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A B S T R A C T   

The spatial distribution of plutonium isotopes (239Pu, 240Pu) in the surface sediments collected from the 
northwestern South China Sea (SCS) in 2018 was investigated. The 239,240Pu concentrations in surface sediments 
vary from 0.048 to 0.960 mBq/g (with mean of 0.282 ± 0.242 mBq/g) depending on the geographical feature of 
the sampling location such as the river estuary, continental shelf, slope and deep basin. Higher 240Pu/239Pu 
atomic ratios (0.24–0.31) in the surface sediment of the SCS compared to the global fallout value of 0.18 were 
observed, this is attributed to the input of close-in fallout of the Paci昀椀c Proving Ground (PPG) transported by the 
North Equatorial Current and Kuroshio Current to the northern SCS. The contribution of the PPG derived 
plutonium in the SCS sediment was estimated to be 39%–78% using a simple two-end member mixing model 
based on the measured 240Pu/239Pu atomic ratios in the sediment. Besides the soluble 239,240Pu level in seawater, 
load of suspended particulate matter from the river runoff and biological debris, hydrographic and hydrody-
namic conditions are key parameters in昀氀uencing the deposition process of plutonium to the sediment.   

1. Introduction 

Plutonium is an important anthropogenic radionuclide in the envi-
ronment, and 239Pu (t½ = 24,110 yr) and 240Pu (t½ = 6561 yr) are the 
most important isotopes of plutonium, which have been widely used to 
estimate the environmental effects of human nuclear activities and to 
trace environmental processes, such as soil erosion and the behaviors of 
the suspending particles in the ocean (Zhang et al., 2019; Cao et al., 
2021). It has been estimated that human nuclear activities including 
nuclear weapons tests, nuclear accidents and operation of nuclear fa-
cilities have released about 1.1 × 1016 Bq of 239,240Pu to the oceans 
(Aarkrog, 2003; Qiao et al., 2009). Plutonium isotopes (238Pu, 239Pu, 
240Pu, 241Pu) are mainly produced through sequential neutron activa-
tion reactions of 238U and 235U with neutrons of different energies. The 
composition of plutonium isotopes, e.g. 240Pu/239Pu atomic ratios, is 
different depending on the plutonium sources. For example, 

weapons-grade plutonium shows very low 240Pu/239Pu atomic ratio of 
less than 0.05 (Smith et al., 1995), whereas relative high ratios of 
0.23–0.67 were reported for plutonium originated from nuclear power 
reactors (Warneke et al., 2002). The average 240Pu/239Pu atomic ratio 
observed in the global fallout of atmospheric nuclear weapons tests was 
estimated to be 0.178 ± 0.002 (Kelley et al., 1999), while higher ratios 
of 0.33–0.36 in the close-in fallout in the Paci昀椀c Proving Grounds (PPG) 
(Krey et al., 1976; Buesseler, 1997; Muramatsu et al., 2001) and lower 
ratios of 0.05–0.13 in the close-in fallout in Johnston Atoll (the North 
Paci昀椀c) and Semipalatinsk testing sites (Kazakhstan) (Wolf et al., 1997; 
Wendel et al., 2013) were observed. Based on the 240Pu/239Pu atomic 
ratio 昀椀ngerprint from different nuclear activities, the sources of pluto-
nium could be identi昀椀ed and the contribution from different sources 
could be estimated (Wu et al., 2014; Zhang et al., 2019; Zhao et al., 
2019). 

A large number of investigations on plutonium isotopes in soil, 
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sediments, seawater and coral in the Northern Hemisphere (Wang and 
Yamada, 2005; Zheng et al., 2012; Zhang et al., 2018; Xu et al., 2018; 
Wang et al., 2017; Liu et al., 2011, 2020; Wu et al., 2014; Dong et al., 
2010; Roviello et al., 2020; Guan et al., 2021; Yamada et al., 2021) and 
Southern Hemisphere (Srncik et al., 2014; Tims et al., 2016) have been 
reported. Among of them, the marginal seas of the western Paci昀椀c 
Ocean, e.g. the Japan Sea, Bohai Sea, Yellow Sea, East China Sea and the 
South China Sea have attracted high attention for the potential transport 
of the close-in fallout of the Paci昀椀c Proving Grounds (PPG) with 
signi昀椀cantly higher 240Pu/239Pu atomic ratio compared to the global 
fallout signal. However, few investigation on plutonium isotopes in the 
northwestern South China Sea has been reported, the spatial distribution 
pattern and source term of plutonium in this region are unclear. The 
South China Sea (SCS) is one of the world’s largest marginal seas, which 
is located in the southwest of the Northwest Paci昀椀c Ocean and 
semi-enclosed by mainland China in the north, Indonesia Islands in the 
south, Indochina Peninsula in the west, and Philippine Islands in the 
east. Up to 700 Mt/yr of continental suspended matters are injected to 
the SCS through numerous rivers, such as the Mekong River, the Red 
River, the Pearl River and Kaoping River(Liu et al., 2016). The level, 
distribution and sources of plutonium isotopes in the sediment samples 
in the northern SCS (Wu et al., 2014; Dong et al., 2010), seawater 
samples in the eastern and central SCS (Wu et al., 2018; Yamada et al., 
2006) have been investigated. Nevertheless, investigation on the 
transport pathway and deposition process of plutonium from the over-
lying water column to surface sediment in different sites is still limited 
(Cao et al., 2021). Meanwhile, the factors in昀氀uencing the spatial dis-
tribution of plutonium concentration and its isotopic ratio in the 
different marine environments have not been well investigated, which 
limited our understanding on the behavior of the continential runoff 

