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Abstract

The main source of artificial radioactivity in the world’s oceans can be
attributed to worldwide fallout from atmospheric nuclear weapons testing.
Measurements of selected artificial radionuclides in the Pacific Ocean were
first conducted in the 1960’s where it was observed that fallout radioactivity
had penetrated the deep ocean. Extensive studies carried out during the 1973-
74 GEOSECS provided the first comprehensive data on the lateral and
vertical distributions of %r, 137CS and Pu isotopes in the Pacific on a basin
wide scale. Estimates of radionuclide inventories in excess of amounts
predicted to be delivered by global fallout alone were attributed to close-in
fallout and tropospheric inputs from early U.S. tests conducted on Bikini and
Enewetak Atolls in the Equatorial Pacific. In general, levels of fallout
radionuclides (including g%r, lSTCS and Pu isotopes) in the surface waters of
the Pacific Ocean have decreased considerably over the past 4 decades and are
now much more homogeneously distributed. Resuspension and the
subsequent deposition of fallout radionuclides from previously deposited
debris on land has become an important source term for the surface ocean.
This can be clearly seen in measurements of fallout radionuclides in mineral
aerosols over the Korean Peninsula (Yellow dust events). Radionuclides may
also be transported from land to sea in river runoff-these transport
mechanisms are more important in the Pacific Ocean where large quantities
of river water and suspended solids/fluvial sediments reach the coastal zone.
Another unique source of artificial radionuclides in the Pacific Ocean is
derived from the slow resolubilization and transport of radionuclides
deposited in contaminated lagoon and slope sediments near U.S. and French
test sites. Although there is a small but significant flux of artificial
radionuclides depositing on the sea floor, > 80% of the total zsg~zAOPu
inventory and > 95% of the total 137CS inventory remains in the water
column. Studies conducted through the 1980’s appear to be consistent with
earlier findings and indicate that radionuclide inventories in mid-northern
latitudes are at least a factor of two above those expected from global fallout
alone. The long term persistence of close-in and/or stratospheric fallout from
nuclear weapons testing in the Marshall Islands still appears to be the only
plausible explanation for this anomaly.



2.1 Introduction

The widespread introduction of artificial radioactivity into the marine
environment arose initially from denotation of nuclear devices in the
atmosphere. There were reportedly 423 atmospheric nuclear weapons tests
conducted between 1945 and 1980 with a total yield of 545 MT equivalent
(UNSCEAR, 1982). Injection of radioactive debris into the global atmosphere
and subsequent deposition on the earth’s surface has varied in space and
time. The nature and partitioning of radioactive debris between the local
environment, the troposphere and stratosphere are determined by the type
and location of test, the yield and the quantity and type of environmental
material interacting with the device. This has particular significance for the
Pacific Ocean because of possible contributions from close-in fallout as a result
of atmospheric tests conducted by the United States on Bikini and Enewetak
Atolls in the Equatorial Pacific and, to a lesser extent, from French tests
carried out in the Tuamotu Archipelago in the South Pacific. Apart from the
potential immediate impact of close-in and/or tropospheric fallout in the
hours and days following any particular event, it is conceivable that local
residual radioactive debris deposited in lagoon and continental slope
sediments formed a reservoir and source term for the equatorial and/or
South Pacific regions for the years following.

World-wide deposition of long-lived fission products (e.g. lSTCS, g%r) has
largely resulted from stratospheric fallout. Peak periods of deposition
occurred in 1964 with the levels having now dropped to near or below
detection limits (Monetti, per cornrn.). The occasional detection of lSPCSin air
samples appears to be the result of tropospheric resuspension of previously
deposited debris (Larsen et d. 1995). Hence, it is expected that the present-day
airborne flux of fallout radioactivity is partially attributed to dispersion of
mineral aerosols. Indirect source terms such mineral aerosols and river run-
off will continue to transfer fallout radionuclides from land to sea.

I

, ...

Other important long-lived radionuclides to enter the marine environment
as a result of global fallout from nuclear weapons testing have included SH
(T1i2 = 12.3 years), lAC (T1/2= 5730 years) and the tm.nsuranic elements ZAIPU
(Tl JZ = 14.2 years); ZS9PU(T1i2 = 2.4 x 104 years) present as a product of
neutron capture of ZS%J or as unreacted fissile material; ZAOPU(T1i2 = 6580
years); 23SPU(T1j2 = 86.4 years); zAIAm (T1i2 = 458 years); and zsTNp (2.14 x
106 years). Long-lived activation products such as SH, 14C, lSZEUand GOCOwere
also formed from neutron capture from weapons structures, soil, water and
air. The global deposit of plutonium over the earth’s surface has been
significantly modified by plutonium present in the U.S. satellite SNAP 9A
which burned up in 1964 upon reentry into the atmosphere. About 7.YXOof the
total SNAP ZSSPU deposit fall in the Southern Hemisphere whereas only
about 20% of the total weapons ZSSPUfallout occurred in that hemisphere
(Hardy et d., 1973).
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The cumulative deposition of stratospheric fallout over land has been
monitoring by direct measurement of radionuclides in wet and dry
precipitation collections and soil profiles. g%r was initially chosm as the

primary fallout radionuclide of interest because of its long half (T1i2 = 28.5
years), relatively high fission yield (-3.7 PBq per MT of fission energy) and
concerns about the potential incorporation of %r into the biosphere. Data on
annual and cumulative depositions of 90Sr have been published in series of
Environmental Measurement Laboratory (EML) reports (Hardy 1977; Larsen
1984; Larsen, 1985; Monetti, 1996). The UK Atomic Energy Authority
(UKAEA) has also conducted a worldwide fallout prograrnrne since the early
1950’s with integrated fallout records in excellent agreement with EML
estimates (see Monetti, 1996). Real-time fallout data over the oceans are
seriously lacking and it is generally assumed that the integrated latitudinal
fallout patterns over land and sea are comparable. It should be keep in mind
that more than 90% of weapons fallout was deposited prior to 1970 and
radionuclides that enter the marine environment are redistributed by a large
range of different physical, chemical and biological processes.

