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The '*7Cs activity in surface water of the East China Sea (ECS) was 0.66-1.36 Bqm ~* during May of 2011. The

1¥7Cs low activities were observed in the Changjiang Estuary and Zhejiang-Fujian coast and high activities were ob-
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served in the south offshore and Kuroshio Current pathway, suggesting that the influence from the current
system in the ECS. The '**Cs were undetectable (< 0.03Bqm ) and the contribution of the Fukushima acci-
dent to ECS is estimated to be below 3%; hence it is negligible during the investigation period. Using the vertical
profiles of *’Cs in the ECS, the mass balance is obtained, which suggests that the oceanic input dominates the

137Cs source in the ECS. '®7Cs is potentially useful to trace water mass movement in the ECS. Our study provides
comprehensive baseline of *Cs in the ECS for evaluation of the possible influence of the nuclear power plants in

the future.

Radiocesium (***Cs and '*’Cs) is derived from nuclear explosions
since the world's first atomic bomb explosion in 1945, nuclear acci-
dents, nuclear reprocessing facilities and nuclear power plants. The
thermonuclear bomb testing mainly contributed to the global fallout
137Cs (~900 PBq) (Hu et al., 2010). The nuclear accidents also released
a bunch of '*’Cs to the earth environments (e.g., 85 PBq for Chernobyl)
(UNSCEAR, 2008). Most recently, the accident happened in the Fu-
kushima Dai-ichi Nuclear Power Plant (FDNPP) has released large
amount of *”Cs to the atmosphere (12 PBq) (Steinhauser et al., 2014).
137Cs entered into the stratosphere was finally deposited on the earth
globally, while those entered troposphere mainly distribute locally.
Aarkrog (2003) estimated that around 603 PBq **”Cs was input to ocean
since 2000. Thus, '*”Cs is used for monitoring the nuclear contaminant
around the nuclear reprocessing facilities and nuclear power plants
(NPPs). The FDNPP derived radionuclides have dispersed and deposited
almost all over the north hemisphere (Buesseler, 2012; Wang et al.,
2012; Evrard et al., 2015). Among them, substantial fraction of them
deposited to the ocean (Buesseler et al., 2012; Inoue et al., 2012; Suzuki
et al., 2013). Investigations have shown the significantly increased level
of *%Cs and **Cs in the seawater samples in the offshore of Fukushima,
as well as a large area in the Northwest Pacific Ocean (Honda et al.,
2012; Povinec et al., 2013; Tumey et al., 2013).

Due to the relative conservative feature of 1*’Cs in the ocean (Hirose
et al., 1992), it has being utilized to trace the water mass and currents,
and is useful to inspect and modify the ocean circulation model
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(Garraffo et al., 2016). East China Sea (ECS) is a broad and flat-con-
tinental shelf marginal sea of the Northwest Pacific. The complex cur-
rent system and high concentration of suspended particles makes the
ECS one of most important “sinks” of radionuclides and nutrients
transported from the Northwest Pacific (Wang et al., 2017b). Besides,
the surface of this area indicates a signature of “recirculated” seawater
originates from intermediate layers of subtropical North Pacific
(Miyazawa et al., 2009). However, the observation of **”Cs around the
ECS after accident was very limited. Wu et al. (2013) reported that the
seawater >’Cs was 1.08 + 0.09Bqm™> in a few seawater samples
(n = 8) and they suggest that FDNPP's accident might significantly
enhance the '*”Cs level in the ECS, however, this database is too limited
to assess the influence of FDNPP's accident associated with the trans-
port of 1*”Cs with water mass in the ECS. Wang et al. (2012) reported
that '3”Cs activity in aerosols in Shanghai (about 50 km of the coast in
the ECS) during 28th-29th March 2011 was 0.12 + 0.09mBqm ™3,
which is significantly higher than the background level (0.04 mBqm ™)
before accident. These results urge a comprehensive observation of
spatial and vertical distribution of **’Cs in the ECS.

