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Abstract—From June 1946 to August 195&. the U.S. Department of Defense and the U.S.
Atomic Energy Commission (AEC) conducted nuciear weapons tests in the Northern Marshall
Islands. On | March 1954, BRAVO. an above-ground test in the Castle series. produced high
levels of radioactive material, some of which subsequently fell on Rongelap and Utirik Atolis
due to an unexpected wind shift. On 3 March 1954, the inhabitants of these atolls were moved
out of the affected area. They later returned to Utirik in June 1954 and to Rongelap in June
1957. Comprehensive environmental anc¢ personnel radiological monitoring programs were
initiated in the mid 1950s by Brookhaven National Laboratory to ensure that body burdens
of the exposed Marshallese subjects remained within AEC guidelines. Their body-burden
histories and calculated activity ingestion rate patierns post-return are presented along with
estimates of internal committed effective dose equivalents. External exposure data are also
inciuded. In addiuon. relationships between body burden or urine-activity concentration and
declining continuous intake were developed. The implications of these studies are:

(1) the dietary intake of *’Cs was a major component contributing to the committed
effective dose equivalent for the years after the initial contamination of the atolls;

(2) for persons whose diet included fish. *Zn was a major component of committed effective
dose equivalent during the first years post-return:

{3) a decline in the daily activity ingestion rate greater than that resulting from radioactive
decay of the source was estimated for "’Cs.”"Zn. ®Sr and ¥Co:

(4) the relative impact of each nuclide on the estimate of committed effective dose
equivalent was dependent upon the time interval between initial contamination and rehabil-
itation: and

(5) the mternal committed effective dose equivalent exceeded the external dose equivalent
by a factor of 1.1 at Utirik and 1.5 at Rongelap during the rehabitation period.

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

INTRODUCTION

0017-9078/84  $3.00 -
¢ 1984 Health Phvsics Societ-
Pergamon Presy Lic

SuUBSEQUENT to World War 11, the United States
carried out several series of atmospheric tests of
nuclear weapons in the Northern Marshall Is-
lands between the years 1946 and 1958. On 1
March 1954 at Bikini Atoll, BRAVO, the first

tResearch q;am'ed out under the auspices of the
U.S. Department of Energy, Contract No. DE-
AC02-76CH00016.

of six nuclear-weapons tests in the Castle series,
was detonated. Due to an unanticipated wind
shift, the BRAVO device produced substantial
surface contamination on inhabited atolls up to
500 km east of Bikini within a 5000 km? area.
The contaminated region was cucumber-shaped
and falling bomb debris was visible on Ron-
gelap Atoll from 5 to 10 hr after detonation
(Gl62; Sh57).

Following a fallout alert by a Navy mon-
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itoring team stationed a! nearby Rongenk
Atoll. the 64 residents of Rongelap Atoll and an
additional 18 Rongelapese who were gathenng
food neuarbv at Sifo Isiand. Ailinginae Atoll.
were removed 1o Kwajalein Atoll. some 300 km
to the south on 2 March 1954, On March 3 and
4. the more distuat 157 Uunk Atoll residents
were moved. During the first few weeks anc at
jeast once every vear from 1937 1o the present.
a4 Brookhaven Nationai Laboratory (BNL:
medical team. orgamzed by the AEC (and 1
successor organizations; anc the Department of
Defense, has regularly conducted medical exam-
inations to monitor the heaith and to evaluate
the radiobiological status of persons affected by
tropospheric failout from the BRAVO nuclear
test.

Reports of their findings including whole-
body counting data and urine activity concen-
tration data are availabie in Cr26. Dusé6. Dus7.
Wo0359. Cos6. ColS8. Co39, Co60. Cob2. Cob3.
Cob65. Co67. Co70. Co73 and Co80a. These
reports mayv be consulted in order to easily
follow the information presented here. Esu-
mates of the initial bodv burdens of internal
emitters were presented in Co33, Coh356 and
Coh60 and will not be discussed here. A reas-
sessment of thvroid absorbed dose from the
iniual 1954 exposure is currently being made
and will be reported n a separate study. Since
April 1978, the bioassay program and whole-
body counting studies have been performed by
members of the Safery and Environmental Pro-
tection Division of BNL. Reports of their
findings may be found in Gr77a. Gr77b. Le80a.
Le80b. Mi80, Mi81 and Na80. The report by
Lessard (1.e80b) contains more detail on the
development of the equations used here.

The Utink and Rongelap inhabitants were
returned to their home atoll in June 1954 and in
June 1957, respectively. The earlier repatriation
of Utirik Atoll was based on the low measured
level of external radiation exposure over a three-
month observation period. The Utirik popu-
lation was subsequently examined by a Brook-
haven medical team during 1957, 144 people
received comprehensive physical examinations.

In 1957, the Rongelap inhabitants were also
returned to their atoll to occupy new homes,
community structures and other facilities which
had been constructed during their three-year
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residence al Majuro and Kwajalein Atolls. Fol-
lowing the 1957 medical survey. measurements
were made on two men from Uunk Atoll using
the whole-body counter at Argonne National
Laporatory (ANL1. Radiochemical analyses of
the:r urine sampies were also made. Four per-
sons from Rongelap Atoll also visited Argonne
for whole-body counting in 1937, In additon.
poolec urine samples from both atoll popu-
Jatons were analvzed radiochemically for V'Cs
and ™Sr. The body burdens measured at ANL
were corrected for 10 days of biologic elimi-
nauon and radiologic decay to esumate the
bodv burden while living on the atoll.

