Science of the Total Environment 610-611 (2018) 200-211

Contents lists available at ScienceDirect

Science o
Total Environment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Sources and accumulation of plutonium in a large Western Pacific @cfossMark
marginal sea: The South China Sea

Junwen Wu 2, Minhan Dai **, Yi Xu ?, Jian Zheng "

@ State Key Laboratory of Marine Environmental Science, Xiamen University, Xiang'an District, Xiamen 361102, China
Y Fukushima Project Headquarters, National Institute of Radiological Sciences, National Institutes for Quantum and Radiological Science and Technology, 491 Anagawa, Inage, Chiba 263-8555,

Japan

HIGHLIGHTS GRAPHIC ABSTRACT

~41% of Pu in the SCS is sourced from
the PPG via the NEC and Kuroshio Cur-
rent.

There occurred enhanced scavenging of
Pu sourced from the PPG.

There occurred significant accumulation
of Pu in the SCS.

~ Pacific Ocean

uroshio

X Continuous Transport
3 ﬂ‘ North Equatorial Current pp

~IFE}_

100°E 120°E l4ﬂ°E 160°E

ARTICLE INFO ABSTRACT

Article history: In order to examine the sources of plutonium (Pu) and elaborate its scavenging and accumulation processes,
Received 26 May 2017 240py/239py atom ratios and 23° * 249Py activities in the water column of the South China Sea (SCS) were deter-
Received in revised form 25 July 2017 mined and compared with our previously reported data for the sediments. Consistently high 2*°Pu/?**Pu atom
:\C,;?ﬁtbelg zilji:‘lleyfx?g ratios that ranged from 0.184-0.250 (average = 0.228 + 0.015), indicative of non-global fallout Pu sources

were observed both in the surface water and at depth during 2012-2014. The spatial distribution of the
240py/239py atom ratio in the SCS showed a decreasing trend away from the Luzon Strait, which was very consis-
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tent with the introduction pathway of the Kuroshio Current. The Kuroshio had an even heavier Pu isotopic ratio

Keywords: ranging from 0.250-0.263 (average = 0.255 4 0.006), traceable to the non-global fallout Pu signature from the
Plutonium Pacific Proving Grounds (PPG). Using a simple two end-member mixing model, we further revealed that this PPG
South China Sea source contributed 41 + 17% of the Pu in the SCS water column. The 2% T 240Py activities in the SCS surface sea-
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water varied from 1.59 to 2.94 mBq m ™3, with an average of 2.34 + 0.38 mBq m—>. Such an activity level was
~40% higher than that in the Kuroshio. The distribution of 2° * 24%py in the surface seawater further showed a
general trend of increase from the Kuroshio to the SCS basin, suggesting significant accumulation of Pu within
the SCS. The 3% * 24%py inventory of the water column in the SCS basin at the SEATS station with a total depth
of ~3840 m was estimated to be ~29 Bq m~2, which was substantially higher than the sediment core estimates
made for the SCS basin (3.75 Bq m~2) but much lower than the sediment core estimates made for the shelf of the
northern SCS (365.6 Bq m~2). Such differences were determined by the lower scavenging efficiency of Pu in the
SCS basin compared to the northern SCS shelf.
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1. Introduction

The input of plutonium (Pu), a man-made element, into the oceanic
environment is mainly through above ground nuclear weapons testing
(Sholkovitz, 1983), accidental releases (Zheng et al., 2012) and dis-
charges from reprocessing plants (Kershaw et al., 1995; Dai et al,,
2005). Because of their high toxicity, long half-lives and a large risk for
internal radiation exposure, the fate of Pu isotopes in the ocean is thus
of great environmental concern. Note that, when deposited in the
ocean, Pu takes part in a series of oceanic processes and can be
transported quite far from the source point. Such environmental impact
can be beyond a regional scale because of this transport (Buesseler et al.,
2017).

The relative abundances of Pu isotopes, typically 2>°Pu and 2*°Pu, can
be commendably used to trace the special sources of Pu because
240pyy/239py atom ratios vary with reactor types, neutron flux and ener-
gy, nuclear fuel burn-up time, and for fallout from nuclear detonations,
weapon types and yield (Wu et al., 2014 and references therein). Our
previous study concerning the 239 * 240py activities and 24°Pu/?*°Pu
atom ratios in sediments of the Northern South China Sea (NSCS) and
its adjacent Pearl River Estuary (PRE) infers that Pu in the NSCS is
sourced from a combination of global fallout with a characteristic
240py/239py atom ratio of 0.180 + 0.014 (Kelley et al., 1999) and
close-in fallout traceable to the Pacific Proving Grounds (PPG) in the
Marshall Islands that has a very high 24°Pu/?*°Pu atom ratio of
0.30-0.36 (Buesseler, 1997; Muramatsu et al., 2001) derived from the
above-ground nuclear weapons testing carried out during the period
1952-1958 (Wu et al., 2014 and references therein). The present
study aimed to further examine if there is a continuously supplying Pu
source from the PPG transported via the North Equatorial Current
(NEC) and the Kuroshio Current into the SCS through determination
of the Pu activity and its isotopic ratio in the water column of the SCS,
and to elaborate the scavenging and accumulation of Pu, which is of
great importance to understanding the fate of this artificial radionuclide
of environmental concerns. We point out that information on Pu activity
levels and isotopic ratios would also help in establishing a baseline for
future environmental risk assessment related to nuclear power plant
operations that see a dramatically increasing rate along the coast of
the region (Zeng et al., 2016).

2. Materials and methods
2.1. Study area

The SCS, with a total surface area of 3.5 x 10° km?, is the largest mar-
ginal sea of the North Pacific Ocean. The East Asian monsoon prevails in
the SCS leading to a seasonal alternation of surface circulation with a cy-
clonic gyre in winter (November to March) and an anti-cyclonic gyre in
summer (June to September) (Shaw and Chao, 1994). The basin-wide
surface circulation gyres effectively reduce the influence of terrestrial
inputs on the SCS proper. As a result, the SCS basin has oligotrophic
characteristics similar to those of major ocean basins, with low surface
chlorophyll-a levels and low primary production rates (Liu et al.,
2002; Dai et al., 2013). In contrast, the nearshore area and the continen-
tal shelf are more productive (Han et al,, 2012; Dai et al., 2014). In addi-
tion, the SCS has a unique circulation pattern with dynamic exchanges
with the western North Pacific Ocean (WNPO) via the Luzon Strait
with a sill depth of ~2000 m. A branch of the Kuroshio Current intrudes
from the wNPO into the SCS in the upper layer (~400 m) and transports
westward along the northern continental slope of the SCS, the SCS water
outflows into the wNPO in the intermediate layer (~500-1500 m) and
the wNPO deep water flows again into the SCS in the deeper layer
(~1500 m) (Tian et al., 2006; Liu et al., 2014; Wu et al., 2015).

