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Abstract

Owing to its location, geomorphology and hydrodynamic conditions, the southernmost part of the Southern
Okinawa Trough (SOT) acts like an efficient receptacle for sediments from Taiwan and the East China Sea shelf. The
high sediment flux coupled with the passage, bifurcation, upwelling, swirling and detour of Kuroshio in the SOT area
result in intense particle scavenging, with sedimentary inventories of 2'°Pb and 2*% 2*°Pu far greater than expected from
local atmospheric input and in situ water column production. The unusually high inventories, as well as the deposition
history of Pu isotopes must be explained by advective transport of Pu westward from the Marshall Islands, the largest
source of Pu in the Pacific, by the North Equatorial Current (NEC) followed by northward transport of Kuroshio to
the SOT area. The high sedimentation rate in the SOT area enabled us to differentiate the subsurface peak of *% 2*°Py
resulting from the global fallout maximum in AD 1963 and the subsurface maximum of >**Pu/?*°Pu caused by close-in
fallout from neutron-rich thermonuclear tests conducted by the US during AD 1952-1954 at the Enewetak and Bikini
Atolls. The vertical offset between the subsurface peaks of 2% 2*°Pu and 2*°Pu/**°Pu in sediments suggests that
deposition of the *°Pu/**’Pu maximum preceded that of the *** 2*°Pu maximum by 3—5 yr and that the transit time of
the 2**Pu-enriched Pu from its source (at ~12°N, 162°E) to the SOT area is ~6yr. The mean velocity of NEC thus
calculated is ~0.022ms™".

The present is the key to the past. This study reveals teleconnection between the Equatorial Pacific and the western
Pacific margins and suggests that ODP and IMAGES cores recently collected from the SOT area holds great promise
for the reconstruction of high-resolution paleoceanographic records along the trajectories of NEC and Kuroshio.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The sea off northeastern Taiwan is an extremely
energetic regime, both tectonically and hydrody-
namically. Fig. 1 shows pronounced changes in
seafloor morphology and tectonic features off
eastern Taiwan, i.e., the south-to-north progres-
sion of the Philippine Sea Plate, the Ryukyu
Trench, the Ryukyu Arc, the Southern Okinawa
Trough (SOT) and the East China Sea continental
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shelf (for more details, please refer to http://
dmc.earth.sinica.edu.tw/Geophysics/twn_topo.html).
The Philippine Sea Plate is advancing northwest-
ward at a mean velocity of ~7cmyr~' (Seno et al.,
1993; Lallemand et al., 1997), plunging down the
Ryukyu Trench and leading to the Ryukyu
volcanic arc in the front and the Okinawa Trough
at the back. It is generally thought that the
subduction of the Philippine Sea Plate is the
mechanism for the active seismic, rifting and
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Fig. 1. Map showing (a) the tectonic setting, (b) regional bathymetry and flow path of Kuroshio off eastern Taiwan and over the SOT.
Locations of box cores used for this study are also indicated. PSP =Philippine Sea Plate, Rtr=Ryukyu trench, Rar=Ryukyu arc,
NMHC =North Mien-Hua Canyon, MHC = Mien-Hua Canyon, CLV = Chilung Valley, ECS = East China Sea.
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hydrothermal activities in the Okinawa Trough—a
back-arc basin on the making. Crustal activities at
this plate boundary are to some extent responsible
for the high uplifting and denudation rates of
Taiwan, making the island an important source for
sediments in this continental margin accretion
wedge, as evidenced by high sedimentation rates in
the SOT (Lee, 2001).

Concerning hydrodynamic flow in the SOT, this
setting is, no doubt, among the most dynamic ones
in the world oceans due to the passage of Kuroshio
and its interaction with the highly rugged topo-
graphy. Kuroshio, the western boundary current
in the Pacific Ocean, originates from the North
Equatorial Current (NEC). As the NEC flows
from the east, with its core centered along ~13°N,
toward the vicinity of the Luzon Islands, it
bifurcates at ~130°E into two branches: Kuroshio
toward the north and the Mindanao Current
toward the south (Fig. 2). After passing the Luzon
Islands and the Bashi Strait, Kuroshio flows in the
NNE direction, with its axis lying very close to its
western margin and the east coast of Taiwan (see
Fig. 1). The volume transport and width of
Kuroshio increase on its path from northern
Philippine to Taiwan (Nitani, 1972). At
22°N-24°N, Kuroshio is about 300m deep and
200 km wide, with a maximum velocity between 1
and 2ms~! near surface and a volume transport
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Fig. 2. Schematic chart showing westward flow of the NEC,
bifurcation of NEC and northward transport of Kuroshio
through the SOT area.

between 18 and 25Sv (Liang et al., 2003). There-
fore, it is a major weather machine and conveyor
belt, transporting heat, moisture and various
chemical materials from low to high latitudes in
the western Pacific.

