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A B S T R A C T   

Historical 90Sr activity in seawater was established in the China seas from 1963 to 2018. Based on the expo
nential decrease in 90Sr activity in seawater, the effective half-life (EHL) of 90Sr was quantified to be 11.5 ± 1.6 a, 
16.5 ± 2.4 a, 27.2 ± 6.2 a, and 26.7 ± 4.3 a in the Bohai Sea, Yellow Sea, East China Sea, and South China Sea, 
respectively. We found contrasting patterns in the EHL of 90Sr and 137Cs in the marginal seas and open oceans 
that were closely related to the subtly different pathways of 90Sr and 137Cs in marine environment. Additionally, 
we demonstrated that Fukushima-derived 90Sr (<0.01 Bq/m3) would be difficult to identify in the China seas. 
Our study not only provided the key parameter of the EHL in marine models for predicting the 90Sr activity in the 
China seas in the post-Fukushima era but also enhanced our understanding of 90Sr behavior and its fate in marine 
environments.   

1. Introduction 

Known to be of great concern, the artificial radionuclide of 90Sr is 
important because of its high fission yield (5.77% in 235U-thermal 
neutron fission), relatively long physical half-life (28.8 a), high con
centration factor in bone/skeleton, and high radiotoxicity in biotas and 
humans (Shao et al., 2018b; Burger and Lichtscheidl, 2019). Comparing 
to another important artificial radionuclide of 137Cs, 90Sr is more likely 
to migrate from the soil to groundwater and river water due to its higher 
mobility in the terrestrial environment (Saniewski and Zalewska, 2016). 
A lower sediment-seawater distribution coefficient (Kd) was observed 
for 90Sr (Kd = 1 L/kg − 100 L/kg) relative to that of 137Cs (Kd = 100 L/kg 
− 1000 L/kg) (IAEA, 2004; Takata et al., 2014, 2016), thereby implying 
low ability of adsorption onto particle surface and high mobility of 90Sr 
in marine environments. However, the analytical method for 90Sr is very 
complicated, labor-intensive and time-consuming because of its pure β 
emission and high intensive interferences (e.g., Ca, Mg, Sr, etc.) in ma
rine environment (Vajda and Kim, 2010; Shao et al., 2018b). Even 
though 90Sr has a high mobility relative to 137Cs in the environment, the 
amount of available data on 90Sr and our understanding of its transfer in 

marine food web were significantly less than that of 137Cs data (Povinec 
et al., 2012; Steinhauser, 2014; Pan et al., 2016). 

An enormous quantity of artificial radionuclides was released into 
the North Pacific Ocean after the Fukushima Nuclear Accident (FNA) 
(Lin et al., 2015; Lin et al., 2016; Buesseler et al., 2017). Fukushima- 
derived 90Sr was among those released into marine environment, 
resulting in elevated 90Sr activity in seawater (Povinec et al., 2012; 
Casacuberta et al., 2013; Men et al., 2015; Yu et al., 2015; Castrillejo 
et al., 2016; Kenyon et al., 2020), marine sediment (Nagaoka et al., 
2015; Shozugawa et al., 2015), and marine biotas (Fujimoto et al., 2015; 
Karube et al., 2016; Miki et al., 2017). Recently, the abnormally high 
90Sr activity (up to 107 Bq/m3) was also reported in the Fukushima 
radioactive wastewater after the treatment of the Advanced Liquid 
Processing Systems for removing artificial radionuclides before dis
charging into the Pacific Ocean (Buesseler, 2020; Lin et al., 2021; 
TEPCO, 2021). Additionally, the excess radiation dose rate derived from 
the elevated 90Sr activity may be induced on marine biotas and humans 
by seafood consumption (Johansen et al., 2015; Men et al., 2017). 
However, the field observations of 90Sr in marine environments were far 
less than that of 137Cs after the FNA (Povinec et al., 2012; Steinhauser, 
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2014). 
The activity of 90Sr is a direct parameter to describe the pollution 

status in the environment for assessing the impact of nuclear facilities, 
nuclear accidents, radioactive waste dumping, and nuclear weapons 
testing. Moreover, the effective half-life (EHL) of 90Sr is a key parameter 
in physical-biogeochemical models for predicting the 90Sr activity in the 
environment (Pröhl et al., 2006). Generally, the EHL is calculated based 
on the time series of 90Sr activity after exponential fitting (Merz et al., 
2016). 

