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A RECONSTRUCTION OF CHRONIC DOSE EQUIVALENTS FOR RONGELAP
AND UTIRIK RESIDENTS - 1954 TO 1980

E. T. Lessard, N. A. Greenhouse, R. P. Miltenberger

ABSTRACT

From June 1946 to August 1958, the U.S. Department of Defense and Atomic
Energy Commission conducted nuclear weapons tests in the Northern Marshall
Islands. BRAVO, an aboveground test in the Castle series, resulted in
radioactive fallout contaminating Rongelap and Utirik Atolls.  On-March 3,
1954, the inhabitants of these atolls were relocated until radistion exposure
rates declined to acceptable levels. Environmental and personnel radiologicalr
monitoring programs were begun in the mid 1950's by Brookhaven Natioral Labora= ¥
tory to ensure that dose equivalents received or committed remained within U.S,
Federal Radiation Council Guidelines for members of the general public. Budy
burden and dose equivalent histories along with activity ingestion patterns post

return are presented. Dosimetric methods, results, and internal dose equivalent -

distributions for subgroups of the population are also described.
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On March 1. 1954, at Bikini Atoll, BRAVO, the ffrat of JT&*n&élé.: weaponaj
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tests in the Castle series, was detonated. The BRAVO devxce cavsed subetantial
I R T & B RN R NI E IR T 0T E -, i
surface contamination on inhabxted atolla withxn . 2 000 squato lile area. The /4
. TN Cootd b mnre o o vt e ineads s b Lige 0d dHoen v W
contamxnated region was cigar shaped and included Ailinginae, Iongelap,
Syt TR feergYg Corow 261013 penstunor iy e v LR LB
Ronger;k, and Utirik Atolls Hhxch lay east of ground zero at dis'tances’ from 60
T Y] S T RS R R E LD I (¥ S L EEACE TR T 2 PO C T TR N T R VRN ST W P s
to 300 mtleo. The fallout on Rongelap, inxtially visible at 306 houro, ‘had
N L o e e tian oft o gig s i it gl < : v
thxnned out to the extent that it was no lon;ar seen ot H*IO houra tclez).
S add orah 0 T brgw o sen boo Y TN AT E W Y
On Harch 3, 1954, the 64 resxdenta of nongela Atoll and 18 reaxdenrs of
ALK "3 TOT 0 eoen bern o ag e LayappnsHofa bro L
Sxfo Island Ailinginae.Atoll, were evacuated. On March 3 and 4, evacuat1on of
Shen etk 0 caddey neboodd chad Lo T e s -
157 Utxr;k Atoll residents also took place. During the first few veeks and at
ThW timent s af [N

leaat once every year from 1957 to the present, a Brookhaven hational Laboratory
l\.' HE ”X" R Y n' 0
medxcal team, organxzed by the Depattnent of Defenoe and by tho Atomxc Bnergy
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Commission and its successor organxzatxona. hao provxded nzdzcal 'examinations to

monitor the health of the petaons xnxtxally affeoted by che £allout from the aur

AR

clear testing program, plua 8 compatxoon population. Ropotto of‘thoxr f:ndxnga
are given in Cr56, Co58,.6059, Co60, Co62, Cob3, ¢o65, Cob7, Co70, Co75, and

gt e by

Co80,
The Utirikese and Rongelapese returned to their home atolls in June 1954
and in June 1957 respectively. The earlier repatriation of Utirik Atoll was

based on the low level of external radiation exposure measured'aftet the initial ,/%

3 month observation period (March to June 1954). The Utitik‘population wag not.@a'
examined by a Brookhaven medical team until March, 1957, uhonlibkhpeople re- |
ceived comprehensive physical examinations. Followingvthe'l957, medical survey,:
two men, removed from Utirik for medical reasons, were whole'body'counted at

Argonne National Laboratory and provided urine samples‘for radiochemical anal- R
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ysis of 137Cl. Four per visited’ 3 4
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’ L 137
e sampl . from both atolls were anslyzed radiochcuiclll for Cs
OOl,e,d r?&f*?m. 'T e ‘“g?i it  OVARE I.luu, gni,”‘ In o, pR0t ‘1 clﬁ?ﬂﬁ Al

and 908:. Subeequent Brookhlvcn National Laboratory expeditions by members of

Vi et basns oo eh OVAHE oll Jbodasuodab eaw eaivee s 0gnd edd nlo 1
;be Hedxcal ,Department agd Safety and Environmental Protection Division ut;lxzed
. CROTE ol i ia L oe ”;;luw eliorr bedsdernl no I‘OLHI-lmsjmn; o, .

whole body counting and padiochemical analysis of urine and blood:samples to
Ll agno ,:‘nxuuiixh beboinng bas boqgnie asglc asw notys) ENSTO IO
*denttfy and quantxfy the radionuclides that were present in the body.  The re-
IR PRI Te rras bausty Yoo daes yel dotdw vlIndk Afvr3U hns (i 0
sults of these radxologzcai measurements are given in terms of body. burden in
R TSIIE dra:v vilsiitnr (griagaof no tuolfsl &/4T “centim '
Tables 1 apd TbtoughOuc this paper the units of quan;itxcs ave 81 derlvcd
Pl 0 thoa9ee ol oon anw g3 ey tgelxs adr a1 ot 0o

and those which are acccxtcd for use with the 8I for the time being., Thus hochg it
griognod 30 etnsbiear 82 eny RTET L6 dAoyal g

Mthc Curie and the Becqucrcl may be used as units for thc qunntity activity.

