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FORE WORD 

This report has had classified material removed in order to 
make the information available on an unclassified, open 
publication basis, to any interested parties. This effort to 
declassify this report has been accomplished specifically to 
support the Department of Defense Nuclear Test Personnel Review 
(NTPR) Program. The objective is to facilitate studies of the 
low levels o f  radiation received by some individuals during the 
atmospheric nuclear test program by making as much information 
as possible available to all interested parties. 

classified as Restricted Data or Formerly Restricted Data under 
the provision of the Atomic Energy Act o f  1954, ( a s  amended) or 
is National Security Information. 

copies of the original material. The locations from which 
material has been deleted i s  generally obvious by the spacings 
and "holes" in the text. Thus the context o f  the material 
deleted is identified to assist the reader in the determination 
of whether the deleted information i s  germane to his study. 

in preparing this report by deleting the classified material 
and of the Defense Nuclear Agency that the report accurately 
portrays the contents of the original and that the deleted 
material is of little or no significance to studies into the 
amounts or types of radiation received by any individuals 
during the atmospheric nuclear test program. 

The material which has been deleted i s  all currently 

This report has been reproduced directly from available 

It is the belief of the individuals who have participated 
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LETTEX OF PROUULGATION 

This report, Evaluation of Radioactive Fall-out, is published i n  
order t o  present the fac ts  to  the extent that they are known, about the 

radiological s i tuat ion folloming the detonation of nuclear weapons; and 

the facts and opinions relating t o  the biological hazards likely t o  be 

encountered from radioactive fal l -out .  

The discussion given i n  the report, the evaluation presented and 

the conclusions &gin are those f o r  both the close-in fa l l -out  and the 

world-wide contsmination problem and the Interrelationship of the tvo. 
General concepts are developed from available data. Detailed treatment 

of several aspects of the fa l l -ou t  problem may be found in the refer-  

ences l i s t e d  in the report. 

It is planned t o  keep the problem under ContirmDlUr active study 

and it l e  expected that, as more information become available, nupple- 

mentary r e m s  will be presented. 

G P A d *  
A. R. LuEDEcKE 
Major General, 16AF 
Chief, AFSWP 
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ABSmm 

The plapoae of this report  is t o  assess the  maepitude and extent 

of the hazard t o  h- l i f e  jnrposed by radioactive debris deposited in 
the  human environment by large numbers of nuclear weapons. Known physi- 
c a l  facta, data from nuclear weapon t e s t  experience, and pertinent theo- 
r e t i c a l  considerations a r e  utFlized t o  e d u a t e  the extent of the  hazard. 
A discussion of the phgsical phellcmnena is presented t o  show the  mechan- 

isms *reby radloactive particles may be formed. 

given t o  the changes in the  intensi ty  of a f a l l -ou t  f i e l d  of radioactive 

debris as variations are =de in the  proldmity of the detonation t o  the 
earth's surface, the -tude of the flssion yield, the t o t a l  yield of 
fl~sian and h i o n  vea- and the mcteordlogical conditions Imedlstely 
before and shortly after an a W c  detonation. Ths degree of local 
hazard involved WFU in every cane a t  bast e@ or exceed that of t h e  

world-*be b a r d  when erpresaed as a function of a t  areas. 

of various l e v e b  on hwimna, the beneflciell e f f ec t s  of rrhielding 

what high leveh of radiation k i n g  the ear4 &cay of the radio- 
active f d - o u t  field, the  genetic effects, and the  s igdf lcance  of 
intsrnaUy deposited radioactim lootopea as carcinogens are  discussea 

in the Ught of the presentlp exlsting data together with projected 

calculations of possible e f fec ts .  For long-term carcinogenic effects,  

s t r o n t i u m - ~  I s  considered t o  be the m a t  haardous of the  radioiso- 
topes spread both looallg and world-vide. 

number of nuclear weapon detomstioxm requIrcd t o  cause a world-wlde 

Consideration was 

The biological ri@fitance of the effectn of ionizing radiations 

It appears l l ke l y  that the 

long-term StrOlltim-gO ha!UU& muld be 80 he as t0 resut in deW8- 

tat ion of much of the habitable world area irCrm t h e  inmrediate destructive 

effecta of the w p a m .  
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EVALUATIOFi OF RADIOACTIVE FALt-OUl' 

I. INEiODUXION 

The p u p a e  of t h i s  report is t o  a a s e ~ s  the  nmgnitude and extent 

of the hazard to h- U f e  Imposed by radioactive debris -sited in 

the humsn environment by h r g a  m b e r a  of nuclear weapollll. The h g e  
awxmt of d a h  vhich haa been scclmnrlated from f i e l d  t e s t s  of nuclear 
weapon6, laboratory iindings, and f i e l d  research l a  so rolUmlna\u that 
an e d v s t i o n  of these is indicated. The evaluation is  made in the 

light of lmovn facta of nature, nuclear weapon test expcrience, and 
pertinent theoret ical  c-ideratiam . 
enviaicmed thum far utmze either vfrolly or in psrt a nuclear proteas 

known as fleaion to achieve the energy r e h e  desired. 
yield of a pure fiasicn device is l imited by tha fact that the quantity 

of flrsionable rawid that OM be assembled in a given Mniiguration 

cnmot safely exceed a particular amormt, c d l e d  a critical m o a ,  W s  

amount 089 be inCreered indefinitely by expanding ar diapersing the 

coniigrPation; however, a pract ical  limit l a  soon reached because the 

size of the configuration becanes cwnbersome and the problem of booem- 
b 4  a t  the desired instant of detonation becaaea mre and m dim- 
cult. 

A l l  explodw nuclear datrieea lmawn to  have been c m t r u e t e d  or 

!he energy 

A conpanicor process to the fission process IB that of fusion. Al- 
though the d t  energy yield ia leas, there is no c r i t i c d i t y  problem 
for fuaionablc materials; t h w  krrge quantit ies of fusionable msterid 
can be engfnetrrd into weapon designa wlth no attendant nuclear aafetg 

problem. "€bated" flaaicm vea- and all thermonuclear detrlcer magC 

M t i a t e  the ruaion reaction, a fission "trigger" or InLmsry is a necet7- 

n a q  ccqouent of the -on devices aucceasiully bu i l t  thus far.  
zhc flssicm process l a  a phenomenon whereby radioactive nuclides 

are farmed from the splitting of large atarm, with concurrent release 
of large amount. of energy. Under the pFoper physical conditicmu, 

w e  of this process. Since m x y  high temperaturea are required t o  

1 
- 



these nuclides may bec- MSOCiCbted with particulate matter frc~ other 

bomb debris, f r o m  dust in the atmosphere or material raised by the ex- 

plosim, or frum moisture condensed in the atmosphere to form rain, snd 
thus w i l l  be brought to the earth's surface and becow a potential  m a -  
olcgical hazard. On the other hand, the nuclides formed in the ruSion 
process (except for the unburned tritium) are not radioactive and do 
not, of themselves, increase the potent ia l  radiological hazard. 

l b e  radioactive iragments formed in the fineion process are c h d -  
cal elements ranging frcan zinc t o  europium, the lovest and highest 

atomic weight elements formed, respectively. A re lat ively n u e l l  quanti- 

t y  of radiorrctive atam vhlch an not fission fragments are found 

fdllowlng atcgulc detonations. !CMa ac t iv i ty  results f'rm the action of 

neutrane cm the nuclei of certain etable a h .  

U S .  nuelear napon WLU snd test experience ccmists of 65 shots 

to date. Detonetiom have been carried oat a t  high, intermediate, and 
lov  altitudes, on tavern and on and =der both land and water smfaces, 

over a range of yiel& f r a n  lesa  than a kiloton t o  about 15 m t g a t o ~  

'IWI equivalent. 
have conducted nuclear veapcm tests, sad much data irCm the t e s t s  by 
the k i t e d  Kingdm are aoaFLable to us. 

In addition, the United Kingdm and Soviet Russia 

Ground surface and underpmd bursts result in the incorposstian 

of radiarctive fission fl-agments and the .mall mount of induced radio- 

active rnrtex5.a.b vhlch are farmed, on or i n to  earth particles which 

provide a vehicle fo r  bringing the contaminant prmptly fmm the atomic 
cloud t o  the surface of the earth. An sir burst, on the other band, 

-den no ready - for brlnghg the ccatandnant doM quicklg, with 

the result that thar is very U t t l e  local iall-aut f+rm this type of 
burst. 

Tbe height t o  vhich an atomic cloud rises above the burst point 
depen& primarur upan the yleld of the detonation. After cloud stabfl- 

ization, the speed and direction of the wln& at all altitudes  VU@ 

which the par t ic les  must fall determine the direction of erpected 

2 



fall-out, and the yield and type of bomb together v l t h  the proximity of 
the detoacltion to  the earth determine the t o t a l  amount and kind of 
debris available for  f a l l -ou t .  

process continues in more remote areas t o  a l e s se r  and l esser  degree 

mer a period of months or even years a8 the cloud is taken by the 

wind ctvrents around the  world. 

After l O C d  f d l - o u t  is completed, the 

Particles from d o s e - i n  fa l l -out  and world-vide dirpuSion have 

been collected by several d i f fe ren t  samplhg r t h o d a  a t  altitudes rang- 
lng up to 90,oOO fee t .  Rediochemicsl snalysis of these par t ic lea  shown 
the presence of many a r t i f i c i a l l y  radioactive isotopes. The percentage 

composition of these, allowing for radioactive decay, generally parrallels 

the yield of the element f r o m  the  fission process, although cer ta in  

element6 have been found t o  vary from the expected quantity far physi- 
casly expbiosble reasons. 

There arc certatn rsdfoactive elements a c h  .we known t o  be blo- 
logically hazardou when deposited in hmam and anlmdls. -1es of 
these are strontilrm-89, strontium-90; and iodine-131, ell of which m e  

formed in considerable quant i t ies  aa a coneequence of fission. 
patentially hazardou fission products may be taken in to  the body by 

either i rhalat ion 01' ingestion, and tend t o  co l lec t  in certain parts 
of the body such as the bone or thyroid, vhere t h e i r  damage is &ne 

over extended periods of t h e .  
Very l i t t l e  def ini t ive inionnation e r i s t s  on hrmran response t o  

ionlzing radiatione, and one must re ly  largely on animal data, supple- 
mented by data from a l imited nmber of accidental human exposures, in 

evaluatbg the fa-ll-out hazard. 

natives and 28 ~ w r i c a n  lrelviccwn were accidentally exposed t o  sub- 
l e tha l  amounts of fal l -out  radiation. Clinical 8tudles of these hman 

subjects proved tha t  quantit iea of radiation biologically aamSglng t o  

humans may be received fram this typc of radioact ivi ty  at great dis- 
tances frm the  point of origh. 
6ublethd because of p rmpt  evacuation, included b e t s  burns when radio- 
active part ic les  u u e  jn direct contact v l th  the akin, and hematological 

3 

These 

In the CASTLE t e a t  s e r i e s  in the  spring of 1954, 2% Marahallesc 

Tae biological damage, although kept 



changes from the gzmm radiation of the particles not in direct  contact 

wlth the  l n d i v i d d .  Thcre were indications of 81mll but mea8mable 
quantities of internally deposited radiosctim isotopes. 

Animdl experFmmtation has &own that external irradiation to ths 

In order to aaaess the sig- 

ganada can cause gene mutations. Moat of these mutatlone m e  deletui- 
oud and m y  caue eventual genetic death. 

nificance of t h i s  phenamcnon the b a n k  gemt ic  datahavebeen extrapolated 

t o  una M realistically 86 possible in the light of current lmovledge. 
The baeic biological extrapolation h a ~  been Interpreted in terme of the 
lmoM or predicted physical radiological exposme data. 
W dmmglng radiatiw frcm =-out are attenuated in 6- &pes 

8- BmDlmts by mtter Intarposed between the source and the receiver. 
of x&eridl, sueh tu a hyu of heavy clothing, VlU absorb almost corn- 
pletely the elpba and beta ndia t iona  ~YCJIII fdll-out. The - radia- 
t ion ftau faJl-aUt cannot be coPpletely stopped by shields, but even 

ndnlml nhlcldlng can be quite effect ive in reducing gamm radiation 

received to tolerable leoeb. 
lbuu it can be seen tbat the phencwxrologv of nudear vcapona is 

auch that the physical effects  dctemxlnc the biological parameters t o  
be evaluated. 
large a d a c e  det0218tion in greater by several ardera of msepitudc tbaa 

waa ever obsemd mtFl the high l eve ls  of f U 4 u t  radiation were a s -  
covered follavlng the Bra= shot of the CASTLE series.  Thc biomedicsl 

data prementcd indicate tbat absolute aafety and freedm ~TCUII i n j u r y  

arc  mattainable s b c c  samc radiation effects such M genctic damge 

and p s i b l y  carcFnogeneais a0 not ham a threshold of injq M far 86 
can be deterndned. 
risk l a  larger by far thur waa ever considered In PrOepamnLng for a&- 
quate public health pnrcticea or disamtcr h d U w  for the ~ountr~ at 
large. 
leading t o  u t l l l za t ion  of the bcneflclal effects  of all avullable 

amid mang u m r c c a s ~  casualties should suEh a cawtropluI M a nuclear 
w a r  ever occur. 4 

%e bazard created In the close-in fall& fuca by a 

It mumt be borne in mind that the population a t  

A good educat1oBB.l PrOIpam regarding the hauvds i n d Y C d ,  

shiclbing, early evaanation and adequate decontamiaatlon procedW=a v l l l  



XI. PHYSICAL ASPECPS OF l!BJ3 FALtoVP PROBLEM 

A. Radioactle hkteriala F-d In A & ' d e a r  htOMtiOn. 

'Be quantity of radioactive material created aa f lsslan prod- 

ucts in t he  detcnation of a fission weapon I s  )moua to depend upon the 
total energy release of the napon. Soma =tho& of calculetlon of 
total fiseion yield. u t l l l z e  the nlrmbcr of f lselons per kiloton, vhich 

ylel =iwr n e u l t i n g  in 2.76 x $3 radioactive f i e i o n  fisepmts per XT. 
'&lo value includce a l l  of the Inmediate i i s e l o n  products, same of 
vhich decay vlth very rbrt half-lives, M e  others rag glvr rise to 
decay c h a h  ccmnisting of revera l  isotopes, sane of vhich may have 
longer bU-llves, resulting in the* decay over a period of =tho or 
years. W emit OM or more beta pcrrticler m d  m a t  emit one or more 
gama rays. Thcre are a m x l r m W y  170 lsotopea ultinstelg formcd 
from a total of 35 elements ]mow. to result from the fission pmeess. 

oxlmately 1.9 x 1023 tissicw occurring per XT of fission 

S a  O f  these 180top38 are f-d directlg firmfa; Ot-8 fOrm 

ea d l r e C t  fl8Eion snd &Cay If thc 
i s o t o p  l m  formcdby the two processea, the total isotope concentration 
la the om of the tuo. 
elemntn but different isotopes M indlcakd by their different half- 
u v c s  are: 

3m exmnples of decay c h a h  vhich form the name 



8 
products formed pU 

8 active products, for a total of 4.1 x 10 curie8 of flseion product 

act ivi ty .  The aperage effective garm~p ray energy in a fission producf 

f i e l d  is about 0.7 HCV, so that If 1 mllllan crrriem of mixed fi.sim 
products are sprrad rmliormly over a one rq- mile p h u  surfhcs, ths 
g- radiation intensity measured 3 f e e t  above that slatace Muld be 

about 4 r/hr. 

a var ie ty  of ways. me E r m t e r - u o u  s t u d i e p  on 'dov neutron iisaiaa, 
md Coryell-SwBnwm cornpilati & can be uaed to obtain percentage 

Of fimion yield,  fl- 1.1 X 10 curies of beta- 

The speclflc yields of rsdloactive mskrida hwe been 8tUCiied in 

va lws.  UC-72 is th a b  of lawest m a  ana gadolyni~m-160 tbc 
greatest of those found t o  result from fi~sion. plgw 1 indicates the 
variation of flasion yield vith xmus number, with fission yield e t  

pressed w a per cent, for $35, $9, ~ n d  w23. z l l ~  total a- up t o  
E& since each fissian e v e s  two flusion products. Fast fission of 
uranium-239, plutonium-239, arrd ~nnaium-235 r e su l t s  i n  asprolamate4 
the sam f l ~ s l o n  yield values vith the largest difference in t h e  a d d l e  
zone &ere the value varies fiwm 0.01% for d m - 2 3 5  to  0.05% f o r  
uranium-238. 'Bus, th4 various mixtures of fisaianable n m k r l d  and 
rpanium-2j8 tamper m s M d  which msy be present in a weam have rela- 
tively llttlr effect  percentage-wise on the  relative smounts of radio- 
active isotapcs forred. 'Ihe first peak in Figure 1 Includes strontium- 

and strontium-90 and the second peak containo iodlPc-lJ1, which sue 
Bunter-BslLou atudies are an accurate measurement of the percentage 
of radioisotopes obtained f'rcrm a labmatory bombardment of urmlua 
and pltttoniw-by .lev neutrons. 
the laboratory sue compared vith the percentages of rsdioisotopes 
found in --out particles Md variatiwu between the laboratory 
and t e a t  percentages are an indication of fractionation. PLIs 
approacb i s  conaidered the only accurate method poraible to calcu- 
late percentage yleld. 'Xbe CoryeJl-Sugarmn studies prod& rimi- 
lar iniormatian about the percentages of isotope8 proauEed fn the 
laboratory fmm the bcanbtardmmt of fisnionable mstariab d t h  fEut 
nrutrcms. 
Hater, H.F., Bdlou, N.E., Simultaneoue Slov Neutron fission of 
U-235 A h ,  I. 
Roduds, IElEtDL md5, 194. 
co eY C.D Sugarmaa B., Radiochemical Studies,  !be Flssion Pro- dL, b e  n i t i d  ~ u c i e a r  mrgy series, ~ o o k  2: part V, 1951. 

The r ~ ~ u l t a  of thc obrervat iaa  in 

IUdiridubl snd Total Ratas Of Dt-7 O f  thc F h i o I I  
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three isotopes of biological importance. 

veapcns during the CASTLE series revealed that’ 

The t e a t s  of =Eaton yield 

These re lat ive 

fission and funion d u e s  WFIl change v i t h  weapon design, so that in 
the h t u r e  m r e  of the to ta l  energy may be derived from the funion 
process, resulting in less radioactive bomb debris. 

valid for  current U.8. thermonuclear vcapona, it is estimsted that 
3.0 x d2 curlor of gama radioactive material  vill be available from 

As an approxlmtion 

thermonuclear weapon a t  one hour aiter 
burr ai time for 8- ne J am of deposition, e i the r  as early or as l a t e  

fau-out. 
In the a r e  of thermonuclear weapons[ 3 the general maape of the contour pattern involved ~n 

f d l - o u t  w i l l  depend upon the tohl energv yield,  but bmb of radia- 

tion v l l l  depend upon the mixed firsion product yield.  

prc radiwctive decay of mixed fisrion products ha8 been found to 
io- the form I = Ilt-1*2, in v h i ~ h  I - radiat ion rea- at timc t 
in roentgen8 per hour; I1 - rea- a t  one hour in roentgeno per hour; 
t I time in hours sltcr initial reading. W radioactive isotope8 de- 
cay a t  a apeciflc rate determined by the half-life of the isotope, and 

the total fission product decay l a w  In the  weighted mean of all half- 

l ive8  found in the mixture. 
formed, half-lives are found t o  vary frcm a f rac t ion  of a second t o  

several years. , or tm1O2 decay rate aa it is irequent- 

l y  s tated,  holds rather well for t h o  up t o  1x, dags; then, gradually, 

the  W - U f e  decay of spcclf lc  long-lived isotope8 begha t o  predom- 
inate, particularly after one.year. 

a change i n  the over-dll energy apectrum of the mixture d d  be ex- 

pected. 

!Usus, of the t o t a l  number of isotopes 

-1.2 I = Ilt 

Because of the cheage wlth time in specif ic  isotope concentration, 

!this in fact does occur, and the gamma radiation 18 found t o  

8 



soften wi th  time. The change is ra ther  s m n l l .  In i t i a l ly ,  the mean 
effective gama energy is a l i t t l e  over 1 MeV. 

energy of the major portion of the isotopes present show two peaks, one 

at  about 0.5 t o  0.7 mev and the  other (and smaller)  at  about 1.3 mev, 

with very l l t t l e  change at l a t e r  times. 

M t e r  10 days the 

It is sometimes u s e m  t o  speak of quant i t ies  of specific isotopes 

formed and distributed because of differences in physical, chemical o r  

biological properties which might be of interest fo r  a par t icular  prob- 

l em.  
ing the percentage yield curve. 

estimated t o  an approximation by the  formula 

A I atomic weight; T - radioactive hall-life of the isotope in days. 

Thus, t o  we the three biologically important isotopes previously c i t e d  
aa examples, there VFU be 1.24 x 10 cur ies  of iOdine-lJ1, 2.62 x 10 

curie8 of strontium-89, snd 2 x 102 curie8 of strontium-90 formed per 
KT of fission yield.  
for  the three eramples used, it can be seen that the half-life of an 

isotope is a very important factor in the calculation. An a consequence, 

the bulk of the g- radiat ion emitted ear ly  in the fal l -out  f ie ld  is 
due t o  the large number of curies of energetic gEvmna emitters from a 

re lat ively small  percentage y ie ld  of short  half-l ived isotopes. 

The average weight of any isotope formed can be found by u t i l i z -  

The y ie ld  in curies per gram can be 

where 1 
-9 %/2J 7.66 x 10 

112 

5 4 

From the nmber of curies of a c t i v i t y  calculated 

The fusion process does not contribute t o  the quantity of radio- 

active materials vhich are available for f a l l - o u t  except those formed 
from induced activity,  which VFU be discussed l a t e r .  It does mske a 

measurable contribution, however, t o  the l o w  l eve l  of t r i t i u m  whlch is 
normally found in the atmosphere resu l t ing  i rm  cosmic radiation. 

,quantity of tritium is approx ima te lg r3  per KC of *ion energy re- 
lease (1.24 x l# curies per Mp). 

trationa of t r i t i u m  in the atmosphere is very remote because of the  
great dispersion effect  of the  wlnda, the tendency toward upward d i f -  

f’uaion of l ight  gases, and the slow react ion r a t e  of tritium vl th  

oxygen t o  form water. 

This 

L 

!4!he p o s 8 i b i l i t y  of dangerous concen- 
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Beutron-induced ac t iv i ty  in the  soil haa been a subject of comid- 

erable study. 
minute half- l i fe ,  emltting a 1.8 mev beta  but no gamma, decaying t o  

s table  phosphorous. 

2.4 minute half-life, emitting 2.7 t o  3.3 mev betas md a 1.8 mev 
gamma, and decay- t o  s table  s i l icon.  
Pacific Proving Ground a considerable quantity of calcium-b5 may be 

formed. Its relat ively long half-life of 180 days,  a 0.26 mev beta 

wlth no gamma, and i ts  position of importance l n  the biological system, 

make it interesting. 

veapon over average soil  would not r e s u l t  in a sufficient amount of 
calcium-b5 t o  consti tute a hazard. 

where the concentration of sodium is high, and t h i s  may become important 

In  sandy soil, radiosil icon may be formed wlth a 170- 

In  clay soil, radioaluu,inum may be formed with a 

I n  the coral sand of the  

However, the quantity f m d  by detonation of a 

Radiosodium may be formed in are= 

in detonations over and in sea water. It is the  conaidered opinion of 
moat investigators that for surface or n ear-surface bursts, induced 

radioactivity in elements of the  n& anb-water is of minor importance 
--._ 
t o  the O v e ~ f a U - o u t  hazard, par t icular ly  80 a f t e r  the first bsy 

following the detonation. 

be important i s  United t o  the area around ground zero. 

ac t iv i ty  formed depends upon the type of baub, height of burst, and 
type of sof l  over vhich the detonation occurred. 

ac t iv i ty  in the ground is apt t o  be of greatest  importance vhen the 

weapon is buret in such a position that the f i r e b a l l  is just clear  of 
the  ground. In  t h i s  case, there would be very l i t t l e  f iss ion product 

act ivi ty  deposited locally,  aa wlll be discussed la te r ;  however, the 

induced act ivi ty  a t  ground zero might be as much as xxx) r/hr at one 

hour a f t e r  burst tire for  cer ta in  high neutron flux weapons such as 

c 

- - 
The area where ground induced ac t iv l ty  may 

t- 

The amount of 

Neutron-induced 

radioactive decay -1.2 It is important t o  note that the  t 
factor discussed previously would not be appllcable in t h l s  case. 

early decay would be apt t o  be slower but the l a t e r  decay would be 

formula uuuld indicate. For example, high sodium fas te r  than the t 
ccntent i n  the s o l l  vould probably give an effect ive half-life of about 

'Fne 

-1.2 
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1 4  hours fo r  the pound-induced ac t iv i ty .  

One of the  phenamena of nuclear weapons is the  high f lux of neu- 

trons of all energies. 

resul t ing from the  detonation of la rger  weapons is suff ic ient  t o  cause 
a l a rge  fission yield f rm uranium-2% vhen used aa a tamper far the 

implosion pocess .  In addition t o  the  fission reaction, the capture 

process of neutrons of intermediate energies by the  uranium-238 yields 

appreciable quantit ies of neptunium-239. 

haV-lFie t o  plutonim-2jg, emitting a hard beta and geprma. Thus, the  

quantity of plutonium-2% ultimately formed depends on the quantity of 
maaim-238 used in the tsmper. 

follorlng the  CASTLE se r ies  shots, particularly a f t e r  Bravo, resulted 

f r a m  the large quant i t ies  of uranium-233 vhich were Irradiated. 
energy of the nep tdum decay radiations I s  in the  biologically hazard- 
OM range. 
the  f i ss ion  product emissions vas suf f ic ien t  to a l t e r  the t -1*2 decay 

rate appreciably durlng the period from about 8+10 hours t o  D+lO b y s ,  
so t h a t  data studied must cocsider this variation. 

The nurber of fast o r  high energy neutrons 

This decays v i t h  a 2.3 day 

Part  of the radiat ion hazard found 

The 

The proportion of neptunium radiations emitted re la t ive  t o  

but the quantity is s t i l l  insufficient t o  be an in- 

dependent hazard in a close-In fal l -out  f i e ld .  

B. Radioactive Part ic le  Formation. 

'hen a nuclear weapon is detonated, all f i ss ion  fragments, 

unfiseioned active material, the bamb tamper, and the bomb casing are 
included under the name of bomb debris.  The proximity of the f i r e b a l l  

t o  the ground, the nature of the terrain, and the yield of the weapon 

used, lergely determine the ultlmate amount of soi l  which is nixed with 

the bomb debris t o  form radioactive fa l l -ou t  par t ic lee .  The f ina l  fate 

of bomb debris which is mixed wlth the dirt may be influenced t o  a con- 

alderable extent by the chemical composition of  the f d - o u t  vehicle. 
Detonations a t  a su t f ic ien t  height eo that the f i r e b a l l  does nct 

reach the ground r e su l t  i n  a dist r ibut ion of atoms of bomb debris v l t h  



no ready vehicle for  local  f a l l - o u t y .  The f i r e b a l l  engulfs enough a* 

t o  insure an adequate supply of oxygen t o  enable the atoms t o  form 
oxides when the proper temperature is reached. Although many of the 
elements combine to  form oxides, some m i t e  with oxygen t o  form negative 

radicals  while the halogens form halides which combine with the strong- 

l y  electropositive elements t o  form compounds. 

ton and xenon, remain in the atomic s t a t e  awaiting radioactive decay 

t o  change them t o  elements vhich can form an oxide or halide. These 
two noble gaaes are precursors for strontium and barim, respectively. 

The cloud rising i r o m  the  point of detonation carr ies  dl these 

materials a8 separate molecules, but with the rapid cooling of the  

f i reba l l ,  Prom 7000% t o  approximately 2KO% i n  one t o  five seconds, 

oxides wi th  similar condensation temperatures become available t o  form 
smal l  mixed c r y s t d e  for later incorporation in to  fall-out par t ic les .  

It is reasonable t o  assume that this condensation may be aided by the 

intense ionization that accompanles the  nuclear explosion, although 

there is no def ini t ive data t o  suppart this statement. 

crystal nuclei, containing the mixture of oxldcs, halldes and noble 

@mea, are carried throughout the cloud, where they can be absorbed on 
dust part ic les  or grow by self-nucleation as a re su l t  of many col l is ions.  

As a result of aggregation, they attain sufricient bulk t o  be carried 

t o  ear th  by free fall or  mass air  transport .  

di f fuse and sca t te r  the par t ic les ,  in some cases hastening and in 
others retarding the return t o  the earth. 

The noble gases, m- 

The tiny 

Eddy currents tend to  

The sizes of fall-out particles from an air burst are not well -- 
documented. Investigators agree tbat t&e size dist r ibut ion awing the 

early l i f e  of the cloud i s  logarithmic, with the  numbers i n  the w e -  

gation decreasing as the  diameter of the individual par t ic le  increases 
~~ ~ 

4/ Greenfield, S.M., et d., Transport and Early Deposition of Radio- 
active Debris frm Atomic Exploslons. Project A W L S  of the RAW) 
Corporation, July 1954, SBXEX Restricted D a t a .  
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from the median. 

shows the m u l m u m  number t o  occur below 0.1 micron i n  diameter, v l th  

par t ic le  sizes 86 low aa 0.01 micron being present. 
of 0.9 micron is theorized t o  contain moat of the radioactivity from an 
air  burst .  The par t ic le  s ize  of 0.2 t o  8 microns I s  the range of par- 

t i c l e  s ize  which haa been found t o  be an inhalation hazard, iaasmuch as 
such particles can be inhaled in to  the lungs and retained. !be radio- 

ac t iv i ty  from these par t ic les  can exert  its Mlueace on the lung where 

the par t ic les  lodge i f  ineoluble, o r  may be t ramported t o  other tissue8 
if the par t ic les  are In a soluble form. 