Starnng i Mav 1938, Conard and Cohn
{Co3Y,. measured whoie-body levels of ''Cs,
**7Zn and *Co in about 100 Rongelap adults,
adolescents and juveniles as part of the Brook-
haven medical examination program. A por-
table whole-bodv counter with a standard chair
geometry in a shielded steel room was employed
{Coh63). Whole-pody counts were obtained in
the Rongeiap ané LUunk populations in 1959
(Coh60). 1961 1Co62). 1965 (Co67). 1974
(Co~Siand 1977 (Co80a). The counting geome-
try was converted to a scanning type shadow-
shield geometrv starting in 1965 (Co67). Urine
samples were also collected in these surveys and
in additional medical survevs conducted in in-
tervening years. The samples were analyzed for
their radiochemical content bv both USNRDL
and the NYO-AEC Laboratories.

From 1978 10 the present time. whole-body
counting measurements were performed with
the bed-type shadow shield whole-body counter
(Co67). In 1980, a standard chair geometry was
once again used. All three counting systems
were intercalibrated and also calibrated against
the large BNL 54-detector whole-body counting
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 people 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-detonation and then
Utink Atoll at 3.5 days post-detonation. After
a three-month wait, the Utirik people returned
in June 1954 and after three years Rongelap Atoll
was rehabilitated and occupied in June 1957.
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Shortlv after the Rongelap people’s return. the
first in sirw whole-body counting survey was
performec 1n 1938, The Hardtack seres of
nuclear tests in 1938 was the final above-greund
tests to be performed by the United Statesn the
Marshall Islands. Worldwide atmosphenc tesi-
g of nuclear devices at other locauons con-
nnued and peaked durning the earls 1960s. Dur-
g the perrod 1938 through 19¥1 4 totai of erghs
whole-body counting survevs at Rongelar and
five whole-body counung surveys at Lurnk were

performed

METHODS
Bodv-burder dara and wrine activizs concen-
rrations

Adult average body-burden data and urine-
activity concentration data were used as input
quantiies to equations which related them to
activity intake rates. These input data were
obtamed from Conard’s medical reports {Co36:
Co38: Col9: Cobl: Cob2; Cob63: Cob7: CoTl:
Co73. Wo03%) and from recent survevs per-
formed by members of the BNL Safery and
Environmental Protection Division. The meth-
0ds used 0 obuain the recent bodv-burden data
were presented by Miitenberger (Mi301. The
most recent average data obtained for adult
bodv burden at Rongelap and Uurik are
presented here. These data were obiamec in
April 1978, August 1979 and August 1981

In the cases of '*’Cs. ®¥Co and *Zn. direct
body-burden measurements were made. In the
cases of ®¥Sr and “**Pu. urine-activity concen-
trations were measured and then converted 10
body-burden estimates. This was done by re-
lating the activity in urine to the activity in the
total body. For *Sr and ***Pu, this involved the
use of derived quantities which are developed in
the next section.

Fic. 1. Sequence of events at Rongelap and Phirik Atolls

Derived quantities

An equation was developed to relate the
activity in the urine or whole body to the
activity taken in by ingestion of contaminated
food and fluids. To select an appropriate mode!
for this relationship, the body-burden history
and the history of activity in vegetation and soil
were examined. Activity concentrations of '¥'Cs,
8] and *Sr in surface soil on Rongelap and
Utirik Atolls were observed to decline with time
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at a rate greater thar radioacuve decav from
1954 1o the present (Ne77: Ne79: Br&2). Activ-
1tv concentrations of "'Cs and *'Sr 1n vegetation
were observed to dechine at a rate greater than
that predicted by radioactive decav alone (Ne77:
Ne791 Body burdens and urine activity concen-
tratons were observed to increase rapidiv and
to dechine slowly throughout the residence ume
of persons at Rongelap and Utink Atolis (Co73;
Le80b). These observations led to the seiecuon
of a dechimng conunuous intake mode!

An exponenua: decline in the amount of
activity 1ingested each dav from the dietarv
sources was assumed. The following general
equations were derived (Le80bi They mav be
applied to each nuchde of concern.
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where r = time post-onset of intake (time from
day of return of each atoll population), d;
/ = instantaneous fraction of atoms decaying
per unit time. d *'; P’ = initial daily atom inges-
tion rate on day of return. atoms s
k. = instantaneous fraction of atoms removed
from compartment i in the body by biological
processes, d ', x, = compartment i deposition
fraction; x' = the number of radioactive atoms
in compartment / relative to the number in all
compartments on the day of return (some per-
sons returned with body burdens); U = 24-hr or
I-l. urine-activity concentration at any time
post-return, Bq1-!; U, = subject urine excretion
rate, 1d ™', f; = fraction of element transferred
from GI tract to blood; f, = fraction of element
reaching extracellular fluid that is excreted
through the urine pathway; k = instantaneous
fraction of atoms removed from the atom inges-
tion rate per unit time, d ~', due to factors other
than radioactive decay; ¢ = body burden at any
time post-return, Bq; and ¢° = body burden on
the day of return, Bq.

PROTRACTED EXPOSURE TO FALLOUT

Using adult average data. two consecutive
urine or bodv-burden measurements were used
to estimate the unknown value of k. a rate
constant describing the removal of radiocacuvity
in diet wtems. This vielded n — | estimates of &
where « was the number of measured adult
average aawa points for body burden or unne-
acuvity concentration during the residence in-
tervai. An average value of k was assigned for
the enure residence interval duning which actuv-
iy was measured. After the average & was
obtained. an estimate of the atom ingesuon rate
on day of return was calculated based on a value
for aduit average body burden or unine-activity
concentration and the time since dav of return.
Tms generated n vaiues of the atom ingestion
rate on day of return where n» was agam the
number of acult average data points for body
burden or urine-activity concentration.

