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A RECONSTRUCTIO“*OF CHRONIC DOSE EQUIVALENTS FQR 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 radiological
monitoring programs were begun in the mid 1950's by Brookhaven Natioval Labora-
tory to ensure that dose ?quivalents received or committed remsined 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 equivilent

distributions for subgroups of the population are also described.
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On Match 1, 1954, at Bikini Atoll BRAVO, tha firot of ¢ix nuclear uvapons

BERRE I S B I F R Vs
tests in the Castle series, was detonlted. The BRAVO devxce cauned substanicial i
. v i . 1"’Iql“:'<‘-|1" Toh : P
surface contamination on inhabited atolls wichxn . 2 000’ cquazc ‘aile area. Thc‘i@ﬁ
o R N e I LT oy if ey oy " g
: contamlnated regzon was cigar shaped aad 1ncluded Axlxnginae, longolap,
CERGYY ey 6l e cunsg ey ) vl
Rongerxk, and Utxrzk Atolls whlch lay east of ground zero ‘at’distances frow 60
S gt . HERE | ﬂi ot [ T il g ;
to 300 m;les. The fallout on Rongclap, inxtially visiblo at H+6 hourl, had
- '!ilnup S A I TYRNN] T U TR B
hxnned out to the extent chat it was no longcr lecn a: H+10 hours (6162).
‘ o vl Tal T o s sen v b gy o gl
On March 3, 1954, the 64 resideats of Rongelap Atoll and 18 rcsxdents oE
e I3 TeY e tasy gy Coagappast o bps o
Szfo Island, Allzngxnae Atoll, were evacusted. On March 3 and 4, evacuat ion of
atept k vider rebiond N LT LRI
157 Utirik Atoll tesxdentl also took place., During the first “few veeks and at

[ 4 ';'vwc”!‘;.r, 1",’ ’ : b < ' .
leaot once every year from 1957 to the present, a Btookhaven hu:&oncl Labnrator;

IS apgin . o - ,
med1ca1 team, organxzed by the Departncn: of Defonse and by thQ Atouic Bnergy

pY . '
L ,.x,,‘

COWDISSIOU and its successor organxzatxoni; hai provxded mndxcal examxnatxons to

monitor the health of th;wﬁeraonu inléiallf ;ffccf;&(%;rfﬁ;gf;fiou: from Clie nu*;i.;
: clear testing program, ﬁiul a compatison‘pépbictiohi)'f;pagélQétﬁthiir‘fiudingl“>(
are given in Cr56, Co58, Co59, Cob0, Cob2, Co63, Cob5, Co67, €070, Co7S, d
Co80. S

The Utirikese and Rongelapese returned to their home atoli; in June 19354

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 Jf
3 month observation period (March to June 1954). The Utirik population was not
examined by a Brookhaven medical team until March, 1957, whén'labhpeople re-
ceived comprehensive physical examinations. Following the 1957, medical -urvey,

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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ysis of 137¢cs. vour pctoqup?vilxted Y ﬁ from: P ”_3{nilddition,

pooled urine samples from both atolls wvers anslysed radiochemically for r

HOXITO (HllVI
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and 8:. Subsequent Brcokhavon National Laboratory expeditions by members of
oo e Coab OVARE Gl Cbodanodob enw asites e lranD aidd nj )

the Hedxcal Depar:ment agd Scfecy and Environmental Protection Division utilized’

aridtoy gliole bevrdedni no rotdgatmeIngy o

LB '

whole body coun;xng and :adiochem;cal analruxs of urine and blood samples to
TSI Sl LA Lesbiiat bas beaqpile Tegic asw nginsy heling.

§9qp§}§y and quantxfy the radionuclides that were present in the body. The re-

“rse o bauory Vo tae9 el doidw el T8 A7 19U bas 4o

sults ,of these radzolopzcal measurements sre given in terms of body burden in
worns ot drafy viiuittnr (qrlasaofl no tualfsl s¢T Laslin
Tablep,;,apd 2. ,Throughout this paper the units of quantities ave 81 detlvﬂd
f o ol BT R age. 1 suaa ! ng 9w 11 sy itk il ng tie
and tho-e wh;ch are accfrcod for use with the 8I for the time being, Thus hoth
L qe: anod Yo atoghteay A2 aa3 (PPRT F dAoviM