As Kuroshio flows to the northeast of Taiwan, it
loses some of its momentum and speed due to
collision with the zonally trending East China Sea
shelf/slope and bifurcation into two branches. The
main stream turns east and flows along the edge of
the continental shelf toward Japan, while a branch
is topographically steered by the North Mien-Hua
Canyon and flows up against the valley into the
East China Sea shelf (Fig. 1). This branch then
curls back to form a cyclonic eddy centered
around the Mien-Hua Canyon with a diameter
of ~70km (Tang and Yang, 1993; Tang et al.,
1999). In the center of the eddy, the Kuroshio
intermediate water upwells to the surface forming
a cold dome. It has been reported that the
upwelling and intrusion of Kuroshio onto the
continental shelf constitutes the major source for
nutrients in the ECS, driving biological productiv-
ity in this marginal sea (Chen, 1998). On the other
hand, the upwelling and the eddy over the canyon
may facilitate offshore and down-slope transport
of sediments from the ECS shelf to the Okinawa
Trough. Thus, this highly energetic shelf-edge areca
serves as a conduit or ‘“‘revolving door” for the
exchange of materials between the western Pacific
and the East China Sea.

In the backdrop of this complex and dynamic
environment are a number of interesting and
important marine geochemical, geophysical and
paleoceanographic issues that can be addressed.
Taking advantage of the proximity of the south-
ernmost end of the SOT to Taiwan, local scientists
have used it as a stage to take part in international
projects such as Ocean Dirilling Program (ODP)
and International Marine Past Global Change
Study (IMAGES), and to launch regional pro-
grams such as Kuroshio Edge Exchange Processes
(KEEP) and Long-term Observation and Research
of the East China Sea (LORECS). This work is a
component of KEEP, whose goal is to study the
interactions between Kuroshio and the East China
Sea (Wong et al., 2000). Our task was to employ
fallout nuclides ('*’Cs, 2'°Pb, 2***°Pu) as tracers
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to elucidate sedimentation and scavenging pro-
cesses in the study area. As with our previous
works in the vast ECS shelf (Huh and Su, 1999; Su
and Huh, 2002), we calculated sedimentation rates
from nuclide profiles, thus establishing sediment
chronologies and sediment budget. We also
evaluated the intensity of particle scavenging
based on sedimentary inventories of nuclides.
Another focus of this paper is the implications of
ICP-MS measured **°Pu/***Pu data on the source-
to-sink pathways of Pu and, by extension, other
particle-reactive chemical species.

Although *'°Pb (T, =2226yr) and the
anthropogenic '*’Cs and Pu isotopes can be used
to derive sedimentation rates and processes on
timescales only up to 100yr, the information
obtained from this study has profound implica-
tions for other studies in this all-important region.
Based on the geological doctrine of uniformitar-
ianism, what is learnt from contemporary sedi-
mentation can be extended backward to unravel
the history in the geological past. With this in
mind, we had occupied stations not only to fulfill
the objective of this study but also to overlap with
ODP and IMAGES drilling sites with a view to use
the present as a key to the past.

2. Materials and methods

The sediment cores used for this study were
taken from water depths over 1000m (Fig. 1).
They were judiciously selected from a large
number of box cores collected onboard R/V Ocean
Researcher-I from three cruises: OR-590 (July
23-27, 2000), OR-642 (April 24-30, 2002) and
OR-679 (April 17-24, 2003). In order to focus
better on the afore-mentioned issues, we report
here cores with fairly constant sedimentation and
purposely excluded those containing turbidites,
showing unsteady sedimentation and mixing,
which have been reported elsewhere (Huh et al.,
2004).

The core tops of these cores were well preserved
upon recovery as evidenced by transparent bottom
water on top of sediments in the box corer. After
the overlying water was siphoned out carefully
without disturbance of the sediment-water inter-

face, core barrels were inserted into the box to take
subcores. Sediments in the core barrels were
extruded onboard with a hydraulic jack and
sampled at 1-2-cm intervals. The outer rim
(~0.5cm) of each sediment slab was trimmed off
to minimize contamination between layers. The
sectioned samples were sealed in 8-oz plastic jars
and kept frozen until further processing in the
home laboratory. Based on weight loss after
freeze-drying, water contents of the wet sediments
were calculated. A correction for the amount of
salt retained in the dry sediments was made based
on water content and bottom water salinity.
Activities and inventories of nuclides and mass
accumulation rates reported in this paper were
calculated on salt-free basis.