The Kuroshio is the important western ocean boundary current. It
originates from the northward bifurcation of the NEC which flows west-
ward to the Philippine Sea (Wang et al., 2011; Centurioni et al., 2004).

The Kuroshio intrusion to the SCS through the Luzon Strait presents a
seasonal pattern with the intrusion being stronger in winter than in
summer (Shaw, 1991), and significantly modulates the surface seawa-
ter chemistry of the NSCS (Du et al,, 2013; Wu et al,, 2015).

2.2. Sample collection

Sampling was conducted onboard the R/V Dongfanghong II in spring
and summer 2012, and in spring 2014. The sampling locations are
shown in Fig. 1 and in Table 1. Depth profile samples were collected at
the South-East Asian Time Series Stations (SEATS) located in the north-
ern basin of the SCS in April (0-300 m, SEATS I) and in August 2012 (0-
1000 m, SEATS II). The remaining samples were all collected from the
surface. The surface samples were collected in clean plastic buckets
using a built-in pumping system, and subsurface samples were collect-
ed in Niskin bottles on a CTD rosette system. Upon collection, about
100 L unfiltered seawater samples were acidified with concentrated
HNOs to a pH of about 1.6 for the subsequent sample processing and
Pu measurements. Adding concentrated HNOs to a pH of about 1.6 can
destroy any hydrolysis products or complexes of Pu and favors the for-
mation of oxidized Pu (V-VI) in the seawater (Choppin, 2006, 2007).

2.3. Sample processing and Pu isotope analysis

The analytical procedure used for 23° + 24Py in seawater was in ac-
cordance with Bu et al. (2014a). Briefly, a known amount of 2#Pu
(IRMM-085, European Commission Joint Research Centre, Belgium)
was added to the seawater samples as a yield monitor. The Pu in the
spiked sample was co-precipitated with ferric hydroxide (Fe (OH)s3)
by adding ~10 mL Fe>* solution (15.5 mg mL~ ') and adjusting to pH
~9 with the addition of concentrated NH,OH. The precipitate was dis-
solved in 20 mL 8 M HNO; and Pu was adjusted to Pu** through adding
NaNO,. The Pu in the sample solution was subsequently purified with
two-stage anion-exchange columns using AG 1-X8 and AG MP-1 M
(Bio-Rad) (Bu et al., 2014b). The final sample solution, evaporated to
near dryness was dissolved in 4% ultrapure HNO5 (1.0 mL) and filtered
for MC-ICP-MS analysis. The determination of Pu isotopes was conduct-
ed, using MC-ICP-MS (Nu plasma HR, Nu Instruments Ltd., England) in a
low resolution mode in order to obtain the maximal sensitivity, in the
State Key Laboratory of Marine Environmental Science, Xiamen Univer-
sity. The DSN-100 high efficiency sample introduction system with a
membrane de-solvation unit and a conical concentric nebulizer was
used. The chemical yield for Puwas 62.1 + 10.7%. We obtained high pre-
cisions of 23° * 240py activity and 24°Pu/2*°Pu atom ratio in seawater,
i.e., their relative standard deviations of the uncertainties were 1.6 +
1.0% and 2.4 + 1.8%. This was significantly superior to the values mea-
sured using SF-ICP-MS (corresponding to 11.9 4+ 5.6% and 13.0 +
4.3%) (Bu et al.,, 2014a). In addition, for Pu measurements with MC-
ICP-MS, the most significant interferences are usually caused by the for-
mation of polyatomic uranium hydrides (**3UH ™) and peak tailing from
the 238U peak, resulting in overestimation of the 2*°Pu signal. The an-
alytical procedure we employed in our work was capable of effectively
eliminating the U interferences by achieving an extremely high U de-
contamination factor of 6.0 x 107, which was comparable to previously
reported values (3.0 x 107-1.0 x 10%) (Bu et al,, 2014a).

The data quality and the mass bias correction were assured by regu-
lar analyses of the IAEA-443 (Irish Seawater) (International Atomic En-
ergy Agency) certified reference material (2*°Pu/%*°Pu = 0.228 & 0.004,
n = 18, verified value: 0.229 4 0.006). The analytical method was also
validated by analyzing with other reference materials: [AEA-384
(Fangataufa Lagoon Sediment) and IAEA-385 (Irish Sea Sediment).
The accuracies of the 23° * 240py activities and the *°Pu/>**Pu atom ra-
tios were in good agreement with the certified and previously reported
values (Table 2). In addition, the operational blank count rates for 2*°Pu
and 2*°Pu were analyzed through measuring 100 L pure water following
the same chemical procedure for Pu determination in seawater. The
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Fig. 1. Maps of the South China Sea (SCS) and the western North Pacific Ocean showing: (a) a schematic chart of the North Equatorial Current (NEC)-Kuroshio Current system, and the
location of the Pacific Proving Grounds (PPG, red triangle) in the Marshall Islands (Wu et al., 2014); and (b) sampling sites in the SCS and adjacent Pacific Ocean. The range of both the
NEC and Kuroshio (blue solid arrows) in the Pacific Ocean has also been roughly sketched. Green triangles and red squares represent stations where seawater samples were collected
in April and August 2012, respectively; the water column was taken at the SEATS station (pentacle) in April (0-300 m, SEATS I) and August 2012 (0-1000 m, SEATS II). Yellow circles
represent the sampling stations visited in May 2014. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

limit of detection (LOD) was calculated based on the International
Union of Pure and Applied Chemistry recommendations (Mocak et al.,
1997). The LOD was calculated to be 0.44 fg mL~! for 2*°Pu and
0.36 fg mL~! for 24Py, corresponding to 0.01 mBq m~3 for 2*°Pu and
0.03 mBq m~2 for 2*°Pu when a 100 L volume of water was measured.

