
Chapter I 

Radiation Characteristics of the Fallout Material and the 
Determination of the Dose of Radiation 

5002158 

C .. \. So:rnR1i::-s 

Titiln:rn Sn 1rn·, Lt. (j~) ?If SC rS\' 

Y. P. Bo::\n, :\J. D., Ph. D. 

E. P. Cno>:K1rr, Cdr. (?lfC) CS:\ 

• .. 
• 
j 



I~TER:\AL DEPOSITIO~ OF RADIO:\UCLIDEE' 81 

Rnd the analysis at 4 months reprr:;ents only 
rncliological dec:-iy. Thus, tl1e results :we not 
directly co111pnrnldt• to tl1osr ol>t:1ined frorn :1ni­
mals which were ret111·11rd :ili,·e, and in "·Jiich 
biological turno\·rr a.-. "·ell :1s rniliologil'al decay 
were operating-. 

The largest fraction of the gross l.Jrt:1 acti,·ity 
in the fish was contributed by the coneentrnt..ion 
of rnclionctiYe 111:\feri:d in the ,·iseer:i. In h1·0 
of the fish in "·J1ich l101w~ :ind muscle were ;.:rp­
arated nncl a11:,Jyc.etl, eq11;1] :t111011nts of :icti,·ity 
were fonnd in <>:1cl1 fr:ictio11. HnweYer, the 
storage of thesP fie.Ji in formaldeliycle for 3 
months may haYe pern1it1e<l tl1e <litfoc.io11 of 
tbe-r:iclioelen1e11ts frorn hone to n111sclL· to t:-ike 
pince. Fu1iher st udirs 011 fresl1 tisl1 11 ill cbrify 
this point. 

The contamin:1tio11 of th., fish i11 tl1e la:,roo11 
wns consider:1Lly grPater tk111 th:lt of the land 
animals studied. As fish forn1 n br:,re st:-iple 
item in the diet of tl1e ~f:w0 lialle;;e. tl1e high 
level of contnmi11:1tio11 is in1port:111t. 

At the end of a 2I/2-mo11th experi1nental 
periocl, the excretion hy the chickens of both 
bet:1 nncl ;!:lllllll:t acti\·ity per '2+ ho11rs 11·:1s :-1 
percent of the nl11e me:1s11recl nt the st:1rt nt 37 
d:lys po::t detonation (Fig. ;-1. l). 

.\nnlysis of pig e:vTcta indicated a si111ilar 
clecrc:-i:;-e of :icti,·ity with ti111L'. In'" (i-11'!.'ek 
_period, tl1e !!:1111111:1 adi\'lty excrt"ted per :?4 
ho11rs dene:18rcl to :ibrn1t :2 .. ~ percent of tl1e nc­
ti,-ity exrreted :it H days post clr·ton:it ion. 

The excreta of the pigs from l~tirik contni1wcl 
less tlia11 10 percent of the grnss i.lfta ncti;·ity 
fou11d in thP excret:i of the pigs from I~ongehp 
at the Sallle time. This rntio of 10 11·ns :1pprnx­
imntely the f'•l!lle ratio found 1Jet11·een tl1e nc­
tiYity of the food, water and soil s:1mples of the 
two locations. 

Radiocltcmira1 A11alysi1; of Tissue< and F.:c­
rretu. Har:iochemic:d :rnalysis of pig t 1s~11es 

indicated tliat <i:2 pe1Te11t of the sl-;ele1:1) brta 
:1l'tivity was <l~ri,·ed frolll .Sr'". 7 pe!Tl'llt frolll 
Bn" 0

, and 10 percent from the rare enrtli ;..::rnup 
at 8:2 dnys post deton:1t ion (T:il.Jlr fi)..;). The 
radioisotopic composition of tl1e min'e :\I this 
tillle n·ns similar to th:1t of the skt·lrto11. Tlie 
distrib11tion of ncti,·ity i11 tl1e l){)dy of 1l1c pi:,r 

soo21sq 

1n:1y repreS('nt the di.~tribution in 1111mnn bein::rs. 
The :d1~ol11tC' arno11111 of internal contnminntion 
in the Hrrn:,rC'l:1p people \\·:1s, howr\'er, only a 
tenth of th;it fo1111<l in the :rnimals . 

. \t 4 11101iths post cletonntion, the alknlinC' 
e:1rths l'Otnp1·ised less thnn:? percent of the total 
:1t'liYity in the clarn (Table 5.10). The ra1·e 
earth grn11p constit11te<l ~:) per<'ent of the tot:d 
L>et:i actiYit\'. The. lxilance of the actiYitY

0

\\'il~ 
c·o11trib11tecl- chieHy by Zr"'· (:21 JWrrent J and 
H11' 0

'
1

'"' (:~:2 percent) .• .\bout .'iO pl'rcrnt of the 
materi:il found in the Yiscer:i of the fish wa~ 
of the rnre ea1ih ;:ro11p. \·C'ry s1nall :11no11nt~ 

of strontimn n11d l.Jari11111 "·en: found. In the' 
ti 0 s11es of tlie fish, strontium, barillrn :111<1 thC' 
1';1re C;\rth!O C'Olltriirnted only aUOllt 111 percent uf 
the total nctiYity. 