As indicated by equations (1) or (2). a singie
exponentiai relationship was used to model the
decline of radioactivitv n diet items. Use of
these equations led to an estimate of the dietary
removal rate constant. k. over the entire resi-
dency interval. The average percent decrease in
the vearly activity ingested was determined from
this dietary rate constant as follows:

%o =100 (1 —e™%~9), 3)

where °, = average percent decline in the atom
ingestion rate during the residence interval

The definitions of the other quantities in
equation (3) were the same as previously given.
The value of 1 was taken at 365 days and the
percent reflected the average yearly decline aver-
aged throughout the interval during which a
nuclide was observed in people. Thus for ’Cs,
the average was for a period of 24 yr at Ron-
gelap and 27 yr at Utink.

In the development of the three equations,
several assumptions were made. For instance,
decay of nuclides during transit through
the stomach and small intestine was
assumed to be negligible relative to their
decay within the systemic organs. This was
because of the long half-life of the nuclides
relative to the transit time through the upper
portion of the gastrointestinal tract. Urine activ-
ity and body-burden data were assumed to
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represent instantaneous values rather than in-
cremental values. This was because the sampling
periods for whole-body counting and urnine col-
lection were very short relative to the intake
period. Addisonalls. one 1. or 24-hr unne sam-
pies (which ever was less) were collected. This
reduced the influence of miclogical vanuauon of
acuviy concentration beiween mormng and
evening  voids.  Since  urinc-acuvily  concen-
tration data were used in zjuauon (1) urne
excretion rates which were dependent on sex
were adopted trom duta i /CRP Publication 23
(ICRP74:.

Values for the quanutes not measured di-
rectly and used in equauons (1) and (2) wer
taken from the literature (ICRP39: ICRP6S.
ICRP69: ICRPT4: ICRP79. Ki78). Cotait was
assumed to be in the form of an orpamcallv
complexed compound. therefore f, was se: at 0.2
(ICRP79). The value of /. for “*“Pu was taken as
10-* (ICRP79). The longest term rate constant
for "'Cs was found to be a function of bodv
mass. The value of this rate constant was ad-
Justed for a 60kg bodv mass according 1o
formulas given by Miltenberger (Mi81). The
single uptake whole-body retention functions
given below for adults were based on ICRP
models and were not corrected for radioactive
decay. These functions. which were used for
making an esumate of adult intake. were:

®Co: 0.5e ¥4 03e 171070
+01e T L e BT
FiCs: 0.1e 7 0T 40900
©Zn: 0.24e 357107 L 076 0T
Sr: 0737100107 401020 07
+0-17e—2.5xl0"‘1;

$Fe: 1.0~ 3#x10"* and

239Pu: 0.456_1'9)(IO_S’+0.45€"’8“0_5[
+0.1e703%

where ¢ was in days. An average 60-kg adult
body mass was chosen based on the values
observed for male and female adult body
weights in the study populations (Con56; Co58;
Co359; Co60; Co62; Cob63; Co67; Co70; Co75;
Le80b).

An estimate of body burden for **Pu and *Sr

5012bbbg
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was based on use of both equations (1) and (2)
The average dietary removal rate constant. A.
was first determined using equation (1) and
sequential  urine-acuviny  concentration data.
Once the average & was determined. equations
{1vand (2) were set equal 10 each other and the
body burden was calculated for each unne
measurement. After the body burden was deter-
minec. an esumate of P wus made using equa-
von (1 and the average vaiue vor & In this way
an average vaiue for P wuas obtamned from all
the urnne data,

To ooiuin the 30-yr cumuiated mtake. equa-
non (2) was solved for ¢ and the nghthand side
o1 the equation was Integrated over an Ingestion
mterva. of 50 yvr. Total intakes were related 1o
comm::ted effective dose equivalents by using
conversion factors “commitied effective dose
equiviient per umt activity ingested™ given by
the International Commissien on Radiological
Protection (ICRP79). The committed effecuve
dose equivalent per unit activity ingested giver:
bv ICRP was multiphied by 1.17 te correct for
badv mass differences o vield commitiec
effective dose equivalent per unit activity inges-
ted by a Marshallese aduit.

Statistical analvsis of dara

The adult average standaré deviaton for
“¥'Cs. *Zn or ™St atom ingestion rate on the day
of return, P, and the dietarv removal rate
constant. k. were determined from a set of
calculated values derived from a set of adul:
body-burden measurements and equation (2.
The standard deviation for the adult average
50-yr cumulated intake was determined by
propagation of error techniques involving firs:
and second order partial derivatives and partial
cross derivatives (Be69). To estimate the error.
partial cross derivatives and partial derivatives
were determined for & and P with respect to
the 50-yr cumulative intake.

Since only one measurement for adult'average
*Fe body burden was available, the relative
standard deviation of the adult average P~ was
assumed to equal the relative standard deviation
of individual adult P°’s which were determined
from the 1970 individual adult *Fe body bur-
dens. 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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ployed to obtain adult average standard devi-
avons for k and P.

External radiation exposure

The external radiation exposure rate data
were measured by many individuals and an
expianauon of their methods can be found in
thetr reports (Ch60: He6> Gr77b: JCAEST:
Ti81: USPHS39). A vaiue of 2.8 x 107 "Gy 1n
tissue of interest per nC kg =’ {0.73 rad:R} mea-
sured 1n air at | m above the surface was used
to convert their date to absorbed dose 1n lssue.
This factor was based on several considerations.
First. the planar source represented by the flat
atoll was assumed to be an exponentiai distribu-
tion of “Cs activity with depth in soil. typical
of aged fallout (Be70). The nature of this source
caused minimal variation of absorbed dose with
depth of organ: however. the difference in the
number of electrons per gram of air and per
gram of tissue necessitated a correction. Sec-
ondlv. since the atolls presented a varving ex-
posure rate environment. absorbed dose was
adjusted for living pattern variations. Both of
these considerations combine to give the above
factor used to convert external exposure to
absorbed dose in tissue. Specific details on the
adjustment for living pattern vanation were
given by Miltenberger and Greenhouse (Gr77b).

