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

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

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 radiological
monitoring programs were begun in the mid 1950's by Brookhaven Natioval I.ctlmin'aa--"“j
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 internsl dose equivalentti

distributions for subgroups of the population are also described.
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On March 1. 1954, at Bikini Atoll, BRAVO, tho firot of dix nuclear weapdna
o t INY 0o el 8 YA PRI O YO el n='

tests in the Caotle series, was detonated. The BRAVO devxce caused substantial
. : A N EERESS & I R RTRITRA I brss
surface contamination om iahabxted otolll vithxn : 2 000" sq
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vare’ nile ares. Tﬁe~

. T ot e mnde 0 o vl bl i b e D Mt v ” 1“
. contlmxnated region was cisor shaped and included A;lxngxnoe, Iongelop, :
St o seeeeYq cornw J6d3 eenlicunor g el VSRR,
Rongetxk, and Utirik Atolls uhxch lay east of ground zero at dlotanoeo from 60
M cteh Che Tt et e Bl onac iy win i caei e nm D o §o b .
to 300 mxleo. The fallout on Rongelap, inxtiolly visible at H¢6 houro, had
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thxnned out to the extent that it was no lonzcr seen at' H*IO hours t0162). ik
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On Harch 3, 1954, the 64 resxdento of Rongela to11 and 18 residents of
TR ,r‘:l TOT e en bary g yar Cayapost o b o
s;fo Island Ailinginae.Atoll, were evacuated. On March 3 and 4, evacuation of
Sheroateyt s T sadddey mebood chad Len b peamagng o

157 Utxr;k Atoll residents also took place. During the first few veeks end at
ThW ""’c’riz"! Vi
leaot once every year from 1957 to the present, a Brookhoven hotional Laboratoryv

TG areit oo nel npug
medxcal team, organxzed by the Depattnent of Defenoe and by the Atom1c Energy
o ! A ' caf < L’H‘"""'

: [
Commission and its successor organizations, hao provxded mzdxcll ‘examinations t

clear testing program, pioo 8 compar;oon population. Ropottl ot thoxr f:ndxngs*
are given in Cr56, Co58, Co59, Cob0, Co62, Cob3, Co6S, Cob7, Co70, Co7s, and
Co80. e |

The Utirikese and Rongelapese returned to their home atolls in June 195&‘
and in June 1957 respectively. The earlier repatriation of Utirik Atoll wus
based on the low level of external radiation exposure measured after the initial. ik
3 month observation period (March to June 1954). The Utirik populatxon was not . ‘..
* examined by a Brookhaven medical team until March, 1957, vhen 1#4 ‘people re-

ceived comprehensive physical examinations. Following the'1957, wedical survey,

two men, removed from Utirik for medical reasons, were whole'body'counted at

Argonne National Laboratory and provided urine samples‘for radiochemical anal-
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s 137¢,, ersons ited oﬁne frol Ro el ‘and
ysis of 777Cs.  Four persopa:visited ARmies el 137
jpooled urine samples £ton both atolls vere snalyzed radiochcuically for Ce

LIRS sariYads JOVARE (Tlovs iprdil an B I S o dossl an

d 908:. Subsequent Brookhaven National Laboratory expeditions by members of

Ui sedue baens sty coh OVARE Gll L bodspodab mnw  saftes s ivanQ edt ni . 1 il
qbe Medical  Department agd Safety and Environmental Protection Division utxlxzed 3
b CHOTE S5 erhuia |.. B ity ellorn bersde oy} 10 f'”’-’ﬂh‘miﬁ:’”(lj f o d
whole body countxng and padiochemical analysis of urine and blood:eamples to
Fagnet nru'm.ll.lis teboinng bagp raqRile THRI G aBW 0GILReY !“*“an .
#denttfy and quantify the yadionuclides that vere present in the body.- The re-
hTmnyiTaeanndE b 1ot sas bausay 1o 3ae9 vel doidw vl IadA i1V bne NP “

sults of these radxologzcal measurements are given in terms of body burden in
it wtnsd G dra:v vilsitine (qriexnofl o Fuolfal &4T “Lanlin U :

Tables | apd 2. Tptoughouc this paper the units of quantities are 81 derlvgd

erod o9y ol oon any 31 ey tiedxs add ng g 0

and those which are accﬁrccd for use with the SI for the time being., Thus hothf
N A geioga0f A0 gipabieay A2 ey (RTET R doyal

‘the Curie and the Becquercl may be used as units for the qulntity activiey.