The long-term time series of 90Sr monitoring had been constructed 
for atmospheric aerosol during 1957– 2018 (Igarashi et al., 2015; Kinase 
et al., 2020), precipitation during 1963– 1999 (Ikeuchi, 2006), river 
water in Japan during 1963– 1999 (Ikeuchi, 2006) and Rhone River in 
France during 2002– 2018 (Eyrolle et al., 2020), seawater during 1960– 
2002 (Kasamatsu and Inatomi, 1998; Povinec et al., 2005; Cigna, 2006), 
soil during 1975– 2013 (Robison et al., 2003; Corcho-Alvarado et al., 
2016), marine sediment during 1963– 1999 (Ikeuchi, 2003; Ikeuchi, 
2006), food during 1959– 2013 (Pröhl et al., 2006; Corcho-Alvarado 
et al., 2016; Merz et al., 2016), and terrestrial and marine biotas during 
1965– 2002 (Pröhl et al., 2006; Morita et al., 2010). Particularly, the 
EHL of 90Sr in seawater had been calculated in the Baltic Sea (Saniewski 
and Zalewska, 2018), East Sea/Sea of Japan (Hirose and Povinec, 2019), 
and Pacific Ocean and Indian Ocean (Povinec et al., 2005). 

The China seas, including the Bohai Sea, Yellow Sea, East China Sea, 
and South China Sea, intensively exchange seawater with the North 
Pacific Ocean (Zheng et al., 2006). The radionuclides of 137Cs and 
239+240Pu were transported from the North Pacific Ocean and were 
accumulated and stored in the China seas (Zhang et al., 2019; Wu et al., 
2020a; Cao et al., 2021). In the context of the FNA, 134Cs derived from 
the FNA in seawater was observed at few stations in the Yellow Sea, East 
China Sea, and South China Sea due to the hydrological exchange be
tween the China seas and the North Pacific Ocean (Inoue et al., 2018a; 
Deng et al., 2020; Wang et al., 2022). Meanwhile, 90Sr was also released 
into the North Pacific Ocean after the FNA (Povinec et al., 2012; Lin 
et al., 2016). However, there is very limited data on 90Sr in seawater in 
the China seas. To our knowledge, the EHL of 90Sr has not been 
comprehensively studied in the China seas, in contrast to the EHL of 
137Cs, which has been studied in the Yellow Sea (Zhang et al., 2019; Wu 
et al., 2020b), East China Sea (Wu, 2018; Zhang et al., 2019; Wu et al., 
2020b), and South China Sea (Wu, 2018; Wu et al., 2020b). Addition
ally, the impact of the FNA on the China seas has not been well discussed 
in the context of the long-term time series of 90Sr activity in seawater, 
even though limited 90Sr data in the South China Sea and East China Sea 
have been reported during 2011– 2014 after the FNA (Men et al., 2015; 
Zhou et al., 2018; Deng et al., 2020; Zhang et al., 2021). 

In this study, the 90Sr characteristics in the China seas were inves
tigated from the perspectives of the 90Sr activity and its EHL. The long- 
term time series of 90Sr activity in seawater during 1963– 2018 were 
simultaneously established for the first time in the Bohai Sea, Yellow 
Sea, East China Sea, and South China Sea after compiling our measured 
90Sr data and data from many previous studies. The possible signal of the 
Fukushima-derived 90Sr in the China seas was discussed on the basis of 
theoretical calculations and field observations. Our study will facilitate 
international communication on the historical 90Sr activity in the China 
seas and provide a valuable supplement to the International Atomic 
Energy Agency's (IAEA) Marine Radioactivity Information System 
(MARIS) for identifying and assessing additional source terms of 90Sr 
from nuclear accidents, nuclear reprocessing plants, radioactive waste 
dumping sites, and nuclear weapons testing sites in the North Pacific 
Ocean. 

