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

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 Ronge}cp 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 equivalents received or compitted remained within U,S, ‘
Federal Radiation Council Guidelines for members of the genersl public. Body
burden and dose equivalent histories along with activity ingestion patterns post
return are presented. Dosimetric methods, results, and internal dose equivalent‘”,'

distributions for subgroups of the population are also described.
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G- . INTRODUCTION
t ot oge b el s p bRy be i g 1!

On uarch 1, 1954, at Bikini Atoll, BRAVO, the Eirst of dix ‘nuclear weapono

v pre b e A T b U RY o et v e 0

[
teocs in the Ca'tle series, was detonated. The BRAVO device cavsed substuantial
. ’ : 't : ENRTRITS & B FIRTRITRI A T Brg v @ Lot : -1t
surface contamination on inhabited atolls withxn a 2 000 ;quarc lile ares. The i
s St osnre e - shson twolmarlcag by, YIRS v '
: contamxnated region wvas cigar shaped and included A;lxng;nnc, Iongclcp,
‘,q,.:' T “‘""375{ INROY IR TSI | pb(ll sunor i g ‘,“ V""(u: , )
Ronger;k, and Utirik Atolls whxch lay east of 3round zero at dxscances from 60-;
P by SRR RRTS BN\ F SR C U TR I S RN TPt S It e ,
to 300 mxleo. The fallout on Rongelap, inicially visiblc at "He6 houro, had
Do BN EITIST N KR NI TTINRIN: & RSSO BT R RYYS U
thznned out co the extent that it was no lougcr seen at u*xo houtu (0162) ‘
ol oyal g o e e (SN A SYETIIEIY T R ‘I,‘I .
On Harch 3, 1954, the 64 residents of Rongelap Atoll and 18 resxdents of
coren ol o0t e ge ey g Ve fwjg, gl g A
Sxfo Island Ailinginae Atoll, were evacuated. On Harch 3 and 4, evacuatlon ofs
iRyt e T o fuie gkl cound bon Focamarnr. '
157 Utxr;k Atoll residents also took place. Durtng the first few weeks and at -
TR, O Viiment . ag Vho e

leaat once every year from 1957 to the present, a Brookhcven haiioﬁ&l(LaboraEbry
I\.' "E H _ﬂxl“ ¥ "
medical team, organxzed by che Deplrcncnt of Defcnle and by chc Atonxc Energy

i Fowy o 1. X ' lii]l""‘,‘

Commission and its successor organtzatxonl, has provxded nadxccl exan;nat1ons co ;

',[
sreel sy

monitor the health of tﬁ:ypersons 1nxc1¢11y iffccted by thc £lllout from the nu=' gA
' clear testing program, pluo a comparicon popull:ion. ﬁnpdﬁéurot their f:ndxngs
are given in Cr56, CqSS,VC059, Co60, Co62, Cobl, 0065}10067,h0070, Co?5, and

Co80. e e
The Utirikese and Rongelapese returned to their home atolls in June 1954
and in June 1957 respectively. The earlier repatriatidn of Utirik Atoll was
based on the low level of external radiation exposure measured after the initial’
3 month observation period (March to June 1954). The Utitik:population was not ¢
< examined by a Brookhaven medical team until March, 1957, whénilkahpeOple re~
‘ceived comprehensive physical examinations. Following fhe 1957, wedical qurvey,i.’

two men, removed from Utirik for medical reasons, were uhole.bbdy'counted at

Argonne National Laboratory and provided urine samplea‘for radiochemical anal=~

A e} KO ) , RPN B PP ST S LA taes -
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ysis of Cs. Four pcrs_ i'lthfAﬁ%OHFVI rom:Ro : "a""dd%tIZZ' . ;§
pooled jurine samples from both atolls vere -analyzed radiochcnically for "' Ce
50 wifii S 78X oy GOVARE (Thovh kprudidl g o 8200 f fossk an

and “"Sr. Subsequent Brookhaven National Laboratory expeditions by members of
Condedie b e b OVARE wdll L badanndab eav csaitee 5 0an® ‘a1 aj 1

_the Hedzcal  Department : ‘Safety and Environmental Protection Division utilize
. shumtenga HUQVE s ettty el ot bedsderni pno eroidentmedngs o oo

whole bodr counting and yadiochemical cnalrlil'of urine and blood samples to .
LR bean ,"n;quiljh beboinng bar bhesqade veu75 asw BG1L8Y RelLnie. o

#dentify cnd quantxfy the radionuclides that were present in the:body.: The re~
SRR ¢ c1a% bausay Yo 3aee yef dofdw el fath AiviIU bus i ERRRRY:

sultu of these radxoloncal measurements are given in terms of body butden in
il wrne] o drefv vilsidini ,grlenocf no Juolist adT ' “Laslim U ‘ 50

