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Abstract—Annual doses from external irradiation resulting
from exposure to fallout from the 65 atmospheric nuclear
weapons tests conducted in the Marshall Islands at Bikini and
Enewetak between 1946 and 1958 have been estimated for the
first time for Marshallese living on all inhabited atolls. All tests
that deposited fallout on any of the 23 inhabited atolls or
separate reef islands have been considered. The methodology
used to estimate the radiation doses at the inhabited atolls is
based on test- and location-specific radiation survey data,
deposition density estimates of 'Y'Cs, and fallout times-of-
arrival provided in a companion paper (Beck et al.), combined
with information on the radionuclide composition of the fallout
at various times after each test. These estimates of doses from
external irradiation have been combined with corresponding
estimates of doses from internal irradiation, given in a com-
panion paper (Simon et al.), to assess the cancer risks among
the Marshallese population (Land et al.) resulting from expo-
sure to radiation from the nuclear weapons tests.
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INTRODUCTION

Despite NUMEROUS efforts to monitor the Marshall Islands
for radioactivity during the United States Pacific nuclear
testing program and afterwards, there has been relatively
little effort towards estimating radiation doses to all
Marshallese exposed to the fallout from the testing. The
United States Atomic Energy Commission (USAEC)
issued a report on radiological surveys following Oper-
ation Ivy of 1952 (Eisenbud 1953) and Operation Castle
of 1954 (Breslin and Cassidy 1955). The latter report
estimated cumulative exposures from the tests of the
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Castle series, all of which were high yield. The measure-
ment data used for those estimates of exposure were
collected by two methods: (1) stationary, ground-level
continuous reading Geiger-Miiller type instruments with
paper strip chart recording mechanisms, and (2) aerial
surveys using fixed wing aircraft that carried scintil-
lometer instruments. Most of the atolls of the Marshall
Islands, including all that had populations of signifi-
cant size, were monitored in the aerial radiological
surveys in 1954 (Breslin and Cassidy 1955). The range
of estimated cumulative exposures from the Castle
series reported by Breslin and Cassidy (1955) covered
approximately five orders of magnitude, similar to the
range of '*’Cs concentrations measured in the environ-
ment of the Marshall Islands by the Nationwide
Radiological Study conducted approximately 40 y
later (Simon and Graham 1994, 1997). The USAEC-
placed instrument on Rongerik Atoll was responsible
for alerting the U.S. military weather observers on
Rongerik to high levels of early fallout, leading to
their evacuation and to the evacuation of Marshallese
from Rongelap, Ailinginae, and Utrik following the
test Bravo in 1954 (Eisenbud 1987; Simon 2000).

Other than atoll-specific values for the external
exposure (reported in Roentgens or R) published in the
USAEC reports (Eisenbud 1953; Breslin and Cassidy
1955), and later estimates of external dose by Lessard et
al. (1985) for Rongelap and Utrik, few, if any, external
dose estimates have been reported for Marshallese. One
significant source of information on nuclear testing in the
Marshall Islands, a special issue of Health Physics
(Simon and Vetter 1997), was largely concerned with
land contamination, resettlement issues, and assessments
of doses received decades after nuclear tests were con-
ducted in the Marshall Islands. Until the publication of
this paper, no systematic effort had been made to
estimate the annual doses from external irradiation,
received from 1948 to 1970, from all tests at all
inhabited atolls.
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The method of estimating external doses can be
based on either historical data of ground-level exposure
rates, or, alternatively, on data on the deposition density
of particular radionuclides contained in the fallout, such
as ¥’Cs, combined with information on the ratio of the
nuclide activity at the time of fallout to the exposure rate
at that time. Crude exposure estimates can also be made
from retrospective estimates of '*’Cs or *Sr inventories
measured in soil samples, provided one can estimate the
relative contributions from each of the tests to the total
measured inventory. The reliability of dose estimates is
dependent, however, on having reliable estimates of the
time of transport of the fallout from the detonation point
to the receptor point. Those data, called the fallout
“time-of-arrival” (TOA, measured in h), can consider-
ably affect the dose estimates for locations relatively
close to the detonation point (i.e., within a few hours
transit time for the fallout). In a separate paper, Beck et
al. (2010) describe available post-test data on measured
exposure rates and provide estimates of both TOA and
ground deposition densities (Bq m *) of "*’Cs based on
those and other types of data. "*'Cs deposition density
estimates were developed for each of 32 atolls and
separate reef islands of the Marshall Islands from each of
the 20 tests that took place at Bikini or Enewetak that
resulted in measurable fallout on the atolls.” Estimates of
fallout TOA were also developed for those tests and
atolls so that estimates of dose from external irradiation
could be reconstructed using either method. The names,
dates, and yields of the 20 tests that deposited fallout on
any of the inhabited atolls or separate reef islands, other
than the test site atolls themselves, are provided in Simon
et al. (2010a, Table 1).

