  further in- 

vestigation. If such a mechanism can be established as being responsible for 

the particle formation, it w i l l  yield valuable information regarding scaling of 

particle sizes with bomb yield and type of shot (high air burst ,  tower, etc.), 

the f o r m  in which fission products a r e  likely to be found, fractionation, and 

other such problems. 

F o r  a more  careful study, thermodynamic data of the oxides will be neces- 

s a r y  as well as time, temperature ,  and volume data on fireballs.  
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APPENDIX 111 

SETTLING OF PARTICLES IN A STANDARD ATMOSPHERE* 

In this appendix known formulas for viscous drag a r e  applied to the 

problem of the settling of particles in the standard atmosphere. 

phere w i l l  be taken a s  stationary, so that convection effects a r e  not considered. 

The results of fluid mechanics can be applied without modification to the 

motion of a solid particle through the a i r  so  long as the particle dimensions 

a r e  much greater  than the mean f r ee  path of the air molecules. 

the type of flow is determined by the Reynolds number, R, which is defined 

to  be 

The atmos- 

In this case,  

where u is the velocity of the particle,  d is a character is t ic  dimension of the 

particle, and p and u are  the a i r  density and viscosity, respectively. 

spherical  particle of diameter d, we have Stokes flow with a drag force given 
For a 

by 

FD = 3 n a  ud 

so long a s  the Reynolds number does not exceed approximately 0.5. 

larger Reynolds numbers, Eq. (2) underestimates the drag force, but the e r r o r  

is less  than 20% at R = 1; Stokes law wi l l  be used in the present calculations 

up to  R = 1. 

For 

The terminal  velocity of fall, u, of a spherical  particle of density p’ is 
obtained by equating its weight to the drag force of Eq. (2); the resul t  is 

2 
( P ’  - P ) d  

Y 
\ 18 (I u =  3 

2 
- - E E L  

180 ’ U, (3) 

*Written by F. R. Gilmore and Wl. S. Plesset ,  California Institute of 
Technology. , 

4 0 0 0 5 8 8  
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where g is the acce lera t ion  of gravity,  and the approximation follows f r o m  

the fact  that p < <  P ' .  

Observations have been made on the Stokzs fal l  of par t ic les  with non- 

spher ica l  shape. 

for the d rag  force  for a var ie ty  of nonspherical  par t ic les .  

t e rmina l  velocity of fall f o r  elligsoids to the t e rmina l  velocity of spheres  of 

the s a m e  volumz is presented in one of the graphs to  follow. 

have been computed f r o m  the theoret ical  formulas  of Oberbeck, (2)  which 

a g r e e  with the  l imited number of experimental  measu remen t s  available. In 

general ,  par t ic les  of i r r egu la r  sha2e have sma l l e r  t e rmina l  velocit ies than 

s p h e r e s  of the s a m e  volume. 

An ellipsoidal shape giv2s a reasonable  approximation 

The ra t io  of the 

(1) These curves  

Equations ( 2 )  and ( 3 )  a r e  not applicable to  the motion of spheres  in  a g a s  

i f  the  d iameter  of the spher ica l  par t ic le  is not considerably g rea t e r  than the 

mean f r e e  path, A ,  of the a i r  moleculzs.  F o r  d/A = 10, the t e rmina l  velocity 

a s  przdicted by Stokes l aw is low by about 15%, with the  e r r o r  increasing 

with decreasing d/A . A rough theoret ical  analysis  of the  drag  for  the range 

2Add/A 5 100 w a s  made by C ~ n n i n g h a m ; ' ~ )  a m o r s  completz theory w a s  de- 

veloped by Epstein.  (4) 

Stokes-Cunningham range. 

d/A << 1, first by Cunningham and subsequently by s e v e r a l  other investigators.  

The dzfinit iv? analysis  for this  range is due again t o  E p ~ t e i n . ' ~ )  Epstein 's  

formulas  for  the two ranges,  d / h < <  1 and 2 5  d/A 5 100, depend on the ra t io  of 

the specular  t o  the diffuse reflection in the coll isions between the par t ic les  

and the air molecules.  

f i t  observed d rag  values on small sphe res  sett l ing in gases .  

mediate  range, d-A, no theoret ical  formula is available. Knudsen and Weber 

have proposed a genera l  empir ica l  formula which fits the data not only in  th i s  

range,  but a l so  in  the ranges d < A and d > A .  In the la t te r  two ranges,  the 

empir ica l  formula a g r e e s  with the theore t ica l  expressions.  

formula,(6)  as used here ,  has  constants adjusted to  f i t  Millikan's oil-drop 

data,  and giv?s the following expression for the t e rmina l  velocity in  a i r :  

This range of flow is frequently r e f e r r e d  to as the 

A study of the flow has  a l so  been made for 

This ra t io  is not measu rzd  directly,  but is chosen to  

F o r  the in te r -  
(5) 

Thz empir ica l  

Equation (4) a l s o  reduces to Eq, ( 3 )  f o r  d/A>> 1. 

ar2 based  on ErL. (4). 