(R P,p,!f‘»";g,’ I :

RS YRR YN coasM sl b eussve 599 (lola annignilia i fee
, ,, The aforementioned body burden tables illustrate sdult:mean-values for
aE et A ari A .sonig 4001 nale pinsbizey TfosAh Aivis
Rongelap and Utirik. An sdult, as classified here, was s person over 16 year
oo N td .ano‘.l'h £y «;:q S o3 \L‘:‘.l mh‘yg 'quw{ VIGVS D o
of age. The  mean body mass in this age interval was 60 kilograms. The observcd
BT I pan aennst o o goasmtragald st vd buxsneyra s 1o
bocdy mass versus age dxstrzbutzon is shown in Figure 1 for Rongelap rcs;dpncs
) CODINGT L RO IELIARYTD TOERE000E 11 DOR adie:
The same body mass versus age dxstrxbutxon was observed at U:xt;k.
SYEn R I ST PY 5 § 30y u"u' w0 0 ol
Because of the paucity of measurements at Utxr;k, ‘information on = Co,
gty f AT TR T LT B L R RIS o

6530, and e was in some instances derived from the tatxo of adult mean body.

M N TR

burdens between Rongelap and Utirik. A mean ratio of 2. 6 vas ob-crvcd in body

65 90 137

burdens for “Zn, Sr, aqd Cs after they rcached their nmxinun values,

R HE R LY
standard deviation of this ratio was 15%.

IR U i -
tervals, in conjunction with contemporary dosxmetrlc modelc, are used to esti=

¢ Voo

mate internal dose. Dosimetric dxstr;butxonl were constructed tron the results

5

and 8 summary of the derived activity ingestion rates and docc equxvalenls was
sabe v

provided for various subgroups of the population. Add;txonally, exposure rate
R IR AR

history curves were constructed for each atoll for the period following the
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Burden of T pugden B § - ‘Burden e o Return
yci Peggons e —leEL0ns.. i -1l W —Dars
60 .S . . -y “‘bb. 2 lo_,u‘n.a’. “ R 1
9x10°9 » 171073 w7 o3 N
“ f.g:xg'z n .851073 w T somend w T 1370
2.3x1077 43 2,080~} o ' -2.2x10%3 SR . - 268
L1 -2 , -2 . , 4.1x1072 | TR 1
4.3x10 Lo 3.0xi0 W » i,
"" 4.3x107 10 y  3.8m1071 12, 0., sastet Y I 304
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2.95103 n 461073 12 L7073 O 336)
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1.3x1073 8 3.3x107? 1 2.5x103 1 857
Y. 1x107d s 2.60107) ? 3.0m07) 15 5022
2.0x107) 3 1ani™? ? 1631073 & .o 364
6. 6x1072 4 4.3x107} 7 4. 331073 1 8753
3351072 10 LIxio™? 4 2.030073 S 111
44351077 2 ™ 0 ) wo 1579
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NA = Not available
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BRAVO test. These daca, :o.q;hcr with oﬁpfcpr{lt ‘convcruioﬁ‘

pattern models, provided an" cltinatc of external dose’ cquivclcut.

METHODS

Exponentially declining sctivity concentrations ‘have been observed in sur-

face soil for

and Utirik Atolls. Declxnxn; uctivxty concentrations have:also bccu observed

fo :o';_ and: living’

1376:, 129 1, lnd 0 Sr from 1954 to the present on Roﬁgolap

in vegetation at a rate greater than that predicted by rad;oactivc decay.

R e e UL e ‘
Thus exponen;zal declxne in dietary activity was assumed and|the following
general equa?ions were derived. | -
” - | ) ~ 00!
R A AL T “Oak,dey ¥
AP = —9 i;aM ! )
T LU XN (\rkglt _ -(x+ui)£:«g
n [ L [ X} L‘. { ):-*
S Lpyoiah, Lo NE
4 e R 1 5
or ¢ " OK 100 i
» Lk
g S
APQ = ? (2)
£ Xi (e'(Xng)t - -txgxi)c }
lzi K.-K r‘}* )
i E ’
and !
D= £,AP° I, Xi (Ki'KE (k) e MEEXE + Gokg) ’-(xi*l)tJ
1 K. =Kp (KE+A) (Ki+k)
X: -(A+K;)t.
Y%l x+;i L1=e b ¥
where




vitvitansrbey Iaxjxn( io nojnasll aﬂJ Yo T3 emil yos s noznasisw hod v} v
t ='time post onset’o uptake, days,

v f *ih(’ 1 ‘-
A £ instantaneous frac:ion of atoms decaying per unit éinn, dly 1

P° = initial atom ingestion '»‘u’c'e,'m"m,iggfl,
K; = instantaneous fraction of atoms removed from compartment. i by
gl madwel ot e Rmey IR T amig Jb VIIVIIGE cuosaoinnldend e
physiological mechanisms, day~
Xj E compartment i deposition fraction, Y
x; z the number,oil;ééﬁi)1nhéddpg€§35nc‘i‘tiln;iq?]io the number in all
compartments at:the onset of declining continuous uptake, (t=0),
U = instantancous urine activity concentration, Bq g°f, O T
Us £ subject urine exq:etion rate, £ day'1 o T
f1 z fraction ftomlclgygagt to blood,(,* »i- T
£, € fraction excreced by the urine pathway, TR Qi
Kg = instantaneous fraction of atoms removed or added to the atom uptake
| per unit txme;hdL; 1, due to factora qégétgéﬁagnrﬁdigﬁégiveidecay,
instantaneous b;d;liurden, Bq, e 3 Y eh ey

-
1]

2 EEREETRNE I T AR i

q° = body burden at the onset of uptake, Bq,

D = the number of disintegrations in all compartments occurring‘duting

the uptake interval, Bq days. .

