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ABSTRACT

Plutonium analyses of a dated coral record from the French Frigate
Shoals in the central North Pacific indicate that there are two major
sources of Pu in this basin: close-in (tropospheric) fallout from nuclear
weapons testing at the Pacific Proving Grounds in the Marshall Islands in
the 1950s and global (stratospheric) fallout which peaked in 1962.
Furthermore, the ***Puj?*’Pu atom ratio of fallout from the Pacific
Proving Grounds is characteristically higher (0-24) than that of global
fallout Pu (0-18-0-19). Seawater and sediment samples from the North
Pacific exhibit a wide range of “*Pu/***Pu values (0-19-0-34), with a
trend towards higher ratios in the subsurface waters and sediment. Deep
water 2*° Pu/?*° Pu ratios are higher in the vicinity of the Marshall Islands
relative to stations further from this close-in fallout source. These preli-
minary data suggest that fallout Pu from the Pacific Proving Grounds is
more rapidly removed from the surface waters than is global fallout Pu.
Plutonium geochemistry appears to be related to the physical/chemical
form of Pu-bearing particles generated by different fallout sources. «
1997 Elsevier Science Limited.

INTRODUCTION

The input of fallout plutonium (Pu) from atmospheric nuclear weapons
testing is the largest source of Pu to the environment, including the oceans
(Harley, 1980; Perkins & Thomas, 1980). While the distribution of fallout
Pu in the oceans has been well studied (Sholkovitz, 1983 and references
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therein), there is little information on the different sources of fallout Pu
and their relationship to Pu marine geochemistry. In this article,
240py/239Py isotopic and Pu activity data for seawater, sediment, and coral
samples from the North Pacific are presented. These preliminary data
confirm previous studies (Bowen et al., 1980) that suggest that the Pacific
Proving Grounds is a major source of fallout Pu locally in the North
Pacific basin. More importantly, it appears that there is a different marine
geochemistry between close-in fallout originating from the Pacific Proving
Grounds and stratospheric fallout Pu. The geochemical behavior of fall-
out Pu appears to be related to the physical/chemical form of Pu-bearing
fallout particles that are generated under differing testing conditions.
These findings will have major implications for geochemical studies that
require a knowledge of the local fallout Pu input function. This would
include studies that use Pu to estimate sediment accumulation and mixing
rates (Guinasso & Schink, 1975; Krishnaswami et al., 1980; Benninger &
Krishnaswami, 1981; Kershaw et al., 1983; Cochran, 1985), and in studies
that use Pu to trace scavenging and removal processes in the water column
(Bowen et al., 1980; Santschi et al., 1980; Fowler et al., 1983; Livingston
& Anderson, 1983; Bacon et al., 1985).

In nuclear-weapons fallout, the dominant long-lived Pu isotopes are
23%py and *°Pu, the combined activities of which have been traditionally
measured by alpha-counting techniques (written as *°**°Pu). By employ-
ing mass spectrometric (m.s.) techniques, it is possible to determine sepa-
rately the atomic abundances of ***Pu and **°Pu in marine samples
(Buesseler & Halverson, 1987). Differences in weapons design and yield
account for much of the variability seen in the 2*°Pu/>**Pu ratios found in
fallout samples (Perkins & Thomas, 1980; Koide et al., 1985). Therefore,
the isotopic signature of Pu in a given sample can be used as an indication
of the different sources of fallout Pu at a given site (Beasley er al., 1982;
Buesseler & Sholkovitz, 1987a; Smith ez al., 1995).

BACKGROUND

The history of atmospheric nuclear weapons testing, and hence fallout Pu
deposition, can be broadly broken down into two phases: the pre- and
post-moratorium weapons testing years. During the pre-moratorium years
of 1952-1958, large-scale testing programmes of the USA were conducted
at the Pacific Proving Grounds, and these tests account for > 50% of the
total fallout inputs at this time (calculated from announced yields in
Department of Energy (1982) by Buesseler (1986)). Between November
1958 and September 1961, the testing moratorium between the United
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States and the former Soviet Union (FSU) temporarily ended all new
fallout inputs. Global fallout deposition peaked in 1963 during the post-
moratorium period with the resumption of atmospheric testing. In 1963,
the Limited Test Ban Treaty between the USA and FSU put an end to the
major atmospheric nuclear testing programs. The dominant source of
fallout Pu in the early 1960s was atmospheric nuclear weapons testing by
the FSU. Fallout debris from the FSU testing program was largely injec-
ted into the stratosphere where it has a half-residence time in the order of
one year, before being deposited globally (Joseph et al., 1971; Perkins &
Thomas, 1980). The FSU testing programs accounted for =75% of total
global fallout Pu inputs (calculated from announced yields in Department
of Energy (1982) by Buesseler (1986)). Limited atmospheric testing
continued through the 1960s and 1970s by the French and Chinese.