I3 es asM el L nuasve sisw L Hloa ennrgti{ia (Lo fe
. ,, The aforementioned body burden tables illustrate adult:mean-values for
o eyt e A anitell  Lsonig doo1 mele eynabizer ITogh divic
Rongelap and Utirik. An adult. as classified here, wvas 3 person over 16 years
Iy o T oYl G ey adt 63 ACRL nnv i ysay vIevs o oo :
of age., The  mean body mass in this age interval was 60 kilograms. The observ
BEIAN b aennt o Sosmlyaysd adr v hassneyre mrs {0
body mass versus age dxstt;butxon xs shown in Figure 1 for Ronaclap res;dpncs.
COBIVEY S L Gl IRLIARETO TGREWNOLE &30 DA (0Ll

The. same body mass versus age dxstr;butxon was observed: at U:xt;k.
"hiating enozrag wiid Yo ody ineid ol 5 0 .
. Because of the paucity of measuremencl at Utxrxk, information on = Co,
65 . v IR I T 4 ‘({ 3”[130‘(] gn' IR ] .
"

cn, and 5Fe was in some instances derived from the tatxo of adult mean body.

W
LN ;I [v LR

burdens between Rongelap and Utirik. A mean vatio of 2. 6 vas oboerved in body

65 90 137

burdens for ~“Zn, ° Sr, and Cs after they rcached their naxilun values. The

YR gyl
standard deviation of this ratio was 15%.
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tervals, in conjunction with contemporary dosxmetr;c models, are used to esti=-
v AR 1

mate internal dose. Dosimetric distributionl were constructed from the results

IR

and a summary of the derived activity ingestion rates and dose equxvalents was
|§‘~ g

provided for various subgroups of the population. Add;cxonally, exposure rate
oo LA AR

history curves were constructed for each atoll for the period following the
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pattern models, provided anxg;finate of'extetnal'dooc-cquivclcnc.”b

METHODS

Exponentially declining activity concentrations ‘have been observed in sur-

face soil for 1370-, 1291, md 908: from 1954 to the present on Rongehp
and Utirik Atolls. Declxnxng activxty concentrations have:also been observed
in vegetation at a rate greater than that predicted by ud;oactivc ‘decay.

T T T T T e =
Thus cxponen;ul decline in dietary activity was assumed and_{ the fouovinz

general equa;xons were derived. | -{
” | ~ ; "JOL)I
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Ui K P, T
and !
i K=K (Kg*a) (K. +))
X (At
et g g e, )
1
where
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The development of Egqs, (1), (2), and (3) was based on the following convo-

lution integral.,

interval, T, the daily activity ingestion rate crossing the gastrointestinal

initial atom ingestion ‘rate,’atoms day~!,
[

A

e

instantaneous frac:ion of atoms decaying per unit time, day”

]!

instantaneous fraction of atoms removed from compartment. i by
Ih VIIVIIIR

sniwoliot soinmay IR Fe0

physiological mechanisms, day”

“m}

compartment i deposition fractionm,

the numbet.ofz#é&ﬁi)iu“éddpgggggpcﬁi‘lilogtqe]io the number in all
: o i

compartments at:the onset of declining continuous uptake, (t=0),

s asd e 5y emiy i

subject urine excretion rate, day‘l,

fraction fromlclnyfagt to blood,(,* -

O(;

fraction excreted by the urine pathway,

instantaneous fraction of atoms removed or added to the atom uptake

v i

per unit txme, day~™ 1, due to faétors ocket ﬁan‘radxoacixve decay,
R

Cow s
instantaneous body burden,
cady

Bq,

1"1 9 )

wdrpmey

body burden at the oniet of upcake, Bq,

the number of disintegrations in all compartments occurring during

the uptake interval, Bq days,

tract to blood is given by
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At some variable time, T, defined during & fixedCUPClke
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‘persons who returned to the atolls in June 1954 and June 1957 did so vich an ini=

The whole body 'x‘-ctontion'f s

xnputoq,u time 1 is '
vob ,nnu.! Tire uq gq;unaah Emo3e 30 moidos1l RuosALIIElapl’

