A
piile 1i |||

“N'W

e

Hemin Phosiey Vol 46, N, } (March) pp. S11-527. 1904

Pooms an e U.S AL

M0 $3.00 - a2
G106 Honiy Pheymes Soxrs
Pergumon Prem s

PROTRACTED EXPOSURE TO FALLOUT: THE
-RONGELAP AND UTIRIK. EXPERIENCEY

.-I-‘ I-A

fe To LESSARD. R, P. MILTENBERGER, S. H. COHN, S. V. MUSQLING aod R. A. CONARD
Brookhaven National Laboratory, Upton, NY 11973

(Recerwed 9 July 1982; accepred 9 May 1983)

e

.: cds

Absgract—From June 1946 to August 1958, the U.S. Department of Defense and the U.S.
Atome Energy Compussion tAEC) conductsd nuciear wespons teses in the Northern Marshall
Islands. On | March 1954, BRAVO, an above-ground test in the Castle series, produced high
levels of radioactuve material, some of which subsequently fell on Rongedap and Utirik Atolls
due to an unexpected wind shift, On 3 March 1954, the inhabitancs of these atolls wene moved
out of the affected area. They later returned to Utirik in June 1954 and to Rongelap in Jupe
1957. Comprehensive environmental and personnel radiological monitoring programs wens
imitiated in the mid 19508 by Brookhaven Nationai Laboratory to ensure that body burdens
of the exposed Marshallese subjects remained within AEC guidelines. Their body-burden
histories and calculated actvity ingestion rate patierns post-return are presented along with
estimates of internal compmtted effective dose equivalents. External exposure datn are also
included. {n addition, relationships between body burden or utine-activity concentration amd
declining continuous intake were developed. The implications of these studies are:

(1) the dietary mmﬂw‘nf”qummwalwmwmlmmmwmwmlrmmmﬂmmmm,m»um-wmmmmmm
effective dose equivalent for the years after the initdal contamination of the atolls:

(2) for persons whose diet included fish, *Zn was a major component of committed effective
dose equvalent during the first years post-retuen;

(3) a decline in the dasly actvity ingesuon rate greater than that reswlting from radicactive
decay of the source was esumated for 'V'Cs,*Zn, “Sr and *"Co;

ey v g m—-

Zn.

(4) the relative 1npact of each nuclide on the estmate of committed effective dose
equivaient was dependent upon the time interval between initial contamination and nehaiyl-
itation: and

(5) the mternal commitied effective dose equivalent exceeded the external dose equivaient
by a factor of 1.1 at Utink and 1.5 at Rongelap dunng the rehabitation period.

Few reliable 2Py measurements on human excreta were made. An analysis of the tentative
data leads to the conclusion that a reliabie estumate of committed effective dose equivalent
requires further research.

INTRODUCTION of six nuclear-weapons tests in the Castle senes.

SURSEQUENT to World War 1. the United States

carned out several senies of atmospheric tests of

nueiear weapons in the Northern Marshall Is-
lands berween the vears 1946 and [958, On |
hmmmmwa4‘ulam¢nlAmoN.LMLAVLL\Mm1mmn
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was detonated. Due to an unanucipated wind
shift. the BRAVQ device produced substanual
uﬁmunmunanmmmuwwuwnanMwmﬁLmnMsup )
500 krn east of Bikimi within a 5000 km® area.
The contaminated region was cucumber-shapes
and falling bomb debris was visible on Roz-
gelap Atoll from 3 to 10hr afier detonaucs
(Gl62: ShinN.

Following a fallout alert by a Navy mon-
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5 PROTRACTED EXPOSURE TO FALLOUT

ilonng team stationed at nearby Rongenk
Atoll. the 64 residents of Rongeiap Atoll and an
additional 18 Rongeiapese who were gathenng
food nearpv at Sifo Island. Ailinginae Atoil,
were removed to Kwaialein Atoll. some 300 km
to the south on 3 March 1954. On March 3 and
4. the more distant 157 Utirik Atoil residents
were moved. During the first few weeis and at
least once every year from 1957 to the present,
a Brookhaven National Laboratory (HNL)
medical team, organized by the AEC (amd its
successor organizations) and the Department of
Defense. has regularty conducted medical exam-
inatons to monitor the health and to evaluare
the radiobiological status of persons affected by
troposphernic fallout from the BRAVO nuciear
1est,

Reports of their findings including whole-
body counting data and urine actvity concen-
tration data are avadable in Cr56, Dud6, Dus?,
Wo59, Cos6. Cos8. Cos9, Cobl. Cob2, Cobl,
Co65, Co6?. Co70. Co75 and CoB0a. These
reports may be consulted in order to easily
follow the informaton presented hene. Esti
mtes of the initial body burdens of internai
emitters were presented in Co55, Coh$6 and
Coh60 and will not be discussed here. A reas.
sessment of thyroid absorbed dose from the
initial 1954 exposure 15 currently being made
and will be reported in a separate study. Since
April 1978, the bioassay program and whole-
body counung studies have been performed by
members of the Safety and Eavironmental Pro-
tection Division of BML. Reports of their
findings may be found in Gr77a. Gr77b. Le80a,
LeBOb, Mig0, Mi8l and NaB). The report by
Lessard (LeBOb) contains more detail on the
development of the equations used here.

The Lurk and Rongelap inhabitanis wene
returned to their home atoll in June 1954 and in
June 1957, respecuvely. The eariier repatriation
of Utink Atoll was based on the low measured
levet of external radiation exposure over a three-
month otservauon period. The Utirik popu-
lation was subsequently examined by a Brook-
haven medical team during 1957 144 people
recetved comprehensive physical examinations.

