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RADIATION DOSES AND CANCER RISKS IN THE MARSHALL
ISLANDS ASSOCIATED WITH EXPOSURE TO RADIOACTIVE
FALLOUT FROM BIKINI AND ENEWETAK NUCLEAR
WEAPONS TESTS: SUMMARY

Steven L. Simon,* André Bouville,* Charles E. Land,* and Harold L. Beck’

Abstract—Nuclear weapons testing conducted at Bikini and
Enewetak Atolls during 1946-1958 resulted in exposures of 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
papers in this volume. From our analysis, 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 newborns to adults. We found that the total deposition of
37Cs, 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 permanent residents
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 higher internal doses because of
intakes of short-lived radionuclides leading to doses from 20
mGy to more than 500 mGy to 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.
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INTRODUCTION

THE MarsHALL 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 11, the
United States established the Pacific Proving Grounds for
testing nuclear weapons. From 1946 through 1958, 65
nuclear weapons tests, 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 number of tests traveled in other
directions. The radioactive debris generated by the tests 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 was the largest test
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 Bravo test. 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).

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 104 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 23
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 35 2.25
Flathead Redwing Bikini 06/12/1956 0.37 0.18
Tewa Redwing Bikini 07/21/1956 5 2.7
Cactus Hardtack T Enewetak 05/06/1958 0.018 0
Fir Hardtack 1 Bikini 05/12/1958 1.4 0.7
Koa Hardtack T Enewetak 05/13/1958 1.4 0.7
Maple Hardtack 1 Bikini 06/11/1958 0.21 0.07
Redwood Hardtack T Bikini 06/28/1958 041 0.14
Cedar Hardtack 1 Bikini 07/03/1958 0.22 0.07

*UNSCEAR (2000).

In the month after the Bravo test, *'I, an important
radionuclide in fallout, was measured in urine collected
about two weeks after 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 Bravo test.

The U.S. Government through Brookhaven National
Laboratory and other institutions 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
(NCI) for its “expert opinion” on the estimated number of
baseline cancers® and radiation-related illnesses from
nuclear weapons testing 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 cancer risk
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) measurements of total *’Cs and plutonium in soil
from each atoll obtained for all 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 number of 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 estimates were generally
conservative and were intended to avoid under-estimation
of the number of cancers that might occur. These initial
results were presented during joint hearings of the House of
Representatives Committee on Resources and the Comimit-
tee on International Relations in May 2005 (United States
2005). Following these joint hearings, we improved the
models and data analysis to derive more realistic estimates
of external and internal radiation dose by year, atoll, and
age, as well as improved estimates of cancer risks. Those
estimates and the methods on which they are based are the
subject of this Summary paper and its companion papers.

The purpose of this group of papers is to present, in
the peer-reviewed literature, 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 of the atolls of the Marshall Islands from
nuclear weapons tests at Bikini and Enewetak, improved
estimates of radiation doses, and improved estimates of
cancer risks resulting from exposure to the fallout. These
estimates are based on a much deeper analysis of the
available data than in DCEG (2004) and on models
developed especially for this study. Although numerous
studies have been conducted over the past decades to
monitor the Marshall Islands and people, to develop land
remediation strategies, and to assess contemporary and
possible future doses that might be received by inhabit-
antg of certain atolls in the Marghall Islands, the focus
was more often on radiological monitoring, and on the
northern Marshall Islands in particular. Many of those
studies were chronicled in a special issue of Health
Physics (Simon and Vetter 1997). The current study,
however, is the first comprehensive effort to estimate the
deposition of all the important radionuclides contributing
to dose and to estimate the doses and asseciated 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 in the seven companion papers in this volume,
including:

e 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);

e the estimation of doses from external irradiation (Bou-
ville et al. 2010);

® the estimation of the doses from internal irradiation
(Simon et al. 2010);

e the estimation of the cancer risks (Land et al. 2010);
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e bioassay data important to internal dose estimation
(Harris et al. 2010) and interpretation of intake-related
dosimetric factors (Ibrahim et al. 2010); and

@« a model of atmospheric transport and deposition that
was used to provide confirmation of the reliability of
some of the estimated depositions (Moroz et al. 2010).

The present paper summarizes the purposes and
methods of the overall study and the estimated radiation
doses and related cancer risks, as well as presents data
that are common to all of the above papers, including the
nuclear tests, the radionuclides considered, and the pop-
ulation sizes and their movements during the testing
period.

SCOPE OF THE STUDY

The overall purposes of this study were to derive an
internally consistent set of radiation absorbed doses to
Marshallese alive during and after the years of nuclear
testing in the Marshall Islands and to provide a thorough
description of methods used in the dose reconstruction, to
estimate the number of cancers that had already occurred
and that could be attributed to radiation exposure, and to
estimate the number of radiation-related cancers vet to
occur. The dose and risk assessment includes all Mar-
shallese population groups and takes into account the
size of the population of each atoll community, the
baseline cancer risks (i.e., cancers unrelated to fallout
exposure), and all of the Bikini and Enewetak nuclear
tests that resulted in fallout over the territory of the
Marshall Islands.

As indicated in Beck et al. (2010), we estimated that,
of the 66 nuclear tests detonated in or near the Marghall
Islands from 1946 through 1938, 20 tests deposited
measurable fallout in the Marshall Islands excluding the
atolls on which the test sites were located (Fig. 1). These
tests were: Yoke in 1948; Dog and Item in 1951; Mike
and King in 1952; Bravo, Romeo, Koon, Union, Yankee,
and Nectar in 1934, Zuni, Flathead, and Tewa in 1956,
and Cactus, Fir, Koa, Maple, Redwood, and Cedar in
1958. The characteristics of these 20 tests are presented
in Table 1. Each of these 20 tests was taken into account
in the estimation of radiation doses and cancer risks.

There are 30 atolls and four separate reef islands in
the Marshall Islands. Ground deposition densities were
estimated for 63 radionuclides plus ****Pu for all the
atolls and separate reef islands except the two atolls
where the testing sites were located (Bikini and
Enewetak). However, some of the atolls were not inhab-
ited during all or part of the testing peried either because
they were historically used only for gathering food
(Ailinginae, Bikar, Erikub, Jabat, Jemo Island, Knox,