0

&"X OMﬂiM’Eﬂ)‘OJ-’dei moIn Isidiui

g
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Thus, the instantaneous activity at gm t=T that remains following.
ez insl e Imjémlw w\{dq, :

- e 81}

dt is
¥ (uidopary rmuxeoqsb 4 'nsmnncwoo S

i
-~

sy

Pl ot sodwon oo lf ?c ‘nfﬁ*l)‘ﬁnxnx x.ﬁ‘&t‘il‘ﬁﬁ&!e@to i dr.um a4y

S cdn g 2unin i e gnxnrlrmb 1o ssenu ady 18 PinemInsgmen

It follows that the. myc tzuoul activity st time t~T that vemains following
X P n0fIBTINsanGa YILVEiIog st causnwnmdu:.; [Y

input during T is . , '
cptowel oo a8t noiduraxe L\m'xu Jr,}'atdua U
PR 1
T ~(Xg *X)T“““‘d h(x+x&)(t¥%)mﬁ!3 ﬂﬂxﬁaaxxuﬁlrk
J Xfll" ; dt . o
° ceowdria SRRy ady v bn:).::‘ma nounmi; A G
“ud
(R TRR PRI N H 1 bgvome CEOGR 10 O tIoRTl Pnﬂfﬂ,ka”Jpr’::Ej _q}_:

lution of the i ral yields neral vession that depends o
-x §9 uk Rgg‘«“f R4 ? 03 Bug. ’ sthc,xgmn anucmq 4 pe "

the user defining t. For euuple, if t is the fixed uptake interval, T, plus an
M nebynd vhed aupcheinssent oo

i

additional fixed post uptake 1ptetval, 0, then the,body burdeu at" ?.‘ ! is
B i) iy g vr,,.,",,u i,(;g 3

given by LT o
: b gy oo
=(A+Kg)T “(A+K)T -(MK )
AP%E) Iixi (e B e i )e o ,o P,
Ki - KB

T HUS """"Jc' st
As previously stated, Eq. (2) applied at Ronzeup and Uurik. it vas
th Sfeveatny o

for the situation that va:uble time t was the uptake mutval. Mditxomlly,

e "

’ ! i b fd

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 concentra:iégigé body burden. .Equation 3 waqfobtpiﬁgdrby

integrsting Eq. (2). ”?’ e
Equations (1) and (2) vere used to determine the instantaneous fraction of

atoms removed or added to the atom uptake per unit time, KE.-andjthennthe ini- o

tial daily activity ingestion rate required to produce the measured:or derived

body burden. Equation (3) was used to determine the number of disintegrations
that occurred in:the body during the"f&si&énékwfﬁiétVilWﬁfmﬁdﬁfndividull living

on Rongelap or Uririk Atoll, ‘{
i

!

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

TIAM o
dence interval, then consthht\con:xnucut uptake is° achg;vcd. gquq;ionl (1) and

e v
-

" e
(2) can be converted ;o zggf;nnstgq:,ggptxnuous equatio?l by t1p13 ing K with

-A. Single uptake- expressions are obtained by setting q' cqua} to&;eto. In

§

some cases only radioactive decay may remove the nuclide frow%ﬂxct!ry items; for =

‘ //gakig;.rcsidents,

1

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

the maturing of coconut trees during residence on Bikini Axoltjcauoed a con-

tinuously increasing dxeta;y uptake of 1376-, Thul. thqu foyud‘to have a nega-f'J

PRI+ 11 .
tive value. In the case of Ronge lap and Uctrxk, KE was found to have a poritive
value for 137Cs, 6SZn, 6000, and 905:. This indicated that in addition to

radioactive decay, some other removal mechanism decreased the rpq;pactivity in
dietary items during the residence interval. For the nuclide ssie, only one mea-’ffé
surement was published by the BNL Medical Program (Be72); thus an estimate of Kg
was not possible.