Much of the early literature on oceanic distributions of artifiaal radionuclides
is devoted to %r and lSTCS and was summarized by Volchok ef al., (1971).
The expected lsTCs/%r activity ratio in global fallout, as computed by Harley
ef al. (1965), should be about 1.45. In the compilation by Volchok et al. (1971)
for all available data reported up until 1967, the weighted average lsTCs/%r
activity ratio was 1.6i0.3 in good agreement with the theoretical value. As
such, discussions involving $%r may be considered as applying to lSTCS as
well. In this report and for simpliaty in comparing data, %r measurernexits
have been converted to lSTCSby multiplying the W3r data x 1.5.

Interpretation of early data from the Pacific Ocean is complicated by the non-
uniformity of observed seasonal variations of %r fallout over the oceans
and the geographic variability in the depth distribution. In addition,
interpretation is made difficult because of the lack of interlaboratory
comparisons or quality control. No consensus could be reached about the
significance of g%r penetration into the deep ocean or on the total oceanic
inventory (Volchok et al., 1971). However, these early studies did highlight
the need for more systematic and long-term studies, and raised expectation
about the value of fallout radionuclides as tools to study oceanic processes.
The first serious attempt to address these issues came with the GEOSECS
programme in 1973-74 where very carefully collected, large volume sample,
hydrographic stations were occupied and fractions of these samples made
available for analysis of SH, lAC, %r, lSTCS and the transuranic elements
(Bowen et al., 1980). In many respects, this programrne lead to the birth of
modern day ‘radionuclide oceanography’.
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In the sections that follow an effort has been made to summarize much of the
data and some of the new issues which have arisen since the early GEOSECS
cruises and improved our understanding of the levels, fluxes and behaviors
of artificial radioactivity in the Pacific Ocean. Our discussion has been limited
to selected radionuclides—namely lSTCS and plutonium isotopes. The
behaviour of lSTCS and plutonium in the oceans are expected to be quite
different as lSTCS is largely a conservative element with ‘water’ properties
whereas plutonium is regarded as a ‘particle’ reactive radionuclide.

2.2 Natural radioactivity in the oceans

Inputs of radionuclides into the ocean needs to be considered
natural baseline levels of marine radioactivity. Sea water
12600 Bq ms of natural radioactivity of which over 90’70is due

with respect to
contains about
to ~K (Burton,

1985). &her major natural occun%g radionuclides in sea water include s7Rb,
U and Th decay series radionuclides, lAC and 3H . The total inventory of
natural radioactivity in the Pacific Ocean (excluding ocean sediments) is about
-9 x 106 PBq. Using data presented by Baxter (1983) the comesponding surface
sediment inventory (over the top 10 m) in the Pacific Ocean is estimated to be
about 1.6 x 107 PBq. As a further comparison, between 1967 and 1992 an
estimated 1.3 PBq of mainly solidified (and some liquid) radioactive waste was
durnped into the Pacific Ocean (IAEA, 1991; White Book, 1993) much of
which still remains on the seafloor.

2.3 Atmospheric global fallout

A total of 423 nuclear weapons tests have been conducted between 1945 and
1980 with an estimated fission yield of 217 MT (Table 2.1). Large-scale
atmospheric test programrnes were conducted in 1954-58 and 1961-62 before a
partial test-ban treaty was agreed by the USA, the former USSR and the UK in
1963. The combined fission yield of the ‘late phase’ test series conducted by
France (1966-74) and China @964-80) represe~ts only about 10% of the total
(Table 2.1).

most world-wide contamination by fission
is assumed to range from 9 to 17 km in the
km in the equatorial regions (UNSCEAR,

Stratospheric fallout accounts for
products. The lower stratosphere
polar regions and from 17 to 24
1982). Exchange of tropospheric air between hemispheres-is limited. Until
1952 all nuclear weapons denotations occurred in the Northern Hemisphere
and were sufficiently low yield for the debris to have been largely confined to
that hemisphere as tropospheric fallout. Circulation and mixing in the
troposphere is driven by hemispheric circulation cells (Hadley Cells) which
tend to change in size and shift latitudinally with season (Newell, 1971).. Aerosols in the upper atmosphere descend gravitationally with a residence
time up to 24 months —the long residence times of aerosols in the
stratosphere leads to a significant time delay before fallout of stratospheric
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origin reaches the lower stratosphere (or upper troposphere) and eventually
deposit on the earth’s surface. Residence times of aerosols in the lower
stratosphere vary between 3 to 12 months in the polar regions and 8 to 24
months in the equatorial regions (UNSCEAR, 1982). The transfer to the
troposphere occurs mainly through gaps in the tropopause which frequently
occur in winter at mid-latitudes giving rise to a ‘spring influx’ of stratospheric
fallout. Removal of aerosols from the troposphere occurs by wet (wash-out +
rain-out) and dry deposition.

