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ABSTRACT
A weport Ls an aoirads e finadl Ydrort of Project W1,
wiebabion CALTLE, Tts o v rayusical fastors
. N . 0 - - + o~
and ~'J-Js‘:1~".:‘y af dae sstenda D1on the fiest
chen af O,vratron LANTLE,

Data =as sowirisad from fleld Kadioloyical S foty ourveys

ard P‘{.‘-‘!_:_ﬁ'..l b o5

Gras byl
vroand other factors onoun av
25%imat s Wad cons i
vy alstoiation ~f Ve desa

and the effect of ALftass rxuree=oo metry

relationahipn wie

considered, oo -.'x’i' eral

- e
redinilon were

alao connl

crvnued an iuL'..‘.ﬁl

erlary Lrmiertine
‘,’Jm\,t, thsoanont nave Loen ancwritain, Mook ol
ratiaer tlia wxact,  hedower, a fairly consisten

gcarana dosage wag poswilble, although the que .\‘CLO" o :
remalns mostly unanswered, It has béewn asswimod that no significant
neetron or aljpha particle exposurs occurred, Iatsrnal doces fran ine
holed or ingested material and the blo-madical aspests of the incident
bave been discissed in other CASTLE Project L.l reports,
3 P
It was concluded that: (1) the AN/FUR-39A %q_mm a correctlon
factor of about plus 20 percent in dose-rate readings wmade unier the
conditions dezerilbeds (2) docay of the rvadigactivity of the fallout is
) 2 S
believed expressilde Lr the factor of T-9+33; (3) the exteinal gasma
. H &
duse was dalivered primarily radiatisn eargies of 100, 700, and
I ¥ b ’
1500 kevy (L) the beta dose was dellvered by beta :"xd‘atxon of maxinum
energlas of 0,3 and 1.8 Mev, mestly tioa fallout depusited on the skin
1tselfy (5) the sxposures cccurred beteosn 4 and 73 hours after the
detonatioa = ths follouts were prebably of 12-haurs duratiun; (6) dif=
fuse sourca geerietry increazsad the midling dose

22520 PRV 1 04 £

Ly aboub SO percent
capared to the midlins dose which would have reszited from a hilateral

narrTow tean eaposura of the same alr-dose; ({') error in tha estinates
is t;elieved to bu less tran SO percents «x:«i (3) total alr garema doses
were cstirated as follows: Pongerik, 80 rj Roengelap, 182 r; Ailinginae,
81 r; and Utirik, 13 r,

e e
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FOREWORD

the r=sults of the
Toeran of Operatlon
.cnh test information,
nander, Task Unit 13,
'_m‘l,uuus the following

-

a detonatlen, including yield,
m:.uuuiblu'.‘, aubiizutl

ta, for the ojaration,

objectives and rusulits,
covering o Military Ef-
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CHAMIZR 1
INTRODUCTICN

Tha £ailout an the Marshall lsland atolls of Mongslap, Weagerik,
Altinginaa, and ULiriX {rum the first shot of the seriss beplining
1 March 1954 creatv:‘l an initial eascrgency during which the gathering
of data was of secondary Liporvence, This fundamental fact has vresili-
od in uwncertainty in all atliempis o reconstruct the clreowmstances of
the event, Calculation of the citernal dosey recelved by bhe exposad
individuals hag required thab avallable informatlon be muppleicnted by
agmaaptionsg,  Mech ol the Wnfaraalion itself was necessarily wmore in-
dizative then ecact, In splte of Ltrece dif chxxxtxeu, the coeperation
af many individuala and groups mads it possidle to develop w fairly
consistent estimate of exteimal gamma dusage, aslthough the question of
bota exposure must ronaln m. "‘v unany veJd,

It hag been assumed that no sipgnificant neutron or alpha particla
oxposure occurred, Thus, the main consideration in this report is the
total body ganma radiaticn exposure, Internal doses from inhaled or
inpgeuted material have teen discussed elsewhere (Refevence 1),

‘Data which fomm the rasis of the analysis were furnished by sever-
al sources which are listed in the References, These represent
measursmants made both in tha field and in the laboratovy in the poriod
{mmediately following the exposure, Later information has also been
included wherever it was available, 4 summary of these results appears
in Refervnce 16, which covers the biological and medical aspects of the
incident,
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CHAPTEIR 2
FIELD DOSAGE DATA

2oL EARLY LATA

when the exposticees Lecang no nonlloring ;\r' soonnal were in the
vicinity of any of e containated 13lands, One of the first indica-
“ions of a fallout was visuel, when a cnow-llee naterlal
L the adir on cach of
watinn, nl'noub'., contit

w48 obcerved
o ixlands. The reports on the times of cbser-
ctiag, nerve o estabiish Wie time of arrival

) ey d Ve

[N

o8 the cloud atl eac , excwpb at hoengeor i (s ’i}m' tar 6). her
fir den adiation ficld wus ob rﬂ.‘d when & low=level
wring lostruacnt zt the wedther :;mti::n began to
i [ f mulc al 100 me/br at approxizately 3 + 7.4
hours, 3! s#ta the readings of this invirmueent during ths
half hour praceding this tine (Rui‘er\t-nce ). "")‘ose data are the only
information ava Uahle on the inltial rate of increuse of pamma dose
rata on any of the islands,

&t the tima of evacuation of the millitary personnel from Rongerik
on 2 March aud the Marshaitese from Rounpelap, Allinginae, and Utirik
on 3 March, dose rate readings were made on each island, This was dons
with AN/PUK-39 radiation survey meters which were availatle at the time
and which had not been calibrated teforehand., Their operating condi-
tion was not known at the tine of use, The readings of these instru-
ments are given in Table 2.2, and constitute the earliest data on gamia
doge rates in any of the areas (Reference 3),

™
~
s

XPOSURE CONDITIONS

So far as is know.a, the individuals exposed on hongelap and
Aflinginae remained outdoors and had no access to shelter of any kind
on the islands, o maasures were intentlonally taken o protect the
sikin, but clothing was worn to a degree sufficient to shield from most
of the deposited beta activity, In addition, much of the fallout skin
contanination was removed {rvm scme individuals, as a result of their
swinning and fishing in the lagoon at the time, On the other hand, the
beavy coconut oil halr dresuing used by the Marshallesc tended to con=-
centrate radioactivity in the hair, The surface contanination on the
round was apparently fairly ualfors over the Lslands, so that the cal-
ulation of average gamma doses fron thie scurce appears justifled,

()r,

% 10

U
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TABLE 2,1 - Radiation Intensity at Rongerik
During zarly Fallout (Shot 1)

Time after H hour Gag-:a Dese fate
(hr) {(mr/hr, background)
b T e T T T T LT I LT L L I ST T I e Pl i ettt gru gy = ——
6,5 (13L5 1 March) o.03 |
I
6.87 0.13 |
i
£.91 0.7 }
6,95 2.7
7.04 3.6
7.12 10.5 !

