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Abstract—Nuclear weapons testing conducted at Bikini and
Enewetak Atolls during 1946-1958 resulted in exposuresof the

resident population of the present-day Republic of the Mar-
shall Islands to radioactive fallout. This paper summarizes the

results of a thorough and systematic reconstruction of radia-

tion doses to that population, by year, age at exposure, and
atoll of residence, and the related cancer risks. Detailed

methods and results are presented in a series of companion
papersin this volume. From ouranalysis, we concluded that 20
of the 66 nuclear tests conducted in or near the Marshall

Islands resulted in measurable fallout deposition on one or
more of the inhabited atolls of the Marshall Islands. In this
work, we estimated deposition densities (kBq m™’) of all

important dose-contributing radionuclides at each of the 32
atolls and separate reef islands of the Marshall Islands.

Quantitative deposition estimates were made for 63 radionu-

clides from each test at each atoll. Those estimates along with
reported measurements of exposure rates at various times

after fallout were used to estimate radiation absorbed doses to
the red bone marrow,thyroid gland, stomach wall, and colon

wall of atoll residents from both external and internal expo-
sure. Annual doses were estimated for six age groups ranging

from newbornsto adults. We found that the total deposition of

7Cs, external dose, internal organ doses, and cancer risks
followed the same geographic pattern with the large popula-

tion of the southern atolls receiving the lowest doses. Perma-
nent residents of the southern atolls who were of adult age at
the beginning of the testing period received external doses
ranging from 5 to 12 mGy on average; the external doses to

adults at the mid-latitude atolls ranged from 22 to 59 mGy on

average, while the residents of the northern atolls received

external doses in the hundreds to over 1,000 mGy. Internal

doses varied significantly by age at exposure, location, and
organ. Except for internal doses to the thyroid gland, external

exposure was generally the major contributor to organ doses,
particularly for red bone marrow and stomach wall. Internal
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doses to the stomach wall and red bone marrow were similar

in magnitude, about 1 mGy to 7 mGy for permanentresidents
of the southern and mid-latitude atolls. However, adult resi-

dents of Utrik and Rongelap Island, which are part of the
northern atolls, received much higherinternal doses because of

intakes of short-lived radionuclides leading to doses from 20

mGy to more than 500 mGyto red bone marrow and stomach
wall. In general, internal doses to the colon wall were four to

ten times greater than those to the red bone marrow and
internal doses to the thyroid gland were 20 to 30 times greater

than to the red bone marrow. Adult internal thyroid doses for
the Utrik community and for the Rongelap Island community

were about 760 mGy and 7,600 mGy,respectively. The highest
doses were to the thyroid glands of young children exposed on

Rongelap at the time of the Castle Bravo test of 1 March 1954

and were about three times higher than for adults. Internal

doses from chronic intakes, related to residual activities of
long-lived radionuclides in the environment, were, in general,

low in comparison with acute exposure resulting from the

intakes of radionuclides immediately or soon after the deposi-
tion of fallout. The annual doses and the population sizes at

each atoll in each year were used to develop estimates of cancer
risks for the permanent residents of all atolls that were

inhabited during the testing period as well as for the Marshall-

ese population groups that were relocated prior to the testing
or after it had begun. About 170 excess cancers (radiation-

related cases) are projected to occur among more than 25,000
Marshallese, half of whom were born before 1948. All but

about 65 of those cancers are estimated to have already been
expressed. The 170 excess cancers are in comparison to about

10,600 cancers that would spontaneously arise, unrelated to
radioactive fallout, among the same cohort of Marshallese

people.
Health Phys. 99(2):105-123; 2010
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INTRODUCTION

THE MarsHa.i Islands atolls were administered by the
United States as a United Nations Trust Territory from 1947

until 1986 when the Republic of the Marshall Islands was

established as a sovereign nation in free association with the

United States. Previous to those years, the Marshall Islands

were administered by Japan under a League of Nations

mandate, and were the site of many important battles of the
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Pacific during World War II. After World War II, the
United States established the Pacific Proving Grounds for
testing nuclear weapons. From 1946 through 1958, 65
nuclear weaponstests, in seven series, were carried out by
the United States at Bikini and Enewetak Atolls located at

the northwestern end of the archipelago that makes up the
Marshall Islands (Fig. 1) and one additional test was carried
out 100 km to the west of Bikini. The total explosive yield
of the 66 tests was approximately 100 Mt (equivalent to 100
million tons of trinitrotoluene or TNT) (U.S. DOE 2000;

Simon and Robison 1997; Simon 1997), about 100 times

the total yield of the atmospheric tests conducted at the
Nevada Test Site. Radioactive debris from the detonations,

dispersed in the atmosphere, was generally blown by the

predominantly easterly winds towards the open ocean west
of the Marshall Islands, though various historical reports
(e.g., Breslin and Cassidy 1955; DNA 1979) indicate that
radioactive debris from a numberoftests traveled in other
directions. The radioactive debris generated by thetests that
eventually fell to the ground is termed fallout and was the
single source of the exposures of the Marshallese people
described in this report. According to our analysis, twenty
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of the 66 tests that were carried out in or near the Marshall

Islands resulted in measurable fallout in the Marshall

Islands (Table 1). Of special significance wasthe largesttest

conducted in the Marshall Islands, code-named Castle

Bravo, a 15-Mt thermonuclear device tested on 1 March

1954. As a result of unexpected wind shear conditions,

heavy fallout of debris from Bravo on atolls east of the

Bikini Atoll test site resulted in high radiation doses to the

populations of nearby atolls.

While the populations of Bikini and Enewetak were

relocated before the testing began, other populations were

evacuated following the Bravotest. Within about two days

following the detonation of the Bravo test and the

unexpected fallout on atolls to the east, the resident

populations of Rongelap (including some Rongelap

residents temporarily present on Ailinginae) and Utrik,

as well as American military weather observers on

Rongerik, were evacuated to avert continued exposure,

to be decontaminated, and to receive immediate med-

ical care for conditions of acute exposures (Cronkite et

al. 1997).
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Fig. 1. Atolls and reef islands of the Republic of the Marshall Islands, and locations of nuclear test sites and of evacuated

populations.
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Table 1. Nuclear tests estimated to have deposited measurable fallout in the Marshall Islands.
 

 

Local date Total yield Fusion

Test name Operation Test site atoll (mm/dd/yyyy) (Mt)* yield (Mt)*

Yoke Sandstone Enewetak 05/01/1948 0.049 0

Dog Greenhouse Enewetak 04/08/1951 0.08 0

Item Greenhouse Enewetak 05/25/1951 0.05 0

Mike Ivy Enewetak 11/01/1952 10.4 4.7

King Ivy Enewetak 11/16/1952 0.5 0.25

Bravo Castle Bikini 03/01/1954 15 6

Romeo Castle Bikini 03/27/1954 11 3.7

Koon Castle Bikini 04/07/1954 0.11 0.04
Union Castle Bikini 04/26/1954 6.9 2.3
Yankee Castle Bikini 05/05/1954 13.5 4.5

Nectar Castle Enewetak 05/14/1954 1.7 0.85

Zuni Redwing Bikini 05/28/1956 3.5 2.25

Flathead Redwing Bikini 06/12/1956 0.37 0.18

Tewa Redwing Bikini 07/21/1956 5 2.7

Cactus Hardtack I Enewetak 05/06/1958 0.018 0

Fir Hardtack I Bikini 05/12/1958 1.4 0.7
Koa Hardtack I Enewetak 05/13/1958 1.4 0.7

Maple Hardtack I Bikini 06/11/1958 0.21 0.07
Redwood Hardtack I Bikini 06/28/1958 0.41 0.14
Cedar Hardtack I Bikini 07/03/1958 0.22 0.07
 

“UNSCEAR(2000).

In the month after the Bravotest, '*'l, an important

radionuclide in fallout, was measured in urine collected

about two weeksafter the Bravo event from adults exposed

on Rongelap, Ailinginae, and Rongerik (Harris 1954; Harris

et al. 2010). Those measurement data have proved to be of

significant value for reconstruction of internal dose for those

groups. For example, Brookhaven National Laboratory

used the activity measurements in urine as well as other data

and assumptions to estimate internal thyroid dose for

persons exposed on Rongelap, Ailinginae, and Utrik (Les-

sard et al. 1985). Internal doses from long-lived radionu-

clides on Rongelap and Utrik also were estimated by

Lessard et al. (1984) using whole-body and bioassay data

collected years after the Bravotest.

The U.S. Governmentthrough Brookhaven National

Laboratory and otherinstitutions has provided decades of

medical care, health surveillance, and documentation of

health effects among the highly exposed Marshallese

from Rongelap/Ailinginae and Utrik (see for example,

Conard et al. 1970, 1980; Cronkite et al. 1997), but only

two epidemiologic studies have ever been conducted, one

of benign thyroid disease (Hamilton et al. 1987) and one

of benign thyroid disease and thyroid cancer (Takahashi

et al. 1997, 2001). To date, there has not been a broad

epidemiologic study of the Marshallese to determine the

total numbers of cancers and other serious illnesses

resulting from exposure to radioactive fallout. Nor has

there been reliable diagnoses and recording of cancers

among the general Marshallese population over the years

since the nuclear testing ended that would now permit

comparing their cancer rates with rates at other locations

worldwide.