Estimates of the annual deposition and cumulative global deposit of
stratospheric fallout have come from direct measurements of %r deposition
(Monetti, 1996). The annual deposition and cumulative deposit of g%r for
the period between 1958 and 1990 are shown in Table 2.11. The peak in
weapons testing during 1962 produced a peak annual %r deposition during
1963 in the Northern Hemisphere and during 1964 in the Southern
Hemisphere. The integrated annual global deposit of %r at the end of 1980
was 603 PBq (UNSCEAR, 1982) compared with 609 PBq at the end of 1990.
About 1.4 PBq of the %r deposit was associated with the Chernobyl accident.
The cumulative global %r deposit increased sharply though the early 1960’s
reaching a maximum of 451 PBq in 1966. Since 1972 the cumulative W5r
deposit has decreased because the annual loss from radioactive decay has been
greater that the annual deposit. The cumulative global %r deposit at the end
of 1990 was 311 PBq. The latitudinal distribution of the global W5r deposit at
this time is shown in Figure 2.la. About 24’XOof the %r deposit occurs in the
Southern Hemisphere where less than 10% of weapons tests were conducted.
The majority of fallout occurs in the 30-60° latitude band with much less
towards the polar regions. Figure 2.lb contains a plot of the measured
cumulative global $%r burden along with the total theoretical % r
production (-3.7 PBq per MT of fission yield) corrected for decay. The
cumulative deposit in 1990 accounts for about 78’XOof the theoretical decay
corrected production. As a first approximation the remaining 22’% (or 177 PBq
of g%r produced in atmospheric nuclear weapons tests) provides the source-
terrn for close-in or tropospheric fallout. No corrections have been made for
Chernobyl inputs. The measured cumulative %r deposit (609 PBq) for 1990 is
in good agreement with estimates based on stratospheric partitioning of
nuclear debris and cumulative fission yields (660 Bq) (Bernet, 1978;
UNSCEAR, 1980). The correlation between the temporal pattern of W5r
deposition and the annual fission yield from atmospheric nuclear weapons
tests is illustrated in Figure 2.2 for selected locations in the Pacific region.

The Pacific Ocean occupies an area of about 1.72 x 10s km-z or about 33 ‘?40of
the earth’s surface (Baumgartner & Reichel, 1975) and has a total volume of
about 7.07 x 10s kms. The expected input of fallout radionuclides into the
Pacific Ocean can be estimated from data presented in Figure 2.1 (for lSTCS)
and the distribution of fallout plutonium in soil profiles (for zsg/zAOPU,after
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Hardy et al., 1973). The latitudinal distribution of the expected fallout deposit
and total inventories of lSPCS and zsg~zAOPuin the Pacific Ocean are given in
Table 2.IH. The expected lSPCS and zsg~z@Pu inventory at the end of 1990
(excluding additional removal terms) is 147 PBq and about 3.8 PBq,
respectively.

24 137CS concentrations in the surface ocean

Artificial radionuclides in the Pacific Ocean and adjacent seas have been
extensively studied since the first measurements of radioactive
contamination were made off Bikini Atoll in 1954 (Miyake, 1955). Following
the early GEOSECS cruises of 1973-74, artificial radionuclides have been
measured in large numbers of samples from most parts of the North Pacific
but with much less coverage of the South Pacific (Figure 2.3). lSTCs
concentration data in Pacific Ocean surface waters for the period 1960-95 have
been summarized in Table 2.IV (Bowen et al., 1980; Hirose ef al., 1992; Hong
(per comm.); Millies-Lacroix (per comm.); Miyake et al., 1988; Nakanishi et al.,
1995; Nagaya and Nakamura, 1993; Nagaya and Nakarnura, 1992; Nagaya and
Nakarnura, 1987; Nagaya and Nakamura, 1984; Nagaya and Nakamura, 1981;
Nagaya and Nakarnura, 1976; Nakanishi et al., 1984; Nakamura and Nagaya,
1985). Pre-1970 data was taken from the compilation of Volchok et al., (1971).
Data for the Marshall Islands and French Polynesia have been excluded and
will be discussed separately. For convenience, the Pacific Ocean has been
divided into the western North Pacific Ocean, the eastern North Pacific Ocean
and South Pacific Ocean along three latitude bands (0-10°, 10-30° and 30-600).
It does not appear to be justified to use a finer resolution due to the lack of
data collected for certain geographical areas.

lSTCS concentrations in surface waters of the North Pacific have decreased
steadily since the early 1960’s to present-day levels of about 2 to 4 Bq m-s
(Table 2.IV). Early measurements showed clear latitudinal zones as expected
from fallout patterns with higher concentrations in the mid latitudes but
with some regional exceptions. One anomaly observed around 32°N and
146°W in 1970 was attributed to transport of contaminated surface waters
from the Columbia River (Nagaya and Nakamura, 1976). Similar findings
were reported by Vdovenko et al. (1972) and Saruhashi et al. (1975). Large
quantities of artificial radioactivity entered the lower Columbia River from
the operation of plutonium production reactors located at Hanford,
Washington between 1944 and 1971. Data on the total quantity of lSPCs
reaching the sea from ‘the Hanford facilities are not readily available.
However, during peak periods of production the plume of short lived
radionuclides (i.e. SICr) could clearly be identified up to several hundred
kilometers offshore (Osterberg et al., 1965). Other regional anomalies have, been attributed to upwelling of cold waters of low concentration and inputs
from Pacific Atoll tests sites (Nagaya and Nakamura, 1981; Noshkin & Wong,
1979, 1980; Noshkin et al., 1987).
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137cS concen~atiom ti the south Pacific have generally been much lower
than those reported for northern latitudes as expected horn global fallout
patterns (Table 2.IV). High quality analyses performed by the Service Mixte de
S6curit6 Radiologique (SMSR/CEA/DIRCEN-France) in surface waters of
French Polynesia indicate that 1S7CS concentrations have decreased with an
apparent half-life of about 14 years (Figure 2.4, Bourlat & Martin, 1992). This
appears to be fairly consistent with general trends observed in the North
Pacific and demonstrate that 1S7CS is being actively removed from surface
waters by processes other than radioactive decay.