The development of Eqs. (1), (2), and (3) was based on the following convo-
lution integral. At some variable time, T, defined during & fixédruptake
B interval, T, the daily activity ingestion rate crossing the gastrointestinal

tract to blood is given by

-(kptA)T
° E
Aflp e )

e ‘ . . . o . L | PR
MR S A P L '_V'-.*"_'pirf-tj'!<“':_ﬂ.,. . H R s SR NS
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‘persons who returned to the atolls in June 1954 and June 1957 did so wzth an ini=

The whole ‘body i'ctention-

inputed .at time T is 2 = ' ;
yob ,qm:J Tiry rug gq;znoah emo3e 1o neidopil RuosABIIslany’

Y

xrx ‘Mﬂiuﬁﬂaopw‘;m made lnidiui

vd Foansmd oo motd bovomfu emods 1o aarsue1l suoansInedand

Thus, the instantanecus activity at time t-T that remains following.
: VTRl Jemzinstloes [ooig n!wwdqlg

< e )

dt is
¥ (ulzostt rmzueoqsb 4 ‘nsmnamuoo

it

s

e ot :ndze.-uﬁ ity g Pc‘n(ﬁ’%)'ﬁvznx x.ﬁi%gxi)(ﬁﬁggadto :xs;dmu;r mh

Sl ednigqu 2ot e gnm:lrmb 1o ssanu ad) 18 Panem3neqeen

It follows that :be m,c t}uono activity at time t~t that vemains:
) D BOLAIBTINBN0D YITVEING wiitw eausnhnnaz«su: 2

input during T is -
Lotoweb x o (2387 heidutaxg Dl ertdua ]

T ~(xg " )phosid b(A+K&)(t¥t)W0!3 uosiabxxunl~’
d o

J AfP%e Z.x T e :
o wyewdiio ,l'iu sty wd im:.:x-ma nm;smi; A

T O ¢ 1o o bgvomer cundh 1o not3csTl mmmmmn O "'qk‘

[y

£ th ral yields ul expression that. de nds on
Ihe '?luclon ° e 19;0819( ,Y ? (eB] sug'n, val ,xgm:? anu STEY pe ‘

the user defining t. For eunple, if t is the fixed uptake interval, T, plus an
18 ynebrud vhad amocneincienl ¥

additional fixed post uptake 1pterval, 0, then the body burden at'T. * g is

crir s e anbyad yhod 3%,
given by
teordenia ooy T
=(A+Kg)T  =(A+K{)T -(X+K )¢
AP°f) Lixi (e L e i ) e [i Py,
Ki - KB
[ ERT LY 'v"'J”).: .t

As previously stated, Eq. (2) applied at Rouxellp and chrik, it ves

Ih fl““'}"la AN
for the situation that varuble time t was the uptake mtctval. Mdi:zomlly,

ced . i

1

< Y ' y"lt(.

tial body burden, q°. The behavior of this contribution to body burden,

q, was embodied in the q° term of Eq. (2). A similar model was used to relate




urine activity concantra:iqg;;o body burden. Equation 3 vhqfob:qidgd~by Oy

integrsting Eq. (2).

Equations (1) and (2) were used to determine the instantaneous fraction of
atoms removed or added to the atom uptake per unit time, KE.-and;thennthe ini-
tial daily activity ingestion rate required to produce the messured-or derived
body burden. Equation (3) was used to determine the number of disintegrations
that occurred in}theVbodyfduffdg'the"iébi&énébwfﬁiétVilWéfmﬂdﬁﬁndividuul living

on Rongelap or Utirik Atoll,

i
{

1f the mean residence time in the diet is much much” longjr ‘than the resi-

T IAM .
dence interval, then consthht\con:xnucqy “uptake is achg;vcd. }quq;ﬁonl (1) and

/
(2) can be converted ;o :Es“gonctgq:,;gpt;nuous equatdo?l by :Tplaggng kg with

-A. Single uptake-expressions are obtained by setting q’ cqua} tqg;eto. In
bn

some cases only radioactive decay may remove the nuclide frotﬁﬂ'g

'
[N

tg?y items; for

these cases KE would equal zero. In the case of the fo

tinuously increasing dxeta;y uptake of 1376- Thus. Kgayuq foyud‘to have s nega-
tive value, In the case of Ronge lap and'U:xr:k, KE was fo&ndvzz,have a posfitive
value for 137Cs, 65Zn, 6000, and 90St. This indicated that in addition to
radioactive decay, some other removal mechanism decreased .the radipactivity in

dietary items during the residence interval. For the nuclide ssie, only one mea-'fuk

surement was published by the BNL Medical Program (Be72); thus an estimate of KE ; '

was not possible.

Kg was determined by using Eq. (1) or (2) and the population subgroup mean
body burden or urine activity concentration. Portions of these bioassay data
are illustrated for adult males and females in Figures 2 to 6. Two consecutive

urine or body burden data points were used to eliminate the unknown ingestion
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rate from the equation. This method yields n-1 estimates of Ky where n was

the number of data points. An average value of KE was assigned for each nu-

clide, and the results for the Rongelap and Utirik populations are given in
Table 3. For the evaluation of KE from Eq. 1 and 2, radiological and
physiological parameters were obtained from the open literature (ICRP59, 1CRP68,

ICRP69, ICRP79, Ki78)., A rvepresentative sample of these parameters is presented

in Table 4,

Table 3

Summary of Dietary Rate Constants (KEL;dfl)

e

60, 90 65, gy,

Ronge lap Adults

Males 1.5x100  1.8xi0™ 3.1x1073 1.4x107

Females L6x1073  4.1x107% 3.5x10 L.4xi0”?