I s  detonated on or near the ground so that the fireball intercepts the 

surface, molten earth is dram in to  the cloud and is present when the 

condensation phase of the oxidized atoms of the bomb debris occurs. 

The size, shape and dist r ibut ion of the par t ic les  formed are  Influenced 

by the chemical comporition and the original particle sizes of the 
earth which is b e d .  
States for a t d c  bomb testing have widely different soils; at the 

Nevada Test S i t e  slllcates predomiaate, while at  the Pacific Proving 
Ground the land surface is almost ent i re ly  c a l c i m  carbonate. 

When the earth contains Si02, a8 it does at the Nevada Test Si te ,  

molten s l l i c a t e  is drawn up in to  the c l o d  and swept around in t y p i -  

cal toroidal motion. 
formation is that portion vbich is swept up vlth the fh-eba l l  and only 
reaches temperatures of 2,000' t o  2,8G€lo C. 

heated par t ic les  are swept around a t  the top of the stem or Fn the 

cloud In an atmosphere of fission products, plutoniua and b a b  case 
fregrents.  
t i on  results in the bmb debris belng deposited uPifO.Z7!dY in the 

center of the molten sllica. 

9 

'&e examination of samples b y  electron microscope 

The particle s ize  

M i k e  an sir burst  wlth Its f ine  particles, wben an atcmric weapon 

The two test si tes n o m d l y  used by the United 

The molten silicate most s ignif icant  fo r  par t ic le  

It I s  theorized that these 

It is further hypothesized that condensation or  agglomers- 

As the par t ic les  cool, they tend t o  pick 

%upkina, R. C., Wey, P. W., Radiochemical Studies on Size-graded 
Pall-out and F i l t e r  Samples f r o m  Operation JANGLE. Rahiological 
Division, U. S .  
Data. 

Chemical Corps, August 1952, SECRET Restricted 
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up less ac t iv i ty  became many of the short-lived isotopes have decayed, 

and with the p o u t h  of the cloud, fewer of those isotopes remaining c m  

be contacted by my one par t ic le .  

1,7000 c, sre s t i l l  able t o  pick up some ac t iv i ty  on the outer aurfacea. 

Krypton-@, krypton-90, and xenon-140, which are present during the  

formation of the fFreball  and are  precursors f o r  strontium-@, strontium- 

90, and barium-140, have very l i t t l e  tendency t o  be incorporated mi- 
formly i n  the par t ic les  during the  ear ly  stage of formation. 

roble gases, when associated wlth a par t ic le ,  are deposited unevenly on 
the surface layers and dist r ibuted along with relat ively large deposits 

of inactive debris vfiich were drawn t m d  the f i r e b a l l  too la te  t o  form 
fused radioactive part ic les .  

Nevada shots indicate tha t  even in the  case of fused part ic les ,  the 
radioactivity tends t o  concentrate toward the outside of the  par t ic le .  

The par t ic les ,  as they cool below 

These 

Tests made on sample par t ic les  from 

The shape of the Nevada pa r t i c l e s  16 essent ia l ly  spherical  and 
they may differ markedly one firm the  other in physical appearance. 

Some are black and ferromagnetic; others  resemble glans be&; some 
appear t o  be glass bead. that have been finctured, bu t  all appear under 
the microscope t o  be different  from the  inactive soil collected in the  

s m e  fa l l -out .  

vest Paclfic, although different  in chemical composition from those 
collected in N e v a d a ,  follov essentially the  same general pattern. The 

size  of these par t ic les  rnnges from 0.02 micron t o  1,ooO microns. 

The par t ic les  which have been collected in the  South- 

In the case of Pacific Frovlng Ground shots, calcium carbonate in 
the ground is heated t o  a very high temperature and is iueed snd vapor- 

ized, generally resulting fn ps r t i c l e s  so fine tha t  they are relatively 
unimportant M vehicles for Lnmedlate fal l -out .  However, a portion of 

the soFl  passes in to  the f i r e b a l l  and is heated t o  a temperature of 

about 2000° t o  Zi'OOo C, whlch 1s sufTlcient t o  decompose the calcium 

carbonate t o  calcium oxide m d  also t o  soften the par t ic le  o r  t o  even 
m e l t  it at the higher temperature given.g When such par t ic les  become 

Adame, C .  E., 'Be Nature of Individual Radioactive Par t ic les ; . I I .  
Fall-out Par t ic les  from M-Shot, operation IVY, ENRDL-408, July 1953, 
SECRET. 
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mixed v l th  tAe bomb debris 1, the cooling mushroom cloud, they absorb 

act ivi ty .  This radioactivity is not uniformly distributed throughout 

the par t ic le  but is absorbed primarily on the eurface. 

possible fo r  tvo or  more par t ic lee  t o  aggregate and in this vay more 

heterogeneous aystems are formed. Theee part ic les  are usually above 

100 microns i n  size, and tend to fall out locally.  

It is ala0 

The fal l -out  par t ic les  frcm the r a t e r  surface (barge) shot8 of the 

CASTLE series vere, for  the  most pert ,  carried in wster droplets. Sam- 
ples were collected, but the data give very l i t t l e  information on the 

transport or depoaition mechanisms. 

An underground burat  is one ln which the center of detonation l ion 

belov the nurface of the earth. 

earth par t ic les  and hot gasen rime above the wound in  an i n v e r t 4  cone 
o r  column. The partlolea are  comparatively large and do not get  M 

high into the air M for  a aurface buret, ao that tha mnJor portion of 
the act ivi ty  ret- quickly frm the colmn and cloud t o  the surface. 

Deep nub-.surface n b o t n  deposit almeet all of the act ivi ty  in the ~ p -  

tured e s t th  surrounding the point of detonation. 

m u n t  of radioactivity deposited M fall-out, the degree of localiza- 

tion, and the time acale of deposition. 
early time m e r  detonation of a surface or underground burst conelets 

almost entirely of the la tger  par t ic lee  (above x) microna in diameter), 

small particles,  down t o  and including molecular si%, do not tend t o  

fail out early but tend t o  remain suapended in the upper atmosphere and 
fall out very slowly. 

thw an important coruiideratlon. One atudy ahowed, iwwever, that less 
than 1% of the fa l l -ou t  from the  JAIGLE surface shot was radioactive. 

It is not known t o  whst extent surface redietribution by the vind 

affected this measurement. 

Par t ic le  formation takes place (UI the 

Particle s ize  i n  one of the controlling factors  i n  determining the 

The close-ln fa l l -out  at  an 

The amount of activity carried per pa t t i c l e  is 

Varioua investigations have been made by several laboratories t o  

collect  data on the mount of radioactivity which i n  carried p& 



par t ic le .  
o r  the manner of handling the data, approximately 9C$ of the radio- 
ac t iv i ty  incorporated in par t ic les  10 carr ied by par t ic les  larger than 

20 microns. A stvdy conducted a t  ~ H O T - K N O ! C E O L E ~  Indicated that the 

ac t iv i ty  per active par t ic le  was approximately a function of p a r t i d e  

polwe for  par t ic les  less  than 150 microne in diameter and of ourface 
area for  par t ic les  larger than 150 microns. 

These studies show that regardless of the method of sampling 

C .  The Radioactive Cloud. 
The release of large amounts of thermal energy that f o l l o w  

the detonation of an atomic device carr ies  the fission product radio- 
e c t i A t y  by convection high into the atmosphere. 

bomb, the behavior of the f i r e b a l l  in the f irst  few seconds, and the 
a tab i l i ty  of the atmosphere all iniluence the r i s e  of the cloud and, 

conversely, the return of the  radioact ivl ty  to earth.  

men an n t d c  explosion takes place over b n d ,  the energy yield 

is the most impartant single factor  i n  determining the ultimate cloud 

height, while the amount of part iculate  matter f-rm the ground wfiich 

is contaminated by the burst and carr ied aloft is determined by the 

area of the ground contacted by the f i r eba l l .  

!be yield of the 

For a contact surface burst, the f i r e b a l l  is roughly hemirrpherical 

in shape, and grow8 t o  i t s  maximam diameter d r a w  the "hover time". 

The hover time is tha t  interval during vhich the  buoyant forces resu l t -  

ing frm the heat of the f i r e b a l l  ac t  t o  accelerate the f i r e b a l l  and 

cloud upwwd. 

radial forces. 
ground and starts to  aacend a t  about f ive times the acceleration of 
gravity. 
the typical mushrocm cap and stem are fonned. 
toroidal  motion both i n  the cap and the stem acting independent of the 
upvard motion, but concurrent with it 8~ shown i n  Figure 2. 

77 

These buoyant forces are essent ia l ly  independent of the 

After the br ief  hover period, the f i r e b a l l  leaves the 

After several seconds during which the fireball  is rising, 
There is a great deal of 

A t  U s  

Rainey, C.T., Neel, J.W., Mork, H.I., M a o n ,  K.B., Distribution 
and Characteristics of Fall-out at Distances Greater than %n Miles 
from Ground Zero, March and A p r i l  1953, WT-811, SECRET Restricted 
Data. 
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Upward 1 Motion 
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Figure 2. Sketch of a 'lbru Cloud f r o m  a Ikvice Afkr B u r s t .  

the, during the r i s e  of the  cloud, the only external force operating 
agaln8t the cloud is that of atmospheric s t a b i l i t y .  

ance since energy is required t o  sustain the cloud rise, and this energy 

must come from the thermal energy of the f i r eba l l .  

reaches i t s  greatest  height, it is sa id  t o  "stabilize". 

a time when the temperature of the cloud and the  temperature of the sur- 
rounding air are approximately equal. After etabil ization, the nxlshrocm 

continues t o  spread, FnitiaUy because of the kinet ic  energy remaining 

a f t e r  the rise, and l a t e r  due t o  diffusion and Brownian motion* of the  

smaller particles. The time f r o m  detonation t o  the stabilization of an 

atomic cloud does not vary s i g ~ i f i c a n t l y  with yield, but the height and 

r a t e  of r i s e  vary directly with yield.  
a l t i tude  of the cloud top and between what a l t i tudes  the cloud vill l i e .  

It vlll be noted that the cloud base tends t o  s t ab i l i ze  at the tropopause, 
a region in the atmosphere, generally at  about 50,000 t o  60,000 f e e t  

* motion: The motion being a t t r ibu ted  t o  the continuous bm- 

This is of import- 

When the cloud 

This occurs at  

Figure 3 shows the predicted 

bardment of the  par t ic les  by the molecules of the medium Ln which they 
are  suspended. 

17 
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characterized by a temperatwe inversion. 
i n g  this layer requires more energy t o  rise fur ther  than has been neces- 

s a r y  In its previous r i se ,  and can no longer r i s e  on the basis of the 

negative temperature gradlent prevailing up t o  t h a t  layer. 

aesmed that the cloud mushrwm contains i n  excess of 90% of the  par- 

t i c l e s  and & of f i ss ion  ac t iv l tg  uniformly distributed, then fram the  

avaiLable data on mrld-vide detonations, 36,ooO KT has been deposited 

above the tropopause, while approximately 4,500 Ipp v88 deposited below 
it 88 the contribution of the lC$ of the radioact ivi ty  remaining i n  the 

stem, and the t o t d  ac t iv i ty  of stem and muahrom. 
consideration the place and date of t h e  known detonatiozu, aa well as 
t he i r  f i s s ion  yields. Since these values ?me for the c l o d  at their 

time of stabil ization, they include all the  par t ic les  that would be 

found in local fall-aut, la., those with suf f ic ien t  might t o  be re- 
turned t o  csr th  vithln a 50 r in f in i ty  dose contour line, plus those 

whlch are mall enough t o  be carr ied outside this contour. 

Par t iculate  matter on reach- 

If it i o  

This takee i n t o  

With the stabilized cloud in the air, only tvo se t s  of forces can 

act upon it: 
influence of these can be shown by the vector arrovs in Figure 4. 

(1)  atmospheric forces and (2)  gravitational forces. The 

Tropopause 

Gravitational Forces 
Par t ic le  s ize  
Par t ic le  shape 

Atmospheric Forces x 
'Jind 
Wind shear 
EddV t 
Moi;tue T- I room Impaction I J .Rain  

I 1 6  I Stem 
L - - 1  

L , Surfac.2 of k S e  R a t e  
E a r t h  

Ihe Atomic Cloud Model and the  Forces Exerted Upon It. Figure 4. 
19 



For surface detonations, the cloud is generally considered t o  have 

about go$ of the a c t i v i t y  in the muahroan and 16 in the stem. Hm- 
ever, some U.S. fnvestigators estimate a greater proportion of the 

ac t iv i ty  in the stem for surface bursts. 
70$ in the muahroan and 30$ In the stem fo r  their tower shots. 

question is presently unresolved; however, the REDWING test ser ies  in 

the spzing of 1956 is designed to  provide definitive answers. 

l e s s  than 10 microns in diameter are not usudlly conrridcred of import- 
ance in close-in f d - o u t  p a t t e r n ,  Since their slow r a t e  of fa l l  would 

not bring these particles down f'rm the mushroan soon enough t o  con- 
tribute sny appreciable s c t i v l t y  in the hnedla te  v ic in i ty  of the burst  

point. 
b y d  the locnl contour system. Once a shape for a cloud model has 
been agreed upon, then it ia reasanable t o  assme that there is an 
even dlatribution of activity,  but not necessarily of fission product 

!&e variou horizontal  increments 

of cloud Isyers or segments will each contain particles of all sizes, 
but the increments a t  lower altitudes vlll contain a higher propcation 
of heavy par t ic les .  

'hot spot" ordinar- fomd close t o  ground w o  results largely frm 

f a l l a t  frm the stem or the b o t t m  Increment of the mushroan, where 

heavy par t ic les  tend t o  predomiaate. 

scribed in t h i s  section forma r u  a consequence of all ground rurface 
&tanstiom. A high air burst  resu l t s  in a r- muehroao, but the 

stem ia min ima l  rad the hrge  dust cloud thst foLloM the  a t d c  cloud 

frcm ground surface bunts ia llkcly t o  be absent, or if p a e n t ,  

atrung out 80 a long ribbon and much reduced in duet content. 
Par an undrrvakr brast in shallow rata, a r a t e r  c o l m  ia 

io-d in a manner rimFlar to the duet column f d  by m underground 

burst. 
anergy of the explosian, and decreaves with iaaeasing depth of deton- 

The Br i t i sh  have estimated 

Thls 

p a r t i c k s  

Instead, such par t ic les  a re  csrried by the vlnas and deposited 

.compmitian, throughout the cloud. 

I h i s  permits the assumption to  be a that the 

An atomic cloud w i t h  the s a w  s m  general charsetcristics de- 

ThC height t o  vhich the rater column rises increaser with the 



ation. AE the column falls back into the rater, a cloud of mist 
formed around the base of the colmm which spreads rapidly. 
cloud of mist, called the base surge, contributes to the spread of 
the rsdioaetive contamination by m o v i n g  outward from the base while 

the column, which I s  not a true cloud, falls back through the close-in 
surge into the water. This doughnut-shaped mist appears to 
carry sane activity deposited in it from the column Over a greater 
area than wuld otherwise be contaminated. 
influenced by winds and travels In  the direction of the prevailing 
wind. 

The base surge is re- 

An underground burst, described previously, is one in vhich the 
center of detonation is below the ground. 
formation in this case IS initiated by the venting of incandescent 

gases from the fireball directly above the point of detonation. AB thc 
gases are released, they carrg a large quantity of earth high in tbe 
air in the form of a hollow cylindrical column. The material ircm the 
crater, much of it contaminated, is thrown out as for a surface burst. 
AB the material in the column cools, the soil particles and entrained 
air which form the column begin 

density greater than the surrounding air. The colrmm thua falls down- 
ward and the finer s o l l  particles attain velocities greater than their 
terminal velocities in still air. 
r d l u  to form a l o w  dust cloud or base surge similar to that de- 
scribed for an underwater burst. The cloud from m underground burst 
does not rise as high M for surface or air bursts, and the spread of 
contamination is thus influenced to a greater extent b~ lover wind 

strata .  The spread of radioactive ContamLnation is by fdl-out frm 
the cloud, the column, and t h e  base surge. As burst depth below the 
surface is inueeaed, conditions become more favorable for formation of 
a base surge. 
locally vith increased depth, until in the  case of no surface venting, 
all of the contamination is contained in the volume of ruptured earth 

!be mechanism of cloud 

to behave like an aerosol with a 

These dust particles spread out 

lbre of the radioactive contamination is  deposited 



surrounding the p o i n t  oi detonation, and no cloud, coharm, or .urge is  
f 0-d * 

D. Effect of Wcteorologicd Conditione on the Cloud. 
Four different types of action upon tho atomic cloud c m  re-  

sult from the winds. %en the wind ntructure in sufflcientlg large t o  
exobrace the whole cloud, gross wwemcnt occurr, la., the cloud M a 

whole moves in the direction in which the vind is bloving. Whcn it is 
just, or very nearly, M large M the cloud, it helps t o  move it, but 

tends a l s o  t o  distort it M a vholc. 
d e r  scale them the cloud, they catme the cloud ta  diiruse and lose 
i ts  ahape, because of eddy currents and U u t i o n  With clean air. Shear, 

the fourth action, tentla t o  st r ing  out the cloud in ribbon6 by ~ertical 
deformation. The effect of vlnd shear upon a shgle  radioactive par- 
t i c l e  that i. falling fram i t n  position et the time of stabil ization is 
me of lateral translation. The awunt of this l a t e r a l  t rawls t ion  

relative t o  the main a x i s  of t ravel  is a h t l o n ,  Within sqy cloud 

s e m t  of the wind speed of the aegwnt and the length of tlm a par- 
t i c l e  spends falling through that regrent. Bane of theme Sir mpdmfTlts 
tend t o  prolong the tlme that the large part ic les  are  In the air, in- 

creasing the horizontal tranrlation by m r t l c a l  wLnd motion durlng the 

free fa l l  reapme t o  p s v l t y .  

likely t o  f d l  out within local fall-out contours f r c m  large yield 
detonations, although somc emdlv particlea are d.0 found. The par- 
t i c l e  densities l i e  vlthin a very narrow rrnge of 2.5 to 2.8 pm/cc for 
Nevada t es t s ,  vhi le  a t  the Pacific Proving Ground they average 2.4 and 
range fran 2.8 t o  1.8 gm/cc. 

same, the free f d l  ra te  is a *tion of par t ic le  oize and atmospheric 

density. If constant particle density is assumed, the vrr ia t ioa in the 

r a t e  of f d l  frm different cloud heights can be determined frm Figure 

5 .  
in a fall-out area are within the rize range of 50 t o  1,630 m i c m  in 

lJhcn the vinb are appreciably 

Particles that range in rim f r a  100 t o  5,000 mlcremr are wurt 

When the densit ies are essen t i a l4  the 

*i&nce indicates that irom SO$ to sa6 of iadiwftire pmticler 
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Fig. 5 .  Time Required for Spherical Particles Having a 2.5 Density and a Certain Diameter to  
F a l l  from a Given Altitude t o  the Ground. 



d i e t e r  and that from SO$ t o  gO$ of the fission product a c t i v i t y  i s  
carried by ptut ic les  Of this size range. 
density can also be noted in the slopes of the curves of Figure 5 in 
that there is a S l O V C r  r a t e  of f d  M the par t ic le  approaches the 

surface. 
in a m e r  described by Stokes' Law* v i t h  the terminal velocity of 
those par t ic les  In the upper cloud being tvice the termindl velocity of 
free fall in the lover cloud from yields greater than 1 Kl!. 
tal part ic les  larger than 100 microns, as veLl as fo r  i r regulnr ly-  

shaped part ic les  of all sizes, free fall is be t t e r  f i t t e d  t o  a fall 
described aerodynsmically ra ther  than by Stokes' Lav. 
through any one segment or layer of a cloud, the time of fall VFU be 

the sm of the time for the 1088 in height, "gravity", and change in 
horizontal position, "Ver t icd  wind effect" .  Aesuming uniform bistri- 
bution of the par t ic le  size epcctrum and of chemical conps i t ion  

throughout the cloud, a projected fal l -out  field can be madc by plot t ing 

the time required t o  t ravel  from the in i t ia l  placement of certain cate- 

goriea of part ic les  in each cloud segment, t o  the ground. The a c t i v i t y  

deposited v i l l  vary, owing t o  the  decay of a c t i v i t y  in part ic les  com- 

posed of very short half-lived elements, individual particle responae 

t o  vlnd shear and eddy currents, and redietribution a f t e r  deposition 

becauae of rlnd and water erosion. 

The influence of atmospheric 

Spherical par t ic les  under 100 microns in diameter thus fall 

For spheri- 

During fall 

After stabil ization, vhlch occurs about 5 t o  7 minutes atter deton- 

ation, the atomic cloud is moved dovmrlnd from ground zero. 

roan having cooled t o  a tempcrature about equal t o  that of the surround- 
ing atmosphere no longer rises, but does expand t o  a greater &meter .  

This lateral expamion resu l t s  fiom the expenditure of the kinetic cnergg 

acpulred during the turbulent rim of the f i reba l l ,  and frm biffusion 

effects. As this l a t e r d  growth proceeds, the cloud becmes less 
sharply defined, and within a matter of b u r n ,  except under unusual 
atmospheric conditions, may no longer be Identified VisualJy. The . 
* Stoker'Law: A mathematical treatment of s m d l  spherical par t ic les  
falling through air in wfrich the  viscosity of the air opposes the priLl 
of g rav i ty .  

The mush- 
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particles at this stage that have not already fallen out are so 6ma.U 

na to reswnd less to gravity than to vertical wind components. A i r -  

craft monitoring h m  s h m  the activity at this time to be scattered 
into wispy patches. 

"he physical prwess of &iffbeion involved in the movement and 
growth of a cloud results to a large extent frcxn atmospheric turbulence. 

While little is actually lmovn about diffusion, it results in the spread 
of clouds of finely divided particulate matter in dl directiona. 
process is not isotropic. Diffusion is thus probably a part of the 
process by which isolated activity comes to the ground in WCM remote 
from the pimary  cloud track. After two or three tiws around the 
earth, the cloud I s  diffused to the extent that activity may be col- 
lected at many different altitudes. However, airplanes equipped with 
sampling devices have proved non-uniform distribution of radioactivity 
by be- unable to collect fission product activity on every flight. 
AQ the radioactive cloud passes over the earth's surface in this dif- 
fused form, portions of its activity continue to be deposited on the 
ground over periods of weeks and months and perhaps over years. 
accounts for the world-wide distribution s h m  by collection of minute 
mounts of radioactivity at very remote sampl ing  stations around the 

globe. 

The 

This 

Cloud trajectories have been plotted showing cloud paths f r o m  
various nuclear detonations. These have been checked for travel more 

than hav way around the wor1d.q The results of aircrait monitoring 
flights vectored to intersect the cloud met with sufficient success to 
prove that a nuclear detonation cloud has finite boundaries, radiologi- 
cal if not v isua l ,  aa much aa thousands of miles f'rm the point of 
origin. 

World-wide distribution of bcuub contominstion has been proven. 
The key to this distribution lies in the action of world meteorologi- 
cal conditions on diffused and probably dispersed bomb cloud8 which msy 

BJ USA3 Report of Operation Fitzvilliam (Secret), Nuclear Detonation 
by Airborne Filters, Vol 11, SECRGT, Restricted Dab. 
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be veeks, months, or even years old. 

The SWSHXNE data, t o  Le discussed later, show the presence of 
strontium-90 in a s ignif icant  number of samples taken at  maay of the 

far flung net of fa l l -out  col lect ing s ta t ions.  

icant in that it is not a naturally occurring isotope and thus must 
have originated in an stomic detonation and must have been distributed 

through the atmosphere by processes such as described above. 

Strontium-9 is signif-  

E. HcChsniSmS of Fsll-out. 
By definition, as used i n  this repcrt, close-in fa l l -ou t  is 

that process by which f i ss ion  products a re  returned t o  ear th  from a bmb 

cloud vithln the isodose line bounding the area v i th in  which at  leaat  

50 roentgens of radiation would be hccmdated  if a person remained 

there in the open indefinitely.  

the incorporation of the molecular state radioactive bomb debris in or  

upan particles that have diameters in excess of 10 t o  25 microns. It 
can be assumed that within a matter of hours only those par t ic les  re- 
main in the a* that are such as t o  respond at least e q w y  well t o  

both the p a v i t a t i o n d  influence of the ear th  and the ver t ica l  SFr 
movements that tend t o  keep t h e m  aloft. 
part ic les  that i s  s t i l l  in the aFr is not likely t o  return t o  earth in 
appreciable amounts i f  the par t ic les  involved are s m d l  enough t o  be 

supported by BrWnian motion. Association of these light par t ic les  
with rain droplets l a  one mean6 by which they are  brought to earth. 

H m r ,  rain does not occur above the tropopause 80 that some other 

mechanism vould have t o  operate M a scavenging agent if such par t ic les  

in the stratosphere are t o  be brought t o  earth. 

Such fal l -out  generdlly resu l t s  from 

' Ihis aerosol of radioactive 

When the f i rebal l  stsrts rising mer a land surface detonation, 

auy dust or debria that mves with it is available for radioactive 
par t ic le  formation. H o v c w ,  there i o  other dust, first disturbed by 

the ground shock and then pulled into the stem by the low pressure 
region that foUovs the  rapid rise of the cloud, and much of W c h  i8 
subsequently distributed throughout the stabi l ized cloud. This dust, 
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although carried aloft, is not heated by the f i r e b a l l  t o  the temperature 

necessary for radioactive pa r t i c l e  formation, nor is it dram aloft in 
time t o  mFx with the fission products t o  form true radioactive par t ic les .  

The "dry'' scavenging action 

very inefficient at  lov atmospheric levels,  and would be even more so 

a t  higher alt i tudes.  Thw there is no hm scavenging mechanism, ex- 
cept diftusion t o  the rain-bearing levels ,  fo r  the very finely divided 

fission products originally deposited in the stratosphere by large 

yield veapon detonations. 

of these duat par t ic les  is h o r n  t o  be 

Rain M a means of bringing radloactive par t ic les  t o  the ground io 
at least  several  times more e f f i c i en t  than is dry scavenging. In order  

t o  utfflze this wthod, however, the par t ic les  m u s t  be deposited in the 

rain-bearing levels  -- i.e., below the  -15 
t o  t h i s  region by gravi ta t ional  forces or  atmospheric effects .  

face or aFr bursts with yields in excess of 8 KT r e su l t  in clouds with 

the mushroan s tabi l ized above the  -15OC isotherm. Thus, r a i n  t o  be an 
effective rcavenger depends upon efficient deposition of the radio- 
active par t ic les  in rain-berring levels. 
in the formation of thunderstorms where localized moisture-bearing 
clouds are sometimes swept t o  great heights for short periods of time. 
C l o d  frau s d  weapons ( l e s s  than 5 KT) generally s t ab i l i ze  within 

the scavenging abUi ty  of the rain-out region under the -15OC isotherm. 

!&e -lS0C isotherm for the North Temperate Zone lies between 15,000 and 
20,oOO feet, although thunderstorms can r i s e  as high as 55,000 f ee t  and 
last as much ea an hour. Frequency and amount of rain per month or per 

season are known within Umits  of useful accuracy for maqy areas of the  

world. 

0 C isotherm -- or transported 

AU sur- 

An exception t o  this occurs 

The primary mecbaaism f o r  rain scavenging appears t o  be fall of 
raindrops through a volme containing radioactive particles,  with en- 

t r a p n t  of particles I n  the falling raindrops. 
vary c ~ ~ i d e r a b l y  in size. Since the "collection efficiency" of rain 

is a function of the rate of fall of the raindrop and the f a l l  of the 

Raindrops ace knovn t o  



radioactlve particle,  it is thua a iunction of the  densit ies and dim- 

eters.  

The second method of r a in  scavenging vhich accounts for a smaller 
fraction of rain-out I s  the intermingling of an a t d c  cloud with a rain 
cloud. The rain cloud in this instance gathers up bomb debris o r  other 
contaminated particles i n to  s d  droplets, which are then collected by 

large vater drops and brought t o  ear th  as radioactive rain. 
of cleaning the a i r  is most e f f ic ien t  In  part ic le  s izes  of about 1 
micron but le capable of scavenging any part ic les  that are  l e s s  than 2 

d i c r o ~  in diameter. 

This method 

The mechanism of par t i c l e  movement down f r o m  the stratosphere and 
into the troposphere is not understood. 
dPLFnitely sscertained whether any of the smal l  s i z e  stratospheric 

bomb debris haa ccune t o  the 5 m d .  Such data, when availsble, would 

yield important information concerning the exchange of matter between 

the Stratosphere and the troposphere. One tentat ive conclusion can be 

dram: if part ic les  are so light as t o  remain in the stratosphere for  

long periods of time, there I s  an increased chance of the harmiul iso- 
topes being dispersed; hence the reconcentration of these isotopes 

w u l d  be unlFkely. It may also be concluded that par t ic les  emsll 
enough t o  remain aloft for suff ic ient  time t o  become a possible long- 
range threat are  too e d  t o  be scavenged eff ic ient ly  by raLn when 

they reach rain-bearing levels. 

In fact, It has not been 

Dura thunderstorm formation, the rain cloud is sometbee swept 

up t o  the tropopause where the cooled water par t ic les  form ice c r y s t a h  

about ang small debris or dust that might be, in the air. Because the 

lower atmosphere air I s  dram up in to  the cloud the ice crystala de- 
scend and ascend alternatelg un t i l  they becoma hailstones, or m e  

captured by raindrops, and fall t o  the 50md during a thvn&rstorm or 
hail storm. Measraaienta of radloactlvity in large W t m e s  from a 

hall storm a t  Washington, D . C . , g  followLng Shot 10 of UFSE~-KNUl'!IOLE 
p/ List, R.J., The hanspor t  of A t d c  Debris fram Operation UPSH(YT- mmom, US. Weather Bureau Report, NYO-4602, June 1954, SDXEl! 