Kg was determined by using Eq. (1) or (2) and the population subgroup wmean:
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

e ORI, ey - een
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rate from the equation. This method yields n-l 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 :
' 9

Table 3. For the evaluation of Kp from Eq. 1 and 2, radiological and %
g

physiological parameters were obtained from the open literature (ICRP59, ICRI'68, &

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

ol s

in Table 4.
Table 3 B
Summary of Dietary Rate Constants (Kﬁg;dfl) - 3  £
> !
60, 90 6520 B, E
Ronge lap Adults 5
Males 1.5x107>  1.8x107™%  3.x207 14107 3
Females L6x1070 4ax10™ 3sx10™ Laxio™ k.
- - - ‘ f;.f‘i
Adults Lsx1072  Lew10™ 3ax10” 1exe® 5
Utirik Adults o
-4 -4 8
Males N.D. 4.6x10 N.D. 1.4x10 o
Females N.D. 4.0x10”% N.D. 1.4x107% 4
Adults N.D. 4.2x107 N.D. Lax1g™ . iy
4 K!
N.D. = No data sufficient for analysis. B vy

The values of'KE were similar for wmales and females and for residentis of
Rongelap and Utirik, Feor 905r on Rongelap a factor of 2 difference betwery KE
values was observed for males and females. The female parameter for Romgriap
Atoll compares with that obtained from the Utirik data. A paired t-test o[ the

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

highly probable and therefore not significant. This difference leads to =

15
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bimodal activity ingestion rate distribution for 9°Sr in the Rongelap popula-
tion,

Data for 60

Co and 652n were not sufficient for analysis for the Utirik
Atoll residents. Values for KE observed at Rongelap were assigned to Utiril
males and females and body burden histories for population subgroups were
reconstructed using Eq. 1 or'2. Figurei 7 and 8 illustrate’ the derived mean
adult body bu;dens for 5Li significant nuclides studied on gongelap and Utirik,
This method provides a best fit of the data shown in Figures 2 through 6, and
provides a body burden history during the early years post veturn 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 sze in Figures 7 and 8 were obtained by setting KE
equal to zero. This underestimated the initial body burdens and overestimated

35

future ones. Since ““Fe contributed less than 1.0%¥ to the total dose equivn:

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 was

55?@ has yet to be

obtained from Rongelap and Utirik (Co75). Analysis for
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 subsgtan-
tial change in dnse equivalent is not to be expected.

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

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

adults were plotted. Measured values for 13708 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 uddi-

. . . , . 3
tional variations. On the basis of this observation for l 7Cs, a smooth bady
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burden curve for 908:, reconstructed from vaw dats and Eq. !, vas 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 variation exhibited in the bosy burden of 5
randomly chosen subjects ovonghe 25 year monitoring period. These individual

e

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

137

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

burden for the 25 year exposure pariod, a decrease foliowcd 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 1 series added to this an amount of coﬁf#nination equal to that
responsible for the Figure 2 body burden pattern (Co6?).i Figure 9 suggests that
most individuals counted in those years had body butdenctwhich remained the gsame
or declined; however, one individual's burden (#881 M) rose and fell quite
‘differently from the others. Several factors could have contributed to this
variation from the mean such as departure and return to the atoll, sickness, the
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 that 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 consistently 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 veturn. 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 !, 1957, was assigned as & return date to Rongelap),.

Figure 10 demonstrates the differences in ingeetion of 1370- for various popula-

tion subgroups. This undulating pattern was exhibited by 1370-, 908:, and 652”,

nuclides for which sufficientﬂdatl existed for analysis.

Differences in ingestion rates of the stable element at:the same geo-
graphic location have been shown to occur among wembers of a ?opglltion (ICRY
23). Age dependent diet studies for ingestion of Cs for urgaéwﬁ;ﬁln have values
varying from 11 ug d-1 for adults to 8.6 ug d-¥;§qr childg?&}f Sf:in a western
type diet rose from 600 ug d;i,~f0t infants to 6‘90'ug';lf'1 foaffS y‘gat‘olds to
3,600 ug d"1 for 13 year olds and fell to a mean of 1,900 bg}§*¥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 1 and 20 years. Co is ingested at a rate of 20
HE d"l for Japanese adults and half this amount for children, The Marshallese
population also exhibits dietary changes as a function of age. The authors of
the Marshall Islands Diet and Living Pattern Study (Na80) observed coconut sajp
being used as a major food supplement for infants, and later in adult life as .
major source of daily fluid intake, Since coconuts and coconut tree sap pro-

vided the major source of 13703 on Bikini Atoll (Le80, Mi80), the shape of Fig

ure 10 was in agreement with the observed diet pattern,
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Figure 11 shows the individual data calculated for 1370: for all Rongelajp

137

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

activity ingestion rate was spproximately 4 times the population mean value.