209pp  (via 2'%Po) and *%**Pu were first
determined by o-spectrometry. **’Po and ***Pu
obtained from ORNL were added as the yield
determinants prior to total digestion of samples.
The 2“Po and 2**Pu spikes have been calibrated
versus NIST-certified 2**Po (SRM-4327) and ***Pu
(SRM-996), respectively. Polonium isotopes were
plated onto a silver disc from the sample solution
(in 1.5N HCI, in the presence of ascorbic acid) at
80-90 °C for 1-2h. Isotopes of Pu were electro-
plated onto stainless steel discs. The counting
results were corrected for the decay of >'°Po (from
the time of plating to counting) and *'°Pb (from
sample collection to Po plating). More detailed
description of the radiochemical procedures has
been given elsewhere (Huh et al., 1987, 1990,
1996).

214Pp (a precursor of 2'°Pb, used as an index of
supported 2'°Pb) and '*’Cs were measured by 7-
spectrometry based on photon energies at 351.99
and 661.62 keV, respectively. The counting system
is equipped with a 150% efficiency (relative to
3 x 3 Nal) HPGe detector (EG&G ORTEC GEM-
150230) interfaced to a digital gamma-ray spectro-
meter (DSPec Plus®). The detector was calibrated
using NIST SRM 4353 (Rocky Flats soil) and
further tuned with TAEA reference materials
133A, 327 and 375. At 661.62keV, for example,
the absolute counting efficiency for our samples (in
plastic jars of 8.5-cm diameter, 7-cm height) varied
from 6.15% for 10-g samples to 4.66% for 100-g
samples, and the peak resolution was 1.21keV
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(FWHM) with a peak-to-Compton ratio higher
than 90.

At a later stage of this work, the Pu samples that
had been assayed by alpha spectrometry were
reprocessed for ICP-MS analysis to obtain the
240pyy /239Py ratio. The procedure entailed removal
of the Pu source from the stainless steel plates by
leaching with 8N HNOj;_ followed by ion exchange
operations to remove Fe and traces of other metals
inadvertently came off the stainless steel discs
along with Pu during acid leaching. Briefly, Pu in
the 8 N HNOj; lechate was purified by passing the
solution through an anion column (AGI x 8),
followed by successive washing of the column
with an additional amount of 8N HNO; and 9N
HCI to get rid of Fe and other impurities. Pu was
then eluted off the column into a Teflon beaker
with 1.2 N HCI. After the eluant was evaporated to
incipient dryness, Pu was picked up with ~1 ml of
1N HNO; for isotopic analysis on a Finnigan
MAT (Bremen, Germany) Element II inductively
coupled plasma mass spectrometer. The Element
IT is a sector field double-focusing mass spectro-
meter with reverse Neir—Johnson geometry. For
Pu isotope measurement, the instrument was
operated in low resolution (m/Am = 300) with
excellent peak flat. The masses at 239, 240 and 242
were integrated for 0.003, 0.040 and 0.003 ms,
respectively, and repeated for 600 times. The
sample introduction system consisted of a high—
stability quartz Scott-type double-pass spray
chamber attached with a self-aspirating Teflon
MicroFlow nebulizer PFA-50, at a flow rate of
~50 plmin~".

The precision of the Pu data measured by ICP-
MS is comparable to or better than that obtained
by alpha spectrometry. The accuracy of the ICP-
MS data is ensured by the good agreement with
alpha spectrometry data (discussed later) and the
analysis of reference material IAEA-327.

3. Results and discussion

Space limitation does not allow us to tabulate
the complete dataset, which can be found at the
web site http://dmc.earth.sinica.edu.tw/Contribu-
tor/Huh/Lee_et_al2004/. For the following discus-

sion, the data are plotted in Fig. 3 to show profiles
of ¥7Cs, excess *'°Pb (*'°Pbe, =2'"Pb—?'*Pb),
239240py and 240py 2Py,

It should be noted that Pu was not analyzed for
core 590-12 in view of its fast sedimentation rate
(see later) and hence inadequate coverage of the
137Cs profile in that core (Fig. 3). If we see '¥'Cs
increases with depth but the subsurface peak
representing the 1963 fallout maximum does not
emerge within the length (~50cm) of the core, this
most important feature will also be missing for Pu
and any bomb-produced nuclides in the core.
Thus, insofar as core 590-12 is concerned, it is not
justifiable to go through the rather laborious
radiochemical procedures for Pu.

