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FALLOUT DEPOSITION IN THE MARSHALL ISLANDS FROM
BIKINI AND ENEWETAK NUCLEAR WEAPONS TESTS
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Abstract—Deposition densities (Bq m™>) of all important dose-
contributing radionuclides occurring in nuclear weapons test-
ing fallout from tests conducted at Bikini and Enewetak Atolls
(1946-1958) have been estimated on a test-specific basis for 32
atolls and separate reef islands of the Marshall Islands. A
complete review of various historical and contemporary data,
as well as meteorological analysis, was used to make judgments
regarding which tests deposited fallout in the Marshall Islands
and to estimate fallout deposition density. Our analysis sug-
gested that only 20 of the 66 nuclear tests conducted in or near
the Marshall Islands resulted in substantial fallout deposition
on any of the 23 inhabited atolls. This analysis was confirmed
by the fact that the sum of our estimates of *’Cs deposition
from these 20 tests at each atoll is in good agreement with the
total ’Cs deposited as estimated from contemporary soil
sample analyses. The monitoring data and meteorological
analyses were used to quantitatively estimate the deposition
density of 63 activation and fission products for each nuclear
test, plus the cumulative deposition of ****Pu at each atoll.
Estimates of the degree of fractionation of fallout from each
test at each atoll, as well as of the fallout transit times from the
test sites to the atolls were used in this analysis. The estimates
of radionuclide deposition density, fractionation, and transit
times reported here are the most complete available anywhere
and are suitable for estimations of both external and internal
dose to representative persons as described in companion
papers.
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INTRODUCTION

From 1946 through 1958, 66 nuclear weapons tests were
conducted in or near the Marshall Islands, including 23 at
Bikini Islands, 42 at Enewetak, and one at a nearby
open-ocean site (DNA 1979; Simon 1997; Simon and
Robison 1997). Of special significance was the test
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Bravo, a 15-Mt test conducted on 1 March (local time)
1954, on Bikini Atoll, which, as a result of an unexpected
wind shear condition, resulted in heavy fallout on atolls
east of the site and high radiation doses to the populations
of those atolls. Numerous studies have been conducted to
monitor the islands and people, to develop land remedia-
tion strategies, and to assess contemporary and possible
future doses that might be received by inhabitants of
certain atolls in the Marshall Islands. Particular emphasis
has been given to the northern Marshall Islands. Many of
these studies were chronicled in a July 1997 special
edition of Health Physics.

However, while there have been numerous measure-
ments made over the decades of radioactivity in soil
collected from many of the atolls (particularly the north-
ern atolls and primarily for '*’Cs), no assessment of the
deposition of all of the many radionuclides contributing
to radiation exposure from each test has ever been made
for all of the atolls of the Marshall Islands.

Some of the difficulties in estimating deposition of
the many fallout nuclides at the more than 30 atolls and
separate reef islands has been the absence of measure-
ment data of nuclides other than *'Cs, lack of a reliable
model for predicting the relative deposition of deposited
nuclides for both thermonuclear (TN) and non-
thermonuclear (non-TN) tests, and absence of good data
on time of transit for fallout from each test to reach the
atolls from the test sites. There has also been little
information regarding the effects of weathering that
reduced residual radioactivity, particularly soil '*'Cs
levels, more quickly than would be expected by radioac-
tive decay alone.

In this work, all available historical and contempo-
rary measurement data were collected and reviewed,
including data not previously published in the open
literature. An analysis of these measurements along with
model calculations of relative nuclide activity and esti-
mated fractionation, supplemented by meteorological
modeling, have allowed us to make deposition estimates
of all important fallout radionuclides at all atolls from
each test.
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In a 2004 report to Congress (DCEG 2004), sim-
plistic estimates of deposition across the Marshall Islands
were made and used to estimate the maximum doses to
people living on the inhabited atells. In this work, the
estimates of fallout that were wsed in the 2004 report
have been re-analyzed and improved. In the 2004 report
to Congress, the total activity of "*’Cs deposited per unit
area of ground on each atoll of the Marshall Islands was
inferred from soil samples collected in 1991-1994 by
Simon and Graham (1997). The calculations assumed
that all of the total '’Cs present after correcting for
global fallout was deposited in 1954 as the result of the
Bravo test. The Bravo deposition was then estimated by
subtracting an estimated contribution from “global fall-
out” from the maximum "*’Cs measured in soil sampled
in 1991-1994 at each atoll and then decay-correcting
back to the time of deposition. The activity ratio of other
radionuclides was then estimated from published values
of activity ratios for Bravo debris (Hicks 1982) and the
estimated fallout transit time (h), called time-of-arrival
(TOA), for Bravo fallout to reach each atoll.