The atomic ratio of *°Pu/>*Pu in fallout is variable, and depends upon
the specific weapons design and test yield. The global fallout average
240py/23%Py atom ratio is 0-18, based upon atmospheric aerosol sampling,
soil samples and ice core data (HASL-273, 1973; Krey et al., 1976; Koide
et al., 1985). However, different test series can be characterized by either
higher or lower ratios. For example, fallout from the Nevada test site is
characterized by generally lower 2*°Pu/?*’Pu ratios, averaging 0-035
(Hicks & Barr, 1984; Buesseler & Sholkovitz, 19875). Of interest to this
study are reports of elevated 2*°Pu/?**Pu ratios (0-21-0-36) in fallout from
the 1950s from the Pacific Proving Grounds. Higher ratios can be gener-
ally expected with the higher neutron fluxes associated with an increase in
the yield of a nuclear detonation, and will vary with weapons design.
Elevated ratios attributed to the Pacific source have been seen in ice core
records (Koide ez al., 1985), soil samples from the Bikini atoll (Noshkin,
1978), coral samples from Bikini lagoon (Noshkin, 1978) and individual
high yield tests, such as the “Mike” shot in 1952 at Enewetak (Diamond et
al., 1960).

In contrast to the FSU tests which were conducted primarily in the
air, the majority of the tests at the Pacific Proving Grounds were
conducted at or just above the earth’s surface (for our purposes, we
consider all announced barge, tower, surface and <500 ft balloon tests,
as ‘surface’ tests). Therefore, in addition to the injection of fallout debris
into the stratosphere, these surface-based tests will produce significant
quantities of close-in, or so-called tropospheric fallout. As the name
implies, such fallout will remain within the troposphere, from which it is
rapidly deposited (within minutes to a few days) (Joseph et al., 1971;
Holloway & Hays, 1982). Depending upon local wind conditions and
wet and dry deposition patterns, tropospheric fallout will be deposited
preferentially within the vicinity of the test site (Machta et al., 1956).
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While the relative magnitude of close-in (tropospheric) and global
(stratospheric) fallout generated from the Pacific Proving Grounds tests
varied considerably, as a whole, this site remains the world’s largest
source of close-in fallout. Based upon announced nuclear test informa-
tion, the Pacific Proving Grounds tests account for >95% of all
surface-based nuclear weapons tests (based upon yields calculated from
Department of Energy (1982) and reported in Buesseler (1986)). By
comparing marine water column and soil 2*?*°Pu inventories, it is esti-
mated that up to 60% of the Pu inventory in the North Pacific origi-
nated from local sources (Bowen et al., 1980).

The first ocean-wide study of Pu in seawater originated with the Pacific
GEOSECS sampling program in the early 1970s, some 10-15 years after
the major inputs of fallout Pu. In their studies, Bowen et al. (1980) found
two main features in the water column 2>*24°Pu activity distributions that
are characteristic of Pu in the Pacific. First, at approximately 200-500 m,
they found a *****Pu activity maximum between the surface waters that
are depleted in 2%**Py, and the mid-water depths that are also low in
239.240p,, Secondly, at some of the Pacific stations, there exists a near-
bottom enrichment of >**?*Py in the water column. Interestingly, this
second feature is most evident in the NW Pacific stations that are more
likely to be impacted by close-in fallout from the Pacific Proving Grounds.
The data presented here are intended to provide insight into the link
between Pu’s source, and hence its isotopic signature, and these water
column features.

SAMPLING AND METHODS

In this study, the mass spectrometric analyses of Pu in a coral record will
be used to show the magnitude, timing and isotopic signature of fallout in
the North Pacific basin, since the annual bands of corals have been shown
to record the history of fallout Pu deposition quite well (Benninger &
Dodge, 1986). The coral data will then be used to interpret the m.s. data
from the Pacific seawater and sediment samples. All of the samples
analyzed for this study were obtained from previous collections in the
Pacific, and their locations are provided in Tables 1 and 2.