In 1957, the Rongelap inhabitants were also
returnea 10 their atoll to occupy new homes.
COPnMURICY Struc and other facilities which
nad been constructed dunng their three-vear

residence at Majuro and Kwajalein Atolls. Fol-
lowing the (957 medical survey, measuremenss
were made on two men from Utink Atoll using
the whole-body counter at Argonne Natonal
Laborawory (ANL). Radiochemical analyses of
their urine sampies were also made. Four per-
sons from Rongelap Atoll also visited Argonne
for whole-body counting in 1957, In addition,
pooled urine samples from both atoll popu-
lations were analyzed radiochemically for 'Cs
and “Sr. The body burdens measured at ANL
were corrected for 10 days of biclogic elimi-
nation and radiologic decay to estimate the
body burden while living on the atoll.

Starting in May 1958, Conard and Cohn
(C059). measured whole-body levels of " Cs,
“2Zn and “Co in abowr 100 Rongelap adulis.
adolescents and juveniles as part of the Brook-
haven medical examination program. A por-
table whole-body counter with a standard chair
geometry inm a shielded steel room was emploved
(Coh63). Whole-body counts were obtained in
the Rongelap and Utinik populations in 1959
(Coh60), 1961 (Co62), 1965 (Cob67), 1974
(Co75) and 1977 (Co80a). The covnting geome-
try was converied to a scanning type shadow-
shield geometry starung in 1965 (Co67). Urine
samples were also collected in these surveys and
in additional medical surveys conducted in in-
tervening years, The samples were analyzed for
their radiochemical content by both USNRDL
and the NYO-AEC Laboratories,

From 1978 to the present ume. whole-body
counting measurements were performed with
the bed-tvpe shadow shield whole-body counter
(Cobd7). In 1980, a standard chair geomnetry was
again used. All three counting sysiems
» intercalibrated and also calibrated agamnst
the large BNL $4-detector whole-body counung
facility to ensure consistency of the whole-body
counting data over the past 28 yr.

A summary of the sequence of events
affecting the whole-body and urine activity mea-
surements on the Rongelap and Utirik peopie is
given in Fig. 1. The detonation of BRAVO in
1954 was followed by the evacuation of Ron-
gelap Atoll at 2.2 days post-detonauon and then
Utirtk Atoll at 3.5 davs post-detonauion. After
a three-month wait. the Utirik people returned
inJune 1954 and afier three vears Rongeiap Atoll
was rehabilitated and occupied in June 1937,
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Shordy after the Rongelap people’s return, the

3 first in sitw whole-body counting survey was
, performed in 1958. The Hardtack series of
i " e nuclear tests in 1958 was the final above-ground
r peag-F tests to be performed by the United States in the
. Marshall Islands. Worldwide atmospheric test-
e ing of nuclear devices at other Jocations cor
3 tinued and peaked during the early 1960s. Dur-
- ing the period 1958 through 1981 a total of eight
5 whole-body counting surveys at Rongelap and
. five whole-body countung surveys at Utirik were
- performed.
(=
METHODS

1 Bodv-burden data and urine activity concen-

trations

Adult average body-burden cdata and urine-

activity concentration data were used as input
- quantities to equations which related them to
v activity intake rates. These input data were
d 0 obtained from Conard’s medical reports (Co56;
1 B Cos8; Co59: Cob60; Cob2; Cobd; Cob7; Col0; :
9 il e E? Co75; Wos59) and from recent surveys per-
4 ,‘ 06 formed by members of the BNL Safety and !
2 -8 F Environmental Protection Division. The meth- }
' ods used to obtain the recent body-burden data :

were presented by Miltenberger (MiB0). The i

most recent average data obtained for adult
bodv burden at Rongelap and Wtirik are .

, 1wm;ﬂmwﬁ here. These data were obtained in
L Aprii Mnm.fmmwwm HHW*mmI¢Mmmmn 1981.

In the cases of ""'Cs. ¥Co and “Zn, direct
¥ body-burden measurements were made. In the
h cases of ®Sr and “"Pu. urine-activity concen-
=r trations were measured and then converted to
45 body-burden estimates. This was done by re-
a8 lating the acuvity in unne to the activity in the
st total body. For ®Sr and “*Pu, this invoived the
g use of derived quantues which are developed in
Y the next secuon.

8 Derived quanuties

- An equauon was developed to relate the
s activity in the urine or whole body to the
F‘ acuvity taken 1n by ingestion of contaminated
h 1&mmmedﬁmmmﬁfhasml :muawwwmmﬂmwwnudd
':’TE for this reiationship. &

?‘ ammkﬁmﬂMSMMw(mHmnrv$\mwmvmmmmmlmmdaud
‘ifia‘ were exarmined. Actnaty concentrations of 'VCs,

"1 and ™Sroin surface sol on Rongelap and
Udrnk Atolls were observed to decline wath time
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14 PROTRACTED EXPOSURE TO FALLOUT

at 3 rate greater than radioacuve decay from
1954 10 the present w( l‘lt' 17 Ne79: Br82). Activ-
IV CONCEnLratons of 7Cs and *5r in vegetauon
were observed to decline at a rate ;m::anu.lr than
that predicted by radioactive decay alone (Ne77.
Ne79). Bodv burdens and unne acuvity concen-
trauons were observed to increase rapidly and
to decline siowly throughout the residence ume
of persons at Rongelap and Utirik Atolls (Co735;
Le80Ob). These observations led to the selection
of a declining continuous intake rnodel.

An exponential decline in the amount of
acusity angested each day from the dietary
sources was assumed. The l’):)lllc:»wm@_: general
equanons were derived (LeBOb). They may be
appited to each nuclide of concern.