RESULTS

Bodv burden dara and urine activity concen-
trarions

The average body-burden data for adults
since their return to Rongelap and Utinik Atolls
are presented in Tables I and 2. In these tables,
the zero day or day of return for Utirik was
nearly 1000 days before the zero day or day of
return for Rongelap. Directly measured body
burdens were listed for ®Co, %Zn and '¥’Cs. For
¥Cs, an initial rise in body burden and a
subsequent general decline was apparent. These
data were plotted in Fig. 2 along with their
standard deviation and standard error.

Conversion of adult average *¥Sr and *Pu
urine activity-concentration data was done as
indicated in the methods section to derive a
body burden for these nuclides. Average data
were listed in Tables 1 and 2 and plotted in the
case of *Sr (see Fig. 3). The body burdens listed
for %*Fe were obtained from Beasley (Be72). The
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Table }. Average radionuciide burden and ame since rehabitation for Rongelap adults
Adult Males (>15a° Adult Females (>15a’ Adults (>15a’
Body Number Bodv Number Bodv Number Time Post
Burden of Burden of Burden of Rehabitation
Bq Individuais Bo Individuals Be Individuals Davs Year
60¢. 1o1x109 (A 6.3x107- (a 9.3%x107" (A} 0 1957
3.7x10% 37 2.6x10- » 3.3x10° 72 137C 1961
3.3x10} 45 7.oaxioe a5 B.1x10- 9 2831 1965
8520 1.9x103 4(B) (c (c c, (c o 1957
2.3x104 17 6.4%.0° 8 1.Bxi04 25 246 1958
1.6x10¢ ac ILoaxiCe 12 1.5%10% 42 304 1958
2.3x10% az DOOxi0 27 2.ix10% SG 639 1959
3.5x 10~ 38 3.ixic-? Iz 3.4xi07 61 1370 196}
SiFe 1.6x10% 28 1 az 1.5x10" 60 4626 1570
905y 7.0x109 (A 5. (A} 6.3x1c0 (A) 0 1957
1.7%104 i 1. 4 1.axio!l 15 304 1958
4.7x101 24 2. 16 4. 1xi0!l 40 539 1959
6.3x10! 9 2.5 4 5.:x101 13 1370 1961
3.0x102 i3 1. 15 2.4x102 28 1696 1962
2.1x102 12 1.9 13 1.9xj02 25 2100 1963
2.1x102 11 2. 7 2.1x102 18 2666 1964
7.7x10} 12 1. i2 1.3x102 24 3561 1967
1.5%102 11 11 1.3x102 22 1927 1968
1.6x102 11 . 13 1.5x102 2 4292 1969
5.5%101 ] L. 13 1.1x102 20 4657 1970
1.4x102 8 1. 7 1.3x102 1 5022 1971
9.6x101 5 5. H 9.5x10! 12 5388 1972
3.2x102 a 2. 7 2.5x102 13 5753 1973
1.7x102 0 8. 4 1.5x102 16 5118 1974
2.5x107 26 (c (<3 (c 7574 1978
3.7x10} 25 2 19 3.3x10! P 8057 1979
137¢s s.2x102 (A} 3.1x107 (a 4.1x102 (A 0 1957
7.9x20% 38 1.9%10% 13 2.7x10% 5: 304 1958
2.9x104 4t 1.5xi0% 49 2.1x104 96 539 1959
3.5x10%4 37 1.7x10% 37 2.5x10% 74 1370 1961
3.5x10% I 1.8x10% 45 2.5x10% 89 2831 1965
1.8x10% 22 1.1x104 24 1.4x10% 46 6118 1974
1.1x104 30 7.0x103 21 9.3x103 51 7213 1977
6.7x103 19 5.6x10°2 18 6.3x103 37 8057 1979
6.7x103 36 7.0xi03 30 6.7x10° 66 88113 198:
235py 6.4x101 3 3.8x10+ 8 3.2x102 1! 5753 1973
4.1x101 3 (Co (¢ (cy (cy 7030 1976

A - Mumber of individuals not recorded.
B - Measured at Argonne National Laboratory.
C z No females measured.

methods used to derive **Fe body burdens from
blood measurements were given in Be72.

The most recent whole-body counting data
available (1981) are presented in Table 3. Anal-
ysis of the data indicated that '’Cs adult aver-
age body burdens at Rongelap and Utirik were
from 40 to 90 times greater than those of a
comparison population at Majuro, a southern
atoll which received little fallout from testing

(Le80c). The “K levels and corresponding po-
tassium content were in close agreement with
naturally-occurring values developed from data
in ICRP Publication 23 (ICRP74).

Due to the paucity of early activity mea-
surements in Utirik residents (see Table 2), their
®“Co, ®Pu and *Fe body burdens were esti-
mated by comparing nuclide ratios for Utirik
and Rongelap residents. The measured body
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Table 2 Average radionuclide burden and time since rehabitation for Utink aduits

Adul:r Males (>15a} Adul: Femsies (>15a, ____Adulrs >15a
Bodv Namber Bodv Number Bodv Rumber Time Post
Burder .of Burden of Burder of Rehabitation
Bc Individuals 8g Individuais Bq Individuals Davs Year
50¢, 3.6x104(a; - 2.8x104(A - 3.1x104(A - 3926 1965
%520 i.4x10% 208 oo (c: (c < 1034 1957
1.0xi0 L4 5.9x1C7 15 T.8x103 2< 1734 1958
>5¥e 6.0x103 (A" - 5.8x103(a, - S Bxi03(A - 5721 1570
30s¢ 1.8xi0 5 2.2x10- L 9xiD” - 1734 1959
4.0x10- 5 3.8xi0- 3.6x10¢ . 7212 197«
6.1x100 17 c (c [T s 865 1978
5.6x100 16 5.0x10¢ 16 S exio? 3z 9228 1979
37¢s 1.3x10 (p) 1.oxi0 (D) Lo 2x10% D 03¢ 1957
1.1x104 15 7.4x102 15 9.-110‘ x 173 1959
9.6x103 9 4.8x107 13 5.8x107 22 7213 1974
4.4x103 27 2.9x107 3.7xic? 48 8309 1977
2.3x103 19 1.6x103 17 2.0x30° 36 9225 1979
3.7x103 61 2.5x103 65 1. .x10- 126 9935 1981
239py 2.4x101(a) - 1.5x102¢A) - 1.2x102(A) - 6848 1973

Adapted from Rongelap data, see rtex:.
Measured at Argonne National Laboratory.
No femsles measured.

