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§ A RECONSTRUCTION'OF CHRONIC DOSE EQUIVALENTS FOR RONGELAP

AND UTIRIK RESIDENTS - 1954 TO 1980 4

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

ABSTRACT

From June 1946 to August 1958, the U.S. Department of Defense and Atomic = il
Energy Commission conducted nuclear weapons tests in the Northern Marshall Vs
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 Labora~'f?§§
tory to ensure that dose equivalents received or committed remained within U.S, i
Federal Radiation Council Guidelines for members of the general public. Budy
burden and dose equivalent histories along with activity ingestion patterns postv:
return are presented. Dosimetric methods, results, and internsl dose equivalentti

distributions for subgroups of the population are also described.
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Vg INTRODUCTION kb
,-" . \‘f)‘;l ‘br‘ freo = Vi TR i S
On March 1. 1954, at Bikini Atoll, BRAVO, the firlt of #ix nuclear weapon
. vyl RIS 4] ‘, (IR PO I Tt ol . 'l vy “.‘y‘ “:, ;
tests in the Castle series, was detonated. The BRAVO devxce cavsed substantial i
e RS & BN RTINS BRRTIC R IIY s 16 ou Y :
surface contamxnatxon on iahabxted atolll vithxn a 2 000 kquare nile area. The 3
= S oo e @ e o el e dneals i e s Ltk a0l o v D
contlmxnated region was cisar shaped and included A;lxngxnne, Iongelap,
cntert ot seere¥q s dedl perdicunor g i) vt

Ronget;k, and Utirik Atolls uhxch lay east of ground zero at tancel from 60

N cieh Che T o st e Bl oy oin gdn i nnm Tt e jol b

to 300 mxlea. The fallout on Rongelap, inxtially visible at H¢6 houra, had
L 'H."Jlnup Too v ol 3 gwe Lty gt : v
thxnned out to the extent that it was no lonzcr seen at' H*IO hours t0162).
[P 1(‘1 TJA I ] thigWw wen 1t boo HRIEY T ‘l,‘ P P
On Harch 3 1954, the 64 resxdentl of Rongela toll and 18 residents of
e ((j TN e gn beasy RN '4 A1 { a1y o3 H ofa i .
s;fo Island Ailinginae.Atoll, were evacuated. On March 3 and 4, evacuatxon of
SRR LS S cafdes meboad by ban o epayn s

157 Utxr;k Atoll residents also took place. During the first few veeks end at
Thw ""'c"iz"! Vi i

least once every year from 1957 to the present, a Brookhaven hational Laboratory; )
JICY 2rety oo ool s ‘ ik

medxcal team, organxzed by the Depattnent of Defense and by the Atom1c Energy

L oy [ :’['ll'wl,‘,

: o
Commission and its successor organxzct;onl, han provxded mzdxcll ‘examinations to?*

»l]

clear testing program, plus 8 comparicon'populaﬁidn. deottl'ot thcxr f:ndxngs

are given in Cr36, Co58, Co59, Co60, Co62, Cob3, ¢o65, Cob7, 0070, Co75, and J 35
Co80. A o

RN e - %

The Utirikese and Rongelapese returned to their home atolls in June 1954 %g

and in June 1957 respectively. The earlier repatriation of Utirik Atoll was e

based on the low level of external radiation exposure measured after the initial-’;
3 month observation period (March to June 1954). The Utirik population was not .,
examined by a Brookhaven medical team until March, 1957, uhénlibkhpeople re- ;éﬂ
ceived comprehensive physical examinations. Following fhe'l957, medical qurvey,}
two men, removed from Utirik for medical reasons, were whole'bbdy'counted at S

Argonne National Laboratory and provided urine samples‘for radiochemical anal-
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sited onne fro- Rongolnp and , , |
HOYTOUTOSTHI LA

137 .
yooled urine langleo £ton ‘both atolls were eullyzed radiochcuieally for Cs 2%y
- CENETRG L LT oanTsYiadd OVARE (Tlevi fordifl an o, peet wE doisl an 0

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 . 1Ry
.the Medical Department agd Safety and Environmental Protection Division utxlxzed 3
LBSTE Sl rtpa Loe nrﬂlxw eliore bevsderdni no Pﬂzjﬂhlmsjuuj o e

whole body counting and padiochemical analysis of urine and blood:eamples to
dagne Bkl th bebiniond bas Doqnide I8RIc asw not;sy heTeni, e