This work aims to investigate the level, distribution and source of
radioactive cesium (***Cs and '3’Cs) in the ECS by analyzing surface
and profile seawater samples collected in the ECS during June 2011 in
order to explore the impact of Fukushima accident in the ECS.
Meanwhile, it can be also used to trace pathway of different water
masses, and to supply a baseline for monitor the potential risk from 14
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Fig. 1. (a) Sampling stations and water masses in the Changjiang Estuary and adjacent seas, solid circles represent vertical profile stations and hollow circles represent surface water
stations, (b) Geographical thumbnail of water masses from the East China Sea (ECS) and the Fukushima Dai-ichi Nuclear Power Plant (FDNPP). Changjiang Diluted Water (CDW,
summer), Taiwan Strait Warm Water (TSWW), Kuroshio Current Water (KCW) and Yellow Sea Surface Current (YSSC, summer) (modified from Su and Huh, 2002; Huang et al., 2013).
The study area is divided into three parts, A: the water depth below 100 m, B: the water depth between 100 m and 1000 m, C: the water depth over 1000 m.

operating NPPs (as of May 2011) along the Chinese coast in the ECS as
well as from the other nuclear facilities, nuclear accidents and other
sources (e.g., oceanic input).

The ECS is a typical marginal sea and locates in the west of the
Northwest Pacific Ocean (Fig. 1), receiving large amount of fresh water
and sediment discharge from the Changjiang (Yangtze River), which is
the largest river over the Euro-Asia continent (Dai et al., 2014). The ECS
could be divided into the shallow western continental shelf and deep
eastern continental shelf on the basis of the terrain of northwest high,
southeast low. ECS owns complex water masses that interact with each
other, such as the Changjiang Diluted Water (CDW), which extends at
first along the estuary to the southeast until 122.50°E and then turns
southward to form a tongue of diluted water in winter. The Zhejiang-
Fujian Coast Current (ZFCC) is strong in winter and relatively weak in
spring. The Kuroshio Current Water (KCW), a major western boundary
current along the outer edge of the continental shelf, carrying a lot of
high temperature and high salt water. The northward Taiwan Strait
Warm Water (TSWW), with its upper water formed by the mixing of
Kuroshio Current Surface Water and the Taiwan Strait Water, is origi-
nating from Kuroshio Current Subsurface Water (KCSSW) east of
Taiwan (Lee et al., 2001; Lie and Cho, 2002; Lee and Chao, 2003; Lee
and Takeshi, 2007). In the north part of the ECS shelf, the Yellow Sea
Surface Current (YSSC) also participates in the structure of the ECS
water masses (Su, 2001).

Seawater samples, including 55 surface seawater samples and 8
water profiles, were collected from 55 stations in the ECS (Fig. 1a)
during the R/V “Shiyan 3” cruise between 11th May and 5th June 2011.
An aliquot of 100L seawater sample was collected from surface
(0-0.5 m) and different depths of water columns by a submersible pump
and a CTD rosette system, respectively. And then the samples were
filtered by 0.5 um pore-size pre-cleaned special polypropylene cartridge
(Wang et al., 2017a).

Cesium in seawater sample was separated by adsorption using am-
monium phosphomolybdate (AMP) at pH ~1.5 (Hirose et al., 2005;
Yamada et al., 2006). Twenty five mg of CsCl was first spiked to 100 L
seawater as the carrier and used for chemical yield tracer. The spiked
seawater was stirred and equilibrated for 6 h. Forty grams AMP power
(seawater) was added to each sample, the samples was then stirred for
30 min. After 24 h settlement the supernatant was siphoned out. The
slurry with AMP/Cs precipitation was transferred to a 2 L plastic bottle
and transported to the lab for further treatment. In the laboratory, the
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slurry was centrifuged to separate AMP-Cs precipitate, which was fi-
nally freeze-dried by a lyophilizer for radioactivity measurement.

Cesium-134 and Cesium-137 in the prepared samples were mea-
sured using a gamma spectrometer (GWL-120210-S, ORTEC) 604.7 keV
(branch ratio = 97.6%) and 661.7 keV (branch ratio = 85.1%) gamma
rays were used to calculate the concentration of *’Cs and '3%Cs, re-
spectively. The detection limits (LLD) of the gamma spectrometry
system for both radionuclides were estimated to be 0.03Bqm ™2 for
100 L seawater. The chemical recoveries of about 78% for cesium were
obtained by measuring of the stable Cs in the AMP precipitation after
separation using atomic absorption spectrophotometer (America PE,
AA-800). For analytical quality control, the IAEA standard source
(IAEA-447) was analyzed for 137Cs, the measurement results agreed
with the certificated value.