Tables } apd Tproughout this paper the units of qunntitiel sre §1 der:ved :
et H TR geoee il 60 oanw 1d ey iedxs ady ng ot 1o

and those which are accf£c¢d for use with the 81 for the time being, Thus bo:h 5
LR S YL R S A A P gk 10 ainsbieay 3 9.1 (BCET B Aoyl g £

the Curie and :he Becquerol may bc used as units for chc qucntity activity, ,ﬁ;
SRR A coreM o nG L ks e gusw Flosh ennignifeA i (e R

., The aforementioned body burden tables illultra:c adult mean v:lucc for i3
e et A o 1] +9351q %no1 male einsbizer TfosA Aivi- ;

Rongelap and Utirik. An adult, as classified here, was 3 person over 16 yearl‘ e
Pooatan [ s gyl L, u gy adt a3 (o) G 5. I3y VIVES D o ]

of age . The mean body mass in this age interval was 60 kilograms.’ Thc observc

PGS aenst Al o gasmryageld edt v haoXsnoyra ey 1. ; A

_ body mass versus age dxscrzbutxon is shown in Figure 1 for Rongelap rcsxdentl. o
bevor - g LinER IO Yoeewnuuz 1| hiok rmoge: s

The same body mass versus age dxstrxbut;on vas observed: at U:xrik.
Phesrian enserer 9i3 Yo ddined wit o

~Because of the paucxty of medsurements at Utirik, information on 6000,
55 [ 20 RN SR I Y £ \n)q .HI-T,’iO!q gn'?,.\ R J?
in, and “"Fe was in some instances derived from the ratxo of adult wean body. o

: -‘nl .(' S

65

burdens between Rongelap and Utirik. A mean vatio of 2.6 was oboerved in body o

652“0 9°St. aqd 13703 after they roached their naziluu values, The %

burdens for
BN HE T IS I "i'

standard deviation of this ratio was 15%.

R P
tervals, in conjunction with contemporary dosimetric models, sre used to csti= -

mate internal dose. Dosimetric distributionl were conotructed fron the resultl“

and 4 summary of the derived activity ingestion rates and dose equ1valenrs was
s

provided for various subgroups of the population. Addxtxonally, exposure rece

history curves were constructed for each atoll for the period follovxng the
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BRAVO test. ‘l'huc dcn, :o;q;hor with. cpproprhu convnuiont tmcen cnd living

,«Lr

pattern models, provided an’ cutinatc of exterunal dose: equivalout.

METHODS R

Exponentially declining activity concentrations have been observed in sur- R

face soil for 1370-, 1291, cnd 908: from 1954 to the prasent on Ron;chp s
and Utirik Atolls. Declznxn; activxty concentrations have-also becn observed
in vegetation at a rate graat-t than that predictcd by tadxoaccivc ‘decay.
LU S s St S s Snh Rl sy s pa
Thus exponen;xal declxne in dietary activity was assumed and|the tollowxnz
general equa;xons vere derived. | -
' !
i ' : -}001
. . +
¢ po = Vs & - 0° (2j KiXs e ~Osk, ‘ii g
k W A s ‘ ‘e‘ [EAY] (xfx )t -(A#K ) 5 %’ (1) 3 "
grl sXitii (we'ATVE 82
X h‘xi“——-q i 3 1
* TRk ﬁif{ 1 5 ¥l
or ° AN fon :
o‘r | :f ”, B
z, (gt RS
AP’ - ,L q° J Xi e % ] ‘Ut7 (2)
£ Xi -(A*Kg)t ‘-(m;lq)tj
P Tk M, I
] | ct
and ‘ X L
) IR
D~ £pe g, b ZITEE ~(rok;) e AFBE + (aagg) °-(x1ﬂ)t) o
1 i K -Kp (Kg*A) “i”‘) %
' TagH
Xi -kt (3) 4
+ qO L. Ll" J’
1 A*Ki Fv;?g
where §
ik

AL T R 1 L A S DL




AT RNTIE

t
) A

P°

The development of Eqs. (1), (2},

lution integral.

thuy

e

1]

1]

Illilnj 1o noi:att! sﬂJ }u TbJ 9mx: Yna JB noilnedsy zbod‘elunw

tima post onset’ ofwuptnke, days,
'ilu' 1 M

instantaneous fraction of atoms decaying per unic tinn. day” -1

initial atom ingestion ‘rate, atoms ;ay'l

instantanecus fraction of atoms removed from compartment. i by

P~ Jbh VISVITER 2U0YOL dnntend e

vAalwol it et nmay 3R i
physiological machanisms, day”

compartment i deposition fractiom,
the number,ofgatéﬁi)inhédnpgggggpc(i*tdla;iqe]%Q the number in all
rg |

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

s aate oy empy Gy VI G s g totads ewoloo
instantaneous urine activ;ty concentration, Bq 2°%,
. . . -] s T oRuprat g
subject urine excretion rate, £ day™*,
fraction from(GIJ;tlpt to b1°°dy(;+jx, T
A T
fraction excreted by the urine pathway, | QL

instantaneous fraction of atoms removed or added to the stom uptale

RS lr‘1 I 139}
pet unit :1me, day~1, due to fcctors othet than radioactive decay,