Adults 1sx10”d 1ex10™ saxi0 Loaxip™
Utirik Aduylts

Males N.D. h.6x10-“ N.D. l.#xlﬂ-a

Felnales N- Dv 4.0)(10-4 NvDo 1.‘0!&10-“

~4 ~4 %

Adults N.D- 4.2810 N-Q- loaxlo - Ll

N.D. = No data sufficient for analysis. . =

The values of'KE were similar for males and females and for residents of
Rongelap and Utirik. For 9OSr on Rongelap a factor of 2 difference betwecy KE
values was observed for males and females. The female parameter for Rongriap
Atoll compares with that obtained from the Utirik data. A paired t-test [ the

Rongelap male and female data indicates that the male/female difference was

highly probable and therefore not significant. This difference leads to =
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bimodal activity ingestion rate distribution for 908: in the Rongelap popula-

tion,

Data for 6000 and 652n were not sufficient for analysis for the Utiril
Atoll residents. Values for K observed at Rongelap were assigned’ to Utirik
males and females and body burden histories for population subgroups were
reconstructed using Eq. 1 or'2, Figures 7 and 8 illustrate the derived mean
adult body burdens for éLi significant nuclides studied on gongelap and Utirik,
This method provides a best fit of the data shown in Figures 2 through 6, aud
provides a body burden history during the early years post vreturn at Utirik, a
time when body burden measurements were n;t made. Actual data points are also
plotted to demonstrate the fit,

The curves shown for ssfe in Figures 7 and 8 were obtained by setting Kp

equal to zero. This underestimated the initial body burdens and overestimated

SSFe contributed less than 1.0% to the total dose equivn:

future ones, Since
lent, an arbitrary assignment of KE based on observed values for the other uu-
clides was not attempted. During 1974, another series of blood samples war
obtained from Rongelap and Utirik (Co75). Analysis for ssFe has yet to be
reported., A recalculation of SSFe body burden and its impact on early dosc
equivalent rates will be conducted when the data is made available. A subsLan-
tial change in dnse equivalent is not to be expected.

Figure 4 and Figure 6 illustrate the observed adult histories of 9OSr and

137 . L ,
Cs mean urine activity concentrations. Mean values for adult males or al!

37 .
adults were plotted. Measured values for : Cs body burdens were also shown in
Figure 7. A much smoother curve was plotted in Figure 7 and it was determincd
that the collection and analysis technique for urine samples introduced the addi-

. L . . . 137
tional variations. On the basis of this observation for Cs, a smooth bndy
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‘differently from the others, Several factors could have contributed to this

burden curve for 908t, reconstructed from raw dats and Eq. !, was considered o

more accurate history. A detailed presentation of the greater variation in

radiochemical analysis of urine versus direct body burden measurements can be

found in Mi8l,
Figure 9 illustrates the varigtion exhibited in the body burden of 5

randomly chosen subjects ov.f:fhe 25 year monitoring period. These individual

X

o %

variations may have had a dramatic impact on the mean dats. In Figure 2, which

137

illustrates the adult male, adult female, and adult population mean Cs body

burden for the 25 year exposure period, 8 decrease followed by an increase was
seen during the years 1958 through 1963, Although the Castle BRAVO test ini-

tially contaminated Rongelap in March 1954, it had been proposed that the
Hardtack Phase I series added to this an amount of cont#nination equal to that
responsible for the Figure 2 body burden pattern (Co63).i Figure 9 suggests that

most individuals counted in those years had body burdens which remained the same

or declined; however, one individual's burden (#88]1 M} rose and fell quite

variation from the mean such a8 departure and return to the atoll, sickness, lhe

dietary contribution of imported foods, etc. Since the mean values are bascd

on small numbers of persons who were chosen at random, it is conceivable chat in-

dividuals like 881 M influenced the mean body burdens to a greater degree than

recontamination of the inhabited atolls., The impact of the individual body

burden pattern on the true mean value is moot since body burdens of all individ-

uals were not monitored comnsistently throughout their residence intervals except

in the few cases exhibited in Figure 9.
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RESULTS AND DISCUSSION

Daily Activity Ingestion Rates

Daily activity ingestion rates were calculated for dosimetrically signifi-
cant nuclides post return. An exponential decline was proposed for the inges-
tion rate within a population subgroup and initial reference values are given in
Figures 10 through 14 (June 1, 1957, was assigned as & return date to Rongelap).
Figure 10 demonstrates the differences in ingestion of 1370- for various popula-
tion subgroups. This undulating pattern was exhibited by 1370., 908:, and 65?,u,
nuclides for which sufficientﬂdata existed for analysis.