sourced and long-distance sea current transported suspending particles. 
This work aims to investigate the level and spatial distribution of 

239,240Pu in the northwestern South China Sea, to identify the sources of 
239,240Pu, and to better understand its transport pathway and in昀氀uence 
of hydrodynamic condition, suspended particulate matter and biogeo-
chemical processes on the deposition and accumulation of plutonium in 
the sediment in different marine environments including estuarine, shelf 
and even deep-sea in the northwestern South China Sea. 

2. Material and methods 

2.1. Sample collection 

Surface sediment samples (0–5 cm) were taken using box corer at 13 
stations in the South China Sea (Fig. 1, Table 1) during the R/V 
“SHIYAN3” cruise in August and September 2018, and stored separately 
in plastic bags below 0 çC until analysis. The collected sediment samples 
were freeze dried in the laboratory before analysis. Surface soil samples 
(0–5 cm) were collected at 3 sites in Hainan Island in December 2018 
using a ring cutter of 7.0 cm in diameter (Fig. 1, Table 1). At each site, 
soil samples were collected from 3 points in an interval triangle of 1 m 
distance and mixed as one sample. The collected sample was stored in a 
plastic bag until analysis. After removal of stones and grass roots, the soil 
samples were 昀椀rst air-dried and then dried in an oven at 80 çC until 
constant weight. The dried sediment and soil samples were ground and 
sieved through a 200 mesh sieve for analysis. . 

2.2. Sample analysis for plutonium isotopes 

The analytical method of plutonium isotopes in sediment and soil 

Fig. 1. Sampling sites of surface sediments (blue dots) in the South China Sea and surface soils (yellow dots) in Hainan Island. (For interpretation of the references to 
colour in this 昀椀gure legend, the reader is referred to the Web version of this article.) 
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samples were modi昀椀ed from Xu et al. (2014). The detailed description of 
the separation method is presented in the Supporting Information (SI) 
and brie昀氀y presented here. The dried sediment or soil sample of 5–15 g 
was weighted to a beaker and ashed in an oven at 450 çC overnight, and 
the loss of the sample mass at this step (ignition loss) was recorded as 
approximately organic matter content in the sample (Table 1). 242Pu 
(5.0 pg) prepared from standard solution (NIST-SRM-4334 h) was ten 
spiked as a chemical yield tracer to the sample and mixed. After diges-
tion with Aqua regia at 200 çC and 昀椀ltration, the plutonium was sepa-
rated from matrix through co-precipitations with Fe(OH)3. After 
adjusting plutonium to Pu4+ and prepared in HNO3 medium, plutonium 
was separated from matrix and interfering elements using sequential 
anion exchange and extraction (TEVA resin) chromatography. The 
separated plutonium solution was prepared in 0.5 mol/L HNO3 and 
measured for 239Pu and 240Pu by ICP-MS/MS (Agilent 8800) with 
NH3–He as reaction-collision gas (Xing et al., 2018). With this tech-
nique, the tailing of 238U+ to m/z of 239 and 240 was suppressed to be 
less than 1 × 10−9, and the hydride interferences of 238U1H+ and 
238U1H2+ to 239Pu and 240Pu were improved to be less than 3 × 10−6. 
The uranium concentrations in the separated plutonium samples were 
also measured by ICP-MS and the contribution of 238U tailing and ura-
nium hydrides to the 239Pu and 240Pu signal were estimated to be less 
than 0.5%. The chemical yields of plutonium in the separation proced-
ure were measured using 242Pu to be 73% ± 16% (n = 16). The overall 
decontamination factors of 105-106 for uranium were achieved in this 
work. The detection limits of this method for 239Pu and 240Pu in 
consideration of the interferences of 238U+ tailing and hydrides were 
estimated to be 0.1 fg/mL for 239Pu and 0.05 fg/mL for 240Pu. The 
procedure blank was measured and subtracted for all plutonium results 
reported in this work. 