The coral data are from the French Frigate Shoals in the North Pacific.
This coral sample had been previously sectioned into annual growth
bands, and the '“C record in this coral record can be found in Druffel
(1987). The seawater samples were obtained from a variety of cruises
between the mid-1970s and 1980 collected by the research group of V. T.
Bowen et al. Seawater samples were collected with large volume sampling
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TABLE 1
Coral Plutonium Data — French Frigate Shoals Island (24°N, 166°W)

Coral band 240 Py Pu® atom ratio 239240 pya ¢ Bglkg )
1955 0-229 + 0-036 0-367 + 0-028
1956 0-243 £+ 0-005 0-233 4+ 0-008
1957-1958 0-239 4+ 0-035 0-227 + 0-047
1960 0-214 £+ 0-005 0-200 + 0-017
1961 0-203 + 0-008 0-200 £ 0-050
1962 0-194 + 0-002 0-188 + 0-003
1963-1964 0-194 + 0-002 0-150 + 0-002

4240py, 2Py atom ratios and *>***°Pu activities are reported in this study
with their propagated one sigma counting errors.

bottles and transferred for storage into 55-liter plastic deldrums prior to
analysis. Since no filtration steps were taken upon collection, these
samples represent total dissolved and particulate Pu. It has been shown
that particulate Pu represents on average 6% of the total Pu activity in
Pacific water samples (Krishnaswami et al., 1976; Livingston et al., 1987).
Plutonium-239,240 water column profiles at many of these sites obtained
by alpha-counting procedures have been previously reported (Noshkin &
Wong, 1979; Bowen er al., 1980; Nagaya & Nakamura, 1984). The
seawater samples are unanalyzed duplicate samples from earlier collec-
tions that have been stored at Woods Hole since their collection. Replicate
analyses (n = 50) of seawater samples that have been stored for up to 15
years at Woods Hole show that there are no artifacts in the Pu determi-
nations due to the long-term storage of these samples (H. D. Livingston,
personal communication). The Pacific sediment samples were collected
with a box corer, and determinations of sediment ****°Pu activity had
previously been made by alpha-counting at these sites (H. D. Livingston.
personal communication; Cochran, 1985).

The analytical procedures for the Pu mass spectrometry analysis are
described in detail elsewhere (Buesseler & Halverson, 1987). Briefly, a
242py spike is added to the sample in order to follow the chemical yield of
the separation and purification procedures and to determine the **Pu and
240py concentrations by isotope dilution mass spectrometry. In addition to
being able to measure the 2*’Pu and >*°Pu isotopes, the m.s. techniques
have a higher sensitivity for Pu than do alpha-counting methods. The
thermal ionization m.s. facility used in this study is at the Savannah River
Laboratory in Aiken, South Carolina, USA (Halverson, 1981). Sample
sizes for the seawater averaged 4 kg, the coral samples ranged from 0-3 to
8¢, and the sediment samples were a few grams in weight (Buesseler.
1986).
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RESULT AND DISCUSSION

For comparison to our data, a fallout deposition record from New York
City and a coral Pu record from St. Croix in the Virgin Islands are shown
in Fig. 1 along with our Pacific Coral results. The St. Croix 239.240py
activities in the annual coral bands were analyzed by Benninger and
Dodge (1986). As the authors point out, there is a striking similarity
between the fallout input curve and the Atlantic coral Pu record.
Although the exact mechanism for the incorporation of fallout Pu into the
coral matrix is not well understood, the annual bands of corals can
provide us with a record of surface water Pu deposition. The French
Frigate Shoals coral samples were analyzed here to examine the difference
between North Pacific Pu fallout in the pre-and post-moratorium periods.
The Pacific coral data contrast sharply with both of the fallout records in
Fig. 1 in two major ways. First, the shape of the 239.240py, activity curve
differs in the Pacific samples, in that there is no evidence of a maximum
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Fig. 1. A comparison of Pacific coral Pu (French Frigate Shoals— this study) and an
Atlantic coral Pu record (St. Croix— Benninger and Dodge (1986)). For both coral
records, total 2**2%Py activities and associated errors are shown (open symbols; left x-
axis). In addition, for the Pacific samples, the measured 2**Pu/**°Pu atom ratio is also
shown (filled circles; right x-axis). The time-series record of °°Sr fallout measured in
atmospheric samples in New York is also shown (curve adapted from Larsen (1985);
dotted line left x-axis). One would expect that a site receiving predominantly global fallout
Pu would have a time-series record of Pu activities that was similar to the *°Sr input
record. Data for the Pacific Coral can be found in Table 1.
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during peak global fallout input years around 1963. In fact, the 1950s Pu
coral activities are highest (>20dpmkg™"') in the earliest sample from
1955, and decrease towards the samples from 1961 and 1963. This implies
that, at this central North Pacific island site, the magnitude of local fallout
Pu deposition from testing in the 1950s was larger than Pu deposition
from global fallout sources.