the Curze‘gnd the Becquorol may be usesd as units for thc qutn:tcy activity,

L I R T S R IS LIS NP R I O
The aforementzoned body burden tsbles illustrate adult mean values for
AT zrivdl L9oniq oot nale 2inebicer TMasA Aroi
angelap and Utirik. qdulc, as classified here, vas 3 pexson over 16 years
o : : Aot l8 T g wa g oadr a3 o) mer e I3UY VIevs o oo ;
A%
of age. The meap body mass in this age interval was 60 kxlogrlns. The obaervedb:“
AR A a0 avanat Sl oy ]ﬂlﬂ!]lﬁqwﬂ LYIR \d f} )'\‘Db 47“ cipioc i H ' N
body mass versus age dxg:r;bu:zon xs shown in Figure | for Rongelap ro;xdents.
UOREN CROEIRLIARRTID YGRr95UE 231 hie (o

The same body mass versu, age dxstr;butﬁon vas observed at U!itlk.
‘ Eal anserag il Yo Ailresl st

- Because of the paucity of measurements at Utxrzk, information on 6000,
R R L I £ 110 B S W R ‘
652n, and SSFe was in some instances derived from the ratio of ldult wean body

) ,;. [

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

65 90 137

burdens for “Zn, Sr, and

_; ““
standard deviation of this ratio was 15%.

: (R TEE E
tervals, in conjunction with contemporary dosimetric modelc, are used to asti=

mate internal dose. Dosimetric dxstrtbutzono were constructed fton the results

and a summary of the derived activity xngest;on rates and douc equxvslenr. was

s o

provided for various subgroups of the population. Additionally, exposure rate

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

. i R LI B Lo R R S TR 1 T X7 20 TS SRR

Cs after they rcached thoxr maximum values. The7;7ﬁ‘
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BRAVO test. These data, cdg@;hcr vith ;ﬁpiopriqtc conver ioqﬁt!btggpiandﬁliving '

pattern models, provided an oicinacc of external doss squivalent.

METHODS

Exponentially declining activity concentrations have been observed in sur-

137 129 90

face soil for Cs, I, apd " "Sr from 1954 to the present on Rongelsp
and Utirik Atolls. Declining:activity concentrations have slso been observed

in vegecatxou at a rate greater tbun that predicted by rad;oaccivc decay.

‘ T T Ty ey
Thus exponen;xal decline in die:ary activity was assumed and the !olloving
general equa;zoua were derived. %
Aok ) ~ 01
- ! K t
. u:u /% - q* (g KiX; e ** ﬂ ]
KT ' K, sOkpE _ = *PEn Y )
f.’{ﬂ“v"x S MBI L o TINHKIRY)
"\J: I:Er v; - —g O
or Fa 0’09 ”1 it (;!:
] ' N
' ' (”' 9 ) ! ’: .
! ¢ I
AP° = q-9° lzi Xi e % ) :‘up"" )
£ X{ (e-(kfkg)t -ex;xi)c) *
1\ L, g )'
i K,~K
and
_ Xi  Ki-kg ~Ookp) e"AKRE + (4pp) o7(KiMAIE
D= £2P° I K (Kg#A) (K #3)
-(A+Kj )t (3
MR MR A*K L1=e b )
where
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t = time post onset’ nf uptake, days,

A £ instantaneous fraction of atoms decaying per unit tidled‘y -1

P° 2 initial atom ingestjon rate, ‘atoms day~!,
{ H

K{ = instantaneous fraction of atoms removed from compartment. i by
: ni-,:f':i U tamay ARG o andg T VIDVETUR chnyan iunteni o
physiological mechanisms, day™*,

Xi S compartment i deposition fractiom,
[ I _ . .
X; £ the number,OfLACOHI)iu”édmpgggggpc‘l‘udlc;bqe]ip the number in all
coupartmcntl at :the onset of declining continuous uptake, (t=0),
(RSN B TR, ¥ SR RS RV O R T TU R S T TR DRI OY BT SRR HUBESRRE
U = instantaneous urine activity concentration, Bq 7%,
. - N TR
Us £ subject urine excretion rate, £ day 1, A
£, 2 fraction from GI;$pset.to bl°°dq(x*d»;— ;
L ! SO Th
fu Z fraction excreted by the urine pathway, i ”L
Kg = instantaneous fraction of atoms removed or added to the atom uptale
SR TR .
per unit time, day” 1, due to fcctora her than radioactive decay,
' "l' I o M e o .3 I\-“,”l”l}rﬁh A
q = instantaneous body burden, Bq,