The salinity and temperature in surface water of the ECS are plotted
in Fig. 2. The temperature was 14.8-26.2°C with a mean value of
20.1 °C, and the salinity was 24.2-34.6 with a mean value of 32.2. The
temperature decreased from northwestern to southeastern and in-
creased from the coast to offshore. The lowest temperature was ob-
served in the north offshore of the ECS, and the highest value was
observed in the south part of the ECS, especially in KCW pathway. The
salinity increased from north to south and from west to east. The '*”Cs
activities in all surface seawater samples from the ECS are shown in
Table 1, and the range was 0.66-1.36 Bqm > with a mean value of
1.07 = 0.09Bq m 2 (n = 55). Lower **’Cs activities were observed in
the Changjiang Estuary, Zhejiang-Fujian coast and section C (from CO to
CJ) (Fig. 3). Higher values were observed in the northeast offshore and
south offshore of the ECS (Fig. 3). Generally, the '*”Cs observed in this
study is lower than the Yellow Sea (1.30-3.04Bqm ™ with a mean
value of 2.35 + 0.44Bqm~3 Kim et al, 1997), Japan Sea
(0.3-20.0Bqm ™2 with a mean value of 1.9 + 0.1Bqm™3, Povinec
et al., 2005) and the Western Pacific Ocean (0.5-23.7 Bq m~ 2 with a
mean value of 1.8 + 0.1 Bqm 3, Povinec et al., 2005), and meanwhile
is similar to the South China Sea (1.14-1.41 Bqm ~° with a mean value
of 1.28 = 0.08 Bqm ™2, Wu et al., 2013).

The ®7Cs in five vertical profiles (B1, C2, C5, C7 and D5) are
slightly higher in bottom layer compared to the surface layer and
generally showed the stable vertical distribution. These distribution
patterns are similar with the profiles of temperature and salinity dis-
tribution (Fig. 4). This should be attributed to the sufficiently mixing
derived by the complex current system. The vertical profiles of '*”Cs
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Fig. 2. Contour plots of temperature (°C) (a) and salinity (b) in surface water of the East China Sea.

activities at three deep-water stations (i.e., G8, D9 and CJ) are shown in
Fig. 5. These three stations are located in the Okinawa trough with
water depth of over 1000 m. The higher values were observed in the
subsurface water of station CJ and D9 with a high salinity level (over
34.5). The maximum values were observed in the intermediate water of
station G8, CJ and D9 with a salinity of 34.3-34.4. These high **"Cs
activities should be attributed to open seawater input from the strong
KCSSW (Zhang et al., 2007; Qi et al., 2014). The 137Cs activities at the
bottom water of these three stations were lowest, to be
0.96 = 0.09Bqm ™2 (1000m at CJ), 0.76 + 0.10Bqm™> (870m at
G8) and 0.35 *= 0.05Bqm ™2 (1000 m at D9), respectively. These va-
lues were comparable to those in previous investigations and could be
considered as the background of '*’Cs in deep seawater in the West
Pacific Ocean (Povinec et al., 2011).

137Cs in the ECS water column potentially originated from
Changjiang input, atmospheric fallout from global weapons testing,
emission from the nuclear reprocessing plants, nuclear power plant
accident and open sea input.

FDNPP accident has released large amount of *’Cs to atmosphere
and the east adjacent seas (Stohl et al., 2012; Smith et al., 2015). 137¢s
in coastal seawater along the Northern Sanriku and Tsugaru Strait in
northeastern Japan during May and June of 2011 have been reported to
be 1.9-3.9 Bqm 3 (mean: 2.74 Bqm ™, n = 29) and this mean value is
higher than the background level in coastal seawater of northeastern
Japan before accident (Inoue et al., 2012) and three times higher than
the result of our study. Similar level of ***Cs were also detected to be
0.4-2.8 Bqm ™~ (mean: 1.37 Bqm ™3, n = 29) in seawater samples from
northeastern Japan, which suggest that the significant impact from the
FDNPP (Inoue et al., 2012) in the seawater offshore Fukushima. How-
ever, **Cs in seawater of the ECS during May of 2011 was not mea-
sureable (< 0.03Bqm™3>), this suggests that *’Cs derived from Fu-
kushima accident is less important in the ECS. The activity ratio of
134Cs/1%7Cs from the FDNPP accident was reported to be ~1 (http://
www.mext.go.jp/english/incident/1303962.htm). Based on this ratio,
the LLD (0.03Bq m~3) of '®%Cs, and the mean value of '*’Cs
(1.07 = 0.09Bq m~ 3, n = 55) in the ECS, it can be estimated that <
3% of '*7Cs in the ECS was attributed to the FDNPP. Based on one
vertical profile station data with three water depths, Wu et al. (2013)
suggested that the atmospheric fallout from the FDNPP significantly
enhanced the '3”Cs level of the surface water in the ECS during May and
June. The results of this comprehensive investigation do not support
this conclusion, and suggests that Wu et al. (2013) overestimated the
contribution of *’Cs from Fukushima accident.