The contrasting 2*°Pu/**°Pu ratios of the 1950s and 1960s coral samples
are the second feature of interest in this data (Fig. 1 and Table 1). The
North Pacific coral samples from peak global fallout years have a
240py/23%Py atom ratio of 0-19, which corresponds well with the global
fallout average. However, the earlier samples from the mid- to late 1950s
have a 2*Pu/?°Pu ratio of 0-24, which must reflect the elevated
240py /2Py ratio of Pu that is characteristic of the Pacific Proving
Grounds fallout.

The water column results have been divided into samples shallower than
the Pu activity maximum (around 200-500m in the 1970s) and those
deeper. In this way, it can be seen that the 240Pu/239}’u ratios of the shal-
lower samples are consistently lower than those in the deep waters, and
are not significantly different to the global fallout average (Fig. 2A). The
deep water values range from >0-20 to as high as 0-30, with some
evidence of an increase towards the deeper samples (Table 2). These data
are consistent with those of Bertine et al. (1986) (shown in Fig. 2A) which
indicate higher ratios in deep samples, and ratios closer to the global fall-
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Fig. 2A. Map showing location and values of 2**Pu/?**Pu atom ratio in the water column.

Average ratios from samples collected above the Pu maximum (water depths < 200-500 m)

and those from deeper waters are indicated where available. The data are either from this

study (open triangles, results in Table 2) or from Pu data from two sites reported in Bertine
et al. (1986) (filled triangles).
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out average in surface waters. All of the stations sampled for seawater Pu
are within a region of the NW Pacific where total 2*?*°Py water column
inventories can be as much as three to ten times greater than that expected
from similar latitudes based upon estimates of global fallout inventories
found in soil samples (Bowen et al., 1980; Nagaya & Nakamura, 1984).
The elevated water column 2*°Pu/?*°Pu ratios thus confirm earlier spec-
ulation that the enhanced inventories were related to close-in fallout from
testing at the Pacific Proving Grounds.

The surface sediment samples analyzed for 2**?*Pu ratios were taken
from a much wider geographical range in the Pacific (Fig. 2B). Those
stations with an elevated deep water 2*°Pu/**°Pu signature also had
substantially elevated sedimentary **°Pu/**°Pu ratios of up to 0-36.
Slightly elevated 2*°Pu/**°Pu ratios (> 0-20) are seen in surface sediments
from the equatorial region, and global fallout ratios of 0-18-0-19 were
seen north of Hawaii and near the eastern Pacific margin. While these
surface sediment ratios are not sufficient (either in depth or aerial cover-
age) to calculate total inventories of global fallout vs. close-in fallout in
this basin, they clearly indicate an enhanced deposition of high-ratio
material near the Pacific Proving Grounds.

It has been suggested that the physical/chemical form of fallout Pu is
not identical from all of its sources, and this has played a major role in
determining Pu’s geochemical behavior in the oceans (Buesseler &
Sholkovitz, 1987). In global fallout, Pu is carried by sub-micron-sized
particles that are composed primarily of iron-oxides (Adams er al..
1960; Joseph et al., 1971; Weimer & Langford, 1978). These particles
result from the vaporization and subsequent condensation of nuclear
weapons materials without any interaction with the earth’s surface.
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Fig. 2B. Map showing location and values of *°Pu/?**Pu atom ratio in surface sediments.
All data are from this study and can be found in Table 2.
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Weimer and Langford (1978) found that 30-97% of the *°Fe activity of
a stratospheric fallout aerosol sample was released to solution upon 24-
h contact with seawater.

With surface-based testing on a coral atoll such as Bikini or Enewetak,
the particles carrying fallout Pu would be quite different. Such a blast will
incorporate large quantities of partially and completely vaporized
calcium, carbonates, calcium oxides and calcium hydroxides which are
generated from the coral matrixes (Adams et al., 1960). Upon hydration
of the calcium oxides to calcium hydroxides, the fallout particles swell and
develop into what is described as a ‘crumbly, fluffy structure’ (Adams et
al., 1960). Upon interaction with seawater, there is a partial solubilization
of the calcium hydroxide-based fallout particles. This is accompanied by
the release of hydroxyl ions and the interaction with magnesium ions in
seawater to form a shell of insoluble magnesium hydroxide on the fallout
particle.