-3
~-

(@]

o

<

7.29 60 1
S R
TABLY 2,2 - Early Dase Hate Data (2 o 3 Harch)

T o N
Island {Time after H hour (hr) | Average Dose Rate (mr/hr)
Rongelap H + 36 o 1502 - T
Rongerik H + 28,5 20CC
Ailinginae H + 58 Lis _ {
U tirik H + 55 180

On Rongerik, the exposed individuals recognized the nature of the
fallout, put on protective clothing, and took advantage of the partial
gamma shielding afforded by Dutler-type Muildings in the arza, staying
indoors as far as rossible, The radiation dose rats cuntercd Yy an
individual on this island thus depended on his whereatcutls and protab-
1y varied by a factor of two between maximum and ninimun values in
different areas at a given tire, The estimatlon of d:cse received by
any one individual of the Rongerik group was thus sudlect %o consldar-
able uncertainty, since no casplete record of movements was kept,
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However, a picap of filn 'au-:»ae Acaiu* tliined covering a
range of values wnich vi.icd with wnroen a3 {Hetarence 3),
Tress readings are suiarized in fu.Le 2,3, Seweral tad_cs wsrs worn
both outdoors and indoors. Uae : ohorezained octdoors over the
25,5-hcur exgosure resched the wpper 1imih of €3 r givea in the table,
Saveral otir wedomse rept insice a refri T
value of 35 r, Siin conteiigabion in
have bean mueh reduced Ly Lhe proats.

i
&

ing beta doles appiarsd alicicelly

the other yroups,

4t0r indcors pave the lowsst
.a:.,_-—uik ‘r up a"-’ared to

taken and the resulte
leurly lower than in

2.3 LATER Siikiirs

Puring the periad 3 to 11 Hareh, wore extendsd sarveys of each of
the fslands were wade by a wonitoring tewn sguipped with five AN/PDR-39
instruments (Rofervnaa W), Tuepty-foup hours previous to the departurs
of the mrvs party, three of Lhe instruments were calitrated on an

B0~curis Co™ source and cross chesked at 0,320 »/hr, where they were
found to bte in close agreement, Using thess ir..stn'muts, measuremonts
were made in the inhabited arcas of all four islanda at walst heipght
(approxilnately 3 feeb above ground;, Tablle 2, is a swanary of these
data, Since these later readings were made under ‘or*t,ter controlled
conditions than the emer ency surveys at the tlmes of cvacuation glven
in Talle 2.2, the data of Table 2. wepre taken to L tle Lest measure-
ment at a glven tize of the vamma duse rates in alr and were used in
the calsulstion of the total axterral caina dose.

No infomation existed on the (‘Luutl?j \.1 teta contamination on
the skin of any of the expused tniividuals, Ffurther, no experizental
data allowed any reliatlo calceulation of t e bom dose rate to an
individual fram fissien products on tha grovnd, Thus the only basis
for any estirmate of axternal teta dosae wai data from other fileld
tosts and fallont meastvesents, “his guestion lg discussed further in

Jque

Chapter b, and a rough estinat: for possible beta doge froa tho ground
i3 mada t re,
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TABLE 2.4 - Later Dose FRate Data (8 to 11.March)

———

Location

Rongelap:
average
maximum

23 point in village

Rongerik:
Faverage ontdoors
*-axLium outdoors
PR IR A

Ailinginaes
average

Utiriks

averaga

]:’ Tine after H hour| Avg, Dose Rate
- (cays) (ar/br)
H+7 3175
150
H+7 280
d + 10 170
H+ 9 280
300
H+9 100
H+ 8 Lo

¥Dose rate inside stiuctures found to be about % that

outside,

13
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FALLOUT CHARACTERISTICS

(%
.

-
)

Lo DORNTAL TATA

In order to calealate a total g -a dose rucelved by an indivi-
dual in an area whevs doss rate was reasured &t a glven time, a value
for the rats of chaneo of radiatien intensity during the ex;osure
perled must te assuneds The latter quantity has often been ajproxd-
mated using the wall Wnown Wiy-simar \t“L-‘) cuc,a,/ law, \‘n this casge
howuveT, L% was Lrown ot lare wrcunts of ";p"j() and "”-“O wora to e
evpeatsd in the (allont of the 1 arch shot, naking its e.uulj dacay
ehaructoristics as we!l @5 L5 eroryy spectirmm somerhat diffurent from
thosa of previcus detoratlions, It was therefors decilded, that the
value of decay rats asswaed to exist during tha exposures should be
based, as far as pwscible, upon experimental data fran this tost,

Unfortinataly, no decay rates werz followed closely in any of the
imaediate areas whers the exposures ocon "‘ed and it la known that the
radicchanical caaposltion and decay rate of ‘he fiSfim jroduct mixturs
usially vary both with jlace and time, However, carly docay Talss in
the Bikini lagoon itself had been measured in a seriss of fallout
sanples taken at oiwer points nearer ihe site of the detonatlion
(ieference $). Since these valuos were the best dats awailatle, they
were used in the caleulations ond were asswaed to hold fer the fallout
on aach of the islands,

The early samples chewed a consistent pattern among various loca-
tions and a decay exporent {n) of tetween 0,8 and 0,9 in Egquaticn 3.1,

A= t\l( u/ l) n (301)

wheres A= activity (d/m) at time t,

t.