The standard deviation observed for the adult activity ingestion rate distribu-
tion was 41% of the mean value, 392 of the mean value for youhg adults, 482 for
adolescents, QSZ‘fot childré;: and 542A%0trinfan£a.w‘Adoléscents and infants
exhibited a b%oader distribution thﬁpié@éifﬁ?fﬁ@??%ﬂéhil?f?n °2?"°d a fractional
variation injactivity ingestion rate similar to that of aiulta,> Breast feeding
versus cocon@t sap supplements would have contributed to Ehg”gg?ucer variation
observed in infants. Adolescents and young adults were Fbe poﬁulation subgroups
which have been observed to move frequently‘petvton'ato}f;. Tﬁ}s mobility would
lead to greater variations in the daily activity ingescioﬁ ratQp relative to
those observed in the move stltiongry population lubgtdﬁp;. ‘

Figure 12 also exhibited g wave pattern; however, ayéistihcc difference he-
twe=2n males and females was indicated. This diffotenﬁe arose £¥on the use =f
vaiues for K. listed in Table 3 which were derived from urine data for male and
fexale residents at Rongelap Atoll. 1Its major impact was on the dose equivaleut
rate, not on the total dose equivalent; and its effect was to cause the dose
equivalent rate for males to vise and decline more rapidly than for females.

908: for all

Figures 13a and 13b summarize the individual data for
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 Osr dietary rate constants., Data from urine bioassay
indicated that the observed difference between the male and female values for Ve

was not significant. A t-test was performed for consecutive urine measurement

data during the 23 year residence interval., The results indicate that because
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the male value for Kg would 'be'different from'the female value by the’factor

: AN . . . » ' A
observed. Thus differences in the derived activity ingestion rates and dose h
B g St .
equivalents were not significant.

137

65 TCeo activity’ingestion

Figure 14 shows a semi-log plot of the ~Zn and

s

rate histories for adults on Rongelap. A curve was drawn between points, and

o, 9137 .l . oyl LA 1 XERT
the appearance of an increaéinh'137Cs ingestion rate during the"1960's indicated

the possibility of another contaminating event. The Hardtack Phase I series wus
conducted just prior to the observed increase ip 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 follows: 1) the
increase in 137¢g ingestion rate was not in conjunction with an increase of

6520; however, since 652n is an activation product it may have not been producc:

in che same proportions. 2) The peak 13703 body burden at Utirik occurred
nearlf three years after the initiating event, Castle BRAVO, while the peak body ?%»
burden at Rongelap followed six years after the potentially contamipaging experi- ‘;x
ments of the Hardtack series in 1958. 3) The activity ingestion rate at Utiril b

demonstrated a continuously declining pattern versus the humped pattern observe

at Rongelap. This occurred even though there was an equal external exposure iag
rate history following Ehe Hardtack series as measured by the U.S. Public Healtrh —
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 exjo-
sure rate following BRAVO. These facts suggest that the Hardtack series was no;
a major factor influencing the Rongelap body burden patteins. Thus it is

postulated that body burden variations were caused by travel away from the atn]]
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or sickness ang ather factors; Regardless of ihe couse of ipdiyidyg), giffer-

ences from the wean, a apoogyagg,b;iptgoq,o: the hody burden and gcygxigy inges-

tion rate for the population,ﬁ?ulq be adopted. On“;his basis a dgpquipg contin-
. v . 4 I Lo gt v . ¢ o]

uous uptake model was used, ‘ ) o

i

Internal Dose Equivalent Rates = e B Coe

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

from the following equation

foen BN T . .
i = qI, (W)

where "

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

o
)

RN

I £ equilibrium dose equivalent rate to the total body per uanit body

i

burden, mRem y~! nei~t, 'i?

%

instanteous body burden, WCi. . A

£

11]
s T
e

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

ok
p»

abAh b
«;.:2}’.-'.»