Restricted b t a .  
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indicated that the p e a t e s t  ac t iv i ty  was in the core, SO that the ac t iv i ty  
mt have been picked up early i n  the cycle of hailstone formation. 

Another indication of the ab i l i t y  of r a in  t o  scavenge a t  great heights 

WW a fal l -out  upon Albany, N.Y., Prom a portion of the  cloud which WPB 

stabilized at  40,oOO f e e t  and not et lower leve ls .  

to rs  counted 1.6 x lo7 disintegrations per minute at Albany folloving 
R aevere thunderstorm, but the count ya8 low at the s i x  s ta t ions near 
Albany. 
very much higher than background. 

largest single source of rain in the Vnited S ta t e s  eas t  of the  Rocky 

Mountains, t he i r  very l imited s ize  geographically and the Fnfrequency 
of their  formation suggest that they do not account for much of the 

to t a l  radioactivity that is returned t o  earth.  

Grmrmed peper collec- 

While not a hazard t o  health, t h i s  disintegration l eve l  is 
Although thunderstorms are  the  

F. Fractionation. 

The probabllity that Practionation ex i s t s  i n  a detonation of a 

nuclear weapon has long been suspected by investigators, and each care- 

f u l  study of the rsdionuclides formed fiom detonation of test weapons 

hclpa t o  substantiate the hypothesis. 

the term; however, for  purposes of this report the m e  proposed by 

Stanford Research f n s t i t u t  _10/ that "fractionation can be defined BB 

any variation from the expected valw in the r e l a t ive  f i s s ion  product 

nucllde abundance'' will be used. 

There are several  definitions of 

The degree of fractionation is B function of the  par t ic le  s i ze  and 
chemical composition of the vehicle for fa l l -out ,  the environment of 
the particle after fall-out, and the physical and chemical properties 

of the radioactive elements formed in the f i ss ion  p-ocess as w e l l  as 
those of daughter elements formed in the decay chain. 
process yields conatant r e l a t ive  amounts of radioactive Isotopes, de- 
pen- upon the  fissionable material  used. The half-l ives of the  170 
isotopes frm 64 known decay chaFns contribute t o  the over-all f i s s ion  
1 1  Cadle, R.D., The Effects of Soil ,  Yield, and Scaled Depth on Con- 

tamination from Atomic Bombs, Stanford Research Ins t i tu te ,  s . R . I .  
R o j e c t  Cu-641, 29 June 1953. 

The fission 

SECRET Restricted Data. 
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product decay cocstmt of t-1*2. 
gannna energy of the mixed f iss ion 'products varies vlth time, becaming 
less during the first four days then gradually increaalng during the 
next several d a y s .  

mixed fission products brought down as fall-out uould have about the 
same decay rate and energy. 
of the phenomenon of fractionation. 

A s  previously stated, the average 

It might be expected that random gross samples of 

This 1s not found to be the case because 

h-actionation depends to a large extent upon volatility, the solu- 
bility, and other physical and chemical properties of the fission 
products, both for the first elements of a decay chain and its subse- 
quent radioactive decay products. When a nuclear weapon is detonated 
an the ground, the duration of the fireball and the chemical ccanposi- 
tion of the soFl  are the predominant factors in dettrming the composi- 
tion of the fall-out particle. The Larger the weapon and the longer 
t i w  that heat is evolved in the fireball uhlle it is in close prox- 

imity to the ground, the greater will be the effect on early formed 
products, and particularly on gaseoue elements. Fractionation may take 
place u l t h i n  the fireball of an air burst but the results are not aa 
apparent aa for surface detonation fractionation. 

When particles fall to the ground, vhatever the effect within the 
flreball, further fractionation is possible, due to t h e  solubility of 
the specific radioactive iBotopes present and their compounds, sa well 
as the characteristics of the s o l l  upon vhich the fall-out is deposited. 
Some of the most fruitful studles on the movement of varioue ions of 
biological importance through so- have been made by the Waste Diapos- 

al Group at the W o r d  Atomic Products Operation. It una found 
fim a study of several elements that moptment of ions by the mechanism 
of adsorption and elution on the soil decreases vith increasing a~idlty. 

Further investigation revealed that the presence of phosphate ions in 

Parker, H.M., Radiological Sciences Depsl-tment Quarterly Rogress 
Report, Research and Development Activities, W o r d  A t d c  Prod- 
ucts Operation, HW-j4408, SERE2 Restricted Data. 
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the  s o i l  r e su l t s  in a very markedly increased adsorption of strontium 

throughout the range of acidity o r  a lkal ini ty  studied. 
make plant uptake of s t r o n t i m  much less l ike ly .  

be discussed more fu l ly  in a subsequent section on hazard evsluation. 

The e f f ec t  is t o  
This phenmenon will 

Pavement of radioactive pezt ic les  by wlnd erosion h m  been studied 

by the &anford Group. 

pickup ea well aa the  re la t ive  eff ic iencies  of various surfaces f o r  r e -  

taining smal l  par t ic les .  

contaminated study a rea , ' i t  w a s  found t ha t  the source was seriously de- 

pleted follovLng two days of t resh  surface VLnds of 15 t o  25 mph, indi- 

This study vas dts iped t o  investigate p a r t i c l e  

U s i n g  a 20 foot c i rcu lar  sand plo t  as the  

cating tha t  the M t W d  surface Of this part icular  type O f  S O U  

highly erodible and that par t ic les  deposited on such a surface are  

susceptible t o  subsequent translocation in v i n d y  weather. 

experiment was a study of the r e l a t ive  retent ive efficiency of grass- 
covered, rock-covered, furrowed and fence-protected surfaces. 

inary analysis of the  data indicated tha t  rock-covered and grass-covered 

surfaces re ta in  pa r t i c l e s  equsUy well. 
par t ic les  poorly *en compared t o  the grass or rock-covered surfaces.  

The highest pa r t i c l e  re tent ion vaa obsemed in the inmediate l e e  of the  

fence, but t h i s  r e s u l t  i s  somewhat open t o  question because these are- 

were shaded from the  sun snd were noticeably wetter than the  other areas. 

Both strontium-89 and strontium-90 are  examples of radioisotopes 

A second 

PrclLm- 

The furrowed surface retained 

having gaseous precursors and are  thus subject to a high degree of 
fractionation. To illustrate the decay chain, t h e  following equations 
are  shown: 

Yttrium-89 
(s tab le  ) 

Yttrim-go 

Thus, the duration of the f i reba l l ,  at which time radioactive &icles 
a re  being formed, w i l l  have a marked ef fec t  upon the ava i lab i l i ty  of 
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strontim-89 or strontium-90 for Incorporation in to  the h u g e  par t ic les  

because of the short  half-l ives of the parent isotopes. 

b a l l  is of brief duration, a8 for low and medium yield weapons, the 
Large particles are cooled when re lat ively l i t t l e  strontium-89 would 

be found, vith more strontium-90 being available. 
vhich stay up a longer period of time and t rave l  long distances can sb- 
sorb -ton and thus m e  l ikely t o  include mre radiostrontium than 

those par t ic les  which fall out h e d i a t e l y .  

yield weapon v l th  a longer last- f i r e b d l  msy have an appreciable 

amount of strontium-89 present and a larger proportion of the precursors 

for strontium-90 would have decayed. !5us, fhct ionat ion of strontium 
due t o  the decay chsin process l a  apt t o  be l e s s  in large yield detona- 

t ions than in those of smaller yield. Frau the data available, h c -  

tionation appears t o  be more extrew for surface shots and underground 
bursts thsn for air bursts of the n s w  yield veapons. 

If the  f i r e -  

The nuidler par t ic les  

On the  other hand, a large 

Sme of the f-d radioactive elements that have half-l ives of 
several hours m e  metala and are found in par t ic les  of osrious sizes in 
a rather constant per-entage of the fissicm yield, a h a  l l t t l e  or no 
tendency t o  fractionate. 4 Molybdenum-gg and cer ium-la  are examples 
of this phmamenon. These elements are frequently used as a reference 
t o  determine fractionation of other elements. 

equation of the general form 
To I l l u s t r a t e  this, an 

Is wed, in which %/A2 is the measured 

ucts, the ac t iv i t i e s  having been corrected for decay b e t n e n  tire of 
explosion and time of meanurement, and (A1A2)c l s  the a c t i v i t y  r a t i o  of 
the ssw two fission products measured under the same laboratory condi- 

t ion,  but produced by slov neutron Irradiation of uranium-235. 
value of u n i t y  for the particles anslyzed for these two isotopes yould 

J for two fission prod- 

An R 

t e  no *act ionation. 
12 A&ma C.E t d FaU-out Phenmen l o  Scient i f ic  Director's 

Ann& 2.4, &EENHOlEE 1951, WT-8, &REl! Restricted Data. 
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Thls approach t o  the problem has been used f o r  studies on &tom- 

t ions in both the Pacific Proving Ground and at the  Nevada Test Site. 
In general, the data indicate that f o r  close-in, early fall-out, fyac- 
tionation does occur in many inatances and is subject to  many variationa 
depending upon conditions, such M height of burst, duration of f i rebal l ,  
e tc .  As expected f r o m  the ea r l i e r  discussion, strontium exhibits very 

definite fractionation. 

b,W f e e t  at Operation CASTLE &er the Bravo shot, the R value for 
strontium-89 w ~ 8  0.35. 
proximately 80 miles frm the burst point, the R value f o r  strontium-89 

w w  0.14. 

On one series of air samples collected at 

For 8 fa l l -out  ssmple col lected on land at sp- 

The R value for strontium-90 using the same fd l -ou t  SampleWaS 

srgO a 2J 0.7' that 3 0.8. If srY0 is calculated, it indicates that 

strontiwn-90 is less fractionated clore-in than strontimrm-89 by a 
z@ 

factor of about 2. Fractionation of t h i s  magnitude of strontium means 
that the quantity remaining i n  the atmosphere should be greatly in- 
creased over the calculated pal- baaed on the Hunter-Ballou Tables. 
The findings of the gum paper experiment of the New York Operatiom 

Office, A X ,  indicate that  this is true and tha t  the  discrepancy factor 

is about 3. 

UPSHOT-XI?(yL'BoLE.13 

vegetation and indigenous herbiverous mlmal.6 that ,  percentage-vise, 

more strontium was available at distance of 150 miles than at 20 miles. 
The strontium-90 a t  the m r e  distant a ta t ion w u  also about four times 
an a n i l a b l c  for biological uptake aa close-in fa l l -out .  This fact may 
have been due ei ther  t o  the par t ic le  s ize  being smaller and having more 
strontlm-90 present percentage-vise, o r  that  the chemical or physical 

form wan such that  the p h l t l  could more easily assimilate it. 

A different  approach t o  this  problem was followed at Operation 
It una concluded fYm biological studies on both 

From the  foregoing discussion, there is very l i t t l e  question that 

13 Larson, K . H . ,  e t  d., Distribution and Characterist ics of F&- 
out a t  Distances Greater Than Ten Miles from Ground Zero,lJFSHCT- 
KNOTHOLE mdU, March-April 1953, SECRET Restricted Data. 
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fractioration can occur in a number of ways and that environment hae 
considerable effect upon the concentration of various radio-elements of 

biological importance. 

certain hazard calculations will be discussed in a later section. 
The speclfic importance of fractionation in 

0 .  Are- Involved and Material Available. 
The area involved in fall-out result- from a surface o r  n e w  

surface detonation depends upon the energg yield of the detonation, the 
height of burst, velocity and direction of WLnda a t  all a l t i tudes  up t o  

where the mushrocm cloud etabil izes,  and the type of bomb. 

dicated in a previous section, the y ie ld  of fission products, i r respect-  
ive of the t o t a l  energy of the weapon, determiDee the quantity of 
available radioactive materials vfiich can be deposited aa fa l l -ou t .  

Thus i b  
compared t o  a weapon with 5 Mp iission yie ld  md 5 MT iusion yield,  the 

physical mechanism involved in each caae uould be apprprimatelg the same 
but the relat ive in tens i t ies  of radiation in the area would be consid- 

erably higher, possibly by as much as two orders of magnitude, f o r  the 
5 Ml! fission plus 5 Ml! m i o n  yield weapon. 

Aa waa in- 

After fall-out of radicactive debris occurs, the radlological sit- 
uation msy be ascertained by use of rediac instnments.  

used on the ground, taking the reading8 at about 3 feet above the  sur- 
face, o r  from a low flying plane at XK) t o  500 f e e t  above the surface 

and applying suitable correction factors Jhich depend on the altitude 
of measurement and the lnstrment  wed. 

taken at specific points and plotted on a map at various tbes  follow- 
Fng the end of the fa l l -out .  The final s i tua t ion  cannot be lmoM dur- 

ing the period that fall-out is occurring. 

radiological s i tuat ion CM only be estimated vhen the  height of burst, 
the fission y ie ld ,  the t o t a l  yield of the weapon, and the wYnd hidtory 

since burst time at all altitudes where the cloud has gone, are lmown. 
The true si tuat ion can be knoM Biter ?all-out is completed and a l l  

readings are made and intensi t ies  at specific t h e 8  a f t e r  detonations 

These may be 

In any event, readings are 

During fa l l -out  the final 
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a re  known. 
be a t  some future time or was at some selected previous time by u i n g  
the t-le2 fission product decay law. 
t ion of t h i s  lav fo r  t h i s  purpcso. 

points of same intensi ty  readings calculated t o  the sane time-dose-rate 

relationship, isodose r a t e  l i n e s  or contours can be constructed. For 

p l d n g  purposes, before fa l l -out  is completed and the true contour 

patterns are  known, smooth, idealized contours are  generally constructed, 

calculated fo r  some specif ic  time following detonation 6uch as H + l  

hour or H+2 days, etc. For t h i s  purpose, since the ultimate vlnd s tm-  
ture  i s  not hovn at the time the contours a re  drawn, a basic simplifica- 

t i on  is made in that a single  vlnd of constant ve loc i ty  i s  assumed t o  

act on the bomb cloud. For cases in which the vlnd shear is not exces- 

sive, this approximation does not introduce serious errors. Frequently, 

isodose contours are  also constructed t o  indicate the  integrated dose 

over a cer tain period of time, as for example up t o  H+5O hours. 

Calculationa can be made t o  estimate what the reading bill 

Figure 6 is a graphical presenta- 

By drabing connecting l i nes  t o  t h e  

The f a m i l y  of curves Included In  Figure 6 is a graphic representa- 

t ion  of several  H+1 hour radiat ion dose rates, in roentgens per hour, 

with time a f t e r  detonation plot ted agaiast dose r a t e .  

curves, one can calculate the dose r a t e  at  any hour a f t e r  the burst  i f  

the H+1 hour dose r a t e  is known. Also the H+1 hour dose r a t e  can be 

calculated from the actual measured dose r a t e  a t  any part icular  time. 
Dose and dose r a t e  contour l ines  are drawn i n  such a manner that 

U s i n g  these 

the bouudaries represent the minl.mum quantity fo r  the area enclosed. 

An example of a fmUy of idealized contours f o r  a x) Kl' land surface 

burst i s  presented in Figure 7. 
point on the mid-line, b e c m n g  graduelly less as one proceeds periph- 
craUy. Locations of high radiat ion intensity,  o r  "hot spots" aa they 

are called, are  not indicated on most contours. Additional examples 

of contom areaa and dwmrind extents for  an assuuied 15 h o t  vlnd condi- 
t ion  and fo r  a nunber of different yields a re  given In  Table 1. 

The intensity is greatest at some 

. 
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Fig. 6 .  Dose Rate, Roentgens Per Hour Mixed Fission Products 
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TABU 1 
H+1 Hour Reference Time Dose Rate Contour keas  

and DovnvLnd Extents for  Ver iou~ Yields 
(Surface B u r s t ,  15 Xnot Scaling Wind) 

~ ~~ 

15 KT 0.1 0.5 2.2 8.0 

50 0.4 1.9 8.2 21 
100 KT 1.0 4.0 17 55 
500 KT 6 .O 38 100 450 
1KC 14 70 250 800 
5m 100 560 1800 5400 
10 m joo 1500 4200 12, OOO 

15 m 520 2500 7000 20, 

25 0.18 0.9 4.0 14 

DonmOd Extent from Ground Zero in Mlles 

15 KT 0.8 2 .o 4.5 9.6 
25 KT 1.2 2.7 6 .O 13 
50 KT 2.0 4.2 9.2 20 

100 m 3.3 7 *O 14 30 
500 9.5 19 37 70 
1KC 15 29 54 100 

5m 40 76 140 230 
10 m 62 120 200 330 
15 m 80 150 250 400 

For recovery planning, these contour areas are  very useful in that 
tiws of entry in to  an area for decontamination or  recovery and the time 

of stay in the ares so M not to exceed s predetermined radiation dose 

can be estimated. Hawever, readings on radlac survey Fnatzlnnents muat 
be re l ied  upon for integrated radiation received during the actual 
operation, as well aa for delineation of the true contour pattern8 In- 

volved. 



Figwe 8 is a useful p lo t  for f a c i l i t a t i n g  time-of-stay calcula- 

t ions.  
s e t  of curves i s  t o  c i t e  an example. 

a contaminated area 12 hours after detonation and the reading at  this 
time is 5 roentgens per hour. As planned fo r  the operation, it w i l l  be 
necessary t o  stay in the  area 3 hours. 

select  the time 1 2  hours, read ver t ica l ly  t o  the Fntersection of the 

3-hour curved l i n e .  This 
value of 2.6 is multiplied by the radiat ion intensity,  5 r per hour, t o  

give 13, which is the t o t a l  number of roentgens received during the  

period of the stay in the area. 

Perhaps the best  bay t o  explain the method of employing t h i s  

Assume that an individual en ters  

Thus, on the horizontal axis, 

Read the  ve r t i ca l  axis, as Indicated D / R .  

The scaling of residual radiat ion contours i s  not a simple process 

because of the many variables involved. In addition, changes in cloud 
models and in mechanisms of deposition occur with changes in yie ld  and 

Fn VFnd velocity. For example, the tropopause layer  in the atmosphere 
haa a slovlng dmn ef fec t  on the  r i s e  of an atomic cloud through it, 
v i th  the resu l t  that atomic clouds which reach t h i s  layer  tend t o  

f l a t t e n  out against it, as though against a ceil ing.  
that such clouds are broader, and t h e i r  fa l l -out  deposition patterns 

are wider m d  shorter,  than muld  be the case from an ident ical  &ten- 
at ion vhose cloud did not reach the tropopause. 

useful ecallng process should be easy t o  apply and should be based on 
a conservation of material assumption, since it I s  obvloue tha t  the 
scaling p-ocess should not cause more material t o  fall out than i s  

available. 

contour dimensions I v e  scaled as the cube root of the  r a t i o  of yielda 
and areas as the  two-thirb p e r  of the  ratio of yields, with simultan- 

eous sca l ing  of contour dose rate values as the cube root  of the  y ie ld  

r a t i o .  This method comerma material, in that the percentage of 
availsble material brought down within each scaled contour remains con- 
stant. It is d s o  easy t o  apply. However, it is subject t o  the M e r -  

ent  Inaccuracy discussed above and c-n t o  all residual radiat ion 
scaling wthods developed BO far: 

The r e su l t  i s  

A val id  and ideal ly  

One such method i s  "cube root scaling", by vhich l i nea r  

it does not d l o v  for the changes 
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Fig. 8. Dosage Received with Various Times of Stay i n  Contaminated Area 



in cloud models and deposition mechanisme that v e  introduced by a 
change in yield.  Revertheless, the method is useful and fairly accu- 
r a t e  if applied over a limited y i e ld  range, not t o  exceed about two 

orders of m t u d e .  

Wind velocity scaling is even more subject t o  error  thsn is yield 

scaling. Baaed upon limited high explosive erperimenW data, using 
dye tracers,  it haa been postulated that t o t a l  arena of effect of fall-  

out for a particular detonation Lpe essentiaUy wind-independent, d- 
though the specific regions which these a r e ~  c w e r  u e  of course 

determined in &tall by the vind pattern.  The experiwntal  data er- 
ten& only to win& up t o  25 knots; however, in the absence of other 
Fnformation, extrapolation to higher vind velocit ies is not uureason- 
able. 

wuJd be scaled in di rec t  proportion t o  the cube root of the r a t i o  of 

the vin& involved, while croaswlnd d i m e ~ i ~ ~  would be scaled inverse- 

ly by the same factor,  leaving the  area of ef fec t  essentially constant. 

On this basis, then, contour d i m e ~ i ~ ~  i n  a QMwind direction 

The effect  of vind,~ upon the  direct ion of the f d l - o u t  and the 

area involved can be shown graphically by se t t ing  forth cer tain aosmed 

w t t o r O l O g i C a l  conditions. 
in Figure 9. 
idealized i60doSe contour lines fo r  a 20 gT g r a d  burst .  It vill be 
noted that the sha&d area, which is due t o  difYwion, and the A", B" 
..... F" due t o  50 micron part ic les ,  do not contribute appreciably t o  

the radiation intensity w l t h b  the =ea. The highest radiation read- 
ing~ in the contour aread are close in t o  the burst point and the 

radioactivity deposited there is carr ied by the larger par t ic les .  For 
purposes of the FUuatration, the size M.3wred fo r  the large part ic les  

vas 150 ~ C ~ O M  and the greatest  e f f ec t  by the d n d  is indicated on 
the l i ne  A '  , B' . . . . . F' . 
vould be much l a g e r  and w i n d  shears at high a l t i tude  vould have a 
greater effect  upon the t rue pattern, but the method of i l l u s t r a t i o n  
is the same. Such a superposition is useful in indicating vhere the 

One example of such aasmptioxm i n  presented 

Superimposed upon the vlnd vector plot  is a family of 

The area covered by superveapon dctOII8tiOM 
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t rue fall-out pattern is l ike ly  t o  deviate from the idealized contours. 

h e  t o t a l  Q s e  accumulated by an individual i n  a fa l l -out  field 

varles with the time of ently.  

hour in  en mea taken 30 minutes post detonation will  decresse t o  

22 r/hr at one hour. If an i n d l v l d d  remains i n  t h i s  area during the 

period between H+X minutes and H + l  hour, he will sccmulate a dose of 
16 roentgens. 
E t 1  hour and stays 30 minutes, he vlll accumulate 20 roentgens. This 
difference at an early time post detonation I s  character is t ic  of the 

rapid decay of a f i s s ion  product f i e l d  a t  e a r l g  times. 

another area v i t h  a reading of 50 r/hr at H+8 hours and a stay of 3 
minutes, an individual w i l l  accmulate a dose of 24 roentgens. Thus, 
at l a t e r  times wlth the same re- i n  roentgens per hour, a larger 
amount of radiation is accmulated for the same tlme of stay. 

ject  of f i e l d  evaluations at several test operations. It m found at 

CAS & that a COMiderable f rac t ion  of the  gama energy ~a f a - o u t  
i n  i n  the vicinity of 0.1 Mev. Aftor 10 day6 there  is an accentuction 

in the regions of 0.5 Msv and 1.6 Msv. 

- radiations. As this decreases a concentratlm of the  spectrum 

in the 0.7 MeV region is noted. 

For example, a reading of 50 r per 

If a reading is  50 r/hr at  one hour and he enters a t  

However, i n  

The variation of the  energy spectrun vi th  time ha6 been the sub- 

140 This is at t r ibuted t o  the Ba 

The military ai tuat lon requires a more detai led discussion of the  

fmediate fall-out area for a eurface burst m d  the =ea around ground 

zero for air bursts. 
two are- rill exert a strong influence on decisions for  weapon employ- 

ment, M vell as on deployment of troops and exploit ing the adventages 

of tbe use of nuclear weapns. 

The radiological problems encountered i n  these 

FoUovFng an air burst, no radiological fa l l -ou t  of consequence 

vill be encountered. 
effect on the ground vlll fall .out within a ehort period of time. 

The dust swept up in to  the cloud from the blaat  

How- 

Cmk, C .S ., F a - o u t  Sympoeim (Confidential),Armed Forcee Speciel 
Weapons b o j e c t ,  AFSWP-895, SECRET Restr ic ted Data. 
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ever, d i r t  la an exceedingly poor scavenger f o r  s m a l l  radioactive par- 
t i c l e s  which would be found i n  the mushroom cloud of an air burst, so 
that even though soil par t ic les  and the cloud intermingle, it does not 
follow that significant radioactivity due t o  f i ss ion  products w i l l  be 

present i n  the inrmediate fa l l -ou t .  
however, neutron inducei ac t iv i ty  in the  so i l  near grouad zero can re -  

sult in dangerous gamma ray in tens i t ies  for  cer ta in  hi& neutron flu 
weaponr burs t  Over cer ta in  so i l s .  

As noted in a previous section, 

On the other hand, a different  radiological s i tua t ion  vill be 

found for slrrface or near-rrurface detonations v i t h  the f i r e b a l l  on the 

ground or near enough t o  the pound so that s o i l  par t ic les  WFIl be swept 

up and reach a temperature tha t  will O-UOW radioactive fission products 

t o  be fused in to  or adhere t o  the par t ic le .  

r a t e  contours resul t ing from such burate have been discussed, only the 

influence of induced ac t iv i ty  in bomb debris w l l l  be mentioned. 
-1.2 primary e f fec t  is the  introduction of small perturbations in the t 

decay c w e  frm about B+10 hours t o  H+10 clays. The rahioactive decay 

of soil samples collected at Operation CASTLE at the Pacific Proving 
Ground is 
f rom the capture of neutrons by uranim-238 is noted by the  slight 

curve 0x1 what vould o t h e M s e  be a atraight  line. 

neptunim-239 is s l igh t ly  higher than fo r  many f i s s ion  product mixtures 

so that high concentrations of the e lewnt  in a sample w i l l  change the 

average beta energy for the sample. 

Znasmuch M the  ieodose 

The 

shown i n  Figure 10. The influence of the  neptunium formed 

The beta  energj of 

There is a marked effect  by terrain on actual radiation intensi- 

ties received. 
tminated plane is easy t o  calculate.  However, a rough t e r r a in  permits 

the rahioactive particles of fa l l -out  t o  be more highly concentrated in 

some spots than others, as w e l l  as affording s m e  degree of shielding. 

Many of the par t ic les  could fall where very l i t t l e  radiation effect 
would be seen but at  the same time hot spots could occur i n  certain-de- 

preasiona in the terrain. 

The radiation i n t e n s i t y  above a completely smooth con- 

This could be more hazardous than indicated 
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Fig. 10. Gross Garmna-Ray Decay of Fall-out S q l e s  from CASTLE Shots 
1, 2, 3, and 4 
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by the average reading on a radiac ins t rment .  

be a ditch in an area with a surface vind of suff ic ient  intensity t o  

blow par t ic les  in to  such depressions a f t e r  the initial deposition of 
f a l l - o u t .  Troops using theae depressions for  protection m i g h t  be ex- 

posed to  more e x t e d  gamma radiation than a meter i n  the open would 

indicate. 

t ively higher. 
while troops are being transported on ships, the ships would be the 

primary areas of high levels of radiation. Fall-out material fa l l ing  

into the water is somewhat soluble and in addition the major i ty  of the 

particles tend t o  s e t t l e  with sufYicient rapidi ty  t o  decrease the  radi-  

ation intensity t o  a non-hazardous leve l  within a short time, whereas 

the same amount of ac t iv i ty  deposited on a land surface could be very 

hazardous. 

One such example would 

'Ihe beta act ivi ty  i p  such depressions would a l so  be re la -  
If the fa l l -out  occurred on a sea area, f o r  example, 

A discussion of the biological e f fec ts  of radiation from a fall- 
out area w i l l  be given in the section on hazard evaluation. 

t o  say here that knowledge of isodose contours aids materially in the 

evaluation. Further discussion of the world-wide fa l l -ou t  s i tuat ion 

VFIl be given in other sections of this repart .  

Suffice it 

!be height of burst above the surface of the ground has a marked 

effect  upon the  percentage of expected fal l -out  fiom a t rue  surface 

burst. 

ered. As a rough r u l e  of thumb, the percentage of t o t a l  fa l l -ou t  

available that is deposited within loca l  contours ia about the sme as 
the percentage of f i r e b a l l  volume subtended by the earth.  Thus, for  a 

contact surface bmst, roughly 5 6  of the available f i se ion  product 
activity is deposited within localized contours. Figrap 11 indicates 

the relat ive de5ee  of contamination to be expected f rcpp  near-surface 
bursts as compared to contact surface bursts.  
the fall-out pat tern is seen t o  be approximately the sfme for  a burst  

mry close t o  the surface aa for a surface burst, but the leve l  of 
act ivi ty  is different  by the percentage indicated. 

In p-evious examples, only contact ground bursts were conaid- 

The general shape of 

Table 2 has been 
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Fig. 11. Percentage of Fall-out Expected from a Near-fimface Burst 
Normalized to a Surface Burst 

47 



developed Irm Figure 10 for  s ix  different  yield reapom and for  two 
different burst heights above the ground and indicates the percentage 

of fa l l -out  t o  be expected in these cases. 