Differences in ingestion rates of the stable element at the ssme geo-~
graphic location have been shown to occur among wembers of a popglltion (ICRY

™

23). Age dependent diet studies for ingestion of Cs for urbahtﬁipan have values
o, .

varying from 11 ug d-1 for adults to 8.6 ug d"1 for child;éa}f Sf:in a wester

type diet rose from 600 ug d:l,,-for infants to 6‘90'ug.<'if'l foaf_s y'ear‘olds to
3,600 ug d-1 for 13 year olds and fell to a mean of 1,900 bg}ﬁ'%ffot adults. Zn
in the United Kingdom rose from 2 to 40 mg d-l, the higher v;lue of Zn being
observed in adult tea drinkers, Fe ingestion in a western type diet has a mini-
mum at age 3 and maxima at ages 1l and 20 years. Co is ingested at a rate of 20
ug 47} for Japanese adults and half this amount for children, The Marshalleso
population also exhibits dietary changes &8s a function of age. The authors of
the Marshall Islands Diet and Living Pattern Study (Na80) observed coconut sap
being used as a major food supplement for infants, and later in adult life a&s .
major source of daily fluid intake, Since coconuts and coconut tree sap pro-

vided the major source of 137Cs on Bikini Atoll (Le80, Mi80), the shape of Fig

ure 10 was in agreement with the observed diet pattern,

22
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Figure 11 shows the individual datq-calculated for 1370- fo:uall Rongelayp

residents and is referenced to June 1, 1957, The individual maximum 1370- daily

[

activity ingestion rate was approximately &4 times the population mean value.

The standard deviation observed for the adult activity ingestion rate distribu-
tion was 41% of the mean value, 39% of the mean value for youhg adults, 482 for
adolescents, bsz‘fof childré;: and 542A¥0trinfadcs.w4Adol%scents and infants
exhibited a b%oader distribution thﬁg:§§§i§3;3€§?}%:¢hilgﬁen eﬁgwed a8 fractional
variation injactivity ingestion rate similar to that of aﬁults,> Breast feeding
versus cocoth sap supplements would have contributed to Ehgwgp?ater variation
observed in infants. Adolescents and young adults were ?be poﬁulation subgroups
which have been observed to move frequently‘betv!en'ato}f;. Tﬁ}s mobility would
lead to greater variations im the dai;y,ac:ivity ingescioﬁ ratﬁp relative to

s

those observed in the more stationary population subgroups.

Figure 12 also exhibited § wave pattern; however, a'§istiﬁct difference be=-
tween males and females was ipdicated. This diffetenie arose f;OI the use =f
vaiues for Kg listed in Table 3 which were derived from urine data for male and
ferale residents at Rongelap Atoll. Its major impsct was on the dose equivalent
rate, not on the total dose equivalent; and its effect was to cause the dose
equivalent rate for males to rvise and decline more rapidly than for females.

Figures 13a and 13b summarize the individual data for s for sl
Rongelap residents and were referenced to June 1, 1957. A bimodal shape was
observed for the distributions which contained both sexes, again veflecting the
difference in the 9OSr dietary rate constants. Data from urine biocassay
indicated that the observed difference between the male and female values foi YE
was not significant. A t-test was performed for consecutive urine measurement

dats during the 23 year residence interval. The results indicate that because
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of uriné'activity‘concentratiéﬂsvartdbiiiCy,'there‘wa' ' éoziprobibiigty that

. o [T i ma - 1 i § ,,l ¥ e oo yooe Gl o .
the male value for Kg would"be'different from' the female value by’ the’factor
observed. Thus differences in the derived activity ingestion rates and dose

. s pe et
equivalents were not significant.

Figure 14 shows a semi~log plot of the 652n and.lszcsVdctivfciﬂihgestion
rate histories for adults on Rongelap. A curve was drawn between'points, and
the appearance of an incréaéin§”137bs ingestion rifé(during”fhe“l96d'E’indicatod
the possibility of another contsminating event. The Hardtack Phase T series was
conducted just prior to the observed increase in the curve and fallout from the
Cactus, Yellow Wood, and Hickory experiments detonated at Bikini and Enewetak

would have reached Rongelap. However, several observations fail to support the

conclusion that recontamination was significant. These are 'as followst 1) the

137

increase in Cs ingestion rate was not in conjunction with an increase of

652n; however, since 652n is an activation product it may have not been producecd
in tbe same proportions. 2) The peak 137Cs body burden at Utirik occurred
nearlj three years after the imitiating event, Castle BRAVO, while the peak body
burden at Rongelap followed six years after the potentially contamipaging experi-
ments of the Hardtack series in 1958. 3) The activity ingestion rate at Utirik
demonstrated a continuously declining pattern versus the humped pattern observed
at Rongelap. This occurred even though there was an equal external exposure
rate history following Ehe Hardtack series as measured by the U.S. Public Healll
Service on both Rongelap and Utirik (Un59). 4) The peak exposure rate on
Rongelap following the Hardtack series was 10,000 times less than the peak expo-
sure rate following BRAVO. These facts suggest that the Hardtack series was noi
a major factor influencing the Rongelap body burden pattevns. Thus it is

postulated that body burden variations were caused by travel away f{row the atc})
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or sickness ang ather factore, Regardless of fhe ceuse of indiyidue), differ

ences from the wean, & apoogyaggfc;jptgop,o: the body burden and gcygx;;y inges-
tion rate for the populationuﬁ?ulq be adopted. On”;his basis a declinipg contin-
. . 4 Lo AR . ¢ O

uous uptake model was used. ‘ . Cpes

i

Internal Dose Equivalent Rates == O Y Ca

The approximate instantaneous dose equivalent rates for the total body
were determined from the bodybbgfﬁgn dats illustrated in Figures 7, and 8 and

from the following equation , o . . .
H=qI, (W)

where

the total body dose equivalent rate, magm‘y'l,

o
1]

ERAN

I = equilibrium dose equivalent rate to the total body per unit body

burden, mRem y~! wei=!,

i

%

,§§'¢-‘g "

q £ instanteous body burden, WCi. . "

A
2tdol 5

W{W-:;;.