In 2004, the Senate Committee on Energy and

Natural Resources asked the National Cancer Institute

(NCDforits “expert opinion” on the estimated numberof

baseline cancers* and radiation-related illnesses from

nuclear weaponstesting in the Republic of the Marshall

Islands. The Division of Cancer Epidemiology and Ge-

netics (DCEG)of the NCI was tasked with developing a

response because of its robust research program in

radiation epidemiology and many years of experience in

reconstruction of fallout-related doses and in cancerrisk

estimation. For that purpose, we developed unrefined

estimates of radiation doses and numbers of radiation-

induced cancers (DCEG 2004), based on: (1) 1954

measurements of '*'I in the urine of adults exposed on
two atolls, Rongelap and Ailinginae, collected after the

test Bravo in 1954; (2) measurements made in 1957—

1977 of the contents of '°’Cs and other radionuclides in
the bodies of inhabitants of Rongelap and of Utrik who

returned to their atolls in 1957 and 1954, respectively;

and (3) measurementsof total '*’Cs and plutonium in soil
from eachatoll obtained forall atolls from the Marshall

Islands-sponsored radiological survey completed in 1994

(Simon and Graham 1997). We combined those elements

using a simple analytic approach to develop crude

estimates of the numberof cancers likely to be radiation-

induced among those living in 1954. This was, to our

knowledge,the first time radiation doses and numbers of

radiation-induced cancers had been estimated in a sys-

tematic manner over the entirety of the territory of the

* Cancers that presumably would have occurred in the absence of
exposure to radioactive fallout.
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Marshall Islands Our unrefined estmates were generally

conservative and were intended to avoid under-estimation

of the number of cancers that might occur These mitral

results were presented durmg joint hearmgsof the House of

Representatives Committee on Resources and the Commit-

tee on International Relanons m May 2005 (Umited States

2005) Followmg these jomt hearmgs, we improved the

models and data analysis to derive more realistic estimates

of external and mternal radiation dose by year, atoll, and

age, as well as improved estimates of cancer nsks Those

estmates and the methods on which they are based are the

subject of this Summary paper and 1ts compamion papers

Thepurposeof this group ofpapers 1s to present, m

the peer-reviewed Iterature, a summary of the most

important data that are available and that are useful for

dose reconstruction, a detailed analysis of fallout depos-

ited on each ofthe atolls of the Marshall Islands from

nuclear weaponstests at Brkim and Enewetak, improved

estimates of radiation doses, and mproved estimates of

cancer risks resultmg from exposureto the fallout These

estimates are based on a much deeper analysis of the

available data than m DCEG (2004) and on models

developed especially for this study Although numerous

studies have been conducted over the past decades to

momitor the Marshall Islands and people, to develop land

remediation strategies, and to assess contemporary and
possible future doses that might be received by mhabit-

ants of certam atolls in the Marshall Islands, the focus

was more often on radiological momtoring, and on the

northerm Marshall Islands m particular Many of those

studies were chronicled m a special issue of Health

Physics (Stmon and Vetter 1997) The current study,

however,1s the first comprehensive effort to estimate the

deposition ofal] the rmportant radionuchdes contributing

to dose and to estimate the doses and associated cancer

risks to the population of the Marshall Islands

Detailed information on the technical aspects of this

work and on the results of all parts of the study are

provided m the seven companion papers m this volume,

including

@ the estimation of the amounts of fallout that were

deposited on the ground over each atoll] and separate

reef island of the Republic of the Marshall Islands

(Beck et al 2010),

® the estimation of doses from external irradiation (Bou-

ville et al 2010),

® the estimation of the doses from mternal 1radiation

(Simonet al 2010),

® the estimation of the cancer nsks (Land et al 2010),
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bioassay data rmportant to mternal dose estimation

(Harris et al 2010) and interpretation of mtake-related

dosimetric factors (Ibrahim et al 2010), and

®@ a model of atmospheric transport and deposition that

was used to provide confirmation of the reliabihty of

someof the estmated depositions (Morozet al 2010)

The present paper summarizes the purposes and
methods ofthe overall study and the estimated radiation
doses and related cancer risks, as well as presents data

that are commontoall of the above papers, cluding the
nuclear tests, the radionuchdes considered, and the pop-

ulation sizes and their movements during the testing
period

SCOPE OF THE STUDY

Theoverall purposes ofthis study were to derive an
mternally consistent set of radiation absorbed doses to
Marshallese alive during and after the years of nuclear
testmg m the Marshall Islands and to provide a thorough
description of methods used in the dose reconstruction, to

estimate the numberof cancersthat had already occurred
and that could be attributed to radiation exposure, and to

estimate the number of radtation-related cancers yet to
occur The dose and risk assessment includes all Mar-
shallese population groups and takes mto account the
size of the population of each atoll community, the
baseline cancer risks (1e, cancers unrelated to fallout

exposure), and all of the Bikim and Enewetak nuclear

tests that resulted m fallout over the terntory of the
Marshall Islands

As indicated mm Beck et al (2010), we estimatedthat,

ofthe 66 nuclear tests detonated m or near the Marshall
Islands from 1946 through 1958, 20 tests deposited
measurable fallout m the Marshall Islands excludmg the
atolls on which thetest sites were located (Fig 1) These

tests were Yoke m 1948, Dog and Item m 1951, Mike

and Kimg mm 1952, Bravo, Romeo, Koon, Union, Yankee,

and Nectar m 1954, Zum, Flathead, and Tewa m 1956,

and Cactus, Fir, Koa, Maple, Redwood, and Cedar in

1958 The characteristics of these 20 tests are presented
im Table | Eachofthese 20 tests was taken mto account
im the estimation of radiation doses and cancer risks

There are 30 atolls and four separate reef islands m
the Marshall Islands Ground deposition densities were
estimated for 63 rachonuchdes plus ***“"Pu for all the
atolls and separate reef islands except the two atolls
where the testing sites were located (Bikim and
Enewetak) However, someofthe atolls were not mhab-

ited during all or part of the testing period either because
they were historically used only for gathermg food
(Ailinginae, Bikar, Enkub, Jabat, Jemo Island, Knox,
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Taka, and Taongi) or because the residents were relo-
cated for safety reasons (Bikini and Enewetak) or evac-

uated due to unexpected exposures (Ailinginae,

Rongelap, Rongerik, Utrik). Thus, radiation doses were
estimated for 26 population groups, including the resi-

dents of the 23 atolls and islands that were inhabited
during the years of nuclear testing (Table 2), and three

other groups: persons from Rongelap who were on
Ailinginae at the time of the Bravo test, persons from

Rongelap who were visiting the southern atolls at the

time of the Bravotest, and U.S. military weather observ-

ers on Rongerik. For the consideration of cancerrisks,

only the 25 Marshallese population groups were consid-
ered. Both the dose and cancerrisk assessment explicitly

included members of the six Marshallese groups that

were relocated or evacuated during the testing period: (1)
64 persons evacuated from Rongelap Atoll after the

Bravotest; (2) 18 persons from Rongelap evacuated from
Ailinginae Atoll after the Bravo test; (3) 117 persons

from Rongelap who werevisiting the southern atolls at
the time of the Bravotest; (4) 157 persons from Utrik

Atoll evacuated after the Bravo test; and the populations
that normally resided on (5) Enewetak Atoll and (6)

Bikini Atoll but who had been relocated to Ujelang Atoll

Table 2. Populations* of the atolls and separate islands of the Marshall Islands over 45 y and population groups for

which doses were estimated in this study.
 

Doses computed

for resident
Population size
 

 

   

Atoll/Island populations 1935 1958 1967 1973 1980

Ailinginae® — na — — — —

Ailinglaplap Sf na 1,288 1,195 1,100 1,385

Ailuk Jv na 419 384 335 413

Arno Jv na 1,037 1,273 1,120 1,487

Aur Jv na 241 361 300 444

Bikar — — — — — —

Bikini — na — — 75 —_

Ebon Jv na 819 836 740 887

Erikub — — — — —

Enewetak — na — — — 542

Jabat — — — — 70 72

Jaluit Sf na 1,098 1,113 925 1,450

Jemo Island — — —

Kili Island® Jv na 267 309 360 489

Knox — — — — — —

Kwajalein® Sf na 1,284 3,540 5,469 6,624

Lae Jv na 165 131 154 237

Lib Island of na 44 142 98 98

Likiep f na 636 430 406 481

Majuro Jv na 3,415 5,249 10,290 11,791

Maloelap f na 454 494 432 614

Meyjit Island f na 346 320 271 325

Mili Jv na 412 582 538 763

Namorik of na 523 547 431 617

Namu of na 482 597 493 654

Rongelap’ f na 264 189 165 235

Rongerik® — — — — — —

Taka — — — — — —

Taongi — — — — — —

Ujae Jv na 167 191 209 309

Ujelang® f na 172 251 342 d

Utrik Jv na 198 269 217 336

Wotho of na 71 61 85 101

Wotje Jv na 361 396 425 535

Residence not stated — — — — 19 —

Total — 10,446 14,163 18,860 25,050 30,889
 
“Data obtained from 1999 Marshall Islands Yearbook (see http://marshall.csu.edu.au/Marshalls/html/STATS/RMIYearbook1998 —

99pdf).

> There was no continuously resident population on Ailinginae. Eighteen Rongelap community members were exposed to Bravofallout

there.

© The Bikini community was relocated to Kili Island prior to the nuclear testing.

“The Enewetak community wasrelocated to Ujelang Atoll prior to the nuclear testing; they returned in 1980.

* Excluding non-Marshallese residents of Kwajalein Missile Range.

"This group includes the 64 persons who were present on Rongelap Island at the time of the Bravo test (Rongelap Island community),

the 18 persons exposed on Ailinginae to Bravo fallout, and 117 persons who were visiting the southern atolls at the time of the Bravo

test (Rongelap control group).

© There was no resident population on Rongerik. Twenty-eight U.S. military weather observers were exposed to Bravo fallout there.
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and Kili Island, respectively, before the testing program

began. Population data for all atolls and reef islands of
the Marshall Islands at various times including the years

of the nuclear testing period are presented in Table 2.
Information on the dates of evacuation and on the places

of relocation is provided in Table 3.

Radiation absorbed doses to the thyroid, red bone
marrow (RBM), stomach wall, and colon wall were

estimated for members of the 25 Marshallese popula-
tion groups by age group (children under | y, 1-2 y,
3-7 y, 8-12 y, 13-17 y, and adults) and for the U.S.
military personnel on Rongerik. Those specific organs

and tissues were selected because they are expected to
give rise to the largest number of cancers for reasons

noted below:

e The thyroid gland, far more than any other organ,

concentrates radioiodine, which is amply produced by

detonations of nuclear weapons;
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e Irradiation of the blood-forming cells in the RBM was

caused mainly by external exposure to gamma-emitting

radionuclides but also by internal exposure to radiostron-

tiums, and would be expected to have increased the risk

of leukemia, which has shown an especially strong

relationship with radiation exposure in many epidemio-

logic studies; and

e The stomach and colon walls can be highly exposedafter

ingestion of fallout because many of the radionuclides

produced by nuclear fission are highly insoluble, even in

the gastro-intestinal tract, thereby irradiating the stomach

and colon as they pass throughit.

The skin was also a tissue potentially exposed to

fallout radiation. Marshallese who received significant

amounts of fallout directly onto their body, e.g., at
Rongelap where skin “burns” were documented, would

have received high skin doses primarily from beta

Table 3. Locations of relocated communities on dates of the 20 nuclear tests considered and estimates of move dates

(see footnotes).
 