Al . . . - . P
il R T A T N

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

D = the number of disintegrations in all compartments occurring duriny

the uptake interval, Bq days. ;

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

lution integral. At some variable time, T, defined during e fi*édruptlke

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

tract to blood is given by

'(RE*A)T
-]
Xflp e .
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Thus, the instantaneous activity at time t-T that remains following
VUL canr (miduee [evigelaiagidg

FoTeNt]

dt is < : . L
i (b ToeTl no”xaoqsb 1 -rum YRGIIGI I
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It follows that che _ingtan ous activity at time t-T that remains
cognod JEFIN3000, YILvIiIne 9 t1u ¢.;u,>m,3m,;.m; -

input during T is - , :
ce el 93BT N0 TuT0Xs Talti dunidul
T “(Kg *x)r"”‘ PO eqARg ek o sl modaoad
J xf‘lP. x L
o cxpwd, o SAThy alty vd uuj.;‘.l')&‘: f0idievl
1o bgvoms . Gois 19 not1o8T1 mmtmgumu s\ d B ,.)—‘

. L
. The_sqlution of the integral yields J,,g“rr:;,'fg;:;'}f:u that. depends on

the user defining t. For exawple, if ¢ za the fixed uptake interval,. t, plus an
oM netbyod vbed anotpsinstent

additional fixed post uptake ipterval, 0, theu tho body byrden at ' T.¢+ C is

ta gabyad vbod 3 ,,
given by ,
e ERMNTIRRENY I3 | u
<(A+Kg)T = <(A+K{)T =(A+k ) 9
AP°f) Iixi (e B . e i’ ) e i Pl ool
Ki - l(8
e g TR, SN
As previously stated, Eq., (2) applied at Ronsclap lnd Utxrik, ;t was
‘e z~3')| N

for the situation that variable time t was the uptake xntcrvnl. Additxonally,

persons who returned to the atolls in June 1954 and Junc 1957 dxd lo vtth an ini=~

i Ty fe o

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 concentratiqgl;q body burden. Equation 3 vas obtsined by

integrating Eq. (2).

Equations (1) and (2) were used to determine the instantaneous fraction of fzﬂ

atoms vemoved or added to the atom uptake per unit time, KE' and then the ini- k.

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

_body burden, Equation (3) was used to determine the number of disintegratious

that occurred in:the body during the residence interval of an individual living
!
!
If the mean residence: time xn the diet is wuch uuch Ionz’t than the resi-

1AM
dence interval, then consthﬁt\con:xnuaul “uptake 1s° achifvcd. Qquq;ions (1) &nd

— - |
(2) can be converted to cggﬁggnotﬂnc'ggptxnuoul equa:do?t by erlag?nz Kg with

on Rongelap or Utirik Atoll,

-A. Single uptake expressions are obtained by setting g' cqua} togero, In

PR
74

some cases only radioactive decay may remove the nuclxdi Eronﬁ#zc .items; for -

these cases K, would equal yero. In the case of the fo ,f/&;?iu; residents,

the maturing of coconut trees during residence on Bikini Atoll‘c.uocd a con-

Ju
tinuously increasing dxeta;y uptake of 13700, Thul. KE yug fopnﬂ‘to have a weg.-;

y 3 it"
tive value, In the case of Rongelap and'Utxrzk, KE was found to have a positive
value for 137Cs, 652n, 60Co, and 908:. This indicated that in addition to
radioactive decay, some other removal mechanism decreased the rqd}pactivity in

ss?e, only one mea=

dietary items during the residence interval., For the nuclide
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 wean

body burden or urine activity concentration, Portions of these bioassay dati

N T v
e X
it el £t v Bl

are illustrated for adult males and females in Figures 2 to 6. Two consecutive

e

Rt

O
o At e N

urine or body burden data points were used to eliminate the unknown ingesticu

AT L R TR, R ey - eves
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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 popu{ationl are given in
Table 3. For the evaluation of Kp from Eq. 1 and 2, radiological and
physiological parameters were obtained from the open literature (ICRP59, ICRI'68,
ICRP69, ICRP79, Ki78). A representative sample of these parameters is preseunted

in Table 4,

Table 3
Summary of Dietary Rate Constants (K&. ‘d‘v-l)
| 60, 90, _ 65, 7

Rongelap Adults '

Males 151073 1.8x10™*  3.x10™ 1.4xio™

Females 1.6x1070  4.1x107% 3.5x107 L.axio™

Adults 1.5x1070  1.9x10™ 3.1x107° 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. L4xio ™

N.D. = No data sufficient for analysis.