The approximate nature of the estimate was due to the assumption that the

A

SAN

radioactive atoms were distributed among the body tissues as they would be fol-

25N

lowing constant continuous uptake for periods of time much greater than the mean
residence time for the total body. In the case of 908:, 86% of equilibrium was
assumed. These assumptions were not used in the estimate of the total dose
equivalent, In addition, since mean adult body burdens were computed, a factov
of 1.2 was needed to adjust for differences in body mass relative to a 70 kilo-

gram adult, Table 5 lists values of I which were determined from information

given in ICRP59 and corrected for body mass differences. ;
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: Table 5

Total Body Equilibrium Dose Equivalent Rate ;
per Unit Body Burden {
1, "
é& wRem y~! pci-l "
5SFe 2% 10o
26 ;
60¢, o 6 x 102 |
27 i’
652n ' 1 x 102 ;
908r I x 102 l f; ?i,
38 i 253
1376, 2 x 102 o “
55 .
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Figure 15 illusctrates the relative contribution to the composite dose

equivalent rate for each dosimetrically sjgnificant internally deposited nu-
clide. For the average Rongelap adult, the residence interval begins Juue I,

1957; however, many adults were reported to have resettled during the next 3 toa

6 months (Co80b). The composite dose equivalent rate indicated that a bioad

maximum of approximately several hundred millirem per yeav persisted for several

hundred days. Most of the dose rate is attributable to the Cs component Ce~ r

sium dominatrd over the entire post return period and would be of prime roncern

for populations returning to a contsminated emviromment years after a finsion e

type initiating event, .i
Figure 16 illustrates two possibilities for the Utirik dose equivalent

rate resulting from the 652n body burden history during the first three ycars

post-return. The higher body burden resulted from use of the two measuic 652n
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‘body burden means for adul;l on Utirik and the observed K rate copstant frow
65

Rongelap. It was observed on Rongelap that .031%2 of "“Zn vas remaved from the

diet pathway each day in addition to radioactive decay. Additionally, reduction

o leb had be. A137¢, 90 604,

in dietary radioactivity on Rongelap had been observed for Cs, * Sr, and

to be greater than that predicted by radioactive decay aione. Instantaneous ve~

i, W@
duction fractxona very éimikﬁ: QQ,;hoyc 3t\§on¢¢idp #cre obscrvcd st Utirik for
the 908r, and 13705 nuclides. The lower cutve.pﬁ ?xgure,lOfteflcctl the dose

i

equivalent, dose equivalent tate, and body butden wvhich rould have occurred liad
radioactive decay alone accountedUZOtithn reuoval of 652n from the Utirik envi-
ronment. Since addztxonaltlnchaniaas conld be measured fp; other nuclides at

BAFV MG Ly P
Utirik and for the §52n nuglxde on a nearby ltoll, the upper”curve was chosen as

the most likely body burden history for adul:s post retutn t; Utirik Atoll.
Figure 17 indicates the Utirik adult mean total body dqse equxvslenc rate
for esch nuclide. An obvious difference relative to the Rnngelap history
exists; 65Zn not ‘3703 was the major nuclide contributing to the dose equivalent
rate, This was due to the Utirik population returning 3 to 4 months after the
initial contaminating event, and the Rongelap population returning after 3
years. The age of the fallout had a dramatic influence on the importance of

each nuclide contributing to the internal dose equivalent. In fact 6000 any

65Zn played major roles during the first 3 years, a time interval that
corresponded to the period during which field whole body counting facilities
were being developed at Brookhaven National Laboratory and when wmedical exainina-
tions for people on Utirik Atoll were not done, Additionally, pooled and/vr in-
dividual radiochemical analysis of urine was not performed during this period.

c
The impact of 6JZn and 6000 was such that even if the least conservative rate
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constant (Kg=0) was used for Zm, the dose equivalent rate for the average

adult was in excess of Federal Radiation Council Guidelines fo; the first 2

years following the return to Utirik.

Internal Dose Equivalents

Disintegrations occurring in the ‘total-body of an individual during resi-
dence following repatriation were determined by acve%al methods. Equation (3),
together with>personal yody%§?fden histories and'ato}} specific Kg rate con-
stants from Table 3, provided—an initial estimate oi}disintegrationa between cun-
secutive body burden measurements. The segond method used was a log=log plot of
the subject's body burden history and anvflgebraic dg:e;minntion of area between

t+0 consecutive measured points. The :h}rd method uped;a linear plot of the
suninet's body burden history. The area under the curve was cut and weighed and
comnared to a standard weight of known ares. Qullity'c§nttol procedures
required that all three methods agree Qithin +10% bcfo;e a subject was assigued
his br her total body disintegrations during residence post return. In general,
the methods coﬁpared to within £5%.

After the total number of disintegrations occurring in a subject's body
was assigned, they were apportioned among the body organs according to the fol-
lowing equation

fi 3&‘1“1 (8iCiDi + In2/A)

Fe ' (%)
ziCiDi(ziAini + 1n2/M)

where

the fraction of total body disintegrations occurring in the orgau of
.

=3
i

interest,

$ organ compartment deposition fraction for the element,

>
t
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B, = organ compartment biological half time for the element,
Ci S total body compartment deposition fraction for the element,
D. = total body compartment biological half time for the element,

f2 = fraction of ‘the element from blood to organ of refef@nce.

r

Equation (5) applxed where significant decay occurredkat the deposition
site, and not durzqg transit or re-transit to the organ of ﬁnterest. Values for

compartment deposition Eractions and compartnent half t;mes;were obtained [(rom

A

Ki78. Values for the regi%nxng quantities were from ICRP59.