A / o
!.f;! i J} - 1’ ( 2». . “LI X e - (A, )
P L L L (1)
‘\ E "‘“" ¢ o -l -k ‘)
duan ‘i ,
or
/ R
q-9° '{ N oy ectishn ,
. P I L\ J (_"
= X ) “ e
& (r-"- o e e
where 1 = ume post-onset of intake (time from

d.w of remrn of each atoll popuiation). d:

= instantaneous fraction of atoms decaying
;:.::: unit tme. d 7Y P? o= omaial daily atom inges-
ton rate on day 01:" return,  atoms 7'
k = nstantaneous fraction of atorns removed
from comparument /i in the body by biological
processes. &' ;= compartment [ deposition
fracuon: 7, = the number of radioactive atoms
in comparznent i relative to the number in all
compartments on the day of return (some per-
sons returned with body burdens); L7 == |
I-l. unne- ;u:'lwiil'v concentration at any time
post-rewurn. Bq 1-' U, == subject unine excretion
ae, bdT S = \hrau.mn of element transferred
from Gt -:u:‘z 1o blood. /, = lraction of element
reacuing extracellular duid that s excreted
through the unne pathway: & = instantaneous
‘raction of atoms rernoved from the atem inges-
on rate per unt time, d 7. due 1o factors other
:han radicacuve decay: ¢ = body burden at any
ume post-return, Bg: and ¢ = body burden on
the dav of rewwm. Bq.

&-hr or

Using adult average data. tweo consecuuve
urine or body-burden measurements were used
1o esumate the unknown value of k. a rae
constant describing the removal of ragivacuvity
in diet items. This yielded »n — 1 esumates of' &
where n was the number of measured adult
average data points for body burden or unne-
activity coneentration during the residence in-
terval. An average value of k was assigned for
the entire residence interval during which actrve
ity was measured. After the average & was
obtained. an estimate of the atom mgestion rate
on day of return was calculated based on a vaiue
for adult average body burden or unne-actvity
concentration and the time sinee dav of rewum.
This generated n values of the atom ingesuon
rate on day of return where n was again the
number of adult average data points for body
burden or urine-activity conceniration,

As indicated by equations (1) or 11). a single
exponential relationship was used to model the
dectine of radioactivity in diet items. Use of
these equations led to an estimate of the dietary
removal rate constant, &, over the entire rest
dency interval. The average percent decrease i
the yearly activity ingested was determined from
this dietary rate constant as follows:

o;; - l‘(M]' “l — ok & um’“ ‘3)

where ¢, = average percent decline m the aom
ingestion rate during the residence » nterval

The definitions of the other duEll'l“ll!"i in
equation (3) were the same as presio usly given.
The value of ¢ was taken at 363 cavs a nd the
percent reflected the average yeariv decline aver-
aged throughout the interval durng which a
nuclide was observed in people. Thus for ~°Cs,
the average was for a period of 24vr at Ron-
celap and 27 yr at Utink.

fn the development of the three equauons,
several assumptions were made. For mstance,
decay of nuclides during 'ransit through
the  stomach  and  smail  mtesune  was
assumed to be negligible relame to cthetr
decay within the systernic organs. This was
hecause of the long half-life of :me nucides
refative to the transit time througn the ubper
rorton of the gastrointestinai tract. Urine activ-
vy and bodv-burden data were assume (O
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represent instantaneous values rather than in-
creenental values, This was because the sampling
periods for whole-body counting and urine col-
lection were very short relative to the intake
period. Additionally, one 1. or 24-hr urine sam-
ples (which ever was less) were cotlected. This
reduced the influence of biological vanation of
activity concentration between morning and
evening voids. Sinee  urine-activity concen-
tration data were used in equation (1), utine
excretion rates which were dependent on sex
were adopted from data in /CRP Publication 23
UMHRPTJL

Values for the quantties not measured di-
mwnw'mmdwwwﬂxw1wqumuumslﬂ):mml{ﬂ were
taken from the literature (ICRPS9. ICRP6S;
ICRP69: ICRPT4: ICRP79; KiT8). Cobalt was
assumed to be in the form of an organically
ummwmwudhwmmmwmmdm&wwﬂ?ncjﬁwm&AmauOrﬁ

(ICRP79). The value of f; for ®*Pu was taken as

H)“‘UTHRP?@LAHm:Mmummlmwwnrmunummmmm
for Y’Cs was found to be a function of body
mass. The value of this rate constant was ad-
;MMmlﬂw.xuWvamW‘mmm‘mmmMm'm
formulas given by Miltenberger (MiB1). The
single uptake whole-body retention functions
given below for adults were based on ICRP
maodels and were not corrected for radioactive
decay. These functions, which were used for

“making an estimate of adult intake. wene:

W 056" () 3e - ix0n
bl e t2x0h g e-tTet0cl,

MCs: 0. le 1m0 p9e-tIixc.

=

SN 024" FTOTH 4076 0N

0gp 0 73e 0 4 Q. Qe 10m
+ 0.7 TSm0y

SFe: 1.0e 7™ and
:’.)‘J]F]‘m 045" CRRUER] o+ 0.45¢ - [N ER

+0.0e 9

where 1 was in days. An average ¢0-kg adult
body mass was chosen based on the values
observed for male and female adult body
mmﬁﬂﬂsrm[mrsmwwwmmmeNWme'Twﬁb'CTﬁﬂ'
Cos9: Cob0: Coo: Cobd: CobT: Coll: Caols;
Le80b).