Number of individuals not recorded.
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burdens for these nuclides in Rongelap residents
and the observed atoll-to-atoll ratios of adult
average bady burden for #*Zn. ®Sr and 'Cs
were used in the calculation. Ratios were esti-
mated for the period after the Rongelap adult
bodyv burdens reached a maximum value. The
Rongelap-to-Utirik ratio, 2.6 + 0.39. has been
relativelv constant since 1958.

The initial increase in 1958 in the '"Cs aver-
age body burden for Rongelap adults (see Fig.
2) was due to dietary intake of '¥’Cs and a small
intake of 'Cs from the air and water due to
above-ground nuclear tests in the Marshall Is-
lands during 1958. 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 testing. The reason for an increasing
31Cs body burden at Rongelap during the 1960s
was uncertain. Residual contamination from the
Hardtack weapons-testing program and sub-
sequent incorporation of '’Cs into diet items
was one hypothesis.

The Hardtack Phase 1 series of tests was
conducted during 1958,-just before an increase
in the exposure rate at Rongelap Atoll (Un59).
Small amounts of fallout from the CACTUS,

301Zbb

YELLOW WOOD and HICKORY exper-
ments in this series reached Rongelap. However,
several observations support the conclusion that
¥Cs from this series was insignificant relative to
137Cs from the Castle series. First, the peak *'Cs
body burden of a similar population at Utirik
occurred three vr after the initiating event (Cas-
tle BRAVO in 1954) while the 1965 peak *'Cs
body burden at Rongelap followed the Hard-
tack series bv 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 BRAVO. 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 Hardtack series fallout, the adult
average body-burden pattern would have
also been influenced by (1) worldwide fallout
fluctuations, (2) movement of adults in the
study population to a clean island or atoll for a
month’s visit with family or friends and (3) to
the initial success and subsequent failure of a
food subsidy program which began at Ronge ap
in 1958 (Co80b).

August 1981

whole body counting results

Tuble X Summary
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—) Table 3. Summary — -whole-body counting results - August 1981
) - SR i -
S Cowparison Data
Average A . 4 Average or
e ... Average or Average * 1 5.d, P
La Population  Mmber Age, Height,  Weight ,E Teeniy, TTTTTIORTTT Ca 1 ”R1ngo ¥ ,:Jl’ﬁge sl a"d'
sland Sub-G ' ’ R ’ y €5 137, \ %
ul roup Counted a n LY Bg kg _Bq kg Bq (&) kg (B) i
Rongelap :i‘;:: 34 2% 14 1.61.063 671 6,700%1, 600 154,028 220-17,000  .030-.21 85 L13¢.020
¥
o Rongelap Adult 30 It 1.5%.045 59+1) 7,000%4 200 L124,027  1,500-25,000  04B- 17 78 0964020
N Fema les i
Rongelap Adoles. 14 12t 97 1.4%,083 3417.5 6,10042 300 075,026 2,800-10,000 L0181 52 .0834+.011 * ;
Males N :
Rongelap Adoles. 8 13£1.,5 1.5¢,070 3846.0 9,400%£3,100 104,046 3,400-13,000 .033-.18 52 L0714,011 2
Females -
Rongelap Child 18 7.6%1.6 1.2%,080 22+2.8 3,900¢2,100 .060+.031 1,300~ 8,200 (C)-.089 48 .048,.006 m
Males :
Rongelap Child 13 7.7¢1.4 1.2¢,087 2243.0  3,60041,800 .062+.022 1,800- 7,800  .018-.10 48 046,006 ~
Females
- -
e e m 4
Utirik Adult 61 I6ti7 1.6%.057 66412 3,700+1,500 .15+.030 3A0- 7,400 09522 85 .13,.020 %
Males ) 3
Utirik Adults 65 3718 1.5+,048 62+15 2,500+1,100 .0924.024 370- 5,900 L0466 -, 15 78 .099’.0?0 ol
Fema les * ) i 1
I | Utirik Adoles. 21 12¢1.,1 1.6¢ .11 33+8.7 2,50041,400 .0764.033 560- 5,200 01-015 52 .083’.011 ~
i Males * N :
Utirik  Adoles. 16 13t1.4 1.4 .080 3817.0  2,30041,000 .078,.021 850- 4,800  .047-.13 52 L0711, .011 8 B
s N Fema les t
Fant : Uririk Child 31 8.2¢1.6 1.2¢.12 2345.1 1,900, 800 .051,.020 930- 4,300 .024-,096 48 .052’.006 g
: : Males t
Utirik Child 20 8.3t1.7 1.2¢.12 2446.3 1,700, 800 .0&4:.019 590- 13,200 .017-.086 48 . 049 .006
. Fema les t
Rongelap All Adults 64 13 1.6 63 6,800 .12 220-25,000 L030- .21 81 .12
Ronge lap All People 117 23 1.4 48 6,300 .094 220--25,000 (c)-.21 Al . 090 3
- ' Uririk All Adults 126 k4 1.6 64 3,100 12 340-7,400 .044-.22 81 .12
. Utirik All People 214 25 1.4 49 2,700 ,095 360-7,400 011,22 60 L0913
3 A= May 1979 - Comparison population st Majuro, minimum detection limit 37 Bq.
‘. B = Adapted from ICRP2) and adjusted according to mean age.
v CE Minimum detection limit, .0l kg.
A
p wn
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Derived guantities