For the emission from the NPPs in the south China coasts, previous
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studies have reported that these contributions are ignorable for the ECS
(Du et al., 2010; Liu et al., 2016; Wang et al., 2017b). The **”Cs activity
in coastal areas of the ECS which is near the NPPs was not observed to
be significantly different or higher than that of neighboring waters and
conversely, it was lower than other regions. This observation further
confirms that contribution from the NPPs in the south China coast was
ignorable for the ECS.

Though a number of nuclear weapons tests were conducted in the
north hemisphere including those conducted in Northwest China and
Kazakhstan (Matzko, 1994; Bauer et al., 2005), but these released '3’Cs
was negligible for the ECS due to very long distance from the test sites
to the ECS (> 2500 km). This is confirmed by measurement of sediment
cores in the ECS, where no '*’Cs signals of these nuclear tests were
detected in the sediment cores (Wang et al., 2016, 2017b). Chernobyl
accidents has released large amount of radioactive substances to the
environment including 137Cs (Balonov, 2007; Izrael, 2007), but most of
them were deposited in the Europe (De et al., 1998; Izrael, 2007). Al-
though **”Cs and '®'I signals of Chernobyl accident were measured in
China, but it was mainly observed in North China, the deposition in the
South China is negligible. The measurement of *’Cs in sediment of the
ECS and soil of south China coast did not show any significant signal of
Chernobyl fallout (Du et al., 2010; Wu et al., 2010; Wang et al., 2016).
In addition, the investigation of *?°I and Pu isotopes in the ECS did not
found any significant contribution of Chernobyl fallout in this region
(Liu et al., 2016; Wang et al., 2017b). Thus the contribution of Cher-
nobyl accident fallout in the ECS was also negligible. However, pre-
vious studies have suggested that the long transport of oceanic artificial
radionuclides contributed a lot to the ECS, such as Pu and *’Cs (Du
et al., 2010; Liu et al., 2011; Wang et al., 2017b). They suggested that
the close-in fallout of artificial radionuclides can be transported into the
ECS via the North Equatorial Current and the KCW.

Compared to the source terms discussed above, the riverine input
and atmospheric fallout should be also important for the *”Cs source in
the ECS. Du et al. (2010) reported that the annual Changjiang input
137Cs was (5.10 = 3.06) x 10'° Bq y_l, and other riverine contribu-
tion to the ECS was negligible. The data of atmospheric fallout *”Cs is
not available for the ECS, but the annual deposition fluxes of 1*’Cs in a
nearest city of Shanghai (31.23°N, 121.40°E) was estimated to be
0.33 = 0.20Bqm ™~ 2y~! (Du et al., 2010). Taking the surface area of
this study region (3.00 x 10° km?), the atmospheric fallout *3’Cs can be
estimated to be (9.90 * 3.96) x 10'°Bqy~'. This value is slightly
higher than the Changjiang input.

Therefore, it can be concluded that **’Cs in the ECS water column
mainly originated from Changjiang input, direct atmospheric fallout
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Table 1
137Cs activities of seawater in the East China Sea during 11th May to 5th June 2011.

Station Latitude Longitude Water depth Sampling depth Temperature Salinity 137¢s
CN) (E) (m) (m) (9] (Bqm™?)