5.43 Auroradiographs 

_\. 1111111be1· of nutoracliogt·:1phs of the tibiae 
and fe111urs of l chick, 4 pigs. l rno;,ter nlHl ~ 
chickens ,,.el'e prepn red l1ot h at the CS:\ H DL 
;incl at the _\r;,:onne Xation:il Laliuratory 
(.\ ~ L) to detrr111i11e the p:1ttern of deposition 
of fosion products. Contact printing on X-ray 
llO·ScrC'e I fillll \\'rlS fo1111d to bC:' the most :;ati~­
f:ictory n1('thod of pn·paring thr :rntoradio­
.!..'.I :1ph". The disc11!""ion ;uHl l'011cl11~ions pn'.­
-ented belo11· sum111:1rizt>. the find in;..:~ reported 
11\· :\'orris ( 1 :"1). 

- Tl1e n11to1·:1di(lgr:q>h of a tibia from a chicken 
s:1cTinced :1t 4.'i d:1ys post detonation (Fig. :"1.:?) 

inclic:-ited a 1·el:1tinly uniform distribution of 
tlie oictiYity throughout most of the bone, ,\·ith 
the highest concentration of actiYity in the arrn 
:-idjaccnt to the epiphysis. This area of high 
;1cti\·ity corresponds to an area of dense trnbe­
c11lar bone. 

Tl1e tibia :incl felll\lr of :1 baby chick, which 
died :;po11t:111euu~ly 47 days po~t deto11ation, 
sl1(1\l'ed the he:i,·iest co11c-entrntio11 of r:1clio:ic­
ti1(• 1 wteri:1l i11 the diapliysi,; (Fi~. [1.3). The 
e11cl rP:,rio11,.: of the bonr, which were l:tid down 
:1ftp1 tlic :u1i111als \1·ere re1110\·ed from the con­
t:1111i11:1tecl enYiro11111ent, "·ere n!:tti,·ely ]aC"king 
in :1ct1nty. The rfi!ion of l!re:1test neti\'ity w;1s 

111 tl1e di:1physi~, ,,·Jiic11 appeared to be nb-
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1.1 Nature of rhe Event and Description of rhe Exposed Groups 

FoLLO\l'J:\G THE D£rox.nwx of n n11r.le:.1r de­
Yice at the P;-icilic Pro\·ing grouml in the Sprinf! 
of 1954, significant nn1ounts of ra<lioactiYe ma­
terial fell ·011 neighboring populated atolls. 
The :.\Lirslrnlle'e inhabitants of Rongehp ntoll 
(de:;ignatrd :is Group I) rcceind the highe!::t 
calculnted dose of radi:ition. Some of the 
Rongrbp pE'ople "et'e located temporarily on 
_.\ilinginne. atoll from the time of the fallout 
untir they were e\'arnatE'<l (Group JI). Their 
calculntecl dose was smnller th:rn that of the 
other members of the parent group. -The 
.-\.meric:tn sen· ice men (Group II I) were lo­
cated on Rongerik atoll. The Jn rf!est group of 
:'\far:;hallesc (Group P:) \Yere located on l7tirik· 
atoll nnd ren•i\·ed th<: ;.:mallr:ot cl11se. The :\br­
shallt'~e were Ji,·ing undPr relatiYely primitiYe 
conditions in lightly c<rnstructed palm houses 
(Fig. 1.1). 

The • .\merican military personnel had tlH' 
second highest exposure. They \\·ere more 
aware of the sig11ilic;111ce of the follout tkrn 
were the :.\f:irsh:1 1:cse, :-1nJ promptly p11t 011 ad­
ditirrnal clothing to prott>d tl1rir skin. .\.s far 

as rlut ies would permit, they remained inside of 
:lluminum buildings. In contrast, most of the 
\Ltrshallese remained out-of-doors and thus 
were more hE':ffily contaminated by the ma­
terial falling on the atolls. Some of the 
\Li r;:hnllese, hov>eYer, went sv•immillg during 
the fallo,1t nnd many of the children waded in 
the water, thus ''ashillg a considerable amount 
oft lie material from their skin. 

The exposecl personnel were en1cuatr<l to 
I\:ffajalrin by air and Sllrface trnmportation. 
Since a sun·ey of all in<liYiduals sho"ed th:tt 
there \\·:-1s sig11inc:rnt contamination of skin, hair 
ancl clothes, prompt decontamination wns in­
stit11tt><l. Clothes were remond and Jaullder~d 
and repeated washings of tlie skin nnJ h:1ir 
\Yith fresh water and soap were carried out. In 
many of the \farsl1allesc, it was diflicult to w:-1~h 
the i·:Hlioact j,·c m:iterial from the hair beca11"l' 
of the hc.ny coconut-oil hair dressill;.;. 