2.5 Comparative behaviour of lSTCS(%r) and 23g8z~Pu.

Reliable measurements of fallout radionuclides in the deep ocean during the
period between 1960 and 1970 are relatively few because of the technical
difficulties associated with sampling large volumes of water at depth and
obtaining precise analytical results at low concentrations. Vertical
distributions of lSTCS and W3r showed a rapid decrease with increasing
depth-deep waters being one to two orders of magnitude lower in
concentration compared with surface values (Nagaya & Nakarnura, 1976;
Nagaya & Nakamura, 1981; Nagaya & Nakarnura, 1984). Sharp lSTCS (’W5r)
gradients extended down to depths of 1000 to 2000 m below which
concentrations were relatively uniform (Nagaya & Nakarnura, 1976). The
vertical distribution patterns were similar to those measured for fallout SH
over the same period (Roether, 1974) and were indicative of the conservative
nature of fallout lSTCS. However, a significant lkaction of fallout lSTCS and
g%r rapidly penetrated the deep ocean and there was no clear understanding
of the processes involved. The most probable explanation was thought to be
active particle transport processes as reported my several workers (Martin,
1970; Honjo, 1980; Iseki, 1981). lSTCSand W5r are thought to behave similarly
—in sediments, however, the two radionuclides show evidence of
considerable separation. Future studies may reveal that specific biological
processes may be responsible for differences in the behaviour and fate of
radionuclides in the oceans. As an example, acantharians are abundant
marine planktonic protists and are the only marine organism that use Sr as a
major structural component (Bernstein & Betzer, 1991). Therefore, the
vertical transport of W3r in the water column should be partially controlled
by the abundance and the settling /dissolution rates of acantharian skeletons
cysts. Elevated levels of lSTCS are also observed in waters immediately above
the sea floor. This phenomena appears to be associated with preferential
scavenging of lSTCS into bottom sediments and remobilization processes
and /or horizontal inflow of nuclide rich waters from adjacent regions
(Noshkin & Bowen, 1973; Nakamura & Nagaya, 1985, 1975)..



Long-term measurements of 23g~ZAOPuin surface waters of the western North
Pacific show a gradually decrease during the period between 1979 and 1987
(Hirose et al., 1992). The total surface ZS91ZAOPUconcentration along 137”E
longitude decreased from 0.027-0.031 Bq m-s to about 0.0055 Bq m-s above 25°
N and from 0.011 to 0.0024 Bq m-s near the equator—through which the
latitudinal distribution has remained with higher concentrations measured
in mid-latitudes compared with those from tropical regions. 137C s
concentrations showed no decrease through the same period (Hirose et al.,

1992) with the latitudinal difference apparently becoming more obscure with
time. The deposition of ZSgJZAOPUin Japan decreased from a maximum of
0.27 MBq km-z yl in 1981 to 0.0027 MBq km-2 yl in 1986 or about two orders
of magnitude (see Figure 2.5). Therefore, the rate at which ZS9JZAOPUis
removed from surface waters is longer that the atmospheric residence time.
Using a simple box model, Hirose et al., (1992) estimated that the residence
times of zsg~z40Puand lSPCS in the surface mixed layer of the western North
Pacific were 4 and 9.1 years, respectively. The residence time of plutonium in
the upper 80 m of an eastern North Pacific water column was estimated by
Fowler et al. (1983) using sediment traps to be 2.4 years. A short residence
time and higher affinity for removal of plutonium on sinking particles is
supported by the general finding that particulate 2sg~zAOPuconcentrations
range up to 21% of the total compared with less than l% for lSPCS (Hirose et
al., 1992; Fowler et al. , 1983; Noshkin & Wong, 1980). Hence it appears that
vertical processes may be more important than horizontal transport in
controlling the spatial distributions of plutonium. The surface mixed layer of
the western North Pacific contains between 30 and 60 YOof the total lSPCs
inventory in the water column and only 1-6% of the ZS9JZ40PUinventory. This
also implies that plutonium is being preferentially scavenged from the upper
water column. & a result, the present-day surface ocean will tend to carry the
recent input signatures of zsg~zAOPuwhile, by contrast, the present-day lSTCs
inputs will be strongly masked by the pre-existing radionuclide pool. It is
therefore not surprising that the zsg~zAOPusurface distributions have shown a
latitudinal fallout pattern at least through until the late 1980’s (Nagaya &
Nakarnura, 1984).

The concentrations of lSTCS and zsg~zAOPumeasured in lagoons waters from
U.S. and French test sites in the Pacific are shown in Table 2.v. Lagoon
waters from the Marshall Islands (Bikini and Enewetak Atolls) in the
Equatorial Pacific and from Mururoa Atoll in the South Pacific show
elevated levels of zsgJzAOPufrom the slow solubilization of plutonium held in
the underlying sediments. Comparable concentrations of ZS91Z40PUare found
in all three atolls with the soluble fraction ranging between 0.3 Bq m-s
(Mururoa) and 2 Bq m-s (Bikini). The concentration of zsg~zAOPuin lagoon
waters is 50 to 500 times higher that those observed in the open ocean.
Waters in the lagoon exchange with the ocean water and therefore provide a
continuous source term for plutonium. The concentration of dissolved
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ZS98ZAOPUin Mururoa lagoon waters appears to have decreased slightly
between 1985 and 1991 with an apparent residence time of 9 years (Bourlat et
al., 1995). This is apparently due to the slow depletion of plutonium in the top
layers of sediment. It also appears that 137CShas already equilibrated with the
open ocean.