The values of KE were similar for males and females and for residenis of
Rongelap and Utirik. Far 908r on Rongelap a factor of 2 difference betwer, Ke
values was observed for males and females. The female parameter for Rongrinp
Atall compares with that obtained from the Utirik data. A paired t-test .. the

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

highly probable and therefore not significant. This difference leads to :
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90

bimodal activity ingestion rate distribution for ° Sr in the Rongelap popul:- g

tion.

Data for 6000 and 65Zn were not sufficient for analyeis for the Utiri!

R AT IR e R PR A

Atoll residents. Values for K, observed at Rongelap were assigned to Utirik

E

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 all gignificant nuclides studied on Bongelﬁp 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 not made. Actual data points are also

plotted to demonstrate the fit, };
The curves shown for Ssge in Figures 7 and 8 were obtained by setting K '3

equal to zero. This underestimated the initial body burdens and overestimated JE
future ones, Since 55Fe contributed less than 1.0% to the tot‘l dose equivy ?
lent, an arbitrary assignment of KE based on observed values for the other .- f;
clides was not attempted. During 1974, another series of blood samples was ;;
obtained from Rongelap and Utirik (Co75). Analysis for SsFe has yet to be “%
e

reported. A recalculation of SSFe body burden and its impact on early dose
equivalent rates will be conducted when the data is made available. A subgtun-
tial change in dose equivalent is not to be expected.

Figure 4 and Figure 6 illustrate the observed adult histories of 908: and

13703 mean urine activity concentrations. Mean values for adult males or al!

adults were plotted. Measured values for 137C8 body burdens were also show:i in 1

el v Tt et as beb e T, 3R

Figure 7. A much smoother curve was plotted in Figure 7 and it was determinid

that the collection and analysis technique for urine samples introduced the ildi- i
137

tional variations., On the basis of this observation for Cs, a smooth by 5
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burden curve for 9°s:, reconstructed from raw data and Eq. !, was considered -?E
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 ovo;zﬁhe 25 year monitoring pfriod. These individual

L3

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

13703 boudy

illustrates the adult male, adult female, and adult population mean
burden for the 25 year exposure pariod, s decrease toliowod by an increase was
seen during the years 1958 through 1963, Although the Castle BRAVO test ini-
tially contaminated Rongelap in March 1934, it had been proposed that the
Hardtack Phase I series added to this an amount of coﬂfauination equal to that
responsible for the Figure 2 body burden pattern (Co6é).% Figure 9 suggests that
most individuals counted in those years had body burdﬁns?which remained the same
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, ihe
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 grester 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 excoept

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- o
tion rate within a population subgroup and initial reference values are giveun in

Figures 10 through 14 (June 1, 1957, was assigned as a return date to Rongelap).
137

Figure 10 demonstrates the differences in ingestion of Cs for various popula- g
tion subgroups. This undulating pattern was exhibited by 13700, 908:, and 6JZn, 5
nuclides for which sufticient.data existed for analysis, -35

Differences in ingestion rates of the stable element at the same geo-
graphic location have been shown to occur among wembers of & popylation (ICRY

23). Age dependent diet studies for ingestion of Cs for urbah“bipcn have valuca
<., '

varying from 11 ug d"1 for adults to 8.6 ug d-'1 for childrég.f Sffin a westein
- R T -4

- b - N ,
type diet rose from 600 ug d 1.,-£or infants to 690 ug dw1 fogs year olds to

- N
3,600 ug d l for 13 year olds and fell to a mean of 1,900 pg}d’*ﬁfOt adults. Zn

in the United Kingdom rose from 2 to 40 mg d”!, the higher value of Zn being

observed in adult tea drinkers, Fe ingestion in a western type diet has a mini- A

Sy

mum at age 3 and maxima at ages 1 and 20 years. Co is ingested at a rate of 20

S0

.
g L A R T o TP,
et it e BT A SRS A 0 SR S A R

HE d"l for Japanese adults and half this amount for children. The Marshallese

o b
- b2

population also exhibits dietary changes as a function of age. The authors of

-

the Marshall Islands Diet and Living Pattern Study (NaBO) observed coconut snp

R s e

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 137Ca 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 Rongela

137

residents and ie 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 41X of the mean value, 39% of the mean value for youhg adults, 48% for
adolescents, 38% for childre;§ and sziforrinfanta.‘ Adol%ocents and infants
exnibited a broader distribution than adilis) ’g§$£g;'*’chi1¢g¥u shoved & fractional
variation in activity ingestion rate similar to that of ;éults;, Breast feeding
versus coconut ssp supplements would have contributed to Ehﬂwl{?ltCI variation
observed in infants. Adolescents and young adults were the poﬁulltion subgrouys
which have been observed to move frequently’betwton ato{f;. Tﬁ}o wobility would
lewd to greater variations in the daily activity ingestioﬁ rates relative to

-

those observed in the more stationary population subgroups.