T3 25.21 120.50 78 0.5 23.4 341 1.19 = 0.08
T2 25.30 120.27 58 0.5 22.2 33.9 1.00 = 0.09
Tl 25.38 120.05 60 0.5 22.5 34.0 1.03 + 0.10
G2 26.27 120.57 67 0.5 20.9 33.6 1.08 + 0.08
G4 25.74 121.25 80 0.5 24.3 34.2 1.16 = 0.11
F7 25.84 122.70 111 0.5 25.8 34.1 1.00 + 0.04
G8 25.48 122.70 1325 0.5 26.2 34.6 1.14 £ 0.10
G8 25.48 122.70 1325 50 25.6 34.8 0.91 + 0.08
G8 25.48 122.70 1325 200 17.5 34.5 1.14 + 0.07
G8 25.48 122.70 1325 400 11.3 34.4 1.12 + 0.12
G8 25.48 122.70 1325 870 5.1 34.4 0.76 + 0.10
G7 25.55 122.52 310 0.5 22.9 34.0 1.03 = 0.11
F5 26.32 122.07 106 0.5 22.9 34.2 1.16 = 0.14
F3 26.86 121.35 70 0.5 22.0 341 1.04 £ 0.06
F1 27.26 120.81 25 0.5 18.4 29.8 0.66 = 0.10
FE1 27.45 121.21 30 0.5 18.9 31.2 0.93 * 0.11
FE2 27.86 121.53 30 0.5 18.1 30.5 0.86 + 0.05
El 28.21 121.80 23 0.5 17.2 32.2 0.81 + 0.07
E3 27.79 122.48 85 0.5 23.6 34.2 1.16 = 0.11
E5 27.07 123.62 116 0.5 22.9 34.3 1.17 * 0.07
E7 26.47 124.51 153 0.5 24.5 34.2 1.12 = 0.10
ED 26.67 125.34 1066 0.5 26.0 34.4 1.12 = 0.09
D9 26.97 126.12 1507 0.5 25.0 34.6 1.00 + 0.08
D9 26.97 126.12 1507 30 24.9 34.6 1.36 = 0.17
D9 26.97 126.12 1507 50 24.9 34.6 1.17 = 0.07
D9 26.97 126.12 1507 160 21.8 34.7 0.97 = 0.10
D9 26.97 126.12 1507 400 10.5 343 1.44 + 0.07
D9 26.97 126.12 1507 1000 4.4 34.4 0.35 + 0.05
DC 27.47 126.61 1588 0.5 25.4 34.5 1.11 * 0.10
D7 27.64 125.05 102 0.5 22.5 33.6 0.94 + 0.06
D5 28.36 123.87 80 0.5 23.3 34.2 1.07 = 0.09
D5 28.36 123.87 80 36 21.7 34.3 1.20 = 0.10
D5 28.36 123.87 80 50 21.2 34.3 1.30 + 0.13
D5 28.36 123.87 80 76 19.0 345 1.33 £ 0.14
D3 28.98 122.77 63 0.5 21.5 333 1.10 + 0.08
D1 29.25 122.25 17 0.5 18.1 31.7 1.11 + 0.06
c2 30.60 122.83 40 0.5 18.0 31.5 1.05 + 0.11
c2 30.60 122.83 40 36 16.9 33.7 1.51 + 0.17
C4 30.14 123.66 67 0.5 20.9 30.5 0.81 * 0.06
c5 29.75 124.33 76 0.5 21.7 315 1.06 = 0.10
C5 29.75 124.33 76 34 17.3 34.0 1.03 £ 0.06
C5 29.75 124.33 76 50 17.2 34.0 1.09 = 0.13
C5 29.75 124.33 76 73 17.2 34.0 1.54 + 0.12
c7 29.02 125.57 105 0.5 21.0 335 0.93 + 0.11
Cc7 29.02 125.57 105 28 18.1 34.1 1.31 = 0.13
c7 29.02 125.57 105 45 18.0 34.5 1.22 + 0.10
c7 29.02 125.57 105 70 17.5 345 1.48 £ 0.10
c9 28.40 126.61 159 0.5 23.6 33.8 0.85 + 0.03
CJ 28.13 127.05 1027 0.5 26.2 34.4 1.00 = 0.09
cJ 28.13 127.05 1027 30 24.5 34.7 1.05 * 0.12
cJ 28.13 127.05 1027 50 24.6 34.8 1.64 = 0.15
CJ 28.13 127.05 1027 100 23.8 34.8 1.33 = 0.13
cJ 28.13 127.05 1027 280 14.0 34,5 1.84 + 0.10
cJ 28.13 127.05 1027 1000 4.5 34.4 0.96 + 0.09
J5 28.53 126.95 322 0.5 22.7 33.9 1.36 = 0.11
J3 29.40 126.41 100 0.5 22.0 34.2 1.28 + 0.08
J2 30.07 126.05 81 0.5 18.4 32.4 1.18 + 0.10
BJ 31.06 125.55 65 0.5 16.4 33.2 1.13 + 0.08
B5 31.16 124.00 50 0.5 16.8 32.1 1.00 + 0.08
B3 31.23 122.78 50 0.5 18.1 31.6 1.08 + 0.10
Al 31.60 122.41 24 0.5 17.1 29.9 1.15 + 0.06
A2 31.65 122.65 34 0.5 18.1 32.1 0.98 = 0.11
A4 31.83 123.60 40 0.5 16.1 31.3 1.11 * 0.07
A6 32.02 124.75 45 0.5 14.9 32,5 1.21 £ 0.10
N6 32.61 124.42 49 0.5 15.7 31.9 1.14 = 0.06
N4 32.28 123.32 39 0.5 16.0 31.2 1.12 + 0.08
N2 32.04 122.50 28 0.5 16.6 31.6 1.32 £ 0.11
N1 32.00 122.28 21 0.5 17.0 31.4 0.74 = 0.04
M1 32.72 122.35 25 0.5 15.6 24.6 1.23 + 0.10
M2 32.76 122.51 28 0.5 15.4 31.8 1.33 £ 0.10
M5 32.95 123.12 32 0.5 15.4 317 0.97 + 0.09
M7 33.13 123.95 56 0.5 14.8 32.1 1.01 += 0.08
L1 31.74 122.47 26 0.5 17.4 31.6 1.18 + 0.11