2.3. Analysis of grain-size of sediment 

Grain-size distribution of sediment samples was measured using a 
Malvern Mastersizer 3000 laser grain-size analyzer after removal of the 
organic matter, carbonates and particle dispersing (An et al., 2012; Sun 
et al., 2006). A detailed description of the method is presented in the 
Supporting Information (SI). 

3. Results and discussion 

3.1. Level and spatial distribution of plutonium isotopes in surface 
sediment in the northwestern SCS 

The concentrations of 239,240Pu (sum of 239Pu and 240Pu) in 13 sur-
face sediment samples in the northwestern SCS (Table 1) range from 

0.048 ± 0.008 mBq/g to 0.960 ± 0.032 mBq/g (with a mean of 0.282 ±
0.242 mBq/g), being similar to those observed in the surface sediment in 
the western Paci昀椀c Ocean (Fig. 2) (Zhang et al., 2018; Xu et al., 2018; 
Wang et al., 2017; Wang and Yamada, 2005; Wu et al., 2014; Dong et al., 
2010; Moon et al., 2003; Yamada et al., 2021), which are two orders of 
magnitude lower than that near the Sella昀椀eld reprocessing plants (RP) 
and Paci昀椀c Proving Grounds (PPG) (Lindahl et al., 2011; Lachner et al., 
2010). 

The 239,240Pu level in the analyzed surface sediments near the Pearl 
River estuary in the northern SCS showed a rapid increasing trend from 
0.048 to 0.099 mBq/g in the deepwater zone (st.7 and st.21) to 0.960 
mBq/g in the shallow water (st.20) in the continental slope, and then 
decreased to a constant level of 0.258–0.528 mBq/g towards to the 
continental shelf (st.11, st.13, st.14, st.17) (Fig. 3a). This is similar to the 

Table 1 
Sampling information, concentrations of 239,240Pu and 240Pu/239Pu atomic ratios in the surface sediment collected from the South China Sea and soil from Hainan 
Island.  

Area Sample 
code 

Latitude 
(çN) 

Longitude (çE) Sampling 
date 

Bottom depth 
(m) 

239,240Pu (mBq/ 
g) 

240Pu/239Pu atomic 
ratio 

Organic matter 
(%) 

South China 
Sea 

st.7 20.330 115.808 2018/8/19 650 0.048 ± 0.008 0.310 ± 0.101 10.3 
st.11 20.909 114.541 2018/8/20 83 0.361 ± 0.031 0.259 ± 0.039 9.3 
st.13 21.540 114.180 2018/8/20 56 0.528 ± 0.024 0.280 ± 0.025 8.7 
st.14 21.753 114.063 2018/8/20 41 0.273 ± 0.011 0.286 ± 0.023 7.4 
st.17 20.860 113.643 2018/8/20 81 0.258 ± 0.017 0.278 ± 0.036 8.0 
st.20 19.921 114.162 2018/8/21 475 0.960 ± 0.032 0.263 ± 0.016 9.0 
st.21 19.603 114.345 2018/8/22 943 0.099 ± 0.010 0.237 ± 0.050 16.1 
st.29 19.360 111.020 2018/8/23 67 0.071 ± 0.006 0.242 ± 0.044 6.7 
st.31 18.805 110.801 2018/8/23 96 0.390 ± 0.018 0.298 ± 0.027 9.5 
st.32 18.700 110.894 2018/8/23 111 0.372 ± 0.018 0.268 ± 0.026 8.8 
st.35 18.404 111.201 2018/8/23 193 0.592 ± 0.018 0.263 ± 0.016 9.1 
st.45 18.373 110.275 2018/8/25 85 0.195 ± 0.014 0.266 ± 0.038 5.9 
st.49 15.453 111.552 2018/9/21 1256 0.173 ± 0.021 0.284 ± 0.068 18.9 

Hainan Island S18111 18.716 110.189 2018/12/5 / 0.043 ± 0.007 0.175 ± 0.057 12.0 
S18119 19.809 110.882 2018/12/6 / 0.073 ± 0.009 0.193 ± 0.044 7.5 
S18140 19.671 109.218 2018/12/8 / 0.072 ± 0.007 0.176 ± 0.042 8.0  

Fig. 2. Comparison of the 239,240Pu concentrations determined in surface 
sediment samples in the northwestern South China Sea (this work) with the 
reported values in the sediment, as a function of latitude. The reported data are 
from Zhang et al. (2018); Xu et al. (2018); Wang et al. (2017); Wang and 
Yamada (2005); Wu et al. (2014); Dong et al. (2010); Moon et al. (2003); 
Lindahl et al. (2011); Yamada et al. (2021); Lachner et al. (2010). 
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reported trend of higher 239,240Pu level in the continental shelf 
compared to that in the estuary of the Pearl River (0.026–0.137 mBq/g) 
(Wu et al., 2014). This indicates that 239,240Pu in the sediment in the 
continental shelf might not only originated from the river input from the 
land but also transported by ocean currents from other areas. 