3. Results and discussion
3.1. Hydrography

The basic hydrology of the SCS during the observation period has
been introduced in Yang et al. (2016), Lin et al. (2016) and Zhong

etal. (2017). Here in Fig. 2, we showed the relationship between poten-
tial temperature (6) and (S) salinity at the sampling sites. They are

consistent with the general features reported previously (Du et al.,
2013 and references therein), and have been used to differentiate
them from other water masses upon mixing such as Kuroshio being in-
dicated by data points collected at Stns P1, P3, P5 and LT1. Potential tem-
perature and salinity were noticeably temporally variable in the surface
mixed layer. For example, sea surface temperature at the SEATS station
was moderately high (~28 °C) in spring 2012 and increased gradually to
~28.8 °C in summer 2012 (Fig. 2a). In contrast, the higher surface
salinity in SEATS I was comparable to that in SEATS I, since the latter
sampling period was during precipitation. Fig. 2a also underlines
that the Kuroshio water influence on SEATS I was stronger com-
pared to that on SEATS II. Below the mixed layer, the SCS
water was characteristic of both a distinct shallow salinity maxi-
mum (S > 34.6, 6 = ~18 °C, 0y = ~24.8) at about 150 m and a
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Table 1
239 + 240py activities and 2*°Pu/?>%Pu atom ratios in surface seawater of the South China Sea.
Area Station  Lat. Long. Bot.depth  Sampling date  Layer  Temperature  Salinity 23 * 240py activities ~ 2°Pu/?*Pu
(°N) (°E) (m) (m) (°C) (mBqm~3) atom ratios

SEATS 17.949 115.947 3833 2012-04-14 0.5 27.570 33.705 2.22 +0.02 0.248 + 0.007
M2 20.619 117.521 1289 2012-04-11 0.5 26.281 33.550 248 +0.03 0.224 + 0.005
M1 15.803 119.225 5133 2012-04-16 0.5 29.849 33.030 2.78 £ 0.04 0.248 + 0.004
H7 17.001 113.001 1628 2012-04-16 0.5 28.282 33.634 2.34 4+ 0.03 0.237 + 0.006
03 14.736 115.388 4360 2012-04-21 0.5 29.571 33.107 2.22 +0.03 0.225 + 0.007
o7 13.472 116.958 4270 2012-04-22 0.5 30.078 33.155 242 4+ 0.05 0.241 + 0.006
G3 18.027 117.027 3874 2012-04-12 0.5 28.053 33423 2.74 4+ 0.04 0.250 + 0.007

SCS SEATS 18.000 116.000 3840 2012-08-06 0.5 28.692 32.903 2.35 4+ 0.04 0.242 + 0.007
D001 18.974 110.717 77 2012-08-14 0.5 26.995 33.492 1.80 £+ 0.02 0.184 + 0.017
DD203 18.247 111.250 430 2012-08-16 0.5 29.841 33.260 1.59 + 0.03 0.208 + 0.019
Al 21.417 120.505 1685 2014-06-10 0.5 28.751 34.398 1.77 £ 0.02 0.238 + 0.005
A3 20.520 120.499 2109 2014-06-09 0.5 29.303 33.767 2.06 4 0.02 0.240 + 0.006
A5 19.327 120.627 2170 2014-05-31 0.5 31.545 33.660 294 4+ 0.03 0.238 + 0.004
B1 22.087 118.135 540 2014-06-06 0.5 28.925 32.283 2.29 4+ 0.03 0.234 + 0.005
B5 21.202 119.258 2957 2014-06-06 0.5 30.141 34.204 249 4 0.02 0.200 + 0.005
C1 21.280 117.586 648 2014-06-04 0.5 29.995 33.827 2.85 4+ 0.03 0.220 + 0.002
c4 20.628 118.310 2200 2014-06-02 0.5 30.644 33.924 2.20 4+ 0.03 0.246 + 0.006
Cc7 19.919 119.148 2357 2014-06-01 0.5 29.838 33.970 2.65 4+ 0.03 0.240 + 0.005

Luzon Strait (Kuroshio) P1 22.998 122.999 3150 2014-05-26 0.5 27.525 34.819 1.76 £+ 0.02 0.255 + 0.003
P3 21.000 123.000 3410 2014-05-27 0.5 29.652 34.714 1.75 + 0.02 0.250 + 0.005
P5 19.000 123.000 3657 2014-05-29 0.5 30.726 34.506 1.64 + 0.02 0.263 + 0.007
LT1 21.129 121.683 2740 2014-05-28 0.5 28951 34.730 1.93 £ 0.02 0.251 + 0.006

pronounced minimum (S = ~34.4, 6 = ~8 °C, 0y = ~26.8) at ap-
proximately 400 m. The former was indicative of the North Pacific
Tropical Water, while the latter represented the core of the North
Pacific Intermediate Water (Chou et al., 2005). Compared to the
SCS water, the higher potential temperature and salinity in
Kuroshio water was observed at the same isopycnal layer. The per-
manent thermocline extended from the base of the mixed layer to
about 1500 m. Below 1500 m, parameters such as salinity, potential
temperature and potential density are almost constant at S =
~34.6;0 = ~2°C; 0y = ~27.7.

3.2. Spatial distribution of Pu in the SCS

3.2.1.2%°pu/?*Py atom ratio

The 24°Pu/?**Pu atom ratios of surface seawater in the SCS during the
investigated period in 2012-2014 are presented in Table 1. They varied
from 0.184 to 0.250, with an average of 0.231 4 0.018 (n = 18, number
of samples, thereafter). Such average levels were comparable to the pre-
viously reported values in the SCS basin (0.242 + 0.007, n = 3: Yamada
et al., 2006). These 24°Pu/2*°Pu atom ratios were all characteristically
higher than those expected solely from the global fallout (0.178 +
0.019, 0-30°N) (Kelley et al., 1999), implying that this area must have
received Pu from detonations of high-yield thermonuclear devices.