This decay exyonent {n) was found evperizentally to £it the data
for the jeriod H+ 5 to H + %0 hcurs, The cbserved values are given
in Refercrce S,

3,2 CAUICUIATED LECAY RATES

priyared witd, calculated values tased on
0"y, eyns fallout mixture, The calcul

These decay rates were 5
» (23
.1ticn that the relative abtundance of N

¢
tta presence of lp-27 and !
ticns were made on the acsu

W

it F i Larptpl i e
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hours after detoraticn
ul s 2.7 d/m per 1ok fis
f‘a) i‘quued the inte‘-‘ all

13 &/m per 1C% rissions fei
i"j followg frerm a C3~\,Llat€ nE.tlon ¢
in the §2-2 tamper,

Using the ral®elife of 2,33 t:rs for lp-/9 and 1l for U2h0 ang
cenbinine trece cata with thass 2o e totzl rate of decay of tho fis-

cien produclts ag asfirad dlend, 3
3
B4

J,_a value of Np239 activ-
caure~te-£fissicn ratio of 0,73

e, ctal actividy curve was calevlated,
illustratod in Fiur- 2,1, 2t is seen that 1 decay rate cxpo-
of 0,83 belmcen Y v 4 ana £~ 23 s; of 1.1 tetween H 4+ 23 and

neurs; sad = 1l days tits these jor-
the curve, surea decay rates thus
with ctler ¢ oh Airiny UWe éXpuocin aid
strvey periods,  Fi dosape caleulations, The
effecc t, on dugiye of reeulting from this r,u..;x.xuition

is discusned in \'““‘L‘ or }&.

15
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CEAFTLR L
GAMMA EMERGY-DOSE SPECTRUM

L.l BHOTON F1EK SPRCTRIN

The £31lont matoricl deposited on the pround jproduced a larce area
rlang cource ot radiatisn, Fefore a toltil pwvra dose could be caleoue
lated, it was'nmecesrary U correct the dose rate mwadings in air taken
with the survey ins'aiurents with *the neter resperse factors found to e
-necesuary for dif ferent snorgy regions,  Further, to estirate the ais- )
ritution of doce wiih depth in tissue requicrd o knowlede of cneryy
gistribution of the incerine ux in a glven evjosure gesmetry,

For & source ag large o5 thecze falloat fields, thig ener,y distri-
tutien will ke a functicn both of the original scurce eneryy and the
erelryy desgrsdation effect v .
cf evaluating the latier, due mainly to Compton scattering in
air for the fission product vneryy recien, has Lecn precented in
Reference 7, This technique was empleyed here, Energy spectra of the
CADTIL fallout itself hias bLeon measured with a scintillation sypectrome-
ter on a series of cloud samples as early as H+ L days, The data have
been published in Refervnce 8, The preliminary data on the earlicst of
these, a 9L-hcur-cld cloud sample, were used in tie calculations swm=
marized in Feference 16, Thece are given in Table L,1 (Leferesnce 9),
This 9l~hour sample from Shot 1 represcuts the clocest apprcach to the
actual time during which the exposures occurred,

After the conclusion of the test series, analysis of early data
from otker shots contlmued and later sjpecctra forr all shots were ana-
lyzed., Mone of the other spectra are for times as early as H + 9L hours,
For the later detonations the proportion of p2S9 (average garna .ener=-
gles Bl = L3 kev, 40 percent; Ep = 105 kev, 1L percent; o3 = 53 Kev,
L2 percent) in the fallcut samples was found to be much higher than
that given in Table 4.1, An extrase care, for cxample, 1s Lhe date for
Shot L on 26 April at H + 5,3 days which is given in Talle 4,2, Here
tte low eneryy portion of less than 100 kev was measured as &0 jercent
of the total yhoton flux, Two later deteimirations on ancther Shot 1
sarple (1-L, Tatle 3 of Hoference 3) sfow these low erergy proportlicns
as 55 percent at {l + U.l days and SL percent at H + 5,2 cdays a3 well
{Tatles L,3 and L,b4). Later data thus tended to show that the initial
estinate of low ener,y rsdiation was low, Hence, revised estirates of
the total doses will te prosented herc on “he basis of the additional
data for which the counting statistics were Yetter than on the Shot 1,
i + 94 heur sarple, These cpectra, it must be emphasized, are for

4 el e vrand e oo~ B Vg |
2 nerey o W0 A..'-Cr‘._m;c) Aiie ~n NG LIoQ
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sanples taken socn after the detonation in the cloud
distance Trom the ztolls (Leference S), Again they r
cata available ard, in the atsence of contrary evidence
taren as typlcal of the fallout! on the islands,

TABLE b,1 - Shot 1, M + 9L Hr

Energy (Nev) T hoecent of Flux _ (A.,L.l?u.l —h,z'cet :
{ ?93'«‘ \v-*c: 'fcxt) !
7 7.0k 160
b 0,99 83 |
1.27 .20 ,
0.96 210 . |
0.8 | 3.7 ”
0.76 : 16,11
0.66 19,2), 1%
0.50 12.18 .
0.27 .32
0.22 6.00 .
0.10 20.2L
0,083 5.0l 8
0,018 ] 2.17

L2 TICSE-ZNERGY DISTRIEBUTIONS POR PLANE S(UKCE (LOMETH

To cmgxt,e the jropor tion of total air-dose due %o 2 glven erorgy
interval in the degraded spectrum which resulted frem~ the crectium of
the original sample, the dose fron the cpectium due to the enitter dis-
trituted as an infinite plane source was calculated by su-rming the
centributions over all path lenytbs in air, Yty dividing the original

U
H + 94 hour spectmam into 13 eneriy regions and carrying out this proc-
ess (keference 7) for each, a curulutive duse versus energy curve

resulted, The cumulative doses are piven in Tables iz i,
From these curves, a differential histovran of perce
enex‘g interval was cdetermined which represents i

h.Z, and h.30
dece versus
cent of dose

1
ct o

18
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delivered to the surface of the expcsed individual at a height of 3
fect above the jlarne bty ph.tuns with ener;ies in each of these inter-
vals (Fiures L.1, L.2, and 3.3)

Tre ;rocess cconsists es.entially of the following steps

1, Tor each s.urie eneryy, c.lculating the dese per pnubon cone
writuted Yy the unscattersd portion of the raciation frem cach ircre-

ment of scurce arza, This rejuires an expressicn involving Mtrue" and

total absorpldon ¢s:tficients in air, cxpenential ‘vm-;-ral, source

eneryy, and Praction of rdogse cue to wnswcatitored photons of that energy,
2, FOr cach scurce -nd o

c.i lun...- a veihting factor (cr
s¢ per photen in Step 1, above, by

Wie numter of scurce

3, for each 3.