The 239,240Pu concentrations in surface sediments near the Hainan 
Island in the northwestern SCS show a decreasing trend from 
(0.372–0.592 mBq/g) at st.31, st.32 and st.35 in the outer shelf to 
(0.071–0.195 mBq/g) at st.29 and st.45 in the inner shelf, with all values 
higher than those in the surface soils from the Hainan Island 
(0.043–0.073 mBq/g) (S18111, S18119, S18140) (Fig. 3a). The 
239,240Pu concentrations in the surface sediment from the southmost site 

at st. 49 in the deepest water zone (Bottom depth: 1256 m) in this work 
were determined to be 0.173 ± 0.021 mBq/g, which agrees with the 
reported value (0.157 ± 0.010 mBq/g) in the surface sediment collected 
in the SCS basin (Bottom depth: 4234 m) in the surrounding area 
(15.43çN, 115.33çE) in 1996 (Dong et al., 2010). 

3.2. Source term of plutonium in the northwestern SCS 

The 240Pu/239Pu atomic ratios in surface sediments in the north-
western SCS were between 0.237 ± 0.050 and 0.310 ± 0.101 (with a 
mean of 0.272 ± 0.020, n = 13) (Table 1 and Fig. 3b). While, signi昀椀-
cantly lower values of 0.175–0.193 (with a mean of 0.181 ± 0.008) were 

Fig. 3. Distributions of a) the 239,240Pu concentrations and b) the 240Pu/239Pu atomic ratios in surface sediments from the northwestern South China Sea and surface 
soils from the Hainan Island. 
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measured in the 3 surface soil samples collected in the Hainan island 
(Table 1), which is comparable to the ratio in the global fallout of at-
mospheric nuclear weapons tests (0.178 ± 0.019, 0–30 çN) (Kelley et al., 
1999), indicating that plutonium in the soils in the Hainan Island orig-
inated from the global fallout. The signi昀椀cantly higher 240Pu/239Pu 
atomic ratios in the sediments investigated in this work compared to the 
level of the global fallout indicate signi昀椀cant contribution of other 
plutonium sources with higher 240Pu/239Pu atomic ratios in the north-
western SCS. Besides the global fallout, the possible sources of pluto-
nium in the sediment in this area include the nuclear accidents (such as 
Chernobyl and Fukushima), discharges from nuclear facilities including 
nuclear power plants and reprocessing plants, close-in fallout of nuclear 
weapons tests and its long distance transport. 

Although some nuclear power plants are located on the coast of 
China in the north SCS, no detectable plutonium in the surrounding area 
of these nuclear power plants has been detected (Zhang and Hou, 2019). 
To the best of our knowledge, there is no record of signi昀椀cant release of 
radioactive substances from any other nuclear facilities surrounding the 
investigated area. The contribution from these facilities to plutonium in 
our measured sediments is negligible. 

It has been reported that some amount of plutonium has been 
released into the environment from the nuclear accidents, and higher 
240Pu/239Pu atomic ratios of 0.386–0.412 in the Chernobyl derived 
materials (Boulyga et al., 1997) and 0.323–0.330 in the Fukushima 
derived materials (Zheng et al., 2012) compared to the global fallout 
were measured. However, the region affected by the Fukushima derived 
plutonium was mainly within 30 km off the Fukushima Daiichi Nuclear 
Power Plant (FDNPP) (Zheng et al., 2012) and no signi昀椀cant increase of 
239,240Pu concentration in the environment near the FDNPP in 
2012–2019 was observed (Yamada et al., 2021). Plutonium as 
particle-associated radionuclide released from the Chernobyl accident 
was mainly deposited in surrounding areas of the Chernobyl, and no 
Chernobyl derived plutonium in soils from China and the marginal of 
Paci昀椀c Ocean has been reported (Wu et al., 2010; Wu et al., 2014). Other 
accidents such as those in Thule, Greenland and Palomares, Spain only 
contaminated the local areas. The marine discharges from the reproc-
essing plants including the two major ones in Sella昀椀eld (UK) and La 
Hague (France) are unlikely to be transported to this region because of 
the long-distance and terrain barriers, and other reprocessing plants and 
nuclear facilities are also far from the investigated area, these sources 
can be also neglected. 