2. Materials and methods 

2.1. Study areas 

The China seas are located in the transitional region between the 

largest continent, Asian, and the largest ocean, the Pacific Ocean, with a 
typically broad continental shelf. The China seas have a total area of 
4.73 × 106 km2, with a total continental coastline of 1.8 × 104 km (Song, 
2010). The China seas consist of the Bohai Sea, Yellow Sea, East China 
Sea, and South China Sea, extending from temperate to subtropical and 
tropical zones. The areas of the Bohai Sea, Yellow Sea, East China Sea, 
and South China Sea are 7.7 × 104 km2, 3.8 × 105 km2, 7.7 × 105 km2, 
3.5 × 106 km2, with an average depth of 18.7 m, 44 m, 370 m, and 1212 
m, respectively (Song, 2010). The three largest rivers in China dis
charging into the China seas are the Yellow River, Changjiang River, and 
Pearl River (Fig. 1), resulting in the accumulation of large amounts of 
nutrients and contaminants (e.g., heavy metals, organic pollutants, ra
dionuclides, microplastics, etc.) in the China seas (Pan and Wang, 2012). 
The annual water discharges and sediment fluxes of the Yellow River, 
Changjiang River, and Pearl River are 4.2 × 1010 m3/y and 1.0 × 109 t/ 
y, 9.24 × 1011 m3/y and 4.86 × 108 t/y, and 3.3 × 1011 m3/y and 8.0 ×
107 t, respectively (Song, 2010). Notice that the Changjiang River ranks 
third in length, fifth in fresh water discharge, and fourth in sediment 
discharge in the world (Song, 2010). What's more, the East China Sea has 
a close interaction with its surrounding environment of Kuroshio Cur
rent, Yellow Sea, and South China Sea. The East China Sea is a relatively 
open system and is more complicated than other China seas. Recently, 
submarine groundwater discharge was also proposed as a key source of 
substances (e.g., nutrients, carbon, metals, etc.) for the China seas (Liu 
et al., 2012; Wang et al., 2018; Wang et al., 2019). The China seas also 
have close hydrological and biogeochemical interactions with the North 
Pacific Ocean (Zheng et al., 2006; Song, 2010). Briefly speaking, river 
input, Kuroshio Current, and Asian Monsoon are the key external 
stressors inducing on the complicated ocean circulation and biogeo
chemical processes in the China seas. 

2.2. 90Sr analysis in seawater 

In this study, we collected 40 L of surface seawater nearby the 
Fangchenggang Nuclear Power Plant (108.57◦E, 21.68◦N) in the Beibu 
Gulf, northwestern part of the South China Sea during 2016– 2018. The 
analytical method for 90Sr in seawater was well validated by our passed 
proficiency test organized by the IAEA in 2016 (Deng et al., 2018). 
Additionally, the radiochemical procedure for 90Sr in seawater has been 
described in previous studies (Yu et al., 2015; Deng et al., 2020). 

In brief, seawater was immediately adjusted to pH = 1.0 with 
concentrated HNO3 at the sampling date. The carriers of 200 mg Sr2+and 
40 mg Y3+ were added and mixed with seawater by stirring for 2 h in the 
land-based laboratory. A precipitate was formed after the addition of 30 
g ammonium chloride (NH4Cl) and 200 g sodium carbonate (Na2CO3). 
The precipitate was collected and dissolved with 6 M HNO3 and adjusted 
to pH = 1. Afterwards, 90Y and stable Y were extracted with 10% Bis-2- 
etylhexyl-phosphoric acid (HDEHP) in n-heptane. The 90Y and stable Y 
were re-extracted into 6 M HNO3 and precipitated at pH = 8– 9 with the 
concentrated NH3⋅H2O. The precipitate was re-dissolved with concen
trated HNO3 and saturated oxalic acid was added at pH ~ 1. The pre
cipitate of yttrium oxalate was weighed to calculate the chemical yield 
of Y and was measured with a gas-flow β counter (MPC9604, Ortec). The 
90Sr activity and its uncertainty in seawater were calculated using Eqs. 
(1)–(2). 

A0 =
n1 − n0

εηV
×

λ1T
1 − e− λ1T × eλ1(t2 − t1) × eλ0(t1 − t0) (1)  

δA0 = A0 ×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n1 + n0

T(n1 − n0)
2 +

(δε
ε

)2
√

(2)  

where A0 and δA0 are the 90Sr activity and its associated uncertainty at 
the sampling date; n1 and n0 denote the β counting rate for the sample 
and the instrumental background, respectively; ε, η, and V refer to the 
detection efficiency, chemical yield of Y, and volume of seawater, 
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respectively; t0, t1, t2, and T are defined as the sampling date, separation 
date of 90Y/90Sr, detection date of 90Y, and time interval for 90Y mea
surement in the gas-flow β counter, respectively; λ0 and λ1 are decay 
constants of 90Sr and 90Y, respectively. 

2.3. Data compilation 

Large amounts of data on 90Sr in seawater were compiled in the 
China seas, including the Bohai Sea during 1963– 2018 (Ministry of 
Ecology and Environment, n.d.; Li and Li, 1981; Zhao et al., 1988; Yao 
et al., 2010), Yellow Sea during 1963– 2016 (Li and Li, 1981; Liu et al., 
1988; Jiang et al., 2005; Yao et al., 2010; Xu et al., 2011; Liu, 2018), East 
China Sea during 1963– 2016 (Ministry of Ecology and Environment, n. 
d.; Li and Li, 1981; Li et al., 1982; Zhao, 1988; Huo et al., 1994; Qian 
et al., 1998; Xu et al., 2013; Lin, 2017; Shao et al., 2018a), and South 
China Sea during 1984– 2018 (Liu, 1987; Liu et al., 1989; Wu et al., 
1992; Chen, 1993; Chen et al., 1993; Lin and Zhou, 1995; Liu and Zhou, 
2000; Chen et al., 2003; Ji and Zhang, 2004; Yao et al., 2010; Zhou et al., 
2018; Zhu et al., 2018; Chen et al., 2019; Liu et al., 2020). All stations of 
the compiled data in the China seas are exhibited in Fig. 1. Note that 
many references were peer-reviewed and published in Chinese. The 
compilation of these 90Sr data sets published in Chinese would facilitate 
international communication on historical 90Sr activity in the China 
seas. 