In a companion paper (Simon et al. 2010b), the
doses from internal irradiation also are estimated for all
the tests and atoll populations that are considered in this
paper. The risks of cancer resulting from the doses
arising from exposure to radioactive fallout from re-
gional nuclear testing in the Marshall Islands, taking into
consideration age and atoll of residence at the time of the
tests, are assessed in another companion paper (Land
et al. 2010).

MATERIALS AND METHODS

The doses from external irradiation were estimated
in three basic steps:

¥ The reader will note that this work does not attempt to quantify
the deposition on the test site atolls (Bikini and Enewetak). Not only
was the contamination on the islands of those atolls very heteroge-
neous, but they were monitored extensively for many years and those
data are reported elsewhere. Moreover, those atolls were never
inhabited during the testing years.
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1. estimation of the outdoor exposure rates at 12 h at
each atoll after each test and of the temporal variation
of the exposure rate after each test;

2. estimation of the total external exposures from fallout
from TOA to infinity, obtained by integrating the
estimated exposure rates over time assuming contin-
uous residence on the atoll (with corrections for
relocated populations); and

3. estimation of whole-body and organ doses by apply-
ing conversion factors from outdoor exposure to
tissue dose.

Estimation of the outdoor exposure rates

The outdoor exposures at each atoll following each
test have been assessed in one of two ways depending on
whether measured exposure rates were available for the
times and locations of interest. If historical data on
exposure rate were available, the data were assessed and
a best estimate of the island- or atoll-average exposure
rate at 12 h post detonation (termed E12) was made.
Because the quality of the exposure-rate measurements
varied by test and location, expert judgments were often
used to determine the appropriate weighting of measure-
ments of varying quality. As discussed in Beck et al.
(2010), many of the reported measurements were made
before all the fallout from a test was deposited, while
other measurements were obtained many weeks after the
test when the exposure rate had been attenuated due to
weathering of the fallout by rainfall or human activities.
Of course, neither would have been as preferable as
high-quality ground-level exposure-rate measurements
made soon after deposition was complete.

If no reliable exposure-rate data were available to
estimate E12 directly, then the dose estimation method
used was that developed by the Off-Site Radiation
Exposure Review Project (ORERP) for estimating exter-
nal whole-body and organ doses from fallout originating
at the Nevada Test Site (NTS) (Hicks 1982). That
method relates the *'Cs deposition densities and fallout
TOA values to E12 using ratios of *'Cs to E12 for a
range of times developed specifically for some of the
tests considered in this paper (Hicks 1984). The types of
data provided by Hicks (1981, 1982, 1984) are: (i)
calculated exposure rates from all radionuclides in the
fallout debris relative to a reference exposure rate of 1
mRh'atH+12 (12 h post detonation), at 31 times after
detonation, ranging from 1 h to 50 y, and (ii) related
radionuclide ground deposition densities, expressed in
nCi m 2, for more than 60 of the most important fission
and activation products (the number varies from one test
to another). Activities of fission products per unit of