AN ! 3 wnindYah o e
instantaneous body burden, 'Bq, ot

dr I

body burden at the onset of upcake, Bq,

clgmeys o)y

Cer iy b

TR

the number of disintegrations in all compartments occurring ‘durinp

the uptake intervsal, Bq days. .

and (3) was based on the following couvo-

At some variable time, T, defined during s fixédruptlke

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

tract to blood is given by

~(kp+A)T
° E
Xflp e '




s Y

T e ——ea—

B s At cerregg—

»ti-n s ol chc !raction o!'initiul‘:adionctxvxty’
' .aysb 1 9483qu 10 19gn0 Traq 9“;37* 2

inputed _at time 7 is T R
Bl yemiy die rsq gAdysosh emolds 1o moisonil guosnplaslapilE 4

I".z{x‘i‘m(hg‘ggggt)!OJJ&lﬁani mo3s fniddiei %99

FT

vd 0 oansmdyoque wosl cbavomas anods 30 ansi3p1Y euoannInGIaml

Thus, the instantaneous actwity at gm t=t that remains following.
NGRS THIET-Y ILUJJOIUi‘qu_V

R
t
nput duriug:

i

dt is y
E «1Ui3oB3Y moidieogst 3 Jn&mJWBruOD R

P g redmig 9 lf ?1'3(55’3)1:7 x .3&%3‘&)(5533a410 zsdmun a4l ; jy

R N IR L TR FOE TR Y TTOR. snu”[gf,(, ‘10 35210 ad9 15 P INSMITRQECD

It follows that the 1u’c tgnlous activity at time t~T that remains following
D BOL3BTINSINGD NILVIING g i1u cdusthnsznnk EREY

input during T is . .
St ueb 5 (338 noiduroxs R JunLoua EY
. P 4}
T _(‘ ’*)Thuu.d 5(x+‘u)(g§¢)mn:1 uo;:asxz‘i,‘k
J g% T.x dr , '
o Xowd i AT iu 3003 wd 00341345 nonauui‘f, 3
7
P T Yoo 1o o bgvame ok 10 noT3satl Punqubarasnni»Ez;y

e solut of the i ral yi lda a rul expression that depends o
Ih #9728, lon Hg.‘,~,,y ? 01 gou’ yah .5;13 linu 1ay pe "

the user defining t. For example, if t xo the fixed uptake interval, T, plus an
i ognebyod vbed anoensinsien: ® ]

additional fixed post uptake xptervnl, §; then the body burden at T T-¥ ¢ is
- iy el 3 e oaliyad \b(x( i’

given by
veooagdene gy B
“(A+Kg)T  =(AeK{)T -(x+x )9
XP'fl ZiXi (e E - e i e )i aiiay <o
Ki - KE

iy HF'..'."'."):-,’,.
As previously stated, Bq. (2) applied at Rongelap and Utirik, it vas
tie L feseayn, no

for the situation that vatxable time t was the uptake znccrvcl. Addxtxonally,

+ ' IS

persons who returned to the atolls in June 1954 and June 1957 d;d 80 vxth an ini=

R "4 Coheadd

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

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

R R 1)




Equation 3‘vi| ob:l£§od by

urine activity concontra:iqugé body burden.
integrating Eq. (2). :

Equations (1) and (2) were used to determine the instantaneous fraction of ~
atoms removed or added to the atom uptake per unit time, KE’ and then the ini-
tial daily activity ingestion vate 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 éé’-’ia.iué‘e'"i'dierir’dl"r&'f"‘in"’gudividuu living
on Rongelap or Utirik Atoll. 'i

1

If the mean residence- time in the diet is wuch much lons'r‘than the resi-

P IAM
dence interval, then concthht\con:xnuoq! Tuptake is achg{vud. Qquq;ionl (1) and

/
(2) can be coaverted Lo ;Egﬁggnstan;,fgptznuous equatio?l by r"1'§?““ x with

-A. Single uptake expressions are obtained by setting g’ cqus} :og;eto. In
some cases only radiocactive decay may remove the nuclxdﬁ fronﬂdxcclry items; for

these cases K, would equal zero., In the case of the fo f/%**iu; residents,

the waturing of coconut trees during residence on Bikini Azoltjcaulcd a con-

[KY

tinuously increasing dxetn;y uptake of l37 Cs, Thun. KE‘ytq fopui‘to have a uega

1oLy
tive value, In the case of Ronge lap and‘Utxrxk. Kg was found to have a positive

value for 137Cs, 6SZn, 60Co, and gost. This indicated that in addition to

radioactive decay, some other removal wmechanism decressed the radipactivity in

R !

dietary items during the residence interval. ¥For the nuclide sste, only one mea- l’}

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

was not possible.