An esumate of body burden for ~*Pu and *Sr

was based on use of both equations (1) and (2).
The average dietary removal rate constant. k.
was first determined using equation (1) and
sequenual  urine-activity  concentration data,
Once the average & was determined. equations
(1) and (1) were set equal to each other and the
body burden was calculated for each wrine
measurement. After the body burden was deter-
mined. an estimate of P° was made using equa-
tion (1) and the average value for &, In this way
an a

verage value Tor P? was obtained from all
the urine data.

To obtain the 50-vr cumulated intake, equa-
tion (2) was solved for ¢ and the righthand side
of the equation was integrated over an ingestion
mterval of 50 yr. Total intakes were related to
commutted effective dose equivalents by using
conversion factors “commiued effective dose
equivalent per unit activity ingestec" given by
the International Commission on Radiological
Protection (ICRP79). The committed effective
dose equivalent per unit activity ingested given
[CRP was muitiplied by 1.17 to correct for
nxwy mass differences o yield committed
effective dose equivalent per unit activity inges-
tedd by a Marshallese adult.

Staustical analvsis of data
The adult average standard deviation for
”W“u°2kumr”ﬂrmumnwwmwmomwmwmmmﬂmwdw

of return. P°. and the dietary removal rate

constant. 4. were determined from a set of

calculated values derived from a set. of adult
body-burden measurements and equation (2).
The stancdard deviation for the adult average
50-yr cumulated ntake was determined by
QIMMWHMDM'Of@ﬂﬂHlﬁﬂﬂ“ﬁ”ﬂi“ﬂﬂﬂvmm'lﬂﬂ
and second order partial denvauves and partial
cross derivatives {Be69). To estimate the error,
partial cross derivauves and partial derivatives
were determined for & and P owith respect to
the 30-vr cumulative intake.

Since onty one measurernent for adult average
“Fe body burden was available. the relative
standard deviation of the adult average P* was
assumed to equal the relatve standard deviation
of individual adult P °s which were deterrmined
‘rom the 1970 indwidual adult *Fe body bur-
Jens. Only two values for the set of adult
average “Co and “*Pu body burdens were avail-
able and therefore the same method was em-
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Table 1. Averave rodionuciide nrden and tme since renaditation-for Rongeiap agilty

Adalt Males (>1%a) Lhdult Pemalen (>1%a) Adulen (»1%0)

. Body Munbar Body thanber Doy hunber Timn Post
; . Burden of Burdaen of Buvdan of Rabb i cacion
i LT Tndividun Lo B Individuale fiq Iadividualoe Dayo Yoar
H 6l 1o dxiod (i) 6.Ix107 (A) 9.3u10"1 (n) 0 1937
v 3. uloé » 2.9n102 kY] 3,310 % [ 310 1961
i 9, Inl0é % 7.4xi0) o9 8.1xl0! 90 2031 1969
: 62a 1.9x103 atn) (e (c) ) (e 0 1997
e 2. duioe 1 5.dnio) (] 1.Bulo® i} YN 1956
e Lobudire W Lodm|Q% 12 1.5x10% o2 3046 1950
" 2o3m10 3 1.9x10® i 2. 5nl0% 59 439 1959
3.5w109 M 3. xnlod p] 3.6m103 6l 1310 1961
35w L.Gui0® 28 1. Anj0% 32 1.5n10% 60 w26 1976
e Mg 7.05109 (A) 5. Tnkﬂ“ 8] 6. 3nl0d () 0 1937
2lap acults. . 7al0s 11 TIGL b 1.6x10} 1% b 1954
a.7uint 2% 2.9x104 16 bolxiol @ 639 1959
6.3ul0" 9 2.9x100 A S.1ki0d 1) 1330 1961
1.0ui0¢ 13 1.8x10d 15 1.6m102 7} 1600 1962
2. 1nl0d 12 L.onl0d 13 192102 bi] 00 1963
e 2.1m104 11 2.0m104 7 . mnnnJ 1 b 1944
. 7.7uli? 12 ~om10d 12 1.3x104 24 1301 1967
‘ 1.9n10% 1 Ledmiod 1 1.3u02 n 1917 L6
- 16wl 1 10 13 1. 5ub0d H Y 4292 1944
- $.5m104 9 o 1 L lxiod m 4657 1970
NTYY L.bnloé 8 (102 7 1.3x104 13 5042 wn
- 9.6x104 5 8.7x10b 7 9.6uj0l 12 5300 1972
3. dn104 ] 2. 1x102 7 r.munod 13 5133 1973
- boZuld 10 8.5x10! I3 1.5x008 1 G111 1974
- 2.3x10 26 w) (3] () () 1599 978
Y J.7ni08 28 2.8x10! 19 J.3u10d dh : 8057 1979
T e 5.2m10 (a) 3. 0m102 ) holxiod (A} 0 1937
- T 2.9n20" 3 1. 9ni0% 13 1.7n10% 51 778 1938
N 2.9k Y Ixl0é s 1.1x10" Ll &30 1959
Ve o 3.5m10" 37 1. 7ml0% 17 2.5x30% Ta 130 1961
3.5x00" bl 1.8x10% I3 1.5x10% ] {31 1965
1. 8xlQ" 22 l.olx ltwtlf' 26 1. nlO" wlh 6118 1974
Lolxld® 30 7.0x103 11 9. 3x107 51 7213 1917
6. 2107 19 S.6m109d 18 6.0xi03 W 8037 1979
IR 6. 7x107 36 7.0x103 30 6. 1xi0) b 801y 1981
- 239w, 6.610101 3 3. 040 8 3. dnind 11 5753 1973
- : LD 3 (c) (<) 3] «) 7030 1976
:
-,

¢ Number of inguviduails not recarded.
Measured at A pne Natironai Labaratory.
¢ Mo femnies me red .