3. Results and discussion 

3.1. Historical 90Sr activity in the China seas 

In addition to our 90Sr data (0.84 Bq/m3 ~ 1.07 Bq/m3 in Fig. 2d) in 
the South China Sea during 2016–2018, we also compiled peer-reviewed 
and publicly available data on 90Sr in seawater from the China seas. The 
historical 90Sr data in the China seas are illustrated in Fig. 2. The 90Sr 
activity was in the range of 0.73– 27.7 Bq/m3 during 1963– 2018, 0.89– 
10.2 Bq/m3 during 1963– 2016, 1.3– 16.5 Bq/m3 during 1963– 2016, 
and 0.84– 3.2 Bq/m3 during 1984– 2018 in the Bohai Sea, Yellow Sea, 
East China Sea, and South China Sea, respectively. Additionally, an 
exponential function was fitted, as shown in Fig. 2. A decrease in 90Sr 
activity (27.7 Bq/m3, 10.2 Bq/m3, and 7.30 Bq/m3 in the Bohai Sea, 
Yellow Sea, and East China Sea in 1963) was observed from the high/ 
middle latitude (Bohai Sea) to the low latitude (East China Sea), 
consistent with a decline in global fallout 90Sr inventory from high/ 
middle latitude to low latitude (Waters et al., 2015). The exponential 
decrease in 90Sr activity in the China seas was also consistent with other 
studies on historical 90Sr curves in seawater from the other marginal/ 
coastal seas, such as the Baltic Sea (Saniewski and Zalewska, 2018), 
Italian coast (Cigna, 2006), East Sea/Sea of Japan (Hirose and Povinec, 
2019), and Japanese coast (Cigna, 2006), and from the open oceans, 
such as the Pacific Ocean and Indian Ocean (Povinec et al., 2005). The 
90Sr activity in seawater from the China seas was about 1.0 Bq/m3 in 
2018 and was comparable to the 90Sr baseline before the FNA (~1.0 Bq/ 

Fig. 1. Station map of 90Sr in seawater of the China seas. The three largest rivers namely the Yellow River, Changjiang River, and Pearl River are also indicated.  
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m3) in the North Pacific Ocean (Povinec et al., 2005). Notice that the 
90Sr activity in seawater from the China seas in 2018 was significantly 
lower than that from the Baltic Sea (5.6– 8.7 Bq/m3) during 1998– 2016 
(Saniewski and Zalewska, 2018). We found that 90Sr activity in the 
China seas also lie at the lower end of the global range of 90Sr activity 
(0.1– 49 Bq/m3) in surface seawater provided by IAEA report (IAEA, 
2005). Overall, historical 90Sr data in the China seas from 1963 to 2018 
would provide a valuable supplement to the existing 90Sr database in the 
global ocean. 

3.2. Effective half-life of 90Sr in the China seas in comparison with 137Cs 

Based on the exponential decrease in 90Sr activity in seawater 
(Fig. 2), the EHL of 90Sr was fitted and quantified to be 11.5 ± 1.6 a in 
the Bohai Sea during 1963– 2018, 16.5 ± 2.4 a in the Yellow Sea during 
1963– 2016, 27.2 ± 6.2 a in the East China Sea during 1963– 2016, and 
26.7 ± 4.3 a in the South China Sea during 1984– 2018, respectively, in 
Fig. 3. It should be noted that the uncertainty of the EHL of 90Sr is higher 
in the East China Sea, probably due to a more hydrodynamic and 

complicated ocean circulation pattern relative to the Bohai Sea, Yellow 
Sea, and South China Sea. 