Kp was determined by using Eq. (1) or (2) and the population subgroup mnean
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

oo oo ORCNCRENY. . L neEr ey - e
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rate from th¥ equation. This method yields n-l1 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
physioclogical parameters were obtained from the open literature (ICRP59, ICKI68,

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

in Table 4.

Table 3

Summary of Dietary Rate Constants (Kal-dfl) . 3

60, 0, tssEu 137 ¢ L
Rongelap Adults
Males 1.5x1073 1.8x107% 3.1x10”3 1.4x107
Females 1.6x1070  4.1x107* 3,5x107° 1.4x107°
Adults 151070 1.ox10™t 3x10 1.0
Utirik Adults
-4 A
Males N.D. 4,6x10 N.D. 1.4x10
Females N.D. 4.0x10-k N.D,. 1.bx10'“
Adults N.D. 4.2x10 " N.D. 1.4;10"‘ N

N.D. 2 No data sufficient for analysis. R

The values of'KE were simiiar for males and females and for residents of

905r on Rongelap a factor of 2 difference betwery Ke

Rongelap and Utirik. For
values was obscrved for males and females. The female parameter for Rongrisap
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 o

15

3 :
(> 2 £ 524

;‘_\’-A. o

2




’

cammiec o ; T tenpe

B

i V1

Toele ¢
Totel Body Dovimetric and Mhysiologic Detse
Compartment Coupsrtment . Gl Tract Yrsccion ] T o
Deposition Remove) to Blood tscreted (n Decey Signiticant Brenching
Nuc | ide Fraction Rate Canotoms Tranefer . Urine Con¢tant Progeny Wtio
' L]
N .
X, £ t t 3
X i o i ¢ gl :l .....
e 0.13 0.50 1.0 0.90 6.m107% i 0.955
0.9? 0.003} - .
$2n 0.7 0.05 0.3 0.2 2.0m107} e 0.6
0.7% 0.0022 :
Yose 0.9 0.2 0.20 0.95 e.5x1072 o 1.6
0.059 1. 1sl074 oo
0.051 1.0x107¢ I 0.0302
; 40
4o 0.3 m 0.0 0.10 1m0t 4T 1.0
0.) 0.12
0.1 0.012
0.} 8.7m07¢
) SFe 1.0 Y507 0.1 0.0 7.00107?
16

IO X0 TS AN IULRE WIS G L LR A REGELE FE AR PR 1 .

e s [P, SyUUUP. 4.




bimodal activity ingestion rate distribution for 908r in the Rongelap populn-

tion,

60 65

Data for ~Co and ~Zn were not sufficient for analysis for the Utirit
Atoll residents. Values for Kp observed at Rongelap were assigned to Utiril
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 ali significant nuclides studied on Fongelap and Utirik,
This method provides a best fit of the data shown in Figures 2 through 6, aud
provides a body burden history during the early years post return at Utirik, a
time when body burden measurements were n;c made. Actual data points are also
plotted to demonstrate the fit,

The curves shown for sste in Figures 7 and 8 were obtained by setting KE
equal to zero. This underestimated the initial body burdens and overestimated
future ones, Since Spe contributed less than 1.0% to the :oc;l dose equivy:
lent, an arbitrary assignment of KE based on observed values for the other i -
clides was not attempted, During 1974, another series of blood samples was
obtained from Rongelap and Utirik (Co75). Analysis for 55?9 has yet to be
reported. A recalculation of 55Fe body burden and its impact on early dose
equivalent rates will be conducted when the data is made available, A substan-
tial change in dnse equivalent is not to be expected.

Figure 4 and Figure 6 illustrate the observed adult histories of 905: and
L37Cs mean urine activity concentrations., Mean values for adult males or al!

adults were plotted. Measured values for 137Cs body burdens were also shouun in

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

that the collection and analysis technique for urine samples introduced the addi-

. . . . . 137 .
rional variations. On the basis of this observation for Cs, a smooth bruly
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burden curve for 908:, reconstructed from raw date and Eq. !, wvas considered &
more accurate history. A detailed presentation of the greater variation in
radiochemical analysis of urine versus direct body burden measurements can be
found in MiBl,

Figure 9 illustrates the variation exhibited in the bosy burden of 5

randomly chosen subjects ovqieihe 25 year monitoring period. These individual

o)
e

variations may have had a dfsgttic impact on the mean data, In Figure 2, which
illustrates the adult male, adult female, and adult population mean 137, body
burden for the 25 year exposure period, & decresse foliowod by an increase was
seen during the years 1958 through 1963, Although the Castle BRAVO test ini-
tially contaminated Rongelap in March 1954, it had been proposed that the
Hardtack Phase I series added to this an amount of coﬁfanination equal to that
responsible for the Figure 2 body burden pattern (Co63).i Figure 9 suggests that
most individuals counted in those years had body butdensiwhich 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 a8 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-

vals were not monitored consistently throughout their residence intervals except

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

e

Daily Activity Ingestion Rates

Daily activity ingestion rates were calculated for dosimetrically signifi-

cant nuclides post return. An exponential decline was proposed for the inges-

tion rate within a population subgroup and initial reference values are given in

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

1370- for various popula-

137

Figure 10 demonstrates the differences in ingestion of
tion subgroups. This undulating pattern was exhibited by Cs, 908:, and 652”’
nuclides for which sufficientﬂdata existed for analysis.