The physical/chemical form of tropospheric fallout particles from the
Pacific Proving Grounds is therefore quite different than that of global
stratospheric fallout in general. The enhanced isotopic ratios in the deep
waters and sediments of the NW Pacific suggest that the Pacific Proving
Grounds fallout is more rapidly removed from the surface waters than is
global fallout. This is consistent with sediment and water column 2**?*°py
inventory data that suggest that the percentage of Pu in the sediments out
of the total sediment and water column inventory is largest at the stations
that are closest to the Marshall Islands (Bowen et al., 1980, and unpub-
lished results; Nagaya & Nakamura, 1984).

More extensive Pu isotopic studies in the Atlantic have now demon-
strated that a geochemical separation can occur in the ocean between
Pu from different sources. In the North Atlantic, it has been shown
(Buesseler, 1986; Buesseler & Sholkovitz, 1987a) that silicate-based
fallout debris from surface-based testing on soils at the Nevada Test
Site is more efficiently removed from the surface ocean to deep ocean
sediments than is global fallout Pu. The Nevada Test Site fallout is a
very small fraction of the total Pu inventory in the Atlantic (<1%),
and hence it is only detected in the deep ocean sediments where it is
enriched relative to global fallout. The Nevada fallout has an average
240pyy/23Py ratio of 0-035 (Hicks & Barr, 1984; Buesseler, 1986), and in
the North Atlantic (Buesseler, 1986; Buesseler & Sholkovitz, 19874) and
Gulf of Mexico (Scott et al., 1983) the sediment 2*°Pu/?*’Pu ratios
decrease with increasing water depth as the percentage of Nevada fall-
out in the sediment increases.

Silicate-based tropospheric fallout particles from Nevada are not iden-
tical to the calcium carbonate-based Marshall [slands fallout particles, but
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both are apparently more efficiently removed from the surface waters than
Pu from global fallout sources. In a more recent study, similar principles
of a geochemical fractionation of fallout Pu from different sources have
been applied to account for anomalously low 2*°Pu/>**Pu ratios in a core
off Novava Zemlya (Smith et al., 1995). In this study, a single underwater
test is identified as being the most likely source of local fallout Pu that had
preferentially accumulated in a marine core.

In general, it now appears that global fallout Pu behaves as a rather
soluble tracer in the ocean (<1-6% particulate in sub-surface waters;
Cochran et al., 1987; Livingston et al., 1987). While some fraction of fall-
out Pu is rapidly removed from the surface ocean and accumulates in
marine sediments, the bulk of the stratospheric fallout Pu remains in
solution with a much longer residence time (>10-100 years). Pacific
Proving Grounds fallout represents a large fraction of the total magnitude
of Pu inputs to the North Pacific. Fallout Pu from this source is prefer-
entially removed from the water column, and hence its influence on the Pu
distribution will be considerable in this basin.

CONCLUSIONS

In summary, there are a number of features that these Pu isotopic
data suggest. First, the coral data show that the Pacific Proving
Grounds are a major source of fallout Pu for the North Pacific, and
furthermore, these data confirm that fallout from this source is char-
acterized by an elevated **°Pu/>*’Pu ratio (>0-20) relative to global
stratospheric fallout (0-18-0-19). Second, it appears that the Marshall
Islands fallout ts more rapidly removed from the surface waters than is
global fallout, such that higher 2*°Pu/**°Pu ratios are preferentially
found at depths below the subsurface Pu maximum, in the deeper
water samples, and in the underlying sediments. Finally, the data show
elevated 2*Pu/**°Pu ratios in subsurface waters and sediments as far
north as 38°N in the NW Pacific, but the influence of this source is
less evident in the NE Pacific. For a more complete understanding of
Pu’s behavior in the North Pacific, one will need to consider the two
major sources of Pu in this basin, i.e. stratospheric fallout and local
tropospheric fallout from the Pacific Proving:Grounds, as being sepa-
rate in terms of both their input histories and subsequent scavenging
and removal rates.

As a consequence of this idea of distinct fallout sources with different
Pu geochemistries, the use of Pu as a geochemical tracer will need to be
modified. For instance, in order to use 2*>?*°Pu in sediments to model
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sediment mixing and accumulation rates, an input function for fallout Pu
to the sediments must be chosen (Guinasso & Schink, 1975; Cochran,
1985; Buesseler, 1986; Lapicque et al., 1987). If Pu from the Marshall
Islands source is rapidly removed to sediments, then this will need to be
incorporated into a more ‘‘pulse-like” Pu input function. Using present-
day Pu removal rates may not be sufficient. In a general sense, if Pu’s
geochemistry is strongly influenced by its specific source, then any
predictions of Pu’s behaviour will need to include this consideration.
Plutonium isotopic ratios will provide a unique tool with which to study
questions.
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