TABU 2 

’$ Fall-out 
%.Of  b s t  R s d i U  Of Height of Burs t  Relative t o  

Yield ( f e e t )  Firebal l  (ft) Badiua of FirebaU That F’rom a 
Surface Burst 

1XT 50 180 .28 50 
1m 100 1& - 56 25 

5 m  50 340 * 15 67 
5m 103 340 .jo 48 

10 XT 50 460 .u 75 
10 m 100 460 .22 57 
50 XT 50 87 0 .06 86 
50 KT 100 870 .l2 73 

500 50 2200 * 02 95 
503 la 100 2200 * 05 89 
loo0 XT 50 2900 .02 95 
loo0 m 100 2900 * 03 93 

An uncertainty of great potential  importance ex is t s  in the current 

s t a t e  of knowledge regarding the maximum dose r a t e  in tens i t ies  that are 

l i ke l y  t o  be encountered on the ground follolring a true land surface 

burst. 
occurred thus far on a true land auriace, and this one experience w a s  

fo r  the relat ively low yield of 1.2 1EF1Dtm st Operation J-U. A 

crater  and lip dose r a t e  of 7500 r/hr at E+1 hour was recorded d t e r  

t h i a  ahot. 
and lip dose ra tes  v l th  increase ilr yield, such higher dose rates  have 

not been observed follwLng the large yield surface detonations a t  Np 

and a t  CASTLE; instead, the highest vell substantiated dose r a t e  read- 
ings a t  1 hour a f t e r  burst for  any of theserbots appear t o  l i e  in the 

range of 5,ooO t o  10,ooO r/hr. 
the fact  that the c ra te r  l i p s  have been rashed by waves and that the 

Tbis m c e r t a h t y  exis ts  because only one nuclear detonation hae 

Although scal- lava would predict an increase i n  crater 

Some have theorized that  this is due to  
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craters themselves have filled with water folloving the surface burate 
in the Pacific, and thus hold that a true land burst would give higher 
crater Intensities; others contend that the deposition mechanisms change 
vith yield, so that the increased scouring effect and higher cloud 
rise of large yield weapons would tend to keep the crater and lip dose 
rates at H+1 hour more or less constant wlth yield. A firm resolution 
of thfe uncertainty is not l ike ly  until a test detonation of a medium 

or large yield weapon is held on a truly representative dry land sur- 

face. 
The timc of arrival of fall-out particles of various sizes from 

a t d c  clouds can be estimated using Figure 3, which gives cloud 
heights, in conjunction vith Figme 5, which gives the times for par- 
ticles of various representative surface burst weapons with y ie lds  be- 
tween 1 KT and 500 KT. 
of early fall-out arrival, mal- in the area near the burst point; 
while the 75 micron size is representative of the fall-out likely to 
OCCUT in the downvlnd extremes of the elliptical patterns. 

The loo0 micron size is probably representative 

- 3  
Total Cloud Bot- Cloud Bottom of Cloud !bD Of cloud 
Yield tom (ft) Top(ft) lo00 IJ 175 I.I 75 fi  lo00 p 175 75 IJ 

l X T  4,000 g,ooO l5min 3 M n  90 min 15 min 60 min 150 mln 
5 XT 15,000 24,000 15' I' 75 I' 180 ' 30 " 90 '' 300 '' 

loom 3g,m 54,000 45 ''150 '' 480 I* 50 'I 180 '. 700 I' 

5133 m 51,000 70,000 55 "160 '' 650 ** 60 I' 210 " 850 '' 

10 XT 20,500 31,000 20 " 90 " '* 40 " 120 " 420 " 

In evaluating the data presented and the material discussed on the 
problur. of the areas involved in close-in fall-out, it must be remem- 
bered that most of the Wormation hna been gathered fTm controlled 
field test operations. 
of the ability of the meteorologists md shot days were selected 80 

that the best conditions existed to minimize the hazard from close-in 
fall-out. Uncertainties in the information presented are due primarily 

to the question M to whether the burst conditione under which the test 

Winda at dl altitudes were known to the best 



data were obtained are t r u l y  representations of l ike ly  operational con- 

dit ions,  and t o  the d i f f i cu l t i e s  involved i n  collecting an adequate nm-  
ber of samples at enough points to  give 8 good degree of s t a t i s t i c a l  

r e l i a b i l i t y .  The only surface t e s t  detonation8 of major operational 

significance thus far have been made i n  t h e  Pacific Proving Ground, 
where the amount of land surface available and the  character of the 

s o i l  involved are  not representative of likely employment conditione 

t o  be met in the operational use of nuclear weapons. 

cer ta in t ies  which now exis t  could be resolved If the opportunity IS 

ever presented t o  have a true, large y ie ld  land-surface detonation. 

These gaps in the current fuud of knowledge m e  not considered suffi- 
cient  t o  change the basic Ideas presented here but only t o  provide re -  

finements necessary t o  give a better understanding of the potent ia l t ies  

involved. 

Many of the un- 

E. Evaluation of Fall-out Models. 
A fal l -out  model l a  a graphical representation capable of 

ut i l iz ing  available Information t o  predlct the  perimeters of the loca l  

area that is l lkely t o  involve a residual  raillation hazard t o  health 

fo l lw lng  the detonation of an atomic device. 

d i c t  with maximum accuracy *om a minimum of informtion and be mrk-  

able in the least possible time before or ~ , e r  the  device i s  detonated. 

A t  present, some of the various models under development are used t o  
insure the cont inui ty  of the health and aecurity of the personnel and 
animals of the two nuclear weapon test sites and the i r  surrounding 

communities. The predictions of any of the methods can be checked by 

survey and sampling, and the degree of r e l i a b i l i t y  determined f o r  i t 8  

pract ical  use i n  denying areas of danger follovlng a hos t i le  detona- 

t ion.  
Et$ of the f i s s i o n  yleld of low tower shots. With the super weapons 

tes ted a t  the  Pacif ic  Roving Ground, local ?all-out accounts for 88 

much 86 5C$ of the fission products found and encompasses &ole island 

Ideally, it should pre- 

A t  Nevada, local fa l l -out  haa accounted for approximately lC$ t o  



There have been several models developed e i t h e r  for laboratory 

reference or for t e s t  control conditions. They have been assessed re- 
cently by the Armed Forces Special Weapcns Project w and the summation 

of the various fall-out models Is presented here i n  i ts  ent i re ty  from 
that report: 

Armed Forces Special Weapons Project Method 

This method is based on ground e m e y e  at JMLE (surface) and 
CASTLE Bravo, and consists of "idealized" contours which follow a 

single scaling vlnd direction. Abrupt vind shears and unusual 
weather conditions are not eas i ly  handled. The method I s  suitable 

for planning purposes only, not for post-shot aaalysis. An order- 
of-magnltudr contour cau be dram for  any weapon y ie ld  between 0.1 
KT and 100 Mc in two or three minutes by t ra ined personnel. 

Air Research and Development Command Method 

The model easumes that 9 6  of the  bomb debris ac t iv i ty  l a  In  
the  stem of the s tabi l ized cloud, and 16 is in the  muahroan. 
Mean effective par t ic le  s izes  are assumed f o r  the cloud and p e s  
of the  stem, and Stokes' l a w  fall ra tes  for  spherical  par t ic les  a r e  

used. Wind and weather conditions are  allowed fo r .  The method 

is cal ibrated t o  CASTLE Bravo, b u t ' l s  adaptable over a Vide range 

of yields.  
personnel. 

Army Si@ Corps Method 

ing of superposed cylinders into disc  or cyl indrical  &era or 
compartments, each asaociated v l t h  a particular pa r t i c l e  s i ze  cate- 

gory and fa l l  rate. - to  the Vinds act- on it, and eound values are then sumed 

Over all the  discs to obtain contours. A di f fe ren t  modcl must be 

generated fo r  each weapon yield, and fo r  different  l oca l i t i e s :  
Armed Forces Special Weapons ProJect, Fall-out Symposium (Conflden- 
t i a l )  APSWP-895, January 1955, SECRET Restricted Data 

A problem solution requires several  hours by t r a h e d  

The model divides a hypcthetlcal stabilized bomb cloud consist- 

Each disc is then brought to the  ground accord- 
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tropical,  polar, e tc .  Wind and weather conditions are allowed for, 
A particle size dist r ibut ion hypothesized bg the RAND Corporation 

le used. Aerodynaaic patticle fall r a t e s  are used. 
cdibra ted  t o  the AFSwP-5Oj' reported survey of CASTLE Bravo. 
cause of the f i n i t e  number o f & h c s  in the  model, contours are 

often lumpy and may involve artifact "hot spots". 

t ion  requires several hours by trained personnel. 

A i r  Weather Service Method 

The method is 
Be- 

A problem solu- 

The method is essentially a radex p lo t  resul t ing in rough 
rectors within which fa l l -ou t  may be expected, together wlth 

estimated times of ar r iva l  along vectors from ground zero for 
particular d l t i tud ts  fim vhich It i8 sasloned p . % r t i C l t S  B t s r t  

t he i r  fall .  

not directly canparable t o  methods t h a t  do. 
drawn i n  about 15 minutes by t ra ined personnel. 

Los Alamoe Method 

'&e method does not generate contours, an& thus ill 

The plot can be 

The method was devised for uae d r a m  CASTLE in forecasting 

t h e  gross resul ts  t o  be expected frm surface bursts of about 10 
KT fired in the northern Marshalls. The plots are modified oLLy 

by dlrect  yield degendence. 

geometry is not included, nor is the  effect of the  different 
tropopause height of the middle l a t i t udes  from t h a t  in the  

Marshd2.s. 
at all near.the origin.  

post-shot analgsis, but ra ther  for radaaf'c planning. 
rolution probably requires about an hour fo r  an individual familia 
with the method. 

Navy Method 

The ef fec t  of yie ld  on initial cloud 

The method gives very l i t t l e  d e t a i l  anywhere and none 

It is not intended for use In detailed 
A problem 

This method, which is based largely upon a radex VLnd plot,  is 
a system of weighing incremental square areas according t o  the 
degree of fa l l -out  expected, r e l a t ive  t o  one another. It resu l t s  
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i n  wind-sensitive contours which hnve OD& re la t ive  values. 
values may be f i t t e d  t o  the contours as a resu l t  of one o r  more 

post-shot survey readings taken i n  the contaminated area. 
lem solution requires something more than an hour fo r  personnel 

familiar v i t h  the method. 

U.S.  Naval Radiological Defense Laboratory Method 

Actual 

A prob- 

This is a wind and weather dependent system which as6umes the  
bulk of the radioactive material  originates in the lover portion 

of the muahroom, and u t i l i z e s  an aerodynamic par t ic le  f a l l  r a t e  

which varies considerably with the a l t i tude  of the par t ic le .  A 

problem solution requires several  hours by personnel familiar with 

the method. 

The RAID Corporation Method 

The method gives wind and weather-sensitive contours, based on 
an assumed par t ic le  s ize  d is t r ibu t ion  and the hypothesis tha t  9 6  
of the f i ss ion  product radioact ivi ty  falla out from the mushroom 
cloud and 16 from the stem. 

which is sowwhat different from that used by NRDL, but which also 

varies markedly with a l t i tude .  

amount of band ca lcha t ion .  

for  machine solution. 

Technical Operations, Inc. Method 

An aerodynamic r a t e  of f a l l  is used 

A problem solution requires a great 

The method has also been programrued 

The method u t i l i ze s  an inverted cone cloud model, the NRDL 
assumption of par t ic le  s i ze  dis t r ibut ion,  and fal l  ra tes  which 

increase with increase in a l t i t ude .  

sowwhat more than an hour, u t i l i z ing  tralned personnel. 

There are two general categories i n to  which the fa l l -ou t  models 

A problem solution requires 

can be placed. 

which w i l l  furnish Military or Civil Defense o f f i c i a l s  with a howledge 
of the approximate direction and area of the fall-out f i e l d  Prom M 

estimate of the yield and winds. 

The first cetegory is that of a rough asTroximation 

Such methods must be amenable t o  
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rapid cdculat ion and erne of plott ing,  M w e l l  as involving an accept- 

able degree of accuracy. Ihe model of the Armed Forces Special k'eapons 
A-oject is probably the best of t h i s  type ,  basically using a conserva- 

tion of material scaling approach, 1-e., it ass~mes t ha t  a f ixed per- 
centage of material will fall out from all shots. As the yield is i n -  
creased, the sizes of the contours are correspondingly increased. me 

Navy method is considered second In usefulness for  t h i s  purpose t o  the 

AES'JP method, its main diff icul ty  being its dependence upon an i n i t i a l  

survey reading or ser ies  of readiws  madc past-shot. If t h i s  normali- 

zhtion reading is in error, the en t i r e  plot  is erroneous. The methods 
developd by the A i r  Heather Service and the Los A l m s  Scient i f ic  

Laboratory a l s o  faU into this category, the former m n i s h i n g  l i t t l e  

more than direction and time-of-arrival, and the latter having part ic-  

ular application t o  the radssfe problem. 

The second use t o  vhich fa l l -out  models are put is tha t  of post- 
shot analysis. For t h i s  purpose, the infomation must be 85 accurate 

as can be obtained ond the yield,  height of the s tabi l ized cloud, and 
exnet vi113 history a t  a l l  levels for the duration rf the fall-out 

period must be uti l ized. The contours so calculated are then compared 

i n  de ta i l  with accurate survey data of the area of the fal l -out  f ie lds  

and tbe intensity within the f i e ld .  

with an electronic computer pogancned t o  handle the voluminous calcu- 

lations involved, appears t o  furnish the mst acsurete analysis of the 
mechanisms and pttcrns  of fa l l -out  deposition a t  the detonations 

studies. Nuch of the information u e d  i n  describing atomic cloud be- 

havior, par t ic le  distribution and rzeteorological. action on the cloud 

and quoted i n  this report vas a l s o  used i n  the p rep ra t ion  of the RApD 

hodel. The Naval Rs3Aological Defense Laboratoq; i s  considered second 

t o  the FMll mCel i n  supplying useful p s t - t e s t  data largely because it 

has n3t yet bren yrogramed for a computer. The large amount of manual 
cdculbt ion made necessary i n  Using the Nu)L method makes the RAM,. 

method preferable. 

The RAID mdel, used i n  conjunction 

The A n q ~  Signal Corps has a useful and f a i r l y  accu- 
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ra te  method for  d y z i n g  fa l l -ou t  patterns from surface burst  15 Mp 

yield veapns.  

other yields and progrrurrmed for an electronic  computer t o  make it we- 

W for mi l i t a ry  aaalysis. 
A i r  Force recommended be conaidered by the ATSUP i n  the p-eparation of 
this study, in a memorandm fo r  the Jo in t  Chiefs of Staff  dated 22 June 
1955.16' The A i r  Research and Development Cammand method and the Tech- 

n i c a l  Operations Inc. models are  ab0 in this post-shot analysis cate- 

gory, and appear t o  give somewha t  l e s s  accurate r e su l t s  than the other 
methods far an equivalent expenditure of computational e f for t .  

"he method should be modified t o  permit scaling t o  

This is the  method the Chief of Staf f ,  U.S.  

I. World-vide Distribution. 

Close-In fall-out,  as previously defined, is that fall-oqt-  
-I---- ----- 

of the area Vithln within an isodose b e  which marks the  boundary 

vhich the4eseacclmniLated.t.o infinite-* I s  50 roentgens or more for 
fully exposed personnel. This area i s  bounded fo r  a considerable dis- 
tance by p i d u d l y  decreasing amounts resulting from fa l l -out  from the  

primery cloud. The cloud gradually spreads over a very large area and 

diffuees t o  such an extent that it is no longer a single ent i ty  but may 
be a series of ribbona several  miles Vide and hundreds of miles long. 

These cloud sections continue t o  diffuae and follow the w i n d  pattern 
t o  such an extent that measmable dis t r ibut ions may be found continent- 
vide for smaller shots and world-Vide f o r  large yield detonations. 

After several months the dis t r ibut ion f o r  all intents  and purposes can 
be considered uniformly spread over the upper atmosphere, but not neces- 
sarily unlform t o  the top of the stratosphere. 

out decreases in deposition r a t e  after reaching a post-detonation peak, 
bu t  pobably does not reach zero as long as radioactive material is 

present I n  the atmosphere at any altitude. 

- 
_- -- ----- -_. - 
- 

"hue, world-vide fall- 

The external l eve l  of radiation f r o m  world-vide f a - o u t  I s  not e 

biological hazard. 

ted radioactive material are  of considerable biological importance. 

16 

However, the be ta  pmt ic l e s  from internally deposi- 

J .C .S . 1716118 
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This 16 became the low penetrating power of the beta radiation resul ts  
in the absorption of almost dl of the ionizing radiation in t i s a w  

v l th ln  a f e w  mil l iwters  of the  particle. 
radiation that i n  Considered M a possible carcinogen. 

It i r  t h i s  lov level  chronic 

Part  of the bomb debris within the mushroam cloud of large yield 

detonations goes t o  a very hlgh dt i tude  and is considered t o  be aCpos- 
i t ed  in the stratosphere. Another p x t l o n  of the debris from a large 

yleld detonation, and essentially dll. of the debris f r o m  meay lov yield 

WeBpOM, I s  deposited ln the troposphere. Par t ic les  initially deposited 

Ln the stratosphere and large enough t o  be affected by gravitational 

a t t ract ion t o  the earth go from the stratosphere to the tropaphere 

through the atmospheric layer known as the tropopause. H o v e ~ e r ,  there 
is no known mechanism for moving part ic les  of molecular dimerniona and 

only slightly larger from the stratosphere t o  the troposphere. 
dust samples a t  altitudes up t o  90,000 fee t  have been c o b c t e d  by the 

Hedth  and Safety h b o r a t o q  of the New Park Operations Office of the 
A W c  Energy Commlraion following t e s t  operatiom In the  Pacific 

Proving Orormd, the  collectionr being maAe during the  auuvm of 1954. 
The Qta indlcate inconsistent variation, or non-unlform mixing, at 
altitudes from &,OW t o  90,000 fee t .  Values of 0.025 t o  0.56 disinte- 

g r a t i o ~  per minute per cubic meter of aFr were obtained of which 0.7% 

t o  4.7$ ~1 due t o  strontiwn-90. Samples collected a t  &,ooO f ee t  by 
J e t  aircraft  rhoved cossiderable variation, vlth 0- ramplerr on the 
right and left wing8 of a particular aircraft rhowing cornistent re- 
rults. There YM a chmge from f l l g h t  t o  f l l gh t  on the ramc day in the 
m a m e  area, but the conairtent result6 from right t o  left wing of the 
Jet  l d i c a t e d  a r e d  variation in t o t a l  rsdioact ivl ty  through vhich the 

sircrdt flew. These valuee ranged from 0.021 t o  3.2 d i S h t C g r 8 t i O M  

per minute pr cubic w t a  of air. Although the method8 of sampling at 
g0,OOO fee t  d l f f a e d  from those at 40,oOO feet ,  the resu l t s  indlcate 

that there i r  about the same order of -It& of radioactivity a t  the 
two levels, w i t h  the radiation levels being slightly higher at &,ooO 
feet. 

Several 
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An lnteresting observation waa made independently by a Br i t i sh  

group during the s m e r  of 1954 in flyiw a i r c r a f t  over England at 
various al t i tudes.  

lected, but the sasmption is macle that they were obtained in a manner 

similar t o  those obtained by our j e t  a i r c r a f t  as wntioned above. 

data are: 

It is not known exactly how the samples were col- 

meir 

TABLE4 

Fissiom/Kg A i r  Fissions/Cu. M. Air 

This group by 8Ome method of extrapolation has estimated that 
f iss ion products from 20 MT f i s s ion  yield,  v i t h  several  W in the 

troposphere, are present in the  t o t a l  atmosphere. There a re  therefore 
at l ea s t  some qualitative data available which tend t o  show the pres- 

ence of low levels of radioactivity due t o  f i ss ion  products in both the 

stratosphere and the troposphere. 

The New York Operations office of the Atomic h e r g y  Commission haa 
been ~anpl ing  fall-out at  the ear th 's  surface for  the past  f i v e  years. 

The method has been t o  place guna~ed paper, one foot square, at  many 
points in the United S ta tes  and at several  locations throughout the 

world. 
Stations and Atomic Energy Comaission instal la t ions,  while our foreign 

samples are taken largely at embassies and legation buildings. 

The sample points in the  United States  are  a t  Weather Bureau 

There are 41 sampling stations in the United States where about 
250,000 samples have been collected since 1951. ?he nmber of ssmples 

frcnn foreign s ta t ions is much lower than this and many of the s ta t ions 
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have been established v i th in  the paat two years. However, suf f ic ien t  

data have been collected t o  indicate world-vide d is t r ibu t ion  of arti- 

f i c i a l ly  radioactive material  and tha t  a good qual i ta t ive  relationship 

exis ts  between the t o t a l  f i s s ion  products and the s t ront ium-9 ac t iv i ty  

which is falling out. 

The data indicate that on the  average about 1 mil l icur ie  of 

strontium-90 per square mile has f a l l en  out up t o  1 September 1954 i n  

the United States .  

estimated for  England and varies for other countries over the world 

from t h i s  value t o  a low of 0.03 millicurie per square mile i n  m i c a .  

Stations in the Philippine Islands and other s ta t ions  In  tha t  area show 

higher values, probably due t o  easterly winds at  high a l t i tudes  f r o m  
the Paclfic Proving Ground combined with the unusual ly  high r ah fa l l  

in the South C h i n a  Sea area.  
active par t ic les  quite effect ively from the troposphere. 

Large world area i n  the Ccmmmist-dominated countries where no samples 
have been collected. Barever, on the basis of the  data available, it 

can be amwed tha t  an average of 0.25 mill icur ie  of strontium-90 per 
square mile has fa l len  t o  date in Europe, 0.1 mil l icur ie  per square 

mile i n  the Southern Hemisphere and 1.0 mil l icur ie  per square mile in 

the  United States .  

act ivi ty  from fall-out falls off quite slowly a f t e r  about one year 

following a detonation. 

fait approximation much after that time, since the decay r a t e  i s  then 
controlled by only the f e w  long-lived isotopes remaining. 
of fiom one t o  six months after a detonation, the rare ear th  elements 

conatitute about :Q$ of t h e  t o t a l  ac t iv i ty .  Domination of the ac t iv i ty  

s lowly  changes so tha t  after about one year a few specif ic  isotope6 

such ae cesium-137, strontium-90 and a few of the longer l ived  ra re  

earth elements determine the  effect ive over-all decay r a t e .  

About 0.25 millicurie per square mile has been 

Such r a i n f a l l  is known t o  scavenge radio- 

There is  a 

It should be noted a t  this point that  the t o t a l  

-1.2 The decay factor  of t is no longer a use- 

For a period 

The ef fec t  of the  environment vpon which the  fal l -out  occurs -is  

t o  tend t o  fractionate ce r t a in  elements, par t icular ly  strontium-90, so 
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t ha t  ava i lab i l i ty  fo r  bone deposition is affected t o  a marked dtgree. 
The ra re  earth elements are  not considered lzportant t o  the bone deposi- 

t ion  problem. Strontium-90 fract ionat ion w a s  discussed e a r l i e r .  The 

ava i lab i l i ty  t o  the biosphere of strontium-90 and other elements will 
be discussed in l a t e r  sections on biological effects .  Even though 

fall-out occurs on arable land and the strontium-90 thus deposited 

f inds  i t s  way i n to  the biosphere, several  environmental factors may act 
t o  reduce the avai labi l i ty  for  plant  o r  animal uptake. 

acidity of the  soil strongly decreases the a b i l i t y  of strontim-90 t o  

f i l t e r  t o  ground vater .  
i n  soil further affects  i n  an adverse manner the ava i lab i l i ty  of the 

strontium fo r  easy movement through the s o i l  by dilution with water. 

very low calcium content of the  eo11 could conceivably permit more 

strontium t o  be absorbed in to  the plant  system and f ina l ly  deposited 

i n  human bones, but t h i s  is not considered l ike ly .  

Increasing 

The presence of Increased amounts of phosphate 

A 

Fall-out in to  c i ty  vater reservoirs  has been considered an import- 
ant method of videspread high l e v e l  contamination due t o  the so lubi l i ty  
of the particulate matter i n  the water. 

contamination renders the quantity of radloactivity received from a 
uater supply negligible, because of modern methohs of flocculation, 

s e t t l l q ,  f i l t r a t i o n  and d is t r ibu t ion  of municipal water supplies. 

Since rain I s  b u n  t o  scavenge par t icu la te  atmospheric radioactivity, 

segments of the population using rainwater direct ly  as t he i r  drinking 
water supply have an increased poss ib i l i ty  of ingesting strontium-9, 

but even this amount would be lneignificant except i n  the rainfall in 

the immediate vicini ty  folloving a surface burst or low yie ld  air 
detonation of a nuclear weapon. 

The world-vide low l eve l  of 

The problem of radioactive par t ic les  fdling in to  tie ocean 

raises  the question of t he i r  avs i l ab i l i t y  t o  t h i s  portion of the bio- 

sphere. 
quantit ies by f i sh .  
the water, and it has been found t h a t  radioactivity may be ccncentrated 

Plnnkton found normdlly fn sea water are consumed i n  large 

These plankton concentrate mineral elements frcm 
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in this manner by as much as a thousand fold. Thus, for example, one 
gram of plankton could contain a thousand times aa much radioactivity 
as a 5 a m  of sea water adjacent to it. 
plankton vhich form a portion of fish diet ten& to concentrate in the 
liver of the fish, and, if sufficiently high levels of contamination 
are encountered, could have a marked effect upon the ecology of an 
ocean area. However, the low level from w o r l d - w i d e  contamination has 
not been identified to date in undersea life at great distances from 
the weepon test sites. "he fish in close-in fall-out areas have been 
shown to absorb radioactivity to varying degrees, one mechanism being 
the method of contamination just discussed. 

The radioactivity from these 

The s10v vurld-wide fall-out of radioactive fission products in- 
volves all land and seaareas. R a i n ,  88 previously mentioned, scavenges 
smaU particles in the atmosphere quite efficiently. Thus, on a world- 
wide basis, arable land should exhibit higher concentrations of fission 
product radioactivity than desert lands. 
haa atudied this problem as have the Lemont Laboratories of Colmbia 
University and the Institute of Nuclear Studies of the University of 
Chicago. 
SUKSEIN'E and in general are classified SECRET. 
hypothesis that areas of high rainfall have considerably m r e  artificial 
rsdioactivity in the soil than area of low rainfall. 

The Bew York Operations office 

These studies have been reported under the project code name 
The data confirm the 

The SUIJSEINE data are considered reliable, but ultimate quantita- 
tive interpretationrr w i l l  have to await long-term a n W  experiments. 
The biological discussion of the SUNSHINE data wil l  be included in the 
section on biological effects. Suffice it to say here that rainwater, 
pound water, soil, foods, and animal and human bones have been sub- 
jected to radiochemical analysis. All indications tend to substantiate 
the fact that there is a low level of world-wide cantsmination from the 
amount of fissionable material that has been fissioned in nuclear 
mapom to date. 

To return to the question of the Land surface involved,.the RAND 



Corporation, i n  i t s  f i r s t  SUiSHINE calculation, e s t k t e d  that 25,000 

Mc equivalent of f i ss ion  products could be detonated before contamha- 

t ion  from strontium-90 would reach the maxlmum permissible concentra- 
t ion on a world-wide basis. Their asswnption wae that this quantity of 

f iss ion products, spread uniformly, would involve the deposition of hx, 

microgram of strontium-90 per acre. 

which would involve a maximum permissible concentration on a world-wide 

basis, there vas included the  calculation fo r  the 8mount of s table  

strontitrm in soil and the stable calcium t o  strontium r a t i o  in s o i l  

and plants. 

marue per acre would exceed the  maximum permissible concentration. 
did not attempt t o  place any evaluation on the biological  consequences 

of exceedlug this value. 

In arriving at the  value given, 

Thus, any mount of strontium-90 in excess of xx) micro- 

n e y  

In  considering the vorld-wlde contamination problem, particularly 

as it exis ts  a t  present, it is pertinent t o  discuss t h e  natural radio- 

active material which is airborne. 

intermittent widespread fal l -out  ranging from a r a t i o  of one par t  arti- 
f i c i a l  radioactivity ( f i ss ion  product) t o  six parts natural radioactiv- 

i t y  at a s ta t ion  in Alaska, t o  one part a r t l f i c i s l  radioact ivi ty  t o  

fourteen par ts  natural  radioactivity i n  Washington, D.  C .  

been found that depcsition I 8  lower at night, and that rainfall tends 

t o  clear the atmosphere of all radioactivity for a period of time 

rang- from one hour t o  almost a day. 

Experimental fin- show an 

It baa also 

The natural  g- background due t o  radioactivity is affected by 

the airborne par t iculate  matter discussed above. 

gama background is the  sum of that due t o  &borne radioact ivi ty  and 

t o  radim and uranium in the soil plus that due t o  cosmic rabiation. 

The latter accounts for a conalderable f ract ion of the  t o t a l  gannna 

radiation, so that levels of one part a r t i f i c i a l  ac t iv i ty  and fourteen 

par ts  natural radioactivity in air  samples re su l t  i n  an Fnsignificant 
increase in the gamma background. 
gama survey meter hae been in operation at  the Milssachusetts Ins t i tu te  
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However, the  t o t a l  

One part icular  continuour, recording 



of Technology for  the past  10 years. 

change i n  the gama radiation values during that ent i re  period, except 
for  short periods of time vhen an atomic cloud i s  known t o  have passed 

overhead following a t e s t  detonation. 

Their recordings indlcate no 

The data frm vhich the material of t h i e  section has been dram 
v u  compiled by eeveral laboratories.  

strontium-9, world-vide, a re  so low tha t  large samples have t o  be 

processed fo r  a n a l y s i s .  Consequently, caretully trained personnel have 

been u t i l i zed  on the SUNSHINE studies, and the equipment haa been de- 

signed especially for the  low leve l  counting necessary. 

ered that i n  sp i t e  of the d i f f i cu l t i e s  involved good analyt ical  results 
have been obtained. 

The levels  of contamination by 

It is consid- 

!€he guuuned paper resu l t s  have been subjected t o  much scrutiny and 

have been questioned by many because the r e su l t s  of one sampling sta- 

t1.m collecting fa l l -ou t  on orie square foot of surface are extrapclated 

t o  areas of thousands of square miles. 

Nev York Operations Office f e e l  confident that the i r  r e su l t s  can be de- 

fended and t h a t  they should be considered - + % t o  5% re l iab le .  

However, the personnel at the 

111. BIOLOGICAL ASPECTS OF FALL-OUT PROBLEM 

A .  Evaluation of the Human Hazard Due t o  Radioactive Fall-out: 

Several parameters need assessment in order t o  evaluate the  ex- 
External. 

ternal hazard t o  hmam from fa l l -out  radiation. The e f fec ts  of vhole 

body radiation v i th  regard t o  i t s  le tha l i ty ,  sickness, and genetic 

potentials a re  the most important factors t o  be considered. 

burn problem also requires evaluation. 