The computations made h e r e  

4 0 0 0 5 8 9  
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F igures  7 through 10 give the resu l t s  of the computations which have been 

prepared for  this report .  These f igures  a r e  based on spherical  par t ic les  of 
density, p’ = 2 gm/cm3, and on the NACA standard atmosphere.  (7) 

Figure  7 depicts the boundaries of the var ious flow regimes for  different 

alt i tudes and different sphere  d iameters .  

the value of the rat io  d/A, except for the upper limit to  the Stokes range which 

is determined by the Reynolds number (R = 1). 

These curves a r e  determined by 

Figure  8 gives the te rmina l  velocity a s  a function of particle diameter  at 

Since the t e rmina l  velocity is proportional t o  the par t ic le  var ious altitudes. 

densityp’, the  values on the graphs may be  readily adjusted to other values 

of p’. 

Figure  9 shows the t imes  required for  spher ica l  par t ic les  t o  fall f rom a 

given init ial  altitude to s e a  level a s  a function of par t ic le  diameter .  

F igu res  8 and 9 neglect the Brownian motion component for small par t i -  

cles.  

l a rge  distances of present  interest ,s ince the root-mean-square Brownian 

displacement var ies  as the square  root of t ime  and the gravity dr i f t  displace- 

ment va r i e s  linearly with t ime. 

The effect of this neglect is unimportant for the long settling t imes  and 

Figure  10 indicates the  effect  of par t ic le  shapz on sett l ing velocity; it 

gives the rat io  of the te rmina l  velocity of fall for  ellipsoids to  the te rmina l  

velocity of a sphere  of the s a m e  volume. 

in the Stokes range of flow but may be used as an approximation even when 

d/A 5 10. 

The values given a r e  accura te  only 

1. 

2. 

3 .  

4. 

5. 
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F i g .  7--Various flow regimes for the f ree  fall of spherical  particles 
a s  a function of diameter and altitude 
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F i g .  10--Ratio of terminal  velocity of ellipsoid with axes a, b, and c to  
terminal  velocity of sphere of same volume 
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APPENDIX IV 

INHALATION OF sr90 

90 Aluminum oxide has  been suggested a s  a possible t r a p  for Sr during 

Consideration is therefore formation of particles in an atomic explosion. 

being given to  the effect of this type of conglomerate mater ia l  upon inhalation 

into the lung. 

Aluminum oxide has  been implicated as the causative agent of a pneumo- 

coniotic disease (Shaver's Disease) among workers inhaling fumes of calcined 

bauxite. The microscopic pathological picture has been described as a diffuse 

fibrotic process.  

were  replaced by fibrous tissue. Hyalinization w a s  considerable. The fibrosis 

w a s  not nodular in type. 

' The alveolar walls were thickened and in places the alveoli 

This mechanism may result  in somewhat grea te r  trapping than the con- 

ventional rule of thumb regarding the retention of particulate matter in the 

lungs. 

II c/ml of a i r .  

* -10 
However, for SUNSHINE we shall  use the standard MPC of 2 x 10 

It may be of some in te res t  to  calculate the inhalation-limiting world dose 
90 . of Sr  This calculation is even more  idealized than those given in Appendix 

I, especially since it assumes  that all the Sr9' created is available in aerosol  

fo rm uniformly distributed throughout the ear th 's  atmosphere. 

We take as the volume of the earth 's  atmosphere, 5 x 10 

quired amount of Sr9' aerosol  to  bring the atmosphere up to tolerance is then 

( 2  x 10-l') (5 x = 10 pc  = 10 curies.  This activity of Sr  is created by 

a fission energy equivalent to  5000 MT. 

24 cc. The re -  

15 9 90 

Pending better evaluation of the inhalation hazard, this  figure is to  be 
taken cum grano salis. --- 

*International Commission on Radiological Protection; NBS Handbook 47. 
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APPENDIX V 

PHYSICAL CONSTANTS 

FISSION ENERGY 

F o r  the purposes of SUNSHINE, we shal l  use the standard Los Alamos 

radiochemical scale.  