The methodology used in 2004 for deriving deposi-
tion estithates was not completely realistic for several
reasons:

1. The estimation of '*’Cs in Marshall Islands soils at the
time of deposition was based on back-correcting
contemporary measurements only for radioactive de-
cay and did not take into account the continual loss of
¥ICs from the upper layers of soil due to downward
migration (Robison et al. 2003). That gradual loss is
primarily a result of heavy tropical rainfall in the
Marshall Islands, which was more abundant in the
southern atolls than in the northern atolls, as well as
the absence of clay in the soil which might otherwise
retain ¥ Cs. Therefore, the true amounts of By
deposited at the times of the tests were greater than
those derived for the 2004 report with a larger relative
correction made for the southern atolls compared to
the northern atolls because of higher armual precipi-
tation there:

2. For the more southern atolls, global fallout "'Cs
comprises a substantial fraction (as much as 50%) of
the total measured '*'Cs inventory. In the 2004 report
(DCEG 2004), the contribution of global fallout '¥'Cs,
which is relatively constant over the Marshall Islands,
to the total measured '¥Cs, was also overestimated.
The extent of the overestimation was such that nega-
tHve values were derived for some southern atolls for
the local fallout;

3. Because the 2004 calculations were conservatively
based on the maximum "*’Cs observed in soils col-
lected at each atoll in 1994 —1996, rather than the best

estimate of the average inventory at undisturbed sites,
some, but not all, of the underestimation due to losses
from the expected deposition was compensated for;
and

4. The assumption that all fallout was a result of the
Bravo test biased some of the 2004 deposition esti-
mates toward higher values than were likely because
some tests had substantially longer fallout TOAs (as
great as 6—8 d compared to 5—40 h). Also, as shown
later in this paper, a substantial fraction of the fallout
in some of the northern atolls was from tests other
than Bravo, and in the most southern atolls most of the
fallout was from tests other than Bravo.

Our new estimates of fallout are much more detailed
as they take into consideration all radionuclides that
contributed substantially to either external or internal
radiation exposure from each of the most important
weapons tests conducted at Bikini and Enewetak. The
present analysis also attempts to correct for all of the
potential sources of error noted above. Based on avail-
able environmental measurement data, ground deposition
density for "*’'Cs and 62 other radionuclides, listed in
Simon et al. (2010a, Table 4), have been estimated for
each nuclear test that we believe deposited substantial
levels of fallout at each atoll or reef island. All together,
fallout deposition has been estimated for 20 tests, listed
in Simon et al. (2010a, Table 1), at 32 atolls or separate
reef islands. The complete list of the 34 atolls and
separate reef islands of the Marshall Islands is given in
Simon et al. (2010a, Table 2); deposition estimates are
given for all of them, with the exception of Bikini and
Enewetak, where the tests were conducted.

MATERIALS AND METHODS

Overview
Based on evaluations of several types of data, we

have estimated the deposition density (kBq m™) of 63
individual radionuclides by atoll or island as well as by
nuclear test, plus the cumulative “***Pu from all tests.
The various types of data reviewed included environ-
mental measurements of ’Cs and other radionuclides
(both historical and contemporary), historical measure-
ments of exposure rate following individual tests derived
from aerial surveys, ground surveys, and continuous
monitors, historical measurement data of beta activity
collected on gummed film during the years of nuclear
testing, and recent results from meteorological analyses.
Findings from the analysis of these data were coupled
with information on the predicted mixture of radionu-
clides from specific nuclear tests as a function of time
after detonation by Hicks (1981, 1984) to predict depo-
sition densities as a function of fallout TOA.
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The estimates of deposition density of '*’Cs in this
work are our best estimates inferred from all available
monitoring data, much of it historical and available only
in the gray literature, e.g., government laboratory reports
and internal memoranda from laboratories. As discussed,
in a previous assessment of radiation dose to residents of
the Marshall Islands from regional fallout by the Na-
tional Cancer Institute (DCEG 2004), emphasis was
placed on estimating the fallout deposition in the 1950’s
from contemporary analyses of cumulative *’Cs deposi-
tion at each atoll. Furthermore, in that work it was
assumed for purposes of simplicity that the total deposi-
tion was a result of a single nuclear test (the 1954 Bravo
test). In this paper, we use the various historical mea-
surement data to make estimates of '’Cs deposition
density and fallout TOA for each atoll and for each of 20
individual tests. The resultant total *’Cs deposited by all
tests from this analysis, after appropriate decay to ac-
count for the actual effective decay rate in the Marshall
Islands discussed previously, were then compared with
the retrospective '*’Cs remaining in the soil as measured
at various atolls by different investigators in 1978 and in
1991-1993. This comparison was used to demonstrate
the validity and relative accuracy of our *’Cs deposition
density estimates for individual tests.