The beta 

!he biological phenomena concerned are extremely complex and o d y  

the grossest type of c lass i f ica t ion  of hazard can be attempted. 

ever, fo r  large scale populations, gross estimates of l e tha l i ty ,  sick- 
ness, etc.,  probably suffice t o  define the problem. 

Hm- 

I n  s e t t i ng  al lorable  limits of exposure t o  avoid the hazard range, 
the problem of b i a s  toward se t t ing  standards of safety enters the 
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picture. 
man are available. Anfmal data, occasional accidents involvlng human 
exposure, theory, and opinion consti tute the baaic data for se t t ing  

standarb and estimating the degree of hazard fo r  various levels  of 
exposure t o  radiation. 

a decaying f i e l d  which for l oca l  fa l l -out  is rapid at  first and then 

s l m  dam, haa important biological implications. 
of entry in to  the  f i e l d  BB w e l l  aa duration of stay necessary parameters 

t o  consider in computing biological recovery ?actors. 

I n  almost all cases no d i rec t  accurate quantitative data for  

The fact that the fa l l -ou t  radiation f i e l d  is 

This makea the time 

Each of the parameters involved i n  human hazard will be discussed 

i n  order t o  arr ive at  a quantitative echeme for assessing the isolated 
characterist ic,  e.g., l e tha l i t y .  Deviations from thia'standardized 

scheme due t o  par t icular  aspects of any single s i tua t ion  wil l  be die- 
cussed. 
used BB a pint of departure for other s i tuat ions.  

pmameters of in t e re s t  aufTicient data are  not avauable. 
even in aesessing l e t h a l  expectation, the scheme is subject to limita- 

tions but represents the best  data available at this time. 

Lethali ty Expe c ta t ion  for Total Body I r radiat ion.  

This basic standard vlll const i tute  a reference and may be 

For a m  of the 

In fact, 

The assess- 

ment of acute, 1 . e .  within 30 d a y s ,  l e tha l i t y  expectation due t o  
exposure t o  radiat ion in a fa l l -out  area involves several complex 

phenumena, both physical and biological. A t  present a s impl i f i ed  

approach seems l lke ly  t o  y i e ld  the best general picture.  

the physical decay factor, the t 
will not be considered. 

t i ve  constants which are  admittedly somewhat tenuous w i l l  be applied 

and used without considering variations from the  values colmnody em- 

ployed. 

Variations in 
l a w ,  are l ike ly  t o  be small and -1.2 

For the biological factors involved, quantita- 

The basic curve f o r  predicting l e t h a l i t y  due t o  instantaneous 
U n t i l  the CASTLE 17 t o t a l  body gannns radiation is given i n  Figure 12. 

17 Mitchell, H.B., A General Approach t o  the Problem of Eatba t ing  
Personnel Dosage on Atom Bombed Targets, The RAND Corporation, 
RM-ll49, 1953, SECRET. 
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Fig. 12. Lethality vs Dose in Roentgens 
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fall-out studies vere conducted, it VM thought that the dose required 
t o  cause le tha l i ty  i n  5 6  of exposed individuals within 30 ws - herein- 

attv abbreviated M LD 
indicated in Figure 12. 
the possibility that the curve values may be soanemhat high rae raised. 

Zhe biological effectiveness of r.a&iatiOM from various sources ea vcll 
as the geometry of both source and receiver are important. Considering 
the present s t a t e  of uncertainty regarding each of the parameters in- 
volved, it is considered that the or iginal  curve should be accepted as 
it is. One should be conservative with regard t o  raising the values 
needed t o  cause a particular per cent le tha l i ty .  

- should perhaps be sclmevfiat greater than 
After the  CASTLE fall-out studlee, h v e r ,  

50 

R a d i a t i o n  erposure in a fa l l -out  f i e ld  is not h t an taneous .  

It is therefore necessary t o  evaluate various time-dose relationships 

in terms of lethal effectiveness. Protraction and fractionation of a 
given dose of radiation reduces the  lethal effectiveness t o  a limiting 

value determined by the mn-recwerable fraction of t o t a l  dose. 

In evaluating the l e t h a l  e f fec t  of exposure t o  intermittent or 
continuous radiation over a period of time, the term “effective roentgen’’ 
VFU be used. This meam t h a t  any time-dose relationship under con- 
sideration will be referred back to i ts  equivalent e f fec t  on the  in- 

stunhneoua effect  curve and the dose w i l l  be said to be equivalent t o  
so inatantmenu roentgens. For example, if 600 r are given over 

a period of time so that 513$ of the exposed group can be expected t o  
die, the effective roentgen value w i l l  be 400 r. 

The decrease in lethal expectancy associated with protraction 

of the dose delivery period Is due t o  the fact tha t  the body recovers, 
at  least  par t ia l ly ,  frm the effects of a gimn exposure. 
c a l  recovery factor has been experimtntally examined in lover animala. 

According t o  E. E. Smi th ,w  the recovery rate for  dL1 apcmals studied 
may be taken to be 
tha t  results were not sensit ive t o  this parameter. 

This biologi- 

pzr day. The design of the erperiments wan such 

F. McLean, 

Smith, E.H., Inf- Study f o r  the Chief, AFSUP, 1953. 
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a writing in the Mllitary Surgeon, haa uaed a factor of 16 per day 

recovery fo r  a 2Q-day period, and according t o  him t h i s  scheme bre& 

down beyond t h i s  point.  
Although some biological recovery cer ta inly takes place, there 

is also a degree of permanent res idual  demage from uhich an animal 
never recovers, or at best recovers a t  a r a t e  so slow as t o  be diffi- 

cu l t  t o  measure. From a quantitative point of view, 2C$ of the t o t a l  
incident gama radiation received is considered t o  be an Irreparable 

equivalent and 8€$ t o  be reparable according t o  the factors  given 

above, i .e. ,  @ per day by E. E. Smith and lC$ per day by F. McLean. 
A quantitative approach t o  l e tha l i t y  estimates may be made by 

using the following: 

(1) Instantaneous lethal c w e ,  euch as Figure 12. 

(2)  Total dose and r a t e  of admFniatratlon. 

(3) Biological recovery rate, wing lf$ per day and aaaumlng 
a fFrs t  order recovery process. 

(4 )  Irreparable recovery fraction, using ZC$ of t o t a l  gama 

dosage. 
-1.2 (5 )  Fission product decay l a w ,  It - Ilt , where 

It = radiation dose r a t e  at time t 

I1 = radiation dose r a t e  at uni t  time 

t = t i m e  
m e  f i n a l  equation In a f l se ion  product fall-out f i e l d  then becomes w 

M c L e a n ,  F.C., et al., Extension t o  Man of Experimentsl Whole-Body 
Irradiat ion Studies. Sane Military and C i v i l  Defense Conaidera- 
tions, Mllitary Surgeon U2, 1953. 
Latter, A.L., The RAND COT., Feb. 1955, Personal communication. 



where 
= amoullt of instantaneous radiation required t o  give the Refi 

( t )  - Time of evaluation of Reff. 

r(to) = Rate at tiw (to) of initiation of exposure. 

p 

same effect  on lethal scale.  

- recwery constant, here aaslrmed t o  be 1 6  per Qs or 
0.0042 per hour. 

Figure 13 in a graphic representation of the above equation for various 
times of entry into a fa l l -out  field ( t o )  up t o  19 hours. 

with caution, and must be res t r ic ted  t o  the  job it is intended t o  per- 
form. It WFU be noted that beyond a cer ta in  time the effective 

roentgen value decreases. 
individual is able t o  continue receiving radiat ion without irpthr dam- 

age. It does a iep i fy  that for a given radiation experience there is a 

rpaxirmrm Reff 
si&ficance v i t h  regard to acute l e tha l  e f fec t .  

beyond the point of maximum Rem the amount of edditional radiation 

needed t o  produce a given acute l e tha l  e f f ec t  does increase. 

pect of M e  t o  the individual which l a  a function of the t o t a l  dose 

contirmea to inaeaae during the period of radiation beyond the point 

of mcdnnnn Reff. 

factor la a trmction of the t o t a l  irreparable dose and the Reff is an 
index relating l e t h a l i t y  expcta t ion  of fur ther  radiation t o  the paat 

rd l a t ion  experience of t h e  adir idual .  

looked that Reff is bormded by the  lethal dose, and that once this 
dose is reached, biological recovery factors PO longer play a role, nor 
does additional radiation have significance. 

Figure 14 i s  a graphic representation of a fa l l -out  s i tuat ion 
occurrkrg a t  E+3 hours w i t h  an initial dose r a t e  of & r/hr leading t o  
a t o t a l  integrated dose of 603 r which would be IDloo Fi received in- 

stantaneously. 

!W.a scheme for calculating l e tha l i t y  crpectation muat be used 

'Ihis is not intended t o  si@&fy that the 

a t  vfiich point additional radiat ion vlll haye its maJdmal 

It dao signifies' that 

The ae- 

In a r e a l  sense, therefore, the biological damage 

Bovcver, it should not be wer- 

The upper broken lint indicaka the cmnulatire dose 
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t -  to h n .  

Fig. 13. A Graphic Representation of the Reff Equation for Times (to) Vp to 19 Hours 
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F i g .  14. Graphic Analysis of H+3 Hour Fall-out Situation with In i t ia l  
Dose Rate of 40 r Per Hour 
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with time, en?. the lower broken l i ne  inr'.icatr?.s the R value. ~n i l l -  

spection of tnese curves shows t h a t  n description of the eveiits occur- 
r ing within 48 hours w i l l  define most of the pro'uiem. 

almost 5 6  of the inf ini ty  dose has been received and tbe added d a i i y  

increaent following t h i s  is  sufficiently small so tha t  no chaige in  

leti lali ty estimates need b e  made for short additional exposures. 

statements are also true even if the calculritions are based on the lower 

dashed l ine  which takes i n t o  account the factor  of biOlogical recovery, 
using B lC$ per day recovery r a t e .  
aoie for protecting personriel durire  the early hours foilowi:ig a r r iva i  
of fall-out, the y e z t e s t  potent ia l  damage w i l l  ue avoided. 

I n  applying t h i s  t y p e  of analysis t o  idealized fall-out iscdose 

e f f  

By bd hours 

Tkse 

Thus, i f  there are  methods a v s i i -  

contours, it is important t o  rea l ize  tne s ignif icame of the figures 
used. These are figures applicable t o  a persor, standi= unsirie,ded in 
a level radiation f i e l d .  It has been estimate& tna t  the open f i e l d  
dose may be less  oy a factor of aoout 0.70 than the tneoreticaily cal- 
culated dose f o r  a smooth inf in i te  plane surface, and t h a t  fo r  designed 
shelters virtually cozplete protection could b e  provided. 

I n  e situation where adequate shel ter  is availhole, control of 

dosage is possi6le cy l imitin& the amount of time spent outside the 

she l te r .  With sdequate early protection, f ields which had very high 

: n i t i d  dose ra tes  may eventually be entered safely from shelters,  with 

longer and longer exposures Leing possiljle as the f i e l d  continues t o  de- 

cay. 
enough to  constitute a hazard and the r a t e  of fall-off m:. be  sufficient-  

l y  slow so  tha t  l i t t l e  time can be spent  i n  the area  without incurring 

r i s k .  Existing conditions m u s t  be weighed i n  evaluating the potential  
hazard. 

However, the f i e l d  radiation levels  a t  la ter  t b e s  :jay s t i l l  u e  high 

Application of Physical Contour Lines t o  Lethality Expectations. 

In  order t o  assess the significance of the physical fall-out 

measurements and contour l i n e  diaeams, these m u s t  be translated in to  

- U/ H i l l ,  J . E . ,  Effects of Environment in Reducing Dose Rates Produced 
by Radioactive Fall-out from Nuclear Explosions, The RAND Corp., 
R . M .  - 1265-1, 1954. 



biological terms. 

analyzed. 

pendent upon the time of ar r iva l  of fa l l -out ,  the dose r a t e  at  that 

time, the degree of shielding effective,  and the time spent i n  the 

contamlnated area. 

s i t ion  of f 8 n - O U t  for any time of a r r iva l  and physical decay character 

ized by the t The biological fac tors  of recovery and residual 

damage previously discussed are  also included. 

For the present, l e t h a l i t y  is the parameter t o  be 

The le tha l i ty  expectation fo r  an exposed population is de- 

The analysis used here assumes instantaneoua depo- 

-1.2 l a w .  

Figure 15 is a plot  of la, 5 6 ,  0% of l e tha l i t y  expressed 

i n  terms of the dose r a t e  at  time of fa l l -out .  

oped in the fol lar ing manner. 

Reff 

This figure was devel- 

From Figure 13 the maximum r a t i o  of 
/ r ( t o )  for each ( to )  cea be determined. This is shown i n  "able 5 .  

5 
Max. Ratio Reff / r ( to)  

1 2.2 
3 6 .o 
5 9.0 
8 13 .o 
ll 16.4 
15 20.6 
19 24.4 

/r(t ) = Ratio of effective roentgens t o  the dose r a t e  in r/hour 

( t o )  = Time of arr ival  of fa l l -out ,  where t o t a l  fa l l -out  is 

The maxlmim r a t i o  is solved for r(to) vlth:  

Rei f  

' e s  
Reff  = 2 0 0 r = L D 0  

o 
at (to)* 

assumed t o  wcur  instantaneously at  any one location. 

= 600 r = mlo0 
= M r = m  50 

The LDo curve for residual damage i s  calculated on the  basis 
of a t o t a l  cumulative dose t o  i n f i n i t y  of loo0 r. 
ual of 200 r on the  basis of a 2f$ residual damage h t i o n .  

This leaves a resid-  

The 
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( T o  = Time of Arrivol of Fall Cut 

---- _-  L D o  For Reaidual Damage Factor 

Fig. 15. The Lethal Criteria Expressed i n  Terms of Dose Rate 
( r b )  at ( to)  
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calculation i s  based on the formula: 
5 x r x t = loo0 

where r is the  dose ra te  in r/hr at time t, and t is the time of 
arrival of fa l l -out  i n  hours. This curve is also plotted in Figure 15. 
It is  worth noting that out t o  20 hours it is s t i l l  above the LDo curve 

for acute l e tha l i t y .  

terms of the B+1 hour dose r a t e .  

spective dose r a t e  measured at  (to) and extrapolating back t o  H+1 hour 

according t o  the t 
velop Figure 17 which shows the extent of downwind l e tha l  effects  along 

the axis of the fall-out pattern f o r  a 15 h o t  mean wind. 'Bis figure 

indicates the e f fec t  of increasing yield* on l e tha l i t y  expectation for 
these downwind locations under this specif ic  wlnd condition. 

Figure 16 is an expression of the same data in 

It i s  constructed by taking the re -  

-1.2 decay l a w .  These basic curves are  used t o  de- 

By estimating the crosswind ef fec t  on the  fa l l -out  distribu- 
tion, the data f rom Figure 17 haa been extended t o  express l e tha l i t y  

in  terms of area aa a function of f i s s ion  yield and this is plotted in 

Figure 18. 
protection factor of 5 is also plot ted in Figure 18. 
tion, assume that a 5 hC weapon is detonated on land surface. 

unshielded LDlm and LD 
miles, respectively. 

the IDloo area is reduced t o  450 square miles and the  IDo area to ll00 
square miles. 

The quantity of radiation accumulated from time of e n t q  in to  

The reduction of l e t h a l  area accomplished by affording a 
As an i l l u s t r a -  

'Be 

contour lines enclose 2200 and SO0 square 0 
If there is &$ effect ive shielding available, 

an area t o  time of exi t  from the area is calculated by the formula ' SRH+l( t l  - .2 - t2--2)  

(1) D = t o t a l  integrated dose of radiat ion i n  roentgens. 

( 2 )  %+1 = Radiation dose r a t e  at A+1 hour. 
( 3 )  tl = Time of entry i n  hours a f t e r  detonation. 
(4)  t2 = Time of ex i t  in hours after detonation. 

F a  a thermonuclear veapon, the y i e l d i s  aeRumed t o  be derived f r o m  
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t o  * TIME OF ARRIVAL OF FALL OUT 
(ASSUMED INSTANTANEOUS ) 

500 

0 4 B 12 16 20 24 

t o  [in b u n )  

Fig. 16. Ltthal Criteria Fkpeesed in Terms of H + l  Hour Dose Rate for 
Varioua T i w e  of Arrival of Fall-out or Entry into Contamin- 
ated Area Ammlng Infinite Stay in Area 
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Fig. 17. Lethality Criteria Downwind (Along Contour Axis) As a Function 
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The relationsllips expressed i n  t h i s  equation were used t o  develop figures 
19 ana 20. 

hour dose rate ,  the t o t a l  integrated dose received by an individual in 

48 hours fo r  any particular time of entry or any par t icu lar  time of 

arrival of fa l l -ou t .  

Figure 19 enables one t o  determine, h-om a knowledge of the A + 1  

F i p e  20 shows contour lines for  radiat ion received up t o  
H+48 hours, correcting fo r  time of fa l l -out  and assuming a 15 h o t  vind. 

When exposed t o  sufficient radi- 
ation, personnel w i l l  show evidence of radiation injury varying irw the 

acute radiat ion syndrome of nausea, vodt ing ,  mdaise,  e tc . ,  t o  hemorr- 
hagic phenomena and infection, with all the  attendant c l inlcal  findings. 

Table 6 sunrmarizes, essent ia l ly  on the baais of  the  Hiroshima and 
Nagasaki experience, the e f fec ts  of various Instantaneous radiation 

doses. 

Radiation Injury Expectation. 

TABLE 6 
Sunrmary of Effects  Resulting from Whole 

Body ?%sure t o  Radiation 
Time After Lethal Dose Median Lethal Dose Moderate Dose 
Exposure 600 r W r  300 t o  1M) r 

- - - -  

Nausea and vomit- Nausea and vomiting Nausea 
Fng a f t e r  1-2 hours 

No def ini te  
sy7qtms 

after 1-2 hours Fi r s t  
Week 

Diarrhea 
vomltine, No def ini te  symptoms 
I n f l m t i o n  of 
mouth and throat 

Fever 
Second Rapid emaciation Beginning epi la t ion  No def ini te  
Week (Mortality proba- symptoms 

b l y  1oodp) 

Lass of ap t i t e  and 
Epilation. 
Loss of a 
and gener rtite Third general A i s e  . 

Week Fever. 
Severe inflammation malaise. of mouth and throat. 
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Fig. 19. Doaea Accumulated up t o  48 Hours After B u r s t  Time for Various 
Times of Entry Into Contaminated Area 

78 



Fig. 20. Roentgens Accumulated from H+1 Hour to H+48 Hours for 15 Kl' Weapon 



TABLE 6 (continued) 
Sumnary of Effects Resulting from Whole 

Body Exposure to Radiation 
Wne After Lethal Dose Median Lethal Dose Moderate Dose 
Exposure h r  400r 330 to 100 r 

Fourth 
Week 

Sore throat. 
Pallor. Pdlor. 
Petechiae. Petechlac . 
Diarrhea and Diarrhea. 
noseblcsda. Moderate 

emaciation. 
Rapid emaciation. (Recovery , 

Death (Mortality likely M e a s  
probably 5 6 1 .  complicated by 

poor previous 
health or 
superimposed 
injuriee or 
iniectiono). 

The i n ju ry  expectation with non-inatantaneoun delivery of 
rsdiation cannot be achematicaUy quantitated with the data available. 
As totd dosage i r  protracted, there rm&ubtedly VlU be e decrease in 
the incidence of the scute toxic ph&se known as "radiation sickness" . 
Hovevcr, for radiation delivered over relatively short period.¶ of time, 
much aa one or two d q r ,  it Fobably is safe to Mame that the hemor- 
rhqic end systrmic infection problem vlll remain aLnost the same an 
for lnatanteneoun &rages. Varioua semi-quantitative rtatements are 
available, but these are based on opinion and no accurate data are  

avd lab le  for critical study. me statements given by W a n  in the 
Military Surgeon, which are substantially the erne an those given by 
the Radiological Usriare Panel E/ are rwnmarized here. This is &ne t o  

provide a "feel" for the problem. 

~~ ~~ ~~ 

Noyes, W.A., et al., Radiological Warfare Report on Panel of 
Radiological W d a r e ,  1948, TII) 204, SDZET, Restricted Data. 



1. 10 r/&y - I r regular ly  distributed over an eight hour 
day, probably would not render a uni t  he? .  

fec t ive  If received daiQ for  30 days or 
more. 

- Received v i th in  one day per week, probably 

would have no ef fec t  on combat a b i l i t y  for 
8 week or m e .  

2. 25 r/veek 

3. 50 r/W - Received for  a week probably would not af- 
f e c t  the efficiency of a fighting unit at 
once, but some iadivlduals would be lnca- 

pacitated by nausea and vcaniting. 

4. 100 r/day - Probably would be acceptable fo r  not more 

than 1 or 2 days, a f t e r  m c h  incapacita- 

t ion  I s  t o  be expected. 

5 .  200 r/12 Lps - C a n  be regarded as equivalent t o  an instan. 

taneous &ae of 200 r. 

The fkst  item, 10 r/&y for % days, represents a t o t a l  of 
300 r and an irreparable dose equivalent t o  about 60’r. Continuation 

beyond 3 clays vlll be contlngent upon assessment of damage ascribed 

t o  the t o t a l  irreparable dose. 

represents a t o t a l  of 200 r and an b e p a r a b l e  dose of 40 r .  
vagueness of the quantit ies c i t ed  is indicative of the r e a l  lack of 
data for se t t ing  standarb. 

The 25 r/week schedule for 8 weeks 

%e 

In theory, It is possible t o  assume an i n i i n i t e  amber of com- 

binations of time-&se relationships.  
for all these conbitlone, huwever, are  not possible. 

population in a large fa l l -ou t  area bvolving thousands of miles, the 

bulk of the exposures are l ike ly  t o  be supralethal or sublethal, and 
only a relat ively small part of the (vea affected v i l l  be ln the un- 
certabt.3 range regarding l e t h a l  and injury effects .  

Accurate medical descriptions 

For an erposed 

On the baais of Large animal studies conducted by !l!rum and 
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his associates a it appears that completely effect ive functionFng is 

not l ikely for persons vho have received a dose i n  the l e tha l  range. 

On this basis, the f o l l w i n g  generalization may be applied: vithln the  
f i r s t  week, all personnel subject t o  radiation wlth an Reff equal t o  or  
greater than the 55 lethal dose in 

ehould not be used fo r  work of any klnd. 
days are considered sick and 

Operation CASTLE Experience. The f irst  shot of the CASTLE 
t e s t  ser ies  y88 f i r e d  1 March 1954 on a reef at  B i k i n i  a to l l ,  wlth a 
t o t d  energy yield of 1 5  Mp, 
changing weather conditions &omd and after shot time resulted in 

deposition of a portion of the  fa l l -out  pattern frcm thls shot over 

the populated a t o l l s  of Rongelap, Rongerik, and Uterik, although the 
heavier contaminated axis of the pattern lay  north of these island 

groups. The papulated islands of these atolls were evacuated prcmrptly, 
but not before a poup  of natives on Rongelap had received an estimated 

whole-body dose of gama radiation above 80 kev i n  the  neighborhod of 
175 roentgene. 

ceived an estimated 95 roentgen whole-body dose, and a native g o q  
from Utirlk about 15 roentgens before being evacuated. An island sur- 

vey team monitored the IelanQ of these a t o l l s  carefully over a period 

of several days begFnning on the seventh day a f t e r  the  shot, making a 

valuable documentation of the  fa l l -ou t  in tens i t ies  in the l i v l q  areas 
involved, as w e l l  as on neighboring unpopulated islands. 

A e m a l l  poup of American service men on Rongerlk re- 

As a result of careful  observations made upon the exposed In- 

dividuals and of analyses of the related physical data obtained frcm 
subsequent shots of the CASTLE series,  a wealth of p e r t b e n t  data on 

the radiation hazards of f d l - o u t  I s  now at hand. Tfieee data Indicate 
that csreful  consideration must be given the external hazard problems 
associate& with beta and gmma radiation ?rem radioactive fal l -out  in 

a h-um, B.F., e t  al., Clinical  Observatlons Upon the Response of 
the Burro t o  Large Doses of External Whole Body G a m a  Radlation, 
Auburn Veteriaarian, 8, 1952. 
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t e rm of the conditions l ike ly  t o  be encountered In the  f i e l d  as waa 

the caae for the accidental human exposures at  CASTLE. 
If In  the  caee of the first CASTLE shot, the instrument read- 

ings in milliroentgens per hour a t  7 to 9 b y s  post-shot are  extrapo- 
latedback t o  shot day and the  value thus obtained integrated over the 

period of exposures using the  t 
compare favorably with dosages that would be estimated on the  basis of 
the biological responses observed. 

so simple and it seem possible that there may be factors omitted from 
the oversimglified estimation procedme just c i t ed  that would tend t o  

lower the values obtained. 

-1.2 . decay law, the  values obtained 

The problem of measurement is not 

Among these are: 

(1) The travel time of fall-out,  whlch may vary fram estimates 

made. 

(2 )  

(3) The sh i e ldhg  efYect of special  environmental conditione, 

The gradual build-up of fall-out,  which makes detenrdnation 

of a single "arrival time" uncertain. 

such as buildings,  t rees ,  and clothing. 

These might be counteracted by other factorg not directly comidered 
which would tend t o  raise such a value: 

(1 )  The geometry of exposure. 

(2) 

(3) 
(4)  

The adhering of particles t o  clothing and skin. 
Increased in tens i t ies  below the 3 foot  measuring leve l .  

The biological recovery factor  in prolonged exposure 

times. 

!hue a cancellation of errors  may permit by a fortunate coincidence the  

use of a simple straightforward calculation t o  obtain a quite val id  

estimate of the dose involved. 

The temporary epi la t ion i n  the Marsheillese suggests the dose 

t o  exposed skln on Rongelap vs9 approximately 10,000 rep of beta radl- 

ation. 

the dose t o  the protected skin was probably less than 5000 rep. 
the C A S l z E  data suggest that the clothing uurn by exposed persons pro- 

Because of evidence of completely intact skin under clothing, 
Thus 



vided at l ea s t  as much protection 88 Implied by the broad estimate for 
Amy f i e l d  clothlng t o  the effect  t h a t  w . . .  the  average f i e l d  issue 
clothing vill stop approrimately one-half of the  incident be ta  radia- 

tion from fall-out material". 
It bas long been a moot question whether within an intense 

fall-out f i e l d  the beta  burn problem qould be the factor  llmiting the 

period of expcsure of personnel. CAS- provided an unexcelled oppor- 
trmity t o  obeerve such a d tua t ion .  Personnel receiving whole bow 

gama doses of about 200 roentgens suffered M burns under the clothing 

except where the radioactive material uaa carr ied by perspiration or 
bcdy motion under a co l l a r  or cuff. 
ever, burns =re suff ic ient ly  severe t o  reduce the efl iciency of per- 
sonnel more than vould be predicted frcua the exposure t o  the concomi- 
tan t  ganrma component. Thus, i r c r m  CASTLE data haa come the  fairly de- 
fensible statement that fo r  weU clothed personnel in a i d - o u t  field, 

gamma measurements alone vlll suff ice  t o  determine the  radiological 

effects  t o  be expected and the permissible time of entry into,  o r  
period of expoeure within, such an area. 

The term "beta burn" as used here is damage 

The radiatlona primarily effect ive 

Over unclothed aleas of skin, how- 

The Beta Hazard. 

t o  the skin by ionizing radiation. 

for  thls phenomenon are  beta par t ic les  and low energy gamma rays. 
the term "beta b m " ,  aa generally used is a misnomer t o  the extent of 
the contribution by t h e  low energy gannna o r  x-rays. 

Thu, 

Skin burns occur when the quantity of radiation absorbed by the 
11- layers of skin exceeds a certain critical leve l .  

radiation necessary t o  cause a given degree of skin damage depends upon 
the energy and kind of radiat ion arriving in the  c r i t i c a l  area. 
thlclmess of the  outer protective layer  of dead tissues,  plus the  

attenuating effect  of clothing, determines the  radiation dose delivered 

t o  the 11- tissues. 

The flux of 

The 

The energy of gamma radiation is irequently referred t o  in 

terms of hali-value thicknesses vhl le  that of the beta radiation is in 
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These are d i f f i c u l t  tennn t o  me vhen anseasing the  term of E 
degree of demage cause& by a apectral  mixture of beta  particle. end 

g- raya. 
per cent of t o t a l  beta and gamma radiation that l a  absorbed in the cri- 

The outer 4 e r  of protective &ad akin cella vnriee in thick- 

mM. 

It l a  more convenient and u n e w  t o  tslk i n  t erm of the 

t i c a l  l a y e r s  Of akin. 

ness frena 0.1 mrm, weighing 10 mg/cm2, over the anter ior  aspect of the 
afpl t o  a thiclmesr many timer W s  value over the ro le  of the foot  and 
the pehw srPiace of the had. The mlnlmum beta energy neceeeary to 
penetrate a thickness greater thrrn 10 =/a2 is BO kev. m, BO  kc^ 

l a  the minimrrm bets  energy t o  produce akin dmnage. 

la ted that romcvbst mure than 508 of the beta rws emitted durLng the 

rkat few weeks a f t e r  f rLlsut  har occurred have lesr  than this cut-oft 
orlue and thun would be absorbed in th protective cornifled layer awl 
produce no biological. e f fec t .  f i e  s e t  lesa than 5 6  or  a e  

beta particlea rmndn3ng ha# au average energy of about 600 k w  and 
can penetrate well into the body vlth a Lwge portion belng absorbed 

by the c r i t l c a l  livlng layara of akin, and t h b  consti tutes the hazard- 
0u1l fraction of the beta rpcctncn. 

lles b e t m n  1 and loq W .  It i r  eottimatcb that about lC$ of the  

total goma radiation from fdl-out i. within th in  range. 

skin, or beta burns, hao been fouud in the  laboratcry by wing pure 

The investigators io- that XKK) roentgen epulve+knt phya~c~al  (rep) I. 
the ndninnm beta h e  which WFU came r i s i b l e  reddening of the skin. 