Figure 12 also exhibited g wave pattern; however, & distinct difference le
twesn males and females was indicated. This difference arose from the use ={

vaiues for K. listed in Table 3 which were derived frowm urine data for male anil

E
fezale residents at Rongelap Atoll. Its major impact was on the dose equivalent

rate, not on the total dose equivalent; and its effect was to cause the dose if

equivalent rate for males to rise and dJecline more rapidly than for females.

Figures l3a and 13b summarize the individual data for g for all

Rongelap residents and were referenced to June 1, 1957. A bimodal shape was 'éﬁ
observed for the distributions which contained both sexes, again reflecting (h lé,
difference in the 90g; dietary rate constants, Data from urine bioassay .: 3
indicated that the observed difference between the male and fewale values for V f;

SEL S

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

L e P R P R

data during the 23 year recsidence interval. The results indicate that because

e
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! y i I N 3 3 vl ;L RS I (‘li' RSN | ; m,;i'v B e ot
of urine activity’cahccntratioﬁbvarxﬁbility,'thcvn‘wal ' 60:iprobabii¥ty that

. o v o ! 1 . o
the male value for KE would 'be'd{fferent from the female value by the factor

observed., Thus differences in the derived activity ingestion rates and dose

. . Iy v
equivalents were not significant.

Figure 14 shows 3 semi-log plot of the 65Zn and 1370: activity' ingestion

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

1375, ingestion fafé(during”fhe”196d'é”indicatnd

the appearance of an increas'ing
the possibility of another contaminating event. The Hardtack Phase I series wis
conducted just prior to the observed increase in the curve and fallout from the

Cactus, Yellow Wood, and Hickory experiments detonated at Bikini and Enewctak
would have reached Rongelap. However, several observations fail to support the
conclusion that recontamination was significant, These dre 'as followst 1) the

137

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

65Zn; however, since 652n is an activation product it may have not been producc:
. . 1 Qo :

in the same proportions. 2) The peak 37Ca body burden at Utirik occurred
nearly three years after the initiating event, Castle BRAVO, while the peak boiy

burden at Rongelap followed six years after the potentially contaminating expe: i -

ments of the Hardtack series in 1958, 3) The activity ingestion rate at Utiril

demonstrated a continuously declining pattern versus the humped pattern observ::

at Rongelap, This occurred even though there was an equal external exposure B

rate history following the Hardtack series as measured by the U.S. Public Healil
Service on both Rongelap and Utirik (Un59). &) The peak exposure rate on

Rongelap following the Hardtack series was 10,000 times less than the peak expo-

RS SR UL UIS Vi A A%

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 e

postulated that body burden variations were caused by travel away from the atn (! i

29
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or sickness ang ather factors, Regardlesy . of the ceuse of indiyidus} giffer-

ences from the mean, s spoogyﬂgg,b:iptiapfot the body burden and activity inges

tion rate for the population_ﬁ?ulq be adog;cd, Oun this basis a dpclip}ng contin -

uous uptake model was used.

Internal Dose Equivalent Rates = . L

The approximate instaq:ﬂgggup 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
H o= ql, (&)

where

xe
11

the total body dose squivalent rate, mRem y !,
I = equilibrium dose equivalent rate to the total body per unit body
burden, mRem y~1 uCi’l.

q = instanteous body burden, uCi,

The approximate 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 yptake for periods of time much greater than the meiy
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 factor
of 1.2 was needed to adjust for differences in body mass velative to a 70 kilo -

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

givea 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,
?( mRem y~! pci-!
55Fe 2 x 100
26
60Co - 6 x 102
27 L
6SZn : 1 x 102 :
30
905, 3 x 10°
38
1370, 2 x 10°
55

P pg—

Figure 15 illustrates the relative co;tribution to the gomépsi:e doge
equivalent rate for each dosimetrically sjgnificant internally deposited nu-
clide. For the average Rongelap adult, the residence interval begins Juuc [,
1957; however, many adults were reported to have resettled du;ing the ne-t 3 to