The dose equtvaleutl to a specific ovrgan or the total body.were detv:mxned

by using the source to target dose equivalent per unit cunulnted‘act1v1ty parame=

ters from Ki?78, The total. target dose equivalent was obtaand by summation of

.

the dosimetric contr1but1qpa from all source organs. 8evera1 important modifica=
tions to the general procedure werg made in order to compute individual

dosimetric results. For gach person, the source to target dose' ‘equivalent per

unit cumulated activity was weighted bi the ratio of a atand#rd mnn's body mass
relative to the actual mean body mass during the 1ntetvpl for which the dose

equivalent was determined, In the case of 137

Cs, the 1ang term biological re-
moval rate conatant for the Marshallese population wus‘highlx dependent upon
body mass (Mi81). Appropriate modifications to Eq. (2), (3), and (5) were made
to reflect this dependence. Finally, for 908: deposition in bomne, 28X of tihe

source to target dose equivalent per unit cumulated activity was assumed from

cancellous bone and 72% from cortical bone.

1370: for varicus age

Figure 18 demonstrates the mean dose equivalent from
and sex groupings. The residence interval was from 1957 to 1980 for this popula-
tion. The adolescents and persons above 50 years of age in 1957 maintained the

lowest dose equivalent. Persons who died during this period were not included
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in the figure nor were thcyiincluded?in any dosimetric distributions for any of

the nuclides. Thus all persons considered, regardless of initial age in 1957, g

experienced a 23 year exposure interval.

Figure 19 shows dose equivalent distributions according to age and sex for ¥

137

ire

Cs among the Rongelape*é.' The shape or the population distribution was

skewed with a mean of 1.7§Rem and a maximum of 9.0 Rem. Th@s the maximum was

5.3 times the mean valuer§or‘137Cs on Rongelap. An examiqatiopfof the subgroup iﬁ
r i '.tL

IS

Pr

of rehabitation

P

distributions reveals that jpersons who were infants at .the time
[ : Lt :

at Rongelap also were thcérccipiento‘bf the highey doses. Thibfune due to the

combined effects of lower average body wass, & higher avetage"iﬁxestion rate,

137Ca than that for adults or even chi;dren. The pa=

and more rapid turnover ofj
rameter having the greatest impact on the infant dose equivalent was body uwass,
The standard deviation for the adult male dilt:ibution:vag_éyz éf the mean dose
equivalent, for adult females 43% of the mean dose equivalent!.and for adnles=-
cents 47%, Within a subgroup, the maximum observed dose equiv#lent was approxi-v}
mately twice the mean value for all distributions comsidered here.
Figure 20 shows mean dose equivalents as a function of returning agr

groups for 652n on Rongelap. Adolescents, young adults, and gdults 50 amdi up
were the groups receiving lower total dose equivalents, while children and mid=

dle aged persons received higher dose equivalents during the residence interval,

65 .
Measured "“2Zn data for persons who were infants at the return date were not

reported in the publications by Conard et al,
Figure 2] shows the dosimetric distributions observed for membere of the ﬁf

Rongelap population for 652n. Again the population overall exhibited a skewed :

distribution of dose with & maximum value nearly three times the mean. (hildren

demonstrated higher doses than persons who were adults during the entire ?7
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year period. The standard-deviation was in general 302 of the wean value for

and sex subgroup distributions. This less pronounced variation may be due to

. .. 90
the fact that 65Zn measurements took place over a J year interval while " Sr

and 13708 occurred over a 23 year interval and thus was contained in a more

homogeneous population than were the longer lived nuclides.
90

v

; T c ; roo,
Figures 22 and 23a and 23b summarize the ° Sr dose equivalent results for

individuals at Rongelap.

In this analysis, only the ingestion pathway was considered important,.
Some radioactivity would enter the body via the resuspension and direct inhala-

tion pathways. It is known that for a given soil concengration‘éf‘;he stable

®
5

naturally occurring analogs to the radiopuclides considered here, the ratios
E g L " v

of food and fluid intake to blood relative to airborne intake to blood, are

as follows:

Co > 3000 Zn.> 130 o

Fe > 550 Sr > 10,000 '
Cs > 400

Thus, dietary intake of radioactive material is the principal pathway leading to
internal deposition. This applies to most nuclides in the environment, howcver,
there are notable exceptions including I, U, and Pu.

External Exposure

A value of .73 rads in tissue of interest per rontgen, measured in air at
one meter above the surface, was used to convert exposure in air to absorbed dose

in tissue. The source was assumed to be an exponential distribution of 137Ua

ac~
tivity with depth in seoil, typical of aged fallout (Be70). Because of the o
multidirectional nature of the source, variation of absorbed dose with depth of

organ was minimal, Additionally, external doses were adjusted for living pat-
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U‘ b’ ? g V : .é - — ,,l R ;;, . a \I -
tern varxg:ion.)s;nce the atoll: present a hotetogene?us«expolure ratc environ-

- [

" ;
oy PR e

ment (G¥77). ;’ 'LL

:-, .

External exposure calculations are based: ou Figutea 24 to 26 which were

derived from da;a listed in Cr56, Sh57, Un59, qnd Gr77. The area under straight

[

line portions o£ the curve was-determined by ' . | - -
. :’ s P .o - 14 . ; . e
o g - 2f2 - “1‘1_."1« (6)
' o+l .
where o o !‘ U
X I external exposure during straight line interval, mR,
RZ £ exposure rate at the end of the interval, mRh-l
Rl T exposure rate af the beginning of'lhg in:e;qal, ?3?:}1.A4
LR . "&*'-‘
ty t time post detonation at the end of interval, hoursy
t, = time post detonation at the beginning of interval, hours,

n £ slope of a straight line.

Data from 1] detonations during May, June, and 3uly of 1958 (Sh57) indicated a
mean fallout deposition exponent of 18.8, This wean value was observed at
Utirik, Rongelap, Parry, and Wotho and was applied to early time post detonation
of BRAVO to obtain the initial increasing exposure rate history shown on

Figures 24 and 26, This wethod yielded a fallout deposition period of 5.5

hours on Rongelap and 12 hours on Utirik. This time compares well with the
original observations reported by the Marshallese and by U.S. Navy personnel
stationed in the area (Sh57). Initisl dose equivalents on '"acute doses”

are developed in greater detail in another report.
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Figure 25 demonsttate|¢;he external exposure following the 1958 testing se-

8ince return to Rongolap followed 3 years after the BRAVO contaminatiou,

ries.

this series contributed in large part to the external exposure post return.

SUMMARY

The Castle BRAVO shot of March 1954 caused the contamina?ion of the
inhabited atolis Rongelap and Utirik. Evacuation from Rorgela? commenced 50
hours after detonation and from Utirik 35 hours after dechati;n; During June
1954 and June 1957 the return of the Utirikese apd’Rongelqpesegoccuyred respec-
tively. Body burden data for dosimetrically significant ﬁuclidel iere obtained
throughout the residence interval post return primarily by dir;ct ip vivo gamma
spectroscopy and by indirect rcdiochemicllsanalysio of urfpe and bibod.

The dosimetric models gsed in this analysis were repkesen:atéve of a

declining continuous uptake feghne. Dietary decline of radioactivity included

]

radioactive decay of the source and a conglomerate of other factori?which might
have included increased use éf imported fooda and weatheriﬁg of the source., Di-
etary loss rate constants wefe estimated from sequential body burden data and
were comparable for both atolls.

Variation in body burden history data for & particular nuclide on a partic-
ular atoll was observed in whole body counting data and urine bioassay resuliy.
This was attributed principally to the statistical variation encountered when
small groups are sampled from a heterogeneous group of body burdems in people,
and in the case of urine bioassay additional variation was introduced during the
laboratory analysis of samples.

Daily activity ingestion rates were determined for all measured

radionuclides. In general, infants, children, and adults between 20 and 40
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years of age ingested more aggi!ity,egch.dqywtbenmdid,gdo1els£n£omnndlnsr19nu
greater than 40 years of age. Haximumbde;i;tion from the average value of the

daily activity ingestion rate Jgpuﬁ?ﬁbéra aof an age: @ubgroup was no greater than
a factor of 3. However, the population distributions illustrated a maximum fac-

tor of 5 times the mean activity xngeatxon vate value, "1y
S g1
Dose equivalent rates post return were determxned for members from bo:h
Ci

atolls. For Rongelap Atoll, the reaidents received appvoxunately 100 to 200

mRem per year during the firat 5000 days post return fron 1n:erna1 emitters.

The principal contributing nuclide was 137Gs. For Utirik Atbll, the reaidents

¥

P
received up to 15 Rem per year during the first 400 days post return, The major
contributing nuclides were 6SZn and 6000. Dose equivalechfggep to the

Utirikese from internal emltcerl fell below 500 mRem per year at approximately
. IR

1200 days post return. i r_:
i

The dose equivalent for population subgroups and for individuals was det:r

f
t

mined, Table 6 summarizes the results for the total body, thyroid, red marrow,

testes, ovaries, lower large intestine wall, and liver. The catenary compart-

ment model of Bernard and Hayes (Ber70) was used to determine doses to various

segments of the gastrointestinal tract. The Utirikese received significantly
C 65 60 55 .

more radiation dose from ~~2n, Co, and ~“Fe than did the Rongelapese because

of short mean residence times of these nuclides in the environment. 908: doses

to the Rongelapese were 2.5 time greater and 137Cs doses 1.5 times greater than

doses received by persons at Utirik. This occurred even though Utirik residents

returned to their atoll 3 years earlier and somewhat reflects the degree

to which Utirik was less contaminated than Rongelap.
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Table 6

v

Chronic Phase

O O
R e A T P GELPROIC 2

“Total Body Thyroid
Utirik ' Rongelap Utirik ~1Rongelap

Nuc lide Adults Adults Adult du o

90g; 012 ,027 ,00075 ,0017

53pe .033 .023 .059 042
137¢, 1.1 1.7 1.6 2.4
. 60¢o .51 014 .36 ,010

6%n 13. .076 11, .067
Internal 14, 1.9 13. 2.5
External 3.2 2.0 3.2 2.0
Total 17. 3.9 16, 4.5
Red Marrow Testes~Ovaries:

EALT . 054 .12 .00075~.00075 .0017+,0017

Sire .060 .042 .058-.062 074=,043
13704 1.7 2.6 1.5-1.7 2.3-2.6

6ing .63 .018 44-1,8 0.12-.050
6.q 17. .10 11.~16. .069~-,099
Inf. "nal 20' 2v9 13'-20' 2.5-208
External 3.2 2.0 3.2 2.0
TO(.-'LL 23- 4.9 171-231 4.5-408

Lower Large
Intestine Wall Liver
90g, .23 .57 .00067 L0015
55Fe .067 047 .12 .080
137¢s .59 .90 1.8 2.7
60co 4.7 .13 .79 .022
65zn 15. .091 17. 14
Internal 21. 1.7 19. 3.0
External - 3.2 2.0 3.2 2.0
Total 24, 3.8 22. 5.0
52
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