Populations and locations of exposures
 

 

Rongelap Rongelap group Rongelap U.S. Military

Date of Island exposed on control weather Utrik Bikini Enewetak

Test test community* Ailinginae® group® observers community® community’ community®

Yoke 04/30/1948 Rongelap Island Rongelap Island Rongelap Island — Utrik Kwajalein Ujelang

Dog 04/08/1951 Rongelap Island Rongelap Island Rongelap Island — Utrik Kili Ujelang

Item 05/25/1951 Rongelap Island Rongelap Island Rongelap Island — Utrik Kili Ujelang

Mike 11/01/1952 Rongelap Island Rongelap Island Rongelap Island — Utrik Kili Ujelang

King 11/16/1952 Rongelap Island Rongelap Island Rongelap Island — Utrik Kili Ujelang

Bravo 02/28/1954 Rongelap Island Ailinginae Majuro Rongerik Utrik Kili Ujelang

Romeo 03/27/1954 Kwajalein Kwajalein Majuro — Kwajalein Kili Ujelang

Koon 04/07/1954 Kwajalein Kwajalein Majuro — Kwajalein Kili Ujelang

Union 04/26/1954 Kwajalein Kwajalein Majuro — Kwajalein Kili Ujelang

Yankee 05/05/1954 Kwajalein Kwajalein Majuro — Kwajalein Kili Ujelang

Nectar 05/14/1954 Majuro Majuro Majuro — Kwajalein Kili Ujelang

Zuni 05/28/1956 Majuro Majuro Majuro — Utrik Kili Ujelang

Flathead 06/12/1956 Majuro Majuro Majuro — Utrik Kili Ujelang

Tewa 07/21/1956 Majuro Majuro Majuro — Utrik Kili Ujelang

Cactus 05/06/1958 Rongelap Island Rongelap Island Rongelap Island — Utrik Kili Ujelang

Fir 05/12/1958 Rongelap Island Rongelap Island Rongelap Island — Utrik Kili Ujelang

Koa 05/13/1958 Rongelap Island Rongelap Island Rongelap Island — Utrik Kili Ujelang

Maple 06/11/1958 Rongelap Island Rongelap Island Rongelap Island — Utrik Kili Ujelang

Redwood 06/28/1958 Rongelap Island Rongelap Island Rongelap Island — Utrik Kili Ujelang

Cedar 07/03/1958 Rongelap Island Rongelap Island Rongelap Island — Utrik Kili Ujelang
 
“In May 1946, Rongelap population was evacuated temporarily to Lae Atoll, where no exposure occurred. On 3 March 1954, following

the Bravotest, the population was evacuated from Rongelap Island (~H+51 h) to Kwajalein where they remained until ~5 May 1954

at which time they moved to Majuro. In June, 1957, the population returned to Rongelap where they remained until 1985, after which

they moved to Kwajalein and Majuro.

> Group of 18 Rongelap Island community membersvisiting Ailinginae at the time of the Bravo test on 1 March 1954. They were

assumed to be on Rongelap prior to the Bravo test. The group was evacuated from Alinginae on 3 March 1954, (~H+51 h) to

Kwajalein. They returned to Rongelap in 1957 with rest of Rongelap Island community.

© Group of approximately 117 members of the Rongelap Island community who were absent from Rongelap at the time of Bravo. They

were assumed to be on Majuro and to have remainedthere until 1957 when they rejoined the rest of the community. The term “control”

group was derived from Brookhaven National Laboratory reports (BNL 1958).

“ Twenty-eight U.S. military weather observers were stationed on Eniwetak Island, Rongerik Atoll prior to Bravo; they were evacuated

on 3 March 1954, and did not return.

* Following deposition of Bravo fallout, on 3 March 1954 (~H+67 h), the Utrik population was evacuated to Kwajalein; they returned

2 June 1954.

"The Bikini people were evacuated to Rongerik in March, 1946. In March, 1947, they were moved from Rongerik to Kwajalein. In

early November, 1948, they were moved to Kili Island where moststill live today.

© In December 1947, the Enewetak community was moved to Ujelang. In 1980, some returned to Enewetak.
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particles emitted during radioactive decay. In this anal-

ysis, we have not estimated the dose to skin or the

number of skin cancers that might be produced as a

consequence of exposure to fallout, primarily for two

reasons: (1) there are no baseline non-melanoma skin

cancer data reported by the Surveillance, Epidemiology

and End Results (SEER) program and other U.S. cancer

registries, and the baseline risks are an essential part of

the calculation to estimate the number of cancers, and (2)

the number of personal injury claims awarded by the

Marshall Islands Nuclear Claims Tribunal indicates that,

among the 2,046 awards made through June 2004, there

were 72 awards for skin burns, but only one award for

skin cancer (Marshall Islands NCT 2004). Hence, it

appears that, despite potentially high doses to the skin to

at least a small subset of the Marshallese, there is little

evidence that the risk of skin cancer is great among

Marshallese.

Estimated doses were derived for “representative”

persons, that is, for persons who could be described to

have habits, lifestyles, diet, and anthropometric charac-

teristics typical of the Marshall Islands population for

their age and sex (except in the case of military service-

men on Rongerik). Doses were assessed on a yearly basis

for exposures occurring from 1948, the year in which the

first relevant test took place, to 1970, when the residual

environmental contamination had reached negligible lev-

els on most atolls. These estimated annual organ doses

were necessary input data for the cancerrisk calculations.

The estimated total radiation absorbed doses include
three components: (1) doses from external irradiation

emitted by fallout deposited on the ground; (2) doses

from internal irradiation from acute radionuclide intakes

immediately or soon after fallout after each test; and (3)

doses due to internal irradiation from chronic (..e.,

protracted) intakes of radionuclides resulting from the

continuous presence of long-lived radionuclides in the

environment. Sixty-three radionuclides, listed in Table 4,

were considered in the estimation of internal doses from

acute intakes of fallout radionuclides from each test.

Based on screening estimates, these 63 radionuclides

were estimated to account for over 98% of the internal

dose to any organ from acute intakes. In addition, five

long-lived radionuclides (Fe, “Co, Zn, ”’Sr, and '*’Cs)
were considered for the estimation of the internal doses

from chronic intakes, including two radionuclides, “Co
and ©Zn, that were not considered in the calculation of

the doses from acute intakes. Doses from acute and
chronic intakes from cumulative deposition of *?***°Pu
were also estimated.

Risks of radiation-induced leukemia and cancer of

the thyroid, stomach, and colon, as well as all other

Table 4. List of radionuclides considered in estimates of deposi-

tion and of internal doses from acute intakes for the 20 tests
considered in this study (all are fission products unless otherwise

noted).
 

 
Nuclide Half-life Nuclide Half-life

SFe# 2.7a LTSb 3.9d

“Cur 13h Te 70 min

TAS 39h 2°Sb 44h

8Br 2.4h Lint 30h

8Rb 18 min By 8.0d

Sr 5ld eT; 78h

St 29a 127 2.3h

oy 64h 3m 55 min

Sr 9.6h By 21h
olmy 50 min 135] 6.6h

Str 2.7h BIC 30a

my 3.5h Ba 83 min

By 10h MOBa 13d

Zr 64d MoTa 1.7d
°Nb 35d MTa 3.9h

he 17h Ce 33d

*7™NIb 538 PTa 91 min

”Mo 66h '8Ce 33h
mT 6.0h 3p 14d

1E8RU 39d Ce 280 d

103Rh 56 min Mp 17 min

Ru 44h USP 6.0h

Rh 35h MNd lid

RU 370d Pm 53h
Pd 14h “Nd 17h
‘Ag 3.1h Spm 28h

'8Cd 53h 35m 46h
Cd 25h 237[ya 6.8d

Lint 2.0h 40a 14h

e'Sn 27h Homntp 7.2 min

3Sb 2.8 a 229K? 2.4d

LTSh 2.1h 239+240pb 24,000/6,600 a
 
“ Activation product.

> Fuel material. Only cumulative depositions and intakesoverall tests were

estimated.

cancer types combined, were assessed for the 25 Mar-
shallese population groups on the basis of the estimated

radiation doses. Two time periods were considered: from
1948 through 2008 for the assessment of the radiation-

induced cancers that have been expressed thus far, and
from 2009 onwards for the prediction of cancers that

remain to be expressed. For comparison purposes, the
numbers of baseline cancers, that is, those unrelated to

fallout exposure, are also reported.

SUMMARY OF METHODS AND FINDINGS

A brief overview of methods of the study and a

summary of the findings are presented here. Detailed
information can be found in individual companion pa-

pers. Throughout this section and elsewhere, we discuss
findings relative to four groups of atolls or communities.
Within each group, resident populations were exposed to

similar levels of fallout as a consequence of the disper-

sion patterns of the nuclear debris clouds. The southern

atoll group is well represented by Majuro, whichis the
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national capital today and was hometo about one-third of
the population of the southern atolls m 1958, while the
mid-latitude atolls are best represented by Kwayalem,
which was home to about one-quarter of the total
Marshall Islands population duringthe testmg years Our
radiological findmgs for the southern atolls and mid-
latitudeatolls along with ourradiological findings for the
Utnk commumty and for the Rongelap Island commu-
mity (both from the northern atolls) capture the range of
exposures received by Marshallese at all atolls In the
case of Utrk and Rongelap, we define the “community”
to be those exposed to fallout from the Bravo test on
Utnk and Rongelap, respectively, and who were evacu-
ated after the Bravo test Our findings illustrate the
geographic pattern as well as provide atoll and atoll-
group estimates of contammation, organ dose, and cancer
risk as well as the dependence on age at exposure

Fallout activity deposited on the ground
As discussed m Beck et al (2010), a complete review

of various lustorical and contemporary deposition-related
data, some available only m gray literature (eg, govern-
mentlaboratory reports and mternal agency and laboratory
memoranda, supplemented by meteorological analyses)
was used to make judgments regarding whichtests depos-
ited fallout m the Marshall Islands andto estimatefallout
deposition density and fallout transit times, otherwsie
known as times-of-arrival (TOAs) In some mstances, tt

was necessary to use the results of a well-established
model of atmospheric transport and deposition (Moroz et
al 2010) to corroborate or contradict our mitial assump-
tionson the occurrenceof fallout on particularatolls after
certain tests The various types of data reviewed for
estimating deposition mcluded measurements of “’Cs
and other radionuclides m soi (both historical and

contemporary), historical measurements of exposure rate
followmg imdividual tests derived from aerial surveys,
ground surveys and contmuous-reading monitormg de-
vices (strrp-chart recorders), and historical measurements

of beta activity collected on gummed film durmg the
years of nuclear testing

For each atoll, fallout TOAs and the estimated

fractionation of fallout were used to estrmate deposition
density for 63 activation and fission products from each
nucleartest, plus the cumulative deposition overall tests
of ***9py Examples of deposition densities of 24 of
these radionuchdes are presented m Beck et al (2010)