In this study, we found that the EHL of 90Sr in the high latitude seas 
(Bohai Sea and Yellow Sea) was shorter than that in the low latitude seas 
(East China Sea and South China Sea), in consistent with the EHL of 
137Cs (Fig. 3). Correspondingly, a shorter EHL of 90Sr was also observed 
in the North Pacific Ocean (12 ± 1 a) relative to the Equatorial Pacific 
Ocean (21 ± 2 a) in previous study (Povinec et al., 2005). The pattern of 
longer EHL of 90Sr in the low-latitude sea/ocean was mainly attributed 
to the transport of 90Sr from the middle/high latitude sea with higher 
atmospheric deposition flux, higher 90Sr activity in seawater, and 
greater inventory of 90Sr in seawater column derived from nuclear 
weapons testing. The continuous 90Sr input into the low latitude sea and 
ocean from high latitudes would delay the exponential decrease in 90Sr 
activity in seawater and lead to a longer EHL in the low latitude sea and 
ocean. 

We also found that the EHL of 90Sr in the East China Sea (27.2 ± 6.2 
a) and South China Sea (26.7 ± 4.3 a) was slightly longer than that in the 
Equatorial Pacific Ocean (21 ± 2 a) (Povinec et al., 2005). The East 

Fig. 2. Historical 90Sr activity in seawater from the Bohai Sea (a), Yellow Sea (b), East China Sea (c), and South China Sea (d).  
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China Sea and South China Sea have intensive exchange with the North 
Pacific Subtropical Gyre by the Kuroshio Current, which originates from 
the North Pacific Equatorial Current (Lie and Cho, 2016; Zhu et al., 
2019). Additionally, large river input (e.g., the Changjiang River, the 
Pearl River) of 90Sr would further delay the exponential decrease in 90Sr 
activity in the marginal seas of East China Sea and South China Sea, 
leading to a longer EHL of 90Sr relative to that in the Equatorial Pacific 
Ocean. Additionally, submarine groundwater discharge was also pro
posed as a potential source of 90Sr to the East China Sea (Zhang et al., 
2021). Therefore, the EHL of 90Sr in the East China Sea (27.2 ± 6.2 a) 
and South China Sea (26.7 ± 4.3 a) was similar to but slightly longer 
than that in the Equatorial Pacific Ocean (21 ± 2 a). 

The artificial radionuclide of 137Cs with a physical half-life of 30.2 a 
exhibits conservative behavior in seawater. Hence, 137Cs and 90Sr are 
generally discussed together because of their similar physical half-lives 
and conservative behaviors in the ocean. The activity ratio of 90Sr to 
137Cs is relatively stable with a value of ~0.63 in seawater (Povinec 
et al., 2012). The EHL of 137Cs was calculated to be 6.5 ± 0.5 a, 13.8 ±
1.1 a, and 15.4 ± 1.3 a in the Yellow Sea, East China Sea, and South 
China Sea, respectively (Wu et al., 2020b). Overall, the EHL of 137Cs was 
shorter than that of 90Sr in the China seas (Fig. 3). A previous study also 
indicated a shorter EHL of 137Cs (9.1 a) relative to EHL of 90Sr (50.3 a) in 
the Baltic Sea, which was attributed to low mobility of 137Cs relative to 
90Sr in the soil from the same catchment and followed by low flux of 
137Cs relative to 90Sr by river discharging into the Baltic Sea (Saniewski 
and Zalewska, 2018). The activity of 137Cs (0.74 ± 0.11 Bq/m3) was 
significantly lower than that of 90Sr in river water (10.4 ± 0.44 Bq/m3) 
in Japan (Ikeuchi, 2003; Ikeuchi, 2006). The river flux of 90Sr was also 
reported to be higher than that of 137Cs into the Black Sea (Kanivets 
et al., 1999). Particularly, the 137Cs activity was also observed to be 
lower than 90Sr activity in the Changjiang River, Pearl River, and Yellow 
River (Ministry of Ecology and Environment, n.d.). Submarine ground
water discharge may also contribute to the surplus flux of 90Sr relative to 
137Cs (Zhang et al., 2021). From the perspective of source for radionu
clide, a higher flux of 90Sr discharged into the China seas would delay 
the exponential decrease in 90Sr activity in seawater, resulting in a long 
EHL of 90Sr relative to that of 137Cs. 