It haa been calcu- 

' 

'Be effective energy far gama radiation t o  produce akin bunu 

llhc quantity o r  be ta  d a t i o n  reguired t o  cauc injury t o  the 

beta emi t t ea  vlth beta energies lmown t o  be about 500 t o  700 kev. rl 

C r o n l c i t e ,  E.P., et sl., Stw of the Reapollcle of Ewnan Beings Ac- 
cidentally Exposed to Slgulficant Fall-out Rsdiation, Final  Report 

Penond Ccmnmmication, Health Physics Division, Hanford Opcratlona, 
Project CAS= 4.1, UT-923, Oetobm 1954, C0-e 

Februsry 1955. 



@OOO rep w i l l  cause b l i s te r ing  of the  skin and temporary lo s s  of hair. 
Healing of ionizing radiation burns will be somewhat slover than *an 
thermal burns, but w i l l  probably be camplete v i th  no undue increase in 

numbers of s e c o n w  kriectiona. 12,000 t o  14,000 rep vlll cause deep 
bli r ter ing fallowed by permanent scarring. 

ported, it appears that a value of 2ooo rep should be conaidered the 

threshold dose for skin burns; homver, on the  skin of the hands, where 

there L Increased thickness of palmar cornified t issue,  protection 
against up to 3030 t o  5000 rep a i r  dose Muld be provided by the corni- 

f ied  l ayer  as quoted by NavMed P-130. 
The biological effect  of beta  radiation delivered t o  the whole 

Until  further work is re -  

boQ mag be conaidered to vary 8 i rec t ly  with the dose r a t e  v i t h i n  
lWts &fined by a recovery r a t e  and e non-recoverable f rac t ion  of the 
t o t a l  m e .  Eetimstes of the mid-lethal dose of whole body beta  radi- 

ation are widely oarisnt and cannot be en t i re ly  resolved. 

it haa been fouid-by Zirkle, e t  d. ,g  that in comparing the  u) of 
baby rata, mice, grown ra t s ,  -ea pigs, and rabbits,  the log of the 

wean rep absorbed, i.e., the t o t a l  energy absorbed by the animal, 
varies direct ly  and linearly v i t h  the logarithm of the weight of the 

animd. l M s  euggests that body volume as well 88 surface area involved 

s r e  dekrmining factors in the &pee  of mortality praoduced. If e toxic 
aubotance l iberated by damaged t i s sue  c e b  plays a ro le  i n  l e tha l i t y ,  
it vould be coPlllistent with the observed data in that, as the  body vol- 
me to skin surface r a t i o  increaoed, the toxic ma te r id  per unit body 

volume vould decrease. Thus, if this experimentalQ determined rela- 
tionship of body oize is extrapolated t o  maul a dose of the  order of 
b,ocX,  beta rep  is obtained a8 LD On the other hand, e 

50 
fairly sound sesuuption can be made that a dose cawing a moderate 

degree of loca l  skin demsge, U applied t o  the a M r e  body, will r e su l t  

in death in at l e a s t  a moderate percentage of those involved. 

For example, 

50 

far msu. 

p l i s  

zirkle, R.E., Biological K f e c t s  of External Beta Radiation, 
National Nuclear Energy Series, Div. IV, Vol . ,  XXII, E., 1951. 
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appears to  be a va l id  assuaiption i n  the case of thermal b-, and, if 

true, indicates en LD 

body exposure. a However, from a prac t ica l  point of view, considering 

a fa l l -ou t  rndiation f ie ld ,  these values are  probably academic i n  nature. 
The r a t i o  of measurable gamma radiat ion In air t o  beta radiation, plus 
unmeasured low energy gannna radiat ion on the akin, under clothing indi -  
cates tha t  the genuna radiation dose Is the l imiting exposure.g/ The 

short range of beta par t ic les  pract ical ly  necessitates actual deposi- 

t ion of fall-out par t ic les  upon the skin in order for  skin burns t o  

occur. 

for  man i n  the range of 5000 beta rep whole 
50 

The measurement of the  effect ive beta plus low energy ganmvr 

radiation t o  the simultaneously measured gannna radiation may be re- 

ferred t o  as the beta/g- ratio. 
studied by many investigators. 

1b/1. n e s e  differences are  primarily due t o  the methods, instrumen- 
tation, and detector geometry used. 

This beta/gannna r a t i o  has been 

'Ihe values obtained vary from 311 t o  

When comparing dosage of beta  and lou energy  errm ma radiation 

received by the ankle, protected by a layer of clothing, t o  a f i l m  
badge yorp on the shoulder, a r a t i o  of 2.5/l has been obtained. 

investigators using laboratory techniques and making direct  surface 

measurements of beta t o  ganrma i n t ens i t i e s  have arrived at a value of 
1b/1 or even higher. Since the  range in  air of fa l l -ou t  beta par- 

t i c l e s  is about SIX fee t ,  the r a t i o  of in tens i t ies  wlll increase 85 

measurements of radiation dose are  made closer t o  the source. 

Other 

It is possible t o  equate the observed degree of skin damage 

suffered by the MarshaUese natives during Ope ra t ion CASTLE t o  known 

2J'J Broido and Teresi, Tolerance i n  Man t o  External Beta Radiation, 
Technical Manual No. 4, IGNFiDL, .lugut 1954. 
Brennau, J.T., BetaGannna Skin Hazard in the Post-shot Contamin- 
ated Area, U p S H o T - K N ~ O U  -03.  4.7, December 1953, CONFSDElfl!UiL. 

g3f C o n b i t ,  R.I., Dyson, J.P., and Lamb, W.A., An Estimation of the 
Relative Hazard of Beta and Ca1mn8 Radiation from Fission Roducts, 
TBKRDL, AR-g'jE, A p r i l  1949. 



dose-effect data. It would appear that the skin burns and temporary 

epilation which occurred indicate a surface dose from fall-out par- 

t i c l e s  deposited on the skin to be equivalent t o  a dose i n  the order 

of 10,OOO rep of 0.5 - 0.7 mev beta.  The r a t i o  of the  intensity of 
beta plus low energy gamma radiation at the surface of the skin, t o  
the high energy (above 80 kev), gama component measured 3 f ee t  above 

the ground, in this s i tuat ion approximates an effect ive betalgama 

r a t i o  of about 5 O / l .  
covered, the foregoing beta/gcumna estimates, extend- from 2.511 t o  
1b/1, are s t i l l  reasonably compatible when it i s  considered what each 

describes ana how the measurements were d e .  Thus, it should be pos- 
s ib le  t o  determine by co!qarison v i th  known data a single procedure 

for  calculating a useful r a t i o  of the  unmeasurable beta  plus low 
energy gama s k h  hazard t o  measurable gamma radiat ion i n  a fall-ouc 

It i s  f e l t  that i n  s p i t e  of the wide range 

'-field. The Marshallese incident hss pointed up the fact that  beta burns 

vi11 occur a t  sub-lethal gamma levels  only when par t ic les  ccuae in to  con- 

tact n i th  bare skin. 

these natives, the whole body ganuna dose approached l e t h a l  levels, yet  
these natives who, for the most part, remained i n  the open during 

active fall-out,  received burns l imited t o  unclothed parts of the body 

or in areas where perspiration carr ied contamination into clothed areas. 

Beta radiation is  h o r n  t o  have a carcinogenic effect* on the 

skin. Among the few relat ively undisputed statemelts Fn this regard is  
the observation that before a skin cancer has been observed i n  m a n ,  
evidence of radiation injw has been apparent. 

dose required t o  produce skin cancer is at least as high as the dose 
required t o  cause observable skin damage. Whether t h i s  observation 

taken from chronic exposure caaes holds t rue  for acute exposures is 
not known. 
factor a much higher t o t a l  dose must have been received in the chronic 

* Carcinogenesis ( the action of an agent upon a t i s sue  producing 

According t o  laboratory hematological data on 

This suggests that the 

It would seem l ikely that because of the  i n j u r y  recovery 

cancer, i .e .  radiation) 
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cases t o  produce evidence of injury; hence, a Ugher threshold for 

cancer production than that fo r  minimal dtumge from an acute dose. 
Skin cancer production show l i t t l e  radiation the- in tens i ty  dependence 

and, l i ke  the genetic effect  t o  be discussed later, the incidence is  

probably a linear iunction of t o t a l  dose. 

The mewwres which may be taken t o  prevent beta burm of 
suff ic ient  severity t o  reduce the efficiency of military or civilian 
populations are  quite simple and effect ive.  

skin covered with loose fitting clothing provides the minimmu protec- 

t ion  necessary t o  prevent serious injury t o  the l iv ing  layers of the 
skin. Brennan and his co-workers have reported the following thick- 

nesses fo r  standard i t e m  of Army apparel: 

The cornified layer of 

- 
> ,  bl- =i, 

Item Mepl/cm2 

Undershlrt 17 
Shorts 12  
shirt 29 
Trousers 77 Y 

Field Jacket 186 0 :  

From beta range considerations, it can be shown that the above 

i t a  of clothing can effect ively protect against beta energies from 
0.1mev t o  0.6 mev. The protection afforded by ordinary clothing is 
easi ly  augnented by wearing gloves and by frequent ua6hing with soap 

and water *en vorking in an area of fa l l -out  or suspected contamina- 

t ion.  
The Genetic Problem. In  considering the genetic problem due 

to  local fall-out,  the probability must b3 considered tha t  "local" may 
involve an entFre nation such aa the United States  in the event of 8p 

atcaclc war. For strrface bursts, approximately 50% of the fall-out 
radiation has been accounted fo r  l o c a l l y .  
times a f t e r  fa l l -out  haa be- is greater  than at l a t e r  times due t o  
the decay characterist ic6 of f i ss ion  products. These two facts in&- 
cate  that potentially at  least the genetic problem due t o  t o t a l  fall- 
out may be primarily determined by the effects  brought about in 

The radiation r i s k  at early 
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the local  fall-out area and tha t  the added hazard due t o  world-wide 

distribution of f iss ion products may be of secondary importance. 

The fundamental f ac t s  of radiation genetics as presented b y  

such leading geneticists as H .  J. Muller, A.  H. Sturtevant, C .  Stern, 
and others, have been generally accepted. 3G31,3%33,34/ These are: 

1. Radiation t o  the gonade w i l l  produce mutations i n  germinal 

c e l l s .  

2. m e  mutation rate is proportional t o  the to t a l  dose of 
radiation received and i s  independent of doee r a t e .  

3. There is no threshold fo r  mutation e f fec t .  

4. Mutations are primarily deleterious, and may be classi f ied 

BB f o l l o w :  
a. Lethals - dominant. 

b. Lethals - recessive: complete and incomplete. 

c. Deleterious - non-lethal but causing some percentage 

decrease in efficiency. 

5 .  Uutations produced by a r t i f i c i a l  radiation are the same 

a8 those already produced and being produced spontaneously. 

6 .  Genetic death is the removal of a f e r t i l i zed  egg ce l l ,  or 

the i n d i v i d d  developing therefrom, before it has a chance t o  repro- 

duce. 
Quantitative genetic concepts a re  derived from experimental 

Stern, C. ,  Principles of Human Genetics, W.H. Freeman Co., 1950. 
Muller, H . J . ,  Radiation Damage t o  Genetic Material, American 
Scient is t ,  38, 1950. 
Sturtevant, A.H., "he Genetic Effects of H i g h  Energy Irradiation 
of Human Populations, Engineering and Science Monthly of California 
Ins t i tu te  of Technology, January, 1955. 
Plough, H.H., Radiation Tolerance and Genetic Effects. Nucleonics 
10, 1952. 

Muller, H.J . ,  The m e r  of Dependence of "The Permissible Dose" 
of Radiation on the Amount of Genetic Damage, Acta Radiologica 
41:5, 1954. 



work performed on the fruit fly, drosophila. These data are extrapo- 
lated to the human situation assuming an increased sensitivity factor 
of 10, based on mammalian genetic studies with mice. 
ly man should react in a manner consistent with the fundamental genetic 
facts as determined by lower forms, the quantitative extrapolation 
carries more uncertainty. 

oped are: 

Whereas qualitative- 

Some of the quantitative concepts so devel- 

1. 1 r = 1 lethal mutetion in lMX, germ cells or 1 lethal 
mutation in 500 conceptions. 

2. Detrimental mutationa are roughly twice as frequent as 
lethal mutationa. 

3.  Approximately 4% of recessive lethals will find expression 
aa a genetic death in each generation. 

4. The irradiation mutation rate of mature germ cells appears 
to be about twice the rate of immature germ cells. 

5. Detrimental mutations w i l l  account eventually for one 

genetic death per mutation. 
6. From statistical considerations it has been estimated that 

one genetic death will cause elimination of at least two to three muta- 
tions. 

In order to obtain some idea of the genetic effect of fall-out 
radiation on a population, consider the follovlng SitUatiOn. 

Assume: - 
1. 

2. 
Total population of 100 million people. 
Population is stable and requires 2,7OO,ooO births per 

year. 
births per generation. 

For a procreative period of 25 years, this requires 67.5 million 

3. A dose of 100 roentgen is delivered to the gonads of each 

member of the population due to fall-out radiation. 
If 1 r = 1 lethal mutation in loo0 germ cells or 500 conceptions,.for 
100 r there Vill be one lethal mutation in 5 conceptions. 
generation exposed wil l  produce 67.5 million births, there vill be 

Since the 
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about I3 million mutation-bearing conception6 of the lethal variety.  

A small but undetermined proportion of these will be expressed aa 

l e tha l  dominants and vill be eliminated in the first generation, maay 
as early miscarriages. Approximately 4% of the recessive l e t h a l  genes 

will also come t o  expression as genetic deaths i n  the first generation 

and these will amount t o  approximately 20,oOO conceptions per year out 

of the expected 2,7O,ooO births per year. 

pected genetic deatha from the  detrimental mutations, twice the number 
of lethale with an assumed mxlmm of 4% for the detrimental factor,  

there can be a t o t a l  of 60,OOO genetic deaths per year for  the f irst  
generation out of the expected 2,7OO,ooO births per year. This r a t e  

will decrease with time u n t i l  the t o t a l  number of genetic deatha equals 

approximately one-half t o  one-third of t h e  13 million l e t h a l  plus 26 

If ve add t o  t h i s  the ex- 

detrimental’tmutatione . 
It i s  worth pointing out t h a t  M i n P d  exercise at RAND 

which assumed 150 15 Mp 
United States, east of the Mississippi, resul ted in the  delivery of 
approximately 86 r/person t o  the t o t a l  population of that area, i.e., 
east  of the Mississippi, on the Wther assumption that she l te r  giving 
gG$ protection va8 available and used by everyone. 

would reduce the totala given i n  the example above by a factor of 2, 

because of the fact that the inmature gem c e l l  mutation rate wodd 

apply far the b u U  of the  radiation exposure. 
genetic damage caused by radiat ion mer people leave the i r  shel ters  

will depend on decontamination, weathering, gross t e r r a in  shielding, and 
other factors.  

heapom dropped over the 

This condition 

?he amount of additional 

It appears, therefore, that a la rge  amount of radiation will 
not present an inordinate genetic e f fec t  aa long aa the  radiat ion is 
applied t o  one generation only and is not repeated. 
dose discussed above, generation a f t e r  generation, would before 

generations reach a new mutation rate which could be incouwtible wlth 

species survival. 

Repeating t h e  

many 
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Consider now the question of residual low l eve l  radiation from 

one w a r  acting on succeeaing generations, causing a new equilibrium for 
mutation r a t e .  
t o  the Hunter-Ballou tables, the only  s ignif icant  background gaapns 

radiation a f t e r  20 years Kill be contributed by t h e  element cesium-137, 

with a 37 year ha l f - l i fe ,  which decays t o  barium-137, wlth a 2.5 minute 

ha l f - l i fe ,  which emits a 0.7 mev gamma ray.  
considered since practically no beta  radiat ion wil l  reach the g e m  

ce l l s .  

On the bas is  of residual  ac t iv i ty  present, according 

Only ganmvr radiation is 

It is of interest t o  calculate  t h e  amount of f i s s ion  yield 

w h i c h  would have t o  be released in order t o  double the  natural back- 
ground radiation dose-rate due t o  the uniform dis t r ibu t ion  of a r t i f i c i a l  
radioactive materials at some future time, e.g., 20 years. Assume: 

1. 
2 .  

Background radiat ion = O.O125~lO-~ r/hr = 0.3 m/24 hours. 

Cesium-137 is the  long-lived isotope with a strong gamma 

which will be the main contributor to increasing the  background. 

curies of cesium-1fl are  formed per KT f i ss ion  y ie ld .  
70 

8 3. Area of ear th = 2 x l O  square miles. 

4. b e  megacurie of cesium-137 per square m i l e  w i l l  give u 

radiation dose of 4 r/hr at three f e e t  above ground. 
Uniform world-vlde dis t r ibut ion of the  isotope. 5 .  

mu: a. curies Of cesilrm-137 = 3.5~10-7 curies cesium-ln/ 
m i 2 / r n  2xlo8 square miles 

b. It = Ioe-ht. T h i s  is the equation f o r  radioactive 
decay fo r  a s ingle  isotope i n  which 

It = O.O125~lO-~ r/hr 

= radiation dose r a t e  due t o  cesium-137 at H+l hour 
I O  

= 0.69 fo r  t = 20 years. - A t  e 

It I = -  
-ht e 0 
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. 0'0125x10-3 r/hr (natural  background) 0.69 
= 0.018bzl0-~ r/hr, the dose r a t e  of cesium-137 re -  

quired at H + 1  hour t o  give the dealred 

dose rate at  20 years. 

c. Then, t o  obtain the curies of cesim-137 per square 
mile needed t o  give 0.0125xlO-3 r/hr at 20 years, 

1 yacce/mi2 X 

0 .018U0-3 r/hr 
x = 4.5 cur ies  cesim-137/mi2 at  H+1 hour t o  douhle 

the  background et 20 years. 
d.  Then the f i s s ion  y ie ld  requlred would be, 

7 4 2 
= l . U O  K T - l . U O  m. 

The resul t  indicates tha t  1.1610 I(T or 1 . M O  MT must be produced in 
order t o  double the  background by gama radiation at  x) years. 

the spontaneous mutation r a t e  is only partly due t o  background radia- 

tion, the numerical estimate of 1 . M O  

sents a lower limit t o  the value of fission yield required t o  double 

the spontaneous mutation r a t e .  A non-uniform world-Vide dis t r ibut ion 

would a l t e r  this figure in d i rec t  proportion t o  the non-uniformity of 

the distribution in the major area under consideration. 

4.5 curies/mi 

3 .g~l0-7  m/curie  cesium-1g 
7 4 

Because 

4 hE given above wobably repre- 

Fiaally, mention should be made of the spontaneous abortion 

ra te .  According t o  one authority, "a con8emtive e s t h t e  would indi- 
cate that about every f i f th  pregnancy in private practice ende in 

spontaneous abortion, and the  percentage would increase considerably 

were the very early cases taken i n t o  account. Since abortions are 
genetic deaths, it can be seen that the population of lM),ooO,ooO dis- 

cussed above, with i t s  2,7OO,ooO births per year would have in excess 

of 500,000 abortions annually t o  be counted as genetic deaths in&- 
pendent of any a r t i f i c i a l  radiat ion experience. 

351 

It is also worth 

Stander, H.J., Williams Obstetrics, 8 th  Edition, Appleton-Centmy 
co. - 
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noting that many of these early terminations of f e r t i l i z e d  egg c e l l s  

may represent a natural  mechanism f o r  removal of many abnormal con- 
ceptions. Although p r e l y  speculative, t h i s  concept does support the 

possibil i ty that a large proportion of the a r t i f i c i a l l y  mutated genes 
would be eliminated by nature before becoming a s ignif icant  social  

burden. 
E. Evaluation of the Burcan Hazard Due t o  Radioactive Fall-out: 

Internal .  
The external hazard due t o  fa l l -ou t  radiat ion is essentially 

confined t o  the local fal l -out  area. The in te rna l  hazard, i .e. ,  the 

hazard created by internal  deposition of various isotopes In hmans, 

exis ts  both in the local  fa l l -out  area and world-vide. &uantitative 
aspects of fa l l -out  and fractionation of c r i t i c a l  elements suggest that 

the hazards t o  be expected local ly  a re  very great  compared t o  the 

world-wide problem. 
large because of large numbers of bombs being dropped, then the local  

area hazard is l ikely t o  be the c r i t i c a l  consideration fo r  internal  as 
well as external radiation injury. 

If it is assumed that loca l  fa l l -ou t  areas w l l l  be 

Cr i t e r i a  for Assessment of Biological Sippificance. 

the radicactive components of fa l l -out  material a re  hazardous t o  some 
extent. It is not necessary, however, t o  evaluate i n  &tall the radia- 

t ion injury due t o  each of these components. 

of i n t e n d  hszard it is sufficient t o  f ind the ccrmponent or components 

vhich are  responsible for the major part of the hazard. Prom the  point 

of view of safety, the moat c r i t i c a l  element becomes the  limiting 
factor and any standards s e t  f o r  the c r i t i c a l  element automatically 

remove the others frm need for consideration. 

A l l  of 

In a general assessment 

In  estimating effects  above the safety level ,  it becomes 

necessary t o  add all elements *ich are of appreciable significance 
in t h e i r  contribution t o  the t o t a l  e f f ec t .  As w i l l  be shown below, 

Strontium-9 appears t o  be not only the  c r i t i c a l  element f o r  d e t e d n -  

ing safety standards, but it is a l so  responsible fo r  pract ical ly  all 
of the long-term effect, and therefore the parsmeters re la t ing  t o  t h i s  
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element define practically the whole problem of long range in te rna l  
hazard. 

The a n a l y s i s  leading t o  the ident i f icat ion of strontium-90 as 

the only element requiring consideration is not suff ic ient ly  def ini t ive 
t o  close the subject. 

iodine-131 in seemingly appreciable amounts i n  individuals follovlng the 

CASTLX se r ies  of detonations in the Pacific i n  the spring of 1954. 
d06age delivered t o  individua& f m m  this experience could not be cal- 
culated precisely because of the spars i ty  of the data, and further work 
w i l l  be needed t o  determine the hazard due t o  1'3'. 

A case in point was the unexpected finding of 

The 

The relat ive importance of strontium-90 t o  strontium-89 is 
another case in point. 

predicated on the hypothesis that t h i s  isotope w i l l  work i t s  way in to  

the biosphere over a considerable period of time. 

es i s  require modification, then strcmt ium-89 may increase in re la t ive  

importance. 

dealing vith the strontium-90 problem. 

The seriousness of the strcntium-g0 problem is 

Should this hypoth- 

This question wi l l  be analyzed in d e t a i l  i n  a l a t e r  section 

In  order t o  assess the biological significance of radioactive 

fall-out as en internal hazard, it i s  important t o  identify the patho- 

logical process which wi l l  be the l imiting parameter. Among the path- 
ological processes t o  be considered are  the effects  on the bone marrow 

leading t o  anemia, direct  tissue destruction of gastro- intest inal  and 

urinary structures, genetic effects, and caicinozenesis. Because of 
the low levels of radiation which have been known t o  cause carcino- 

genesis it seems l ikely that t h i s  may be the c r i t i c a l  process. 

there is an inverse relationship between the time and the amount of 
material needed for the effects due t o  internal deposition, the search 

h e d i a t e l y  centers on the long-lived isotopes which wi l l  remain fixed 

in the body for long periods of time. 

Since 

!he 1949 RoJec t  CABRIEL repor@ contains the only f a i r l y  

Smith, N.M., Project CABAIEL Report, LOB Alamoa Scient i f ic  Labora- 
tory, November, 1949, SECRET Restricted D a t a .  
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syGtcmetic treatnent of the r e l a t ive  Internal  hazards of the elements 
found i n  radioactive fal l -out  material .  Consideration of the problem 
has led t o  the conclusion that the bone seeking elements are  the ones 

most l ikely t o  be the major cause of hazard f o r  long-term internal  

effects .  

follovlng parameters i n  calculating r e l a t ive  e f f ec t .  
The comparison of the various elements produced included the 

1. Fission yield 

2 .  

3. Biological elimination constant ( A  , i n  Table 7 )  
4. O r a l  absorption, $ 
5 .  Deposition fract ion i n  bone 

6 .  

Natural decay c o n s t a t  (A, i n  Table 7 )  

b 

Average energy of emitted pa r t i c l e s  and re la t ive  biological 

effectiveness. 
For comparative purposes, Table 7 has been compiled on the 

bas i s  of metabolic data taken p r i m a r i l y  from the work of J. C. 

Hamil tonu t o  shov the approximate r e l a t ive  in te rna l  hazards posed by  

various radioisotopes found in bomb debris.  

This t a b l e  indicates that within a ahort time a f t e r  detonation 

strontium-89, strontium-90, and barim-140 are  relat ively comparable i n  
t he i r  e f fec ts .  As time passes, however, strontium-90 becomes increas- 

i n g l y  hiportant and by the end of the flrst yea r  it i s  the most import- 

ant element t o  consider i n  hazard evaluations. 

Maximum Permissible Concentrations of Radioisotopes. Radio- 

active isotopes are damsglng agents t o  humans, apparently wlthout 

threshold effect, d e n  one considers genetic dsmage and possibly with- 

out threshold for carcinogenesis except f o r  the f a c t  that  low doses 

may have a l a t en t  period @-eater than the hman l i f e  span. 

biological sense, therefore, limits of acceptable damage mt be s e t  

and the amounts of material which w i l l  not exceed these limits de- 

termined. 

In  a t rue  

~~ ~ a Hamilton, J.G., The Metabolic Properties of the Fission Products 
and the Actinide Elements, Rev. Modern Physics x):718, 1948. 
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TABLE 7 

+<py’Oxh.ate k l s t  iv,? 
Hazlrl A t  R a d i -  Enerm -1 

Element -- ation (mev) h(yr-’) %(yr *t = 0 *t = 1 y r  

s,tig 8- 1.5 4.75 1.0 9 .O S  

8- 0.6+2.5 0 O . O V G  1 .o 20 20. 

B- 1.05 19 *7 7 *O 39 3 x 

90 90 Sr + Y 

140 Ba 

Y 9 l  B- 1.7 4.43 0.5 0.127 2.1 

8- 0.3 0.93 2.0 0.021 5.4 10-3 

d 4 7  8- 0.2 0.1% 2.0 0.0037 2.0 10-3 

a-95+ Cb95 8- O . k o . 1 5  2.4 8.3 O.OOW+ 1.3 10-5 

Pu2X u 4.0 3.13~10-~ 0.3 0.021 2.1 x 

144 Ce 

,143 8- 1.0 18.1 2.0 0.25 

++ 

t = 0 Implies that the products m e  ingested immediately on detona- 

t = 1 yr  m e a n 8  t h a t  an average of 1 year elapses before the first 
t ion of bomb; 

products are  ingested. 

The primary source of codified Information on this subject 

comes from the published report of the S u b c o d t t e e  on Permissible 

In t e rna l  Dose of the National Committee on Radiation Protection- . 
Tae s t a d a r d  used was to  l imit  the radiation dose t o  the most c r i t i c a l  

t issue t o  0.3 r per week. For any part icular  isotope the t issue with 
the greatest  concentration was used and various metabolic data re la t ive  

t o  per cent of absorption, r a t e  of turnover end excretion, etc. ,  were 

taken in to  account. 
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A departure A.w this general principle uas adopted for  those 

isotopes which local ize  i n  the skeleton. 
t a l l y  deposited isotopes cannot be considered uniform so that the 

The dis t r ibut ion of Skele- 

National Bureau of Standards Handbook 52, March, 1953. 
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concentration and therefore the  dose of radiat ion cannot be accurately 

calculated. Tne method of approach adopted was t o  compare in an&a 

the toxic effect  Of a par t icu lar  isotope t o  tha t  of radium and t o  use 

these dab for establishing the permissible dose i n  man equivalent t o  

the 0.1microgram O f  radim uhich is the accepted maximum permissible 

. dose. 
R a d i u m  deposition i n  humane has occurred in hazardous amounta 

and several studies have been made t o  estimate the  lovest levels  which 
w l l l  cause damage. 

as the mimum permissible l eve l  of body burden fo r  radium. 

based on a ser ies  of cases where death had occurred wlth a l eve l  of 

radium aa low 88 1 . 2  micrograms. 

embodies a safety factor  of about 10, the l eve l  of 0.1 microgram was 

established. 

The Bureau of Standards i n  1941 s e t  0.1 microgram 

This vas 

Since the maximum permissible level  

The radim preparations t o  uhich the above cases were exposed 

also contained other radioactive materials, principally mesothorium. 

Since the mesothorium component uaa not estimated, it was f e l t  t ha t  the 
damage attr ibuted t o  the calculated radium leve l s  must be due i n  part  
t o  the mesothorium and therefore the radium standard would have been 

s e t  too lou. 
In order t o  investigate this problem, W. B. Looney 2Y haa c w -  

pared the cases involved in the mesothorium-radium ser ies  v l th  a ser ies  
of patients given rahlum prepezations as a form of medication. 

studies suggest that in the two ser ies  of cases there i s  a threshold 
level  for  detectable disease a t  about 0.5 - 1.0 micrcgram of radium 
firmly deposited in the skeleton. Within the limits of accuracy of 
measuring the response t o  various levels  of radium no increased effect  

could be noted due t o  the mesothorim content of the patients exposed 
t o  the mixture. From the  viewpoint or iginal ly  s e t  for the concept of 
“ W u m  Permissible Levela“, Looney’s study indicates that the value 

His 

Looney, W.B., U.S .  Naval Hospital, National Naval Medical Center, 
Bethesda, Maryland, 1955, Personal Cammmication. 
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for radium might have to be lonered by a factor of 2. 
purposes of calculation, the tolerance level of 0.1micrognun of radium 
as the maximum permissible concentration still stands as the commonly 
accepted value. 