3.1. Sedimentation rates

With the combined use of three nuclides as
chronometers, we wish to determine sedimentation
rates more rigorously. Excess 2!°Pb profiles in all
cores, reported here, show typical exponential
decrease with depth (Fig. 3). Sedimentation
rates obtained by curve fitting of these profiles
generally decrease with increasing distance and
water depth offshore, from 1.68cmyr~' (or
140gem2yr~ ') in 590-12 to 0.l14cmyr ' (or
0.09gcm2yr~") in 590-22. Note that even the
lowest rate measured in our study area is
substantially higher than any previously reported
sedimentation rates further to the east and north in
the Okinawa Trough (Sawada and Handa, 1998;
Ujiié and Ujiié, 1999; Jian et al., 2000; Oguri and
Matsumoto, 2000). Thus, SOT is apparently an
area of focused sedimentation along the path of
Kuroshio.

The anthropogenic '*’Cs and Pu may be used as
independent tracers, based on their known input
history in the past 5-6 decades, to further
constrain sedimentation rates. The simplest and
most widely adopted approach has been the use of
the subsurface maximum of these fallout nuclides
to mark the time horizon circa AD 1963 , the year
with the highest global fallout following a period
of most intense atmospheric nuclear tests by the
US and, especially, the Former Soviet Union. Such
peaks are obvious in all cores except core 590-12
as explained earlier. Sedimentation rates thus
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Fig. 3. Profiles of *’Cs, excess 2!°Pb and 2*° 2*°Pu activities and 2*°Pu/**Pu atom ratio in the studied cores.

calculated are listed in Table 1 along with *'°Pb-
based rates for comparison.

Table 1 shows that sedimentation rates derived
from >'°Pb, and Pu agree very well in all cores
except for core 590-22 for which the >!°Pb,,-based
rate is greater by ~40%. Core 590-22 has the
slowest sedimentation rate among all cores re-
ported here; it is more difficult to attain a sufficient
resolution to determine the steep >'°Pb,, gradient
and the shallow depths of the subsurface max-
imum of '¥’Cs and Pu. The problem would be
further compounded if the core top or sedimenta-
tion layers were not flat enough; any sampling
artifacts associated with slicing sediment layers not
leveled at the top of the core barrel would cause
artificial mixing of the sediments and result in
disagreement of chronology derived from different
tracers.

It is important to note that, when the sedimen-
tation rate is high enough and the sampling

resolution is adequate, the Pu peak always lies
underneath the '¥’Cs peak. Consequently, “‘ap-
parent sedimentation rates” derived from '*’Cs
tend to be lower. Such a deviation warrants special
attention. It could be attributed to the different
affinity for particles between '*’Cs and Pu. *’Cs is
known to be less particle-reactive and therefore it
has a longer residence time in seawater, especially
when considering that the water column in the
study area is more than 1000m in depth, thus
forming a considerable barrier to hinder the
arrival of '*’Cs at the seafloor. Consequently, the
transit time from the surface ocean to eventual
deposition at the seafloor is longer for '*’Cs
relative to Pu, resulting in delayed arrival and
therefore a shallower depth of its subsurface
maximum in the sediment column. This is quite
analogous to the migration of different chemical
species at different speeds through an ion-ex-
change column.



Table 1

Summary of box core location, water depth, sedimentation rates® and nuclide inventories®

Nuclide inventory (dpm cm~?)

_2

Linear sedimentation rate (cmyr~') Mass accumulation rate (gem 2 yr~')

Water

Longitude

Box core Latitude

number

137CS 239,240Pu

21 ()Pb
ex

239,240Pu

137CS

21 ()Pb
ex

137CS 239,24()Pu

21 OPbex

depth (m)

n.a.

1995+100 n.a.

n.a.
0.3440.02 0.4140.02

1.40+0.07 n.a.
0.4740.01

n.a.

0.514+0.03 0.61+0.03

1.68+0.08 n.a.
0.64+0.01

24°49.92’'N 122°20.05'E 1184

590-12

4.16+0.07 4.05+0.04

978 +21

25°07.62'N 122°32.78'E 1130

590-16

721436 2.02+0.04 1.55+0.02

0.1540.01 0.20+0.01

0.2040.01
0.092+0.003 0.06+0.01 0.06+0.01

0.24+0.01
0.1040.01

0.2040.01
0.10+0.01

0.2440.01
0.1440.01

1.21+£0.02 1.03+0.01

28549

25°10.03'N 122°40.03'E 1282
25°02.04'N 122°50.96'E 1510

590-18

590-22

778422 2.40 £ 0.05 2.594+0.02

0.2640.02 0.31+0.02

0.35+0.01
0.1340.01

0.37+0.03 0.43+0.03

0.44+0.01
0.1940.01

1.56+0.03 1.32+0.02

3984 32

0.12+0.01 0.12+0.01

0.194+0.04 0.19+0.04

24°48.43'N 122°30.30'E 1279
25°00.10'N 122°40.07E 1474
24°48.18'N 122°31.04'E 1284

590-23
6424
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1.374+0.03 2.44+0.01