The investigated region is far away from all nuclear weapons testing 
sites. The nearest testing site at Lop Nor is located at an inland area in 
northwest China and more than 3000 km north of the sampling sites, the 
close-in deposition on the soil in this site is dif昀椀cult to be transported to 
southwards to the SCS. For other testing sites in the Paci昀椀c Ocean except 
for the Paci昀椀c Proving Grounds (PPG), the 240Pu/239Pu atomic ratios are 
less than 0.1 and lack the transport pathway of ocean current from these 
tests to the SCS, indicating a negligible contribution to the investigated 
region. 

During 1946–1962, a hundred of atmospheric and underwater nu-
clear weapons tests were conducted in the Paci昀椀c Proving Grounds 
(PPG) (the Marshall Islands and surrounding areas) in the Paci昀椀c Ocean 
(5–10 çN, 165–172 çE), which had resulted in the release of large 
amount of radioactive substances including plutonium to the environ-
ment. Plutonium released to the troposphere was mainly fell into the 
water in the surrounding areas as close-in deposition, which were 
rapidly removed from the water column to the sediment because 
plutonium is mainly associated with relative bigger particles comparing 
to those injected into the stratosphere as 昀椀ne particles and dispersed 
globally (Buesseler, 1997; Buesseler and Sholkovitz, 1987). High 
plutonium concentrations have been observed in lagoon sediments in 
the Enewetak and Bikini Atolls with 240Pu/239Pu atomic ratios of 
0.33–0.36 (Krey et al., 1976; Buesseler, 1997; Muramatsu et al., 2001). 
These contaminated sediments serve as reservoirs of tens of TBq trans-
uranic and other radionuclides (Robison and Noshkin, 1999), where the 

deposited plutonium in the sediment was re-suspended/dissolved and 
continuously mobilized to pore/seawater and migrated to the above 
seawater in the local area (Robison and Noshkin, 1999). The circulation 
and exchange of seawater in the lagoons with the open ocean continu-
ously export PPG derived plutonium with high 240Pu/239Pu atomic ratio 
to the North Equatorial Current (NEC), which 昀氀ows westwards (Fig. 4). 
The advection rate of surface water in the NEC was estimated to be 
approximately 13–18 km/d, so it takes only several months for PPG 
derived plutonium signal to reach the western Paci昀椀c Ocean (Donaldson 
et al., 1997). The westwards 昀氀owing North Equatorial Current in North 
Paci昀椀c turns to the north when it reaches to the east coast of the 
Philippines Islands, and 昀氀ow northward along the east coast of the 
Philippines Islands, Taiwan, and Japan to form the northward-昀氀owing 
Kuroshio Current. A small branch of the Kuroshio Current (as a direct 
branch or loop current) carrying plutonium enters the SCS through the 
Luzon Strait (Hu et al., 2000). Being a particle reactive radionuclide, 
plutonium is readily deposited into the sediment by attaching to the 
suspending particles or integrated into biological debris. 

The elevated 240Pu/239Pu atomic ratios observed in the SCS surface 
sediment in this work compared to the global fallout signal should be 
mainly attributed to the continuous input of the PPG derived plutonium. 
Many investigations also observed higher 240Pu/239Pu atomic ratios in 
the regions affected by Kuroshio Current (Wang and Yamada, 2005; 
Dong et al., 2010; Wu et al., 2014; Wang et al., 2017; Yamada et al., 
2021). It was noticed that the highest 240Pu/239Pu atomic ratio (0.31 ±
0.10) was measured in the sediment at st. 7, which is located in the most 
east site to the Luzon Strait, re昀氀ecting a signi昀椀cant contribution of PPG 
derived Pu. This also agrees with earlier observations of decreasing 
240Pu/239Pu atomic ratios in surface sediments and seawaters from the 
vicinity of the Luzon Strait to the inner part of the SCS (Wu et al., 2018). 
It is therefore concluded that plutonium in the investigated region was 
mainly originated from two sources, i.e. global fallout of nuclear 
weapons testing and close-in fallout of the PPG. 

The distribution of 240Pu/239Pu atomic ratios in the region near the 
Pearl River estuary shows a decreasing tendency from the open sea (e.g. 
st.7) to the continental shelf, re昀氀ecting the reduced in昀氀uence of the 
Kuroshio Current. Meanwhile, 240Pu/239Pu atomic ratios decrease from 
the outer shelf towards the coast in the region near Hainan Island 
(Fig. 3b). This is similar to the distribution pattern of 239,240Pu con-
centrations, indicating an increasing fraction of global fallout in the 
coastal region. The global fallout derived plutonium includes direct at-
mospheric fallout of the nuclear weapon tests to the seawater which was 
transported to this region and further deposited to the sediment as 
particles and riverine input from the catchment areas after being 
removed from the soil surface through rainwater leaching and erosion 
processes. 