Furthermore, 137Cs is strongly associated with cation-exchange sites 
on particles (e.g., clay minerals) in seawater and passively scavenged 
into marine sediment (Zhang et al., 2019; Tachi et al., 2020). It was 
reported that 137Cs could be efficiently scavenged in the marginal sea 

with a high concentration of suspended particles relative to the open 
ocean with a low concentration of suspended particles (Zhang et al., 
2019; Yamada et al., 2021). The burial flux of 137Cs in marine sediment 
was approximately three times higher than the 137Cs fluxes of atmo
spheric deposition and river input in the Bohai Sea, Yellow Sea, and East 
China Sea (Zhang et al., 2019). A large amount of 137Cs in seawater was 
transported from the open ocean (North Pacific Ocean) to coastal seas 
followed by sedimentation and burial in the marginal seas (Bohai Sea, 
Yellow Sea, and East China Sea) (Zhang et al., 2019). The phenomenon 
of boundary scavenging of 137Cs in the marginal sea was also observed in 
the Arctic Ocean, which has a broad continental shelf (Kuzyk et al., 
2013). Due to the high scavenging of 137Cs in the marginal seas, the EHL 
of 137Cs in the China seas (6.5– 15.4 a) was generally shorter than that in 
the open Pacific Ocean (13– 23 a) (Povinec et al., 2005; Wu, 2018; 
Zhang et al., 2019). The sediment-seawater distribution coefficient of 
137Cs (100–1000 L/kg) was calculated to be higher than that of 90Sr 
(1–100 L/kg) in marine environments (IAEA, 2004; Takata et al., 2016). 
From the perspective of sink for radionuclide, high boundary scavenging 
of 137Cs relative to 90Sr may also result in a shorter EHL of 137Cs relative 
to that of 90Sr in the marginal seas. 

3.3. Contrasting patterns of EHL of 90Sr and 137Cs in the marginal seas 
and open oceans 

After compiling the available EHL of 90Sr and 137Cs in seawater from 
other seas and oceans, we found contrasting patterns of EHL of 90Sr and 
137Cs in the marginal/coastal seas and open oceans (Fig. 4). Generally, 
the EHL of 90Sr was longer than that of 137Cs in all marginal seas of the 
Yellow Sea, East China Sea, South China Sea, East Sea/Sea of Japan 
(Hirose and Povinec, 2019), and Baltic Sea (Saniewski and Zalewska, 
2018). By contrast, a slightly shorter EHL of 90Sr relative to that of 137Cs 
was observed in all open oceans of the North Pacific Ocean, South Pacific 
Ocean, and Equatorial Pacific Ocean (Povinec et al., 2005). These con
trasting patterns of the ratio of EHL90Sr to EHL137Cs (EHL90Sr/EHL137Cs) 
in the marginal seas (EHL90Sr/EHL137Cs > 1 in Fig. 4) and open oceans 
(EHL90Sr/EHL137Cs < 1 in Fig. 4) are challenging the traditional under
standing of similar behaviors between 90Sr and 137Cs in marine 
environments. 

The EHL patterns of 90Sr and 137Cs in the marginal seas (EHL90Sr/ 
EHL137Cs > 1) was closely related to the combined effects of the sources 
of high river input and submarine groundwater discharge of 90Sr relative 

Fig. 3. Effective half-life (EHL) of 90Sr (a) and 137Cs (b) in seawater of the China seas. The EHL of 137Cs was referenced to other study (Wu et al., 2020b).  
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to 137Cs (high value of S for 90Sr in Eq. (3)) and the sink of intensive 
boundary scavenging of 137Cs by passive adsorption onto the particle 
surface (high value of k for 137Cs relative to that for 90Srin Eq. (3)) 
(Ikeuchi, 2006; Kuzyk et al., 2013; Saniewski and Zalewska, 2018; 
Zhang et al., 2019). By contrast, the pattern of EHL of 90Sr and 137Cs in 
the open oceans (EHL90Sr/EHL137Cs < 1) may be attributed to the distinct 
sinking pathways of 90Sr and 137Cs by the marine biological pumps (hard 
tissue pump for 90Sr and soft tissue pump for 137Cs in Fig. 5) for actively 
scavenging artificial radionuclides. 90Sr behaves like calcium and is 
preferentially incorporated into biominerals (e.g. SrSO4 in radiolarian 
(de Villiers, 1999), SrXCa(10-X)(PO4)6(OH)2 in fish bone and otolith 
(Fujimoto et al., 2015; Koarai et al., 2020), (Ca/Sr)CO3 in coral skeleton 
(Lin et al., 2019)) with relatively high density to be gravitationally 
settled out of the surface ocean, leading to a low residence time of 90Sr 
(high value of k for 90Sr in Eq. (3)) and a short EHL of 90Sr in the surface 
seawater of open oceans. Correspondingly, 137Cs is analogous to potas
sium and is preferentially stored in soft tissue (e.g., particulate organic 
material) with a relatively low density, resulting in high efficiency of 
137Cs recycling in the upper ocean and delaying the decline in 137Cs 
activity (low value of k for 137Cs in Eq. (3)) with long EHL of 137Cs in the 
surface seawater of open oceans. 

dA
dt

= D
∂2A
∂x2 − u

∂A
∂x

− λA − kA+S (3) 