725420

0484002 0464003 0484003 0364001 0.3240.01 0.36+0.01
Expected inventory® 45-50

679-7a

0.21

6.7

a210pp_hased rates are derived from exponential curve fitting, while '*’Cs- and Pu-based rates are calculated by taking the subsurface peaks as the time horizon circa

n.a.: Not analyzed due to inadequate penetration of the box core to the depth marking the 1963 time horizon of global fallout maximum.
1963.

b210pp, _inventories are calculated from the best-fit equations, while '*’Cs and Pu inventories are calculated by integrating their activities downcore.

“Inventory expected from local atmospheric input (for all three nuclides) plus in situ production from seawater ***Ra in the case for >'°Pb.

In summary, based on the good agreement
between 2'°Pb.,- and Pu-derived sedimentation
rates, we believe that sediment mixing is minimal
and these two nuclides can complement each other
to yield a reliable sediment chronology in this
particular environment. However, the efficacy of
137Cs as a time marker cannot be overlooked,
especially when we consider that '*’Cs can be more
easily measured by the non-destructive gamma
spectrometry.

3.2. Nuclide inventories.: enhanced particle
scavenging of *'°Pb and Pu in the SOT

By integrating nuclide activities (dpm g~') with
cumulative mass (gecm ) downcore, nuclide in-
ventories (dpmcm ) in sediments are calculated.
The results are also summarized in Table 1. It
would be informative to compare the observed
inventories against cumulative fallout expected
from atmospheric input and in situ production of
29pp from seawater *2°Ra. In a previous study
concerning the East China Sea, such “overhead”
reference values were estimated to be 0.21, 7.1 and
60 dpm cm 2 for Pu, '*’Cs and ?'°Pb, respectively
(Huh and Su, 1999). Considering the geographic
proximity, we would expect similar Pu and '¥’Cs
fluxes from global fallout in the SOT area.
However, since 2-5yr has elapsed, the reference
value for '*’Cs should be decay corrected from
7.1dpmecm 2, as of January 1998 for the previous
work, to 6.8dpmcm*2, as of July 2000, and
6.3dpmem™2, as of July 2003, for this study. As
regards *'Pb, its flux is highly dependent on
land—sea distribution, precipitation, and water
column production, which are fairly different
between the ECS shelf and the SOT area. There-
fore, it is necessary to make a site-specific
assessment here. For atmospheric flux of 2!°Pb,
we would take 1.06 dpmcm 2 yr~' (Su et al., 2003)
based on a continuous 5-yr record at Peng-Chia-
Yu (25°37.768'N, 122°04.327'E), a nearby islet in
the northwest of the study area. For in situ
production of *'°Pb, the flux calculated for a
water column of 1130-1510m with a mean **°Ra
concentration of 0.1dpmI~' (Yeh and Chung,
1997) is 0.35-0.50dpmcm yr~!. Thus, the
total 2'Pb input to the water column amounts
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to 1.41-1.56dpmem 2yr~!, which could sus-

tain a sedimentary >'Pb inventory up to
45-50 dpm cm ™2 at steady state.

Compared with the reference values recapitu-
lated above (namely, 0.21, 6.3-6.8 and
45-50 dpm cm ™2 for Pu, '*’Cs and *'°Pb,,, respec-
tively), the observed inventories of >'°Pb,, and Pu
are about 5-20 times higher than expected and
correlate positively to sedimentation rate. So, there
must exist additional input terms for Pu and >'°Pb
in the study area. Potential sources for the extra Pu
and ?'°Pb inventories in the study area include: (1)
sediments exported across the ECS shelf, (2)
drainage basin input from eastern Taiwan, and
(3) lateral input of open ocean water in conjunc-
tion with enhanced particle scavenging in the SOT
area. The relative importance of these possible
sources is evaluated below.