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

2 o N

lowing constant continuous uptake for periods of time much greater than the mean
residence time for the total body. In the case of 905:, 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 S

Total Body Equilibrium Dose Equivalent Rate

per Unit Body Burden <g
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Figure 15 illustrates the relative contribution to the composite dose

equivalent rate for each dosimetrically sjgnificant internally deposited nu-
clide. For the average Rongelsp adult, the residence interva}l begins Juur |,
1957; however, many adults were reported to have resettled duying the next 3 to

6 months (CoB0b). The composite dose equivalent rate indicated that a bioad

maximum of approximately several hundred millirem per year persisted for several"

hundred days. Most of the dose rate is attributable to the 1370! compon:nl Ce~ ;%
sium dominated over the entire post return period and would be of prime runcern j?
for populations returning to 8 contaminated enviromnment years after a finsion
type initiating event,

Figure 16 illustrates two possibilities for the Utirik dose equivalent
rate resulting from the 65Zn body burden history during the first three yravrs

post-return. The higher body burden resulted from use of the two measui il 652n

3l
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‘body burden means for adul;l*on Utirik and the oblerved KE rate: conltlnt from

65

Rongelap. It was observed om Rongelap that .031% of "“Zn was removed from the

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

e : : +i137 90 60

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

to be greater than that predicted by radioactive decay aione. Instantaneous re~
; RS RN YA AT A I A PRy Ry e 7 ! .

duction fractions very»éxmikpn'gcj;hqquggﬂgougcﬁdpjﬁqrclobucrvod at Utirik for

13705 nuclides. The lower cutvc.pﬂﬁrigureiiGzreflcctl the dose

i

equivalent, dose equivalent tate, and body butdcn wvhich yould have occurred liad

the 908:, and

radioactive decay alone ﬂGCdﬂhtchforith. teuoval of 652n from the Utirik envi-
ronment., Since additionalimechanisms con1§ be measured fp; other nuclides at

BATVY My P
Utirik and for the ﬁs Zn nuglxde on a nearby lcoll,*che upyer curve was chosen as

the most likely body burdem history for adults post return ta Utirik Atoll.
Figure 17 indicates the Utirik adult mean total body d;oe equzvulent vate
for each nuclide. An obvious difference relative to the Rongellp history
exists; 65Zn not 13763 was the major nyclide contributing to the dose equivalent
rate, This was due to the Utirik population returning 3 to & 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 ani}
652n 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 medical exauina-
tions for people on Utirik Atoll were not done., Additionally, pooled and/vv in~
dividual radiochemical analysis of urine was not performed during this period.

60

. 65 . .
The impact of ~°Zn and _ Co was such that even if the least conservative rate
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constant (Kg®0) was ueed for Zn, 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 ocve%al methods. Equation (3),
together withbpersonal yody%§¥fden histories and-aco*} specific KE rate con-
stants from Table 3, provided—an initial estimate of}disintegrationa between con-
secutive body burden measurements. The segond method used was a log~log plot of
the subject's body burden history and anvélgebraic dg;eguination of area between

tw0 consecutive measured points. The th}rd we thod uped;a linear plot of the
sudjrct's body burden history., The avea under the curv; was cut and weighed and
comnared to a standard weight of known area. Quality'cénttol procedures
required that all three methods agree Qithin $10% bcfo?e 8 subject was assigued
his §r 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 I:iAiBi (zicini + 1n2/M)
ziCiDi(ziAini + 1n2/0)

where
F = the fraction of total body disintegrations occurring in the organ of
. .
interest,
A. = organ compartment deposition fraction for the element,
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B; = organ compartment biological half time for the slement, ﬁg
c, total body compartment deposition fraction for the element, !
D, = total body compartment biological half time for the element,

f; z fraction of ‘the element from blood to organ of reference.

I i

Equation (5) applied where significant decay occurrediat the deposition
5 !
site, and not during transit or re-transit to the organ of ﬁnterest. Values for

compartment deposition fractions and compartment half timeaiwerc obtained [rom

Ki78. Values for the rcgﬂ%ﬁingiqu.nfities were from ICRPSY.