The estimated total '*’Cs activities deposited byall
tests from this analysis, after appropriate decay to ac-
count for the effective decay rate (radiological plus
weathermg) m the Marshall Islands anda correction for
global fallout from non-Marshall Islands tests, were

compared with contemporary measurements of the total
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“Cs activities remammg m the soil as measured by
imvestigators in 1978 (Tipton and Meibaum 1981, Robi-
son et al 1997) and m 1991-1993 (Simon and Graham

1997) This comparison was used to demonstrate the
validity of our estimatesoftotal '”Cs deposition density
Ouratoll-specific cumulative '*’Cs estimates were found
to be in excellent agreement with contemporary measure-
ments of °’Cs m soil (Beck et al 2010)

Our estimates for the °’Cs deposition density and
for the corresponding TOAat eachatoll and for each of
20 mdividual tests are presented m tabular form by Beck
et al (2010) Ourbest estimates of the cumulative "Cs
deposition density from all tests, with 90% uncertamty
ranges, are presented im Table 5 and the geographic
pattern of total fallout deposition 1s illustrated m Fig 2
The cumulative "’Cs deposition densites are much
greater on northern atolls (e g , Rongelap and Rongerik)
than on mid-latitude atolls (e g , Kwayalem) or southern
atolls (eg, Mayuro) Table 5, as can be noted, also

provides estimates of deposition separately for southern
and northern islands in Kwayjalem Atoll and m Rongelap
Atoll The deposition densities differed by about 20%
between south and north islands of Kwayalem but more
than three trmes between islands of south and north
Rongelap Atoll (Table 5), reflectmg differences in dep-
osition due either to the large size of the atoll (Kwaya-
lem), or, m the case of Rongelap, to the position of the

Bravo debnis cloud trajectory relative to location of
individual 1slands mtheatoll

The estimates of radionuclide deposition density,
fractionation, and transit trmes reported m Beck et al

(2010) allowed estrmations of both external and internal

dose to representative persons as described m companion
papers

Radiation doses
As noted earlier, the estrmated doses came from

three sources of exposure (1) external 1rradiation from

fallout deposited on the ground, (2) mternal irradiation
from acute radionuchde mtakes immediately or soon
after deposition offallout from each test, and (3) mternal

irradiation from chrome intakes of radionuchdes result-
img from the contmuous presence of long-hved radionu-
chdes m the environment

External doses. The doses from external 1rradiation
arose from gammarays emitted during radioactive decay
of the fallout radionuchdes durmg the passage of the
radioactive cloud or after deposition on the ground
Doses received during the passage of the radioactive
cloud are generally msignificant compared to those
dehvered after deposition of fallout on the ground
Exposure durmg cloud passage was implicitly included
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Table 5. Estimated total '°’Cs deposition (Bq m~’), external dose (mGy), and internal dose (mGy, sum of acute +

chronic) to red bone marrow (RBM), thyroid, stomach, and colon of representative adults of all population groups.
Values in table are best estimates and 90% uncertainty range (5%—95%) as discussedin text. All entries are rounded to

two significant digits.
 

 

Community/Atoll Total BICg, External dose, Internal dose to Internal dose to Internal dose to Internal dose to

by geographic kBq m~” mGy RBM, mGy thyroid, mGy stomach wall, mGy colon, mGy

grouping (5%-95%) (5%-95%) (5%—-95%) (5%-95%) (5 %-95%) (5%—-95%)

Southern latitude group

Ailinglaplap 1.5 (0.73—2.8) 6.9 (1.8-18) 0.80 (0.051-3.8) 20 (1.3-93) 0.84 (0.054—4.0) 4.3 (0.27—20)

Arno 2.2 (1.1-3.8) 10 (2.7—28) 1.2 (0.07—5.2) 25 (1.6-120) 1.1 (0.07—5.2) 5.6 (0.36—26)

Aur 2.0 (1.2—3.1) 9.9 (2.6—26) 1.1 (0.068-5.1) 25 (1.6—120) 1.1 (0.070-5.2) 5.7 (0.36—-27)

Ebon 1.4 (0.95—2.0) 5.3 (1.4-14) 0.74 (0.047-3.5) 12 (0.76-56) 0.67 (0.042—3.2) 2.7 (0.17-13)

Erikub* 2.4 (1.7-3.4) — — — — —

Jabal* 1.7 (0.81-3.0) — — — — —

Jaluit 1.5 (0.80—2.5) 6.6 (1.8-18) 0.78 (0.050-3.7) 14 (0.91-68) 0.74 (0.047-3.5) 3.3 (0.21-15)

Kili Island® 1.5 (0.89—2.3) 11 (2.8—28) 1.1 (0.071-5.3) 27 (1.7—130) 1.2 (0.074-5.5) 6.1 (0.39-29)

Knox 1.6 (0.95-2.5) — — — — —

Lae 2.0 (0.76—4.5) 10 (2.7—27) 1.1 (0.070-5.2) 28 (1.8-130) 1.2 (0.074-5.5) 6.2 (0.39—29)

Lib Island 2.4 (0.97—4.9) 12 (3.2—33) 1.3 (0.081-6.0) 34 (2.2-160) 1.4 (0.088-6.6) 7.3 (0.4534)

Majuro 2.0 (1.4-2.9) 9.8 (2.6—26) 1.1 (0.069-5.1) 23 (1.5-110) 1.1 (0.068-5.1) 5.4 (0.34—25)

Maloelap 2.4 (1.43.8) 12 (3.3-33) 1.3 (0.083-6.1) 32 (2.0-150) 1.4 (0.086-6.4) 7.1 (0.45-33)

Mili 1.6 (0.95—2.5) 7 (1.9-19) 0.84 (0.054-4.0) 17 (1.1-80) 0.82 (0.052—3.9) 3.9 (0.25—18)

Namorik 1.3 (0.75—2.1) 5.5 (1.5-15) 0.68 (0.043-3.2) 12 (0.76—-56) 0.63 (0.040—3.0) 2.7 (0.17-13)

Namu 2.0 (0.82—4.1) 11 (2.8—28) 1.1 (0.068-5.1) 29 (1.8-140) 1.2 (0.074-5.5) 6.1 (0.39-29)

Ujae 1.6 (0.53-3.7) 8.6 (2.3—23) 0.87 (0.055-4.1) 22 (1.4100) 0.92 (0.058—4.3) 4.9 (0.31-23)

Rongelap control 2.8 (1.7—4.5) 22 (15-31) 21 (1.3-97) 53 (3.4-250) 17 (1.1-82) 27 (1.7-129)

group‘

Mid-latitude group

Ailuk 7.5 (3.8-14) 59 (16-160) 5.8 (0.37-27) 160 (10-760) 7.1 (0.45-33) 44 (2.8-210)

Jemo Island* 5.2 (2.5-9.5) — — — — —

Kwajalein south 3.6 (2.2—5.5) 22 (5.858) 1.9 (0.12—9.2) 67 (4.3-320) 2.4 (0.15-11) 14 (0.88-65)

Kwajalein north* 4.3 (1.9-8.1) — — — — —

Likiep 5.5 (2.5-11) 39 (10-100) 3.5 (0.22-16) 110 (7.0-520) 4.3 (0.27-20) 25 (1.6-120)

Mejit Island 6.6 (3.3-12) 49 (13-130) 4.5 (0.29-21) 120 (7.7-580) 5.3 (0.34—25) 31 (2.0-150)

Ujelang" 4.0 (1.8-7.8) 25 (6.6—66) 2.2 (0.14-10) 86 (5.4-400) 3.0 (0.19-14) 18 (1.1-84)

Wotho 4.0 (2.4-6.4) 23 (6.2—62) 2.2 (0.14-10) 77 (4.9-360) 2.8 (0.18-13) 15 (0.96-71)

Wotje 5.2 (2.6-9.4) 31 (8.2-82) 2.8 (0.18-13) 80 (5.1-380) 3.1 (0.20-15) 17 (1.1-82)

Utrik group

Utrik® 29 (15-50) 130 (53-260) 35 (3.8-138) 760 (83-3,000) 41 (4.4-160) 210 (23-830)

Taka* 20 (11-33) — — — — —

Northern latitude group

Ailinginae’ 54 (24-110) 470 (125-1,300) 25 (1.6-120) 2,600 (160—-1,200) 232 (15-1,100) 940 (60—4,500)

Bikar* 68 (26-150) — — — — —

Rongelap north* 560 (180-1,300) — — — _ __

Rongelap Island 180 (100-280) 1,600 (1,100-2,200) 42 (8.4-130) 7,600 (1,500-—23,000) 550 (110-1,700) 2,800 (560-8,500)

community®

Rongerik" 120 (45-250) 940 (390-1,900) 11 (0.71-52) 3,900 (250-19,000) 200 (13-940) 1,200 (775,700)
Taongi® 1.2 (4.0-2.8) — — — — —_
 
“No dose entry indicates an atoll or island that was not traditionally inhabited.

> Deposition pertains to the total '°’Cs deposited on Kili Island from all tests. Doses pertain to Bikini community.

© Rongelap control group refers to 117 Rongelap community members who were not on Rongelap Island at the time of the Bravo test and

were assumed in this work to have been on Majuro at that time. Deposition pertains to the sum ofthe '°’Cs deposited on Majuro in 1954 and

1956, and on Rongelap Island for the other years. Doses account for the entire residence history of this group (see Table 3).

“ Deposition pertains to the total '°’Cs deposited on Ujelang Atoll from all tests. Doses pertain to Enewetak community.

* Deposition pertains to the total '"’Cs deposited on Utrik Atoll from all tests. Doses pertain to Utrik community.

"Deposition pertains to the total '°’Cs deposited on Sifo Island, Ailinginae Atoll. Doses, however, pertain solely to 18 members of

Rongelap community exposed to Bravo fallout on Sifo Island, but exposed to fallout from all other tests at the same locations as the

Rongelap Island community (see Table 3 for relocation history).

£ Deposition pertains to the total '°’Cs deposited on Rongelap Island from all tests. Doses, however, account for evacuations and

relocations of the community (see Table 3 for relocation history).

" Deposition pertains to the total '°’Cs deposited on Rongerik Atoll. Doses pertain only to the acute exposure from Bravo fallout

received by U.S. military weather observers.
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Fig. 2. Geographical variation of total (cumulative) '*’Cs deposited (kBq m~”) from all Marshall Islands nucleartests

(see Table 5) illustrating four areas with similar deposition. Taongi Atoll, located beyond the boundaries of the mapat
14° 32’ north latitude, is not shown and notincludedin the range of depositions shownin the key for the northern atolls.