Differences in ingestion vates of the stable element at the same geo-
graphic location have been shown to occur among members of a popglation ( ICRP
23). Age dependent diet studies for in;;;tion of Cs for urglawﬁ;fan have values
varying from 11 ug d"1 for adults to 8.6 ug d‘t_fqr chilﬁgéq}f Sérin a western
type diet rose from 600 ug d:l,-for infants to 6‘90';43;!‘;'1 50535 year olds to
3,600 ug d"1 for 13 year olds and fell to & mean of 1,900 bg}d’%?for adults. Zn
in the United Kingdom rose from 2 to 40 mg d-l, the higher vﬁlue 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 vrate of 20
Ug d-l for Japanese adults and half this amount for children, The Marshallesdn
population also exhibits dietsary changes as 8 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 ssp pro-
vided the major source of 13708 on Bikini Atoll (Le80, Mi80), the shape of Fig:

ure 10 was in agreement with the observed diet pattern,

22
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Figure 11 shows the individual dats calculated for 1370- for all Rongelap

residents and is referenced to June 1, 1957, The individual maximum 137Co 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 41X of the mean value, 392 of the mean value for youhg adulce, 48% for
adolescents, 382 for childré;r and 54Z>¥orrinfauts.w>Adoléacents and infants
exhibited a b%oader distribution th&93§§9i%ﬁ??'§?§%ichileﬁen eﬁgwcd s fractional
variation inéactivity ingestion rate similar to that of aiults,, Breast feeding
versus caconqt sap supplements would have contributed to thwg:?QCer variation

observed in ﬁnfants. Adoleacents and young adults were yhe poﬁulation subgroups

which have been observed to move frequently between atolls. This wobility would
. ' [}

lend to greater variations in the daiLy.aEtivity inge:tioﬁ r¢t§p relative to 1;
those observed in the more stltiongry population subgroups. » _pi

Figure 12 also exhibited § wave pattern; however, ¢:§istihct difference bhe~= 15%
tween males and females was indicated. This diffetenﬁe atose £¥o- the use ~f “‘;
vaiues for KE listed in Table 3 which were derived from urine data for male and ,%f%
female residents at Rongelap Atoll., Its major impact was on the dose equivalent t:%g

rate, not on the total dose equivalent; and its effect was to cause the dose
equivalent rate for males to rise and decline more rapidly than for females.
Figures l3Ja and 13b summarize the individual data for 908: for all
Rongelap residents and were referenced to June l, 1957. A bimodal shape was
observed for the distributions which contained both sexes, sgain reflecting (h«

. . 9 . ;
difference in the 0Sr dietary rate constants, Data from urine biocassay

indicated that the observed difference between the male and female values fo: g o
was not significant. A t-test was performed for comsecutive urine messurement

data during the 23 year residence interval. The results indicate that because
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I o R R S g, e l"‘nil RESEER N S by owe
of urine activity‘cancentfltigﬂsvartdbiiity,’thcrc was a daziprob;bzif:y that
T Lo i tal iy 1l coey ' (}' o Y, . Voew Sl C
the male value for Kg would 'be'different from the female’ value by' the factor
observed. Thus differences in 'the derived activity ingestion rates and dose

. . e e
equivalents were not significant.

Figure 14 shows a semi-log plot of the 652n and 13ICs'tctivityiihgestion

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

the appearance of an incréaain§”137bs ingestion rate during the"1960's indicated
the possibility of another contaminating event. The Hardtack Phase I series was
conducted just prior to the observed increase in the curve and fallout from the
Cactus, Yellow Wood, and Hickory experiments detonated at Bikini and Epewctak
would have reached Rongelap. However, several observations fail to support the
conclusion that recontamination was significant. These are 'as followst 1) the
increase in 137¢s ingestion rate was not in conjunction with an increase of
65Zn; however, since 65Zn is an activation product it may have not been producci!
in tbe same proportions. 2) The peak l37Cs body burden at Utirik occurred
nearly three years after the initiating event, Castle BRAVO, while the peak body
burden at Rongelap followed six years after the potentially contaminating experi-
ments of the Hardtack series in 1958. 3) The activity ingestion rate at Utirik
demonstrated a continuously declining pattern versus the humped pattern observed
at Rongelap. This occurred even though there was an equal external exposure
rate histﬁ;y following ;he Hardtack series as measured by the U.S. Public Healtl
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 exjpu-

sure tate following BRAVO. These facts suggest that the Hardtack series was noi

a major factor influencing the Rongelap body burden patterns. Thus it is

postulated that body burden variations were caused by travel away from the at.l!