#denttfy and quantxfy the yadionuclides that were present in the body. The re- .. 7f
LTI o) LOMINSE 1¢ 14a% bﬂu 1Y 1. J8e9 \(5] fiJ dw EII"&'JA *IL{"U bflﬁ |\hv 0

sulte of these radxologzeal measurements are given in terms of body burden in
Bt wrpned dre:v vilsi1tnt (grlennofl no qpolfisd adT “.apfim U '
Tables | apd 2. Tptoughout this paper the units of quantities are 81 derlved.‘

N RINTH N9 9r 11&1’). an anw §5 yer!y iodxs ady ony e i

and those which are accerted for use with the S8I for the time being. Thus hoth; iy
T R i geiogaof 30 etmabiear A2 any (ST B doyal oo :

_ the Curie and the Becquercl may be used as units for the qulntity sctiviey., i

NS TR asM el L nuasve sisw L Hloa ennrgti{ia (Lo fe
, The aforementxoned body burden tables illustrate adult:mean -values for .8
Y eyt A anindl .soniq Aot malr pinabizaer ITogh divic e
Rongelap and Utirik. An adult, as classified here, was 3 person over l6 yearl
A v o eyl L oy adt 83 Gl neviyaay vieve o oo

of age. The  mean body mass in this age interval was 60 kilograms. The observe
PAERIN S T bon oaenat dl o Sosmyungad et v hussneyra cmpis |

body mass versus age dxsttxbutxon xs shown in Figure 1 for Ronaclap res;dpnts ;

DIVOYY L Gl IELIARKTO TGBEWNOUE &3 Hag woiet
The. same body mass versus age dxstr;butxon vas observed st Utxt;k.
h SV entzTen wil 3oy inegl aglt o 0 -
Because of the paucity of measurements at Utlrlk, information on = Co,
[FEa AN} ey F ‘({ H”U.m‘f] gn'!,._. .

6530, and 5Fe was in some instances derived from the tatxo of adult mean body

W
i ;I [v LR

burdens between Rongelap and Utirik. A mean ratio of 2. 6 was oboerved in body : _;

65 90 137

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

S iy

standard deviation of this ratio was 15%.

90

ol by N
tervals, in conjunction with contemporary dosimetric models, are used to esti=-

' VIS B 2
Vo . .'ég

3

g 7

W

mate internal dose. Dosimetric distributionl were constructed frow the results

b
and a summary of the derived activity ingestion rates and doee equxvalents was ‘ig
sofee Yoage E

provided for various subgroups of the population. Add;ttonally, exposure rate

LiE

e I ik .
)
. :

history curves were constructed for each atoll for the period following the

o
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pattern models, provided an’ citinatc of external dose equivalent,

METHODS

Exponentially declining activity concentrations ‘have been observed in cur-

face soil for 1376., 1291 lnd~ 08: from 1954 to the present on Rongolap

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

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

CATTTT T T T T T T e

Thus exponen;zal declxne in dietary activity was assumed anq{the follovxn;

general equa;xons were derived. —1

" K | ~Joo!

1 . “ . u u./ﬁ‘h - q. (zi Kixl

P , v
5 q_l ol XL 1 L'.(X"'Kg)t -(kpxi)F; ‘;\3 (1)
‘.._
| FHe T
or " 009!&
. 8]
L. y!
APe = g -9° [ i Xé;e .
£ g, ok (e~ A¥Fp)t
1 Ki-KE g
and |
b= tape g, XL Ritke SOk TR ¢ (k) (T
' ' Ki-KE (KE+A) (gi+k)
]
M -(A*K;)t .
+ q° Zi )\'ﬂl(. [l'e A 1 J’ (3)
i
where
6
- R JE:&“E"”*'&"’M;MM..“:‘!Y;:';* »;,‘f-.‘v, Do