The dose equivalents to a specific organ or the total EOdy.ﬁ!re deternined

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

ters from Ki78. The total.target dose equivalent was obtaand by summation of

v .

the dosimetric con:rxbutxqpa from all source organs. Several important modyt:ca-QfA

tions to the general procedure werg made in order to compute;individual
dosimetric results. For gach person, the source to target d?seFthivalent per

-

unit cumulated activity was weighted by the ratio of a ltandﬁrd qln's body mass
relative to the actual mean body mass during the 1ntervp1 for which the dose

equivalent was determined, In the case of 137

Cs, the 1ong term biological re-
moval rate conntant for the Marshallese population wus‘highlx dependent upon
body mass (Mi8l). Appropriate modificetions to Eq. (2), (3), and (5) were made
to reflect this dependence. Finally, for 908: deposition in bone, 28% of Lie

source to target dose equivalent per unit cumulated activity was assumed f{rom

cancellous bone and 72% from cortical bene.

137

Figure |8 demonstrates the mean dose equivalent from Cs for varicus age

and sex groupings. The residence interval was from 1957 to 1980 for this pupula-
tion. The adolescents and persons above 50 years of age in 1957 maintained the I

lowest dose equivalent. Persons who died during this period were not included
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in the figure nor were thoyzincluded*iu any dosimetric digtributions for any of

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

experienced a 23 year exposure interval.

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

137

[

Cs among the Rongelape’;.v The shape or the population distribution was

[ . : . .
skewed with a mean of 1.7 /Rem and a msximum of 9.0 Rem. Thys theg maximum was
5.3 times the mean valuer§or3137Cs on Rongelap, An exaquat;opiggvthe subgroup

distributions reveals that persons who were infants at .the ciuelbf rehabilation
y . i (-

¢

at Rongelap also were theirecipients of the highey doses. Thibﬁwaa due to the

combined effects of lower average body wass, a higher average ipgestion rate,
' . ie

13703 than that for adults or even children. Tlhe pa-

.

and more rapid turnover ofj
rameter having the greatest impact on the infant dose equivalent was body mass,
The standard deviation for the adult male disc:ibuticn:vag_&?l of 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 equivalent was approxi- /4

mately twice the mean value for all distributions counsidered here.

Figure 20 shows mean dose equivalents as a function of returning ag:
groups for 652n on Rongelap. Adolescents, young adults, and gdults 50 amd up
were the groups receiving lower total dose equivalents, while children aund mid-
dle aged persons received higher dose equivalents during the rgsidence interval,
Measured 652n 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 members of the
Rongelap population for 652n. Again the population overall exhibited a sirwed
distribution of dose with a maximum value nearly three times the mean. (hildren

demonstrated higher doses than persons who were adults during the entire ?)
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and sex subgroup distributions. This less pronounced variation may be due to i

the fact that 652n measurements took place over a 3 year interval while 9OSr jj%

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

homogeneous population than were the longer lived nuclides. B

o e o ; : Ry A
Figures 22 and 23a and 23b summarize the 905r 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 concen;ration‘éf‘;he stable

»
J]

naturally occurring analogs to the radioguclides considered here, the ratios
E ¢ p L3 v

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

as follows:

Co > 3000 Zn > 130 N

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

Thus, dietary intake of radioactive material is the principal pathway leading to

internal deposition, This applies to most nuclides in the environment, howvever,
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

137,
BRI : § tAad

in tissue., The source was assumed to be an exponential distribution of
tivity with depth in soil, typical of aged fallout (Be70). Because of the i

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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tern vari@tioquﬂsiuce the atolls present a hocerﬁgene?us—expOUure‘rate'environ- -
ment (G¥77). - T 3

Ex:ernnl{éxpoaure calculations arve baocdfoq Figures 24 to 26 which were

snd Gr77. The area under straigit

[ £

derived3ftom data listed in Cr56, 8h57, Unb9,

P
{ 1

line poftions of the curve was-determined by - = . . . e
. x.iﬁl_'_}.!._t_l-ff_‘i (6)
n+l ;
where o j’i !‘ T
X = eiternal exposure during straight line interval, mR,
- R, & e*posure rate at the end of the inﬁé;vll, nlh-l,
R,  exposure rate ag the beginngpx_?f'ihg ipte;qa}, yﬁp:}liﬂl
t, ¥ time post detonation at the end of interval, houri;;W”
t; ¥ time post detonation at the beginning of interval, hours,

n £ slope of a straight line,

Data from 11 detonations during May, June, and 3uly of 1958 (Sh57) indicated a
mean fallout deposition exponent of 18.8., This mean value was observed at
Utirik, Rongelap, Parry, and Wotho and was applied to early time post detonation
of BRAVO to obtain the initial incressing exposure rate history shown on