It was hypothesized during the KEEP project
that the SOT area constitutes a sink for sediments
from the ECS shelf (Wong et al., 2000). Sediment
traps deployed on the slope region between the
ECS shelf and the SOT area did capture time-
averaged mass fluxes as high as ~2gem Zyr~!
and that the sediment particles were transported
primarily through canyons, not across the slope
area (Chung and Hung, 2000). From the spatial
pattern of sediment trap-measured mass flux, it is
suggested that most of the sediments transported
down the canyon did not reach the trough directly.
Rather, before reaching the base of the slope, the
sediments were entrained and transported by a
year-round undercurrent over the slope flowing
toward the southwestern end of the basin (Chung
and Hung, 2000; Liang et al., 2003). This is
consistent with our observation that sedimentation
rates at site 590-16 down the Mien-Hua Canyon
and elsewhere down the ECS slope are much less
than that at site 590-12 in the west.

Although the ECS shelf may be an important
source of sediments to the SOT, it is probably less
important as a source of fallout nuclides in the
SOT area in view of the distinct difference in grain
size and 2'°Pb activity, as explained below.
Surficial sediments in the outer shelf of the south
ECS, as well as sediment-trap collected particles
over the ECS slope and canyons are primarily sand
and silt with 2'“Pb,, activities, 1 to 2 orders of

magnitude lower than those in surficial sediments
(predominantly of clay size) in our study area.
Although sediments in the deep SOT are primarily
transported from the west, some of them may
originate from suspended particles carried to the
west by the undercurrent mentioned above. When
such particles settle to the deep SOT sediments,
they scavenge additional amounts of *'°Pb,, and
Pu from the water column.

With an average annual sediment discharge of 8
million tons per year since 1949 (Water Resources
Bureau, 1999), the Langyang River in the north-
east of Taiwan is obviously an important source of
sediments to the SOT area. The spatial pattern of
6'3C and grain size distribution (please see
supplemental material at http://dmc.earth.sinica.e-
du.tw/Contributor/Huh/Lee_et_al2004/) suggests
a pronounced terrestrial plume from the river’s
estuary and delta toward the SOT area. Could the
Langyang River be capable of contributing sig-
nificantly to the *'°Pb budget in the SOT area? We
believe the possibility can be ruled out based on
the following considerations. The area of the
Langyang River’s drainage basin is 979 km?
somewhat less than the seafloor area surrounded
by the studied cores (~1000 km?). Even if we make
an extreme (and unrealistic) assumption that the
residence time of fallout 2'°Pb in the drainage
basin of Langyang River is nil (i.e., completely
exported to the sea), the river is still a relatively
small source for fallout nuclides in the SOT area.
By analogy, the role of the Langyang River in
contributing Pu to the SOT area is also unim-
portant. This leaves particle scavenging as the
process mainly responsible for the observed 2'°Pb
and Pu inventories in SOT sediments, as elabo-
rated below.

The passage of Kuroshio through the SOT area
is capable of introducing enormous amounts of
particle-reactive chemical species, including '°Pb,
Pu and '¥7Cs, from the open Pacific for removal in
the SOT area. Conceivably, the scavenging effect
can be intensified by the collision of Kuroshio
onto the northern wall of the Okinawa Trough,
upwelling of the Kuroshio subsurface water
followed by the formation of a cyclonic eddy,
and bountiful supply from the Langyang River
and the ECS shelf of sediments as scavengers of
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particle-reactive materials. The potential of Kur-
oshio as a source for 2'°Pb and Pu to the SOT area
can be roughly estimated below.

The study area falls well within the path of
Kuroshio and is close to its main axis (Fig. 1).
With a mean Kuroshio volume transport of
~15Sv (1Sv=10°m>s™") in the study area (Liang
et al., 2003) and given an average >'°Pb concen-
tration of 120dpmm ™ in Kuroshio water (Lin
and Chung, 1991), this western boundary current
could provide an advective 2'°Pb flow of
1.8 x 10°dpms~" (or 5.7 x 10'"®dpm yr~"). Divid-
ing this throughput by the area bordered by
the core sites (i.e., 1000km?) vyields 5.7 x
10*dpmem—2yr~!, which is 90-640 times the
vertical flux required to sustain the observed
sedimentary >'°Pb inventories at steady state. In
other words, it requires the removal of merely
0.16-1.1% of the *'°Pb advected through the SOT
area to account for the observed sediment budget
of 2!°Pb. If a similar calculation is performed for
Pu, assuming a mean Pu concentration of
1.2dpmm~>, in Kuroshio water (Nagaya and
Nakamura, 1992) since AD 1963, the total
throughput of Pu in the water column overlying
the study area during the past four decades would
amount to ~1.9 x 10'® dpm. Dividing this amount
by the area yields 1.9 x 10* dpm cm 2, which is more
than 300 times higher than the observed Pu
inventories above the subsurface Pu peaks in the
studied cores. Thus, the sedimentary budget of Pu in
the study area can be easily explained by removing
not more than 0.4% of the Pu in Kuroshio water
advected through the study area. This is consistent
with the calculation based on 2'°Pb.