In the surface Kuroshio water, even higher 24°Pu/?>°Pu atom ratios
than in the SCS were observed, varying from 0.250 to 0.263, with an

average of 0.255 4 0.006 (n = 4), which apparently fueled the high
240py/239py atom ratio signal in the SCS along with the intrusion of
the Kuroshio. This can also be clearly seen from Fig. 2b, showing that
the 24°Pu/?*°Pu atom ratios decreased from the Kuroshio to the SCS
along the isopycnal surface. Such an influence from the Kuroshio can
also be seen from the small difference in 2°Pu/?3*°Pu atom ratio in
spring when the Kuroshio has more impact on the SEATS station than
in summer. Indeed a slightly but visibly elevated ratio occurred in spring
(0.248 4 0.007) compared to summer (0.242 + 0.007). Within the SCS,
the distribution of 2°Pu/23*°Pu atom ratios also showed a decreasing
trend away from the Luzon Strait, very consistent with the introduction
pathway of the Kuroshio Current into the SCS (Fig. 3a).

The depth profiles of the 24°Pu/2**Pu atom ratio along with temper-
ature (T) and salinity (S) at the SEATS station are presented in Fig. 4. The
240py239py atom ratio at SEATS I ranged from 0.216-0.248 (Table 3).
Similar results were obtained from the SEATS Il water column, where
the 24°Pu/?3°Pu atom ratio was 0.217-0.242 in the upper 1000 m. The
range of the 24°Pu/2*°Pu atom ratios in the water column from the SCS
agreed well with those in the sediment cores from the NSCS shelf (Wu
et al., 2014) with significantly higher values than the global fallout
(Kelley et al., 1999).

The depth profile of 24°Pu/?*°Pu atom ratio of SEATS I showed a de-
creasing trend from 0.248 at the surface to 0.216-0.222 at 100-200 m
(Fig. 4a). For SEATS II, we sampled through the upper 1000 m showing
again a decrease from 0.242 at the surface to 0.217 at 200 m, followed by

Table 2
Analytical results of 229 * 24%py activities and 2*°Pu/?>°Pu atom ratios in the reference materials.
Reference  Measured 23 + 240py Added 3° *+ 240py Measured 240py239py Accuracy® Precision Reference
materials  activity (mBq) activity (mBq) 240py239py information
atom ratio values
IAEA-443% 296 + 0.05 2.90-3.04 0.228 + 0.004  0.229 + 0.006 0.3% (activity) 1.6% (activity) Pham et al., 2011
(n=18) (n=18) 0.4% (ratio) 1.8% (ratio)
Reference  Measured 23 * 24%py Certified 22° * 24Py Measured 240pyy/239py Accuracy Precision Reference
materials ~ activity (mBq g~ ") activity (mBq g~ ") 240py239py literature values
atom ratio
IAEA-384 109.07 + 3.12 107 0.052 + 0.001  0.045-0.053 1.9% (activity) 2.9% (activity) Povinec et al., 2007; Lindahl et al.,
(n=15) (103—110) (n=15) (n=9) 1.9% (ratio) 2010, 2011; Godoy et al., 2009
IAEA-385 2.96 4+ 0.04 2.96 0.184 + 0.003 0.178-0.192 0% (activity) 1.4% (activity) Lindahl et al., 2010; Pham et al., 2008
(n=23) (2.89-3.00) (n=3) (n=3) 1.6% (ratio)

Uncertainties of the data are 4 10 based on counting statistics and standard propagation of errors.

4 About 202.7 g IAEA-443 (14.3-15.0 mBq kg~ ') was added into ~100 L water.

b The percent represents the accuracy and precision of the 23° + 240py activity and 2“°Pu/>*°Pu atom ratio, respectively.
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Fig. 2. (a) Potential temperature () versus salinity (S) plots (6 - S diagram) in the water column for the sampling station in the central South China Sea (SCS) during 2012-2014. The
Kuroshio water is represented by Stns P1, P3, P5 and LT1. Here, NPTW denotes North Pacific Tropical Water, and NPIW denotes North Pacific Intermediate Water. (b) 6 - S diagram
superimposed with the 24°Pu/?**Pu atom ratio. (c) 6 - S diagram superimposed with the 23 + 240py activity (unit: mBq m~3). Temperature and salinity data in spring, summer 2012
and spring 2014 were cited from Yang et al. (2016), Lin et al. (2016) and Zhong et al. (2017), respectively.

a more gradual increase to 1000 m, reaching 0.239 (Fig. 4b). The high
240py/239py atom ratio in the surface should be related to the Pu sourced
from the Kuroshio intrusion with a higher 24°Pu/?>°Pu atom ratio as
shown above. The Kuroshio intrusion is mostly limited to the upper
100-200 m resulting where a minimum of 2°Pu/?*°Pu atom ratio was
observed. This close-in fallout fraction with higher 24°Pu/23°Pu atom
ratio was characterized by large size particles and could be preferential-
ly scavenged from the water column (Buesseler, 1997), resulting in de-
clines in Pu atom ratios in the upper 100-200 m (see later discussion).
The increase beyond the upper water column should be attributable to
the remineralization of biogenic particle packaged Pu, which released
the close-in fallout Pu back to the water column. Indeed,
remineralization of the particle packaged nitrogen isotope (Wong
et al., 2002) and 22*Th (Wei et al,, 2011) in the SCS were also observed
beyond 100-200 m.

3.2.2.239 + 2490py qctivity

The 232 * 240py activities in the SCS surface seawater during the pe-
riod of investigation are also listed in Table 1. They ranged from 1.59 to
2.94 mBq m~3, with an average of 2.34 & 0.38 mBqm > (n = 18). Such

239 + 240py activity levels were slightly lower than the previously re-
ported values in the SCS basin (2.51 + 0.21 mBq m™3, n = 3: Yamada
et al., 2006). The distribution of 23° * 24%Py in the SCS surface seawater
overall showed an increasing trend from the Luzon Strait to the basin,
followed by a decrease from the basin towards the shelf (Fig. 3b). For
example, the 239 * 240py activities along transect I (Stns P3, LT1, B5,
C1) increased from 1.75 mBq m~> (Stn. P3) to 2.85 mBq m~> (Stn.
C1), while along transect II (Stns 07, 03, H7, DD203, D001) they de-
creased from 2.42 mBq m™? (Stn. 07) to 1.80 mBq m™> (Stn. D0O1).

In the surface Kuroshio water, the 23° + 240py activities varied
from 1.64 to 1.93 mBq m ™3, with an average of 1.77 + 0.12 mBq m >
(n = 4), which were ~40% lower than that in the SCS basin. Fig. 2¢
also underlines an increase in 23° * 24Py activities along the isopycnal
surface from the Kuroshio to the SCS. Such influences from the Kuroshio
can also be seen from the small difference in 23 * 24°Py activity be-
tween in spring when the Kuroshio has more impact at the SEATS sta-
tion than in summer. Indeed, slightly but visible lower activity
occurred in spring (2.22 4 0.02) than in summer (2.35 4 0.04).