Twl
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fgi:inl ; s erls Yo 3 smia ¥ns s no;:nsﬂs1 Ybod 9£wa
time post onsetiatfuptake, days,

il YRS BERTMER TS
instantaneous fraction of atoms decaying per unit éinﬂ, day” -1

initial atom ingestion ‘rate,stoms day~!,

[ I
instantaneous fraction of atoms removed from compartment. i by
wRiwol Gt i Rma IRAT F= amig Ik VIIVITGE cu0SHLIan RN e

physiological mechanisms, day”

compartment i deposition fraction,

the number,otl;téii)inkéddpgxgggpc‘i‘uiln;tqe]io the number in all L
: e | NG

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

SERIEE R L R T 7 G IR IR RRTH & IR CHDHYR T g ‘t, Joild fwoiiod
instantaneous urine activx:y concentration, Bq &

- el T Ris bt e
subject urine excretion rate, % day 1, A
fraction ftomlGIJ;ragt to blood,(,* »i- T
SO 1h
fraction excreted by the urine pathway, i OL

instantaneous fraction of atoms removed or added to the atom uptake

e IR

Ity tr1ge) ;
per unit txme, day”™ 1, due to factors ocket han radxoacixve decay,
N A L ATHEE £ R Y TN UTR L 1 TR

instantaneous body burden, Bq,
i SRR STEE I RSP

body burden at the onset of uptake, Bq,

the number of disintegrations in all compartments occurring during

the uptake interval, Bq days. .

The development of Egs. (1), (2), and (3) was based on the following convo-

lution integral. At some variable time, T, defined during s fixédruPtake

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

tract to blood is given by

'(kg*k)T
(-]
Aflp e [}

: . . - o : e -
AL RS Sl s Al L AR T e e
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‘persons who returned to the stolls in June 1954 and June 1957 did so vu:h an ini=

The whole *Iiody rctention'

mputh.at time 1 is - '
yab ,qm:J Lo g gRivsosh emose 1o moisosad auusnminsJangz

1 H

B

x"x ‘Mﬂib"gﬂ)‘ol-’wﬁm mo3s lnidiui

vd bodmsandy e mnxl'bﬂvom91 emodp 10 011381 puGansINEIRRE

Thus, the instantaneous activity at time t-T that remsins following
: VOBl amzinnnoes [onig nlp;deq‘!

- et}

dt is -
¥ (uiloeTy nuljleoqsb 4 ‘HSWJTﬁChOD

it

s

P onr seduwim s N f Pc‘ﬂfﬁl*l)iftnx1.H$L3Ki)(ﬁﬁigadto 1 dmuu il

SR odnIgn 2Uunb i TG gﬂInIlﬁﬁb 1o sseno ady 18 rinemineqmen

It follows that the myt “&uo\u activity st time t~T that vemains: following

\ ! ABYIN9anvy NILvEiING s ltu euusnhnnsznu:.; [

input during T is . \

el o (938 Doiluiaxs ity er{udu& 30U

P

T —(xgu Jrhosld sOR) ekt e 0oisonid 5%

o ® ovovdii SRS sy boisansy. nou:mx; R

Toyd

N ST R S 3 : oo bsvome . Cwogs 1o noticsTl Pnnanzarnznn;fégq;
.. Fhe ution of the i ral yields e ul expression that depends on

“' ' ‘l o :a§§3‘w~f‘¥ ? 0) 9u§ n’ veh ,omi3, JJnu STAYy

the user defining t. For eu-ple, if t is the fixed uptake interval, '1', plus an
pH o nebaud vbad 2uosneinsiens oo

additional fixed post uptake 1pterval, 0, then the body bugden at ' T.+ § is

ey bt tg nagbyad \bmf o;:
given by
veoorsdme oy oo
=(AKg)T  =(A+R{)T -(Mz )¢
AP°E) Iixi (e B e i’ ) e i AL
l(i - KB

¢ tang 'v“ Ly P9 .t
As previously s:ated, Eq. (2) applied at Ronaelap and Uurik. it vas
Ih fl““'}"la IR

for the situation that varuble time t was the uptake mtcrvnl. Additxomlly,

'rl’ v

1

v 'ty ©ohegfd

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




Equation 3 vas obtained by

urine activity concentra:iég;;o body burden.

integrsting Eq. (2).

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- 3
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 inithe body during the"f&si&énékwfﬁiétVilWﬁfmﬁdﬁﬁndividull living

on Rongelap or Uririk Atoll, ‘{
i

!