Based on the measured 240Pu/239Pu atomic ratios in the sediment 
samples and the speci昀椀c atomic ratios of 240Pu/239Pu for global fallout 
(0.18) and PPG (0.36), the relative contributions of global fallout and 
PPG close-in fallout to the plutonium in the SCS sediments in this work 
were estimated using a simple two end-member mixing model (Krey 
et al., 1976): 
Pu(PPG)

Pu(Global)
=
(R2 − R)(1 + 3.674R1)

(R − R1)(1 + 3.674R2)
(1)  

Pu(Global)+Pu(PPG) = 100% (2) 
Pu(PPG) and Pu(Global) are the relative percentage of the plutonium 

in surface sediments attributed to PPG close-in fallout and global fallout, 
respectively. R is the 240Pu/239Pu atomic ratio measured in the surface 
sediment in the SCS; R1 is the representative ratio of 240Pu/239Pu from 
the PPG close-in fallout (0.36) (Diamond et al., 1960; Buesseler, 1997); 
R2 is the representative 240Pu/239Pu atomic ratio of global fallout (0.18) 
(Kelley et al., 1999; Krey et al., 1976). A factor of 3.674 is used to 
convert the atomic number (used in 240Pu/239Pu ratio) to activities of 
239Pu and 240Pu. 
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The estimated contributions from PPG derived plutonium in the 
surface sediment in the SCS vary from 39% to 78% (with an average of 
59%) (Fig. 5), re昀氀ecting the different transport and deposition of 
plutonium in the corresponding sedimentary environments in the SCS 
after the entrance of the branch of Kuroshio Current carrying PPG 
derived plutonium. This is in agreement with the reported PPG contri-
butions in the sediment in the northern SCS shelf (~58%), the central 
SCS (~57%) and the Okinawa Trough (~56%) (Wu et al., 2014; Dong 
et al., 2010; Wang and Yamada, 2005), and slightly higher than those in 
the East China Sea Shelf (~41%), the Japan Sea (~43%) (Wang et al., 

2017; Yamada et al., 2021). 

3.3. Deposition of plutonium from seawater column to the sediment in the 
northwestern SCS 

The deposition process of plutonium in the sea is related not only to 
the species of plutonium in the water body, but also the property of the 
water body such as load of suspending particles and its size, redox 
condition of water and biological activity. The basic property control-
ling the oceanic behavior of plutonium is its tendency to associate with 

Fig. 4. Transport pathway of the PPG derived plutonium in the western Paci昀椀c Ocean.  

Fig. 5. Contribution (fraction) of the PPG derived plutonium in the sediments in the northwestern South China Sea.  
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particulate matters (Sholkovitz, 1983), which depends on the valence 
states of plutonium and loading amount of particles in the seawater 
(Livingston et al., 2001). The higher oxidation states Pu (V, VI) have 
substantially less particle association than the lower valence states Pu 
(III, IV). It was reported that most of the dissolved plutonium (80%) in 
seawater near the Marshall Island presented as Pu (V, VI) forms 
(Noshkin and Wong, 1979), which have a long residence time in the 
ocean and can be transported to the western Paci昀椀c Ocean through the 
NEC and Kuroshio Current. Meanwhile, the dissolved plutonium was 
gradually transferred to the sediment with the change of the hydrody-
namic condition, suspended particulate matter and biogeochemical 
process in the water columns. 

The deposition of particulate matters is dominated by the hydrody-
namic condition in the water environment (Folk and Ward, 1957). 
Higher hydraulic energy mainly occurs in the shallow water in the 
nearshore zone with coarser suspending particles compared to the deep 
water in the offshore zone. Therefore, the grain size, especially the 
median grain size in the sediment, re昀氀ects the hydrodynamic strength in 
the above water column. The largest size grains (median grain size) were 
observed in the sediment collected near the estuary sites and the 昀椀nest 
size grains in the sediment from the deep basin in this work (Table 2). 
The in昀氀uence of the biogeochemical process on the deposition could be 
revealed by the organic content of the sediment, which is often esti-
mated by the ignition loss. The measured ignition losses of the investi-
gated sediments (Table 1) show that the sediment collected from the site 
with the deepest water has the highest organic matter content. It has 
been shown that up to 50% of plutonium could be associated with 
organic substances in environmental soil and sediment (Qiao et al., 
2012). The incorporation of the plutonium with plankton in the western 
Mediterranean Sea has shown that phytoplankton might associate with 
transuranic elements by absorption with organic complexes or by 
adsorption of 昀椀ne particles, such as colloids (Sanchez-Cabeza et al., 
2003). Zooplankton may be contaminated by active ingestion of 
phytoplankton, the debris of degraded phytoplankton and zooplankton 
is 昀椀nally deposited to the bottom sediments. The suspending biological 
debris with inorganic particles fallout from the atmosphere and from the 
land through river input could also adsorb plutonium in the water and 
bring it to the sediment (Sanchez-Cabeza et al., 2003). Thus, the content 
of organic matter (ignition loss) in the sediment also re昀氀ects the strength 
of transformation/deposition of plutonium through the biogeochemical 
process. The riverine input of plutonium (primarily from global fallout) 
associated with particles leached from the soil in the catchment area is 
another important source of plutonium in the sediment. Meanwhile, the 
riverine particles can also scavenge 239,240Pu from the water column into 
the sediment. Transport and deposition processes of plutonium from the 
global fallout and PPG in the South China Sea is illustrated in Fig. 6. 