The 23° + 240py activities in the water column of SEATS I ranged from
2.07 to 10.96 mBq m~3, and those of SEATS II varied from 2.35 to
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Fig. 3. Distributions of (a) 24°Pu/>*°Pu atom ratio; and (b) 2*° * 24°Pu activity (unit: mBq m~>) in the surface seawater of the South China Sea and across the Luzon Strait.

15.69 mBq m 3. The profile of 23° * 240y activities showed an increas-
ing trend with depth and a pronounced sub-surface maximum centered
at 500 m, followed by a more gradual decline (Fig. 4b). Such a pattern
was generally consistent with those observed in other oceanic regimes
(Bowen et al,, 1980; Tsumune et al., 2003), showing a broad maximum
over the depth interval 500-1000 m in the Japan Sea (Hirose et al.,
1999; Ito et al., 2003; Lee et al., 2003) and 300-800 m in the Pacific
Ocean (Bowen et al., 1980; Kinoshita et al., 2011; Yamada and Zheng,
2012). Based on the 6—S diagram illustrated in Fig. 2a, SEATS II was

primarily of SCS water mass with little influence from the Kuroshio in-
trusion in the upper 400 m. The maximum 23 * 240Py activity appeared
at 500 m and as shown in Fig. 4b was located at the SCS intermediate
water where net outflow into the wNPO occurred. Note that we are
not entirely certain about the maxima Pu depth owing to the coarse
sampling resolution at depths. Nevertheless, the maximum 23° + 24%py
activity at the SCS intermediate layer suggested that the high activity
must be a result of difference in vertical particle scavenging across this
depth horizon, i.e., higher scavenging above and lower below. Indeed,
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Fig. 4. Vertical profiles of 23° * 24°Py activity, 24°Pu/?**Pu atom ratio and temperature-salinity at the SEATS stations in (a) April 2012; and (b) August 2012 in the South China Sea.

it was seen that total suspended matter (TSM) from the shelf through
lateral transport was visible at this depth range of the upper 300 m
(Fig. 5), which would enhance the scavenging. Beyond 400-500 m,
TSM stayed low, and regeneration as a result of microbial decomposi-
tion of particles during the downward transport should be dominant.
This lateral transport of shelf-origin material is in fact commonly ob-
served in the SCS (Liu et al., 2014; Schroeder et al., 2015; Liu et al.,
2016) and elsewhere such as in the North Atlantic Ocean (Falkowski
etal, 1994).

3.3. Scavenging and accumulation of Pu

3.3.1. Scavenging of Pu

We have shown significant vertical gradients in 24°Pu/?>*Pu atom
ratio at the SEATS station which would have been uniform if the source
term was solely from the global fallout. Such fractionation cannot be in-
duced by biological activity, and thus they are attributable to the differ-
ent source functions and different scavenging efficiency between
differently sourced Pu. As presented above with respect to the spatial
distribution, Pu transported by the Kuroshio was an obvious source

term, traceable to the PPG presenting two main source terms of Pu,
namely global fallout and close-in fallout transported via currents.
Within the SCS water column, the vertical difference in 24°Pu/?*°Pu
atom ratio would be subsequently determined by the different scaveng-
ing efficiency of different Pu particles.

It is well known that the physical and/or chemical form of Pu-
bearing particles is different depending on testing conditions
(Buesseler, 1997). Global fallout particles originate directly from the va-
porization and condensation of nuclear weapons materials and are
characterized by their sub-micron size, typically at 0.1-1.0 um in size
(Adams et al., 1960; Joseph et al., 1971; Weimer and Langford, 1978).
Pu associated with these small particles is thus by nature less efficiently
scavenged, or has a longer residence time in the seawater. In contrast,
the close-in fallout typically incorporates large quantities of partially
and completely vaporized calcium, carbonates, calcium oxides and cal-
cium hydroxides (typically >1.0 um in size) (Adams et al., 1960;
Joseph et al., 1971). The Pu attached to the relatively larger particles
such as calcium hydroxides is thus by nature more efficiently scav-
enged, or has a shorter residence time in the seawater. As a matter of
fact, higher 2°Pu/?**Pu ratios in the water column have been found in

Table 3
239+ 240py activities and 2#°Pu/>*°Pu atom ratios in the water column from the South China Sea.
Sample Lat. Long. Bot. depth Sampling date Layer Temperature Salinity 239 + 240py activities 240py239py
(°N) (°E) (m) (m) (°C) (mBgqm~?) atom ratio
SEATS 1 17.949 115.947 3833 2012-04-14 0.5 27.570 33.705 2.22 +0.02 0.248 + 0.007
50 23.323 34.029 2.07 £ 0.02 0.224 + 0.006
100 22.220 34.478 3.19 4+ 0.03 0.216 £ 0.004
150 17.060 34.559 5.27 £ 0.05 0.221 + 0.004
200 14.922 34.528 6.18 £ 0.12 0.222 + 0.003
300 11.556 34.432 10.96 4 0.22 0.219 + 0.002
SEATS II 18.000 116.000 3840 2012-08-06 0.5 28.692 32.903 2.3540.05 0.242 + 0.007
100 19.582 34.501 3.22 +0.03 0.227 + 0.005
200 14.503 34.525 6.17 + 0.25 0.217 + 0.002
300 11.516 34.453 10.81 4 0.32 0.219 + 0.001
500 8.466 34419 15.69 4 0.78 0.221 + 0.002
800 5.778 34.466 15.20 4 0.46 0.232 + 0.002
1000 4574 34.510 12.47 4+ 0.37 0.239 + 0.002
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Fig. 5. Vertical distribution of temperature, salinity and total suspended matter (TSM) (mg L™~ ') along Transect A on the NSCS shelf in August 2012.

other marginal seas of the Western Pacific impacted by the Kuroshio. In
the East China Sea, 24°Pu/?>°Pu atom ratios are 0.234 & 0.012 (n = 7:
Yamada and Zheng, 2011). In the Japan Sea, *°Pu/?*°Pu atom ratios
are 0.240 4+ 0.010 (n = 43: Kim et al., 2004; Yamada and Zheng,
2010). Moreover, the average 2*°Pu/?*°Pu atom ratio in the surface sea-
water (0.231 + 0.018, n = 18) is significantly lower than that of surface
sediments (0.268 + 0.010, n = 18; Wu et al., 2014), further confirming
that the Pu originating from non-global fallout was more rapidly re-
moved from the water column and was preferentially accumulated in
the sediments.