Tlie exposure groups with indiYirluals in­
rnhe:d, the cnkuhtecl do!:'e~ of radiation, t~e 

prob:1blc times of lwginning of the fallout and l 

tl1C' n·;1cu:1tion times :-1rr g1,·rn in Table l.J. 

Table 1.1-Exposcd, and Control Unexposed Groups 

I I I 
To L I .4.rrP.r:'IXl~ATt: j 

I :-.· . 1 ~ Tu1 E Of COH· 
IssTP.l"MtST Rt:J.:nsr.s 
L~sro rs Dost C' AL.ct·· 

LATIOSS 

J)[Si £~71· 
)(ATE or 

TO':'AL 
0.i.~.\IA 
DO~E I:\' 
.~JR ( r) 

1 

i~ 'c':;";l"r ! "'';;,.";~~~.~ 0, i Ti><r or E' Acrnw' i 

------ i .---------i-------;----1 
Group 1.-IlongeJsp 6~ I H + 4 to G / H i- .'.>0--hrs --( 16 people) I 375 mr/hrs., H + i - 17 .;--

Group ll.-Ailinginac 

Group I l l.-Ilongc·rik 

Group I\' -Ctirik 

~larshallcsc, Con I rol 
Group A 

Americans, Control 1\11 a­
jalein-A mcrica n 

/ 

hr<. H + 51 hrs. (-l.S people) days 
JS H + 4 to G H + 5S hrs. 100 mr,'hrs., H + 9, 

f hrs. da\'s I 
2S 1 H + G.8 hr~ H + 2S 5 hr•. (8 rncn) 2SO ~rihrs .. H + 91 

/ H + 34 hrs. (20 1ncn) 
1 

days 
157 

1 
H + 22 •hrs Stnrtrd at H + 55 hr•. J 40 mr/hrs., I! · - 8 

I Complrted at H + 78 lir<. 1 days 
11 7 

I ', 
i 

105 

i I 

Totnl f.:.,poserl-2GI; Total Cuntrols-222 
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69 

18 

14 
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EFFECTS OF IOXIZI?>G RADI.UIOK 

F!Gl!RE 1.1-'l'yrriral co11.1tn1ction of tlir .lfan/ialloe 110111('.< lo illii.•lr11tf' l!ir 

cxpc~11rc c11u•o11111c11t f/f tiic .lff!1·8/ial/f'~C and tiir lack <of ~hicltli11p /10111 

f).'lll/111n nrdi11tir111. 



EVEXT AXD DESCRIPTIOX OF EXPOSED GROUPS 

1.2 Whole Bodv Gamma Doses 
.I 

THE EsTDrAITD Y.\LlT~ of extern:<] dose g:i,·en 
in Table 1.1 were ealcuhte<l from readings of 
radiation field su1Tey instruments.· • .\ Yer<1ges 
of a numLer of dose rate me:-isure111ents on eac:h 
isbnd at a gi,·en time "·ere used. The read­
ings "\\ere t;1ke11 in air, approxirn<'ltrly three 
feet nbon ground, se1·E'!":d d:-iys ;ifter the inhab-
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carried out, nor w:-is ib ·:>perating condition 
k110\Y11 to be satisfactory ~ncler the emergency 
condition prnailing at t!:e time of use. For 
tliese reasons the later readings, which were 
higher th;in the early sun·ey by nn anrage of 
50 percent when corrected to the same times, 
were used in computing the doses listed. The 
instruments used for the later measurements 
were r:-ilibrated just p1·ior to the s11rnys. 

OR1Gl'-IAL SOURCE SPECTRUM 

INFINIT~ PLAN(,~
0

1N AIR 

o~~:~·~-L!___;_~_L~__;_---1__!~~~~__;_~==============:t:J:=-_J__J 
0 200 400 600 800 IOOO 1~00 

("4( RGY IKEVI 

F1ct:H~ l.~-Dislri~1111011 of i11/1crc11I c11cruin of ya11,,11a radialiu11 fro111 r11i:rcd 
Ji«•·io11 µrorluct:., a'1c liislu_vra111 of ·degraded r11c,.9i,.,, prod11crd by Co111plo11 

~cnllcri119 al /c1·d uf in/i11ifc µ/a11c S feel in air nuo1·c ur1ifon11/y-disll"i/J11lcd 

Ji,sio11 11rCJr/11cls Jiclr/. 

itants were Hacuatrd. Before tl1is timf.', :ule­
(jll:tfe s11rreys "·it'.1 11·ell cnlil.Jr:1ted inst1.,1n1ents 
h:id not l.Jern pos~ible, :lltliough re:1clin;!:> .Ji:d 
been taken \Yith a single s11n·ey meter at the 
ti1ne of eY:1c11atio11. Ho11e\"C'r, prem11in:1l'y 
calibration of this i11"trnment li:id not been 
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1.21 Characteristics of the Gamma Radiarion 