29
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or sickness and-ather factors, Regardless of fhe couse of indiyidus}, giffer-
ences from the mean, a ppoo;?ﬁﬂgfc;ipt%oq,ot,;he,bedy burden snd gcggxggy inges-
tion rate for the population could be adopted, On this basis a declining contin-

uous uptake model was used.

Internal Dose Equivalent Rates ne S e

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

from the following equation

;’ = ql, (&)

where

the total body dose equivalent rate, mRep y-l.

e
n

1 = equilibrium dose equivalent rate to the total body per usit body
burden, mRem y~! uCLTl,

q £ instanteocus body burden, uCi.

The approximate nature of the estimste 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 9°St, 86% of equilibrium was
assumed. These assumptions were not used in the estimate of the total dose
equivalenct In addition, since mean adult body burdens were computed, & factov
of 1.2 was needed to adjust for differences in body mass relative to a 70 kilu~

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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Total Body Equilibrium Dose Equivalent Rate
per Unit Body Burden

I,
;x mRem y~1 pei~! "
35 pe 2 x 10°
2
60., - 6 x 102
27 L
6520 - 1 x 10° ,
30
905, | 3 x 10° i
o)
137, - . 2 x 10 S
55 :

Figure 15 illustrates the relative co;tribution to the conépai:e dose
equivalent rate for each dosimetrically sjgnificant internally deposited nu-
clide. For the average Rongelsp adult, the residence interva] begins June [,
1957; however, many adults were reported to have resettled du;ing the net 3 to
6 months (CoB80b). The composite dose equivalent rate indicated that a broad
maximum of approximately several hundred millirem per year persisted for several
hundred days. Most of the dose rate is attributable to the 1370- componnt Ce= }é
sium dominated over the entire past return period and would be of prime c.ncern
for populations returning to a conteminated enviromment years after a fiusion
type initiating event, ~>

Figure 16 illustrates two possibilities for the Utirik dose equivalcnt

65

rate resulting from the ~Zn body burden history during the first three ycars

post-return. The higher body burden resulted from use of the two measurc 652n
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‘body burden n€ans for adul;é%on Utirik and the observed Ky ratnécpn.tant from

Rongelap. It was observed on Rongelap that .031% of 652n vas removed from the

diet pathway each day in addition to radiocactive decay. Additionally, reduction
in dietary radioactivity on Rbngelap had been observed Eqrﬂl?703, 9°Sr, and OCo

to be greater than that predicted by radioactive decay aioue. Instantaneous re-

ducrion fractions very sxm&kp:.§¢,;hooojgt\§onscﬁd$3¢cre! observed at Utirik for
the *%sr, and 13¢5 nuclides. The lover curve o0 ?tgure?iGlrcflccts the dose

equivalent, dose equivalent rate, and body burden which ;ould have occurred hiad
radioactive decay alone nccéuntcddtérgthc';ﬁnoval of 652& from the Utirik euvi-

l

ronment. Since additionslimechanisms cculd be measured fpr other nuclides at
RAJYAMIG p e

Utirik and for the §SZn nuclxde on a neltby ltoll,*the uppcr cutve was chosen as
the most likely body burden history for adulto post retﬁ;n t; Utirik Atoll.
Figure 17 indicates the Utirik adult mean total body dgle equivalent rate
for esch nuclide. An obvious difference relative to the Roagelap history
exists} 652n not 13705 was the major nuclide contributing to the dose equivalent
rate, This was due to the Utirik population returning 3 to 4 months sfter 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 6°CO ani
65Zn played major roles during the first J years, s time interval that
corresponded to the period during which field whole body counting facilitie«
were being developed at Brookhaven Nationsl Laboratory and when medical exauina-
tions for people on Utirik Atoll were not done. Additionally, pooled and/vr in~

dividual radiochemical analysis of urine was not performed during this period.

.
The impact of 6)Zn and 6000 was such that even if the least conservative rate
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constant (KE-0¥-was used for Zm, the dose equivalent rate for the aversge

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 ‘total body of .an individual during resi-
dence following repatriation were determined by acve%cl methods. Equation (3),
together with personal §ody%§?}den histories lad-ato¥} specific Kg rvate con-
stants from Table 3, provided—an initial estimate offdinintegratiouu between cun-
secutive body burden measuremsnts. The segond method used was a log-log plot of
the subject's body burden history and au\?lgebraic determination of area betwecn

’

t 0 consecutive measured points. The third method uped:a linear plot of the

- 1

suniect's body burden history. The ares under the curve was cut and weighed and

comnarved to & standard weight of known aresa, Quclity‘céntrol procedures
required that all three methods agree within $10% bcfofe a subject wvas assigned
his or her total body disintegrations during residence post return. In general,
the methods coﬁpared to withjin £5%,

After the total number of disintegrations occurring in a subject's body

was assigned, they were apportioned awmong the body organs according to the foli~

lowing equation

. fi xiAiBi (xicini + 1n2/3)

’ L.CD.(L,A.B, + In2/)) (5)
NS R Tt S R |
where
F = the fraction of total body disintegrations occurring in the organ of
.
interest,
A. I organ compartment deposition fraction for the element,
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3 organ compartment biological half time for the element,

Ci £ total body compartment deposition fraction for the element,
D; = total body compartment biological half time for the element,
]
f; = fraction of ‘the element from blood to organ of reference.

i

Equation (5) :applied where significant decay occurrediat the deposition
; |

site, and not during transit or re-transit to the organ of interest. Values for
|

compartment deposition fractions and compartment half times iwere obtained [rom
‘ )

Ki78. Values for the re,i%ﬁing:quanéitie- were from ICRPS9.