The 232 * 249py inventory can further help in deciphering the remov-
al efficiency and lateral transport of Pu in both dissolved and particulate
forms (Bowen et al., 1980; Buesseler, 1997). In our study, we calculated
the 239 * 249py inventory in the water column by interpolating the activ-
ity of the 239 = 240py at each depth (Ito et al., 2003). The 2*° * 240py in-
ventory of the SEATS II water column from surface to 1000 m was
estimated to be 11.7 & 0.4 Bq m~2. This value was comparable to that
of the Pacific Ocean at the same integral water depth (0-1000 m)
(Table 4) (Kinoshita et al,, 2011; Yamada and Zheng, 2012). Note, how-
ever, that the estimated 23° * 24°Py inventory represented only a part of
the whole water column because we only sampled 0-1000 m. We thus
carefully examined the literature data concerning the profiles of the

239 + 240py activity in the Pacific Ocean and found that the spatial vari-
ation is not that big where the typical percentage of the 23° * 24°py in-
ventory at a depth interval of 0-1000 m accounted for the whole
water column is in the range of 31.0-48.5%, with an average of 40.6%
(n = 12) (Kinoshita et al., 2011; Yamada and Zheng, 2012). Given that
the depth profiles in the SCS in the upper 1000 m were rather similar
to that in the Pacific, we extrapolated our upper 1000 m inventory to
the whole water column using the percentage partitioning in the Pacific
Ocean. Thus, the 23 * 24%py inventory of the whole water column at the
SEATS station was roughly estimated to be 29 Bq m~2 (24-38 Bqm™2),
which was compared to that expected from global fallout at the same
latitudinal belts of 10-20°N (~22.2 Bq m~2) (UNSCEAR, 2000). We
point out that this estimation was subject to uncertainty. We then com-
pared this 22° * 24%py inventory with the sediment cores obtained in the
NSCS shelf (Wu et al., 2014) and the SCS basin (Dong et al., 2010), and
found the following two features (Fig. 6): 1) the 2° ™ 24°Py inventory
of the water column in the SCS basin was significantly lower than that
of the sediment core in the NSCS shelf; and 2) in the SCS basin, the
239 + 240py jnventory of the water column was higher than that in the
sediment core. The difference in the 23° ~ 24°Py inventory between
the water column and the sediment core was caused by the difference
in Pu scavenging efficiency.

Table 4
Estimated 2% * 24Py inventories in the South China Sea and in other oceanic settings.
Area Stations  Locations Sampling date  Integral depth ~ 23° * 24%Py inventory  23° * 240Py percentage at  References
(Lat., Long.) (yyyy-mm) (m) (Bqm~?2) 0-1000 m?*
SCS SEATS 18.0°N,116.0°E 2012-08 0-1000 11.7 £ 04 40.6 This study
Equatorial Pacific Ocean AQ-7 0.0°N, 178.9°E 1990-11 0-1000 9.6 34.0 Yamada and Zheng, 2012
AQ-13 5.0°S, 168.9°E 1990-11 0-1000 8.0 379
Tropical East Pacific Ocean  HY-1 20.0°N, 140.0°W  2003-06 0-1000 16.2 +£ 0.6 437 £ 1.8 Kinoshita et al., 2011
HY-2 16.5°N, 123.0°W  2003-07 0-1000 248 £ 0.7 485+ 1.8
HY-3 8.0°N, 95.5°W 2003-07 0-1000 214 4+ 0.6 427 + 14
HY-6 0.0°N, 95.5°W 2003-07 0-1000 202+ 05 429+ 1.1
HY-9 8.0°S, 95.0°W 2003-07 0-1000 129+ 04 331412
HY-11 15.0°S, 85.8°W 2003-07 0-1000 794+ 0.2 31.0+£09
HY-12 20.0°S,101.0°W  2003-07 0-1000 554 0.1 454 + 1.7
HY-15 25.0°S,116.0°W  2003-08 0-1000 3.6 +£0.1 459 +£23
HY-17 28.5°S,127.8°W  2003-08 0-1000 4.6 4+ 0.2 4254 1.6
HY-18 26.0°S, 140.0°W  2003-08 0-1000 48 + 0.1 392412

2 The values represent the percentage of 2>° * 24°Py inventory at 0-1000 m accounting for the whole water column and the SCS value is taken from the averages of literature on the

Pacific Ocean.
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The removal efficiency in the water column is largely related to
water depth and particle abundance. The water depths at the locations
where we collected samples on the shelf were much shallower than
those of the SCS basin, so the residence time of Pu in the water column
was much shorter over the nearshore than over the deep SCS basin. Ob-
viously, the abundant terrestrial input of nutrients and the China Coastal
Current lead to elevated biological productivity and particle fluxes (Han
et al., 2012), facilitating the scavenging of Pu from the water column on
the shelf (Sholkovitz, 1983; McCubbin et al., 2004). In contrast, the
greater water depth of the SCS basin leads to lower supply and longer
transit time from the water column to the sediment. Longer residence
time of suspended particles in the deep SCS is obviously favorable for
the remineralization of their biogenic components and hence the
recycling of Pu isotopes during the downward deposition and scaveng-
ing processes. Therefore, the 23° * 240py of the water column was more
easily and quickly scavenged than the sediment on the shelf, while for
the deep ocean basin, much of the 23° * 24°py would still be preserved
in the water column. The Pu scavenging efficiency in the NSCS shelf
was higher than that in the SCS basin. Indeed, the data sets of another
particle reactive radionuclide similar to 23° * 240py, 234Th in the SCS
published elsewhere (Cai et al., 2015), also support this viewpoint.
234Th exhibits a larger deficit in the NSCS shelf compared to the SCS
basin, and the scavenging efficiency of 23Th at Stn. A7 (close to the in-
vestigated Stn. A8) is about six times (four to eight times) that of the
SEATS station (Cai et al., 2015). Under the assumption that the
239 + 240py inventory of sediment was derived mainly from the Pu scav-
enged from the water column and as a first order of estimation, we cal-
culated that the scavenging efficiency of 23° ™ 24°Py in the SCS basin was
~11.6% (9.1-13.6%), comparable to that of >*Th (~10.8%) (Cai et al.,
2015). In contrast, the scavenging efficiency of 23° ™ 240Py in the NSCS
shelf water column was estimated to be ~69.6% (36.4-92.8%), compared
to the similar estimation of 2**Th in this region (~60.7%) (Cai et al.,
2015). It is worth noting that these estimates are subject to large uncer-
tainty due to limited field data points.