i 7y il
relative dese) by multipiy.ng the Jdo
i 'u

ting the .('ra:.-:ion of dose due
G

Lo Courcs Li0otons by scattering
to enargios less thon 2ath of R aNe it i n erersy val-
ues,
L, tumpating the total dose due W ~ith energies up
to each chogen > ) eps 2 and 3,
above, for vach ol the originad couree erergies, -
The result iy an inteoral or cumulative eir-dose spectrum; i,e,,

plot ¢f photen erner,;y vorsus the air-dose resulting from all jhotons
frem sero to that

ar . from this, a rough difrerential dose histge-

e .
sra is cbtained by sultracting ordinates on Lhe integral curve at the
..;dpo-nb of each c¢h n encr.y interval, The use of graphical and

nunerieal setheds =
tien of 3 numter o

Figire 4.2 of
tritution for the
Moy interval verse

se-en2tey distritutions.
ence 16 depicts Lhe ¢ifferential air-dose dis-
H + 94 hour data, in percent, of dose per 0,05
& in Mev, Doce ";z: ra baced on the later
data differea ct ‘slly in the low erer.y regmn. The relative dose cue
to energy up to 100 kev averaged abeut L0 percent as comjared to 12
percent in the atove «‘-‘Lotribution. Three other dose distritutiouns
were calculated frem Shet L and later Shot 1 data and are shewn in
Figures L1, 4.2, and U,3, Flgure 4.1, hsmg the data of Tatle L.2,
is an extreme case with recpect W the low eneryy component, All
other samples for all the shots lie tetween this and Figure 4,2 of
Reference 16, Ficures L.2 and L,3 give the dose distritutions for the
H+ 4,1 and ¥ + 5,2 day times on the other Shot 1 sample, Figure 4,2
also indicates estinuted ¢rror in vorticns btelow 0.3 Hev.

The dose spectrz are all seen to group roughly into three regions
with peaks at 100, 70C, and 1560 kev, Since the cpectrd are these of
L to 5 day old fissica 'n:ducts, a% which time the -‘.'p2)9 activity is
at its greatest rolative value, the low eneryy proportisn die to thig
nuclide is hiyher than it was at H + 2 days when the Np239 component

en
the technique 1uttt. applicatde to the determira-
co

e

was still increaczing (Figure 3,1). Zaced on this distrituticn, dosige
and meter correctisns for the 105. enerd¢y reglon during the exjosure
poricd ars iherclsro genorcus, Luring ihe coveral days tofore and
after this time tie ;enaral :s;n.::nm shape apparently did nol vary
groasly in the higher esnor v reglons, & otal correction f{actor for
the survey iastos.ents w~as “rerefire calsulated for cach of these srec-
tra and was asswiwd o hold for the jeriod tewweson fallout and surveys,
as is descrited in Chapter S,
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TAELE L,2 = Shot L, 4+ 5,3 Days

Znergy (Mev) Percent Ef Flux Cunulative
e e Percent Dose
c - 0.1 59.6 : 56

0.1 - 0,2 16,0

0,2 - 0.3 8.1 70

0L - 0.5 4.6 76

0.6 = 2.7 4.3

0.7 - 0.8 L.0 20

¢, 8 - 0.9 1.0 92 .
1,5 - 1.6 2.h 100

TAPIE L,3 = Shot 1, H + L.l Days

Energy (Mev) Percent of Flux Cumulative
| - - 3 o Percent Dose_zz%
0.100 0,548 31
0,200 0,136
0.250 0.108 50
0,300 ' 0.0L2
0.186 0.037 65
0.659 0.055
0.750 0.0L8 8s
0,815 0,012 92 i
1,590 0.013 100
20
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TARLE L.k ~ Shot 1, H+ 5.2 Days

EZnergy (Yev) Percent of Flux Cunulative
0.035 _ 5.97 10
0.65 11,53
0,100 , : 36,47 36 !
0.135 3.81
0,210 ‘ 10,LS ‘
0,250 | 5,23 %2 |
0.285 .05 -
0,320 2.21
0,186 ‘ 5,13 65 |
0,699 535 |
0.750 5.06 83 i
0.815 1.82 89 I
1.590 1,88 100 1{

L.3 BETA ENERGY

The bata radiation encrgy was not measured directly in any of the
fallout or soil samples, Howsver, from available data on the racio-
chemical composition of the fallout (Keference 6), it has been esti-
mated that from 30 to 65 percent of the beta radiation curing the ex-
posure poriod was due o Np©/, and had an average Epax of about 0.3
Kev, Tho balancs of the radiation was of higher energy, with an
average E.gx of abrut 1,8 Mev, The half-value thickness in tiszie for
the low energy caiponent is about 80 microns, with a range of about
800 microns total, For the high eneryy conporcent, the hal{-value thick-
ness 1s about 800 microns and the range atout 8000 microns., Since no
estimate could Ve made of the anount of material on the skin surface
or length of tine it remained there, only rcugh estimatas based con
clinical evidence could be made of the skin bata doses, (See Keferwnce

16).

2”1
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its response to the later models,

Sk FACTORS

. e e
5.1 ENERI( IESIONSH

:se of ihe survey meter to the spectra calenlated in
Ch, zmtor I vias evaluated in terns of a set of norsallsing factoss, <ne
for each eneovy intarval in the gpactrun, By sursing over the inter-
vals and weighting ecach response Tactor by the fractisn of total
air-doce in that intorval ;) a lotal regsponse factor is oltained, -
Thus, if vy is a nmc T \m(, for radiailon of a glven eneryr and
0 that ener.y, then;

ki'o{ = 4D {5.1)

Wheres fy == the fraction with the given eneryy of the total trus dose D,

Hences ZD;_ -0 ? _‘1:1._
i
Solving for D: .
D= 0D (5.2)
s
ks

The fy may ba taken from the dose~eneryy distritutions in Chapter
L and the k from Figure 5.1, which is a plot of the response factors
found for t,ho earlier nodel or the AN/FDR-394, then called the AN/ rLH-
T1B (Referenca 10), This {3 tellsved to be essentially identical in
For the spectrum used in the Fefler-
2nce 16 calculations, the total response factor was found to be 1,0h,
This value was used in the dose calculatlons of that report,