1. U235 fission: 1.42 x fission give 1 KT TNT equivalent (1 KTE), 

o r  1 kg U 2 3 5 d 1 8  KTE. 

2. fission: 1.35 x fission give 1 KTE o r  1 kg P ~ ' ~ ~ 4 1 8 . 7  

KTE. 

5 r90  AND y90 

90 (2)  E (Sr ) = 0.54 MeV, 
B 

90 ( 3 )  T I  - ( Y  ) = 61hr ,  
2 

E (y  90 ) = 2.24 MeV, (2)  
B 

Most, i f  not all,  of the Sr90 originates in this  manner  in  fission. The 
235 is yield of Sr90 in the rma l  fission of U 

4. 

t15 % 
4.62 . 1. 

-6% 

Thus 1 KTE energy re lease  of U235 resu l t s  in the production of 

*Private communication f r o m  Anthony Turkevich, Institute fo r  Nuclear 
Studies, University of Chicago, July 17, 1953. 
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Now, 

90 0.693 -9 -1 = 1.10 x 10 s e c  , 7 A (Sr ) = 
19.9 (3.16 x 10 ) 

90 o r  1 g m  of S r  has a s t r e n g t h  of 

23 
= 199 c u r i e s .  

(1.10 (6.02 10 ) 
(3.7 x 10 ) 90 

10 

Since t h e  yields  of Sr9' f o r  v a r i o u s  bomb neut ron  s p e c t r a  a re  unknown, 

and for the  time being no distinction between u r a n i u m  and plutonium weapons 
is being made ,  we s h a l l  adopt t h e  following yield s t a n d a r d  for  S r  90 : 

One KT e n e r g y  equivalent yields  1 g m  = 200 c u r i e s  of Sr9O. Al l  S r  90 

yields  a r e  t o  be s c a l e d  proport ionately to  the  K T E  of a par t icu la te  bomb. 

T h i s  f igure  is probably t h e  l e a s t  i n a c c u r a t e  of all the p a r a m e t e r s  involved 

It is t o  be noted that th i s  value is s e v e r a l  t i m e s  in  the  SUNSHINE study. 

smaller than  t h e  value used in the  e a r l y  GABRIEL s tudies :  

2.75 gm/KT. 
55 gm/20 KT o r  

(The  bas is  f o r  th i s  f igure  w a s  not given.) 

GLOBAL CONSTANTS 

1. Oceans and seas: 

A r e a  = 3.6 x 10 8 k m 2  = 1.4 x 10 8 2  mi , 

Volume = 1.4 x 10 9 3  k m  = 3 . 3  x 10 8 3  mi , 

Mean Depth = 3.8 k m  = 2.4 mi. 

2. Land:  

A r e a  = 1.5 x 10 8 k m 2  = 0.6 x 10 8 mi .2  . 

4 0 0 0 5 9 8  
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BIOMEDICAL CONSTANTS: THE STANDARD MAN 

Mass  of Organs 

, 

Organs Grams  

Muscles  ..................................... 30,000 
Skeleton, bones ............................ 

Red marrow .............................. 
Yellow marrow..  ........................ 

Blood.. ....................................... 
Cast  r oint e stinal t r ac t  .................... 
Lungs .......................................... 
Liver  .......................................... 
Kidney ........................................ 
Spleen.. ....................................... 

Thyroid ....................................... 
Panc r eas ..................................... 

Testes. .  ...................................... 
Heart.. ........................................ 
Lymphoid Tis  sue.. ......................... 
Brain.. ........................................ 
Spinal cord  ................................... 
Bladder.. ...................................... 
Salivary glands.. ............................ 
Eyes.. .......................................... 
Teeth. .......................................... 
Pros t ra te . .  .................................... 
Adrenals..  ..................................... 