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

“IAM :
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

o tinuously increasing dxe:a;y uptake of 1370:

y ‘, )

;‘ LI+l
tive value. In the case of Rongelap and Uctrxk, KE vas 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 radipactivity in

dietary items during the residence interval. For the nuclide 55

Fe, only one mea=-
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

S ORI ey - even
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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

Table 3. For the evaluation of ke from Eq. 1 and 2, radiological and
physiological parameters were obtained from the open literature (ICRP59, ICRI68,

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

in Table 4.

Table 3
Summary of Dietary Rate Constants (Kﬁliffl) _ )
60, 905 654 3,
Ronge lap Adults
Males 1.5x107°  1.8x107%  3.x107 1.axio™
Females 1.6x1070  4ax10™ 3.5x0” 1.4xi0™
Adults 1.5x10”>  1.9x1074 315107 Laxio™
Utirik Adults
Males N.D. 4.6x107 N.D. 1.4x10™
Females N.D. 4.0x10”" N.D. 1.4x10""
Adults N.D. 4.2x107 N.D. Laxio™

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

The values of'KE were similar for wales and females and for residents of
Rongelap and Utirik. For 905r on Rongelap a factor of 2 difference betwery KE
values was observed for males and females. The female parameter for Rongrinap
Atoll compares with that obtained from the Utirik data. A paired t-test ol 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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Compartment Comparcment . Gl Tract Trection I o
Deposition Removel to Blood Excreted in Decay Signiticant Branthing
Nut {1de Froction Rate Conscens . Transfer - Urine Congtant Progeny Ratio
N .
X X. | & 4 f Y
l 3 dll l v d.l Z& i+t s 5 o 1 e o
e 0.13 0.0 1.0 0.90 6.3x107} Rt 0.944
0.87 0.005}
S 0.3 0.05¢ 0.3 0.2 2.85107° 5o 0.9
0.75 0.0022
90, 0.8 0.2t 0.20 0.85 6521070 90y 1.0
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bimodal activity ingestion rate distribution for 908: in the Rongelap popula-

tion,

Data for °°Co and 07

Zn were not sufficient for analysis for the Utirik
Atol]l residents. Values for Kg observed at Rongelap were assigned to Utirik
males and females and body burden histories for population subgroups were
reconstructed using Eq. 1 or '2. Figurei 7 and 8 illustratefthe derived mean
adult body bu;dens for éLi 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 return 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 ssEe in Figures 7 and 8 were obtained by setting KE
equal to zero. This underestimated the initial body burdens and overestimatcd

55Fe contributed less than 1.0% to the cocél dose equiv

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 was
obtained from Rongelap and Utirik (Co75). Analysis for ssPe has yet to be
reported. A recalculation of 55Fe body burden and its impact on early dosc
equivalent rates will be conducted when the data is made available. A substan-
tial change in dose 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!

7
adults were plotted. Measured values for 13 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 :ddi-

. L . , . 3
tional variations. On the basis of this observation for L 7Cs, a smooth bndy
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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

Y .

variations may have had a dfﬂb‘tic impact on the mean dats. In Figure 2, which
illustrates the adult male, sdult female, and adult population mean 13705 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 butdénctwhich 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 return., An exponential decline was propocgd 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).

1370- for various popula-

137

Figure 10 demonstrates the differences in ingeetion of
tion subgroups. This undulating pattern was exhibited by Cs, 908:, and 65?,u,
nuclides for which sufficientﬂdata existed for analysis.

Differences in ingestion rates of the stable element at: the same geo-
graphic location have been shown to occur among members of a popglltion (ICRP

s

23). Age dependent diet studies for ingestion of Cs for urbahtbipan have values
-, .

varying from 11 ug 4~} for adults to 8.6 ug a7}

-

‘ﬁqr childg?q}f Sfjin a westein
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’%?fot 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
ug 47 for Japanese adults and half this amount for children., The Marshallese
population also exhibits dietary changes 8s 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 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. o
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Figure 11 shows the individual datq-calculated for 137¢s fo:Nall Rongelajp

137

residents and is referenced to June 1, 1957, The individual maximum Cs 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, 39X of the mean value for young adults, 48% for

adolescents, 38% for childrem, and 54% for infants. Adol%scents and infants

exiibited a b%oader distribution thﬁn:é@éiffajﬁﬁfidkchildﬁeu showed a fractional

Lo aYhy

1

variation injactivity ingestion rate similar to that of adults, Breast feeding
versus cocon?t sap supplements would have contributed to Ehg”g;?ater variation
cbserved in {nfants. Adolescents and young adults were ?be poﬁulation subgroups
which have been observed to move frequently‘be:voen'ato}f;. Tﬁ}s mobility would
lend to greater variations in the daily activity ingescioﬁ ratQp relative to
those observed in the more stationgry population subgrdﬁp;. ‘