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

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

hundred days. Most of the dose rate is attributable to the 1370- compon.ut Ce=
sium dominated over the entire past return period and would ba of prime .ucern
for populations returning to a contaminated enviromment years after a f{iu:ion
type initiating event,

Figure 6 illustrates two possibilities for the Utirik dose equivai.ut

rate resulting from the 652n body burden history during the first three ,/rars
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post-return. The higher body burden resulted from use of the two measu; ! )SZn
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body burden means for adults:on Utirik and the observed Kz'rutcéconltant frou

65

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

diet pathway each day in addition to radioactive decay. Additionally, veduciion
137 s, %0

Co : A iy
in dietary radioactivity on Rongelap had been observed fqtl 0

C S8r, and  Co

to be greater than that predicted by radioactive decay slone. Instantanecus re=-
: R A Y L B R T e A \ .
duction fractions very.simikin qaj;hqqolg;;;on;iidpjﬁcrcgoblcrvcd at Utirik for

. i .
908:, and 13703 nuclides. The lower curve .on FigureflO*tcflccto the dose

the
equivalent, dose equivalent rate, and body bqrdon which yould have occurred tiad
radioactive decay alone ddcduntcdufor}¥§. ;éuovul of 65Zp from the Utirik envi-
ronment. Since additionagﬁnghqqilns gaulh;be meauured{fe; other nuclides at
Utirik and for the 6§Zn‘né§k%€éJppfa’n;;;b} atoll,* the pbperbcurvc'vaa chosen as
the most likely body burden history for adults post reCU;n cé Utirik Atoll.
Figure 17 indicates the Utirik adult mean total body d;se equivalent vate

7
oy e

for each nuclide. An obvicus difference relative to the Rongelap history
exists; 65Zn not 13703 vas the major nyclide contributing to the dose equivalent
rate. This was due to the Utirik population returning 3 to &4 months after tiin
initial contaminating event, and the Rongelap populstion returning after 3
years. The age of the fallout had a dramatic influence on the importance ol
eacli nuclide contributing to the internal dose equivalent. In fact 6000 an’
652n played major roles during the first J years, a time interval that
corresponded to the period during which field whole body counting facilitiex
were being developed at Brookhaven National Laboratory and when medical ex:iuina-
tions for people on Utirik Atoll were not done. Additionally, pooled and/v¢ in-
dividuagl radiochemical analysis of urine was not performed during this period.

60

.
The impact of 6)Zn and ~ Co was such that even if the least conservative rate.
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constant (K;=0) was used for Zn, the dose equivalent rate for the average
adult was in excess of Federal Radiation Council Guidelines for the first 2
years following the return to Utirik.

Internal Dose Equivalents

Disintegrations occurring in the ‘totsl body of an individual during resi:
dence following repatriation were determined by several methods. Equation (3),
together with personal body?bufden histories and atoll specific Kz rate con-
stants from Table 3, provided;an initial estimate of}éiaintegrationl between run-
secutive body burden messurements. The legond method used was a log-log plot of
the subject's body burden history and am élgebraic determination of area betwecn

t o consecutive measured points. The third method uped;a linear plot of the
suniect's body burden history. The area under the curv; was cut and weighed and
comrared to a standard weight of known avea. Quolicy‘cgntrol procedures
required that all three methods agree Qithin 103 bafofé a subject was assigued
his or 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 foli-
lowing equation
!
fz ZiAiBi (SiCiDi + ln2/A)

F = ' (%)
Eiciui(}:iAiai + 1n2/))

where
F = the fraction of total body disintegrations occurriug in the organ of
. [
interest,
A. = organ compartment deposition fraction for the element,
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B; 2 organ compartment biological half time for the slement,

Ci S total body compartment deposition fraction for the element,
D; = total body compartment biological half time for the element,
t
f2 = fraction of the element from blood to organ of reference.

i

Equation (5) applied where significant decay occurred|at the deposilion
3 |
site, and not during transit or re-transit to the organ of gnterest. Valurs for
compartment deposition fractions and compartment half times were obtained [rom

Ki78, Values for the rcgi&ding:qulnfities were from ICRPS9.