It was reported that the particulate associated 239,240Pu accounts for 
about 85% of the total plutonium in river water due to the high partition 
coef昀椀cient of plutonium (ca. 4 × 105) (Hirose et al., 1990), which result 

in that plutonium in the estuarine sediment was mainly originated from 
the suspended particulate matter. A relative low 239,240Pu level in the 
surface soil (0.003–0.116 mBq/g) has been reported (Zhang et al., 
2019), and most 239,240Pu (above 85%) was integrated in the surface 
layer (0–5 cm) in the soil core (Xu et al., 2013). Therefore, the 239,240Pu 
concentrations in the suspended particulate matter from the riverine 
input were relative low. The high average annual sediment discharge of 
the Pearl River (8.43 × 107 tons/yr) (Zhang et al., 2012) and low 239, 
240Pu concentrations of the suspended particulate matter resulted in a 
low 239,240Pu concentrations in the riverine originated sediment. This 
agrees with the report that the riverine particles dominate the sediment 
within ~75 km off the Pearl River estuary (Wu et al., 2014). The higher 
239,240Pu level observed in the surface sediment in the northern SCS shelf 
(~0.355 mBq/g) compared to the reported value in the surface sediment 
in the Pearl River estuary (0.026–0.137 mBq/g) (Wu et al., 2014) shows 
that plutonium in the surface sediment in the continental shelf of the 
northern SCS was less affected by the riverine input but mainly by other 
sources of plutonium. 

The relatively lower 239,240Pu concentrations in the surface sediment 
at st.29 and st.45 near the Hainan Island (0.071–0.195 mBq/g) 
compared to those in the continental shelf (0.372–0.592 mBq/g) were 
observed. The similarly low 239,240Pu concentrations of 0.043–0.073 
mBq/g were also measured in the surface soil in the Hainan Island 
(Table 1). This indicates that 239,240Pu in the coastal area near Hainan 
Island is mainly originated from discharge of sedimentary particles from 
the small river along the east coast of the Hainan Island. The large 
median grain sizes in the sediments at st.29 and st.45 (104 μm and 102 
μm, respectively) near Hainan Island compared to the four times lower 
values at the continental shelf (st.13, 14, 17, 31, 32, 35), imply a rela-
tively intense hydrodynamic condition and dominated river input par-
ticles in this region. The similarly low organic matter contents in the 
sediment at st.29 (6.7%) and st.45 (5.9%) compared to the offshore 
sediment suggest the low biological derived particles in this area. 

The spatial distribution of the PPG derived plutonium re昀氀ects its 
transport pathway driven by ocean current as well as different migration 
and deposition processes of plutonium in the corresponding sedimentary 
environments (Fig. 5). The contributions of PPG derived plutonium in 
the sediment in the continental shelf, continental slope and deep basin 
are estimated to be 59%, 57% and 66%, respectively, which are much 
higher than that in the Pearl River estuary (~30%) (Wu et al., 2014), 
implying that the PPG derived plutonium are the dominant source of 
plutonium in the area away from the estuary. Higher 239,240Pu concen-
trations (0.258–0.592 mBq/g) observed in the continental shelf 
compared to the continental slope and deep basin (0.048–0.173 mBq/g), 
indicates the different factors controlling the deposition of plutonium. It 
was observed that the suspended particle concentrations at the upper 
200 m on the continental shelf are considerably higher compared to the 
continental slope and deep ocean (Wu et al., 2018). The measured me-
dian grain sizes in the sediment from the continental shelf (st.13, 14, 17, 
32, 35) were about 20 μm, which is higher than that in the deep ocean, 
suggesting relatively intense and stable hydrodynamic condition in this 
area. While, for continental slope (st.7, st.21) and deep ocean (st.49), 
higher organic matter contents (10.3%–18.9%, with an average of 
15.1%) were observed compared to that in the continental shelf (7.4%– 

9.5%, with an average of 8.7%), indicating the enhanced trans-
formation/deposition of plutonium through the biogeochemical pro-
cess. In the continental shelf, the intense suspending particle under the 
relatively intense and stable hydrodynamic condition promotes the 
scavenging and deposition of the PPG derived plutonium (Fig. 6), 
resulting in a relatively high 239,240Pu concentrations. In this context, 
however, we can not explain the single abnormal high 239,240Pu con-
centration in the continental slope (st.20). 