Figure 12 also exhibited g wave pattern; however, avgistihct difference he-
twes2n males and females was indicated. This differenﬁe arose £¥on the use =f
vaiues for Kg listed in Table 3 which were derived from urine data for male and
ferale 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 rveflecting the
difference in the  'sr dietary rate constants. Data from urine bioassay
indicated that the observed difference between the male and female values for YE

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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of uriné'cctivity‘concentratiéﬁsvartkbiii:y,'there‘wuu a éoziprob‘bxigty that

o o gt Yhegge i) v { e g TN 1* SRR
the male value for KE would 'be‘different from'the female value by the’factor
observed. Thus differences in the derived activity ingestion rates and dose

. el e
equivalents were not significant.

137

65 TCo activity’ ingestion

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

rate histories for adults on Rongelap. A curve was drawn between points, and
the appearance of an inctéaéin§”137bs ingestion rate during the”1960's" indicated
the possibility of another contaminating event. The Hardtack Phase I series wius
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, ssveral observations fail to support the
conclusion that recontamination was significant. These are 'as follows: 1) the
increase in 137¢s ingestion rate was not in conjunction with an increase of
652n; however, since 652n is an activation product it may have not been producei
in the same proportions. 2) The peak l37Cs body burden at Utirik occurred

nearl} three years after the initiating event, Castle BRAVO, while the peak body
burden at Rongelap followed six years after the potentially contamipa;ing experi-
ments of the Hardtack series in 1958. 3) The activity ingestion rate at Utirilk
demonstrated a continuously declining pattern versus the humped pattern observed
at Rongelap. This occurred even though there was an equal external exposure i
rate history following Ehe Hardtack series as measured by the U.S. Public Healtl
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 patterns. Thus it is

postulated that body burden variations were caused by travel away from the ato})

29

e L ENMERRTY e




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

sy b

T R o= g1, Y

where "

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

o
"

RN

—
H

2 equilibrium dose equivalent rate to the total body per unit body
burden, mRem y~! nei~t,

i

£ instanteous body burden, WCi.

£
[1]

The #pproximate nature of the estimate was due to the assumption that the
radioactive atoms were distributed among the body tissues as they would be fol-
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 5

Total Body Equilibrium Dose Equivalent Rate
per Unit Body Burden

Ly
?( mRem y~! pci-! "
Spe 2.x 10°
26 5
60¢, - 6 x 102 |
27
652n : 1 x 102 ;
30 : :
90g, I x 102 i ‘.
38 L
137, 2 x 10% o
55 ..

LANS (

Figure 15 illustrates the relative co;tribution to the ;onépsite dose
equivalent rate for each dosimetrically sjgnificant internally deposited nu-
clide. For the average Rongelsp adult, the residence interva}l begins Juuc |,
1957; however, many adults were reported to have resettled du;ing 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 137Cn componcnl Ce=
sium dominated over the entire post return period and would be of prime roncern

for populations returning to a8 contaminated environment years after a finsion o

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 ycars

post-return., The higher body burden resulted from use of the two measuird 652n
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‘body burden means for adultlyon Utirik and the observed KE rlteécpn.tant from
65

Rongelap. 1t was observed on Rongelap that .031Z of "“Zn was removed from the

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

in dietary radioactivity éﬁmﬁsﬁéélaﬁ had been observed f?rﬂl?7Cs, 908:, and 6000

to be greater than that predicted by radioactive decay a#one. Instantaneous ve- §f
duction fractxona ver§ éiéiﬂgt_Ec,;ﬁ$i§?§§ﬁgohiiﬁiﬁj%qrcjobnc:vcd st Utirik for e
the 908r, and 13705 nuclides. The lower cutve.phftiguteiiG%teflcctl the dose B+

i

equivalent, dose equivalent tate, and body butden which yould have occurred liad TR
radioactive decay alone’ accountedUIotithn re-oval of 652n from the Utirik envi-

ronment. Since addztxonaltlnchanians canld be measured fpr other nuclides at
SATV M Prae S