3.3.2. Accumulation of Pu

The fact that the 23° * 249py activity levels in the SCS basin were sig-
nificantly higher than those in the Kuroshio water suggests accumula-
tion of Pu in the SCS. This accumulation was likely due to the fast
scavenging of non-global fallout. Actually, the Kuroshio water is fea-
tured by even lower nutrients, biological productivity and TSM com-
pared to the SCS seawater (Wong et al., 2000; Du et al., 2013; Wu
et al,, 2015), and so Pu in the SCS would have been more readily re-
moved from the water column if the global fallout was the only source
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Fig. 6. 22° T 24%py inventories of the water column and sediment cores in the South China
Sea and their inventory ratios (water column/sediment core). The blue and azure columns
represent the contributions of global fallout and the PPG. The 2>° * 24°Py inventories of the
sediment cores were derived from previous studies (Dong et al,, 2010; Wu et al., 2014).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

in both systems, which was obviously not the case. The accumulation
of Pu in the SCS would thus imply that the difference in scavenging effi-
ciency between the SCS and Kuroshio was not the major driving factor
determining the difference between them. We suggest that the lower
239 + 240py activity of the Kuroshio was mainly associated with a unique
close-in fallout source with high 24°Pu/?**Pu atom ratio which has al-
ready been subject to high degrees of scavenging on the pathway to
the Kuroshio. Apparently, this high 2*°Pu/?**Pu atom ratio can be traced
back to the Kuroshio precursor, the NEC originating approximately from
the PPG. The Enewetak and Bikini Atolls are located within the NEC and
large-scale USA nuclear tests conducted at the PPG in the 1950s released
a substantial radioactive fallout yield (Bowen et al., 1980; Buesseler,
1997) which may have been transported westward following the NEC
and fed into its northward bifurcation-Kuroshio Current off the
Philippines. This high 24°Pu/?3*°Pu “stream” along the NEC-Kuroshio is
evident when compared with the 24°Pu/?°Pu atom ratios beyond this
pathway in the wNPO (0.207 + 0.010, n = 4) (Yamada et al., 2006)
and its adjacent marginal seas, such as in the Sulu and Indonesian
Seas, where 24°Pu/?3Pu atom ratios are 0.237 + 0.007 (n = 4:
Yamada et al,, 2006), and in the Japan Sea, where 2*°Pu/?*°Pu atom ra-
tios are 0.240 £ 0.010 (n = 24: Kang et al., 1997; Hirose et al., 1999,
2002; Yamada and Zheng, 2008). The supply of Pu from the PPG via
the NEC-Kuroshio into the SCS appeared to be continuous as evidenced
by the persistent high 24°Pu/?>°Pu atom ratio observed in the SCS at
present, 60 years since the nuclear tests were banned on the Marshall
Islands. The continuous release of Pu at the PPG transported towards
the Indian Ocean is reported by Pittauer et al. (2017). As a consequence,
the close-in fallout carried by the Kuroshio from the PPG evolved and is
characterized by low 23° * 240py activity and high #*°Pu/?>*°Pu atom
ratio at present.

The residence time of upper Kuroshio water (0-500 m) off the Luzon
Strait is estimated as 8.3 days (5.3-19.3 days) under the assumption of a
constant transport velocity (Centurioni et al., 2004). This is substantially
lower than that of upper seawater in the SCS (~3.1-5.7 years, with an av-
erage of ~3.9 years) (Qu et al,, 2006). The longer residence time in the
SCS obviously facilitated the accumulation of Pu in the water column.

We now know that the Pu from the PPG is responsible for the high
239 + 240py activity in the SCS because of long-term accumulation. In-
deed, high 23° * 24%py activity in the sediment core of the NSCS shelf
is also recorded corresponding to this period (Wu et al.,, 2014). Similarly,
compared to the Kuroshio, enhanced 23° * 24°Py activities in other mar-
ginal seas of the Western Pacific such as the Sulu and Indonesian Seas
(Yamada et al.,, 2006) and the Japan Sea (Kang et al., 1997; Hirose
et al,, 1999, 2002; Yamada and Zheng, 2008) may suggest that such ac-
cumulation is ubiquitous.

3.4. Semi-quantitative estimation of the PPG contribution

While the PPG has proven to be a continuous Pu source term, we
should also examine other possible sources to the SCS including nuclear
accidents (Chernobyl and Fukushima), on-going nuclear power plants
and other local fallout. Kim et al. (2004) confirm that the contribution
of Chernobyl-derived Pu is negligible in the marginal seas of the North
Pacific Ocean. Our sediment work in the NSCS shelf suggests there is
no Pu signature from the Fukushima nuclear accident (Wu et al,,
2014). There are two nuclear power plants (Daya Bay and Ling Ao locat-
ed in Shenzhen) which have been operating since 1994 and 2003, re-
spectively. However, all Pu produced in the reactors are confined
within the fuel elements and there is no report of the leakage of nuclear
fuel, and hence the Pu contribution would also be negligible. The
240py239py atom ratios (~0.18) in Chinese profile soils reveal that the
direct input from the close-in fallout from Lop Nor and Semipalatinsk
nuclear tests did not lead to any significant Pu contribution in these
areas (Zheng et al., 2009; Bu et al., 2014c), in view of their distinctive
240py239py atom ratios of <0.1 (Wu et al., 2010) and 0.03-0.05
(Beasley et al., 1998), respectively. Considering the fact that the SCS
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location and the catchment of the rivers flowing into the SCS is far from
the sites of Lop Nor and Semipalatinsk nuclear tests site, their Pu contri-
bution appears to be negligible. Indeed, the distribution of 2*°Pu/?**Pu
atom ratios in the NSCS shelf and PRE sediment show a landward de-
crease from the outer shelf consistent with the introduction of Kuroshio
water (Wu et al,, 2014). The 2*°Pu/?**Pu atom ratios within a ~75 km ra-
dius off the PRE outlet are mainly from the contribution of global fallout
(Wu et al.,, 2014), further indicating that the Pu signature from land
input reached only this area. Here, we further confirmed that Pu from
the PPG was a sole non-global fallout source in the SCS. Therefore, the
Pu in the SCS is sourced both from global fallout and close-in fallout
from the PPG, the latter being continuously supplied to the SCS via the
NEC and the Kuroshio Current. We could then estimate the relative con-
tribution from the PPG to the SCS using a two end-member mixing
model.