(continued on next page)
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Station Latitude Longitude Water depth Sampling depth Temperature Salinity 137¢s
N) CE) (m) (m) 0 (Bqm™?)
B1 31.13 122.43 14 0.5 19.1 24.6 1.10 + 0.12
Bl 31.13 122.43 14 12 18.0 29.1 1.13 + 0.08
BO 31.04 122.39 13 0.5 19.1 24.2 1.15 + 0.09
co 30.90 122.35 15 0.5 18.7 27.1 0.95 + 0.10
c1 30.77 122.56 19 0.5 18.3 29.9 1.16 + 0.11
D2 29.18 122.41 39 0.5 19.7 30.6 1.16 + 0.07
F2 27.08 121.04 46 0.5 20.7 32.4 1.00 = 0.04
Min 4.4 16.3 0.35 + 0.05
Max 26.8 34.8 1.84 + 0.10
34°N 1 (X
% I= E{Z (Ciy1 + C)(diy1 — di) + 2Cidy + 2Cy (dp — dN)} )
&o i=1 (€]
where N, C; and d; refer to the number of sampling depths, 1*”Cs activity
2N . :i(s) (Bqm™?®) in seawater at depth i and the ith sampling depth (m), re-
Sh: : 140 spectively. In addition, d; and dg represent the first sampling depth (m)
angh & [ :ig and the total depth to the bottom (m), respectively.
soon L3 oz The estimated inventory of **’Cs (I) at stations G8, D9 and CJ were
120 1.22 + 0.09, 1.18 * 0.05 and 1.45 = 0.09kBq m~2, respectively. A
115 pre-FDNPP accident inventory of 137Cs (CB-11, 25.24°N, 124.52°E) near
Zhejiang :(1)2 station D9 has been previously reported to be 1.90 kBqm ™2 (decay
28N 1.00 corrected to June of 2011; Nagaya and Nakamura, 1992), which is
095 1§ higher than that at D9 estimated in this study. This also confirmed that
gzg the contribution of the FDNPP accident derived '*’Cs in the ECS is
650 insignificant.
268 | P 075 The main sources of '*Cs in the ECS water column include
uian 0 Changjiang input, atmospheric fallout from global weapons testing and
w© sea currents input. While, *’Cs in the water column was removed
g through deposition to the bottom sediment, flowed out to adjacent seas
24N and the radioactive decay. The input and output of *’Cs to the adjacent
118°E 120°E 122°E 124°E 126°E 128°E seas is combined to a net source or sink item which would be estimated

Fig. 3. The spatial distribution of '*Cs activities (Bqm™?) in surface water with the
water masses of the East China Sea.

from global weapons testing and sea currents input.