Nevertheless, for 

The Radio-strontium Problem. Strontium-90 is produced in con- 
siderable quantity in nuclear detonations, the cmrently accepted value 
being approximately 1 gram of stron'iim-90 per KT of fission yield. 
Theoretical analysis and actual experimental findings discussed earlier 
suggest that strontium-90 is produced in a m e r  which makes it easily 
available for incorporation into the biosphere. 
istics of relatively large scale production and physico-chemical avail- 
ability to the previously indicated properties of the physical half-life, 
relatively high bodily ingestion and absorption, and its bone seeking 
properties which give it a long biological half-life, it is evident that 
the importance of this element is quite w e l l  established vith regard to 
internal hazard. 
those who have to bear the burden of isotopes for the longest period of 
'time, i.e., the fetus and child. In addition, the sensitivity of young, 
rapidly growing tissue to radiation damage is greater than that of 
mture, more slowly growing tissue, and this adds to the risk of the 
younger age groups. 

Adding these character- 

For large populations the ereatest hazard will be to 

Strontium-90 has never been administered to human beings in 
dangerous mounts so far as is known at present. 
thla problem has attempted to correlate strontium-radium effects in 
aaimals and to apply this relationship to the maxirrmm permissible con- 
centration of 0.1microgram of radium in humans, thereby establishing 
the max3nnm permissible concentration for strontium-90. Brues' experi- 
ments with strontim-89 are the only ones applicable to the problem of 
establishing the maximus permissible concentration for strontium-90 
in humans. 
moue radium data, a strontium-89 to radim toxicity ratio of 1:lO on 
a microcurie basis was established. It has been stated that the 

The work done on 

On the basis of Brues' work vith strontium-89 in mice, and 
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radiation from radium dnse i n  humane, per microcurie, is twice that i n  

mice due t o  exhalation of l e s s  radon and t h a t  therefore the strontium- 
89 t o  radium r a t i o  in  humans should be 1: 20. Since strontium-90 has 
two disintegrations i n  i t s  decay chain t o  one f o r  strontium-89, t h i s  

r a t io  is s e t  at 1 : l O  for the strontium-30 t o  radium i n  humans. The 

maximum permissible concentration of ?:adium on a microcurie basis is 

0.1 microcurie; therefore, the maxi~m permissible concentration for 
strontium-90 has been s e t  a t  1.0 microcurie. 

Since strontium-89 mlght be expected t o  follow the same path- 

way through the biosphere as strontium-90, it i s  instructive t o  examine 

the possibility that  the former isotope may be an important factor i n  
the over-all strontium problem. 

Fall-out studies t o  date tend t o  indicate that a short-cut 

may exist in the SOU t o  plant t o  anhd  cycle; further, tha t  some if 

not most of ths  animal ingested strontium comes from the mechanical 

deposition of fa l l -out  upon the exposed surfaces of the leaves of 

plants ra ther  than through a complex s o i l  t o  plant  nutrient cycle. 

This, coupled with the f a c t  that  cows' m i l k ,  the main source of radio 

active strontium, is conamed i n  a matter of several  days,can appre- 
ciably shorten the previously estimated length of time between f i ss ion  

product formation and human bone deposition. It i s  possible, allowing 
one week for fall-out t o  occur, a second week fo r  strontium t o  be in-  

gested by a dairy caw, and a t h i r d  week t o  be ingested by man, that 

deposition in bone could begin t o  occur in detectable amounts within a 
period of several weeks a f t e r  a bomb detonation. 

A consideration of these t w o  isotopes of strontium in terms 

of various cont ro l l iw factors may be summarized br ief ly  BS follows: 
1. Strontium-89 and strontium-90 are  produced i n  amounts of 

approximately 1 gram each per kiloton f i ss ion  yield.  
2. Tnese radioisotopes are biologically available and can 

follow the pathway of c a l c i m  both i n  the plant through animal.to man 

cycle and i n  metabolic deposition i n  bone. 
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3 .  The excretion r a t e  i s  quite hportant .  k single dose in-  
gested w i l l  be 5@ excreted i n  approximately two weeks and 95$ excreted 

within a year. 

permanently fixed in  the bone. 
The variously estimated 2-55 remaining may be considered 

1 7 . 9  
4. Strontium-9 has a ha l f - l i f e  of -years decays 

through the radioactive isotope y t t r im-90 t o  the s table  element 

zirconium-90 by tw-deta emissions, 
55 days  and decays by a single beta-equssion t o  stable yt t r ium-89.  

1 , L . 1  I * ? ; ,  
Strontium-89 has a half- l i fe  of 
l..S Me- 

A graphical comparison i n  Figure a shows that the strontium-89/ 

strontium-90 r a t i o  of i n i t i d  in tens i t ies  is approximately 13/1. 

th i s  is reduced by a factor of 2 t o  take in to  account the two t o  1 r a t i o  

of beta par t ic les  emitted per disintegration by strontium-90, it resu l t s  
in a 6511 i n i t i a l  radiation i n t e n s i t y  ra t io .  
the relatively long ha l f - l i fe  of strontium-9O, may be considered as 

being reduced by a factor of 2 every 55 days. 

Indicate the relat ive in tens i t ies  of strontium-89 and strontium-90 

present a t  times a f t e r  deposition i n  bone assuming the l imiting extreme 

of M e d i a t e  deposition after detonation. 

sentation, the ereas under the curves give the relat ive proportions of 

strontium-89 and strontium-90 radiations that  will occur in the bone. 

Calculations based upon the above considerations indicate tha t  

strontium-90 wlll be the p e a t e r  contributor of the t o t a l  dose t o  

bone. 

--- -. 

-- - 
If 

This r a t i o  by vir tue of 

The curves i n  Figure 21 

With proper graphical pre- 

Pathway Through the Biosphere. Some qualitative and quanti- 

ta t ive uuderstanding of the behavior of strontium-90 85 it passes 

through the physical er.vironment is necessary in order t o  interpret  

the data relating t o  pathway through the biosphere. No significant 

studies have appeared which suggest that inhalation as a n t o  
the human is impartant. Therefore, the mechanical and biological 

transport of str0ntim-9O through the food chain w i l l  be given primary 
consideration. Intake of vater contaminated with strontium-90 will 

be considered ae augmenting the  food chain. 
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on the basis 

%r 
The 

stront ium-90 

range of 0.7 

One important l i n k  in the  strontium-90 food chain is the - 
pathway through plants.  

uptake by plants r e l a t e s  t o  its transport  and f i n d  deposition in the  

bones or humans. 

the soil-plant relationship which a re  s t i l l  t o  be evaluated. 

when they are  worked out, vlll make possible the determination of the 
ultimate significance of a par t icu la t  l eve l  of s o i l  contamination a t  
a particular time. 

The significance of the amount of strontium-90 

There are many complicated mechanisms concerned in 

These, 

The strontium/cdcium r a t i o  for plant root uptake in nutrient 

The U.S. Department of Agricultme s t u d i e s q ,  how- solutions is 1.0. 
ever, Indicate that in American soils the  average uptake departs from 
t h i s  experimental value. Menzel bas calculated a factor  of sr = 0.36 

of =gp&gt 
available calcium in the  s o u  determines the amount of 

taken up by the plant .  
t o  48 mini-equivalents of calcium per 100 gnu of soil ,  

Menzel has shown that over a 

t h e  strontium-90 uptake w m  inversely proportional t o  the amount 

of c a l c i F g e s e n L .  
- .- _ -  --_ -_ - 

Some experiments have been conducted which relate uptake of 

strontium-90 by plants t o  soil depth dis t r ibut ion of this contaminant. 
Here rmt depth is the  critical parameter. The over-all s ip i f i cance  

of this princjple vlll depend upon calculatians re1atir.g actual depth 

of contamination t o  root depths for various food crops. 

problem, however, has not yet reached a degree of sophistication which 

would render such analyeis fmltful. 

The t o t a l  

The SUNSHINE Project d a t a  contain correlated se t s  of alfalfa 

and soil samples from the Chicago milk shed, analyzed for strontium-90. 

Menzel, R.G. and Brown, 1 . C  ., Leaching of F a - o u t  and P l a n t  
Uptake of Fall-out. Bi-monthly Report, US. Dept. of Agriculture, 
March-April 1953. 
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Tile d f c . i f n  san;~es r tmed  from 4.3 t o  2l Sunshlrte Units. k Sunsnine 
-12 h i t  (S.U.) is  d?fiued P <  n w  o-lnicrocurle (10 curie)  of 

strontium-90 per &rmnof caicium. 

averwed 1 2  S.U. ,  ar.d the I" - 6" depth of s o i l  averaged 4.0 S.U. 
There w a s  no correlation between the strontium-90 and calcium uptake 

and the plant concentration for strontim-90 was much higher than n n t i -  

cipated from the s o i l  analyses. It *.as concluded that  the strontium-yo 
content of d f a l f a  was largely due to direct  f a l l -ou t  on the plant 

rather than absorption of strontium-90 from the s o i l  by the roots.  '-ne 
Lamont Laboratory analyzed corn leaves and obtained 0.5 S.U. fron a sod, 
HC1 leachate and less  than 0.05 S.U. from the plant after leaching, dem- 
ons t ra t iw that most of the act ivi ty  w a s  on the surface of the plant and 

had not been taken up by root  absorption from the s o i l .  

The top inch of the s o i l  samples 
--. ---- 

These findings make it impossible t o  project current soil and 

bone deposition data because the non-recurring i n i t i a l  fall-out con- 

tamination is obscuring the  biological uptake phenomena. 

of the fraction of strontium-90 still  unaccounted fo r  a l s o  becomes more 

important because of these f ind ings .  If the strontium-90 s t i l l  unac- 

counted for should be made available by descending t o  the ear th 's  surface 

over a long period of time, there exis ts  a mechanism for snort c i rcui t -  

ing the e a r l y  parts of the biospheric chain and thereby increasing the 

final deposition of strontium-90 i n  bone over tha t  expected from s o i l  

analyses. In other words, the root's preferent ia l  select ivi ty  of cdcium 

over strontium, as indicated previously, xill not De operative for  that  

fraction of the strontium-90 which falls out on the plants and is 

mechanically transported t o  the next s tep  of the chain lending ultimate- 

l y  t o  the bones of h m n s .  

The problem 

E o n  the point of view of human hazard, the major animal path- 

way of significance i s  tha t  which deposits strontium-90 in  m i l k  and m i l k  

products. I n  certain areas of the world where, for  example, s m a l l  

animals such as f i sh  a re  eaten whole, this would be a modifying factor.  

In  th i s  report it Vill be considered that the cow and cow's m i l k  con- 



stitute the critical animal pathway leading to deposition of strontium- 
90 in human bone. 
to a significant population before alternate eating habits would be 
hazardous in other populatlons. 

This pathway may be expected to yield hazard levela 

Experbents performed on COWF indicate that the relative 
strontium-90 to calcium ratio in fee.i is reduced to 0.13 of its value 
by the time the strontium teaches tne milk. 
correlating the strontium-90 to cdcium ratio in covs' milk with the 
ratio existing in their alfalfa feed indicate a reduction to approxi- 
mately 0.15. 
avidity of the bones of the cow for strontium-90. 
hence the reduction of strontium-90 to calcium ratio in the milk might 
vell disappear if the bones had been formed in an environment with the 
Erne strontium-90 to calcium ratio BB was being fed at the time the 
mi- vaa formed. 
this apparent factor of reduction in strontium-90 to calcium ratio 
should be ignored. Current Interpretations of the data, therefore, 
should raise the values found in milk relative to that found in the 
a n W  feed vhen making hazard estimates for high concentrations of 
strontium-90. 
calcium ratio in fetal bones over that existing in the diet should not 
be used to support the possibility of a placental barrier in the human 
as a protective device for the part of the bones laid down in utero. 
Since the calcium laid dam in fetal life constitutes about Z$ of the 
total potential skeletal calcium, this phenomenon of placental barrier 
protection does not appear to be important quantitatively. The possi- 
bility of increased sensitivity to radiation in infant life, however, 
may magnify this beyond the proportion indicated by comparison with the 
final total of calcium in the adult skeleton. 

The SUNSHINE Project data 

"his reduction is quite possibly brought about by the 
This avidity and 

For long-term hazard calculations, it 16 felt that 

For the same reason a reduction in the strontium-90 to 

-- 
- 

%e intake of strontium-9 by humans comes from four sources: 
air, water, plants, and animal products. 

!he amount of strontium-90 provided by inhatation of air 
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undoubtedly is a minute contribution to the total body burden in a high- 
ly contaminated environment where the other modes of tramjport m e  

permitted to operate over a period of years. 
halation during the actual fall-out time may provide particles that 
w i l l  lodge in the lung is not ruled out, as a source of critical hamage, 
but as yet there are no indications suggesting that it requires more 
than passing notice and en avarenes'a that it should be watched for. 

The possibility that in- 

The water analyses of the SUNSHINE Project and other data in- 
dicate that water supplies such as reservoirs will not receive more 
than a normal share of fall-out based on surface area. 
run-off water does not concentrate strontium-90 in the reservoir. 
has also been sham that strontium-90 does not reach well water by 
leaching through the ground. It appears, therefore, that water vi11 be 
a minor contributor to the total body burden in a highly contaminated 
environment . 

The water-shed 
It 

There are no direct experimental data on hmans vith regard to 
metabolism and excretion on a quantitative basi6. 
ing amounts excreted and amounts deposited in bone are derived from 
an ima l  data. In an attempt to attach significance to the amount of 
strontium-9 found in bone, reference is made to the total amount of 
fission products released, strontium-90 soil deposition end various 
levels In the soil-plant-animal-miUr chain. 
thus far are well belov any hazard level. 
levels and their quantitative significance Vill become apparent when 

hazard calculations are aiscussed below. 

Inferences concern- 

The actual values obtained 
Their projection to hazard 

It is important to remember that at the end of a year probably 
5% Dr less of Ingested strontium-9 is retained in bone. 
an equilibrium environment, this principle ceases to be important. 
Under these circumstances the ratio of strontium-gO/calcium aa It is 
taken in, corrected for any possible body discrimination between the 
two elementa, becomes the important factor. 
a combination of a high initial intake followed by a continued lower 

In terms of 

The real situation may be 



level of intake. 

s tabl l lze  at the lower level, but the added emly  high intake might be 

a factor worthy of assessment. 

Under these condition6 the  growin& body would tend t o  

For example, the suggestion has been 
made- 41/ that proper interpretation of 1 microcurie as the maximum per- 

missible concentration i n  an adult, based on the radium type of experi- 
ence, would allow between 1.5 and 3.0 microcuries strontium-9 i n  bone 

one year a f t e r  initial exposure, i n  order t o  be equivalent t o  0.5 t o  

1 . 0  microcurie 25 years l a t e r .  The 1 . 5  t o  3.0 microcuries would be 5% 
or  less  of the i n i t i d l y  ingested dose. This reasoning points up the 

meaning of the body burden 89 found in the human radium cases with r e -  
gard t o  extrapolating back t o  I n i t i a l  exposure. 

taminated environment this problem w i l l  not require consideration. 

I n  a uniformly contaminated envFronment it Is possible t o  

In a uniformly con- 

calculate the relationship between strontium-90 i n  the  diet and that 

which will deposit in bone. 
strontium intake indicate that bone retention will, vi th in  a period of 

weeks, reach a maximum and that the relationship between the maximum 
bone radio-strontium level  and the radio-strontium intake may be de- 

scribed by 

Animal uptake studies of daily radio- 

Af x Srs 
A =  
s Srf 

where 
= maximum attainable bone radio-strontium level  

= quantity of radio-strontium consumed per day 
As 

A 

Sr = quantity of strontium i n  bone 

Sr = quantity of s t r o n t i m  consumed per day 

The bone strontium content has been measured and found t o  be 

f 

8 

f 

approximately 0.67 g m .  

411 

The daily intake of strontium is approximately 

Stover, C . N., Second Annual Conference on Plutonium and 
Mesothorium, University of Wah, June 1954. - 
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1 
Then to achieve a bone radio-strontium level of lmicrocurie, 

a continuous daily intake of 1.5 x 
since 

hc strontium-% i s  necessary, 

= 1.5 x 10-3 
Since, at present, the bone strontim content (Sr,) and daily strontium 
intake (Srf) are relatively constant, the maximum attainable radio- 
etrontium content (As) is determined by Af. 
cific activity, i.e., the ratio of strontium-90 to stable strontium, in 
the diet is in the upper limit of the specific activity of bone stron- 
tium. 
intake per day, an increase in stable strontium intake will result in 
a lower bone strontium specific activity if there are no alterations in 
the metabolism of strontium with an increase in bily strontium intake. 
Under these conditions of increased strontium intake the bone radio- 
strontim level will decrease, with time, to a new level, fixed by the 
specific activity of the food strontium. 

This means that the spe- 

Implicit is the corollary that for a fixed radio-strontium 

Hazard Calculations. The evaluation of long-term hazard from 
radioactive fall-out has led to the identification of strontium-90 as 
the critical isotope on the basis of howledge currently available. 
present, Project (1ABRIEL and Project SUNSHINE are the two most serious 
studies concerned vlth strontium-90 evaluation. 
strontium-% as the most likely critical parameter for long-range 
hazard effects and have begun to accumulate and assess data concerning 
the actual strontim-90 situation a8 it exists in the world today. 
RAND Corporation SUNSEINE Project report normalized its findings to a 
maximum permissible concentration (MFC) of 1.0 microcurie of strontium- 
90 lodged in the bone of a standard man. 
data relating to fall-out to be interpreted in terms of a definitive 
amount of strontium-90 deposited in human bones. 

At 

These studies accept 

The 

This enabled the physicd 

The actual signifi- 
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cance Of this level in terms of hazard remains to be considered. As 

w i l l  be discussed below, the still more important problem of the aigni f -  

icance of exceeding the MR: is quantitatively incapable of definition 
at present. 

The RAM) Project SUNSHINE Report created an idealized model 
for calculating the long-term hazard due to strontium-9. 
tial sections needed for the proble,.u considered in this report are 
quoted below: 

The essen- 

“Neglecting the question of biologically effective dnsages, 
the parameters necessary for assessing the hazard on a world-wlde scale 
ere: 

”1. The fraction of strontium-90 available for distribution 
as a function of type of veapon, condition of burst, and meteorology. 

“We assume high-altitude bursts, with the hediate area 
of ground zero receiving no more than its proportional 
share of the f a - o u t  debris.. . . .” 
distribution of the available strontium-90.) 
Atmospheric or other natural storage mechanism which 

(Uniform world-wide 

“2. 
might allow appreciable strontium-90 decay before it becomes available 
to humans. 

“Whether strontium-90 i a  stored in the atmosphere or Fn 

the biosphere, this conaideration is not likely to in- 
crease our estimate . . . .” (of the number of airburst bombs 
to create a world-wide hazard] .... “by m r e  than a factor 

of two. 
“3. AvaiLability of strontium-90 in debris for transfer to 

the biosphere. 
“We believe the bulk of the strontium-90 to be plated Out 
on the surface of the debris particles and also scavenged 
out in solution by raIrSall.* 
should be readily available for take-up by the biosphere. 
If our reasoning is incorrect and the strontium-gO is con- 

(On this assumption]. . . .“it 
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tained inside Insoluble par t ic les ,  the calculation given 
below should then be regarded as h i g h l y  pessimistic“ .... 
( i .e . ,  that the estimate of f i ss ion  yield t o  create  a 

world-vide hazard may be too low.) 
“4. Availability of natural  Ptrontium i n  8011s. 

“The parmeter used here I s  60 l b .  of agr icul tural ly  

available strontium per acre. We f e e l  tha t  over a period 

of time such as we arc considering, more fixed strontium 

i n  the s o i l  w i l l  becume available.  The be t t e r  value l i e 8  

somewhere between one and 20 times this amount. 
used the lower l imi t ,  our estimate i n  t h i s  respect is also 

pessimistic” .... (i.e., too low.) 

Having 

“ 5 .  Redistribution of strontium-90 by plovlng, f e r t i l i z e r ,  

e tc .  
“Fall-out debris deposited on unt i l led  s o i l  is not leached 

down very effect ively by r a i n f a l l .  
.... however, the s o i l  is constantly well mixed t o  an 

effective depth by the  e f for t s  of man. 
wash-off as re la t ive ly  low.  These considerations do in 
themselves....” (further tend t o  make the f i s s ion  y ie ld  

value calculated too low.) 

I n  agr icul tural  areas 

We a l so  asume 

“ 6 .  Content of natural strontium In bone. 

“!be average U.S. adult, normalized t o  the “Standard Man“, 

contains 0.7 gm t o t a l  strontium in his bones. This figure 

is probably . . . . accurate. 

“On the  basis  of the  above assumptione and other physical param- 

eters,  the preliminary SUNSHINE estimate of the  nuclear bomb.... 

(f ission) .... yield requlred t o  b r b g  the population of the world up 
t o  Maximum P e d s s i b l e  Concentration I s  larger  than 2.5 x 10 megatons 4 

m. 
“The .... formula for  arriving a t  the above figure is aa 

follows: 



“Let l5 = the number of megatons of f i s s i o n  energy released, 

= the number of same of available natural  strontium ‘sr 

B 
per square mile of area, 

= the number of grama of n a t u r a l  strontium fixed in 

the human skeleton at  maturity, 

T = the number of gram3 of atrontium-90 fixed in the 
skeleton which i r  considered t o  be the  l eve l  of 
in te res t  (MK: ox’ EIIY other standard), 

m = the number of gama of strontium-90 produced by the 

release of 1 MP of f i s s ion  energy, 

A I the area of the ear th  i n  square miles, 
then 

m = - -  x W x A . . . . ‘ I  m B sr 
Since there is l i t t l e  chance that m Vill be changed appreciably 

future measurements and A is fixed, t h i s  r e l a t ion  can be simplified 

fo l lows  (taking m = loo0 gm and A = 2 x 10 8 2  
m i  ): 

m = 2 x x 1 6 g x W s r .  T 

Taking T t o  be 5 x lo-’ p (1 microcurie, the international 

ME), B = 0.7 gm, and War = 1.7 X 107 gm, it is found tha t  Mp is 
2.5 X 10 4 , a S S t l d Z l g  U d f O m  world-vide dis t r ibut ion.  

It is inst ruct ive t o  apply the  SUNSHINE model to the data 
The following t ab le  srmrmarizes the  aituation. collected thus far. 

mLE 8 

Theoretical Lower Actual Val- Theoreti- Ratio 
L i m i t  of the ’Rueah- ues Measured c a l  Cal- Actual/ 
old fo r  Injury To Date culation Tneo- 

40 m ( 1 )  4om 1.0 4 2.5 x io m Amount Fission 
Yield Detonated 



(1) m:JP data 

(2 )  N Y W  Fall-out Data 

( 3 )  Approximated from Lamont Laboratory SUNSHINE Data. 
It can be seen that the  40 MF of f i s s ion  yield released th- 

far haa resulted i n  one-third of the  expected body burden i n  human 

bone that would be predicted by the SUNSHINE model. 
t ion of the table shows that only 2.6 per cent of the amount predicted 

by the model has actually f a l l en  out i n  the United States  as determined 

by emulative s o i l  a n a l y s i s  data. 
is 12  times aa much strontium-90 in human bone, based on the actual 
amounts available for uptake, 88 the  SUNSHINE model would predict. 

of 1.08 mc/sq m i  reported by the New York Operations Office of the 

Atomic Energy C d s s i o n  I s  a theore t ica l  f igure based on the Hunter- 

B d o u  table.  

factor of 3 increase In the  strontium-90 available for m l d - v i d e  dis- 

tribution from surface or tower bursts  over the value that  would be 

predicted on the basis of a 5 0 s s  f i ss ion  product sample from the 

upper atmosphere appears reasonable and has been suggested by the New 

Further ex-- 

This indicates further that there 

Mention should be made here that the  strontium-90 eo11 figure 

Because of the  b o r n  phenomenon of fractionation, a 

York Operatione Office. !d 
If the above calculations a re  corrected for  fractionation of 

strontium, then instead of transport t o  bone being 12  times the ex- 
pected value it is perhaps closer t o  4 times t h i s  value. 
agreement with experimental data suggesting tha t  much of the early 
fall-out material is mechanically transported by plants rather than 
going through the so i l -pht -an imal  biospheric chain. 

This is in 

This factor of a four-fold increase in deposition of strontium- 
90 in bone over the theoretically expected amount is not important i f  

only a small t o t a l  of the available strontium-90 is available for 
mechanical transport. But if the bulk of the  strontium-90 which s t i l l  

Elsenbud, M. and Harley, J.H., Radioactive Fall-out i n  the United 
States,  Science 121:677, 1955 (May 13) 
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remains unaccounted for  were t o  Se t t le  out slowly from the upper atmos- 

phere over a period of many years and be subjected t o  th i s  four-fold 
increase, then consideration must be given t o  t h i s  In future hazard 
calculations. This analysis is an oversimplification, sipce no account 
is  taken of the decrease i n  world-vide dis t r ibut ion due t o  loca l  fd- 

out, the relat ive efficiency of the fall-out collecting system and the 

poseible Increase, v i th  the, In the number of Sunshine Units in bone 
due t o  the strontium-90 already fa l len  out. 

The Lamont Laboratory d a t a u  suggest that the youger  age 

groups In the more recent samples have a quantity of strontium-90 lod&ed 

in bone approximating 1.0 Sunshine Unit. 
body calcium comes from dairy products. 
area of hi& dairy product Intake 16 considered as  the c r i t i c a l  segment 

of the population for r i s k  assessment, it would appear then that dairy 
products should be correlated v i t h  bone deposition. 

data can be assumed t o  be a ref lect ion of a maintained o r  increasing 

ra te  of uptake, then the bone of newborns should approach the strontium- 

9O/calcium r a t i o  present i n  m i l k  products. 

of the mother cow, there is a lowering of the potential  r a t i o  of 

strontium/cdcium In the milk and ca l f .  

the transport of strontium and calcium from cow's milk through the 

human mother t o  the f e t u .  Thus the current strontium-90 values in 
bone and milk products are lower than would be expected for the current 

fall-out, if the mother cow and the human mother had both grown up i n  

this same contamhated environment. 

In the United States 85% of 

If the young age group in an 

If the current 

Due t o  the lower saturation 

The same mechanism applies i n  

Since the hazard calculation seeks t o  f ind  the most sensit ive 

population at r i s k  we cannot accurately project current data t o  a s i tu -  

ation of a long-term, maintained contaminated environment. 

can be extrapolated, t o  some extent, if allowance is made fo r  the f a c t  
that eventually all parts of the chain transporting strontium-90 t o  

The data 

Kupl, J.L., Project SUNSHINE Annual Progress Report, March, 1955. 
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hman bone wIU. be in equilibrium with regard to strontium-90/calcim 
ratios peculiar to thelr particular position in the chain, 

The continued availability of strontium-90 which has been 
created but has not yetfallen out, looms large as one of our most 
Important present uncertahties in the world-wide deposition problem. 
Since new weapons tests continue to make available new strontium-90, 
the question of the rate of uptake of strontium-90 into the biosphere, 
year after year, of that deposited at any one time is difficult to re- 
solve. 

If the strontium-90 deposited is actively transported to bone 
only for a relatively short period of time, say one or two years, then 
the amount of strontium-90 which it is estimated may be deposited on 
soil without constituting a hazard can be raised considerably and, in 
fact, the strontium-89 would be an important contributor of radiation 
dose to bone on a gram-for-gram basis of produced material. 

The very rapid uptake of strontium-90 by cattle due to direct 
Ingestion of fall-out material is not significant with regard to the 
ultimate hazard calculation in term of large scale fall-out over a 
limited period of time. The cattle bones under these circumstances 
would be takFng up strontium-90 rapidly for a limited time only. 
mechanism would probably spare the milk to some extent. 
flrst cycle, the regular biospheric chain should take over. 
lem of continued uptake is thua more important than the short peak of 
uptake immehiately following fall-out. 

!Phis 
After the 

The prob- 

This discussion daa omitted serioua consideration of the 
problem of stratospheric storage and a continued slow fall-out over the 
years. If this mechanism is significant quantitatively, then a larger 
fraction of strontium-90 produced must be considered available for 
rapid uptake, then is available In the early fall-out period, even 
though this availability in time may be many years post-detonation. 

It must be remembered that the current 1.0 Sunshine lhit.now 
being found in the younger age group in this country should not neces- 
s a r i l y  rise with continued Dovth. Since this is a strontium-90/calcium 
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r a t io ,  the  current value Kill be maintained at 1.0 Sunshine Unit if the 

environnent allows Strontium-90 t o  be incorporated a t  the sme  rate which 
provided the current 1.0 Sunshine Unit. If the mount of strontium-9 
available decreaees with time, then as a chi ld  grows it Kill lay down 
re la t ive ly  more calcium than strontium-%, and the Sunshine Unit value 
borne by the child wi l l  decrease. 

the continued avai labi l i ty  fo r  uptake of the strontium-90 created in 
past detonations but not yet  deposited is s t i l l  an unsettled problem. 

Thua the uncertainty re la t ive  t o  

Evaluation of the SUNSHINE Model Hazard Calculations. The 
Sunshine model l i s t e d  sFx parameters necessary f o r  assessing the 

s t ront im-90 hazard on a world-vib scale.  
raa constructed, additiondl data have been collected so that it is 
worth while t o  re-examine these fac tors  in the  light of more recent 

knowleage . 

Since the time this model 

form world-wide dis t r ibut ion -t asssumption, that- - 
of rtrontium-90, ion. In  summary, the s i t u -  
t ion  l a  88 follows: 

1. 50-9c$ of gross fission product i d - o u t  l a  accounted for  

local ly  for l and  surface bursts .  

of 6@ appears reasonable. 

assumed a high air burst, which would involve a negligible local dew- 
s i t i o n  of fa l l -out .  

2. 

For purposes of calculation, a f i g u r e  
It vlll be recal led t h s t  the SUNSKZNE model 

Less than 2$ of the grosa fission products created in 
detonations t o  date have been accounted for in warld-vide fa l l -out .  

3. One-third of the expected mount of strontlum-9 on the  
baais of uniform dir t r ibut ion r e l a t ive  t o  other f las ion  poducts  VBB 

observed 80 milea QMvLnd a f te r  the  first CASTLE shot. 