For the spectra shown in the Figures L.l to 4,3, the total energy
response factors for all energies above 20 Xev were found to be as
given in Table S.1, The value of 1,12 for the H + 5.2 day spectirum of
Shot 1 (Figure l,2) is used in the revised dose calculations of this
report, since this spectrum represents the best data,

25
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t3l Eneryy Fesponse Factors for Al/HoR-374

— ey

Total hesponse Factor

the instriment is koown Lo vary also with the
tdence of the flux, tub no allowance was nmade {or this
16, An attesmpt has been made to corvect for this

3 olots shown in Figure 5,2, This Cigure, tiken

10, is a graphical representation of the directional
Q-mg Radium source of a 118 instrument in the horizontal
ical planes, It was felt to be sufficiently aceurate
proximation shewn in the graph by sctiing a straight line
sponse vector in one region and, further, to ascume that
the response is c¢ylindrically sy-metrie about the X' axiz, Maxinunm
senzitivity, indicated by a vector length of unity, is then in the o4
dirsction cn the X' axis, If a flux (F) per unit solid angle impinges
on the instrusent at an angle 0 with respect to CX', the reading on the
meter will be (assuming that the response is linearly proporticnal to
flux intensity):

Tiait to the r

W W v -

Dt = D == rk¥ (5.3)

aheres k= proportionality constant
L == "tre" air-dose
r == vector response factor

By the abowve approximaticn, the vector response factor (r) is
siven by:

0€3¢<cost) = T3 4 =0.% sec ©

o

T/3<es T ¢ or=1 (5.4)

The averagze value of r is glven Yy:

27
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Usin: the atove valuss of r, T =0,92; i.e,, the instrument is
abcut 92 percent efflcient, Thus the averw;e directional response cor-
2ction factor is 1,09, imjlying that the rosdiag inside 2 homopeneous
cleud or ovrr a huroceasous plane geource is utwut G-.-reent low for

this averaps ener,y, whizh is rouzhly ia the Y-Mev repion,

For the wery low ener sy conponcent below 100 zev, 1t is not known
whether the relative directional reoponse vavies prosciy frea the
abowve, Lt is as~uned heps that it de2s not, The doses culculatel in
this regort are therefore Lased on this diecticnal correction,  Cume-
Binlng this fooamley feclor with the eneryy correciien oi Table 5,1t
for brie H + 5,2 day syectium and Zhot 1, 4 total cumection factor of
1402 resulbs which wus used in *hwe alr-dose calenlations in Dection
G.1 of this report,

28
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DURATION AM!D TIME DIS{RIBUTION OF DOSES

5,1 AVATIATIZ DATA

r 2, the olly wxisting finld data on dose rates and to-
~rearizad, T inforration dees nob rrovide snswers to
sont questions: (1) what was tha 4ine for eacn islad wt

out cloud arvived; lee,, woen did the xmt‘;xti:‘n lewel on

ands rigs dbove the normal buckyround and (2) how steep-
RS G the rivitation-level riss Yelora 1t 'L acted its

. : et the rate detemined by ilte cwn comn-
EDEEE e.y Yow heavy was the fallout at
W long did Lt last? Since caly the
ton were direcily hoown, assumptions cn both these

ne me of total dose,

jfratle to have had an instrmiment on at
padle of recording encugh data to answer

s fortunate that there was even a low-
a n en Ronearik (Tabla 2, 1\ a)

least ens of the isl
these qu2silers, As s
lawel n‘«*-*\‘nrm~ instme~ant 4 L

thoucsh its ©full scale capacity was scon exceaded by tho rapidly
in«.x*e..e,x:'\é dose rate of the alloxt The time at which the fallout
began was at least quite (‘efiniu"y established on Rongerik and it co=-
inc‘d:.d with the time at which the snow-like material was first seen,

Fer the other islands, t‘w*ﬂom, the times at which siailar mate-
rial had “een seen to caumence falling could te taken as the beginning
of the madiation exposure times, It only remained to detumine what
these ti-es had been,

Questioning the inhabitants of the other islands resulted in a
group of estimates of arrival time which were in fairly good ajreaent,
though th2 zannsr of questioning scmetimes appeared to influencs the
answers, SHowsver the tj:**s estimated in this fashlon were quite close
to these resulting frem other infomation; i, e., the wind velocities
at the ti-e¢, the tlus of tegimning fallout oun ic.agerik, and the rela-
tive diswances of the cother islands from bikind, Only on Utirik was
no actual ctrervation ef the fallcut made; the estinate of arrival

tine thero was made using only the tine of arrival on hongerik and the
wind-and—iistance-faztors, The values of fallout and evacuation Li-ss

used are su—-ariczed in Tatle 6,1

.t
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TAPLE 6,1 - Fzlleut and Zvacuaticn Times

Island Ectimated Inttial ! Zvacuation Tire
Fallout Ti-es hours)
’ NRY
L (heurs)
Rengrerik H+ 6,8 4+ 3.5 (0 zmen)
doF 3 (20 men)
Yongelap ‘ R | H + €0 (18 people)
, \ H+ 5L (L3 jeople)
f
Hnpinae H+ U H4 53
Utlrik H o+ 22 H+ 55 o il + 73

.2 ESTIMATES OF RALLOUT LULATIO .