Additionally, we further checked the simultaneous measurements for 
the vertical profiles of 90Sr and 137Cs activity in the marginal sea of the 
East China Sea (Zhang et al., 2021) and the open Pacific Ocean (Ham
ilton, 2005). The activity ratio of 137Cs/90Sr in seawater increased with 
the depth at the stations CJ, D9, and G8 in the marginal sea of the East 
China Sea (Zhang et al., 2021), but the activity ratio of 137Cs/90Sr 
decreased with the depth near the Tuamoto Archipelago in the open 
Pacific Ocean (Hamilton, 2005). The contrasting patterns of the activity 
ratio of 137Cs/90Sr in seawater were probably attributed to the high ef
ficiency of transferring 137Cs into the ocean interior relative to 90Sr by 
preferentially passive adsorption of 137Cs onto the particle surface in the 
marginal sea (high intensity of boundary scavenging) and to high effi
ciency of 90Sr export from the surface ocean by active hard tissue pump 
for 90Sr scavenging relative to 137Cs scavenging in the open ocean, 
leading to an increasing trend of 137Cs/90Sr with the depth in the mar
ginal sea and decreasing trend of 137Cs/90Sr with the depth in the open 
ocean, respectively. Consequently, on the basis of the above-mentioned 
field observations and theoretical analysis, the subtly different processes 
of 90Sr and 137Cs in the marginal seas and open oceans are illustrated in 
Fig. 5. 

The artificial radionuclides of 90Sr and 137Cs are typical cases of 
short-term perturbations and distinct responses in contemporary marine 
environments. The proxies of δ7Li and 10Be/9Be, which belong to the 
same group as 137Cs (alkali metal) and 90Sr (alkaline-earth metal) in the 
periodic table of elements, were measured in marine environment to 
reconstruct continental weathering that controls the carbon cycle and 
climate over geological history (Willenbring and von Blanckenburg, 
2010; Misra and Froelich, 2012). However, the discrepancy in conti
nental weathering history based on distinct proxies of δ7Li and 10Be/9Be 
was observed in the marginal seas and open oceans (Willenbring and 
von Blanckenburg, 2010; Misra and Froelich, 2012). The distinct re
sponses of 90Sr and 137Cs in specific marine environments (marginal seas 
or open oceans) may provide insights into some perturbation events of 
weathering input of alkali metals (e.g., Li isotopes and K isotopes) and 
alkaline-earth metals (Be isotopes, Mg isotopes, and Sr isotopes) and 
subsequent records in ancient marine environments. 

3.4. Possible signal of Fukushima-derived 90Sr in the China seas 

It was reported that a large amount of 90Sr was released into marine 
environment by direct discharging of the cooling seawater after the FNA 

Fig. 4. Contrasting patterns of the EHL of 90Sr and 137Cs in the marginal seas 
and open oceans. 

Fig. 5. Schematic diagram of distinct sources and sinks of 90Sr and 137Cs in the marginal seas and open oceans.  
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(Castrillejo et al., 2016). The maximum 90Sr activity in seawater was 
reported to be 400,000 Bq/m3 after the FNA relative to the value of 
~1.0 Bq/m3 before the FNA (Povinec et al., 2012). Several studies 
indicated that the 90Sr activity in seawater surrounding Japan in 2016 
declined to the baseline level (~1.0 Bq/m3) before the FNA due to 
intensive hydrodynamic conditions off the Japanese East Coast (Guard, 
n.d.; Karube et al., 2016; IAEA, 2019). However, the polluted sea area 
gradually enlarged after the dispersion of Fukushima-derived 90Sr in the 
North Pacific Ocean. 

Theoretically, the China seas may have received Fukushima-derived 
radionuclides transported by ocean circulation (Zhao et al., 2021). 
Actually, few stations were observed with 134Cs activity in seawater 
derived from the FNA above the minimum detection activity (MDA) in 
the Yellow Sea (0.1– 0.2 Bq/m3) in July 2014 (Inoue et al., 2018a), the 
East China Sea (0.29 Bq/m3) in November 2013 (Wang et al., 2022), and 
the South China Sea (0.2 Bq/m3) during November to December 2012 
(Deng et al., 2020), despite many stations with 134Cs bellow MDA in the 
China seas (Men et al., 2015; Zhou et al., 2018; Wang et al., 2022). The 
measured 134Cs derived from the FNA in the Yellow Sea and South China 
Sea was reported to be influenced by the Kuroshio Current with elevated 
134Cs activity (~0.5–1.0 Bq/m3 during 2013– 2016) in seawater (Inoue 
et al., 2018b). 134Cs should not occur before the FNA due to its short 
physical half-life (2.06 a). Therefore, the proxy of 134Cs without any 
residual signal from global fallout was highly sensitive and widely used 
to identify the impact of the FNA. 