Shaded areas also describe groups of atolls with similar values of organ dose (Table 5) and cancer risk (Table 11).

by integration of the exposure rate from theinitial time of

fallout arrival rather than from the time when the

exposure rate wasat its peak.
The doses from external irradiation were estimated

in three basic steps (Bouville et al. 2010):

1. estimation of the outdoor exposure rates at 12 h after

each test and of the variation in the exposure rates
with time at each atoll after each test;

2. estimation of the annual exposure from 1948 through
1970 and of the total exposure from TOAto infinity,

obtained by integrating the estimated exposure rates
over time; and

3. estimation of the annual and cumulative absorbed
doses to tissues and organs of the body by applying
conversion factors from free-in-air (outdoor) exposure

to tissue absorbed dose and by assuming continuous

residence on the atoll (with corrections for tempo-
rarily resettled populations).

The outdoor exposure rates at each atoll were

assessed in one of two ways depending on whether
reliable measurements of exposure rates were available

for a particular nuclear test and atoll combination. If

measurement data were available, they were assessed and

a best estimate of the average exposure rate at 12 h post

detonation (termed £12) on the atoll or reef island was

made. If no reliable exposure rate data were available

to estimate E12 directly, then the assessment of E12

was derived from the estimates of '*’Cs deposition
densities and TOA provided in Becket al. (2010) for

each atoll and each test. The method relating the

estimates of '*’Cs deposition densities and TOA to £12
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was developed by the Off-Site Radiation Exposure

Review Project (ORERP) for estimatmg external

whole-body dose from fallout origmatmg at the Ne-

vada Test Site (Hicks 1982)

The annual and cumulative exposures derived from

the estimate of E12 were estimated by Bouville et al

(2010) usmg the variation with time of the exposure rate

calculated by Hicks (1981, 1984), but modified to take

fractionation mto account, where necessary, as well as

the “weathering effect” which reflects the gradual de-

crease of the exposurerate caused by the migration ofthe

deposited activity into deeper layers of soil

The conversion factors from free-im-air (outdoor)

exposure to tissue absorbed dose depend on the energy

distribution of the gammarays that are mcident on the

body and on the organ for which the dose 1s bemg

estimated However, for most of the fission and activa-

tion products that are created during a nuclear explosion,

the gamma-ray energies resulting in external exposure

are a few hundred keV or more and the variation m

photon energy results m at most a few percent difference

im dose per umt mcident fluence for the various organs

considered m this study (Jacob et al 1990) Thus, energy

and organ dependence m dose conversion factors were

not taken mto consideration, a smgle conversion factor,

66 X 10mGy per mR, was used for adults for all
organs However, the conversion factor does depend on

the ageof the person, or, more precisely, her or his body

size and shape Thus, based on calculations usmg anthro-

pomorphic phantomsthat represented different ages (Ja-

cob et al 1990), our calculated doses to adults from

external irradiation were mcreased by 30% for children

less than 3 y of age and by 20% for children 3 y of age

through 14 y While age and body size were important

for the estrmation of external dose to the organs consid-

ered, sex was not Building shielding was estmated not

to be rmportant smce housesat that time, made primarily

out of palm fronds, did not provide any substantial

reduction of gammaray mtensity

Annual absorbed doses from external irradiation

from all 1mportant tests were estimated for the time

period from 1948 through 1970, that 1s, until the annual

doses had decreased to very low levels m comparison to

the peak values observed m 1954 These annual doses

were estimated for the relocated populations and for the

populations continuously resident on all mhabited atolls

of the Marshall Islands im three age categories (mfants,

children, and adults) The dosesreported for the relocated

populations mclude, where appropriate, contributions

from exposures received before evacuation, during the

period ofresettlement, and following return to the atoll of

origin (Table 3) Annual doses to adults from external

irradiation are presented m Bouville et al (2010) along

with estrmated uncertamties, the doses were highest

during the years of atmospheric testing m the Marshall
Islands, after which they decreasedto values that were, in

1970, less than 01% of the peak values observed in

1954 Our best estrmates of the total external doses

(mGy) from all tests and of the 90% uncertamty ranges

are presented m Table5 for representative adultsofall 26
population groups The geographic pattern oftotal exter-

nal doses received 1s the sameas for the deposition of

"Cg illustrated m Fig 2 and, as described, 1s much
higher m the northern atolls than m the central and

southern atolls

Internal doses from acute intakes of radionu-
clides. The mternal radiation doses resulting from acute
imtakes, defied as those that occurred during or soon

after fallout deposition, were assumed to be primarily a
consequence of mgesting radionuclides im, or on, debris
particles that contammated food surfaces, plates and
eating utensils, the hands and face, and, to a lesser

degree, drmkmg water (Lessard et al 1985, Simon etal

2010) Internal doses from other pathways of exposure,
im particular, mhalation, were much lower than those due

to mgestion and havenot been exphiitly estimated mthis
assessment Fallout particles at northern atolls were
typically large (tens to more than one hundred microme-
ters m diameter) resultmg in generally low mtakes by
mhalaton Fallout deposited at southern atolls, even

though generally composed of smaller sized particles,
was often deposited with ramfall which sigmficantly
reduced the availability of the particles to be mhaled
Annualrainfall rates are three to four mes greater im the
southern atolls compared to the northern atolls (Amow
1954)

The methods used 1mthis study for estimatmg acute
intakes of fallout radionuchdes and resultmg doses are
based on (1) the estimates of test-, atoll-, and

radionuchide-specific deposition densities discussed m
Beck et al (2010), (2) istorical measurements of "I in
pooled samples of urine collected from adults about two
weeks after the Bravo test (Harris 1954, Harris et al

2010), and (3) assessment of appropriate values of
gastromtestinal uptake for the radionuclides present in
fallout particles (Ibrahim et al 2010) The assessment of

iternal doses was composed ofthe followmgsix steps
(1) estimation of the mtake of ‘I by populations on
Rongelap, Ailmginae, and Rongertk, following the Bravo
test usmg historical bioassay data, (2) estimation of the
imtakeof 'Csat the samethreeatolls based on the ratios
ofCs to “I calculated by Hicks (1981, 1984) but
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corrected for fractionation, (3) estimation of the deposi-

tion density of '’Cs followmg each of 20 tests on all
inhabitedatolls, (4) estrmation ofthe mtake of "Csatall
mhabited atolls assummg that the ratio of mtake to
deposition was the sameatall atolls, (5) estrmation of

intakes of all radionuchdes considered at all mhabited
atolls following each nuclear test, and (6) estmation of

annual and cumulative radiation absorbed doses to four
organs (RBM,thyroid, stomach, colon) ofrepresentative

persons for all relevant birth years
Detailed mformation on the acute mtakes and result-

img doses, as well as the estrmated uncertamty in these
dose estimates, 1s presented m Simon et al (2010) The

population of the southern atolls had acute mtakes
estimated to be much smaller than those experienced by
the more highly exposed Rongelap and Utrik popula-
tons For example, adult Mayuro residents had imtakes of
about 6% and 9% of the "I and '’Cs (cumulative over
all tests), respectively, of adult Utmk commumty mem-
bers, and about 1%, and 2%, respectively, of the mtakes

of Rongelap community members exposed to Castle
Bravofallout on Rongelap Island (see Table 8, S1monet
al 2010)

Doses to the thyroid gland were much greater than
those to the other organs and tissues, and were much

greater for the Marshallese who resided on Rongelap and
Utnik Atolls at the tmeof the Castle Bravo test than for
the residents of any other atoll (Table 10, Simon etal

2010) The southern atolls, where about 73% of the

population resided durmg thetesting years, recerved the
lowest organ doses The population of mid-latitudeatolls
(Kwayalein and others, see Fig 2), home to about 23% of

the total Marshall Islands population durmg the testing
years, received organ doses that were about three times
greater than at the southern atolls The population of
Utnkreceived doses intermediate m magnitude between the
mid-latitude atolls and Rongelap, with thyroid doses about
35 timesgreater than the southern atolls (Table 10, Simon et

al 2010) The Rongelap Island communtty received the
Inghest doses, with thyroid doses about 350 to 400 umes
greater than those received m the southern atolls

Internal doses from chronic intakes of radionu-
clides. Following the deposition of radionuchdes on the
ground, chromc (1, protracted) mtakes took place at
rates much lower than those due to the acute mtakes
While both acute and chronic intakes were primarily a
result of mgestion,the environmental transport processes
leading to chrome mtakes were substantially different
from those that gave rise to acute mtakes Chrome
intakes were primarily a function of the consumption of
seafood and oflocally grown terrestrial foodstuffs imter-
nally contammated with long-hved radionuchdes via root
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uptake and, to a lesser degree, madvertent consumption
of soil (Stmon 1998, Simon et al 2010) A previous

assessment (Lessard et al 1984) showedthat five radio-

nuchdes account for essentially all the mternal dose from
chrome mtake “Fe, Co, “Zn, Sr, and '’Cs

The available historical whole-body counting and
bioassay measurements were used as a basis to estimate
the chronic mtakes smce a suitable dietary model cover-
img the many yearsafter the tests, when lifestyles became
more westermzed, does not exist Those whole-body and

bioassay measurements were made on the Rongelap and
Utrik evacuees for years after they returned to their
respective home atolls (Lessard et al 1984) The

Rongelap and Utrk populations, who were evacuated
withm about two days followmg the detonation of the
Castle Bravo test on 1 March 1954, were retumedto their

home atolls m June 1957 and June 1954, respectively
(Table 3) Durmg the first few weeks after ther return

and until the 1980's, a Brookhaven National Laboratory

team regularly conducted measurements of whole-body
activity of “Cs, “Co and “Zn, as well as urmary
concentrations of “Sr Measurements of *Fe m blood
were also performed, but only once (Lessard et al 1984)

Thesteps used to estrmate the doses from chromic
mtakes of radionuchdes were (1) estimation of the

chromc mtakes by Rongelap and Utrk adult evacuees
due to the Bravo test, (2) estmmation of the chromc

intakes resultmg from the Bravo test by adults ofall other
atolls, based on the relative ‘Cs deposition, (3) estrma-
tion ofthe chronic intakes by adults resultmg from tests
other than Bravo, agam based on relative *’Cs depost-
tion, (4) estimation of the chromc mtakes by children,

and (5) estrmation ofthe doses from chromic intakes from

all tests and all population groups usmg International
Commission on Radiogical Protection recommended
dose coefficients

Detailed mformation on the estimation of chromc
imtakes and resulting doses 1s presented m Simonet al
(2010) The doses from chronic intakes show the same

geographical pattern as the doses resultmg from acute
intakes and '*’Cs deposition (Fig 2) However, because
of the absence of short-hved iodine isotopes which
dommiated the thyroid dose from the acute mtakes, the

thyroid doses from chromc intakes were not much
greater than the dosesto other organs and tissues Similar
to the situation for acute mtakes (Simonet al 2010), only

a few radionuchdes contributed most of the organ ab-
sorbed dose For all organs and for all four of the atoll
and population groups discussed,Cs was either the
first or second most rmportant contributor to imternal
dose from chromic mtakes For the evacuated Rongelap
Island commumity, °’Cs was the most important contrib-
utor to the chromic dose, whereas Zn was the largest
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contributor to dose for the residents of all other atolls
(Table 15, Simon et al. 2010).