. { . B 4 i .
The dose equivalents to a specific organ ovr the total body were deternined

by using the source to tavget dose equivalent petr unit cumulit.digctivity parame-:
. L

ters from Ki78. The total.target dose equivalent wasﬁgbtain?d by summation of
the dosimetric contributiﬁps'from all source organs. Severai iméortant modi fica=
tions to the general proéedure were made in order to compute;individual
dosimetric results. For gpach person, the source to target déﬁé?iquivalenr per
unit cumulated activity was weighted bj the ratio of a standérd m;g's body wass
relative to the actual mean body mass during the interyal for which the dose

13708' the long term biological (e-

equivalent was determined, In the case of
moval rate constant for the Marshallese population was'highlx dependent upon
body mass (Mi8l). Appropriate modifications to Eq. (2), (3), and (5) were wade
to reflect this dependence, Finally, for 9OSt deposition in bone, 28X of tie

source to target dose equivalent per unit cumulated activity was assumed [(ccm

cancellous hone and 72% from cortical bone.

Figure 18 demonstrates the mean dose equivalent from 137C3 for varicis age
and sex groupings. The residence interval was from 1957 to 1980 for this ., ula-
tion. The adolescents and persons above 50 years of age in 1957 maintained rhe
lowest dose equivalent. Persons who died during this period were not inclnd~d
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in the figure nor were they included 'in any dosimetric diatribﬁtiono for any of
the nuclides. Thus all persons considered, regardless of initial age in 057,
experienced a 23 year exposure interval.

Figure 19 shows dose equivalent distributions according to age and i for
137Cs among the Rongelapeqé. The sh@pe or the population distribution wa;
skewed with a mean of 1.7§§en and a msximum of 9.0 Rem. Thus th§>maximum vas
5.3 times the mean value. for 13708 on Rongelap. An examinationjé{ the subyuroup
distributions reveals th@t‘persons Qho were infants at .the Cimg}of rehabiiation
at Rongelap also were the.recipients of the higher doses. This was due fo the
combined effects of lower average body mass, a higher average iﬁgeacion rate,

and more rapid turnover of'137

Cs than that for adults or even children. Ihe pa-
rameter having the greatest impact on the infant dose equjivalent Qus body wass.
The standard deviation for the adult male distribution was 4?% §f the mean dose
equivalent, for adult females 43% of the mean dose equivulent,_and for adnlog=
cents 47%. Within a subgroup, the maximum observed dose equivalent was approxi=-
mately twice the mean value for all distributions considered here.

Figure 20 shows mean dose equivalents as a function of returning ags
groups for 652n on Rongelap. Adolescents, young adults, and gdults 50 aul «up
were the groups receiving lower total dose equivalents, while children aud mid-
dle aged persons received higher dose equivalents during the residence in:ivcval,
Measured 652n data for persons who were infants at the return date were n.i
reported in the publications by Conard et al.

Figure 21 shows the dosimetric distributions observed for members o{ the
Rongelap population for 65Zn. Again the population overall exhibited a ziirued
distribution nf dose with a maximum value nearly three times the mean. (iildren

demonstrated higher doses than persons who were adults during the entire 7:
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year period. The standard deviation was in general 30X of the wean value for 211 age

and sex subgroup distributions. This less pronounced veriation may be due tu

65 90

the fact that "~Zn measurements took place over a 3 year interval while " Sr

and 137C8 occurred over a 23 year interval and thus was contained in a more

homogeneous population than were the longer lived nuclides.
90

.

1 A i o
Figures 22 and 23a and 23b summarize the ~ Sr dose equivalent results [or

individuals at Rongelap.

In this analysis, only the ingestion pathway was considered important.
Some radioactivity would enter the body vis the resuspension and difect inhala-
tion pathways., It is known that for a given soil concengfation of ‘the stab!le
naturally occurring analogs to the raiiogug§id;; considered here, the ratics
of food and fluid intake to blood rel#ti§e to airborne intake -to blood, are

as follows:

Co > 3000 Zn > 130

Fe > 550 Sr » 10,000
Cs > 400

Thus, dietary intake of radioactive material is the principal pathway leadiiy to
internal deposition, This applies to mest nuclides in the enviropment, howrver,
there are notable exceptions including I, U, and Pu,

External Exposure

A value of .73 rads in tissve of interest per rontgen, measured in ai: At
‘one meter above the surface, was used to convert exposure in air to absorbe:d Jose

in tissue. The source was assumed to be an exponential distribution of W7,

ac-
tivity with depth in soil, typical of aged fallout (Be70). Because of the
multidirectional nature of the source, variation of absorbed dose with deptl of

organ was minimal. Additionally, external doses were adjusted for living p.( -
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ment (G¥77). -