The fallollt material, wl1rn <lepositell 011 the 
gro1111d, forme<l a brf!e planar source of ralli<l­
tion. The energy dist1·iblltion of the rarliation 
re:1clii11/! :111 exposed i11di,·id11;tl 11·as i11fl11encecl 
hy its pas~:ige thro11gh the intern~11i11g :iir. _.\ 
k11011·leclge of tlie e1H'rgy spectrum of thr rn-
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cli:1tio11 as it ernan:-itecl from the mnterinl itself 
made. possible 1111 :-ippro:\im:1te c:-ikulation of 
the propo1·tio11 of total <lo~" deli1·ered in each 
of se1·eral e11ergy re1Yio11s. St1C'h n calcul:ttio11. 
using speetro111etric d:itn on tlie source 111aterial 
of n1ixed fissio11 products and triking into nc­
c·ou11t this energy dt>grndatio11 Liy C'on1pto11 scat­
teri111-' nlo11i! the pnth in nir, (1) lt>d to tl1e 
clnst>-ellerf.':» histogrnn1 s]1(mn in Figure 1.2. 
Houghly tl1ere 1Yere three regions, 11·itli mnx­
im:1 :-it l!JO, 70ll :incl 1:100 KE\-. The tot:il ex­
posure was thus the re;;11lt:111t effect of partial 
doses from each energy regio11, making the ex­
posme e11erl!.1· co11d it ion sil!n i tic:111t ly di fferen r 
from those of racli:ttio11 therapy or experimentril 
rncliobiolog-y.-

Tlie d:tt:t i11 Fig11re 1.:2 are b:isecl on the spec­
trnn1 of-± cby olcl lls:oio11 prncl11cts from " fall­
out sample. In the al,,;pnce of other clntn, thi~ 
was taken as r~pre~ent:ttin of tl1e fallout 011 
all of tht> isLlllcb to 11·!1ich the incli1·iduals were 
expo~ed. An e11ergy correction factor for tlir 
radiatio11 measurin;_! in:;tr1in1c11t 11·:\S calc11lated 
by wt>i12"liti11g thP do~p frun1 each enerf'._Y inter-
1·;1] by a11 :i 1·pr:tl!f' meter re;;po1i;;e factor for 
that ener~y (2). .-\ geo111etry correction factor 
w;1s :1lso calculated. Tl1e tot:\] correction res111t­
i11g fro111 tlii~ proced111e -.1-a" fou11d to lie about 
twl•1ity pen·e11t. 

l-si11g tl1is correctioi:. the cloo:c- r;\te~ on the 
i.~hild" at tl1e ti111r of .ot1n·er 11·ere detern1ined. 
Si11re raclio:tcti1·e decay of tlie fi~~io11 prod11ct,; 
J1:tcl Ot'C11rrecJ Ut'tl\C'E'I\ the Start of tJic expOS\ll"C' 
:111<1 this tilllr, it "·:1s llE'C<''-'~:ny to obtain a Yalue 
for tl1is cle1·:t:· rate Juri11b' tl1e expo~1t1e perio~l 
i11 order to c:1lc11htr ;1 total dose in each c:1q-. 
_\ large Jll1111Gt>r of rndir,isoto11e~ :1t'l' pre::ent in 
1·aryi11g p101io1t1011s i11 tl1e fi~~i(l11 prod11rt mix­
tun·, and the t1Jtal rate of clia11b'e of radiatio11 
illtell~ity re.~11lting from tlie111 1nay cliller so11w-
1i·J1;it 1ritli ~il:1ce rllld 'i111e. Tlie be;;t dat:t a1·ail­
aul1: in thi.~ case c:tlllt' from fallo11t s:rn1ple~ 

Ltke11 soon lifter ~lir deru11atio11 at points some 
dictance fro1n tl1e conLunill:ited ntolL Deca:· 
r:it1·,; of these sampl!'s 11·erc measured i11 Jl1e 
tield and in the l:iuorator.1-, :111d a f:ti1.·ly co'n­
~i.-t .. 1it pattern 1Yas ob:-ern,d a11ir'1tg 1·:1rio11~ lo-
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cations nncl snmples. In aclclition, theoretical 
consicler:1t1011s ba~ecl 011 the radiochemical c011.­
positio11 of the fallout mixture permitted dec':ty 
rntes to be calculntc-cl for different i11terrnls Ll·­
tlHen the time of initial exposure and later sur­
vey readings ( 3). These agree well with the 
experiment.ti data, and were used both in the 
dose cakul:\tions during the exposure interrnls 
11ncl in extrapolating the hter su1Tey reading:; 
to earlier times. 

1.22 Duration of the Exposures 

The time of evacuation is known arcurately 
for nil the i~l:tncls: howen·r, the time of :-irri\"ltl 
of the rriclioactin cloud was determined pre­
cisely OJi!y fo1· Rongerik by me:rns of a conti11u­
ou~ly recording dose rail· monitor located at tl1e 
weather st:1t1011 011 th:it atoll. As tl1e radiation 
intensity rose abo1·e the background, a matPri:il 
with :1 mi~ty nppearnni:-e beg:1n to fall. Tl1l· 
ti111P,; of begi11ni11g of fallout f<ir Rongel:q1 nncl 
"\ili11ginrie atolls were estim:ttecl from similar 
1·is11al 0L>~en·atio11s. These estimates ,1·err ron­
siqent wirli the relfltiH dist:rnees from the sitr 
of cleto11;1tio11 a11cl the known wind Vl'locitir~. 