7,000 

1,500 

1,500 

5,000 
2,000 

1,000 

1,700 

300 

150 

70 

20 

40 

300 

700 

1,500 

30 

150 

50 

30 

20 

20 

20 

10 Thymus ......................................... 
Skin and subcutaneous t i s sues  ............ 8,500 

Other t i s sues  and organs not 
separately defined ......................... 8,390 

Total body weight ........................ 70,000 

4000549 
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Chemica l  Composition 

Approximate mas s 
Propor t ion  in  the  body 

E l e m e n t  ( 7 : )  ( in  sm) 

Oxygen 65.0 45 ,500  

Carbon 18.0 12,600 

Hydrogen 10.0 7 ,000  

Calc ium 1.5 1,0 50 

Phosphor  us 1.0 7 0 0  

P o t a s s i u m  0.35 245 

Sulphur 0.25 17 5 

Sodium 0.15 10 5 
0.15 10 5 Chlor ine 

Nitrogen 3.0 2,100 

Magnesium 0.05 35 

I r o n  0.004 3 

Manganese 0.0003 0 .2  

Coppzr  0.0002 0.1 

Iodine 0.00004 0 , 0 3  

The f igures  f o r  a given o r g a n  m a y  differ cons iderably  f r o m  t h e s e  a v e r a g e s  

f o r  the  whole body. 

t h e  b a s a l  l a y e r  of sk in  is probably n e a r e r  6y0 than  3 % .  

F o r  example,  thz n i t rogzn  content of th?  dividing ce l l s  of 

Applied Physiology 

The a v e r a g e  data  f o r  n o r m a l  activity in a t e m p e r a t e  zone a r e  given below. 

1. V;ater balanci-.: 

DAILY NATEA INTAKE 
(in l i t e r s )  

In food, including watzr  of oxidation .................. 1.0 

A s  fluids ...................................................... 1.5 

Total  ........................................................ 2.3 

- 
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I? hy s i c a1 Tidal air V0l/8 hr ’ 
Activity Hr  /da y ( l i t e rs )  Res p. /min. (cu m> 

At work  8 1.0 20 

Not at work 16 0.5 20 

Calculations of maximum pe rmis s ib l e  levels  for  radioact ive isotopes in 
water  have been based  on the to ta l  intake f igure of 2.5 liters pe r  day. 

Vol/day 
(cu m> 

20 

DAILY WATEK OUTPUT 
(in liters) 

Sweat ............................................. 0 . 5  - 

F r o m  lungs ..................................... 0 . 5  

In feces  .......................................... 0.1 

Urine ............................................. 1.5 

Total  ........................................... 2 .5  

Total wa te r  content of body ............. 50 

7 

2. Respirat ion:  

AREA OF RESPIRATORY TRACT 
(in sq m) 

Respi ra tory  interchange area ....................... 50 

Nonrespi ra tory  area (upper tract and 
t r achea  t o  bronchioles) ............................. 20 - 

................................................. 70 Total.. 

CARBON DIOXIDE CONTENT OF AIR 
(by volume) 

Inhaled air (dry, at s e a  level) ..................... 0.03% 

Alveolar air ............................................ 5.5% 

Exhaled air.. 4.0% ........................................... 

! 

Y 
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Max. Permissible 
Concentration in 
Dr  inkin? Water 

(MC cc 
4 x 10-1 

Durat ion of Exposure 

adopted in  calculations appertaining to  occupational exposure:  

1. Duration of Occupational Exposure:  The following f igures  have been 

8 hr /day,  40 hr /w eek, 50 week/yr.  

2. Durat ion of "Lifetime" for Nonoccupational Exposure:  A conventional 

f igure of 70 y r  has been adopted. 

Maximum Permissible Levels  for  Occupational Exposure t o  Certain Isotopes 

/lax. P e r m i s s i b l e  
Amount in Body 

(Y c) 
Isotope 

H3 

G~~ (as co2 
(in air) 

24 Na 

P32 

s3 

$31 

Go 

A4 

Xe 

Xe 

Ra 

F U  

u233 (soluble) 

u233 (insoluble 

~ r 9 '  + y90 

60 

13 3 

13 5 

226 

239 

(in equilibriur 

89 

210 

S r  

Po 

1 . .  

.......... 
15 

10 

10 0 

0.18 (thyroid) 
0.3 (body) 

1 

.......... 

.......... 

.......... 
0.1 

0.04 

0.4 

0.008 

1 

2 

0.005 

Max. P e r m i s s i b l e  
Concentration in 
Air  (24-hr day) 

( # C / C C )  

5 low5 

1 

1 lom7 

3 x 

.......... 

3 

7 

1 IO+ 

1 x 

3 x 

8 x 

2 x 

8 x 10-l' 

1.6 x 

2 x 10-l0 

........... 

........... 

.......... 
8 x 

2 

........... 

3 

1 low5 

.......... 

.......... 
.......... 
4 x 

1.5 x 

1.5 

.......... 

8 x 

.......... 

.......... 

4 0 0 0 b 0 2  
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