In contrast to the large surplus of Pu and ?!°Pb,
the measured '*’Cs inventories in sediments
(1.2-4.2dpmcm™>) are substantially lower than
its reference value (6.3-6.8 dpmcm™2), again re-
flecting this nuclide’s lower affinity for particles
and longer residence time in the water column.

3.3. Downcore distribution of **’ Pu/**° Pu—
implications for sources, pathways and transit time
of Pu

As mentioned earlier, following the alpha
spectrometric analysis of 2**?*°Pu, we reprocessed

the Pu sources for isotopic analysis by ICP-MS,
except for 679-7a, the last core studied, for which
Pu isotopes were directly measured by ICP-MS.
Fig. 4 shows that the ****°Pu data, calculated by
adding up **Pu and **°Pu, measured by ICP-MS
agree very well with the alpha-spectrometric
239.240py; data.

Downcore profiles of *°Pu/**°Pu (Fig. 3) show
the following features. First, at all depths in all
cores, 2*°Pu/**’Pu ratios are consistently above
0.22, averaging ~0.26 throughout the cores. These
ratios are considerably higher than the average
ratio of 0.176 in global fallout reported by Krey et
al. (1976). Secondly, as with *** Py, the
240py2¥Py ratio generally increases with depth
toward a subsurface maximum. Thirdly, and most
interestingly, the 2*’Pu/>*’Pu peak is located below
the 2> **°Pu peak in all cores except 590-22 in
which they reside in the same sampling interval.
We believe it is due to the lowest sedimentation
rate of 590-22 (hence inadequate sampling resolu-
tion) among the studied cores that the >*°Pu/**°Pu
and 2* 2*°Pu peaks are not separable in that core.

Since sedimentation rates of the studied cores
span a wide range, it is not straightforward to
compare the offset in depth between the **%**°Pu
and the **°Pu/*°Pu subsurface peaks among the
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Fig. 4. Correlation between alpha spectrometry and ICP-MS
measured 2% 2Py activities.
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cores. An alternative attempt was made to
distinguish their arrival times. By setting the
fallout 2% 2*Pu maximum at AD 1963, we
calculated the arrival time of the ***Pu/**Pu
maximum based on each individual core’s sedi-
mentation rates. The results show that the
249py/2Pu maximum falls within the time period
from AD 1955 to 1963. If the **°Pu/**°Pu versus
time plots of all cores are pooled together, and
mean 2*°Pu/**°Pu ratios (and standard deviation)
are calculated year-by-year to generate a compo-
site plot, the 2**Pu/**Pu maximum can be
constrained better, as revealed in Fig. 5. Also
shown in Fig. 5 for comparison is the single plot
for core 679-7a, which was collected and analyzed
at a later time with the purpose of improving the
time resolution in mind. It was collected from a
site with a suitable sedimentation rate and sampled
at 1-cm intervals throughout the length of the core.
The high-resolution data from a single core does
corroborate the composite plot, lending strong
support to the validity of the dataset and the
following arguments.

These high **°Pu/**°Pu ratios and their timing
must be ascribed to high-yield, neutron-rich US
tests conducted during AD 1946-1958 on the
Marshall Islands, which was by far the largest
point source for Pu in the Pacific (Robison and
Noshkin, 1999). Especially noteworthy are two
exceptionally large detonations: the Ivy—Mike shot
(10.4m) on Oct. 31, 1952 at Enewetak Atoll and
the Castle-Bravo shot (15m) on Feb. 28, 1954 at
Bikini Atoll. Together, these two shots contributed
to more than 90% of the global total yield during
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Fig. 5. Plot of **Pu/**Pu versus time for core 679-7a
compared with a composite plot of six cores.

AD 1952-1954. (Carter and Moghissi, 1977). The
Ivy-Mike shot produced 2*°Pu/>*’Pu ratios of 0.36
(Diamond et al., 1961), and the Bravo shot should
yield similarly high >**Pu/**°Pu ratios, although no
measurements were reported for that shot (Bertine
et al., 1986). It is generally accepted that close-in
fallout from US Pacific nuclear tests is responsible
for the >** 2*°Pu inventories in the water column,
which are substantially higher than expected from
global fallout (Bowen et al., 1980; Livingston et
al., 2001). Likewise, close-in fallout will also affect
the 2*°Pu/>*°Pu ratios in the environment, shifting
the values away from the value (~0.18) typical of
worldwide fallout.