F:tllout \\":JS not ousenecl on t"tirik, hence the 
e~rimate of :\rri1·al time 1\·a~ n1acle on tl1P ba:;i,; 
of wind n)ocity :incl clist:tllCt'. 

T"·o Pxlrenw pos~il;ilitic:~ exi!:'t relatin· to till· 
clllration of the f:illollts: the fir.-r, that thl· fall-
011t or-ct11Tecl e11r irely 1\·itliin a short ti111l': tln· 
seco11d, tl1:\t it 11:1s 1-'r:tdu:tl :t11cl extencled over :t 
longer pC'riocl. The mo11it0ri11g in!'tniment on 
Bo11gerik 1\e11t off sc:tle :it l!Hl mr/hr, one-h:1lf 
]10\lr a ftrr the do~e r:tte be;.:a11 to ri.::e abon.: 
b:1d;f.:1·01111\l. If tlii!:' r:l!e of increase i;; taken a~ 
C(i11q:111t. a11cl i~ exrr:tp•il:itt'd to a point for 
11 hi1 li snbsequellt decay woulcl reduce the do:'l' 
r:tte to the 1·:tiuP:' fou11d :it later times. the :t;-­
St1lllpt ioll of :t loJJg fallout of about 1(; l1ours i:; 
follnd to Le nece:;s:try. This slO\Y rate of fall 
and l:tte nrnxim11111 time of do;<e rate 11·as 011r 
li1niti11g c:1~e; ho1Yel"f:r tl1is .sit11atio11 11·as not 
rn1tsiderPd likely. Existi11~ data are i11co11clu­
siYe, but se1·ernl i11rlicatio11~ faYor a shorter 
'·efft'di1·e f:tllout ti111e ltypothesi~ .. a11d nre su111-
111a 1·ized },p]o-.Y. 
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a. The estimatco durotions of fnllout which 
result from the nboH r:-.:trnpolotion of initial 
fallout rote for Group I and III apprnr loo 
long t-0 hn.Ye occurred at the rlisto.nces of 
these people fro~ thl' shot island, since the 
wind nlocity in the area "·us high enough 
to moYc the doud owr thr islnnds in a 
considerably shorter time, as littlr us one-· 
hnlf of the nbo\·e indieatrd time. 

b. The-Recounts of the Yisibilit:· of thr follouts, 
although conflicting, do not indicnte such 
latr crssation. 

c. Dosc:s culc.uloted 011 o long f1dlou1 ronstant 
rate of increase liypothrsis arl' lower than 
those duc- to n short fnllout, since a short 
fallou! quickl:· deposits 11 lurgr nmount of 
ncti\·it_,.. For botl1 fi JG ho"11r and 8 hour 
fallout ossumption, n doo:c rnlur \\·as esti­
mntrd. The r:rngrs arc then os follo11·s: 

Table L2 

UtJ~f IS r 
~,Lt•)'·; T1,1r 

1 r: l.r 8 !ir 

Ro11gt·l:tp (Group 1) ...... : JSO r 2(J'I r 
:\iiiri,;in~t· (Gr0up Jlj_ 72 r \l'.? r 
Roi.gt·rik (Group JI J • _ ;or JOG r 
l"tiri~ (Grut".J J \') __ .. 12 r 15 r 

On Rongc·riL (Group JJT) fl ~rl of film bndgt· 
n·adings were obt:iinrd 11·!1ich constitute tl1e 
only direct cYidt>nce of tot:il dosr Sl'\·crol 
budgrs worn both outdoors r:nd imior lightly 
constructed builrlin[::S .on the islitnd rcnrl 
about 50 to G5 r, nnrl onr badge which re­
mained outrloors O\·cr the '.?S . .5 hour prriod 
read 9S r. \notlicr group of b:iclg1's, krpt 
inrloors i1Jsidl' u sl<·el rdrigrrn tor, rend 38 r. 
Thr5r close ,-,1luC's rrpn·51•nl fl nHi1•ly of 
conditions, Lut. co11<:ickri11g 1lir sliirluing 
and nttl'llllfltion f11ctors. nrl' co115i:;trnt \\'itli 
the nssumplion tli:Jt tliC' do5l' ouls1ilf durir1g 
the first 2S.5 hours nftrr tlir lil'ginning of 
!lit> follout <·orrrspondr·d to 1dio11t J 2 hours 
of ro11stnnt fnllout. 
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rl. For Utirik ntoll Group IV, only n fullo11t 
timr of nbout l'.? hours or lc·ss is consistent 
wi!h tlir latPr dose rates obscn·cd, pro,·iclrd 
the fallout actually begnn as lute as was 
estimated from wind nnrl distance factors. 

e. A long fallout probably would not be uni­
formly lira\·y throughout, thr first portion 
being tl1r most intrnsl' nnd thr balnnre dr-· 
rrcosing with time. The totnl phrnomrnon 
\1·ould thus tend toward thr e!Trrt of n 
shorter fallout. Tliis is supporll·d by molli­
tor rlutu from other nurlcnr e1·cnts. whC'rl' 
initially hcaYy fallout is reported lo produc-r 
a penk of air-borne rndiouctil'ity soon nftrr 
arrivul, with thr airborne urtiYity lr\·cl thrn 
decreasing. The lattc·r pnrt of tlH· fnllout. 
though still drtectnLlr as dust, may thc·n 
produce only u smnll frnction of tlie totnl 
dose from m1tll·riul on thr ground. Hencr 
the lotal Jose mn~- be rstimotrd fair!.\- a<:­
c11rntel:· b:· assuming a constant f:Jllout to 
linYe brl'll complrtr in n much shortvr 
"effrcli\·e" tin1L'. 

Tl1e do~t' \·alt11:s giYe11 in T:ilJle l.l, bas.eel •Jll 

fil1n badge', llleter anrl monitor cbt:i, nre con­
~iqcnt \>ith a co11~t:lllt fallout hypothesi~ uf 
about 1:2 hou1·s eflrctiYC tine." One exception 
i;: Jll:tdc: tlie do.0 C'. \·,iJues for GroupJIJ nrC' :11.10111 
/j prrtellt of tlic J:! hour fallo'11t \·:due, il\·ern;,'.e<l 
for :?S.:, :ind 34 hour expo~urrs. Thi~ w:i~ felt 
to npress 1nost accur:itely the :ncrnge :iir doce 
receiYed LI' pcn;o1111rl 1Yho ~pC'nt roughly half 
thrir rillle ·inside strni::turPs 11·herc the dose rate 
was later fonnrl to be rough!~· half th:it out­
doors. 011 the other i~l:rnds such shielrlinf: w:F 

not arnil:1ble. 
Fig11re 1.0. illnst rates the rn11rnl:itio11 of 

r:1di:1lion clo"e ns :i funcl ioll of time after deto· 
nation. The dose r:1tc Y:1rird co11t inuou::ly. 
The 1najor port ion of radial ion "·as rerei1·cd at 
the higl1rr clu~e rate pre1-:1ili11g i11 thP early pnr­
tio11 of tl1r c·:-.:110' urc· prriocl. By tltr timr tl1:ll 

"'l.:-:i11;: ]:; J11111r!" ac-ln;ill.'' n•s11ll!"' i11 \·:l111t·~ \\"hid1 :1r1• 

lli~l1C'r Jl,;111 Ill<•"~ to( T:ildr J.J hy ;) I" ll r, T:tldt' l.1 

li~li1ti..;: rlll' Y;\]\l(·:-: c-:1l<:ul:1t1·<1 l1~fun· all :-:-pt-ctruni cl:11:1 

w11:-: .1Y:iil:tld1•. l"11(.-1~r1;d11t~· i11 :di the inf,1rn1:1t1011 i"': 

i:r\':1Jt·r Jll:lll tl1i' diffrr<'lll"<'. \rhich i.' JH·i;l~ci~d. 

__ ., _____ ___ 
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90 pncent of the dose had beell received. the 
closP rrite had fallen to Jess tlwll 40 percent of 
its initial vnlut>. Thus the clo;,e rate rilso dif­
fered frorn the usual constrint rate in the 
laborritory. 

the close :it thr center of the body is approxi­
mately 50 percent higher than would result 
from a given nir close v•itli narrow beam geom­
etry. Figure 1.4 illustrntes the deptl1 dose 
cune from an experimental situation usrng 

EV.O.CUATION 

150t-~~~~--~-!-~~~~~~~+-~~~~~~_J_~~~~~-...,e__j_~~~~"-T_:._~_1_H_R~~ 

w 

"' 0 
0 

TIM[ AFTER H·HOUR (HR~ 

F1Cl'kf. 1. l-7 lir accu11111lr.tio>1 of oam111a do~c a~ a function of timr nftrr 

c0111111c11c.r111fnt of fallout 011 Ro11gclap atoll. 

1.23 · Gtomerry of rhe Exposure 

In addition to tl1e close rnte nncl energy clif­
fere11ce~ tl1e geollletry of tl1e exposure to fall­
out radiation is sig11iiic;111tly cliffe1e11t fron1 the 
usual lahf)ratory source::;. .Since fallout rnclia­
tio11 is dtdi\'ercd fro11: n pla11:1r souree thP usual 
11;11Tu11· bearn geometry is not itpplicablc. In 
suc!t a di tluse 360° fie I cl, the decrease of do~e, 
\1ith cleptl1 in tissue is le;;;, pronounced than 
that re:;ulting from u bilater:tl e:qJo;;ure to an 
X-ray lieam beruuse falloff from i11\'erse S(jtian· 

is ir1 etl'l•ct neutrnlized. For tlie sarnl'. energy, 
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spherically oriented Co00 sources with n phan· 
tom pln('Nl nt their center, comp:uecl "·itlt :i 

conHntional bilateral depth dose cur\'e ob­
tained \\'ith a sillglr source (-±). In the latter 
case, the air dose is usually measured at the 
point sub~equently occupie<l by the center of 
the riroxilllal surface of the patient or animal 
\\'ith respect to thP source. For the field case, 
all surfaces are "proximal," in the sense th:i.t 
the air <lose rneasurecl anywhere in the space 
sul.Jse<J11e11tly occupied Ly the inc!i,·iclual is the 
sarne. lt is this air dose which is measured 
by a field instrument; it does not bear the sarni' 
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relationship to the surface dose and depth dose 

l\S does the air dose measured in a "point source'' 

beam in the clinic or lahorntory. It \\'ould 

nppear unde.r these circumstances and in most 

experimental conditions that the midline dose, 

rather than dose measured m air, would ht! the 
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4r. EXPOSURE, 
MANY SOURCES 

r 

source .. bt!am air doses "·ith comparable bio­
logic effect are obtained: 

Hongelap. Group ·}_ ______ _ 
"\ iling-inae, firoup IL ______ _ 

Honge1·ik, Group III ------
rtirik, Clroup n· __________ _ 

260 r 
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1:"20 r 
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BILATERAL EXPOSURE, 

DIVERGING SOURCE 
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DEPTH DOSE DISTRIBUTION IN CYLINDRICAL PHANTOM, co60 FACILITY, (NM RI) 

Fict:RE l.4-Co1nµaritot1 uf depth do~e curvo in 111d&V11itc 1Jila11lolllS fro111 
bil<tfrrn/ r:r.po~ure to 6 tinf)lc JIO"il iou1ce, and tirnulta,.eo113 crpo~11re to 

multip/P ~01ercct 1citl! a rphtrical dietri1mtior1 uroirnd !lie phanfo111. 

better co nmon parameter in terrns of which to 

predict biologic:il effect. On this assumption, 
the air dose Yalucs st~ted in Table 1.1 should Gc 
multiplird '...;y :1pproxim:dp]_y Li in order to 

c·ompa1·e their effects to those of 
1
a giHn air 

d f " . .,b I d ose rom a point source eam geometry e-
linred bilaterally. If this is <lone, ass11111ing 
a fallout of l:? l1oui·s 1 the following "point 

381712 O-cG--2 
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The geometry of radiation from R fallout field 
is not identical either to the geometry of bi­
lateral point sources or spherieally distributed 
sources since the pl;111e source delivers the radia­
tion largely nt a grazing :rngle. Howenr, tlie 
total lield situation is better approximated by 
solid than by plane geometry. Exposure f!eom­

etry in a radioactin clo11<l woulcl be spherical. 
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1. 3 Superficial Doses of Radiation 
From Bera and Soft Gamma 
Radiation 

TnrnE CA:-; RE no doubt th:it the Jo5es of rnclia­
ti011 to the surface and the first fe\r millimeters 
f.f the body wen· substantially higher than the 
n1icl-line close of gamma racliatio11 as a result of 
physical considerations of g»1mnia energy ancl 
depth dose. Iii Rcldition, the clinical observa­
tions of the skin lesions (see Chap. III) forr.:e­
tully clemonstratecl that the dose to the skin 
ni.riecl consiclernbly betn-een incliYiduals and 
o~er tl1e surf~ce of any gi,-en indi,·idual. As 
mll become e,·ident in the follon-i11g discussions 
of surface dose, it is obvious thrit any numbers 
presented are at best only estimates and reprP­
sent Rn approxinrntion 0f some minimal Yalue. 
In areas "·here lesions "·ere sen-re the doses 
must ha,·e been sil2'nificantly higher than in non­
clamug:ed areas. 

To arriYe at some pliysic;1l estimate of the 
skin dose, nn nttempt 1:rnst be 111ncle to uclcl up 
the contributions of the hi~lt energy gnmma. 
the nry rnft g;rn1mn, nnclJl1e higher ener<r\· bet:i 
radiation from the l:1:·ge phn:ir source inc~1·hicl 1 
tl1P i11cli1·icluals "·ere of 11ece:osit,· existi11" 
Hci\\·e1·er, :is nlluclecl to nbo,·t' nncl ~mp-lrnsiz:Ci 
111 Ch:iptn JlI, the brge::t rornpone11t of skin 
irradiation re:-ulted from the spott1· lorn] cle­
po~it~ of fallout material 011 expo~Z.cl surfoC"es 
?f :he body. Tl1e close from deposited mnterial 
is tlllpossible to estimate: ho1YFer. t'!tat from 
the large plannr source m:1,· Lie ro1w!th· esti-
rnntecl as follun-s: . ,,.. . 