The cumulative thyroid doses (mGy) to representa-

tive adults on each atoll from both acute and chronic
intakes of radionuclidesin fallout from all tests with 90%

uncertainty ranges are presented in Table 5 and have the
same geographic pattern as for '*’Cs deposition that is
illustrated in Fig. 2.

Comparison of doses by mode of exposure. Table

6 compares estimated cumulative internal doses to rep-
resentative adults of four population groups as reported
in Simon et al. (2010) with the external doses for those

same population groups as reported in Bouville et al.
(2010). As elsewhere in this paper and companion
papers, those personsof adult age (>18 y) at the time of

the first test with significant deposition (Yoketest, 1 May
1948) are considered as adults in this assessment. In

addition, all dose estimates presented are best estimates

based on an analysis of all available data.
With respect to the components of the internal dose,

the dose from chronic intake exceeded the dose from acute
intake for RBM and stomach wall, for all populations

groups except the Rongelap Island community. For the

Rongelap Island community, the acute doses for all organs

exceeded the chronic doses. Because of the exposure to
radioiodines in fallout, the absorbed dose to the thyroid

gland from acute intakes exceeded the chronic dose to the
thyroid, regardless of the population group. Acute doses to
colon wall were also greater than the corresponding chronic

doses for all four population groups.
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With respect to the total internal dose relative to the

external dose, external doses were muchgreater than the

internal doses to RBM and stomach wall, regardless of

the population group, but were comparableto the internal

doses to the colon wall (greater by two-fold at the

southern and mid-latitude atolls, and about one-half for

the Utrik and Rongelap Island communities). Internal

doses to the thyroid were significantly greater than

external doses, regardless of the population group.

Total doses. Total (external plus internal) organ

absorbed doses can be presented in various ways to

demonstrate the spatial and time-dependence of expo-

sures received across the Marshall Islands and the de-
pendence onageat exposure. Asdiscussed earlier, Fig. 2

illustrates the groups of the atolls within the Marshall

Islands with similar degrees of deposition. In parallel,

Table 7 presents population-weighted total doses to

adults within each of the four geographic areas. We

found that our estimated total doses are relatively com-

parable within each of the four population groups:

residents of southern atolls, residents of mid-latitude

atolls, the Utrik community, and the Rongelap Island/

Ailinginae/Rongerik evacuees (Table 5). Here, as else-

where in this paper and companion papers, both Fig. 2

and Table 7 demonstrate that adults in mid-latitude atolls

received cumulative organ doses approximately four

times as great as adults in the most southern atolls.

Similarly, adults of the Utrik community received cumu-

lative organ doses four to seven times as great as adults

Table 6. Comparison of best estimates of cumulative internal and external dose (mGy) to adults of four representative
population groups for four organs. All dose estimates rounded to two significant digits.
 

Population group
 

 

Majuro Kwajalein Utrik Rongelap Island

Organ/Mode of exposure residents residents community community

Thyroid

Acute internal 22 66 740 7,600

Chronic internal 0.76 1.3 25 14

Total internal 23 67 760 7,600

RBM

Acute internal 0.11 0.25 2.3 25

Chronic internal 0.98 1.7 33 17

Total internal 1.1 2.0 35 42

Stomach wall

Acute internal 0.32 1.1 16 530

Chronic internal 0.75 . 24 14

Total internal 1.1 2.4 40 540

Colon

Acute internal 4.4 12 180 2,800

Chronic internal 0.99 1.7 32 17

Total internal 5.4 14 210 2,800

Whole body 9.8 22 130 1,600

(external dose)
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Table 7. Population-weighted average total dose (external plus internal, mGy) to adults of four groups of atolls and/or

communities (see Fig. 2). Grouping is based on similar levels of deposition of total '*’Cs (see Fig. 2). Input data derived
from Tables 2 and 5. Range in parentheses represents the minimum and maximum total dose within the groupofatolls

or communities. All values rounded to two significant digits.
 

 

Total dose to Total dose to Total dose to Total dose

Atoll or population RBM, thyroid, stomach wall, to colon,

group Atolls of exposure mGy(range) mGy(range) mGy(range) mGy(range)

Southern latitude Ailinglaplap, Arno, Aur, 30 10 14

Ebon, Jaluit, Kili Island*, (6.1-43) (17-75) (6.0—39) (8.0—49)

Lae, Lib Island, Majuro”,

Maloelap, Mili, Namorik,

Namu, Ujae

Mid-latitude Ailuk, Kwajalein, Likiep, 130 38 56

Mejit Island, Ujelang*, (24-65) (89-220) (24-66) (36-100)

Wotho, Wotje

Utrik community Utrik and atoll of 160 890 170 340

relocation®

Rongelap Island/ Rongelap, Ailinginae, 1,000 5,900 1,400 2,800

Ailinginae/Rongerik Rongerik, and atolls (500-1,600) (3,000-9,200) (700—2,100) (1,400-4,400)

evacuees of relocation®

All All 124 32 56

(6.1-1,600) (17-9,200) (6.0—2,100) (8.0—4,400)
 
“Primary residence location of Bikini community during test years.

> Includes Majuro permanentresidents and Rongelap control group (see Table3).

© Primary residence location of Enewetak community during testing years.

4 See Table 3 for atolls of relocation.

from the mid-latitude atolls. Adults among the Rongelap
Island/Ailinginae/Rongerik evacuees received the largest cu-

mulative doses, six to eight times as great as adults from Utrik.
Recognizing that the doses within each of the four

areas in Fig. 2 can be represented by the doses to Majuro

residents, Kwajalein residents, the Utrik community, and

the Rongelap Island community, Table 8 provides cumu-

lative radiation doses (external plus internal) at those

atolls for all birth years from 1930 to 1958. Those born

in or before 1930 would be of adult age at the time of the

Table 8. Total radiation absorbed doses (mGy) to four tissues and organs of representative persons by birth year (<1931

through 1958): sum of external and internal irradiation; all values rounded to two significant digits. Doses for Utrik and
Rongelap Island communities account for relocations.
 

Majuro residents Kwajalein residents
  

 

Birth

year RBM Thyroid Stomach RBM Thyroid Stomach Colon

<1931 11 33 11 24 89 24 36
1931 11 33 11 24 93 24 36
1932 11 33 11 24 93 24 36
1933 11 33 11 24 93 24 36
1934 11 33 11 24 93 24 36
1935 11 34 11 25 95 25 37
1936 11 34 11 25 95 25 37
1937 11 39 11 25 109 25 38
1938 11 39 11 25 109 25 38
1939 11 40 11 25 110 25 39
1940 11 40 11 25 111 25 39
1941 13 42 13 28 121 28 42
1942 13 43 13 28 123 29 44
1943 13 43 13 28 124 29 44
1944 13 43 13 28 124 29 44
1945 13 44 13 29 125 29 45
1946 13 44 13 29 135 30 47
1947 13 53 13 29 160 30 48
1948 13 33 13 25 139 26 40
1949 13 54 13 23 121 23 36
1950 13 55 13 23 122 23 36
1951 13 55 13 22 122 23 36
1952 14 68 14 24 157 25 43
1953 13 61 13 23 148 24 42
1954 5 25 5 11 74 11 15
1955 1.5 5.6 1.3 3.1 13 3.0 4.9
1956 0.88 4.0 0.80 1.9 8.6 1.8 2.4
1957 0.41 1.0 0.36 0.82 1.6 0.74 1.1
1958 0.30 0.62 0.26 0.55 1.0 0.49 0.70
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first tests and would have received approximately equal
doses regardless of the birth year.

Wefound that our estimates of total organ radiation
absorbed doses (sum of external and internal) varied by

year of birth. Persons who were adults at the beginning of

the testing period (born in 1930 or earlier) received
relatively low thyroid doses from the large tests in 1954

compared to those who were very young at the time of
those tests (Table 8). Among the four representative

population groups, cumulative thyroid doses ranged from
33 mGyfor adults who lived on Majuro at the time of
testing to as high as 23,000 mGyfor infants on Rongelap

Island at the time of the Bravotest.

The dose contributions from the six tests that re-

sulted in the highest total doses (external plus internal) to

adults of the four representative atolls and for the four
organs and tissues that are considered (RBM, thyroid,

stomach wall, and colon wall) are provided in Table 9.

Bravo was by far the most important contributor to the
total dose for the Utrik and Rongelap Island communi-
ties, but less important than Yankee, Yoke, Koon, Ro-

meo, and Flathead for the Kwajalein residents, and less

important than Koon and Romeo for the Majuro resi-

dents.
For purposes of cancer risk projection (Land etal.

2010), the annual organ doses are required. Annual doses

Table 8. (Continued)
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were greatest in the years with large yield nucleartests,
Le., 1954, 1956, and 1958. Fig. 3 shows the temporal

pattern of total dose (external plus internal) received on

an annualbasis to the thyroid gland of children born in

1953 in each of four population groups (Majuro resi-
dents, Kwajalein residents, Utrik community, and

Rongelap Island community). Children born in 1953

would havereceived the largest doses of any birth cohort.

Uncertainties of estimated doses. Estimated doses
and the uncertainties associated with those estimates

varied by location, fallout event, calendar year, and age

at time of exposure. The precision of our dose recon-

struction is better for exposures received on Rongelap
and Ailinginae than on Utrik, primarily because of the

availability of historical urine bioassay data and large
amounts of environmental monitoring data (both histor-

ical and contemporary), and both are more reliable than
the estimated doses for persons exposed on the mid-
latitude and southern atolls.