The vertical distributions of %r, 1S7CS and ‘9~240Pu as recently measured in
the water column at 22°S in the Tuamotu Archipelago (off Mururoa Atoll)
are very similar to those previously observed in northern latitudes (see
Figure 2.6). One of the general and interesting features of 23g~zqOPu
concentration profiles in the Pacific Ocean is a distinct subsurface maximum
at depths ranging from 250 to 1000 m (Nakanishi et aZ.,1995, 1984; Nagaya &
Nakamura, 1987, 84; Bowen et a2., 1980; Noshkin & Wong, 1979). The general
distribution patterns of %r, lSPCS and 2s9~2mPuin the Pacific Ocean does not
appear to have changed significantly over the past 25 years although there is
some evidence to suggest that the depth of the 239~240Pumaximum and the
proportion of the total water column radionuclide inventory held in deep
water has increased over time (Nakanishi et al., 1984; Bowen et al., 1980;
Noshkin et al., 1979). Early transport models based on irreversible particle
scavenging processes predicted a more rapid transfer of radionuclides to the
deep ocean than what has actually been observed.

The relative distribution, behaviors and transport of lSPCS and 23g~AOPuin
the oceans can best explained by a reversible process of biologically mediated
scavenging which varies in space and time. Highly productive surface waters
will tend to enhance the vertical transport of radionuclides and provide a
possible mechanism whereby fallout radionuclides are preferentially
transported to the deep ocean or onto the seafloor. There is increasing
evidence that the main transport vectors to the deep ocean are large, rapidly
sinking zooplankton fecal pelle~ (Fowler et al., 1983; Fisher and Fowler, 1983).
Smaller particles and micropellets sink slowly and, hence, are more subject to
biogeochemical cycling. The appearance of a subsurface maximum for
plutonium may therefore be a function of the dynamics of these types of
transformation processes.

2.6 Resuspension of previously deposited debris

One of the main sources of 1S7CS and 2391240Pudepositing on the earth’s
surface can be attributed to tropospheric resuspension of previously deposited
debris (Monetti, 1996; Nakanishi et al., 1995). Seasonal patterns in the
deposition of lSPCS and ZS98Z40PUover Japan and Korea can now be directly
linked to ‘yellow’ dust events (Katsuragi & Aoyama, 1986; Lee, 1994). The
mean flux of ‘yellow’ dust into the Japan Sea is about 13000 kg km-2 yl (Irino
& Tada, 1994). Precise estimates for the wider North Pacific are not available
but there is strong evidence for transport of large quantities of Asian dust
westward across the North Pacific (Barrington et al., 1983). Dust events are
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also know to occur off the principal desert regions of Australia and Mexico-
California. Windom (1975) estimates that 10-30% of deep sea deposits consists
of eolian material. It has also been estimated that about 50?’o of fallout
radionuclides associated with mineral aerosols will be in a soluble form
(Hedge et al., 1978). Using an average 137cs concentration for undisturbed
soil on the Korean Peninsula of 60 Bq kgl, Hong (per comm.) estimated that
the ‘yellow’ dust lSPCS flux into the Japan Sea will be about 0.8 MBq km-z yl,
which is comparable with the measured annual 1S7CSdeposit for this region
since 1985 (excluding 1986 Chernobyl inputs) (see Fig. 5). Using a
239,240pu/137CS activity ratio of about 0.03 the equivalent 239~240Pumineral
aerosol flux would be around 0.02 MBq km-2 yl. Again, this is similar to the
leveling off depositional flux measured by MRI in Japan (Figure 2s).

The estimated total atmospheric flux of mineral aerosol in the North Pacific
Ocean is 4.73x 1011 kg yl (GESAM3?, 1989). This would lead to a total annual
ocean deposit of 28 and 1 TBq of lSPCSand ~9~%, respectively. We estimate
that over the past 30 years, r&mspension of previously deposi~ fallout debris
and mineral aerosol deposition in the North Pacific may have contributed up
to 1.2 PBq of lSPCSand about 0.03 PBq of 23g~@l%. These inputs represent only
about 1’70-of the total expected inventory from global fallout but-nonetheless
the cumulative effect of these processes will become increasingly important.

2.7 Land-based sources of radioactivity

Land-based sources of artificial radionuclides are transferred to the coastal
marine environment by rivers and as controlled releases from the nuclear
industry. The combined present-day input from these sources into the Pacific
Ocean is expected to be small compared with existing ocean inventories (see
Sect 2.10) but, nonetheless, remobilization of previously deposited
radionuclides by erosional and associated processes will uhimately lead to
their export by rivers to the sea. Particle reactive radionuclides (e.g. Pu
isotopes & zAIAm) delivered to shallow coastal regions in river runoff will
largely be associated with suspended solids and/or colloids. Most of these
particles (and any associated radionuclides) will be deposited or settle with
fine coastal sediments. Colloidal and/or finely divided material will be
transported offshore with surface currents. Radionuclides entering the coastal
marine environment are subject to a wide range of different chemical,
physical and chemical processes which will tend to redistribute different
elements in space and time, i.e., advection, diffusion, biogeochemical
interactions, particle scavenging processes, adsorption-desorption reactions,
redox reactions, sedimentation and mixing processes, sediment diagenesis,
etc.