The recent status of 90Sr activity in seawater (in the period of 2016– 
2018) was about 1– 2 Bq/m3 in the China seas (Fig. 2) and was also close 
to the 90Sr baseline (~1.0 Bq/m3) in the North Pacific Ocean before the 
FNA (Povinec et al., 2012). It was reported that 90Sr derived from the 
FNA was not identified in the East China Sea and South China Sea during 
2011– 2014 (Men et al., 2015; Zhou et al., 2018; Deng et al., 2020). The 
90Sr activity was variable in a relatively large range of <0.56– 2.62 Bq/ 
m3 in the South China Sea during 2011– 2014 (Zhou et al., 2018). 
Additionally, the source term of 90Sr in seawater derived from the FNA 
was two to three orders of magnitude lower than that of 134Cs and 137Cs 
derived from the FNA (Lin et al., 2016). 90Sr derived from the FNA in 
Kuroshio seawater was conservatively calculated to be 0.01 Bq/m3 

based on Fukushima-derived 134Cs in Kuroshio seawater (~1.0 Bq/m3) 
and Fukushima-derived 90Sr/134Cs activity ratio (0.01) (Lin et al., 2016; 
Inoue et al., 2018b). The Fukushima-derived 90Sr activity in seawater 
from the China seas should be lower than 0.01 Bq/m3 if we further 
consider the mixing ratio of distinct water masses from the Kuroshio 
Current and the China seas. Actually, the uncertainty of 90Sr activity 
(~0.1 Bq/m3) in seawater derived from the measurement by the gas- 
flow β counter is generally one order of magnitude higher than 
Fukushima-derived 90Sr activity in seawater from the China seas (0.01 
Bq/m3). It should be difficult to identify 90Sr derived from the FNA in the 
China seas after taking seasonal/annual variation of 90Sr activity and its 
uncertainty derived from radiochemical measurement into account. 
Theoretical calculation is a necessary and beneficial supplement to the 
limited frequency of the field observation of 90Sr in the China seas. 

4. Conclusion 

A long-term time series of 90Sr activity in seawater was established in 
the China seas during 1963– 2018 after compiling our measured 90Sr 
data together with many previous studies. The EHL of 90Sr was calcu
lated to be 11.5 ± 1.6 a, 16.5 ± 2.4 a, 27.2 ± 6.2 a, and 26.7 ± 4.3 a in 
the Bohai Sea, Yellow Sea, East China Sea, and South China Sea, 
respectively. The EHL of 90Sr was longer than that of 137Cs in the China 
seas due to the higher sources of river input and submarine groundwater 
discharge of 90Sr and the sink of intensive boundary scavenging of 137Cs. 
By contrast, the EHL of 90Sr was shorter than that of 137Cs in the open 
oceans probably because of higher efficiency of hard tissue pump for 
scavenging 90Sr relative to soft tissue pump for scavenging 137Cs. The 
contrasting patterns in the EHL of 90Sr and 137Cs revealed subtly 

different behaviors of 90Sr and 137Cs in contemporary marine environ
ment. Finally, Fukushima-derived 90Sr was not clearly identified on the 
basis of the limited frequency of the field observation of 90Sr in the China 
seas. The lack of significant Fukushima-derived 90Sr in the China seas 
was also explained by theoretical analysis after taking seasonal/annual 
variation of 90Sr activity and its uncertainty derived from radiochemical 
measurement into account. It is recommended that 134Cs would be a 
better proxy for tracking the signal from the FNA due to high sensitivity 
of 134Cs with no residual from global fallout. However, the short half-life 
of 134Cs (2.06 a) will also result in the decay of 134Cs in seawater and 
challenge its feasibility for detecting the signal from the FNA in the 
future. 

The historical 90Sr activity in the China seas will provide a valuable 
supplement to the limited long-term time series of 90Sr monitoring in the 
global ocean and consolidate the ability to identify artificial radionu
clides from nuclear accidents, nuclear reprocessing plants, and radio
active waste dumping sites in the context of the rapid expansion of 
nuclear power plants construction in Asia. Our work would also provide 
the key parameter of the EHL in marine models for predicting the 90Sr 
activity in the China seas and enhance our understanding of 90Sr 
behavior and its fate in marine environments. Additionally, the distinct 
pathways of 90Sr and 137Cs in the contemporary marine environment 
may provide insights into the different behaviors of δ7Li and 10Be/9Be in 
the ancient marine environment, especially for the distinct responses 
between the marginal seas and open oceans. 
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