Utirik and for the éSZn nuglxde on a nearby ltoll, the upper curve was choscen as

i

the most likely body burden history for gdulto post retu;n to Utirik Atoll.
Figure 17 indicates the Utirik adult mean total boey i;se eguivulént vate
for each nuclide. An obvious difference relative to the ﬁsq%elap history ! d
exists;} 65Zn not 13703 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 ant) ' yﬂ
652n played major roles during the first 3 years, a time interval that : =i
corresponded to the period during which field whole body counting facilities |
were being developed at Brookhaven National Laboratory and when medical exaina-
tions for people on Utirik Atoll were not done. Additiomally, pooled and/vr in=~
dividual radiochemical analysis of urine was not performed during this periad.

c
The impact of 6JZn and 6000 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 coun-
secutive body burden measurements. The segond method used was & 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
comrared to a standard weight of known area. Quality'cénttol procedures
required that all three methods agree Qithin $10% bcfo?e a8 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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organ compartment biological half time for the element,

total body compartment deposition fraction for the element,

Q
1]}

D. = total body compartment biological half time for the element,

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

i |
1

Equation (S)}applied where significant decay occutrediat the deposition
: |

site, and not during transit or re-tramsit to the organ of interest. Values for
. ' o |
compartment deposition fractions and compartment half timeaiwere obtained (rom

-4

Ki78. Values for the regﬂinxng quantities were from ICRP59.

The dose equ;valeutc to a specific organ or the total body.u!re determined

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

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

the dosimetric con:r1but1qps from all source orsans. 8evera1 1m;§rtant mody[lca;f
tions to the general procedure werg made in order to computeéindtiidual

dosimetric results., For gach person, the source to target d%ﬁeFunivaIent per

unit cumulated activity was weighted bi the ratio of a atand#rd man's body mass
relative to the actual mean body mass during the interyal for which the dosne

equivalent was determined, In the case of 1

Cs, the long term biological re-~
moval rate conastant for the Marshallese population was‘highlx dependent upon
body mass (MiBl). Appropriate modifications to Eq. (2), (3), and (5) were made
to reflect this dependence. Finally, for 908: deposition in bone, 28% of tie
source to target dose equivalent per unit cumulated activity was assumed f{rom
cancellous bone and 72% from cortical bone,

137

Figure 18 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 maintaine:l the

lowest dose equivalent. Persons who died during this period were not included
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in the figure nor were :hcy‘included*in any dosimetric distributions 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

13703 among the Rongelape’e. The shape or the population distribution was

‘ 3
skewed with a mean of 1. 7IRam and a maximum of 9.0 Rem. Thus tgg maxxmum was

x

5.3 times the mean value¢§0r3137Cs on;Rongelap. An exan}qatxo z ' the subgroup

distributions reveals th;t«persons who were infants at. the txmeiof rehabiiantion
at Rongelap also were thcmrcctpxento of the higher" douel. Thxo;was due to the
combined effects of lower average body wass, & higher avetage’iﬁsestion rate,

' . ie

137C8 than that for adults or even children. The pa-

and more rapid turnover ofj
rameter having the greatest impact on the infant dose equivalent was body uass.
The standard deviation for the adult male disc:ibution:vag_&?l 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-
mately twice the mean value for all distributions considered hgre.

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 and mid-
dle aged persons received higher dose equivalents during the residence 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 ni the
Rongelap population for 652n. Again the population overall exhibited a sicrwed

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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year period. The standard deviation was in general 30Z of the mean value for all

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

. . 0
the fact that 6SZn measurements took place over a 3 year interval while S 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

‘ . o . r B
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 radiocactivity would enter the body vis the resuspension and direct inhala-

tion pathways. It is known that for a given soil concen;tution‘bf‘;he stable
h

»

naturally occurring analogs to the radioguclides considered here, the ratios
E g L 7 v

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

as follows:

Co > 3000 Zn. > 130 a

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, however,
there are notable exceptions including I, U, and Pu.