4. The world-vide gumed paper fa l l -out  collections by the 
Atomic Energy C m i s a i o n  are, on the  average, three times enriched in 
strantiurn-90 over the content in a normal gross sample of f i ss ion  

products. 
5. A Eritish calculation eetimates 20 lQ of gross fission 
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product act ivi ty  still in the atmosphere. 
The following table  is  presented t o  provide representative 

figures t o  m e  h calculations taking in to  account the factors l i s t e d  
above. Note that this table appliea only t o  land surface bursts. 

9 

Gross Fall-out Strontim-90 

Local 6@ 3* 
Extended Local loqb 16 
World-vlde deposited 1% 3% 
World-wide not deposited e$ 

lo@ 
- 

Within the h i t s  of accuracy of t h i s  type of annly~is, it 
may be said that about half of the strontium-90 produced during a 
surface burst attack on an area the si?& of the Mi ted  States w i l l  de- 

posit within the country. 

The SUNSHDTE model, mohified as noted above, can be applied t c  
the calculation of the strontium-90 concentration possible i n  such a 

localized target  area, assuming surface burst weapone: 
6 3 x 10 sq mi (area of u. 5.) 

2 x 10' sq mi (area of ear th)  
1.5$ 

Therefore: 
would receive 5 6  of the strontium-90 produced and 

1.5% of the area assumed available in the original model 

25,000 m x ,015 x 2 = 750 MS 
i s  the amount needed t o  bring such an area to the 1 microcurie bone 

level, if the distribution over the area were assumed t o  be uniform. 
The uniform distribution assumption f o r  local fall-out area6 is N(rr a 
valid one; in fact, rc@.ly 10 times the yield figure stated, o r  7500 
MT, would have t o  be detonated on land surfsce in the United States t o  

cover all of i t s  -ea with at  l e a s t  the strontium-90 needed for  1 
microcurie per man. It must be remembered that the SUNSHIXX Node1 is 
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a theoretical construction and carriea along all the inherent uncer- 
tainties, both physical and biological, which have been discussed i n  
many of the preceding sections of t h i s  report. 
i n  the above paragraph are  c i ted,  not as absolutea, but as relat ive 
values, t o  point up a s ignif icant  relationship: namely, tha t  a loca l  
area may be large enough t o  be regarded as a c r i t i c a l  geographical 

parameter. 
etrontim-90 long before this s i tua t ion  exis ts  on a world-vlde basis  

if the contamination 1s brought about by surface bursts of nuclear 

weapona . 

The nmbers generated 

This local area wi l l  be above the safety levels  f o r  

It may be superfluous t o  point out that the problems faced by 

those of the target population l e f t  a l ive after having been h i t  by 750 
one megaton bombs would be l ike ly  t o  be such as t o  make that of accmu- 

lating one microcurie of strontium-YO in their  bones over the next 

generation or so a very secondary consideration. 
that a milltary requirement which would resu l t  in mounting such an 
attack againat a population would be so over-riding tu t o  ignore the 
possibility of carcinogenesis in the remnants of the population some 

20 years l a t e r .  

It seems apparent 

On the other hand, i f  the 5 6  of the strontium-90 which does 

not fall out locaUy on the ta rge t  area is distributed uniformly w r l d -  

wide, then the bone deposition outside the local  area would be 1 . 5 4 ~ l O ’ ~  
microcuries, and thus 2 x 25,000 Mp = 50,030 Mp of surface burst 
weapons on any target area would be required t o  bring the world outside 

that target area to the 1 microcurie bone level. 

The second e t e r  i n  the  SUNSHINE study, re la t ing  t o  atmos- 
- -- 

pheric or other storage mecban is-lved. 
considerable evidence pointing t o  stratospheric storage of radioactive 

material, but the quantity of material involved and the r a t e  a t  which 

it descendsare s t i l l  i n  dispute. 

the material located above the tropopause w i l l  descend from the s t ra to-  

sphere into the troposphere every 5 years and tha t  the material will 

There is - - 

The Bri t ish have estimated that  half 
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descend through the troposphere to the ground with a half time of 5 days. 
The besis for this estimate is unknown. It wes transmitted by personal 
communication of R. Dudley of the Atomic Energy Connrission, Division of 
Biology and Medicine. 
finely divided particulate matter down through the temperature inver- 
sion which m a r k  the tropopause, so that the reservoir of strontium-90 
and other bomb debris now in the stratosphere may remain there much 
longer than the British estimate would in6icat.e. 

There is no known mechanism for bringing very 

The third parameter cited in the SLNSHINE model concerns 
c__ 

availability of strontium-90 in bomb debris f o r  transfer to the bio- 
sphere. 
90 is readily available a d  moves more rapidly than expected through 
the biospheric chain. The data does not actually permit one to state 
the depee of availability of all the strontium-90 deposited but only 

that some unknown fraction is readily available. 
exists that a certain proportion of the total strontiun-90 created in 
a detonation may be trapped I n  insoluble particles and thus lost inso- 
far as plant or animal uptake is concerned. There are some indications 
in the work at Hanford and U.C.L .A.  on soil and crops that wlth passage 
of time strontium-90 is complexed wlth soil and rendered less available 
for biospheric uptake. No quantitative statements can be made 88 yet 
regarding this facet of the problem. 

Most experimental WOrK thus r a r i m  cates that the strontium- - 

The possibility still 

The fourth and fifth parameters m e  essentially concerned 
wlth theproblem of concentration and 
vith its stable isotope. 
strontium in the sal is being worked on but flrm values are not ye$ 
available. Uniform mixing of strontium-90 with stable strontium has 
been shown to be an invalid assumption for at least that part of the 
strontium-90 which has moved through the biosphere more rapidly than 
expected. 
quantitatively is still unknown. 

e of s t r e - 9 0  - -_ 
The determination of the amount of stable 

e 

Whether the remaining strontium-90 will mix and be traceable 

!Che last parameter concerna the strontium content of human - 
u9 . 



bone / 
out by more recent studies. 

The figure of 0.7 grams for the "Standard Man'' is being borne 

Thus the only really important correction to the SUNSHINE - - -___ . 

model whichcan be made at this time, then, relates to the first param- 
eter'of uniform distribution. Calculations indicative of how this can 
affect the results have been given above. It is important to recognize, 
however, that the SLNSMNE model deliberately strove to make the most 
"pessimistic" assumption possible; i.e., where a parameter value was 

in doubt, the value which led to the lowest possible estimate of 
fission yield vas chosen. lhe range of uncertainty involved is such 
that had the upper limit been sought instead, it would have been greater 
then the lower limit of 25,ooO MT by as much aa a factor of a thousand. 

- --- - -. 

Evaluation of the Strontium-90 MR. As indicated prevlously, 
the 1.0 microcurie of strontium-90 maximum permissible concentration 
in man is based essentially on the following relationehip: 

The non-bracketed values are observed and the others are calculated. 
The factor K is introduced to convert the strontium-89 experience to 
the strontium-90 equivalent. 

B e  data leading to the establishment of 1.0 microcurie as the 
M€C for strontium-90 in man derive f r m  the m u s e  experiments at the 
Argonne Ratio& Laboratory and the acceptance of 0.1 pgm of radium as 
being 0.1 of the lowest amount of that element in humane that has been 
found to be associated with tumor formation. 'lbe strontlum-gO M€C 
value, therefore, is critically dependent upon the strontium-@ effects 
data originating frcm one laboratory md on the strontium-89/radium 
effects ratio derived from one species of lower animal and the extrapo- 
lation of t h i s  ratio to strontium-90 equivalent in men. 
obviously a rather tenuous basis for establishment of such an important 
standard. In addition, the radium experience in man is far from reli- 
able. 

This is 

The clinical data are sparse; the collection of cases is not 
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sufficient to reliably associate damage with body burden except in the 
crudest faahion. 

The inability tc associate an increment of damage due to the 
meeothorlm in the lminous dial workers indicates the degree of uncer- 
tainty in correlating damege found with particular body burdens of 

radium. 
level of 0.5 - 1.0 microgram of radium body burden as the damage 
threshold. 

Xt is fortunate that the data do strongly suggest a critical 

Other factors regarding the risk involved in  the anticipated 
strontium-90 contaminated fall-out area also must be considered. The 
radium experience uuderlylng the establishment of the MFC consists of 
adults with a high Frrtake over a relatively short period of time. 
strontium-90 problem on the other hand is concerned first w i t h  young 
people having a continuous long-term intake. 
background data in terma of the different situations involved is still 
unresolved. 

m e  

How to evaluate the MR: 

Effect of Higher Concentrations. The MFC concept has the 
relatively easy task of defining a safe level. 
tend to ehow a damage level of 0.5 - 1.0 micropa of radium and no 
damage in the cases below 0.5 microgram, these facts were of direct 
value in determining the MEC. 

show a proportional increase in amount of roentgenographic changes nor 
in their severity. 
tion to higher levels than the MFC. 
arbitrary Mpc vhich includes a eaf'ety factor, the lowest damage level 
actuelly observed can be defined. 
0.5 - 1.0 microgram, and, hence, for strontium-90 this becomes 5.0 - 
10 microcuries. 

Since the radium data 

The analysis of the high levels of radium deposition do not 

Thus, current data do not permit n damage projec- 
In addition besides the rather 

For radium this is considered to be 

The Project CABRIEL report for July 1954 states: "Uainp; the 
radium to strontium-90 conversion factor of 10, one would estimate 
from these data that 1.0 microcurie strontium-90 adult body burden at 
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20 years af ter  exposure would be safe, 5 microcuries would begin t o  pro- 

duce radiographically demonstrable ske le ta l  changes, and 50 - m 
microcuries might correspond t o  the LD i n  20 years," 

50 
It  is f e l t  that even t h i s  statement cannot be depended upon 

because of the uncertainties discuseed i n  pr ior  sections re la t ing  t o  

the s t a t e  of knowledge of t h e  deleterious e f fec ts  of both radim and 
strontium-90 when lodged i n  the body. 
to  s t a t e  t h a t  the  MF2 as derived may have t o  be lowered when applied t o  

children and t o  longer periods Of exposure than 20 years. 
t ion  of current knowledge t o  levels  of hazard beyond the Mpc and, per- 

haps, the louest estimated damsge burden should be made. 

A t  present, it is perhaps fair 

No projec- 

The Iodine-131 Problem. Reports from Operation CASTLE tha t  
radioactive iodine was found in the urine of natives and t e s t  personnel 
nave been substantiated by several  t e s t  programs in this country.-J 44 45 

In  these progr'ama, iodine-131 xas detected In appreciable amouts 

i n  c a t t l e  and hwnans and found t o  have a biological  h a l f - l i f e  such 88 

$0 indicate tha t  it must have originated i n  the CASTLE se r ies  of 
nuclear detonations. 

present in persons in the United S ta tes  and in Honolulu 88 compared 

with the CASTLE t e s t  par t ic ipea ts  exposed t o  fa l l -ou t  in the Pacific 

t e s t  area warrants consideration of this element both as a local fall- 
out hazard and as a world-wide contaminant. 

The quantitative s imilar i ty  in amount of iodine 

AE a consequence of nuclear fission and subsequent chain decay 

many isotopes of iodine are formed. 

iodine-133, appear t o  have half- l ives  of a duration worth considering 

M potentially hazardous. 
compared v i th  tha t  of 8 days for iodine-131, and thus at time of 

O f  these only two, iodine-131 and 

Iodine-133 has a h d f - l i f e  of 22 hours aa 

Jones, H., Confirmation of Radioactivity In m o i d  o r  various 
Animala, UXL e. 
Van Midhlesworth; Nucleonics, Vol. 12, Sept 1954. 
Bartgeriag, J.B., et  al., unpublished, Army Medical Service G r a d -  
'uste School, 1955. 
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formation has approximately eight time8 the number of d i s in t epa t io r s  
per minute 88 iodine-131. They a re  produced by decay of tell&k&$$jT,.L 
and t e ~ u r i v n ~ - i ~ ,  reapectively, i n  the approximately e q u  SmOUntS  of 
one grsm each per kiloton of f ias ion  yield.  

.1 ~ 

F7 - ?A*- , . b > : / ’  

Iodine ia found t o  become quickly available fo r  human deposi- 

t ion.  
2& of the amount received being deposited in the thyroid gland. 
remaining @o$ i c  excreted in a matter of severed days. 
this beta emitter upon thyroid t i s sue  is  in the nature of temporary t o  
permanent cel lular  damage and is an e f fec t  which 16 sensit ive t o  dose 

r a t e  Ln addftion t o  t o t a l  dose, and hence t o  the high decay r a t e  of 

iodine-131 and t o  the s t i l l  hlgher r a t e  of iodine-133 and other members 

of the iodine decay ser ies .  

Its metabolic pathway In  the  human w i l l  lead t o  approximately 

The 

The action of 

The rapidity with which iodine appeared in the urine following 

a t e s t  detonation, coupled with the similar amounts present i n  animals 
of different eating habits, suggested tha t  inhalation rather  than in- 

gestion ya8 the probable route of entry. 

later established when masked personnel shared urine free of iodine 

Further subatantiation waa 

while unmasked persomel showed urinary radio-iodine pr ior  t o  eating. w 
Thus, it appears that e . . = @ L * i t i + l y  i n h h t i o n  of iodine direct ly  
from the a m b i e n a . i a _ t _ h e  chief factor  t o  consider. 

- ~. 

As previously mentioned, the excretion of the non-thyroid de- 

posited fraction takes several k y s .  Thua, personnel br ie f ly  exposed 

t o  ioaFne-13l would be expected t o  have a c o r r e s p o n b g  excretion 
curve. That this is not the case has been demonstrated recently. 

curves reveal an &day half value time, which is the ha l f - l i fe  of 

iodine-131. One conclusion appears to be that iodine-13, once having 
fa l len out, remains for many days in the  imnediate environment. 

it would remain hovering over an area f o r  weeks in a stable atmosphere 

is deemed unlikely. 

kJ/ 

&my 

That 

Either of two alternatives i s  m r e  acceptable: 

R.m, B.F., L t .  Col., V.C.,  Of& Ridge Ins t i t u t e  of Nuclear Studies, 
Personal communication. 
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( a )  that  it deposits upon the ground adsorbed t o  a solid or l iquid 

particulate and is subliming, continuing t o  contaminate the enviromen- 
tal a i r ;  or (b) that i t  deposits upon crops, is ingested by c a t t l e  and 

reaches the human through milk and m i l k  products. Although this l a t t e r  
pathvay has been demonstrated possible, it should not, on a basis of 
present information, be considered the only route after i n i t i a l  exposure 
hae occurred. 

Despite large indiVidual variations i n  iodine uptake, data t o  

d a t ?  indicate: (a) that iodine-131 becomes available for vide d is t r ibu-  

tion over the earth's surface from air, land surface and water surface 
bursts; and (b) fractionation appears t o  occur t o  the extent that urine 

samples Indicate thst iodine-131 tends t o  a global equi l lbr im s t a t e  and, 

except for  the  factor of time of arr ival ,  the  doses t o  local and t o  die- 
tant personnel are comparable. 

body on a continuing exposure basis has been s ta ted  t o  be 0.3 microcur- 
i e s  . !!!/ While this implies that fo r  short  periods of exposure a higher 

dose ra te  may be permissible, such as medical t racer  doses of 5-50 micro- 

curies, it should not be overlooked tha t  the d e a e e  of thyroid t issue 
damage i s  a function of dose r a t e  as well as dose and that consequently 

the tiosue effect  f r o m  acute and chronic doses of the same t o t a l  amount 
are not comparable. 

Thus, fo r  purposes of set t ing meaningful fall-out exposure t o l -  
erances, t h i s  Mpc for iodine-13l is misleading and inadequate. Although 

an exposme t o  fall-out is somewhat longer than the exposure from the 

ingestion of the medically used isotope, the similari ty is sufficient t o  
suggest employment of the "safe" single dose of 5-50 microcurles estab- 

lidhed by the medical pofes'sion. 

evidence of t issue damage__hm-been reported for  amounts under 100 micro- 
curies. 

If the NFC for iodine is exceeded, the significance would be 

of a lower order of magnitude than in the case of strontium-90 due t o  

481 

The maximum safely permissible amount of 1-131 i n  the human 

It i s  of interest  t o  point out tha t  no 

- _-- - -  
u 

National Bureau of Standards  Handbook 52. - 
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the nature of the biological consequences Involved. 

Operation CASSTLE Experience. Operation CASTLE has provided 

considerable information on the internal  hazard due t o  f iss ion product 
fall-out; however, the analyses reported thus far are subject t o  
certain criticisms. 
sent Fn the urine a t  a cer ta in  time post shot are extrapolated back t o  
shot day i n  t e r m  of body burden t o  bone and so f t  tissue, a much 

larger estimated than actual r e su l t  vill obtain unless the r a t e  of 
uptake and initial ra t e  of excretion a re  considered. 

cumulative acquisition of internally deposited fall-out debris from a 
ser ies  of shots is extrapolated back t o  the date of the initial shot, a 

similarly Larger calculated than actual dose w i l l  r esu l t .  
In conaection with the first criticism, the t o t a l  body burden 

If determinations of f i ss ion  decay products pre- 

Further, i f  a 

a t  one day a f t e r  the shot for  strontium-89 and iodine-131 is given BB 

1.6 microcuries and 6,400 microcuries, respectively. 

strontium-89 t o  have been received as an acute single dose during 

actual fall-out,  the more meaningful body burden would be the B a d  day 

value of C.19 microcuries, representing as it does the actual bone 

burden. 

Accepting for the sake of i l l u s t r a t ion  the 1.6 microcmie 

Even s a s ~ ~ ~ I n g  

value for the first day, a comparison of decay rates  of strontium-89 

versutl strontium-9 indicates strontium-89 t o  have more than 100 times 
the a c t i v l t y  of an equal amount of strontium-90 at  day one. 
basis the t o t a l  strontium-90 burden at  day one would be 1.6 x 

and on day 82, a value of 1.9 x 

decay. 

On t h i s  

iic 
pc uncorrected for strontium-89 

This value of 1.9 x 1.0-3 microcuries represents roughly 1.9 

SUNSHINE units, a value within the standard deviation of the world-wide 
value for SUNSHINE units of strontium in bone. 
the body burden a t  day  one is given as 6.4 x 103 microcuries, and i f  com- 
parison of the decay rates of iodine-131 versus its shorter-lived isotope 
iodine-133 is made, the day one body burden of iodine-133 would be on 

4 the order of 6.4 x 10 microcuries. 
and iodine-133 are well within normal therapeutic dose ranges f o r  

In the case of iodine-131, 

These values of both iodine-131 
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thyroid suppression. 

Uith regard t o  the second criticism, i.e., that if a cmulu- 

t l ve  acquisition of internally deposited fall-out debris from a ser ies  
of shots i s  extrapolated back t o  the date of the initid shot, a larger 

than calculated dose dll r e s u l t j  t h i s  may in part  explain the extremely 
high iodine- l j l  value an extrapolated back 82 days t o  the f irst  shot of 
the  CASTLE series.  
one case only 130 I(T and in the  remaining four cases were water surface 

bursts, it l a  f e l t  that the  f rac t ion  of iodine-131, especially from the 

13 Kp yAM(EE event 1 4  days before the urine study, considerably influ- 
enced the results. If as Figure 22 Fndicates, the body burden on the 
8&d day l a  a cwNlative ArnCtlOn of dll peceehing  hots, then the 

calculated body burden fo r  the first day is approximatelg 403 times too 

Despite the f a c t  that the subsequent shots were in 

high. mu 
2 4 6*4  

4.0 x 10 
lo2 - 1.6 x 10 

microcuries for the  actual burden on the  first day is coneiderably more 

d t h i n  reason. 

If it is assumed that iodlne-1311s taken up biologically in 
comparable amounts regardless of proximity t o  the area of detonstlon, 

snd that iodine and strontium alike sccunulate in t h e  body over a 

period of time irom a ser ies  of shot8 rather  than as a aingle acute 
dose, then auppOrt for theae asslmrptlom can be found in the  CASTLE 

experience as vell as in reasonable compatibility with aubaequent ex- 

perimental data. 



Iv. coNcLIz;xolls 
The intportant concluiolu vhich can be drawn irm the st* are  

summarized below: 

A po ten t id  f d - o u t  hazard is a l n y s  associated with t h a  de- 
tOnntiOn of a nuclear weapon, the  amount of radioact ivi ty  being a 

function of the fiesion yield. 
either a local ar a wurld-wide bssis or both, dependin& upon burst con- 

dition8. 

Thin h a w d  may mmifent i t s e l f  on 

I h e  v’oportiona of available a c t i v i t y  i d l i n g  out locally d 
warld-wl& u e  determined primarily by the location of the burst point 

re la t ive t o  the 8urf.ce of the earth, and 8eCOndarw by the character 
of the surface over vhich detonated, and by prevailing meteorological 

C O n d i t I a M .  

P a l l w i n g  a ground surface &tonation, most of the 50.8 -0- 

activa m a t e r i a l .  are incorporated in to  earth part ic les ,  with the largest  

percentrge, which i d s  out moon after the detonation, being 011 parti- 

cles of 10 to loo0 micronn diameter. 
&avo shot i. entimated t o  involve r o w  5 6  of the t o t i l  act ivi ty  

available. 

b u e d  on vtapons which havc a fiesion t o  fu8ion r a t i o  

M a t i o n  from t h i s  r a t i o  will vary the mount of rrdioactirlty de- 
ponited a t  mg @Yen di8hnce frm grolmd -0. AS a first r p p r 0 ~ -  

t ion it mag be ~aroncd that far a given t o t a l  yield, the activity rep- 

resented by a given contour is direct ly  propartiond t o  the f lnr ion 
yield. R a l s i n g  the total yield of the weapon vitbout r a i n i n g  the 

fission yie ld  vlll apred the given amount of rad ioac t iv i ty  over a 

larger local M a .  

srPisce b v r n k  of nucleu Ve8pOnr with ilssbn yield.  in the megaton 

rmgs u e  l i k e l y  in each case t o  involve a r e u  of thouam& of .square 

a e s .  

mC local fall-out m e r  CAB- 

Contour s c d i n g  lan in current use in the megaton range are 

A W  

potential& le- f U - o u t  i n t e n d t i e s  result ing from Laad- 

Such le- ueu can be drast ical ly  reduced in size if the 
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population involved d e s  optimum w e  of available shelter. 
tive statements regarding lethality carry the inherent uncertainties of 
the estimates relating percentage of deaths to levela of rsdiation. 

Qusntita- 

"he area involving a potential early hazard lies in a local 

pattern with its origin at pound zero, and arises primarily f rom the 
gnwm rsdirtion of the deposited fiaaion products. 
by bamb formed tritiwhand other artificial radioactivity formed by 
neutron bombardment of s o i l  and bomb debris does not appear to increase 
the hazard to my marked degree. 

The contribution 

For a given burst condition, the size of the local hazard area 

Accurate pre-.hot delineation of the local hazard arena likely 
is roughly proportional to the fission yield of the weapon. 

to be involved follovlng L nuclear detonation cannot be accomplished 
because of the sensitive wind-dcpendcnce of the deposition mechanism. 
Chsages in the WFnd structure after shot time c~ll radicdlly alter the 
predicted deposition patterns based on wind aoundFngs taken at or be- 

fore phot time. 
Approximate local hazard areas likely to be involved for a 

given nuclear veapon and burst condition can be determined in advance 

by currently avsFLsble meam. Approximate simplified elliptical con- 
tours can be drawn in a few minutes by untrained personnel m d  more 
exmt contours can be calculated by hand or mschinc with somewhat 
greater effort and more complex inputs. 

As much M go$ of the potentidy lethal fall-out area from a 
land-surface burst nuclear weapon w i l l  lie outside the lethal u e a  for 

blast and thermal effects, largely in a roughly elliptical pattern ex- 
tending downwind R a m  the burat point. 

The radiation intensity in a gross fission product field de- 
cays in such a m e r  that shelter during the first fev hours or days 
after fall-out begins I s  considerably more impwtant than shelter at 
later times. 

rate of mixed fission products holds sufficiently Well to Calculate 

decay -1.2 Experience at field tests indicates that the t 



radiation rates  in a f d l - o u t  f i e l d  at times tmm five minutes to about 

one year after burst tiw. 
!Be body is lmovn t o  r ecwer  irm at 1e-t a major pcn-tion of 

The rate of repsir  i. m- sublethal damage due t o  ioniring radiation. 
Imovn, but 1s believed t o  be of the order of lo$ per .bag of the reparable 

damage rendnhg. 
the accuracy of the phys icd  data upon which they are baaed. 

ktha h e  estimates are w e l l  within the limits of 

I n  a fa l l -au t  area &ere the g- radiation dose is sub-lethd, 
fiaeion product beta and soft ganrma emitters in the f d l - o u t  are a 

serious hazard only when in contact with the skin. A high degree of pro- 
tection egalnst this type of radiation is atiorded by clothing which 

yoevents fa l l -aut  material irQn contacting the &In. 

Then i. a need for a hi@ yield land-surf=e test &tonation 

t o  iFIl in uncertainties in the present fund of knowledge on fall-aut.  

The prm long-term and vcrrld-wide hazards arise frcm the 6 
distribution b~ wlnb in the qpper atmosphere of cer tain csncer-foming 
rabioieotoper prodwed in the fission y'oceas, snd their rubsequent 

biological uptake by h-. prominent among these are strcmtirrm-@, 
atrontim-90 and iodine-13. 

Approximately one 58x1 each of atrontirrm-89, 8trOntiISn-gCI and 
iodine-131 la formed per KT of fission yield. Because of fractions- 
tion, these elements are produced in such form and quantity M t o  favor 
t he i r  world-wide distribution (u oppoaed t o  loca l  dqxxi t ion.  Hovcver, 

for surface bursts the local contaminstion still  remsins the dmlnant 
factor.  

 he p o t e n t i a  genetic e f fec t  of i d - o u t  rshiation on man is 
l i k e l y  to be secondary in importance t o  ahmt-term effect8 813 w e l l  M 

t o  the hazard due t o  long-term cancer-produEing effects> The chief 
uncertainties in t h i s  regard l i e  in the extrapolation of animal data 
t o  man. The manner of expreasion of the bulk of ~uch radiation- 
induced mutatiom is, Ilkcwise, not cer ta in .  
risges, t h i s  vould greatly reduce the possible burden t o  society in- 
volved. 

If M e s t e d  M-miscar- 
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6’ Baaed on l imited sampling in the upper atmosphere, it appears 

possible that the order of 20 Kl! f iss ion product yield may clarent lg  
be ln the stratosphere and s e t t l l n g  slowly to the earth. This value 
is one of the major uncertainties of our knowledge in the study of 
world-wide fall-out.  

Avnllable evidence indicates that strontium-9 is the c r i t i c a l  

radioisotope t o  consider in evaluating the cancer formation hazard of 

faU-out.  Rom the point of VI~V of wOrld-wide distribution, a large 

degree of w e r t a i n t y  ex i s t s  because of the  rmlmown amount of bomb 

debris r a a a h h g  in the  upper atmosphere and t h e  possible r a t e  at  vhlch 

this materid vfll reach the biosphere. 

i. effective in Influencing the  BmoMt of strontium-90 in the world- 

wide distribution aystem and thus -her a f fec ts  the  mount avaiLable 

in the slow fall-out. 

The phenomenon of fractionation 

(7) l be  long-term stront ium-9 hazard in the  loca l  fa l l -ou t  area 

of land-surface nuclear weapons in aU cases vill exceed the world- 
wide hazard frm the same detonation(s). There is no yield tbreshold 

for this local  hazard. 
land-suriace burst  nuclear weapon, regardless of yield, and af fec ts  

those individuals uho l i v e  off the Foduce of the contaminated area. 

It exists in the l oca l  fa l l -ou t  area of each 

Strontitrm-90 deposits in h- bones prinCip8Uy by vay of 
uptake by the cow and pwaage to the U. 
pend upon s m r s l  variables which carmot be quantitated at present. 

Hazard consideratione de- 

‘1 
(5 . :  Rsdio-iodine haa been rhovn t o  depsit i n  h- thyroid t i s sue  

through inhalation and ingestion of fission products from distributiona 
a t  h a t i o m  far *an the  point of detonation. 
the lqjury t o  the gland and to the re la t ive ly  short hSli-llVeS of the 
radio-iodjne aeries, the coneequcnees of such depositions M far €16 can 

be determined h.cm lxUormBtion t o  date wl l l  be secondary l n  importance 

Due t o  the nature of 

t o  the r s b i o s t r o a t i ~  ha-d. 

C u r r e n t  craluation of the h a ~ 1 . d  due t o  intend deposition 
of vnrioun rabioisotopes invalvcs mny uncertainties. A t  present, the 



key value far Maesament of any Current or projected ai tuat ion for  ~ n y  

particular isotope is the ro-cslled Msrhum Petmissible Concentration 
or Mpc. For atrontiwn-90 this 1s the maintained concentration vhlch l a  
believed t o  be one-tenth Of the mln lma l  amoUnt n e c e s s q  to cause caacer 
in an adult. Recent Project SUNSHINE indicate that humen bone 

rpecimenr are approaching 0.001 of the Mpc. FOIL@ tha CASTLE aeries 

of ahots, i U e - 1 3  m a  identified in the urine of the Marshallere 
natives, Service personnel, in the mea, and a small nmber of inbivid- 

usla in the W t e d  State., but van maintained for only a ahort period 

of time. 

&per& upon a world-wide dlatrlbution of the contaminant. It appears 

l lke ly  that the nlrmber of nuclear &tOIL%tiOM, whether SLr or amface, 

required t o  cause a world-wlbc long-term atrontium-90 hazard would be 

so large M to re su l t  in devaatstion Of much of the  habitable world 
area 

cane it l a  l ike ly  that any long-term ef fec ts  an the  population remsining 

would be of secondary importance. 

/ ,,b The long-term atrontium-90 hazard from air burat nuclear weaponr 

the imnediate destructive e f fec ts  of the veaponn. In  such a 
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