The rate of iacrease of radtation intsnsity,
reached Ltn raximun level dws to decreaze of falleut, and the total
duraticn of the fallout can ¢nly be estimzatd con circomstontial gro:nds,
The data of larle 2,1 for "ov'“‘rik arc not sutficient Y warrant an ex-
trapolation over two orders of rm-ﬂ*t.ude. It 1s unlikely that the
increase of intensity was siaply Llinear either c¢n kongerik or any of
the other islands, Eut, 1f the rate of increase is assumed constant
and extrapolat»d to a point for which subscquent decay alone weuld re-
Gucs the dose rale W the values found ab laver tines, a falloul lime
of 16 hwurs on Rongerik, for example, is found to be a necessary conse-
quence (Curve a Fl'ure 6 1). That is to say, 16 hcurs would hawve
elipsed at sucYm)a constant fallout dose rate increase refore the time
of maximum dose rate on the island would have occuarred = the tiwe at
which the fallcut was increasing the radloactivity lewvel at the sane
rate that radicactive decay was reducing; it. For such a constant
build up, this equality would have cccurrzd only for an instant, (loint
4;), after which the fallout would have suddenly ceased,

The actnal fallout must, of course, have had a variable rate of
increase and decrease, reuching a rmaximum and gradually decrweasing to
the rate governed by decay alcne, lowever, using the initial rats of
increase and drawing a more gradual maximum would place the cescation
of the fallout at an even later tinme (('urve b, Roint &), Since the
visible falloit is believed to have ceased sometime after midnight on

- 1 March or at about H + 18 hcurs (Point A3), an incroase in the rate
of increacse after a short time was al'\ost certainly the case (Curves
¢, d, and 8), But the steepnsss of this rats of ‘m.rease, the s..arp-

n2s3 of the maximun peint and the gradualnsss of
are unknown, co that there 1s no direct evidence to show whnether Curve
¢ or Curvo e, for instance, is closrr to reprosenting the event,

There are, however, indirect inuicetions, toniter cata Irom pre-
wisus ruclear events nave indicated that a radloacidve cloud is not

E ] al Y aas
the fallaut dimimiticon

‘ X
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o0 percent hi r cuilopr Yadye rezdings showed, Since the
accuracy of the 7ilm badie readin, s was telieved to te tetter than SO
percent, the 12-hour value was therefore used, ag it i

s more consistent
with all the cther available infomaticon, Neverhelecss, the
of fallout still remains the least own jérameier o :
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7.1 DR
in ¢z Loand latorsi ry 2npcsuse s, the radiaticn flux vaially
u diverent!! peomstiy,

10T &

cutoequently oc~
I xlrx.
lj‘f.EC.A e
a point and
+on
Y
L ', LIva LS searee, oll surfeces
i i "zv_‘_m:‘g]," ; he cense that the air-

anywhere in ‘:.“.c srac2 subsequently ccecvpied by the india-

icu cume, Lt is wls dir-dese which is mewour

instnmurent; it doec nct Lear the fane xelaticn ‘hip to Lthe sxin dose
and deptn dose a5 dees the air-dose measired in a point source geoms-
etry, ZII a tilater 1 exposure is mane in the laboratery, ocne-halfl the
dose is uveially Jdven with cre cide of the inaivicdual fa\ ing the ceurce
and cne-hell with the other, ihis is a cluser arprcach to the fiela
goaemetry. Y, 1f the air-dose ras teen measured at the center of the
rreximal surface as wbove, it iz ctil) nol redated Lo the depth dose
in the sa~e way as is the field zir-dece,

The drses received Yy the individuels on the ](n(w were from
toth the cleud itself and the Callout deposited on H » provnd, It is
telieved litely, as diccussced in Chajter &, that the cloud dose wag
cndy a swall jart of the total dose ard that the Jose frum the plane
ground goures contritutcd e -allr jerticn., s Tiepoends WoLns

15 co
uS."w"}, iin of early raxiranm activity and short effvctive Sullont time
ch was rade in Chapter & or the marloun dose care, Alternatively,
if a leng fallout ac .,\al]\ cecnrred, whe source would have remsined a
cleud lo‘., er and the cloud vq‘\‘ce, rither than the curface distribe-
ticn, weuld fhave acceunted Zor =ore of the total dese, In either cuse
it aol'm. arzear that the ~idline dose, rather thap the dose measured
in a*r, would Te the Letter cormon jarameter in terws of which to jre-
¢ict Yiclovical efiect, Jincw ost existing data tacitly asecurce nar-
: tincti.n lecumes i-portant in relating
chregu=nces to knownl clinical or exjerimenw

127,

rew loam pranetry, biis dis
= <

R
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TN STUULATION AN

l +

. center
(.\lxul.u \,,[L";Lu‘“' curie
sing e Co~Y scurce, both are
aivr~deee at all jpoints lotir
icit for the ditNice case, wii

S Gher phanton war

Lo 19 mimil or partion for 200-1Vp, G,5~mnm, copper-
' Ary that of a plane ratnor than
iy, This wae ;-‘fd ced 1n this case Ly rotation
i Len chater in the team of 2 staticnary Xeray unit,
. whole

of the anlt was wide enwegh by include the

s Do Toarner atr~dose around the cirvounfe;ence was L uced
o o loes eonetry and the roxiral air-doce ajain in tie tilate
I It is cvident t,hat or both these energies (the «I'iac-

-rxT o o the Seray beam being atout 90 1Y), the diffuss-ncrrew

~

Jrenetry 10 almost the rcame, That 1:, th\ nicdin
Lrdent o her nrr’ tha (\—I‘"l congse i3 35 per i
dw*‘e (rrm"ured proximally) would 11*;1 '1:\
osure, Lt is therefore assumed that thi
,..nubhcut the field exposures,
's i air-dece values caleuluated frem the survey meter
.1) should be multiplied by 1,5 in order to conjare
;_':.._;.‘.;-: to that of a bilateral cxposure to a scurce witn the same
sozmritetion btut using a peint scurce pewmetry and a proximally
-T=duce,  Alternatively, if a point scurce of nigher eneryy,
-re uwsed bilaterally in the came way to cirulate a field
_idy 4he hijher ganma campenents, u:m the seter ereryy
TaTtor W, ’r ’,e unity. In this ca”, ;xcx“/ a Lilateral
: ise uoretry,
ui:'-c.usc cha lu ¥e the dil fn':e Luld alr-doso cas-

(¥
ratic for either 2 7 radians (*‘1a ) or L7 steralians
il ine

Vi S

WLt e eter and cultiplied by {1,809 x 1.5) enly.
Tt _sr.o: are discusced further in Chapter 3,

35
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FTOTAL DOSE ESTIMATES

8 .1 CAILULATED Vallied

The total duses caleulated for eech ¢f the ielends for hypothet~
ical fall uf tines of 8, 12, sad 1€ hours are glvea in Tadls 3.1,

cther wizth <ho deses calowlated Ln ferruce 14, in crder to 11luse
A} -
é

trata the differcrce in the cotimatos due to the laler infonmation on
pAmma sr»:ct*", meter response, and