Of the exposure pathways examined, determination
of dose from external sources was the mostdirect and,
therefore, the most precise. An analysis was conducted to

evaluate the uncertainty in the annual doses from exter-
nal irradiation for each year of testing. Annual and

 

Utrik community Rongelap Island community
  

 

Birth

year RBM Thyroid Stomach Colon RBM Thyroid Stomach Colon

<1931 160 890 170 340 1,600 9,200 2,100 4,400

1931 160 890 170 340 1,600 9,200 2,100 4,400

1932 160 890 170 340 1,600 9,200 2,100 4,400

1933 160 890 170 340 1,600 9,200 2,100 4,400
1934 160 890 170 340 1,600 9,200 2,100 4,400
1935 160 890 170 340 1,600 9,200 2,100 4,400
1936 160 890 170 340 1,600 9,200 2,100 4,400
1937 160 1,000 170 360 1,600 11,000 2,200 4,700
1938 160 1,000 170 360 1,600 11,000 2,200 4,700
1939 160 1,000 170 360 1,600 11,000 2,200 4,700
1940 160 1,000 170 360 1,600 11,000 2,200 4,700
1941 190 1,000 190 380 2,000 12,000 2,900 5,000
1942 190 1,100 200 420 1,900 12,000 2,500 5,600
1943 200 1,100 200 430 1,900 12,000 2,900 5,600
1944 200 1,100 200 430 1,900 12,000 2,500 5,600
1945 200 1,100 200 430 2,000 12,000 2,500 5,600
1946 200 1,100 200 430 2,000 12,000 2,900 5,600
1947 200 1,500 210 460 1,900 17,000 2,600 6,000
1948 200 1,500 210 460 1,900 17,000 2,600 6,000
1949 200 1,500 210 460 1,900 17,000 2,600 6,000
1950 200 1,500 210 460 1,900 17,000 2,600 6,000
1951 200 1,500 200 460 1,900 17,000 2,600 6,000
1952 210 2,000 230 600 2,100 23,000 3,100 8,200
1953 210 2,000 230 600 2,100 22,000 3,100 8,200
1954 93 550 85 130 500 5,600 630 960
1955 32 31 24 34 30 38 26 37
1956 18 21 14 21 30 Al 27 40
1957 13 16 10 17 35 40 29 44
1958 10 11 8.2 13 30 31 26 38
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Table 9. Proportion (%) of total organ dose to adults of each of four communities from the six tests contributing most

to the total dose.
 

Majuro residents Kwajalein residents Utrik community Rongelap Island community
  

 

Nuclear Proportion Nuclear Proportion Nuclear Proportion Nuclear Proportion

test (%) test (%) test (%) test (%)

Thyroid
Koon 29 Yankee 37 Bravo 93 Bravo 94

Romeo 29 Yoke 21 Yankee 3 Romeo 2

Bravo 23 Koon 18 Koon 2 Koon 2

Flathead 6 Romeo 8 Romeo 0.8 Union 0.8

Mike 5 Flathead 5 Fir 0.4 Yankee 0.5

King 3 Bravo 5 Union 0.3 Zuni 0.1
Cumulative 95 Cumulative 92 Cumulative ~100 Cumulative ~100

Red Bone Marrow

Romeo 33 Yankee 36 Bravo 94 Bravo 83
Koon 31 Yoke 21 Romeo 2 Romeo 7

Bravo 19 Koon 14 Koon 1 Koon 6

Flathead 5 Romeo 11 Yankee 1 Union 2

Mike 4 Flathead 5 Union 0.7 Yankee 1

Union 3 Bravo 4 Fir 0.6 Zuni 0.3

Cumulative 95 Cumulative 91 Cumulative ~100 Cumulative ~100

Stomach

Romeo 33 Yankee 36 Bravo 94 Bravo 85
Koon 31 Yoke 21 Romeo 2 Romeo 6

Bravo 20 Koon 14 Koon 1 Koon 5

Flathead 5 Romeo 11 Yankee 1 Union 2

Mike 4 Flathead 5 Union 0.7 Yankee 1

Union 3 Bravo 4 Fir 0.5 Zuni 0.3

Cumulative 96 Cumulative 91 Cumulative ~100 Cumulative ~100

Colon
Romeo 31 Yankee 36 Bravo 95 Bravo 90
Koon 30 Yoke 22 Yankee 2 Romeo 4

Bravo 21 Koon 15 Koon 1 Koon 3

Flathead 6 Romeo 10 Romeo 1 Union 1

Mike 5 Flathead 5 Union 0.5 Yankee 0.8

King 2 Bravo 4 Fir 0.4 Zuni 0.2
Cumulative 95 Cumulative 92 Cumulative ~100 Cumulative ~100
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Fig. 3. Annual thyroid doses (mGy) to representative children born

in 1953 on four atolls (Majuro, Kwajalein, Utrik and Rongelap
Island) that are representative of exposures across all of the

Marshall Islands: sum of external dose plus internal acute and

chronic doses. Rongelap and Utrik estimates account for evacua-
tions and relocations of communities.

cumulative exposures were often estimated from histor-
ical measurements or from relatively simple conversions

from fallout deposition density. We determined that the

uncertainty of doses from external irradiation could be
characterized by lognormal distributions with geometric
standard deviations (GSDs) of approximately 1.2 for

exposure on Rongelap and Ailinginae, 1.5 for exposure
on Utrik, and 1.8 for exposures on the other atolls

(Bouville et al. 2010). As can be seen, the overall GSDs

were smallest for the communities where the greatest

doses were received from the 1954 tests. Conversely, the
GSDs were largest for communities with the lowest

doses from the 1954 tests.

In comparison to estimates of external dose, esti-
mates of dose from internal irradiation are substantally

more uncertain. Based on an analysis accounting for
uncertainties in the most relevant and sensitive parame-
ters involved in the internal dose assessment, we found
that the uncertainty of doses from internal irradiation

could be characterized by lognormal distributions with

GSDs of approximately 2.0 for exposure on Rongelap
and Ailinginae, 2.5 for exposure on Utrik, and 3.0 for

exposures on the other atolls (Simonet al. 2010). Doses
from chronic intake of radionuclides result from a more

complex exposure situation and are more uncertain than
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the doses from acute intakes. However, doses from

chronic intakes were small and refinements to the esti-

mation of the uncertainty associated with them would

contribute little to the overall dose uncertainty.

Projected cancer risks
The annual doses from external irradiation and from

internal irradiation that were estimated for the 25 Mar-

shallese population groups according to birth year were

combined with the population sizes and with age-
dependent organ-specific risk coefficients to derive the

corresponding cancerrisk projections presented in Land
et al. (2010). Risk estimates were presented in terms of

the number of cancers by organ site projected to occur

among Marshallese as a consequence of exposure to
fallout from regional nuclear tests. The cancer risks were

based on an estimated population of 12,175 residents of
the Marshall Islands born before 1948 and another

12,608 born in the years 1948 through 1970, giving a

total potentially exposed population of 24,783. Projected
lifetime numbers of baseline and radiation-related (ex-

cess) cancers are shown in Table 10 by cancer type:
leukemia, thyroid, stomach, and colon. In addition, the

numbersof “all other solid cancers” has been estimated

using the colon dose as representative of the dose to most

other organs and tissues of the body. The projected
number of baseline (non-radiation related) cancers

among the 24,783 Marshallese in all organs totals

10,600, while the projected numberof excess (radiation-

related) cancers is 170, including 65 that have yet to
occur (Land et al. 2010). In comparison to our 2004
estimates, which also are presented in Table 10, the

numbers of projected radiation-related thyroid and colon
cancers are much smaller as a result of a much more

realistic dose assessment.
Whenthe entire population of the Marshall Islands

is considered, the estimated fraction of cancers that has

occurred or will occur and that can be attributed to
exposure to radioactive fallout, expressed as a percent-
age, is about 20% for thyroid and about 5% for leukemia.

These percentages can be comparedto all other cancers,
for which the attributable fractions are on the order of

1%. The attributable fractions, as expected, were much

higher among the most heavily exposed population

groups (Landet al. 2010). A breakdown of the estimated
number of cancer attributable to exposure to fallout

radiation according to population group and time period,
as well as estimation of the uncertainties in the projected
numberof cancers, is discussed in detail by Land etal.

(2010). The attributable fractions (%) of all cancers from

exposure to fallout radiation within each of the four atoll

groups with 90% uncertainty ranges are presented in
Table 11 and have the same geographic pattern as for

'S"Cs deposition illustrated in Fig. 2. Because of the small
numbers of projected cases on someatolls (resulting in
highly uncertain estimates), the cancer risk projections
are shown only for groups of atolls rather than for
individual atolls.

CONCLUSIONS

The methods and findings described in this paper

and the seven companion papers represent the most
comprehensive retrospective evaluation ever conducted

of exposure of Marshallese and the related cancer risks
from regional nuclear testing. This effort, in response to

a Congressional request, will provide information useful

to U.S. Congressional committees as well as to health
authorities both in the U.S. and in the Marshall Islands.

However, the methods are also illustrative of methods

that may be useful in broader circumstances, some of
which might occur in the future. Though nuclear testing

in the atmosphere is not likely to be revived, nuclear

detonations that would result in exposure of the public

Table 10. Projected numberoflifetime baseline and excess cancers for the entire population of the Marshall Islands by
cancer type and comparison with the results of the NCI preliminary study (DCEG 2004).
 

This study (Landet al. 2010)
 

 

 

Preliminary study (DCEG 2004) Projected
Projected excess number

Baseline Excess Total Baseline excess number of cancers Rounded total

number of number of number of number of of cancers from 2009 number of

Cancer type cancers* cancers cancers cancers* 1948-2008 onwards cancers

Leukemia 123 5 128 140 6.0 1.4 147

Thyroid 127 262 389 190 35 15 240

Stomach 326 15 341 570 3.1 3.6 577

Colon 470 157 627 930 7.2 9.3 946

All other solid cancers 4,550 93 4,643 8,800 54 36 8,890

Rounded total number of 5,600 530 6,100 10,600 105 65 10,800

cancers
 

“The 2004 preliminary analysis assumed the population size obtained by the 1958 census, while the present study is based upon the

total number of people exposed anytime between 1948 and 1970, which is projected to be about twice the size of the 1958 population.
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Table 11. Lifetime Attributable Fraction (%) of projected cancers according to geographic grouping plus entire Marshall

Islands: best estimate and 90% uncertainty range in parentheses (5%—95%).
 

All other solid

 
Leukemia Thyroid Stomach Colon cancers Total

Southern latitude 2.2 (0.41-6.0) 12 (2.5-27) 0.47 (0.069-1.3) 0.69 (0.23-1.4) 0.48 (0.11-1.0) 0.76 (0.16-1.8)

atolls*

Mid-latitude 8.4 (1.7—20) 25 (6.1—-45) 1.9 (0.26-5.7) 2.3 (0.73-4.8) 1.4 (0.34-2.9) 2.2 (0.50-4.8)

atolls?