The highest ***Pu/?*°Pu ratio we measured,
~0.33, found in BC23 at 16-18cm depth (Fig.
4), is rather close to the ratio (~0.36) resulting
from the Ivy—Mike shot in 1952, suggesting the
dominance of high-yield close-in fallout and very
rapid transport relative to the residence time of Pu
in seawater. The influence of this source to the
northwest Pacific Ocean, in general, and to the
SOT area, in particular, can be better realized by
considering the transport pathway of materials in
relation to circulation pattern in the western
Pacific. Located near 12°N, Bikini and Enewetak
Atolls are right in the path of the NEC (Fig. 2).
Hence, Pu derived from these atolls or the nearby
waters can be transported by the current to the
SOT area, which is an effective sink of sediments
and particle-reactive materials. Following the
240py /2Py maximum, the ratios decreased gen-
erally toward the core tops to values consistent
with recent >*°Pu/**°Pu ratios in the water column
near Bikini Atoll (Bertine et al., 1986). An attempt
was made to estimate the transit time from the
source (at ~12°N, 163°E) to the sink in the SOT
area, as described below.

Fig. 5 indicates that the 2*°Pu/**Pu peak
arrived the SOT area circa AD 1958-1960. A
transit time of ~6 yr (since AD 1952-1954) is thus
suggested for the transport of the **Pu-enriched
Pu from the Pacific Atolls to the SOT area. The
traveling distance of NEC (centered along ~12°N)
from the Marshall Islands (~163°E) to the east of
Philippine (~125°E) is ~4100km, and that of
Kuroshio along the western Pacific margin from
12°N to 25°N is ~1500 km. Assuming 0.6ms~' as



S.-Y. Lee et al. | Deep-Sea Research I 51 (2004) 1769—1780 1779

the mean velocity of the core of Kuroshio from
12°N to 25°N and above 300 m (Tang et al., 2000),
the traveling time of Kuroshio through this
segment is not more than a month, very short
relative to 6 yr. Thus, the mean velocity at which
Pu is transported along NEC can be estimated to
be ~0.022ms~'. Considering various uncertainties
involved, this result compares reasonably well with
the annual mean velocity of NEC above 400 m
(~0.02-0.06ms~ ') calculated by Donguy and
Meyers (1996) based on XBT data and the
climatological temperature—salinity relationship.

4. Conclusions

In conjunction with high sediment flux, the
collision of Kuroshio onto the slope of the East
China Sea shelf and the topographically steered
upwelling, eddy formation and diversion of this
western boundary current cause extremely intense
scavenging of particle-reactive chemical materials
in the SOT area. Seven sediment cores collected
from the SOT area were analyzed for '*’Cs, *'°Pb
and Pu isotopes to elucidate sedimentation,
chemical scavenging and sources and pathways
of nuclides. From the results the following
conclusions can be drawn:

(1) With sedimentation rates substantially higher
than those observed elsewhere in the Okinawa
Trough along the route of Kuroshio, the SOT
area is probably the most effective sink of
sediments off the East China Sea continental
shelf.

(2) The high sedimentation rates in the SOT area
offer a very favorable condition for the
preservation of paleoceanographic and paleo-
climate records in the sediments. Thus, the
ODP and IMAGES cores recently recovered
from this area are expected to reveal the
history of the sedimentation environment at
unprecedented high resolution.

(3) Due to high sediment flux, massive passage of
open-ocean water and interaction of the
Kuroshio water with the continental margin
topography, extremely intense scavenging of
particle-reactive chemical species takes place in

the SOT area, resulting in sedimentary inven-
tories of 2'°Pb, and #***°Pu far greater than
expected from local atmospheric input and
water column production (i.e., if there were no
Kuroshio flowing through).

(4) Downcore profiles of *°Pu/**’Pu are charac-
terized by a subsurface maximum underneath
the 2*%2*°Pu peak, suggestive of Pu input from
high-yield neutron-rich nuclear tests in the
Pacific prior to AD 1963. Based on the
sedimentation rates, the vertical offset between
the 2*°Pu/**°Pu and *****°Pu peaks, and the
circulation pattern in the western Pacific, it is
rather certain that the high **°Pu/>**Pu ratios
are derived from thermonuclear tests con-
ducted by the US in the Marshall Islands
during the early 1950s. The source-to-sink
traveling velocity, estimated from the spatial
distance and the elapsed time, supports the
notion that NEC and Kuroshio are responsible
for the teleconnection between the Equatorial
Pacific and the western Pacific margins.
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