Based on the vertical profiles of *3”Cs activities data, inventory of
137Cs in each vertical profile (G8, D9 and CJ) can be estimated using
follow equation (Aoyama and Hirose, 2003; Ito et al., 2003):

later. Assumed a steady state of '*’Cs in the ECS water column, the
137Cs mass balance in the water column of this region can be evaluated.

The vertical distribution of '*’Cs in deep waters and shallow waters
are different. In this study area, the shallow area A (with water depth
below 100 m) (Fig. 1) accounts for 65% of the total area with the mean
depth of 45m, and the deep area B (water depth between 100 and
1000 m) (Fig. 1) accounts for 32% of the total area with the mean depth
of 158 m. The total '*’Cs in deep water column can be calculated to be
(1.18 =+ 0.04) x 10'3Bq based on the inventory of *’Cs (I) at stations
of G8, D9 and CJ and the study area of 9.20 x 10®km?. '*’Cs in shallow
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Fig. 4. Vertical profiles of '*”Cs activity (squares) at shallow column, temperature (circles) and salinity (triangles) at five typical stations in the ECS.
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Fig. 5. Vertical profiles of '*’Cs activity (squares) at deep water column, temperature (circles) and salinity (triangles) at three typical stations in the ECS.

water is well-mixed, the total 13”Cs at these waters was estimated to be
(2.59 = 0.02) x 10'*Bq by using the mean '*’Cs activities of
1.07 + 0.01Bqm™3(n = 50, including the profile data) and the water
volume 2.42 x 10*® m®. Thus the total '*’Cs in the ECS is estimated to
be (8.65 + 0.10) x 10" Bqy ! by using the sum values of shallow
and deep waters ((3.77 + 0.04) x 108 Bq) divided by the mean life-
time of '*”Cs (43.6 y). Among three sinks of *’Cs in the ECS, the decay
of ¥7Cs during one year is 2.3% that is much smaller than the un-
certainty associated with the mass balance and thus is omitted here.
The '*’Cs buried in the sediment column of the ECS should be im-
portant sink and previous study suggest that the mean sedimentary flux
of ¥”Cs in the ECS sediment was (8.53 = 1.71) Bq m’zy’1 (Du et al.,
2010). Using this data and the surface area of the ECS
(3.00 x 10°km?), we can estimate that the buried *’Cs is
(2.56 + 0.51) x 10'*Bqy~'. The sum of riverine and atmospheric
input '¥”Cs is (1.50 + 0.50) x 10'' Bqy ™%, which is far less than the
137Cs buried in the sediments and stored in the water column
((3.42 + 0.01) x 102 qu_l). The sea current input of 137Cs can
therefore estimated to be (3.27 * 0.51) x 10'?Bqy~', which is
clearly a dominant source of '*’Cs in the ECS. Finally, the mass balance
of 1%7Cs is obtained as Fig. 6.

Based on the relative conservative feature of Cs in the ocean, '*’Cs
has been widely used as oceanographic tracer for water circulation
(Smith et al., 1998; Delfanti et al., 2003) and water mass interaction
(Miyao et al., 2000), meanwhile it can be also used to monitor and
evaluate the dispersion of releases from nuclear accident and nuclear
facilities (Honda et al., 2012). Using the method proposed by

Atmospheric fallout:

(9.9043.96) X 10'° Bq y-!

East China Sea
Area: 3.00 X 10% km?
137Cs in the water column:
(8.6540.10)X 10" Bqy!

l

Sedimentary deposition:

(2.56+0.51)X 102 Bq y-!

Changjiang input (XLJ):
(5.10£3.06)X 10" Bq y!

Net oceanic input:

—
(3.27£0.51) X102 Bq y!