. methods used to derive “’Fe body burdens from  (Le80c). The “K levels and corresponding po-
-G blood measurements were given i Be7l, |AWHMWIhﬁHWﬂK\NWFlﬂlJUM!&WNTmMTHVwmh
- The most nt whole-body counung data  nawrally-occurring val oped from data
" available (1981 RP Publication 2

0 orate nor

are presented in Table 3. Anal-
ysis of the data indicated that *'Cs adult aver
age bodv buraens at Rongeiap and Utirik were
from 40 to 90 umes greater than those of a
comparnson pepulaton at Majuro. a southern
atoll which recerved little fallout from testing

{(ICRP74).

Due to the paucny of early activity mea-
surernents in Utink resudents (see Table 2. ther
~C S~

Co. “Pu and “Fe body burdens were
mated by companng nuclide ratos for Uurik
+nd Rongeiap residents. The measwred body
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Table 1. Average radiomuociicde burden and tame since renabitation for Utivik adudts

Auolts (*1%¢)

Sy [ Number Tinn Poor
Turden ot Dazrdon ol burden af Rehopbrtation

g Todividunle [ 7 Indivedunis iy Iodivyduain Days Yeuqr

6y 3. 6580508) - 1.0m0056(8) - 3. 15108¢A) - W 73]
b3, 1,6810° um ) 73] 74 w) 13 ] 1997
1.0ul0" i 3 fuio? 13 ?.85203 b 1734 19

e a.omieda) $.us0dn) - (N TYLLI TV §721 1920
90g, 1. 0uldé ] 2. 2100 H 1.9ul0} H 1134 1939
n,0ni0* ] 3lmiob ) 3, 1nm:> 1 LF 1] LOTh

b, duled 17 (c) {31 ) ) 3669 L31]

5. 6mI0M 16 9. 0x109 o 5. 6nl0? n [FT1] 1979

ey 1, Sm10e ) 1. 0nig® Y] Lonagt (o 1039 1937
1 bl 19 1.6n107 ! 9. 3u103 " 1736 1959

R TIL 9 o, 0x103 R 6.0l03 32 218} 1974

bobniod b} 2.9x103 1 1.1l Wl 1300 1977

13200 19 L.6niq) ? 2.0x109 i) 922% 1939

PRIy 8l 291070 5% 3. ixko? 128 939 1961

Wy LAmiHA) - 1. Sabodla) - L amiod(a) - OB 197y

A U Wdapto (ron Bongulyp dats, see teut.

I & Mnaouend ot Argonne Natiooal Labovatory.
¢ # o feunine onsoured,

D9 Mupher of individunls aot recardad.

burdens for these nuclides in Rongelap residents
ancl the observed atoll-to-atoll ratios of adult
average body burden for *Zn, *Sr and "'C
were used in the calculation. Ratios were esti-
mated for the penod after the Rongelap adult
body burdens reached a maximum value, The
Rongeiap-to-Utink rauo, 2.6 + 0.39, has been
relatively constant since (938,

The inital increase in 1958 in the ’Cs aver-
age body burden for Rongelap adults (see Fig.
2) was due to dietarv intake of *"'Cs and a small
intake of WCs from the air and water due 1o
above-ground nuciear tests in the Marshall [s-
lands duning (9%8. The subsequent drop in the
1959 ''(Cs body burden may have been due to
increased use of imported food and the conclu-
sion of the tesung. The reason for an increasing
BCs body burden at Rongelap during the 1960s
was uncertain, Residual contamination from the
Hardrack weapons- u:umua }_l(ll!l‘[.cllml and sub-
sequent incorporation of into diet items
was one hyvpothess.

The Hardtack Phase [ senes of tests was
conducted dunng 1958, just before an increase
in the exposure raze at Rongeiap Atoll (Un39).
Smail amounts of fallout from the CACTUS.

YELLOW WOOD and HICKORY experi-
ments in this series reached Rongelap. However,
several observations support the conciusion ( lhnnt
"'Cs from this series was insi prnlhu:,.i.m. relative to
'Cs from the Castle series. First, the peak "Cs
body burden of a similar population at Utirik
oceurred three yr after the initiating event (Cas-
te BRAVO in 1954) while the 1965 peak ™'Cs
body burden at Rongelap followed the Hard-
tack series by seven yr. Secondly, the peak
exposure rate on Rongelap which occurred dur-
ing the Hardtack series in 1958 was about
10,000 times less than the peak exposure rate
following BRAVQ. These facts suggest that
debris from the Hardtack series was not a
major factor influencing the Rongelap ''Cs
body-burden pattern during the mid 1960s. In
addition to Hardiack senes fallout. the adult
average body-burden pattern would have
also been influenced by (1) worldwide fallout
fuctuauons. (1) movernent of adults in the
study population to a clean island or atoll for a
month's visit with family or friends and (3) to
"we inital success and subsequent failure of a
food subsidy program which began at Rongelap
i 1958 (Co80b).
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Derieed quanniies aml}m
WMAUMMnmmhMmNHmmmmmmwm in the ‘f¢13“

Rongetap and Utirik adult populations are ;:'_‘. Jl|
wmmmmeMWWMMWMRmmw f““

and Utirik people for whom sequential body- 3w o \;HEWM

burden data was available, & was yund to have caaa ."'|----:" N ‘E‘ N

a positive value for *’ S 7n, "Co. 'Pu and Un“m ﬁ&‘“hﬁ&» >
og, The “"Pu data for urine of three adult S LY AN N
1mmM1dmIRmmmﬂmwuml“ﬂbammiW%Hummmmmmla "\ .| N g