Two stages of the process should be considered: 1) the contribution
from the PPG to the Kuroshio, which depends on the dilution effect and,
2) the contribution from the Kuroshio to the SCS when they are ex-
changed via the Luzon Strait. First, we employed a two end-member
mixing model to estimate the contribution from the PPG to the Kuroshio
(Krey, 1976; Wu et al., 2014), and the estimated result showed that the
average contribution from the PPG to the Kuroshio was 57 4+ 16% (n =
4). Secondly, in order to estimate the contribution from the Kuroshio to
the SCS when they are exchanged via the Luzon Strait, we hypothesized
that the Pu source in the SCS from the Kuroshio be considered as a sec-
ondary source as a substitute for the PPG. This was in consideration of
their exchange time being significantly shorter than the transit time of
surface seawater masses from the PPG to the SCS (Wu et al., 2014),
and employed another two end-member isopycnal mixing model and
defined the following equation:

(Pu)s = 0+ (Pu)ic + (1—-0) * (Pu)g (1)

where (Pu) and 6 represent the 23° * 24Py activity and the fractional
contributions of the Kuroshio water when mixing had occurred be-
tween the Kuroshio water and the SCS water proper along the isopycnal
surface. The subscripts K, G and S refer to the Kuroshio, global fallout and
the SCS; and the partitioning between (Pu)x and (Pu) is defined by the
following equation:

(Pu)g *)

y = Pwx _ (1=0)(R—Rs)(1 + 3.674Ry) 3)
- ~ B(Rs—Rk)(1+3.674Rc)

while the relative contribution in the SCS from the Kuroshio (f;) can also
be expressed as:

CO(Pu), Y
fie= (Pu)SK ToY-1)+1 “)

where R represents the 24°Pu/?**Pu atom ratio, and the coefficient 3.674 is
a factor used to convert between the activity ratio and atom ratio of
240py 239py, In the calculation, Rswas the 24°Pu/?*°Pu atom ratio in the
SCS, R; was taken to be 0.178 + 0.019 at the latitudinal belts of 0-30°N
(Kelley et al., 1999) and Rk was 0.255 4 0.006 (n = 4). The calculated
methodology of 6 is illustrated in a previous study (Du et al., 2013).
The calculated results showed that the contribution to the SCS from the
Kuroshio ranged from 9 to 94%, with an average contribution of 72 +
23% (n = 19). Finally, we synthesized the two stages of the process and
semi-quantitatively estimated that the PPG contribution to the SCS
ranged from 5 to 54%, with an average contribution of 41 4+ 17% (n =
18). According to Bowen et al. (1980), the total sediment inventory of
239 + 240py j5 ~9,62 x 10'® Bq at the Marshall Islands while the export

flux to the Pacific Ocean is ~2.22 x 10! Bq year™' by remobilizing Pu de-
posited in the lagoons and surrounding sediments (Noshkin et al., 1987).
We thus estimated the total 22 = 24Py of the surface seawater (down
to upper mixed layer depth, MLD) from the PPG to be ~9.1 x 10'°
Bg. Meanwhile, the total 23° + 240py of the surface seawater (MLD =
20-100 m: Kao et al., 2012) was also estimated to be ~20.5 x 10'° Bq
(~16.4 x 10'°-81.9 x 10'° Bq) based on our field observation, further cal-
culating the PPG contribution as ~44% (~11-56%), which was well
coupled with the results estimated using the two end-member isopycnal
mixing model. In addition, the distribution of the PPG contribution to the
SCS is plotted in Fig. 7 and shows that the PPG contribution gradually de-
creased along the introduction route of the Kuroshio into the SCS from the
Luzon Strait to the nearshore area, and had a large spatial variation. For
example, the contribution from the PPG in the SCS basin (~45 + 13%)
was about threefold that of the nearshore areas (~15 4 5%). The estimat-
ed results were also comparable to previous similar estimates made for
the SCS basin (~42%, n = 3) and the Sulu Sea (~39%, n = 4) from limited
data sets (Yamada et al.,, 2006), but significantly lower than the sediment
estimates made for the NSCS shelf (~68%, n = 18: Wu et al., 2014) and
SCS basin (~57%, n = 1: Dong et al., 2010).

4. Conclusions

The 232 * 240py activities in the SCS surface seawater were slightly
lower than those in the other adjacent marginal seas such as the Sulu
and Indonesian Seas (3.16 & 0.32 mBq m™ >, n = 4: Yamada et al,,
2006) and the Japan Sea (8-25 mBq m~>: Kang et al., 1997; Hirose
etal,, 1999,2002; Yamada and Zheng, 2008). The horizontal and vertical
distribution patterns of both Pu activity and the isotopic ratio have all
pointed towards the SCS receiving Pu from far field transport originated
from the PPG via the NEC and Kuroshio Current. Moreover, the feeding
to the SCS of Pu from PPG release has continuously existed and the PPG
contribution to the SCS was estimated to be 41 4+ 17%. The Pu isotopic
compositions in both surface water and deep water revealed faster scav-
enging of Pu sourced from the PPG and higher accumulation of Pu in the
SCS compared to the Kuroshio. Furthermore, the Pu scavenging efficien-
cies in the SCS basin and the NSCS shelf were correspondingly estimated
to be ~11.6% (9.1-13.6%) and ~69.6% (36.4-92.8%) through comparison
of the 23° + 24%py inventories between water column and sediment core.
It is important to note that these estimates have some uncertainty due
to the limited field data. Finally, from the activity level and atom ratio
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Fig. 7. Distribution of percentage contribution of Pu from the Pacific Proving Grounds in
the South China Sea and across the Luzon Strait.
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of Pu isotopes in the SCS, we have established a baseline for future envi-
ronmental risk assessment related to increasing nuclear power plant
operations in the region.
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