The k values calculated for each nuclide in the
Rongelap and Uunk adult populations are
given in Table 4. In the cases of the Rongelap
and Uurik people for whom sequenuial body-
burden data was avaiable. & was found to have
4 positve vajue for “Cs, *Zn. *Co. Py and
“Sr. The -"Pu data for unne of three aduli
males at Rongelap in 1972 and 1976 provided a
singie tentauve esumaie of & The value of & for
FPyowas TSx 107" =91 <10 g For
“Fe. only one bioassay estimate was pubiished
as a result of studies by the BNL medical
pregram (Be?2: Co75y thus an esumate of &
was not possibie. For the esumate of cumulated
“Fe intake. & was assumed equal 10 zero which
impiies that radioacuve decay was the only
cause of reduced dally activity intake during
residence.

Where data were available for comparison.
the values of & for *’Cs and *Sr were found to
be similar for both males and females as well as
for residents of both Rongelap and Uurik. The
vearly percent decrease in the atom ingestion
ratc was computed using equation {3) and the
derived k& value for each nuclide of interest. This
intake relationship shows a 9°_ reduction in
dietarv ""Cs for each vear at Rongelap and
Urrik. For dietary ®Sr. an &7, reduction was
estmated for cach year at Rongelap and Utirik.
The *“Co and *Zn intakes were reduced rapidly
during the first few vears post-return to Ron-
gelap Atoll. An 80° per yr reduction in dietary
“Zn and a 60°, per vear reduction in dietary
®“Co were observed for adults. Also. for adult
males at Rongelap. a tentative value of 39, per
vr reduction in dietary **Pu was estimated {rom
sparse data.

The derived quantity, daily activity ingestion
rate on day of return to Rongelap (29 June
1657), was calculated for many individuals for
*TCs and was plotted as a function of age in Fig.
4. An example of the variation in "’Cs values
for male and female intake on day of re-
habitation is shown in this figure. Differences in
the daily ingestion rate of stable elements at the
same geographic location have been shown to
occur among subgroups of a population
(ICRP74). As an example of the dietary vari-
ation at Rongelap, it was observed that coconut
sap was used both as a major food supplement

=
o
-~
=
=
=

mnitted effectiv

Tahble 4.

Summary of estimates of

Ingestion Rate

60 kg Adult Average
Committed Fffective

Fifty-Year

Comnlated

Dietary Removal

Rite Constant,

Decay Constant,

on Day of
Rehabitation, \P°

Tntake

By g 5.9,

A

d-1

Dose Fquivalent

v osod.

Sv

s.d.

s.d,

+

Bq 47!

Atoll

Nuc lide

9.0x10%4 5.5
1061,

2.4

2.0x10"3¢1.9x1073

2.0x10 744 6x1074

1.3x107345.3x10 )

172107 %1 .5x10° 3
(A)

0-%¢7.5¢10 B
0-5¢/.1x10" B
0-3+2.3x10°0
0-%3.2x10" 7
0-442.6x1070

9.5xj0ls 3.2x10!
3.9x102+ 1.3x102
1.3x103¢ 9.4x102
2.1x100+ 1. 1x100
1.7x103+ 9,3x102

Ronge lap
Rongel ap
Ronge lap
Rongelap
Ronge 1ap

® X o XK o>
S~ e~
& =~ -
- el -
T e e
cocco o

7.0x1073¢1.9x1073(8)

1.Bx107945.7x1074
1x 107365, 3x107 W)

1.6x107°442.1x10°4
(A

3.6x107%4+7.5x1078
6.3x107%+7.1x1078
2.8x107 %2, 3x107
6.6x1079¢3.2x10°7
7.1x107% 2 6x1070

1.3x102¢ 4 .4x10!
2.1x102+ 1, 1x102
2.1x10%% 1.6x10%
4.0x1071¢3.0x10°!
1.3x103¢ 7.1x102

Utirik
Utirik
Utirik
Utirik
Utirik

Assumed to equal zero.

(a)

Rongelap values were used.

(B)
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FiG. 4. Daily activity ingestion rate for day of return
to Rongelap Atoll.

for infants. and then again (in a fermented
form) in adult life by males as a component of
daily fluid intake (Na80). Children and adoles-
cents. however. were observed to receive a large
portion of their dailv fluid intake from two
imported meals per day as part of the school
lunch program. Studies indicated that coconuts
and coconut tree sap provided the major source
of *'Cs in the diet (Le80a: Mi80). Thus. the
undulating shape of Fig. 4 reflected this van-
ation in the dietary intake of '*¥’Cs-contaminated
foods.

Adult average values for activity ingestion
rate on day of return were calculated for all
nuclides. Results are listed in Table 4. This
information, together with the esumate of & for
the nuclide of interest. was used in equation (2)
to estimate adu't body-burden histories based
on the assumption of declining continuous in-
take (see Figs. S and 6).

The declining continuous intake equation (3)
provided a smooth body-burden function for
Rongelap and Utirik adults. The equation was
a tool to provide retroactive body-burden esti-
mates during the early years post-return to
Utirik. Few direct measurements were made at

Hebo R IRUGE T b
By Bk 1ol

FiG. 6. Body-burden history for Uunk adulis

this time. The data plotted in Fig. 6 for “Co and
*Fe were derived from Rongelap measure-
ments.