N
%mMMWmmmwmmnwrWM“vameﬁﬁﬁw PSR L . ww‘ ;ﬂﬁf%.““ $\~
ey was 7.5x 1070 £9.0x 107*d". For eeone SLBLE ] I
”W;.mmhrﬂmlkmmwnmv:mmmmmrvwwmmmmwmwﬂ ﬁ? oy ﬁ? \“m'hh -
as 3 result of studies by the BNL medical n “ o3
wmmwmmm(EmJL.{knﬂm.umm.uulnmmmmw of k ./ ”W“ o > 5
\WMHMMWWWMMMt‘IﬂﬂﬂlﬁhmmhAMHMlﬂmmmMmml ¥ )W ol \ﬂb “" N
“Fe intake. k was assumed equal 10 2es0 which 3 e 4 .4|_ W i
impiies that radioacuve decay was the only H w Y Sy
canse of redoced daily activity intake duging P o e “&L : “m try H&
resdence. M, ) . N

Where data were available for comparison. '\ “A” ™ &N
!Mmemukam”mummMWMHmw-MWM|0 g A I“»w—m
|wmmﬂmﬂmﬂwwuumm&m%ﬁm%nnmwﬁ”m beaoo ) NJ H Fi. <
for residents of both Rongelap and Utirik. The Eaw " » ~“ N el
yearly percent decrease in the atom ingesuon N NW
rate was computed using equat n (3) and the ﬁu (m _
cwwwﬂ&meﬂmmmMumememmmthn b P \f oo u’ far 2
mmm-m%mwmhm~nmm.awﬂwmmmmmlm “ sacoa b I farm
dietary 'V'Cs for each vear 21 Rongelap and s £  daly
Utirik. For dietary Sr. an 8°, reduction was § e o \rﬂ N '“%f', cems
esumnated for e ach year at Rongeiap and Utirik. O ‘ E§~ ; iﬁmﬁ
The “Co and **Zn intakes were reduced rapudly s 7 W A %%F“ R inmpe
dmmwthrUHHWWMMHVWMHWNWIWWva @ ‘b - ol 1o ﬂewxﬂ \ﬁ% Mmﬁ
wmwAmml\mmm;mmurmmmuwanMWw‘ 0m] “%ﬂ < anas
“Lm.mmJ‘mémﬂmrwwwmmxtrﬂucmnnim‘dmmuw' - ) P - (M-m
aro were observed for adults. Also. {or adult 3 ) r A & ) wnez
males at Rongeiap. a u ative value of 3% per & | ?ﬁm"fll - ﬁi T atine
wnﬂmenanmw“Pmummmmmmﬂmwx i AN J foock
sparse data. et A;

The dwnwmﬂquﬂmmwhtimh,mxmmu;mmmmwwm o e
rate on day of rewm to Rongeiap (29 June T H : anch
W“M'MMLMNMMWHurMMMMMWWMmhﬂw } e A infor
1% and was plotted as a funcuon of agemn Fig. ! LR ‘nhﬂ.k
i An exampie of the vanauon m 'Cs vaiues ' canna " w 10 &
for male and femaie intake on dav of re- ‘ = = E%EE <mmwa
wabitation is shown n this figure. Differences in ol w o b o take
he dailv ingestion rate of stabie eiements at the “ : - 3 L2 T
:ame geographic location nave ceen shown to ‘ 1% pmm&
oCCuUr  Among  subgrouns popuiation 3| 18 Ron
(CRPTH. As an exampie cf the diewary van- : - ' -2 toc
juon at Rongeiap. it was observea that coconut ) -t mate

ﬁumummwmmmimmrstarmdmn:&uﬂ.mWWMWWHML Utin
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Fig. 4. Daily activity ingestion rate for day of return \

to Rongeiap Atoll.

for infants. and them again (in a fermented

form) in adult life by males as a component of

daily fluid intake (Ma80). Children and adoles-
cents, however, were observed (o receive a large
portion of their daily fluid intake from two
imported meals per dav as part of the school
lunch program. Studies indicated that coconuts
and coconut tree sap provided the major source
of WCs in the diet (Le80a: Mi80). Thus. the
andulating shape of Fig. 4 reflecred this vari-
ation in the dietary intake of 'YCs-contaminated
foods.

Aduit average values for acuvity ingestion
rate on day of return were calculated for all
nuclides. Results are jisted in Tabie 4. This

2
1;" Iiin u

o) ou b Wb
TME PATT EE- 8 TATION. DAYS

Fi. 6. Body-burden history for Utirik adults.

this time. The data plotied in Fig. 6 for “Co and
“Fe were derived from Rongelap messure-
ments.

Biological variauon and errors in the col-
lection and anatysis of urine samples introduced
larger errors in body-burden estimates than did
direct whole-body counting. These variations

7 informaton, together with the esumate of k for  can be observed in Fig. 5 where ©Sr data vary
I the nuclide of interest. was used in equation (2)  widely from the theoreucal curve. In contrast,
i to estimate adult body-burden histonies based  the "Cs data fit the curve closely.

B3 on the assumnption of declining contunuous in- The method used to generate Figs. § and 6

take (see Figs. 5 and 6).

The declining continuous intake squation (3)
provided a smooth body-burden unction for
Rongelap and Utink adults. The equation was
a tool Lo provide retroacuve bodv-burden esu-
mates during the eardy vears post-return to
Utirik. Few direct measurements were made at

was not chosen to mimmize the weighted sum of
squares of dewviauons of the body-burden esu-
mates and measurements from the fitting func-

tion tequation (2)). Instead average values of k
and P? were selected to ll!]:il'!::i(. nt all the body-
burden data. For Rongelap. the "Cs body
burdens varied from the fitted function by a
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maximum factor of 1.7 and an average jactor of
1.4: the ®Sr body burdens vaned from the fitted
function by a maximum factor of 3 and an
average factor of 1.6. These factors reflect the
quality of fit for directly measured body burdens

PROTRACTED EXPOSURE TO FALLOUT

are found in the references given in the intro-
duction. These body burdens mavy be used with
a fitting funcuon to generate individual adult
k's and Ps.