External exposure calculations sre based on Figures 24 to 26 which were
derived from data listed in Cr56, Sh57, Un59, snd Gr77. The ares under straipht

line portions of the curve was determined by

X = Rptg _ Ry & | | (6)
n+l ‘
where o Sy : j
X £ external exposure during straight lipq interval, nR,
R2 2 exposure rate at the end of the iqtéxvnl, mxh-l,
R, ¥ exposure rate at the beginning yf'thp interval, “‘Pilz _
t, ¥ time post detonation at the end of interval, hours,
t; 2 time post detonation gt the beginning of interval, hours, 3
n % slope of a straight line. | | ?:

Data from 1l detonations during May, June, and July of 1958 (ShS7) 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 detonarion
of BRAVO to obtain the initial increasing exposure rate history shown on 5,
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 develaped in greater detail in another report. 7
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Figure 25 demonstrates. ghe external exposure following the 1958 testing -~

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

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

S UMMARY

The Castle BRAVO shot of March 1954 caused the contaminaﬁion of the
inhabited atolls Rongelap and Utirik. Evacuation from Rorgelap commenced 50
hours after detonation and from Utirik 55 hours after det§nati§n; During Jun»
1954 and June 1957 the return of the Utirikese ap;‘Rongelépeoeéoccugred resper~
tively. Body burden data for dosimetrically significant nuclides ﬁire obtained
throughout the residence interval post return primarily by direct ip vivo gamua
spectroscopy and by indirect radiochewical analysis of utfpe and bibod.

The dosimetric models psed in this anslysis were repiesepcat§ve of a
declining continuous uptake teghme. Diétary decline of ra?ioactivity include
radioactive decay of the source and a conglomerate of othe; factoré?uhich mighi
have included increased use éf imported foods and weathering of the source. 0i-
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 paitic-
ular atoll was observed in whole body counting data and urine bioassay vesuli:.
This was attributed principally to the statistical variation encountered when
small groups are sampled from a heterogeneous group of body burdens in peopl:,
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 activity each day than did adolescents snd persons

greater than 40 years of age. Maximum deviation from the average value of the
daily activity ingestion rate [for members of an ags subgroup was no greater than

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

.

tor of 5 times the mean agctivity ingestion rate value. - .
' S,

Dose equivalent rates post return were determined for members from both

atolls., For Rongelap Atoll, the residenta received approximately 100 to 200

mRem per year during the first 5000 days post veturn frau'internal emitters.

The principal contributing nuclide was 13703. For Utirik Atoll, the residents

received up to 15 Rem per year during the first 400 days past return, The-majvr

contributing nuclides were 65Zn and 6000. Dose equivalen;;ragg; to the

Utirikese from internal emitters-fell below 500 mRem per year at approximately
S R N .
1200 days post return, : S

The dose equivalent for population subgrqups and fOt'individuals wag det:r
mined. Table 6 summarizes the results for the total body, thyioid. redfwarrow,
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

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

g%rdOMn

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 residen:.

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

to which Utirik was less contaminated than Rongelap.
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fable 6

Chronic Phase

Doge Equivalent Summary, Rem

Total Body Thyroid -
Utirik Rongelap - Utirik Rongelap

Nuc lide Adults Adults Adults Adults

90g¢ 012 .027 .0007S 0017

53pe .033 023 .059 042
137¢y 1.1 1.7 1.6 2.4
- 60co .51 014 .36 .010

6520 13. .076 1. 067
Internal 140 1-9 130 205
External 3.2 2.0 3.2 2.0
Total 17. 3.9 16. 4.5

Red Marrow Testes~Ovaries

904, .054 .12 .00075-,00075 .0017+~,0017

3ire .060 .042 .058-.062 +074~-.043
1374 1.7 2.6 1.5-1.7 2,3¢2,6

6 .63 .018 44-1,8 0.12~.050
6.y 17. .10 11.-16. .069~,099
InL' 'nal 200 219 130-20. 2-5-208
External 3.2 2.0 3.2 2.0
TOC.’;L 230 4'9 170-230 4.5"4-8

Lower Large
Intestine Wall Liver

90g .23 .57 .00067 L0015
55Fe .067 047 12 .080
137¢6 .59 .90 1.8 2.7
60co 4.7 .13 .79 .022
6524 15. .091 17. 14
Internal 21, 1.7 19, 3.0
External - 3.2 2.0 3.2 2.0
Total 2. 3.8 22, 5.0
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