, Many of the world’s rivers with the largest suspended load are located into
the S.E. Asian region-Ganges-Brahrnaputra, the Huang He or Yellow River,
the Irrawaddy and the Chang Jiang being the largest-and along with supply
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lSPCS and 7.2 % of %r deposited on the land from global fallout were carried
by the Tonegawa River to the sea. These estimates are consistent with
reported average lSTCS and g%r concentrations in the Japanese river waters
during 1961 (Miyake and Tsubota, 1963). Hence it appears that ‘Sr is more

the relative transport factor beingeffectively transported from land to sea—
about 5-6 times greater than that of 1S7CS. This also implies that transfers of
different radionuclides from land to sea may have varied in time so it would
be difficult to obtain an accurate retrospective estimate of land-sea runoff
inventories. We propose that the immediate runoff export of land-derived
radionuclides plus the cumulative effects of erosional transport over the
past fifty years have contributed no more than 10% above the expected
oceanic inventory from global fallout.

2.8 Remobilbation of lSTCS and 239*u from test sites in the Pacific

Bikini and Enewetak Atolls form part of the Western (Ralik) chain of the
Marshall Islands in the equatorial Pacific and were used by the United States
as testing grounds for nuclear devices from 1946 until 1958. Of the 66 nuclear
devices detonated in the Marshall Islands most were coral surface, tower or
barge bursts. The remaining tests included 4 airbursts and three underwater
explosions. Surface bursts conducted over coral islands or over shallow
waters produced highly localized input (Joseph et al., 1971) because large
quantities of soil were incorporated in the ensuring fireball and cloud. In
these cases different types and sizes of high specific activity particles were
formed consisting of mixtures of partially hydrated CaO, Ca(OH)2 and CaC03
formed by high-temperature vaporization and subsequent condensation
processes (Schell et al., 1980). In the years that following, contaminated
particles deposited in lagoon and surrounding slope and basin sediments
formed a reservoir and source term for the marine environment through
solubilization and water transport. The mean exchange rate for Enewetak
lagoon waters is approximately one month and estimates for Bikini lagoon
waters vary between 30 and 140 days (Noshkin ef al., 1987).

Mururoa Atoll is located in the central part of the South Pacific Ocean and is
one of the largest atolls in the Tuamota Archipelago (Bourlatef aZ.,1995). The
lagoon has a surface area of 140 km-z and an estimated volume of 4.5 km-s.
About 3’70of the lagoon water is exchanged with the open ocean on a daily
basis through a 4 km wide passage. A number of barge, balloon and safety
shots were conducted in the near surface environment of the atoll.

Inventories of 239zZ40PUand z41Am in excess of global fallout levels persisting
in these Pacific atoll sediments are continuously mobilizing into solution
and providing a source term to the surrounding ocean. Analyses of grab and
core samples collected from Enewetak Atoll in 1972 were used to give an
estimate of the total sediment inventory for plutonium of 44.4 TBq (Noshkin
& Wong, 1979). The estimated plutonium inventory for Bikini sediments
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was 54.4 TBq. Using the residence times of lagoon waters and the average
soluble inventories, the annual discharge of 2S9J240PU from Enewetak and
Bikini Atolls is about 0.10 and 0.12 TBq, respectively. Such that the
cumulative export to the equatorial Pacific Ocean over the past 35-40 years has
been about 8.3 TBq. By comparison, the annual discharge rate for 23g~Z~Pu
from Mururoa lagoon sediment to the open ocean is about 0.02 TBq (Bourlat
et aL, 1995). Hence the total cumulative export to the ocean from this source
over the past 20-25 years would be around 0.45 TBq.

We can also provide a crude estimate for 1S7CS export from the lagoon
environments using 13TCs/Z3982A0Pu activity ratios. Typical present-day
137cs /239,240 pu ~vento~ ratios on contaminated islands in the Marshall
Islands range between 1.8 and 19 (Robison, per cornm.). This implies that a
maximum of about 2 PBq of the present Pacific Ocean inventory was derived
from lSTCS that was deposited on or around the lagoons. This represents less
than 2% of the total lSTCS deposit in the North Pacific Ocean from global
fallout. Export into the South Pacific from the Mururoa Atoll lagoon are
expected to be similar.

2.9 Impacts of Chernobyl on the Pacific

Radioactive debris from the 1986 Chernobyl accident caused widespread
contamination over much of Europe. Chernobyl-derived radionuclides were
also detected in Japan, across North America and in the north Pacific region
(Aoyama et al., 1986; Larsen ef al., 1986). lSTCSdeposition in Tokyo (Japan) in
the weeks following the acadent totaled about 74 MBq km-z or approximately
2% of the cumulative lSTCS deposit from global fallout (Aoyama ef al., 1986).
The total annual lSTCSdeposit in Japan during 1986 was over 200 times higher
than pre-Chernobyl values (Figure 2.5). The presence of Chernobyl-derived
lWCS ~ marg~alSeasaroundJapan was inferred by measurement of lUCS
detected in surface waters north of about 30”N (Aoyama & Hirose, 1995).
These authors estimated that 10 to 46°/0of the total 1S7CS surface water
concentration was directly attributable to Chernobyl inputs while the vertical
transport of Chernobyl-derived 1SACS(137CS)was largely controlled by the
vertical extension of the surface mixed layer. These results confirmed earlier
findings that Cs isotopes delivered to the surface ocean may remain in the
upper mixed layer for up to several decades.

Debris from the Chernobyl nuclear reactor explosion appears to have made
no detectable contribution to atmospheric 137CS levels in New Zealand
(Matthews, 1995) and presumably to the South Pacific Ocean.

2.10 Radionuclide inventories in waters and sediments from the North
Pacific
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137cs and 239,240PU inventories in Sea water and sediment are shown in
Figure 2.7 & 2.8 for water and sediment column profiles measured in the
Pacific Ocean during and after the GEOSECS cruises. The total inventories
can be compared with global fallout estimates in Table 2.V. It is also noted
that total oceanic inventories are influenced by inter-ocean exchange
(Toggweiler and Trumbore, 1985, Livingston et al., 1984) but these processes
have not been addressed in this article.