The standard deviations for adult average k's

and urine-derived body burdens in general. and P™s were used to estimate the standand Y:
The integral intake for 50 yr and the commit-  deviations for adult average committed effective $
ted effective dose equivalent were derived quan-  dose equivalents (see Table 4). Because the ratio 5t
tities which depended on knowledge of &k and P°  of standard deviation to the average k and P° §
for each population subgroup. The 50-vr tater-  was the same for either adult average or individ- ¥
val chosen for integral intake represented the  ual adult & and P° data for P'Cs. *Zn and *Sr, g
years 1957-2007 for Rongelap residents. For it was assumed to be true for “Co and *Fe. &
Utirik residents. the $O-yr interval represented  Thus., the standard deviations for the aduit
the years 1954-2004. The commiued effecuve  average k. P . 50-yr cumulated intake and com- F

dose equivalent was based on this cumuiated
intake and both values can be found in Table 4.

An important result of usng the ftling
function was that **Zn and '""Cs were the

mitted effective dose equivalent were estirnaied
and given in Table 4 for each of these nuclides
as well,

The standard deviation for the 50-yr cumu-

largest comtributors to dose equivalent for lated intake for each nuclide does not include M
each population. The “Zn dose equivaient was  the deviations due to the vanation or uneer- ﬁ
greatest at Utirik because of a three-month  taimty of biological removal rate constants. ra- 3
interval separating the BRAVO event and day  dioactive decay constants or the fraction of an Y
of rehabitation and because of the shorter half-  element eliminated via the urine pathway. These ¥
life of ¥Zn. The "'Cs dose equivalent is im-  variations plus the vaniation of specific absorbed &
portant over the long term. [t may be the chief  fraction of photon energy would introduce even ¥
nuclide of concern during an individual’s  greater standard deviation than that indicated ;;,
lifstime  post-rehabitauon  of a  fallout- in Table 4 for the estimate of committed 2
contaminated environment. effective dose equivalent. ]
Stasistical analysis of data External radiation exposure

In the cases of Y'Cs, **Zn and *Sr. a large set External exposure-rate history curves for pe-
of individual adult vaiues for & and P° were riods following resettlement are plotted on Figs.
available in addition to 2 set of adult average 7 and 8, These exposure rates were many times T
values. The whole-bodv counting techniques less than the 1 March 1954 exposure rates 12 hr hi
and urine-bioassay techniques emploved were  after detonation of BRAVO. At that time they ex
similar throughout the program’s history. The were  estimated 1o average 2.Jx 1% frc
short-term factors influencing the pattern of an aCkg~'h~' (8.9 R h~") for Rongelap Island, A4
individual's body burden. e.g. sickness. local Rongelap Atoll and 89 x 10'nCkg~'h™' en
diet changes. eating imported food. recent travel (034 Rh-') for Utirik Island. Utirik Atoll q"
10 uncontaminated areas. were factors which  (Le8Ob). These estimates were extrapolated val- It
influenced the pattern of adult average body ues based on survey measurements made several st
burden throughout the enure residence interval.  days after the BRAVO detonauon (OCE8). e
Therefore the ratio of the standard deviauon to The external exposure at Rongelap and Ut- ex:
the adult average k's and P s should have been  irik Atolls since rehabitation varied due to 'r:"
equal to the same rauo for individual adult radioacuve decay of BRAVO fallout and the 20
values. This was in fact the case for “'Cs, ®Zn  addition of low-level contamination (rom
and "Sr. The standard destauons and the adult  several other nuclear tests (see Figs. 7 and 8). €q
average &'s and P™'s for these nuciides were The estimated total SO-yr background sulye jil!‘if-
listed in Table 4. Tables of individual adult  tracted  exposure  posterehabitation  was 7”
values were not reproduced here. however, indi- 9% (0~*Ckg~' (2.3 R) a1 Rongelap Island ';:

vidual body-burden data obtaned i sequence

and 1.5 x 10~ Ckg~' (5.6 R) at Utirik Island.
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These values were based on the exposure-rate
history for each isiand and do not include the
exposure contribution before rehabitation or
from natural background radiation. The back-
ground exposure rate was measured by Mils-
enberger and Greenhouse (Ge77b) and was
96x 10" nCkg-"h~! (3.7 x 10"*Rh-").
The 30-yr external effective dose equivalent was
esumated 1o be 1.7 x 10~ Sv (1.7 rem) at Ron-
gelap and 4.1 x 1072 Sv (4.1 rem) at Utirik. The
externai exposure rate is expected to decline 1o
nearly natural background levels by the vear
2072.

The ratuo of internal committed effective dose
equivalent to 30 yr of net external dose equiv-
alent was 1.1 for Utirik and 1.5 for Rongelap.
The mternai portion of these dose equivalent
ratios does not include the contribution from
“*Pu due to the uncertainty in Pu bioassay data.