Figures 24 and 26. This method 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)., Initial dose equivalents on '"acute doses"

are developed in greater detail in another report.
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Figure 25 demonatratenighe external exposure following the 1958 testing se-

n

ries. 8ince veturn to Rongelap followed 3 years after the BRAVO contaminatiou,

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

- SUMMARY _

The Castle BRAVO shot of March 1954 caused the contsmina?ion of the
inhabited atoiia Rongelap and Utirik. Evacuation from Rorgela? commenced 50
hours after detonation and from Utirik 35 hours after decqnati;n; During Junc
1954 and June 1957 the return of the Utirikese npd'Rongelqpeleéoccugred respec-
tively. Body burden data for dosimetrically significant ﬁucli#es éere obtained
throughout the residemce interval post return primarily by dit;cc ip vivo gamna

spectroscopy and by indirect tadiochemicat'analysis of ur{pe and bibod.

The dosimetric models gsed in this analysis were repkesencacive of a

declining continuous uptake feghme. Dietary decline of radioactivity included

. *

radioactive decay of the soufce and a conglomerate of othef factori?which might
have included increased use éf imported foods and weathering 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 a particular nuclide on a partic-
ular atoll was observed in whole body counting data and urine bioassay resulis.
This was attributed principally to the statistical variation encountered when
small groups are sampled from a heterogeneous group of body burdens 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

50
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years of age ingested more qggi!i;y,efch.dqxutbenwﬁid_ﬂdo1eo§£n£9,jndﬂnsraonl

greater than 40 years of age. Maxxmum devxatxon from the average value of the

daily activity ingestion rate Enz,ucmbers aof an age subgroup was no greater than

a factor of 3. However, the population distributions illustrated a maximum fac-

tor of 5 times the mean activity xngeatlon vate value., . 1y
ERREE S i
Dan equivalent rates post return were determined for members from both

§ )
P

atolls, For Rongelap Atoll, the residents received appuoxunately 100 to 200

wRem per year during the first 5000 days post return fron 1ntern¢1 emxtcenu.

' {

The principal contributing nuclide was l370«. For Utirik Atoll, the reaidents

v

received up to 15 Rem per year during the first 400 days post returm, fﬁé-majur
contributing nuclides were 652n and 6000. Dosge equivalequ;;gggp to the
Utirikese from internal emitters fell below 500 mRem per year at approximately
1200 days post return. } i ’ﬁﬁ;

The dose equivalent fon;population subgroups and for.iﬁdividuals wag detur
mined. Table 6 summarizes the results for the total body, thyfoid. red:n;rrow,
testes, ovaries, lower large intestine wall, and liver. The éatenary compart-
ment model of Bernard and Hayes (Ber70) was used to determine doses to various
segments of the gastrointestinal tract. The Utirikese veceived significantly

more radiation dose from 65Zn, 6000, and SsPe than did the Rongelapese because

908: doses

of short mean residence times of these nuclides in the environment,
. 137 . '

to the Rongelapese were 2,5 time greater and Cs 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

Dose Equivalent: Summary, Rem

‘Total Body Thyroid
Utirik ! Rongelap - Utirik ~Rongelap

Nuclide Adults Adults Adults Adults .

905, 012 .027 .00075 ,0017

33pe .033 . .023 .059 ,042
137¢, 1.1 1.7 1.6 2.4
+ 60¢o .51 014 +36 .010

6520 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:

905y . 054 .12 .00075~,00075 .0017+.0017

e .060 .042 -058-.062 074,043
13".‘3 1-7 206 105_107 203‘2-6

6ino .63 .018 44-1,8 0.12-,050

6.q 17. .10 11.~16. .069~, 099
Inf- "nal 20' 2v9 13.‘20& 2-5"’2'8
External 3.2 2.0 2.0
TOCJ;L 23. 4-9 17'-231 4!5-“08

Lower Large
Intestine Wall Liver

905, .23 .57 .00067 0015
55Fe 067 047 .12 .080
137¢¢ .59 .90 1.8 2.7

60c, 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
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