The test- and atoll-specific estimates of '*’Cs fallout
were then used to estimate the deposition densities (Bq
m %) of all other radionuclides considered in this study,
taking into account the estimated fallout transit times. A
nuclide mixture was assumed for all TN tests identical to
that for the Castle Bravo nuclear test (Hicks 1982),
adjusted for estimated fractionation effects, while a
nuclide mixture of a typical plutonium-fueled fission
device that was detonated at the Nevada Test Site (NTS)
was used for the non-TN tests (Hicks 1981).

The measurements we used for the estimation and
validation of the ground deposition of '¥’Cs and other
radionuclides included:

e measurements in soil of '“’Cs and other long-lived
radionuclides including *Sr, **"**Pu, and **'Am,
carried out at least a decade after the last test;

e historical measurements of exposure rates, made soon
after the tests, from which the ground deposition of
'Cs can be derived using calculated ratios of *'Cs
deposition per unit exposure rate and information on
the TOA of fallout;

e historical measurements of total beta activity deposited
on gummed film that were collected daily at several
locations after a number of tests; and

e meteorological data on wind speed and direction,
which were used as input to an atmospheric transport
model to predict the geographic pattern of dispersion
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and to make crude estimates of the ground deposition
of “’Cs on any atoll after any test.

These data as well as the models used to estimate
deposition density are described in detail in the following
paragraphs.

Contemporary measurements of '¥’Cs and other
long-lived radionuclides

Considerable amounts of data are available on the
total inventories of long-lived radionuclides at various
times as a result of soil sampling carried out by the
Department of Energy-sponsored Northern Marshall Is-
lands Radiological Survey (Robison et al. 1981, 1997)
and soil sampling and in situ gamma spectrometry
surveys by the Republic of the Marshall Islands Nation-
wide Radiological Study (NWRS) (Graham and Simon
1996; Simon and Graham 1997; Simon et al. 1999).
Some data in other years are also available in reports
from University of Washington (Nelson 1977, 1979) and
the Atomic Energy Commission’s Health and Safety
Laboratory (HASL 1956). These various soil measure-
ment data were used to validate the estimates of total
¥Cs deposition density inferred from measured expo-
sure rates and other data by comparing the estimated
inventories (from summing individual test depositions,
decay corrected to the year of soil analysis) with the
contemporary measurements of inventory. The decay
correction used for this comparison relied on an estimate
of the effective half-life, accounting for both physical
decay and loss of activity due to weathering and down-
ward migration.

Historical measurements of exposure rates
Data on exposure rates after various tests in the 1952

Ivy and 1954 Castle series were obtained from Joint Task
Force 7 memoranda (JTF 1954a, b, ¢), Breslin and
Cassidy (1955), Klein (1952), Eisenbud (1953), Steton et
al. (1956), Martin and Rowland (1954), Heidt et al.
(1952), DNA (1979), Graves (1954), Graveson et al.
(1956), Dunning (1957), Held (1965) and SAIC (1981).
During the years of testing, islands were generally
surveyed soon after individual detonations by aerial
reconnaissance using fixed-wing aircraft as a monitoring
platform, as well as by ground-level measurements with
gamma survey meters. Automatic gamma-ray monitors,
designed by HASL, were also located at Rongerik,
Kwajalein, Majuro and Ujelang during Operation Castle
(Breslin and Cassidy 1955). Additionally, the U.S. Public
Health Service (PHS) monitored fallout on Ujelang,
Utrik, Wotho, and Rongerik during the 1956 tests and

* Personal communication, SAIC, Calculated dose for individuals
on Kwajalein, SANDSTONE/Yoke (unpublished SAIC memo dated
23 July 1981—Revised 24 August 1981).