Fig. 6. Mass balances of '*’Cs in the ECS.
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Sholkovitz (1983), the apparent residence time of **’Cs in the ECS can
be estimated to be 15y by using the water-column storage '*’Cs
((3.77 % 0.04) x 10*3Bq) divided by the sedimentary rate of **’Cs
((2.56 + 0.51) x 10'2Bqy~1). This relatively long residence time of
137Cs in the ECS water column suggests that '*”Cs is potentially useful
to trace the water mass movement in the ECS.

The main water masses in the ECS are reported to CDW, KCSSW,
Kuroshio Current Surface Water (KCSW), Kuroshio Current
Intermediate Water (KCIW), TSWW and part of YSSC in the ECS (Chen
et al., 1995; Chen, 2009). And with some classification of the sampling
stations, Table 2 summarized the variation ranges of salinity and tem-
perature for each water mass. The '*’Cs activity is plotted in Fig. 7
associated with the T-S diagram. Besides, the distribution pattern of
137Cs in surface water corresponds to the current system in the ECS
(Fig. 3). Along the Changjiang Estuary, Zhejiang-Fujian coast and sec-
tion C (Fig. 3), the 137Cs activities also showed the low values. These
trend might be attributed to the influence of the riverine fresh water,
because the low level dissolved '’Cs is usually observed in the river
water due to its higher particle affinity (Kq: ~10° Lkg™") (Wang et al.,
2017a). Moreover, the low-'’Cs region is corresponding to the dis-
tribution pattern of the CDW and ZFCC in spring, which further sug-
gests the significant role of these currents in '*’Cs distribution. The
temperature and salinity in Changjiang Estuary and its southern coast
also showed low values, which further suggest the influence of the CDW
and ZFCC in spring. The lowest temperature was likely influenced by
the YSSC. In the south offshore of the ECS, the '*’Cs showed higher
values, which might be attributed to oceanic input of **’Cs from the
KCW and TWC (Su and Huh, 2002; Wang et al., 2017b). The tem-
perature and salinity in this region were also higher. Previous in-
vestigations have shown that the '*’Cs in surface water of Northwest
Pacific are much higher than those from the ECS (2-3 Bq m ™3, Povinec
et al., 2003, 2005). The higher values of **’Cs were also found in north
offshore of the ECS, where a branch of the KCW, the YSWC, flows
northwestward (Nagaya and Nakamura, 1992; Kim et al., 1997). Gen-
erally, '*’Cs activities were higher in more salty seawater, especially
where the salinity was over 32, since high salinity could promote the
desorption of '3Cs from the particles (Smith et al., 1998; Hirose et al.,
2007; Inoue et al., 2012). Considering relatively long residence time
and oceanic dominate-source of **’Cs in the ECS, '*’Cs is potentially
utilized to trace the long-transport of the dissolved species from the
oceanic input by the KCW and TWC.
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Table 2
Classification of the sampling stations by temperature and salinity.
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Water mass Station

Temperature
[§9)]

Salinity

Reference

CcDW
B1-12, BO, C1, D2, F2

F7, G8, G8-50, E7, ED, D9, D9-30, D9-50, DC, CJ, CJ-30, CJ-50
G8-200, D9-160, CJ-100

G8-400, D9-400, CJ-280

T3, T2, T1, G2, G4, F5, F3, D5, D5-36, D5-50, D5-76

M7

KCSwW
KCSsw
KCIW
TSWW
YSSC

A2, A6, M1, B1, C0, F1, FE1, FE2, E1, D1, C2, C4, C5, B5, B3, Al, A4, N4, N2, N1, L1

13.4-23.5

19.0-27.8
13.0-23.3
6.5-13.6

17.0-25.3
11.5-15.5

26.0-32.0

34.3-34.8
34.6-35.0
34.1-34.5
33.3-34.6
32.0-33.2

Chang and Isobe, 2003
Wang et al., 2012

Qi et al., 2014
Takano, 1991

30

24

P

12

Teperature (°C)

Salinity
+ 0.6-0.9Bq/m’ ¢ 0.9-1.2Bg/m’ ® 1.2-1.5Bq/m’ @ 1.5-1.8Bq/m'@ 1.8-2.0Bg/m’

Fig. 7. T-S diagram for seawater samples with '3Cs activities of the East China Sea in
2011. The temperature and salinity range of water mass in T-S diagram is plotted ac-
cording to the previous study (Takano, 1991; Chang and Isobe, 2003; Wang et al., 2012;
Qi et al., 2014).
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