Biological variation and errors in the col-
lection and analysis of urine samples introduced
larger errors in body-burden estimates than did
direct whole-body counting. These variations
can be observed in Fig. 5 where *Sr data vary
widely from the theoretical curve. In contrast.
the *’Cs data fit the curve closely.

The method used to generate Figs. S and 6
was not chosen to minimize the weighted sum of
squares of deviations of the body-burden esti-
mates and measurements from the fitting func-
tion (equation (2)). Instead average values of k
and P° were selected to represent all the body-
burden data. For Rongelap, the '*’Cs body
burdens varied from the fitted function by a




(v

maximum factor of 1 7 and an average factor of
1.4: the ™Sr bodv burdens varied from the fitted
funcuon by a maximum factor of 3 and an
average factor of 1.6 These factors reflect the
quality of fit for directiv measured body burdens
and urine-derived body burdens in genera:

The integral intake Yor 20 vr and the commit
ted effecuve dose equivalent were derived cuar-
tives which depended on knowledge of x and ?
for each population subgroup. The 50-.r mmier-
val chosen for integral intake represeniec the
vears 1957-2007 for Rongelap residents For
Utirik residents. the 30-vr interval represenied
the vears 1934-2004 The committed effective
dose equivalent was based on this cumuiated
intake and both values can be found in Tabie 4

An important result of using the fitung
function was that *“Zn and '*Cs were the
largest contributors to dose equivalent for
each population. The “Zn dose equivalen: was
greatest at Utink because of a three-month
intervai separating the BRAVO event and dav
of rehabitation and because of the shorter half-
life of ®Zn. The “'Cs dose equivalent is im-
portant cver ithe long term. [t may be the chie!
nuclide of concern durning an individual's
lifeime  post-rehabitavon  of a  falloui-
contaminated environment

Statistical analysis of dara

In the cases of '"Cs. #*Zn and *Sr. a large se:
of individual adult values for & and P were
available 1n addition to a set of adult average
values. The whole-body counting techniques
and urine-bioassay techniques employved were
similar throughout the program’s history. The
short-term factors influencing the pattern of an
individual’s body burden, e.g. sickness, local
diet changes, eating imported food, recent travel
to uncontaminated areas, were factors which
influenced the pattern of adult average body
burden throughout the entire residence interval.
Therefore the ratio of the standard deviation to
the adult average k’s and P°’s should have been
equal to the same ratio for individual adult
values. This was in fact the case for Y'Cs, Zn
and *Sr. The standard deviations and the adult
average k’s and P°s for these nuclides were
listed in Table 4. Tables of individual adult
values were not reproduced here, however, indi-
vidual body-burden data obtained in sequence

522 PROTRACTED EXPOSURE TO FALLOUT

are found in the references given in the intro-
duction. These body burdens mav be used with
a fitting funcuon to generate individual adui:
K'sand P s

The standard deviations for adult average & "¢
and P s were used to estimate the standarc
devianons for aduit average committed effecuve
dose equivalents (see Table 4, Because the rauo
of standard deviation to the average & ancé F
was the same for either adult average or indivic-
jai adult & an¢ P data for " Cs. *Zn and *Sr.
11 was assumea t¢ be true for *Co and “F=
Thus. the stencar¢ deviations for the adul:
average k. P . Si-vr cumulated intake and com-
mitied effective dose equivalent were estimated
and given in Tubie 4 for each of these nuclides
as weil.

The standard deviation for the 30-yr cumu-
lated intake for each nuclide does not include
the deviations due to the variation or uncer-
tainty of biological removal rate constants. ra-

dicactive decav constants or the fraction of an-

element eliminated via the urine pathwayv. These
variations plus the variauon of specific absorbed
fraction of photon energy would introduce even
greater standard deviation than that indicated
in Table 4 for the esumate of commited
effecuve dose equivalent.

External radiation exposure

External exposure-rate history curves for pe-
riods following resettiement are plotted on Figs.
7 and 8. These exposure rates were manyv times
less than the 1 March 1954 exposure rates 12 hr
after detonation of BRAYO. At that time they
were  estimated to  average 2.3 x 10°
nCkg 'h' (89 Rh™") for Rongelap Istand.
Rongelap Atoll and 89 x 10°nCkg~'h~!
(0.34Rh~" for Utirik Island, Utirik Atoll
(Le80b). These estimates were extrapolated val-
ues based on survey measurements made several
days after the BRAVO detonation {OC68).

The external exposure at Rongelap and Ut-
irik Atolls since rehabitation varied due to
radioactive decay of BRAVO fallout and the
addition of low-level contamination from
several other nuclear tests (see Figs. 7 and 8).
The estimlated total 50-yr background sub-
tracted xposure  post-rehabitation  was
59 x 10"4Ckg~' (2.3R) at Rongelap Island
and 1.5 x 1073 Ckg~"! (5.6 R) at Utirik Island.
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These values were based on the exposure-rate
history for each island and do not include the
exposure contribution before rehabitation or
from natural background radiation. The back-
ground exposure rate was measured by Milt-
enberger and Greenhouse (Gr77b) and was
96x 10" 'nCkg~'h~! (3.7x 107°*Rh™").
The 50-yr external effective dose equivalent was
estimated to be 1.7 x 1077 Sv (1.7 rem) at Ron-
gelap and 4.1 x 10~?Sv (4.1 rem) at Utirik. The
external exposure rate is expected to decline to
nearly natural background levels by the year
2072.

The ratio of internal committed effective dose
equivalent to 50 yr of net external dose equiv-
alent was 1.1 for Utirik and 1.5 for Rongelap.
The internal portion of these dose equivalent
ratios does not include the contribution from
2Py due to the uncertainty in Pu bioassay data.