2.11 Discussion

It can be seen that calculated inventories of 137Cs and 2S98240PUexceed mean
global fallout inputs at the corresponding latitudes. Between 95 and 99% of
137cs ~d between 78 and 95% of zsg#pAOPudelivered to the ‘open ocean.
appears to be retained in the water column. 137CS/ps9’p40Pu inventory ratios
in the water column are generally much higher (10-50) than those in the
underlying sediments (l-9) confirming beliefs that ps9~240Puis more “particle”
reactive and therefore is more efficiently exported to the deep ocean and into
the underlying sediments.

Water column inventories for 137CS and 239’240Pu are up to twice fallout
estimates between 30 and 40° N and are higher than those in more northern
latitudes (Figure 2.7 & 2.8). The lower 1S7CSinventories north of the Subarctic
Convergence zone suggests that water is being redistributed possibility as a
result of upwelling. Excess 239’240Pu inventories have also been observed in
the immediate vicinity of the Marshall Islands (data not shown; Noshkin and
Wong, 1980). Based on our evaluation of possible sources of fallout
radionuclides in the Pacific Ocean, the long term persistence of close-in
and/or stratospheric fallout from nuclear weapons testing in the Marshall
Islands still appears to be the only plausible explanation for excess
radionuclide inventories above those expected from global fallout-this is
particularly true of the western North Pacific. Enewetak and Bikini Atolls
are located with the North Equatorial Current and close-in fallout would
have traveled westward and feed into the Kuroshio Current off the
Philippines and turned north flowing along the Japanese islands towards the
east. It also appears that localized radionuclide inputs from the Pacific moved
south into the Indian Ocean through the Indonesian archipelago. Time
histories of fallout radionuclide concentrations in corals appear to support
these conclusions and show that close-in and tropospheric fallout from Pacific
tests sites elevated 90Sr concentrations in surface waters in both the North
Paafic and southern Indian Ocean to values well in excess of those expected
from global fallout alone (Toggeiler and Trumbore, 1985). During our
presentation we will attempt to provide an overview of the material covered
in this paper as well as a more detailed discussion on radionuclide
distributions and inventories.
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Year County number of fi=”on yield
tests (-MT)

1945
1946
1948
1949
1951
1952
1953
1954
1955
1956
1957
1958
1960
1961
1962

;E
1966
1967
1968
1969
1970
1971
1972
1973
1974
1976
1977
1978
1980

USA
USA
USA
USSR
USMJSSR
UK/USA
UIUUSA
USA/USSR
USA/USSR
Uwuwvussl=l
UtVUSA/USSR
UIVUSAAJSSR
France
France/USSR
USA/USSR

China
China
France/China
France/China
France/China
China
France/China
France/China
France/China
France/China
France/China
China
China
China
China

3
2
3
1
17
11
13
7
17
27
45
83
3
51
77

0.05
0.04
0.1
0.02
0.54
6.62
0.29
30.1
1.67

12.3
10.89
28.94
0.11
25.42
76.55

0.02
0.04
1.3

1.92
5.3
2
4.55
1.97
0.24
1.65
1.55
2.37
0.02
0.04
0.45

TOTAL = 423 217
Sourcw UNSCEAR(19S2)

Table 1



NorthernHemisphere southernHemisphere
Year

annual
=~%on deposit deposition deposit x~ion deposit

(w m

1945-5a 67# 63# 24# 22.2# 90.5# 85#
1958 23
1959 39
1960 9.6
1961
1962 ::
1963 97
1964 61
1965 29
1966 12
1967 6.3
1968 7.4
1869 5.6
1970 7.8
1971 7
1972 3.2
1973 1.2
1974 4.5
1975 2.2
1976 1
1977 3
1978 3.7
1979 1.1
1980 0.6
1981 1.6
1982 0.5
1983 0.3
1984 0.3
1985 0.1
1986 1.5
1987 0.1
1988 0.1
1989 0.1
1990 0

1995 (o) 213# (o) 68.9# (o) 282#
sourctx Updatedfrom UNSCEAR (1982) usingMonetti (1996). #estimates only.

85 9.6
122 6.7
126 6.3
137 6.3
185 9.6
278 12
333 16
352 13
355 7.8
352 4.1
352 3.7
348 5.2
348 4.8
344 5.6
340 3.6
333 1.2
329 1.4
322 1.3
315 0.8
311 0.8
307 0.7
303 0.4
296 0.3
289 0.3
283 0.2
277 0.2
270 0.1
264 0.1
259 0.2
253 0.2
247 0.1
241 0.2
235 0.1

29.6
37
40.7
48.1
55.5
66.6
81.4
92.5
96.2
96.2
99.9
103.6
103.6
107.3
107.3
107.3
103.6
103.6
103.6
99.9
99.9
96.2
96.2
92.5
91
89
87
85
83.2
81.3
79.7
77.8
76.2

32.6
45.9
15.9
19.2
63.3
108.4
77.0
41.8
20.0
10.4
11.1
10.7
12.6
12.6

:::
5.9
3.4

U
4.4
1.5
0.9
1.9
0.7
0.5
0.4
0.2
1.7
0.3
0.2
0.2
0.1

115
159
170
185
244
344
411
444
451
451
451
451
451
451
448
440
433
426
418
411
407
400
392
381
374
366
357
349
343
334
326
319
311

Table2
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Latitude Area 137(-js 239&CJ~ 239J?40~ 137~ 239@o~

Band deposit deposit deposit inventory inventory

r) (l@kmz) (GBq IaW) (GBq ha) (GBq Ire@) (PBq) (PBq)
(1990) (1970)@ (1990)#

60-90 749 0.94 0.037 0.040 0.70 0.03
30-60 25976 2.16 0.067 0.072 56 1.9
0-30 54665 0.92 0.016 0.017 50 0.93

subtotals = 107 2.8

0-30 50760 0.39 0.011 0.012 20 0.58
30-60 30355 0.60 0.012 0.014 18 0.40
60-90 9203 0.23 0.0024 0.0028 2.1 0.024

@datafromHardyet d., 1973; #extrapolated fmm%r deposit(seeTable 2.2).