External Exposure

AR

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 : § ol

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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ce the atolls present a hotetpgene?us~expOlure rate environ-

- P

Sef-
LA

sin

S, 0T o
tern varigtions:!
o i b

ment (G¥77). - i

External{éxposure calculations are baocdfo# Fikureo 24 to 26 which were 5

snd Gr77, The area under straigit

G

derived3£tom data listed in Cr56, Sh57, Un59,

line portions of the curve was determined by I YE
o s e LT _— e
if X = Roty _ By &y _,ix i (6)
n+l ;
where o j’; !‘ o
X £ external exposure during straight line interval, uR, 'Qg;
R, £ e#posure rate at the end of the iqté;vll, th-l, ‘”.;
R, ¥ exposure rate at.the beginn@px_gf'ihg ipterqa}, Pﬁh:}lidl
by % time post detonazzbﬁ at the end of interval, hourif“f” BT
t; ¥ time post detonation at the beginning of interval, hours,

n = slope of a straight line.

Data from 11 detonations during May, June, and July of 1958 (ShS7) indicated a L

mean fallout deposition exponent of 18.8. This mean value was observed at v
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 method yielded a fallout deposition period of 5.5 t
0
SRR

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 demonsttateliche external exposure following the 1958 testing se-

ries. 8Since return to Ronsolap followed 3 years after the BRAVO contaminatiou,

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

BUMMARY

The Castle BRAVO shot of March 1954 caused the contamina#ion of the
inhabited atoiis Rongelap and Utirik. Evacuation from Rorgela? commenced 50
hours after detonation and from Utirik 35 hours after dethati;n; During Junc
1954 and June 1957 the return of the Utirikese apd’Rongelqpele@occugred respec-
tively. Body burden data for dosimetrically significant ﬁuclidel ﬁere obtained
throughout the residence interval post retuym primarily by diréct ip vivo gamaa
spectroscopy and by indirect radiochemicalsanalysis of urfhe and bibod.

The dosimetric models psed in this analysis were repkesep:atéve of a
declining continuous uptake feghne. Dietary decline of taaioactivity includéd
radioactive decay of the soufce and a conglomerate of othe; factorg which might
have included increased use qf imported foods and weatherxqg of the source. Di-
etary loss rate constants were 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 qg&i!ily,@fCh.dQXHQDénwﬂidwﬂdo1GOE£B£O_Ani;98r19nl

greater than 40 years of age. Hax;mum devxatxon from the average value of the

daily activity ingestion rate Ens,ucwbeta aof an age subgroup was no greater than

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

tor of 5 times the mean activity xngeatxon vate value, ¢ .11
RN Wi

Dose equivalent rates post return were determined for members from both

V
Ca

atolls. For Rongelap Atoll, the reasidents received appvoxunately 100 to 200
mRem per year during the [lrst S000 days post return fran 1nterna1 emtttenl

The principal contributing nucltde was 137 Cs. For Utirik Aboll, the residents

¥

received up to 15 Rem per year during the first 400 days post returm, fﬁé ma jor
contributing nuclides were 6SZn and 6000. Dose equivaleq:;ggfeg to the
Utirikese from internal emitters fell below 500 wRem per year at approximately
1200 days post return. } ) ’ﬁﬁ;

The dose equivalent fon;population subgroups and for.ihdividuals wag detur
mined. Table 6 summarizes the results for the total body, thj?oid. redfmartow,
testes, ovaries, lower large intestine wall, and liver. The éetenary compart-
ment model of Bernard and Hayes (Ber70) was used to determine doses to various
segments of the gastrointestinal tract. The Utirikese received significantly

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

908: dosen

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 resideunts

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

to which Utirik was less contaminated than Rongelap.
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Table 6

Chronic Phase

Doge Equivalent: Susmary, Rem

v

Thyroid

“Total Body
Utirik ! Rongelap = Utirik ~Rongelap

Nuclide Adults Adults Adult du -

90g; .012 ,027 .00075 ,0017

33pe .033 . .023 .059 .042
137¢, 1.1 1,7 1.6 2.4
. 60¢o .51 014 .36 ,010

6%2n 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 .00075~,00075 .0017+,0017

Sire .060 .042 .058-.062 .074=,043
1374 1.7 2.6 1.5-1.7 2.3-2.6

6no .63 44-1,8 0.12-.050

6.q 11.~16. .069~, 099
Inf. "nal 2v9 131-20' 2.5"2'8
External 3.2 2.0 2.0
Tot:. 4.9 17.-23, 4,5-4.8

Lower Large
Intestine Wall

905, .23 .57 .00067 L0015
55Fe 067 047 .12 .080
137¢¢ .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
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