E. T. LESSARD er al.
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DISCUSSION

The bodv-burden and urine data indicated a
definite decline with tme from the day of return
atom ingestion rate for “'Cs. *Zn. ®Co and
%Sr. The data for “*Pu were uncertain but
indicated 2 dechne. These measurements of in-
ternal levels of radionuclides used in conjunc-
uon with the declining continuous intake equa-
tons provided an esumate of the total intake,
the commuited effective dose equivalent and the
rate of decime of radionuclides in the overall
diet. The data for directly measured bodv bur-
dens at Rongelap Atoll were the best quality
data for determining derived quantities.

Based on a declining continuous intake due
solelv to radioactive decav and the 1970 *Fe
adult average body burden for each atoll, an
estimate of the daily activity ingestion rate for
**Fe on the dayv of return was calculated. Based
on this ingestion rate. it was estimated that *Fe
contributed a negligible amount to the total
commutted effective dose equivalent (see Table
4). The assumption that & = 0 for “Fe was made
because sequential body-burden data were not
available. Assigning k =2.0x 107°d~" the
value determined for ¥Co. leads to an “Fe
committed  effective dose equivalent of
23x 107°Sv (23 x 107 'rem) for Rongelap
adults. This is larger by a factor of 5 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 “Zn could have
been the major contributor to the ingested
activity during the first year post-rehabitation of
Utrik Atoll (see Table 4). This was supported
to some extent by a Japanese report
(JCCRRERS56) which indicated a rise in the
photon count rate at the surface of various types
of tuna retrieved from the Marshall Islands’
fishing grounds from March to August 1954
(100-10,000 cpm). Fish with count rates greater
than 100 cpm at the surface were discarded.
Radiochemical techniques indicated the promi-
nence of Zn in the tuna’s edible flesh. If it was
assumed (1) that %Zn was the principal con-
tributor to the external photon count rate, (2)
that a self-sufficient living pattern existed on
Utirik in which adults consumed 300 g of fish
each day (Na80), and (3) that 19, of the fish
eaten was tuna, then the daily activity ingestion
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rate  migh:  have been 7 < 10°Bagd-
(2= 10 "uCi¢ i mm May and June and
Tx10"Boe 2x 107uCid Ty in Julv oand

August of 1934 This method of estimatng ©Zn
darlv dgcuvitv ngeston rates vields 4 iG-umes
greater estimate of tola. intake than the total
intake suggesied by body-burden extrapolation
techmaues ecuations (2)) Although the *Zn
lolas Intake azumate indicated for LUunk adults
i Tabic 4 was hased on scanty datu, 11 was
made with fewer assumpuons than was the
above esumute using Japanese fishing data.

The vaiidiiy of the “*Pu data used to estimate
the body burden at Rongelap Atoll isee Tabie

1y in 1975 had been considered by an Energ:y
Research and Deveiopment Agency ad hoc com-
mitiee. The committee concluded that because
of the possibility of unne-sample contamination
these data were uncertain. This may indeed have
been a facter since a radiochemical analvsis of
BRAVG dedbris indicated Rongeiap Atoll was
contaminated with *"Pu (Ts33). No special pre-
cautions had been taken when the urine samples
were coliected in the field, therefore not much
credence could be given to these data.

In 1976, three male adults at Rongelap Atol!
provided urine samples for “'Pu analvsis. Two
vielded resuits below the minimum detection
fimit of 3.7 x 107*Bql.7' (10fCil.7') and one
vielded 3.2 = 107" Bgql. 7 (90 {Cil.=%). The aver-
age of these vaiues along with the 1973 adult
average data that was reported bv Conard
(Co75) were used to derive potential body bur-
dens. The results were listed in Table 1.

The estimates for “*Pu adult body burden
were not used to derive values of intake and
committed effective dose equivalent since they
may have been the result of an erroneous urine
collection technique and not the result of inter-
nal deposition. The potential for contamination
also existed for *Sr, however the impact of
contamination on dose assessment was much

* greater for Pu.

Questions concerning the 2*Pu estimates have
led to a study of the sampling and analysis
procedures which indicated that some **Pu in
urine may not have been chemically recovered
along with the tracer (Ry82). The extent of
sample contamination during collection and the
fundamental reasons for variation in recovery
of #°Pu from urine samples remain unanswered

at this ume. Several investigations are under-
way. In August 1981, fecal and urine samples
were obtained from Rengelap and Uunk resi-
dents and are to be analvzed after complete
dissoluvon followed by a biquid solvent extrac-
tion technigue used In conjuncuon with a
photon-eleciron reyecting lhquid scintillation
specirometer deveioped by McDowell for low-
level alpha spectroscopy (Mc72). The question
of m;ual sample contammation will be answerec
foilowing additiona: analvsis of urine collectec
in 1980 from former Bikini Atoll residents.

CONCLUSION

The principle results of this investigation were
that: “"Cs and **Zn were major contributors to
the committed effective dose equivalent; the
overall bodv-burden pattern was one of initial
increase followed by continuous decline over a
period of vears: the dailv intake pattern was
probably one of continuous decline, this conclu-
sion was based on the fitting of sequential
hody-burden data to equation (2); the impact of
each nuchde on internal committed effective
dose equivalent was dependent upon the time
between contamination and rehabitation: and
the imnternal commitied effecuve dose equivalent
exceeded external dose equivalent during the
rehabitation pertod. The sparse **Pu data indi-
cated further research was necessary to estimate
accurately the activity intake and committed
effective dose equivalent from this nuclide.

For committed effective dose equivalent, the
impact of nuclides with a short mean residence
time in the diet (**Zn, ¥Co) was greater at Utirik
because the population reinhabited within
months of the BRAVO event. The impact of
nuclides with a long mean residence time in the
diet (*’Cs, ®Sr, *Fe) was greater at Rongelap
because of greater initial contamination.
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