Table3



lsTCsconcentration(Bqm+)
Location/period 0-60°

30-60”N 10-30”N 0-10° N (medii.D.)

NMh -Weste m Pacifiq

pre-1960
1960-61
1962-64
1965-66
1967-71
1972-79
1980-85 ‘
1986-90
1991-95

3.1ML3

50-132(3)
7-11(14)
12-29 (9)
11-19(117)
10-14.6(5)
4-11 (42)
2-8(15)
2.7-7.7(1 2)
2.1-3.4(9)

pre-1960
1960-61
1962-64
1965-66
1967-71
1972-79
1980-85

4.H .0
1986-90

50-132(3)
3-1 1(67)
11-28(40)
17-37(1 97)
5.6-23(45)
5-10(18)
2.4-4.2(2)

2-2.8(3)

16-171 (5)
4-22(23)
9-27(22)
4-12(22)

—

4.8-1 1.8(49)
3.5-10.9(25)
2.6-7(12)

—

16-171 (5)
4-22(55)
9-17(24)
9-36(131 )
5-22(67)
5-lo(5)
4.2 (1)

—

88(1)

3-20(6)
5-1 1(15)
4.5-6(10)

2.1~.6(19)
2.8-6.5(12)
3.6-7(9)

—

88(1)

2-10(17)
8-16(16)
6-8(9)
3.54.5(29)
34(2)

—

14.8(1 )#

NY
NA

-9’
10.*2.5
7.1*1 .9
4.8*1 .5
S.&l .8

NA
NA
10

-18’
-11’
7.%1 .8

2.7+6.1
———--—— —-—-----.—— ————— ——.-—---

South Pac~ O-l OOs 10-30°s 30-60°s

p*f960 —

1960-61 2-1;20) 1.5;(15) 0.7-3(1 1) NA
1962-64 :-;;$; ) 1-18(11) NA
1965-66 - 3-9(42) 2-l~M) 41

1967-71 2-3(33) 2-3(30) +51

1972-79 2.3-6.5(8) 3.7-6.8(15) 2-6~9) 4.&kl .4
1980-85 — — —

1986-90 9.4;.6(2) —

(for additional data - see Fwre 2.4)

— 9.!%M).1

() number in parentheses refers to the number of samples anafyzed. # high vatue.’ estimate of average values only.

*

I Table 4



W2a (Bq m-3) 2392@Pu (Bq m+)
Location/period - —-—

diesolved dissolved particulate

Mururoa Lagoon [140 km-z; average depth= 30m.]

1982
1983
1984
1985
1986
1987
1988
1989
1990 ‘
1991

5.9 (46)
6.2(31)
5.6 (70)
4.7 (35)
4.6 (35)
3.9 (lo)
3.4 (34)
2.7 (10)
2.7 (10)

—

—

—

0.54;7)
0.62 (37)
0.42 (10)
0.52 (10)
0.46(lo)
0.39(lo)
0.32(lo)

—

—

0.2~37)
4.13 (37)
4.0.07 (lo)

0.07 (lo)
4.10 (lo)

0.05 (lo)
0.08 (lo)

@%enchPolynesiansurfacewatem (1990); ‘We= 27M.3 BqnF (n= 11); ~ PU(1991) =
4.0016-0.0017 Eq IW (n = 4)].

Enewetak Atoll [933 km-z, average depth= 49 m.]

1972 — 0.81 (35)
1974

;; &y{
16 (9)# 0.93(71)

1976 — 0.59 (29) 0:48(29)
1982 19 (4)# 0.63 (23) —
1994 10 (3)# 0.70 (3)# —

Bikini Atoll [629 km-z; average depttt = 45 m.]

1972 — 1.55 (17) 0.48 (17)
1977 — 1.81 (26) —
1982 — 2.04 (5) —

~orthem Equatwiai Pacific ocean watem - ‘WCS.2-7 ~ fi-~~pu = 0.015 * 0.007 6q n@’j

Number in parentheses is the numberof samplesanalyze@%WCIX&Wlatet al., 1995;
Boutiat& Martin(1992); Noshldnet a/., 1987., # off RunitIslandonly

Table 5
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100
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137&

(Bq m-3)

o.

French Polvmhn waters

apparent half-life
7

T -14 years

* *
(6) & 8

(11) (9) (8) &

(21)
(lo) (12) (11)(11)(11)(11) (7) (11)(8)

(13) J.

(lo)

() number of samples

‘5- - 1980 1985 1990 1
source: updated after

Year Bourtat & Martin (1992)
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I

1 1 * 1 I m1 , , 1’ u # m[ 1 , 1 m1 s m I 1 s 1 # I
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Source: Katsuragi &Aoyama (1988) ;Hong(percomm.).
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r23%240pu(GBq km-z)

● 0.021-006
● 0.06-0.081
● 0.081-0.121
● 0.121-0,156

~ 2.855-3.865
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