Tl1e betil do~e rnte in nir 3 feet nuoYe the 
s11rface of illl infinite phne contnminated witlt 
mixed 24 hour old fissiu11 products is estimated 
to be about three times the total nir gamma close. 
Tlw mid-line gnmma do"e is :1pproxim;ltely CO 
percent of tlte a1,- close remai11in.(! nfter exclud­
i11g th:it port ion of tlte cl11;:e !.xoluw 80 EY. 
This port.011 in turn is eqilll:itecl •o lH: 40 prr­
cf'nt of tlte gnn11nn clo~(· measured in nir l1y tltc 
i11strument. Thus the do~ :it tl1e s11rface-'of a 
pl1:111tom exposed to 1nixtd fission prod11ct 
1·;1diati011 from an extern:1I pla11t> sourc~ 1111 n-J,t r-
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be expected to be 3/ ( 0.6) ( 0.6) or n bout 8 ti mes 
the mid-line dose, if both are taken at 3 feet off 
the i:rou11<l. Sueh n depth dose me;1snreme11t 
has in fact ?een made experimentally nt n previ­
ous t_es.t,. l!Slllf!' n phantom man e::cpo;;e<l to both 
the 1111t1al and residual radiation (5). The 
depth doses for ench situation nre shown in 
Figun: L'i, -r.·ith all datn ns pereent of the 3 centi-· 
n_1eter dose. ·n-ith the <li,·erging initial radia­
tion from the point of explosion, the nit dose 
was seen to be 63 percent of the 3 cm. dose. but 
with _t l'.e <li tfuse residua 1 field of fission products 
proY1cl1ng a semi-infinite plnnar source, R sur­
face dose some 8 times f!'reater than the 3 cm. and 
deeper dose from the hnrder gamma components 
n-as obsen-ed. This is seen to be of the same 
ord~r of magnitude as thnt estimated nbove. 
At heights nbove and belo" the 3 foot lenl this 
surface dose \\OUld become lo\\'er and higher 
respect inly, but since it is clue to soft radiation 
of short range, it prob:i.bly 'l'l"ould not e::i:ceecl 50 
tirnes the 3 foot air gnmma dose or 80 times the 
midli11e dose. Hen in eontact "ith the (TT'Ot1ncl . e . 

An estimnte of skin dose clue to ground contami­
nation for the Rongelap case 'l'l"ould result, for 
example, in a figure of nbo11t 2,000 rep at the 
le1·el of the dorsum of the foot, 600 rep n t the hip 
leYel n11d 300 rep at. the head ii co11tin>w11.< ex­
po.~urc u·itfi 710 sfiieldi11g OCCl/!'l'ed. rnk110wn 
1·ariatio11 in close uncloubteclly resulted frorn 
shielding and moYe!llent. It thus seems proh­
nbll' that the e::i:ternal bet.1 <lose from local direct 
skin contamination far out\\'eicrhecl that from 
the ground in importanc-r, sine; the latter wn~ 
not high enough to procluce the obserl'ecl lesio115. 
Clothing probably reduced the betn dose frolll 
the ground by 10 to 20 percent. 

1.4 Summary 

HAoL~TIOX D11sr.s from <•ammn l'!l\'S ori"inatirl" '="' .. r- ( ~ 

externally were calculated for the 2GT ~ncliYidu­
::ds who 11·ere accidentally .exposed to fallout 
folloll'iug the 1iuclC':t'r detonation nt the Pacitie 
Pro1·i11g- Gron11cl in the Spring of lD~>t. The 
dose estimations ,,·ere mncle u;;i11g informntio11 
res11lti11µ- from ratliologieal safety s11rH_1·s 011 
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I 1 

the :ttoll~. :tJJd o]H'ctro111rtric :ind r:idiocl1t·111ic:1l 
d:1ta. Tlir :1ct11:il luy:1tio11 of the radio:1dil'l~ 

f:tllo11t" 11·;1s nnt k11cJ11·11, :111d tl1e ,·ali1es for 
le11gtl1 of e\[W:-,11re 11·nc sulij1C<'t to 11111·eytaintics 
in the times at 11 liiL·l1 1l1e f:illouh lw;..::11i. .\. 
r:1nge of po;;,iJ,Jc 11 l1olc body ;..:;1111n1:1 do:--es 
11·:1s cak11l:1tec.l, :111<1 thC' 1·:ilu:•s considrrrd to Le 
1110,t prol1:1lile :II(' prt''('ll1Cil ]J1Jl11St' gl'OIJ1('(1'_Y 

fro111 the> ~r111i-i11li11itt· pla11:u· !"011r1·e was Le>­
lieYed to illl'l'C'asc the biologil':il 1'1l'Pc1 uf thl' 
whole body dose rxpre>""ed as :111 ;1ir do,..r. co111-
p:ired in tl1e gennll'try of the usual X·r:1y ex­
po,.;1irr. Soft. ;!:t1n1n:t :111rl uet:t 1·:1di:1tio11 fro111 

fallout 011 till' gro1111d :ind esp<·L·ially on !ht' 

skin i1q•Jf n'>:'llted in ·1 "11pcl'liL·i:il cl<•"<' wl1i1·l1 
11·:1s high P11ou;.:h lo prod11l'e le~io11~. :\o q11:11!-
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titati,·e dat:l ''ere nnilable on the het:\ radia­
tion inte11sity frorn either the sk111 co11ta111i11<t­
tio11 or from the irrou11d, I.Jut a rouf!li estimate 
of superficial doSE" from the latter "''s 111r1de. 
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