The lower 239,240Pu concentrations in the continental slope (st.7, 
st.21) and deep ocean (st.49) should be attributed to low suspended 
matter and weak hydrodynamic condition. A sedimentation rate of only 
~0.003 cm/yr in the deep basin in the SCS was estimated by the high- 

Table 2 
Granulometric composition of the surface sediment.  

Area Station Water 
depth 
(m) 

Clay 
<4 μm 
(%) 

Silt 
4–63 
μm (%) 

Sand 
>63 
μm (%) 

Median 
grain size 
(μm) 

Near the 
estuary 

st.29 67 12.91 29.30 57.83 104.0 
st.45 85 13.15 27.81 59.03 102.0 

Continental 
Shelf 

st.13 56 19.81 49.13 31.07 20.3 
st.14 41 20.55 53.18 26.28 17.3 
st.17 81 16.95 45.48 36.45 25.2 
st.31 96 34.30 62.64 3.46 7.8 
st.32 111 20.93 50.76 28.31 17.6 
st.35 193 14.65 74.99 10.37 22.0 

Continental 
Slope 

st.7 650 19.39 72.08 8.53 19.7 
st.20 475 23.73 64.57 11.74 11.6 
st.21 943 35.74 62.85 1.42 6.8 

Deep basin st.49 1256 39.18 55.37 5.41 5.9  
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resolution seabed pro昀椀les of 14C and 210Pb (PA-11; 15.43çN, 115.33çE; 
4234 m water depth) (Kuehl et al., 1993), which is more than one 
magnitude lower than that on the continental slope (~0.08 cm/yr) (Ni 
et al., 2019) and two orders of magnitude lower than the continental 
shelf (0.326 cm/yr) (Wu et al., 2014). The low sedimentation rate causes 
much less scavenge of dissolved plutonium into the sediment. The high 
organic matter content in the deep water sediments indicates that 
plutonium in these sediments was mainly attributed to the biogeo-
chemical process, i.e. deposition of the biogenic debris associated 
plutonium on the sea昀氀oor (Fig. 6). 

4. Conclusion and perspectives 

The 239,240Pu concentrations in surface sediments in the north-
western SCS were determined to be 0.048–0.960 mBq/g (mean: 0.282 ±
0.242 mBq/g), which are basically similar to the reported values in this 
area and its adjacent areas. The 239,240Pu in the SCS originated from both 
global fallout of nuclear weapons tests and close-in deposition in the 
PPG. The PPG derived plutonium in this region originated from 
continuous releases/re-suspension of the close-in deposition of the nu-
clear weapons tests in the PPG in the 1946–1962, which was transported 
by the NEC and Kuroshio Current, with a branch 昀氀ow westward through 
the Luzon Strait to the SCS, and reach to coastal regions (Hainan coastal 
area), and even to the western SCS. The contribution of the PPG derived 
plutonium in the northwestern SCS sediment were estimated to be 39%– 

78% (mean: 59%) with a higher contribution in the continental slope 
and shelf compared to the estuary and coastal areas. The 239,240Pu 
concentrations in the suspended matter originated from the catchment 
soil signi昀椀cantly in昀氀uence the level of 239,240Pu concentration in the 
estuary sediment. The spatial distribution of plutonium in the offshore 
region of the SCS depends on the deposition process of the PPG derived 
plutonium. The deposition of plutonium in the continental shelf was 
controlled by the suspended particle concentration and hydrodynamic 
condition. The accumulation of plutonium in the sediment in the deep 
sea should be mainly attributed to the biogeochemical process. A more 
conprehensive investigation of anthropogenic radionuclides in the SCS, 
East China Sea, Yellow Sea and Northwest Paci昀椀c Ocean including 236U, 
129I, 137Cs and 90Sr are presently being implemented in our group to 
explore the application of multi-radionuclides in the investigation of 
transport, migration and sedimentation process of different sourced 
particles in the SCS and better interpretation of different behaviors of 
anthropogenic radionuclides in different marine environment and in 
different location in the world. 
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