The 12-hzur failout \'&1‘40 is conzldered most probatle, teing most
consicient with the hongerik fiin i b:‘,txo.x 5,2), Doweg
based on this valuc are wolbiplicd y factor discussed In

Chapter 7, in osder to exprass them in tews of the air-dose from a
sovrce of gimilaer erervy under billateral exposure latcratery cenditioas
which would have produced the come nidline doce, A plot of dose rate
versus time based on Flure 3,3 was used and the total dose was graph-
ically detemined by uor.@lizm; ordinates ant dose rates for a glven
time and measuring the arca under curves sinilar to Fi;xre 5,1, This
was dum asawning all three fallout times fur cach irsland,

The air-dose rates .zeasured at later times (Tatle 2,L) were multi-
plied by the total correction factor for peametry and eaer,y dependence
of the survey meter {see Section £.2), Falliut tooinning tines and
evactation times used were those of Taltle 6,1, [t was found that doses
calculated using the decay cxponents of Scction 3,2 were in good agree-
ment with these delemminad graphically,

8.2 DISCUSSION

Plaurs 8.1 Llusiseles ihe cwnuiative air-ccse as a function of
time on Hengelap atoll, tascd on the 12 heur fallouat aowurgtion, It
can te seen that the m*e of delivery of the dose varied centinucusly,
the rajor portion deing received at the higher dore rate ;revailing

_in the mid-portion of the exposure jpericd, Dy the time that 90 p«:rcent.

of the dose had Yesn ruceived at H 4+ U3 hiurs, for erajle, the dos
rate had fallen to 2,7 r/hr, less than LO ,Vwent. of its naxisum mlue
of 7.4 r/kr at H + 16 hours, At H + 18 hiurs, 25 jarcent of the doce
had teen received, Tlus he dose rate during expomire differed marked-
ly firor that usually encountered us‘.n.- I(-my units,

The dose va;ues fer hea,mrik i L Tatle 5,1 are

o 7
tre computed values, averagsa for the 23, S and=2l-hour eryp

3 ‘,crcent of
osures, This
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was felt to best express the average air-dose receiwed by -ersernel
who spent roughly half their time irside strictur-s wher: the dose
ratz was later found to e muchly half thet sutdoors, On the other
islands no such chialding wac ;resent, and no resuction factor was ap-
plied, The same procecure was followed for all the cale:lations,
TatlE 3,1 ~ Total Gaama Doses
S """Ir”’ B
- ! 4 ve IS s ve
island Pose @ L12-tour | Vé~Xour { Bef, 146 | 12-ionr Silateral
Do3-Huour ! Falloww | Fallout (r) Kirednse (Point
fys g . H < .
tFallout | (r) | (r) surce of Saqe
; . -
Mavesy ery 6 DR
{r) i ! nep oy for Toual
| | :
i
: ; (r)

nongelap 209 192 159 175 270
Al inginae G2 : 31 72 &9 120
i

:
i
|
t
!
;
i
!
i

o]
s

b o tn @ e o e e

Utirik [ 15

ALY

See Section ¥.2

8.3 30FT CAMA AND DETA COMIONENTS

In addition to the total tody gamma dose, the wvery soft gyaina and
higher encry teta radiation from the plane scurce contributed to the
skin dose, Further sxin irradiation resulted from local deposits of
fallout material on the tody surface itself, The latter is impossidble
to estinate, tut the former may be roughly attompied as follows,

The teta dos2 rate in alr at a heipht of 3 feet atove the surface
of an infinite plane contaminated with mixed 2L=hcar-old fission prod=
ucts is evstimatcd to be about thres tizmes the air cana dose (Boference
1L), The midline gama dose is approximately 60 perceat of the portion
of the il pwsaa duse duu Lo 10C-KV radiation or above {helercnce L13),
This portion, in tamm, is estimated to be €0 porcent of the corivcted
rawna dose measurad in air bty a calibrated instrument, Tlis, the doss .
at the surfuce of a phanton exposed to mixed fission prodict radiation
from an ex'ernal plane source might be expecled to te alwut eipht tizes
(3/(0.5)2) the midline dsse, 1f btoth oceur at 3 feoat off the ,Tound,

Such a depthednse meazursment has in fact been nade experimeatally
at a pravicus tield test {keference 15), using a phantoa zan exposed to
Yoth the initial and resianal radiation, The degthedozss for nach sit-
vation are shown in Flinre 3,2 with all data as ;er:en® of the 2-am
dose,  With the divercsine initial radiation {ruv1 the point of oxplosion
the exit dose was ceea to e 63 perveat of tho -1 dose, Iut, with

the difluse resideal field of fissisn product radiation, a surface dose

39
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i 1 the nmidline dose by about 50
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: b less than 50 percent,
fellowas Hongerik, 36 r;

hn Fallowt ﬁurigv the cuposare
!

T

Total air
Longelap, 232 r

.
o
-

]

-

:

c:

o

oo I
@

1



NN e e 2 it Gt o A B il B e . e i 3

REFERENCES

on CASTLE; ORVICIAL U35 0NLY.

2. Maupin, C, By rolvate Cavantcarlony R385, walter leed Amy
Medical Center, wushingtoa, U, €, ,

3, n:d Sufe nvmtuu Soquenes of Eventay ¥Meco for fwoord, BRAW
Shot, Operatlcn LAUILE; ¥ Jiv-7, wisnln.ton, L. b,

1, rO"\ﬂ S, B, et al: Aidenan e l‘mg‘t’ Project h‘ - /} Cpor=

Y. Scoville, Ho ot cly fejert of tha ‘mmﬂr cal Saf:ty Gruupg
D'Z"lOT)S, 12 March tyii; Hdgtra JTIR-7 pt, o, Wel3~TLh-375;

S. .J.A;‘kins, Bol et wly Chenteal, Fysical, ani fwolchunrical
Craracteristics of the Lontaminunt; frojeet 2.4a, wWT-917, Operation
CAS Iy Shehel-H,

6. EBallou, N, E,; Yrivaia Coecuntcation, Alwss  fhinter) i, F,
and Zallou, N, B.; Floalon Froduct lecay iates; .’iur’r;;,h-g’ 9:8, 1961,

7. udates, L, G, 2nd £iscenhuner, Cg ..“n,t“an Listrituzion of Gam-
ma Rays Propagated in Aix; Tech analysis teport 5024, January, 195h.