The dose equivaleu&o to & specific organ or the total bddy.ﬁ!re determined

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

[

the dosimetric contrxbu:zgp. from all source organs. Several important modyfxca-‘gé*

tions to the general procedure werg made in order to compute;individual

dosimetric results. For gach person, the source to target dgle?dquivalenr per

unit cumulated activity was weighted bi the ratio of a standird man's body mass
relative to the actual mesn body mass during the interyal for which the doue

equivalent was determined, In the case of 137

Cs, the long term biological re-
moval rate constant for the Marshallese population wua'highly dependent upon
body mass (MiBl). Appropriate modifications to Eq. (2), (3), and ($3) were nade

to reflect this dependence. Finally, for 908: deposition in bone, 28% of the

source fo target dose equivalent per unit cumulated activity was assumed {rom
cancellous bone and 72% from cortical bone. R

kY . -0

Figure 18 demonstrates the mean dose equivalent from Cs for variocus age

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

lowest dose equivalent. Persons who died during this period were not included
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in the figure nor were choy‘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 e for

13703 among the Rongelapeqé. The shape or the population distribution was

low

skewed with a wean of 1.7{Ren and a maximum of 9.0 Rem. Thus the maximum was

A
|

5.3 times the mean value_for 137Cs on Rongelap. Aan exauinctiop;bf the subgroup
i . : . T A

distributions reveals that ppersons who were infants at .the time!of rehabitntion
I ' L

,

at Rongelap also were the.recipients of the highey doses., Thii{waa due to the
combined effects of lowég average body wass, a higher average ingestion rate,
1 iy

and more rapid turnover o£1137Cs than that for adults or even children. lhe pa-

rameter having the greatest impact on the infant dose equivalent was body uass,
The standard deviation for the adult male dilcribution;wna_493 Qf the mean dose

equivalent, for adult femsles 43% of the mean dose equivalent, and for adnles-

cents 47%. Within a subgroup, the maximum observed dose equivalent was spproxi-

mately twice the mean value for all distributions considered here.

Figure 20 shows mean dose equivalents as a function of returning ag»
groups for 652n on Rongelap. Adolescents, young adults, and adults 50 aml up
were the groups receiving lower total dose equivalents, while children aund mid-

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

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

reported in the publications by Conard et al, i

Figure 2! shows the dosimetric distributions observed for members ni{ the
Rongelap population for 65Zn. Again the population overall exhibited a skrwed
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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R

year period.- The standard deviation was in general 302 of the wean value for all ag

and sex subgroup distributions. This less pronounced variation may be due tu
. . o
the fact that 652n measurements took place over & 3 year interval while 9 Sr

and 13703 occurred over a 23 year interval and thus was contained in a more

homogeneous population than were the longer lived nuclides.
90

r

' T ~ ‘ ! S
Figures 22 and 23a and 23b summarize the ~"Sr dose equivalent results for

individuals at Rongelap.

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

tion pathways. It is known that for a given soil concentration of ‘the stable

»

5

naturally occurring anslogs to the radioguq}ideh considered here, the ratios

?."

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

as follows:

Co > 3000 Zn > 130
Fe > 550 St > 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, howrver,
there are notable exceptions including I, U, and Pu,

External Exposure

A-value af .73 rads in tissue of intevest per raontgen, measured in air at
one meter above the surface, was used to convert exposure in air to absorbe:d dose
in tissue. The source was assumed Lo be ap exponential discribution of 137r; ac-
tivity with depth in soil, typical of aged fallout (Be70). Because of the
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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3,0 . B K I . R
tern varigtionst'since the atolls present a heterogenegus-exposure rate envirou-

L |

ment (G¥77). fff 3

T ',

Extetnalygxposure calculations are based on Figures 24 to 26 which were

derived from dats listed in Cr56, Sh57, Un59, ¢n§ Gr77. The ares under straight

[£3n {
|

line pqrtions of the curve wums-gdetermined by . . . | - -
L . R,t, _ R € ;;E‘ | (6)
n+l B
where o o !' [
X £ external exposure during straight line interval, mR,
Rz s e#posure rate at the end of the iuté;ﬁal, mnh-l,
Rl T exposure rate at the beginn@a? 9f'lhp ip:e;ya}, F‘bz%lv”,
t, T time post detonation at the end of interval, hours, "
ty 2 time post detonation at the beginnigg of intervsl, hours, .
n = slope of a straight line. ' -