SARD er al. 623

DISCLUSSION

The body-burden and urine data indicated a
definite decline with time from the day of return
atom ingesuon rate for 'Cs, “2Zn. “Clo and
"8r. The data for “"Pu were uncertain but
indicated a decline. These measurements of in-
ternal levels of radionuclides used in conjunc-
tion with the declining continuous intake equa-
tions provided an estimate of the totl intake,
the committed effective dose equivalent nod the
rate of decline of radionuclides in the overall
diet. The data for directly measured body buy-
dens at Rongelap Atoll were the best quality
data for determining derived quantities,

Based on a declining continuous intake due
solely to radioactive decay and the 1970 ¥Fe
adult average body burden for each atoll, an
estimate of the daily activity ingestion rate for
%Fe on the day of retum was caleulated, Based
omn this ingestion rate, it was estimated that ¥Fe
contributed a negligible amount to the total
committed effective dose equivalent (see Table
4). The assumption that k = 0 for *Fe was made
because sequential body-burden data were not
available. Assigning & = 2.0 % 10-?d~", the
value determined for *Co, leads to am *Fe
committed effective  dose  equivaient of
232107 Sy (2.3 x 107 rem) for Rongelap
adults. This is larger by a factor of § than the
estimate for committed effective dose equivalent
based on k = 0. .

Use of the body-burden extrapolation equa-
tion leads to the conclusion that *Za could have
been the major contributor to the ingested
activity during the first year post-rehabitation of
Utirikk Atoll (see Table 4). This was supported
to  some extent by, 3 Japanese report
(JCCRRERS6) which indicated a rise in the
photon couns rate at the surface of various types
of tuna reweved from the Marshail Islands’
fishing grownds from March to August 1954
(100--10,000 cpm). Fish vath count rates greater
than [00cpm at the surface were discarded.
Radiochermcal techniques indicated the promi-
nence of **Zn in the tuna’s edible flesh. If it was
assumed (1) that *Zn was the poncipal con-
tributor to the external photon count rate, (2)
that a self-surficient living pattern existed on
Ctirk in which adults consumed 300 g of fish
cach day (Na80)., and (3) that 1°; of the fish
eaten was tuna, then the dalv aguvity ingestion
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rate  might have ~een "« 10'Bgd ™
(2x 107" uCid™"Y in May ang June und
Tx 10*Bad -' (2x 107uCid " m July and
August of 1954, This menod of esumaung *Zn
daily acuvity ingesuon rates vietds a [0-times
greater estimate of total intake than the Lotal
intake suggested bv boay-burden extrapolation
techniques (equations 2)). Although the *Zn
total intake estimate inaicated for Utink adults
in Table ¢ was basea on scantv data, it was
made with fewer assumpuons than was the
above estimate using Japanese fshing data.

The validity of the = ®u data used to esumate
the bodv burden at Rongeiap Atoll (see Table
1} in 1973 had been considerec by an Energy
Research and Development Agency ad hoc com-
mittee. The comrmtes concluced that because
of the possibility of unne-sampie contamination
these data were uncertam. This may indeed have
been a factor since a radiochermical analysis of
BRAVO debris mdicated Rongeiap Atoll was
contaminated with "™ (Ts5$). No special pre-
cautions had been taken when the unine samples
were collected in the qeld. therefore not much
credence could be given to these data.

In 1976, three maie adults at Rongelap Atoll
provided urine sampies for 2P analysis. Two
vielded resuits below the minimum detection
limit of 3.7 x 10~ Bal ~* (10fCi)."") and one
vielded 3.3 x 1077 Bai. (90 fCiL ") The aver-
age of these vaiues 2iong with the 1973 adult
average data that »as repored bv Conard
{Co75) were used 1o cenve potential body bur-
dens. The results were iisted :2 Table 1.

The estimates for -"Pu acull body burden
were not used to canve values of intake and
committed effective cose equivalent since they
may have been the resull of an erroneous urine
collection technique 2nd not the result of inter-
nal deposition. The cowenual for contamination
also existed for “Sr. however the mnpact of
contamination on <ose assessment was much
greater for Pu.

Questions concerning the = ™1 estimates have
led to a study or the samooeng and analysts
procedures which maicated t2at some <Py in
unine mav not have ceen cheancally recovered
along with the rrazer (Ryv821 The extent cof
sampie contaminaon cunng cotlection and the
fundamental reasons for vamauon n recovery
of *Py from uring sampies r2maln unansweren

§14 PROTRACTED EXPOSURE TO FALLOUT

at this ume. Several invesugauons are undeg-
way. In August 1981, fecal and unne samples
were obtained from Rongelap and Utirik resi-
dents anc are to be analyzed atier complete
dissoluuon followed by a hqud solvent extrac-
uon techmque used in conjuncuon with a
shoton-electron  rejecting  liquid  scintillation
spectrometer developed by McDowell for low-
level alpha spectroscopy (Mc72). The question
of initial sample contamination wiil be angwered
following additional analysis of urine collected
in 1980 from tormer Bikini Atoll residents.

CONCLUSION

The principle resuits of this invesugauon were
that: ~ Cs and ' Zn were major contributors to
‘he committed efective dose equivaient; the
overall body-burcen pattern was one of initial
merease followed by continuous decline over a
period of years: the daily intake pattern was
probably one of continuous decline, this conclu-
sion was based on the fitting of sequential
body-burden data to equation (2); the impact of
cach nuctide on internal committed effective
dose equivalent was dependent upon the time
between contamination and rehabitation; and
the internal commuitted effective dose equivalent
exceeded external dose equivalent dunng the
rehabitauon penod. The sparse ~*Pu data indi-
cated further research was necessary (o estirnate
accurately the acuvity intake and committed
cffecuve dose equivalent from this nuclide.

For commiued effecuve dose equivalent, the
mpact of nuchdes with a short mean residence
time 1 the diet 1 Zn. *Co) was greater at Ktink
because the population remnhabited within |
months of the BRAVO event. The impact of
nuclides with a long mean residence tme in the
diet (17°Cs, “Sr. 'Fe) was greater at Rongelap
because of greater 1nitial contaminaton.
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