8. Cook, C, S, et al; Cawna hoy Syectral Measuraments of Fallout
Samples from Ov-mw“rm C_f‘m'l"; USHED] «TR-32, 1965,

9. Mather, R. L.; USYRDL ltr CO10709, 17 June 135k; Sii

) "‘,'"-n.D

10, Turke, J. ¥, nnd Reardon, D, A,; Evaluation of the AX o/ POR-T1B
Gamma Survey Mebter; USHEDL 1&4t1\u nent Evaluation feport N 051555,
October 1951.

11, Tullis, J, L, et al; Mortality in Swine and Dose Diztiritution
Studies in hantoms Exposed bo Supervoltage losntgen hadlation; Amer,
J. Reent, Pad, Ther, Mucl, Med,, W7, 620-627, 1952,

12, Tullis, J, L, et al; Mortality in Swine Exposed to Guuna Radi-
ation from an Atomic Bomb Source; ladiol,, 62, L09-15, 195k,

13. Sondhaus, C, A.; Un;\xblished Pata,

1L, Teresi, J. D, and Iroido, A,; Discussion of the Hatio of [eta
Svrface rep Dose to Camma Dose Associated with Fisslen Product Contam=-
,.mtio*\' USHADL-TM-2, 19q’ 3 CONFLULENTIAL-FD,

g 2y Ve WV 2oL .
.\.p. vuwnucxo, I ak; wnpubtlished Tz st

UPSHOT-XNOTHOLE,

14, Cronkite, E, P, et al; Study of lespunse of itman reings Ac=
cidentally Exposed to Sipnificant Fallout bhadiation; Froject U1,
WT-923, Operation CASTLE, Cctoler 19Sk; CCNFILANIIAL,

T N
BREEES B 3



PP P Ty

LR T S

-

[P
IS

i

\\

9

o
&

-
-

[

. L N :
c 5 . 2eewy el " PRI PO Yo i P2 e b S hbmeing DA
A e PR
. ’
. RN |
. Claote
. o, e
. W eyt
. cia, el
. -
v NN
oo A
“ow

Commanting  vneral, Siart &rovw, Iveatidta of ‘ap Fran.
Siaro, Jaltt, ATTHD AM U T-e
Corrn il enarml, L0, ATy Carilleas, 7L Arader, . - et LU, en PRETN REFTIE AN
CREREY WA H S NN
Coamarding Leoevml, U WA MR, MY, Troove, N &L of Naal Sl loney, PR TN NN
Terto bLv s
€rmarling fwteral, Sulterr Uro enn Maek Porve, i relilen Lo, Lo Cetoa o,
A T, Vav Yore, WYL A -3 .
CosrantersfnaJitef, far apr Comrand, A 20, an . ren. ol Vediilre . N et
Yrancieco, talir, ASTh: ACoIR, o TV AT el Ll sem, 0 et e
Comarding AP 3 valt ), B
AV e, W Tranct o, Ol Ten -
co 2 Aint Setaral, U ) enttle, P
QA ti1g eraral, )
Tramcteco, callr,
Vorear tant, Juwoacd el Cenen! DN .
lea e artn, Vel SL ToTadereretmet, Comite Tat, slee C e
Cemasdat, b oy
AT L
Crraria *y e Arciller s
Al e

et




. . C e o . T e s S . FLZ S
S e G e mawad - & 3 e o k. - e 5 el i SNSRI M.&~Mndﬂ__—i& DERAI Y, R it T Y]
q ED
LS Te et el : SRR s - c. fia
. . - T e < ‘» - - M .o LR 1
[ SR - - ‘ LA . .
L, e : e e v .. . . . TN
.«
L e el Sl e Lo s B s - - k4
CEREEE 2t
PPN - - B
- ce L e
B et . . -t . h
o el . P S e Lt PR :
. PR TR €. N . .. . . - o
L N SRR R . - :
T v . -
. L S e e _ . - . . .
P , - et e
DO Y o P - P e h N o
. . o Y ™ . oo El . ‘ -
1. . i v oAl . : Sled : N
1. ’ . ' : te ’ . " r c i
A e G e c, N -
. ST L e . B T
A b ALt p . . . P . . - -
10 ’ . N
110 . .
. : . N .
1358 . P - .
11 . .
e e
PN
ISy . N 3, .
v N . . - .
. FINN . . . - -
iy .
[ - . .
Lectorate of o ) ! . N
i1y Cormpuder, 9L, hetaroaie wmrog ta b k) TN . ’ ‘ .. .
Pt , ATC Ture, ) <. . . .
1 Tomander, tur Sngt Alr AL DT, . ‘ e
Iy .. P .
t] lef, Jveomtml o e tesr ey ottt ur - N .
(M, et ten, s
jetor Iiv., T e
100 rettenY Alr Ut send, LA eler AT, A ' o . N M h
IR SR - . - o A
1 c Tetene Tomrncd, C ) ‘ .
1 -1} Alr e.eliite ‘. . . . ’ . . - )
A S R N ' * T
18 Camade-. Cerwd, Lt LTl Wil e, . v ¢ o h :
[2% S .
s Ausitiad LT eallactas, . e ’ ) -
. . Ctoe . - - - .
N N . . - -
» s d, ‘ -
B .. . . .
: R T N I T e . . : : - [l

’ UNSEASSIFIED



T e s

X IS

b ML s

i

PN

TN

WP I



PO A
v

tm‘ gt & 4 B .

Ty e
= ~ .

PR

THIS REPORT HAS BEEN DELIMITED
AND CLEARED FOR PUBLIC RELEASE
UNDER DOD DIRECTIVE 5200,20 AND
NO RESTRICTIONS ARE IMPOSED UPON
ITS USE AND DISCLOSURE,

DISTRIBUTION STATEMENT A

APPROVED FOR PUBLIC RELEASE) .
DISTRIBUTION UtILTMITED,



UNCLASSIFIED

PLEASE DO NOT RETURN
THIS DOCUMENT TO DTIC

EACH ACTIVITY IS RESPONSIBLE FOR DESTRUCTION OF THIS
DOCUMENT ACCORDING TO APPLICABLE REGULATIONS.

"UNCLASSIFIED