Data from 1] detonations during May, June, and July 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 increasing exposure rate history shown on -y

g
Figures 24 and 26. This method yielded & fallout deposition period of 5.5 ;Eg
hours on Rongelap and 12 hours on Utirik. This time compares well with the i%g
original observations reported by the Marshallese and by U.S. Navy personnel A?ﬂ
stationed in the area (Sh57). Initial dose equivalents on "acute doses" i;}
are developed in greater detail in another report. ;%T

P T
2L
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Figure 25 demonstrates.the external exposure following the 1958 testing sc-

ries. 8ince return to Rongcicp followed 3 years sfter 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 conc:uins?ion of the
inhabited atolls Rongelap and Utirik. Evacuation from Ropgelap commenced 50
hours after detonation and from Utirik 55 hours after det&natiﬁn: During June
1954 and June 1957 the return of the Utirikese apdrnongel;peceéoccugtad respec-
tively. Body burden data for dosimetrically significant nuclides ﬁere obtained
throughout the residence interval post returm primsrily by dir?ct ip vivo gamaa
spectroscopy and by indirect tndiochemicalinnalyuil of urfpe and bibod.

The dosimetric models Tled in this analysis were rep}eseptat;§e of a
declining continuous uptake iegime. Dietary decline of ra@ioaccivity included

i
radioactive decay of the soufce and a conglomerate of other factorg which mighr

.
have included increased use qf imported foods and weathering of the source, i~
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 paitic-
ular atoll was observed in whole body counting data and urine bioassay resulty.
This was attributed principally to the statistical variation encountered when
small groups are sampled from a heterogeneous group of body burdens in peoplr,
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 activity. each daqubQQMQii_ﬂdolelcsnitmlnd;nlrlonl

greater than 40 years of age, Maximum devnation from the average value of the
daily activity ingestion rate for.members of an age subgroup was no grester than

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

.

tor of § times the mean activity 1ngeatton rcte value., ': .l
R .
Dose equivalent rates post reCurn were determined for members from both

Cid

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

mRem per year during the £:rac 5000 days post return fran xnternal euxcte:l

l i
The principal contributing nucllde was 3705. Por Utirik Atoll, the residents

received up to |5 Rem per year during the first 400 days past return, The major

contributing nuclides were 652n and 6000. Dose equivalentiratgs to the

Utirikese from internal emxtters fell below 50Q mRem per year at cpproxtmacely
vy, .

t ’

1200 days post return, i o

‘ -
The dose equivalent for |population subgroups and for individuals was detcr-

mined. Table 6 summarizes the results for the total body, thyroid, ted:marrow,
testes, ovaries, lower large intestine wall, and liver. The cstenary compart-
ment model of Bernard and Hayes (Ber70) was used to determine doses to various
segments of the gastrointestinal tract, The Utirikese received significantly

e 65 60 55 .
more radiation dose from ~2n, Co, and "“Fe than did the Rongelapese because
of short mean residence times of these nuclidegs in the envivonment, 9°8t dosen

to the Rongelapese were 2.5 time greater and 137C8 doses 1.5 times greater than

doses received by persons at Utirik. This occurred even though Utirik resideunt:

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
Comort i v
Chronic Phase
Dose Equivalent Summary; Rem -
‘Total Body Thyroid
Utirik ! Rongelap =+ - Utirik - Rongelap
Nuc lide Adults Adults Adult du -
90g, 012 027 00075 0017
35pe 033 . 023 .059 .042
137¢, 1.1 1.7 1.6 2.4
- 60¢q Sl 014 .36 010
652n 13. 076 11, 067
Internal 14, o 1.9 13. 2.5
External 3.2 2.0 3.2 2.0 }
Toeal 17. 3.9 16. 4.5 .
Red Marrow . Testes-Ovaries
0 .054 .12 .00075~.00075 ©.0017+,0017 M
3ire .060 042 .058~.062 «074=,043 4
1374 1.7 2.6 1.5-1.7 2.3-2.6 A
6o .63 .018 b=1,8 0.12-,050 w4
63q 17, .10 11.~16. .069~,099 g
InC "nal 20- 2'9 130-200 2-5-208 EEE:
External 3.2 2.0 3.2 2.0 o
TO(.-'.L 230 409 17.-231 4.5"!.8 ";‘é
Lower Large ;§
Intestine Wall Liver 5
90g, .23 .57 .00067 0015 i
33Fe .067 047 W12 .080 oy
137¢ .59 .90 1.8 2.7 i
60co 4.7 .13 .79 .022 r.
65zn 15. .091 17, 14 -
Internal 21. 1.7 19. 3.0 i
External 3.2 2.0 3.2 2.0 :
Total 24. 3.8 22. 5.0 !
ki
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