Utrik community 19 (4.3-45) 71 (32-86) 4.8 (0.64-14) 9.4 (3.2-19) 6.7 (1.5-14) 10 (2.4—22)

Rongelap Island 78 (39-91) 95 (87-97) 48 (11-73) 64 (36-78) 43 (20-54) 55 (28-69)

and Ailinginae

community‘

Entire Marshall 5.1 (0.96-12) 21 (6.0-39) 1.2 (0.17-3.4) 1.7 (0.59-3.4) 1.0 (0.27—2.0) 1.6 (0.41-3.4)

Islands*
 

“Includes Kili Island where Bikini Atoll community resided.

> Includes Ujelang where Enewetak Atoll community resided.

“Does not include the U.S. military weather observers exposed to Bravo fallout on Rongerik.

might occur in the future due to accidents or intentional
actions in wartime or by terrorists. A number of impor-

tant lessons can be derived from this analysis. Here, we
have confirmed that exposure to radioactive fallout,
particularly soon after detonation of a large device, can

result in high exposures and substantial increases in
cancer risk. At distances of more than a few hundred

kilometers, however, exposures and related cancer risks

are likely to be highly diminished due to dilution of the

radioactive debris in the atmosphere (depending on the
meteorological conditions) and radioactive decay during

transit. Lifestyles that are dependent on storing and
preparing food outdoors are particularly susceptible to
transmitting radioactive contamination to man. Recon-

struction of radiation doses many years after exposure
can be an intensive effort and underscores the need for

dependable data of various types. The amount of data
necessary to make reliable estimates of radiation dose

and cancerrisks is significant and the collection of that
information should not be overlooked following nuclear
events, but should be, in fact, a high priority.

Acknowledgments—This work was supported by the Intra-Agency agree-

ment between the National Institute of Allergy and Infectious Diseases and

the National Cancer Institute, NIAID agreement #Y2-Al-5077 and NCI

agreement #Y3-CO-5117. The authors express appreciation to their col-

leagues who assisted with companion papers in this volume, Dunstana

Melo, Payne Harris, Shawki Ibrahim, Robert Weinstock, Iulian Apostoaei,

and Brian Moroz, as well as to the numerous investigators who preceded

us in documenting and understanding the consequences of nuclear testing

in the Marshall Islands and whose work we have cited here and in the

companion papers.

REFERENCES

Armow T. The hydrology of the Northern Marshall Islands.
Atoll Research Bulletin No. 30. Washington, DC: National

Academy of Sciences, National Research Council; 1954.

Beck HL, Bouville A, Moroz BE, Simon SL. Fallout deposition
in the Marshall Islands from Bikini and Enewetak nuclear

weaponstests. Health Phys 99:124—142; 2010.

Bouville A, Beck HL, Simon SL. Doses from external irradi-
ation to Marshall Islanders from Bikini and Enewetak

nuclear weaponstests. Health Phys 99:143—156; 2010.

Breslin A, Cassidy M. Radioactive debris from Operation

Castle, Islands of the Mid-Pacific. New York: United States
Atomic Energy Commission, New York Operations Office;

NYO-4623; 1955. Available at: http://www.hss.energy.gov/
HealthSafety/THS/marshall/collection.

Brookhaven National Laboratory. March 1957 medical survey

of Rongelap and Utirik people three years after exposure to
radioactive fallout. Upton, NY: Brookhaven National Lab-

oratory; 1958.

Conard RA, Dobyns BM, Sutow WW.Thyroid neoplasia as a

late effect of active exposure to radioactive iodine in fallout.

JAMA 214:316—324; 1970.

Conard RA, Paglia DE, Larsen PR, Sutow WW, Dobyns BM,

Robbins J, Krotosky WA, Field JB, Rall JE, Wolff J.
Review of medical findings in a Marshallese population 26

years after accidental exposure to radioactive fallout. Upton,
NY: Brookhaven National Laboratory; BNL 51261; 1980.

Cronkite EP, Conard RA, Bond VP. Historical events associ-

ated with fallout from Bravo Shot-Operation Castle and 25
years of medical findings. Health Phys 73:176—186; 1997.

Defense Nuclear Agency. Compilation of local fallout data
from test detonations 1946-1962. Extracted from DASA

1251, Volume [J-Oceanic U.S. Tests. Santa Barbara, CA:

General Electric Co.; DNA 1251-2-EX; 1979. Available at:
http://www.dtra.mil/SpecialFocus/NTPR/PRandAtomic.aspx.

Division of Cancer Epidemiology and Genetics, National
Cancer Institute, National Institutes of Health, Department

of Health and HumanServices. Estimation of the baseline
number of cancers among Marshallese and the number of

cancers attributable to exposure to fallout from nuclear

weaponstesting conducted in the Marshall Islands. Report
prepared for the State Committee on Energy and Natural

Resources. Bethesda, MD: National Cancer Institute; 2004.

Hamilton TE, van Belle G, LoGerfo JP. Thyroid neoplasia in

Marshall Islanders exposed to nuclear fallout. JAMA

258:629-— 636; 1987.

Harris PS. Summary of the results of urine analysis on

Rongelap natives Americans and Japanese fisherman to



Radiation doses and cancer nisks mm the Marshall Islands @S L Simon er au 123

date Memo to Atome Energy Commission Los Alamos,
NM LosAlamosScientific Laboratory, 1954

Harns PS, Simon SL, Tbramm SA Uninary excretion of
radionuchdes from Marshallese exposedto fallout from the
Bravo nucleartest Health Phys 99 217-232, 2010

Hicks HG Rates from fallout and the related radionuchde
composition Livermore, CA Lawrence Livermore Na
tional Laboratory, Report UCRL 33152, Parts 1-7, 1981

Hicks HG Calculationof the concentration of any radionuchde
deposited on the ground by offsite fallout from a nuclear
detonation Health Phys 42 585-600, 1982

Hicks HG Rates from localfallout and the related radionuchde
composition, results of calculations of external radiaton
exposure of selected US Pacific events Livermore, CA
Lawrence Livermore National Laboratory, Report UCRL
53505, 1984

Tbramm SA, Simon SL, Bouville A, Melo D, Beck HL
Ahmentary tract absorption(f, values) for rachonuchdes1n
local and regional fallout from nuclear tests Health Phys
99 233-251, 2010

Jacob P, Rosenbaum H,Petouss: N, Zankl M_ Calculation of
organ dosesfrom environmental gammarays using human
phantoms and Monte Carlo methods Part IT Rachonuclides
distnbuted in the air or deposited on the ground Neuher
berg GSF Inshtut fur Strahlenschutz, GSF Bericht 12/90,
1990

Land CE, Boumille A, Apostoae: I, Simon SL Projected
lifetime cancer risks from exposureto regional radioactive
fallout in the Marshall Islands Health Phys 99 201-215,
2010

Lessard ET, Miltenberger RP, Cohn SH, Musolino SV, Conard
RA Protracted exposureto fallout the Rongelap and Utrik
experience Health Phys 46 511-527, 1984

Lessard ET, Miltenberget R, Conard R, Musohno 8, Naidu J,
Moorthy A, Schopfer C. Thyroid absorbed dose for people
at Rongelap, Utrik and Sifo on March 1, 1954. Upton, NY
Brookhaven National Laboratory, Safety and Environmen
tal Protection Division, BNL 51882, 1985

Marshall Islands Nuclear Clams Tnbunal Analysis of NCT
personal injury awards through June 30, 2004 Mayuro,
Marshall Islands NCT, 2004

Moroz BE, Beck HL, Bouville A, Simon SL Predictions of
dispersion and deposition of fallout using the NOAA
HYSPLIT meteorological model Health Phys 99 252-269,
2010

Robison WL, Noshian VE, Conrado CL, Eagle RJ, Brunk JL,
Jokela TA, Mount ME, Pinllps WA,Stoker AC,Stuart ML,
Wong KM The Northern Marshall Islands Radiological
Survey data and dose assessments Health Phys 73 37-46,
1997

Simon SL A bref tnstory of people and events related to
atormc weapons testing in the Marshall Islands Health Phys
73 5-20, 1997

Simon SL Soil ingestion by humans a review ofdata, mstory,
and etiology with application to nsk assessment of racho
actively contaminated sox Health Phys 74 647-672, 1998

Simon SL, Graham JC Findings of the first comprehensive
radiological momtoring program of the Republic of the
Marshall Islands Health Phys 73 66-85, 1997

Simon SL, Robison WL A compilaton of nuclear weapons
test detonation data for US Pacific Ocean tests Health
Phys 73 258-264, 1997

Simon SL, Vetter RJ. Consequences of nuclear testing in the
Marshall Islands Health Phys 73 66-85, 1997

Simon SL, Bouville A, Melo D, Beck HL, Weinstock RM
Acute and chrome intakes of fallout radionuchdes by
Marshallese from nuclear weaponstesting at Bikam and
Enewetak andrelated internal radiation doses Health Phys
99 157-200, 2010

TakahashnT, Trott KR, K Fupmon K, Simon SL, Ohtomo H,
Nakasmma N, Takaya K, Kimura N, KonnoT, SatomS,
Shoemaker M An investigation into the prevalence of
thyroid nodules and thyroid cancer on Kwajalein Atoll,
Marshall Islands Health Phys 73 199-213, 1997

TakahastnT, Trott KR, Fupmor: K, Nakasmma N, Ohtomo H,
Mhnouk J, Schoemaker MJ, Simon SL Thyroid disease in
the Marshall Islands, findings from 10 years of study
Senda, Japan Tohoku Umversity Press, 2001

Tipton WJ, Meibaum RA An aenal rachological and photo
grape survey of elevenatolls and two islands within the
northern Marshall Islands Las Vegas, NV EG&G, EGG 1
183 175X, 1981

Umied Nations Scientific Commnttee on the Effects of Atorne
Rachahon Sources and effects of iomzing radiation Umted
Nations Scientfic Committee on the Effects of Atome
Rachahon 2000 reportto the general assembly with scien
tific annexes New York Umted Nations, Publication E 00
TX3, 2000

US Department of Energy Umted States nuclear tests July
1945 through September 1992 Las Vegas, NV US De
partmentof Energy, Nevada Operations Office, DOE/NV
209 Rev 15, 2000 Available at_http Awww nv doe gov/
hbrary/publications/mstorical/DOENV_209_REV1S pdf

Umited States House Committee on Resources Joint with the
Commuttee on International Relations The Umied States
nuclear legacy 1n the Marshall Islands consideration of issues
relating to the Changed Circumstances Petition, Oversight
Heanng, May 25, 2008 109" Congress Washngton, DC
Government Printing Office, 2005 Available at http /Awww
foreignaffars house pov/archves/109/2 1448 pdf os:


