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ARTICLE INFO ABSTRACT

Keywords: Anthropogenic activities and climate change have significantly increased mercury (Hg) levels in seawater.

Marine compartments However, the processes and sources of Hg in differing marine compartments (e.g. estuary, marine continental

i:av.vate; " shelf (MCS) or pelagic area) have not been well studied, which makes it difficult to understand Hg cycling in
arine 1s.

marine ecosystems. To address this issue, the total Hg (THg) concentration, methylmercury (MeHg) concen-
tration and stable Hg isotopes were determined in seawater and fish samples collected from differing marine
compartments of the South China Sea (SCS). The results showed that the estuarine seawater exhibited sub-
stantially higher THg and MeHg concentrations than those in the MCS and pelagic seawater. Significantly
negative 52°2Hg (—1.63%o + 0.42%o) in estuarine seawater compared with that in pelagic seawater (—0.58%o +
0.08%0) may suggest watershed input and domestic sewage discharge of Hg in the estuarine compartment. The
A199Hg value in estuarine fish (0.39%o + 0.35%0) was obviously lower than that in MCS (1.10%o0 + 0.54%0) and
pelagic fish (1.15%0 + 0.46%0), which showed that relatively little MeHg photodegradation occurred in the
estuarine compartment. The Hg isotope binary mixing model based on A2°°Hg revealed that approximately 74%
MeHg in pelagic fish is derived from atmospheric Hg(II) deposition, and over 60% MeHg in MCS fish is derived
from sediments. MeHg sources for estuarine fish may be highly complex (e.g. sediment or riverine/atmospheric
input) and further investigations are warranted to clarify the contribution of each source. Our study showed that
Hg stable isotopes in seawater and marine fish can be used to identify the processes and sources of Hg in different
marine compartments. This finding is of great relevance to the development of marine Hg food web models and
the management of Hg in fish.

Mercury sources
Isotope fractionation

1. Introduction

Mercury (Hg) is a globally distributed pollutant, and its toxicity
depends on its chemical form (Mason et al., 2012). Methylmercury
(MeHg) is one of the organic forms of Hg that can cause long-term
developmental delays in children and cardiovascular negative effects
in adults (Bellanger et al., 2013). MeHg is mainly formed by anaerobic
microbial methylation of inorganic Hg (IHg) and can biomagnify at each
successive trophic level (TL) in aqueous food webs, which subsequently
makes predatory fish exhibit concentrations that are approximately a
million times higher than those in the water column (Krabbenhoft and
Sunderland, 2013). Marine ecosystems are exposed to a wide variety of
Hg sources owing to their exposure and proximity to the atmosphere,
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land, and rivers (Croizier et al., 2020). Anthropogenic Hg emissions into
the atmosphere are 5- to 10-fold higher than natural emissions and have
resulted in surface seawater concentrations of Hg that are approximately
three times higher than pre-anthropogenic levels (Lamborg et al., 2014).
Watershed erosion can enhance the transport of large amounts of
terrestrial Hg to coastal seas (Mason et al., 2012), and may be respon-
sible for a large percentage of the riverine Hg discharge into the ocean
(Liu et al., 2021a); for instance, high-flow events under climate change
can strongly contribute to this issue. Excessive Hg input into marine
ecosystems may be directly linked to an increased risk of MeHg exposure
through marine fish consumption (Krabbenhoft and Sunderland, 2013;
Schartup et al., 2020). To better understand the health risks associated
with MeHg intake and to predict future MeHg levels in marine fish in
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future, growing efforts are needed to investigate the potential behaviour
of Hg in seawater and organisms in marine ecosystems. However, var-
iations in Hg sources, mobility and underlying processes in differing
marine compartments (e.g., estuary, marine continental shelf (MCS) or
pelagic zone) are complicated and have not been exhaustively studied
(Mason et al., 2012; Maurice et al., 2021; Senn et al., 2010); this lack of
knowledge renders comprehensively understanding Hg behaviour and
bioaccumulation in marine ecosystems challenging (Perrot et al., 2019).

In recent studies, Hg stable isotopes are being increasingly used to
obtain information for deciphering the environmental sources and
processes of Hg in natural ecosystems in recent studies (Blum et al.,
2014; Kwon et al., 2020). The kinetics processes and equilibrium ex-
change of Hg can be delineated through mass-dependant fractionation
(MDF) and expressed as 6202Hg (Kritee et al., 2009; Wiederhold et al.,
2010; Zheng et al, 2007). Moreover, Hg is susceptible to
mass-independent fractionation (MIF) in the environment (Bergquist
and Blum, 2007). The MIF of Hg generally occurs through photochem-
ical processes (e.g., MeHg photodegradation and Hg?" photooxidation),
including odd-MIF and even-MIF (Tsui et al., 2020a). Odd-MIF value is
expressed as A'°°Hg or A20'Hg, whereas even-MIF value is denoted as
A?0Hg (Bergquist and Blum, 2007). The utilization of the Hg isotope
composition in water samples for Hg source identification in the envi-
ronment has gained considerable importance; recent works have
developed methods, such as nanogold-decorated silica monoliths ab-
sorption (Huber et al., 2015), chlorine-impregnated activated carbon
preconcentration (Li et al., 2019), and sulfide coprecipitation (Liu et al.,
2021b) to accurately detect Hg isotope values in natural water with
ultratrace levels of Hg. Previous observations have shown that the Hg
isotope composition in freshwater can be used to elucidate Hg deposi-
tion pathways in forested watersheds and rivers (Jiskra et al., 2017; Tsui
et al., 2020b; Woerndle et al., 2018). Besides, Jiskra et al. (2021) used
Hg isotopes and found that Hg in seawater can be explained by the
mixing of 42% atmospheric Hg(II) gross deposition and 58% Hg(0) gross
uptake. Despite these findings, the variations in Hg isotopes in seawater
from most marine compartments remain poorly understood. Conse-
quently, investigating Hg isotope characteristics in seawater from
differing marine compartments may provide novel insights into the fate
of marine Hg and global Hg cycling.

Furthermore, because most of the Hg in marine fish accumulates as
MeHg, finding links between Hg isotopes in marine fish and environ-
mental media (e.g. water column or sediment) can help identify the
sources and behaviour of MeHg in marine food webs (He et al., 2023).
Gehrke et al. (2011) found a correlation relationship between 62°2Hg
between in coastal sediment and in fish in San Francisco (SF) Bay and
proposed that MeHg was mainly generated from local sediments. Given
the absence of MIF during most trophic transfer processes, A!°°Hg
values in marine organisms has been demonstrated to be an effective
tracer for indicating the biogeochemical processes and production sites
of MeHg in seawater and sediment (Blum et al., 2013; Madigan et al.,
2018; Maurice et al., 2021; Perrot et al., 2019; Sun et al., 2020). AzOOHg
value is presumed to be exclusively generated by upper tropospheric and
stratospheric photochemical reactions; it is therefore identified as a
conservative tracer for atmospheric Hg deposition pathways in the
environment (Fu et al., 2021; He et al, 2023). Consequently, we
hypothesised that a combination of three-dimensional Hg isotope
characteristics (SZOZHg, A199Hg, and AZOOHg) in marine fish, seawater,
and coastal sediments could reveal the information on Hg behaviour in
the environment within differing marine compartments.

The South China Sea (SCS) is the largest semienclosed sea in the
western tropical Pacific Ocean around developing Asian countries. It
contains a variety of complex ecosystems and is vital in terms of global
seafood production (Liu et al., 2014). In this study, we investigated total
Hg (THg), MeHg concentrations, and Hg isotope characteristics in
seawater and marine fish collected from estuarine, MCS and pelagic
zones of the SCS. Carbon (5'°C) and nitrogen B°N) isotope ratios were
also tested to determine the primary dietary sources, TL, and
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geographical differences in these fish (Lepak et al., 2022). This study
aimed to use Hg isotopes to investigate the differences in Hg sources in
seawater and marine fish of differing marine compartments and to
identify the underlying processes of Hg in marine food webs, so as to
develop new insights into Hg biogeochemical cycling in marine
ecosystems.

2. Materials and methods
2.1. Study areas and samples collection

A total of 31 seawater and 89 wild marine fish samples were
collected from the Pearl River Estuary (PRE, estuarine area, 24 seawater
samples, and 31 marine fish samples), Hainan Island (HNI, MCS area, 2
seawater samples, and 24 marine fish samples), and Xisha Island (XSI,
pelagic zone, 5 seawater samples, and 34 marine fish samples) in the SCS
(Fig. 1) from July 2021 to August 2021. Details of the seawater sampling
data (sampling date, longitude, and latitude) are provided in Table S1.
Seawater samples were collected using an automatic water sampler
(GHY—QCC15-10 L, China). Approximately 100 mL of seawater from
each sampling site was filtered with a 0.45 pm filter membrane and
acidified with 0.2 mL ultrapure HNO3 (65%, v/v), then stored in acid-
washed Teflon bottles at 4 °C before THg analysis as described in our
previous work (Yang et al., 2022). Seawater for MeHg analysis was also
filtered by membrane and preserved with HySO4 (9 mol/L, 0.2 mL for a
100 mL sample). In addition, 9 seawater samples (4 samples from the
estuary, 2 samples from the MCS, and 3 samples from the pelagic zone)
were selected to detect the Hg isotope composition, 10 L were collected,
filtered through membrane and acidified with 20 mL ultrapure HNO3
(65%, v/v), finally stored in the dark prior to isotope analysis. (Li et al.,
2019; Xia et al., 2022). Fish samples from the PRE were collected
through trawling, whereas those from the HNI and XSI were collected
through sea-fishing voyages. The collected fish were preserved at —20 °C
in ice boxes and transported to the laboratory, where the species,
weight, and lengths of each fish were recorded (Table S2). Muscle tissues
were isolated from the fish samples, lyophilised, subjected to moisture
content measurement, homogenised using a pulveriser, and finally
stored at 4 °C. The average moisture content for all fish samples was
80%; the details of the moisture content for each sample are given in
Table S2.

2.2. THg and MeHg analysis

THg and MeHg concentrations in seawater and fish samples were
detected using cold vapour atomic fluorescence spectroscopy (CVAFS,
Brooks Rand Model III). THg in the seawater samples was detected via
BrCl oxidation, SnCl; reduction, and dual amalgamation combined with
CVAFS measurements. MeHg in the seawater samples was detected
using distillation, aqueous phase, ethylation, GC separation and CVAFS
analysis following the method of Fu et al. (2010). The detection limits of
THg and MeHg for seawater samples were 0.1 ng-L ™! and 0.009 ng-L 7},
respectively. Based on those detection limits, 30 mL and 45 mL of each
seawater samples were used to complete the THg and MeHg concen-
tration analyses, respectively. The deviations in THg and MeHg in the
duplicate seawater samples were < 10%. For THg in fish samples, about
0.2 g fish tissue was digested with 5 mL HNO3 (65%, v/v) at 95 °C for 3
h, and then Hg concentrations were determined by the CVAFS method as
described in our previous work (Yang et al., 2022). For MeHg in fish
samples, approximately 0.1 g of samples was digested in 25% HNOs at
60 °C for 12 h; subsequently, MeHg concentrations were measured via
aqueous ethylation, purge, trap, and gas chromatography CVAFS
detection method, with a 0.3 ng-g ™! limit of detection. The deviations in
the duplicate fish samples were < 15%. The THg and MeHg concen-
tration recoveries (%) in certified reference materials (CRMs) were 91%
and 89% (TORT 3, n = 11), respectively. THg and MeHg concentrations
in fish samples were expressed as dry weights.
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Fig. 1. Study areas in the South China Sea (SCS) in this work. The orange, green and blue square dashed lines surrounding the Pearl River estuary (estuary), Hainan
Island (marine continental shelf), and Xisha Island (pelagic zone) are the sampling areas.

2.3. C and N isotope analysis

C (6'3C) and N (5'°N) stable isotope values in the fish samples were
determined using a stable isotope instrument (ThermoFisher, MAT253,
USA). Ground fish tissue was packed in a tin capsule for C (approxi-
mately 0.05 mg) and N (approximately 0.5 mg) stable isotopic mea-
surements. The 8'3C and 8'°N isotopes were measured following
established methodologies as documented in prior research and
expressed as %o (Kim et al., 2015; Yang et al., 2022). The quality control
of 13C and 8'°N isotope measurements was performed using certified
recovery materials C — 3 B13C = —24.750%0) and N — 1 (8"°N =
0.417%o)) of the International Atomic Energy Agency. Variations in both
§'3C and 8'°N in CRMs were considered < 0.3%o, which confirms the
accuracy of isotopic analysis. To eliminate the §'3C fractionation effect
associated with the lipid formation in fish, a mathematical lipid
correction based on the C:N molar ratio was used and calculated as
8'3Ceorr (Hoffman et al., 2015; Lepak et al., 2022). The C:N molar ratios
of all the samples are listed in Table S2.

In addition, we estimated the TL for each fish sample using the
corresponding 5'°N values and baseline 5!°N values. The TL of each
sample was calculated using Eq. (1) (Xu et al., 2016):

TL =1 + (5]5Nsample - 5]5Nbaseline)/3~4%0 (1)

where ESISNS.dmplE represents the 515N values of the samples as reported in
our previous study (Yang et al., 2022). The 615Nbase1me corresponds to
the 815N values in producers of the different regions. We measured the
815N values of phytoplankton collected from the estuary, MCS, and
pelagic zone of SCS to estimate the baseline §!°N values (5.44%o, 4.46%o,
and 2.54%o in the estuary, MCS, and pelagic zone, respectively) in
different regions (Hong et al., 2013).

2.4. Hg isotope analysis

Hg isotopes in the samples were measured using a Nu-Plasma II
multi-collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) at the State Key Laboratory of Environmental Geochemistry, Insti-
tute of Geochemistry, Chinese Academy of Sciences. The Hg isotopes in
the seawater samples were analysed using the method proposed by Li
et al. (2019). Initially, 10 L of the collected samples was oxidized with
0.1% BrCl solution for at least 48 h to allow the Hg species in the samples
to be converted to Hg?t. Thereafter we added 0.5% SnCl, to reduce
Hg?" to Hg, and it was purged with 2.5 L/min of zero-Hg gas for 1 h to
transfer the evaporated Hg into a chlorinated activated carbon tube.
Finally, the Hg in chlorinated activated carbon tube was removed by a
pyrolysis device and absorbed into 5 mL of 40% anti-aqua regia, and
stored at 4 °C and kept in the dark prior to Hg isotope analysis (Li et al.,
2019). The National Institute of Standards and Technology Standard
Reference Materials 3133 (NIST SRM 3133) was added to deionised
water to be used as a CRM (n = 3) for seawater Hg isotope analysis (Yan
etal., 2023). For fish samples, about 0.2 g of fish tissue was digested in 5
mL of HNO3 at 95 °C for 3 h, and 0.5 mL of BrCl (30%) was subsequently
added into the digested solution to maintain Hg stability. The Hg?*
digested solution was diluted using deionised water to approximate an
acidity percentage of 20% and 1 ng-g~! of Hg concentration before the
Hg isotope measurement. TORT 3 (lobster, n = 3), and BCR 482 (lichen,
n = 3) were used as CRMs to estimate the pre-treatment uncertainties of
Hg isotopes in the fish samples. Hg isotope solutions of seawater and fish
were introduced into the MC-ICP-MS by continuously reducing Hg"
with 3% SnCl, and separating Hg® using a glass gas-liquid phase sepa-
rator. The CRMs of NIST SRM 3177 (n = 3) and NIST RM 8610 (n = 6)
were used to estimate the analytical uncertainties. Table S3 summarizes
5292Hg, A'1%°Hg, A?%°Hg, and A?°'Hg values of NIST SRM 3177, NIST
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RM 8610, TORT 3, and BCR 482 measured in this study and those re-
ported by other laboratories. According to the isotopic analysis precision
of the MC-ICP-MS, the standard deviation (SD) for 62°2Hg, Angg,
A%Hg, and A%°'Hg were 0.10%., 0.04%o, 0.04% and 0.04%o,
respectively.

2.5. Hg isotope binary mixing model

A binary mixing model was used to evaluate the quantitative
contribution of MeHg bioaccumulation from various environmental
end-member sources using the following equations:

A*Hg,,, = A*Hg,, x f1 4 A* Hg,, x f2 2

fl+f2=1 3)
where f1 and f2 represent the expected contribution of MeHg derived
from each source based on the observed A?°°Hg in marine fish. The
environmental end-member sources depend on where the fish were
collected from, as described in the Discussion section. The SD values of
the calculated contributions were estimated using a Monte Carlo error
propagation approach (n = 10,000) using the Python 3.9 software (Yang
et al., 2021).
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2.6. Data analysis

Correlations between measured variables were characterized using
linear regression analysis, and the statistical significance of the corre-
lation was evaluated using SPSS 19.0 and Origin 2021 statistical soft-
ware for Windows. In addition, the York regression was used for
A°Hg/A? Hg slopes in this work (York et al., 2004). The THg con-
centration, MeHg concentration, 53¢, 5!°N, and Hg isotope values of all
samples were compared using a non-parameter test (Mann-Whitney
test) at the 5% significance level.

3. Results and discussion

3.1. THg and MEhG concentrations and Hg isotope composition in
seawater

Fig. 2a shows the THg and MeHg concentrations in the seawater
samples. Further information on the THg and MeHg concentrations and
MeHg/THg ratios (%) for each seawater samples is given in Table S4.
Overall, the mean concentrations (+ 1SD) of THg in seawater were 5.52
+ 4.96 ng-L”! (1.22-24.4 ng-L 1), 2.40 + 0.745 ng-L* (1.88-2.93
ng-L™Y), and 1.27 + 0.399 ng-L ! (0.77—1.70 ng-L™Y) in the estuary,
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Fig. 2. (a) Box-plot of total Hg (THg) concentration and methylmercury (MeHg) concentration in seawater collected from the estuary, marine continental shelf
(MCS), and pelagic zone of the South China Sea (SCS). Solid symbols represent outlier values. (b) Box-plot of THg and MeHg concentrations in marine fish collected
from the estuary, marine continental shelf (MCS), and pelagic zone of the South China Sea (SCS). Solid symbols represent outlier values.
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MCS, and pelagic zone, respectively (Fig. 2a). The differences in THg
concentrations in seawater from the evaluated marine compartments
were statistically significant (p < 0.05). MeHg in seawater showed
comparable contents between the pelagic zone and MCS (p > 0.05),
which were 0.130 + 0.0566 ng-L™! (0.0900—0.170 ng-L™!) and 0.104
+ 0.0288 ng-L’1 (0.0700-0.140 ng-L’l), respectively. However, estu-
arine seawater exhibited significantly higher (p < 0.05) MeHg values,
with an average of 0.251 + 0.160 ng-L™! (0.100-0.650 ng-L ™)
(Fig. 2a). The average MeHg/THg ratios of seawater were 6.57% =+
4.16%, 6.07% + 4.24% and 8.80% =+ 2.99% in the estuary, MCS and
pelagic zone, respectively (Table S4), which were similar to previous
observations stating that the MeHg/THg ratio in seawater is generally
lower than 10% (Fu et al., 2010; Lamborg et al., 2008; Wang et al.,
2020). The THg and MeHg concentration in MCS and pelagic seawater of
this study were similar to those reported in background coastal sea en-
vironments, such as those in the Northern SCS (THg: 0.8 — 2.3 ng-L™},
MeHg: 0.05—0.22 ng-L 1), Bohai Sea and Yellow Sea (THg: 0.75—3.94
ng-L~!, MeHg: 0.05—0.22 ng-L 1) and in the Coast of Black Sea (THg:
0.32-2.0 ng-L_l, MeHg: 0.01-0.2 ng~L_1) (Fu et al., 2010; Lamborg
et al., 2008; Wang et al., 2020). However, the THg concentration in
estuarine seawater were nearly 4-folds higher than that in pelagic and
MCS seawater, and 2-folds for MeHg in the same environments (Fig. 2a).
Especially, anomalous high concentrations of THg (> 10 ng-L™!) were
found in the sampling sites of PRE-S3 (10.2 ng~L’1), PRE-S6 (24.4
ng-L’l), PRE-S7 (10.2 ng~L’1) (Fig. 2a; Table S4), which suggested the
potentially anthropogenic Hg input to estuarine seawater. Therefore, Hg
isotope compositions were further analysed to compare the differences
in Hg sources for the seawater collected from the three marine
compartments.

The mean values of §2°2Hg, A'%°Hg, A2°°Hg, and A?°'Hg measured
in the SCS seawater are presented in Table 1, and detailed information
on the Hg isotope compositions of each seawater sample is given in
Table S5. In general, 52°?Hg in all of seawater samples showed negative
values and varied widely range (from —2.23%o to —0.50%o); this result
resembled previous observations conducted in Chinese coastal seawater
(Fig. 3a), such as Guangxi and Fujian coastal mangrove (from —1.39%o
to —0.94%o, n = 14), Yundang Lagoon (from —2.18%o to —1.06%o, n = 7),
and Bohai Sea (from —1.28%o to —1.14%o., n = 2) (Huang et al., 2020,
2021; Meng et al., 2020). Besides, such values were slightly higher than
those in terrestrial runoff, such as those in the northern Sweden forest
runoff (from —2.29%o to —1.76%o, n = 7) and in the northern Minnesota
forest stream (from —2.12%o to —1.32%0, n = 24) (Jiskra et al., 2017;
Woerndle et al., 2018). In contrast, A199Hg (from 0.01%o to 0.21%o),
A2%Hg (from 0.05%o to 0.08%0) and A20'Hg (from —0.07%o to 0.09%o)
spanned a relatively narrow range (Table S5). Seawater collected from
the three marine compartments showed comparable values (p > 0.05) of

Table 1

Hg isotope compositions (52°2Hg, A1°*°Hg, A2°°Hg and A%°'Hg) in seawater and
marine fish collected from different compartments (estuary, marine continental
shelf (MCS), and pelagic zone) of the South China Sea.

Samples n 5%2Hg (%0)  A'%°Hg A%%Hg A%lHg
(%o0) (%0) (%)

Fish samples

Estuary 31 —0.07 0.394+0.35 0.07+0.02 0.41+0.30
+0.27

MCS 24 —-0.20 1.10+0.54 0.05+0.06 0.83+0.46
+0.24

Pelagic zone 34  0.534+0.32 1.15+0.46 0.1040.04 0.94+0.37

Seawater

samples

Estuary 4 -1.63 0.09+0.10 —0.01 0.03+0.07
+0.42 +0.06

MCS 2 —0.94 0.10+0.14 0.01+£0.03 0.03+0.04
+0.31

Pelagic zone 3 —0.58 0.04+0.03 —0.01 0.01+0.03
+0.08 +0.05
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A°Hg (estuary: 0.09%o =+ 0.10%o0; MCS: 0.10%o & 0.14%o; pelagic zone:
0.04%o + 0.03%0), A2%°Hg (estuary: —0.01%o =+ 0.06%0; MCS: 0.01%o +
0.03%q; pelagic zone: —0.01%o == 0.05%0) and A2 Hg (estuary: 0.03%o +
0.07%o; MCS: 0.03%0 + 0.04%0; pelagic zone: 0.01%o + 0.03%o)
(Table 1). Similar A'®Hg, A?°°Hg and A2°'Hg values in seawater from
different compartments lead to complications in distinguishing Hg
sources (Fig. 3a). However, significant differences in §2°2Hg values were
found between estuarine and pelagic seawater. §2°2Hg in seawater of the
estuary (from —2.23%o to —1.30%o, —1.63%o0 £ 0.42%o0) was significantly
lower (p < 0.05) than that in the pelagic zone (from —0.65%o to —0.50%o,
—0.58%0 + 0.08%0); whereas MCS seawater presented similar 62°2Hg
values (from —1.16%o to —0.72%o, —0.94%0 + 0.31%o), compared with
those in estuarine and pelagic zone seawater (p > 0.05) (Table 1). In
addition, a significant negative correlation was found between the THg
concentration and §2°2Hg in all seawater samples (Fig. 3b), suggesting
distinct sources of Hg in the three marine compartments. 52°?Hg values
of the pelagic seawater are in the range of Mediterranean and North
Atlantic seawater (from —1.18%o to 0.10%o, n = 16) (Jiskra et al., 2021).
In the pelagic ocean, atmospheric deposition (dry and wet deposition)
represented the predominant pathway of Hg input into the seawater;
moreover, it has been reported that gas elemental Hg (GEM) and pre-
cipitation samples contain 6202Hg values proximate to 0%o (Jiskra et al.,
2021; Tsui et al., 2020b). The relatively high value of 62°2Hg in pelagic
seawater observed in this study may be explained by atmospheric Hg
deposition. However, terrestrial Hg (forest litter, organic soil and min-
eral soil) tend to present negative 6202Hg value (Tsui et al., 2020b;
Woerndle et al., 2018); for instance, organic soil (located at the surface
layer of soil) generally exhibits a 5°°?Hg value lower than —1.5%o
(Demers et al., 2013; Kwon et al., 2020; Smith et al., 2008). Studies
conducted in freshwater environments have demonstrated that Hg
bound to organic matter represents a large fraction of Hg in runoff
(Jiskra et al., 2017). Watershed inputs can erode and transport terres-
trial Hg into estuarine area, leading to relatively low §2°?Hg values in
estuarine seawater. Furthermore, seawater in PRE-S7 showed high
concentration of THg (10.2 ng-L™!) and the highest negative value of
5292Hg (—2.23%0). Rapid economic development and population in-
creases have aggravated human discharge of Hg around the estuarine
areas of the SCS (Yang et al., 2022; Yu et al., 2010). Previous observa-
tions have demonstrated that industrial sources of Hg often present
6202Hg values between 1%o and 0% (Balogh et al., 2015; Emslie et al.,
2015), which suggests that high Hg concentration in PRE-S7 was unaf-
fected by industrial Hg pollution. In contrast, Zhang et al. (2020) re-
ported that domestic wastewater has markedly negative 52°2Hg values
(—2.48%o0 + 0.10%0) compared to other kinds of sewage and terrestrial
water input in PRE, and which is consistent with §?*?Hg in PRE-S7.
Therefore, the Hg isotope results showed that, in addition to water-
shed input, domestic wastewater may also act as an important Hg source
in estuarine areas with rapid population growth. We propose that
different sources of Hg can, to a large extent, cause the Hg in the estu-
arine and pelagic zone to exhibit distinct §2°?Hg values. §2°?Hg values of
the MCS may be explained by the mixing of estuarine and pelagic Hg.

3.2. Hg levels and C and N isotope properties in marine fish

The THg concentrations in marine fish samples have been reported in
our previous work (Yang et al., 2022) and are presented in Fig. 2b.
Although pelagic fish showed significantly lower TL compared to MCS
and estuarine fish (Table S6), we found that fish collected from MCS
exhibited the highest THg concentration (742 + 520 ng~g’1), followed
by those from the pelagic zone (451 + 378 ng-g™ 1), and the lowest THg
concentration was found in estuarine fish (143 + 127 ng-gfl) (Fig. 2b).
Similarly, large variations in MeHg concentrations (11.3 — 2040 pg/kg)
were found in all fish samples (Table S6). Fish from the different com-
partments exhibited significantly different MeHg contents (p < 0.05),
with concentrations in MCS (131-1690 ng-g’l; 635 + 464 ng~g’1) >
pelagic zone (31.5 — 2040 ng~g’1; 403 + 362 ng~g’1) > estuary (11.3 —
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Fig. 3. (a) 6%°?Hg and A'°°Hg values measured in seawater samples
collected from the estuary, marine continental shelf (MCS), and
pelagic zone of the South China Sea (SCS) (present study), Guangxi
and Fujian coastal mangroves (Huang et al., 2020), Yundang Lagoon
(Huang et al., 2021), Bohai Sea (Meng et al., 2020), and the open
ocean (Jiskra et al., 2021). (b) Linear regressions between 6202Hg
value and the logarithmic value of total Hg concentration (log[THg]).
The orange, green, and blue spots represent seawater samples collected
from the estuary, marine continental shelf (MCS), and pelagic zones of
the South China Sea (SCS), respectively.
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421 ng-g~%; 116 + 119 ng-g 1) (Fig. 2b). The average MeHg/THg ratios
of marine fish were 75.1% + 17.1%, 85.6% =+ 10.0% and 86.5% =+
9.57% in the estuary, MCS, and pelagic zone, respectively (Table S6).
Details of the THg and MeHg concentrations and the MeHg/THg ratios
(%) in the marine fish samples are given in Table S6. Although high THg
and MeHg concentrations were found in estuarine seawater, the Hg
concentration in fish from the estuarine region was relatively low
(Fig. 2b). This low value may be explained by the increased demand for
fish driven by rapid population growth in the PRE region, which has
resulted in a series of ecological modification effects, such as food chain
length shortage and Hg biomagnification suppression (Tsui et al., 2022).

The §'3Ceorr and 5'°N values for all fish samples are presented in
Fig. S1. Other details of the 613Cmm 615N, and TL values for each marine
fish sample are provided in Table S6. 5'3Ceorr value in fish varied from
—23.3%o to —11.6%o, with significantly different values (p < 0.05) were
observed in the fish of the three compartments, i.e., pelagic zone (from
—18.7%0 to —11.6%0, —15.3%0 + 1.30%0) > MCS (from —21.3%o to
—12.0%0, —16.5%0 + 2.40%0) > estuary (from —23.3%o to —15.6%,
—19.5%0 + 2.07%0) (Fig. Sla). Given the conservation of §'3C enrich-
ment/depletion (< 0.4%0) during trophic transfer, 5'3C measurement is
a useful approach for identifying the dietary sources of aquatic species
(Xu et al., 2016). Marine fish have been previously shown to possess
higher 513C values (—21.3%o0 to —14.4%o) than those of freshwater fish
(—29.4%0 to —24.5%0) (Asante et al., 2008, 2010; Gu et al., 2018; Wang
et al., 2011); this could be explained by the different 5'3C signals
exhibited by the primary organic matter in marine (—21.0%o to —18.0%o)
and terrestrial (—27.0%o to —25.0%o0) ecosystems (Fry, 1988; Peterson
and Fry, 1987). Relatively negative 6‘313Ccorr values in estuarine fish may
indicate terrestrial dietary sources, whereas significantly less negative
813Ceorr values in pelagic fish may suggest marine dietary sources.
83Ceorr characteristics of the MCS are likely attributable to the mixing of
estuarine and pelagic diets (Fig. S1a). 8'°N values were reported in our

previous studies (Yang et al., 2022). 8'°N values in fish of pelagic zone
(7.01%0—9.55%0, 8.47%o + 0.562%0) were significantly lower (p < 0.01)
than those in MCS (7.42%0—15.3%o, 11.8%0 + 2.09%0) and in the estuary
(9.10%0—16.6%o0, 12.8%0 + 1.57%o), whereas those of MCS and estuarine
fish were comparable (p > 0.05) (Fig. S1b). Both trophic transfer
enrichment and the food web baseline values of §!°N can affect the §'°N
ratios in marine fish (Perrot et al., 2019; Senn et al., 2010; Xu et al.,
2016). 5!°N baseline in ecosystems can be represented by bulk 8'°N in
phytoplankton. Differences in 515N values (Section 2.3) amongst estu-
arine, MCS and pelagic phytoplankton suggested distinct N input
amongst the three marine compartments. The overall TL of the collected
fish ranged from 1.87 to 4.28, and the values of TL in MCS (TL = 3.16 +
0.615) and estuary (TL = 3.17 + 0.469) fish were comparable (p > 0.05)
and both were higher than those in pelagic fish (TL = 2.74 £ 0.165) (p <
0.01) (Table S6).

Hg levels, C and N isotopes showed distinct patterns in the marine
fish collected from the three marine compartments. 5'3Ceorr and 8'°N in
all samples showed a significantly negative linear regression (Fig. S2);
however, no correlation was observed between 5'3Ccqrr and 5'°N at each
site, indicating that C and N isotopes could be used to differentiate
amongst fish from diverse geographical regions in marine ecosystems.
Furthermore, although Hg levels, dietary sources, and food web struc-
tures were different, we found that TL and log[MeHg] were positively
correlated in all regions (Fig. S3), suggesting that biomagnification plays
an important role in determining MeHg concentration in marine fish.

3.3. Hg isotope composition and underlying processes of MeHg in marine

fish

The mean values of §?°2Hg, A'9°Hg, A2%°Hg and A?*'Hg measured in
the fish of this study are shown in Table 1. A comparison of §2°2Hg and
A199Hg in the fish and seawater samples is shown in Fig. 4a. Fish
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Fig. 4. (a) 62°2Hg and A199Hg values measured in seawater and marine fish collected from the estuary, marine continental shelf (MCS), and pelagic zone of the South
China Sea (SCS). The pink arrow represents the slope of MeHg photodegradation (slope = 2.43). (b) York regressions between two odd mass-independent frac-
tionation characteristics (A'°°Hg vs. A2°’Hg). The orange, green, and blue spots represent fish collected from the estuary, marine continental shelf (MCS), and pelagic
zones of the South China Sea (SCS), respectively. The pink arrow represents the slope of MeHg photodegradation (slope = 1.36 + 0.04), and the green arrow

represents the slope of Hg(II) reduction (slope = 1.00 + 0.02).

samples presented a wide range of 6202Hg (from —0.61%o to 1.23%o),
A°Hg (from 0.14%o to 2.35%0), and AZ°'Hg (from 0.06%o to 1.87%o);
whereas they showed a relatively narrow range of A2°°Hg (from
—0.07%o to 0.18%0) (Table S5). 5202Hg in fish of the estuary (from
—0.53%0 to 0.46%o, —0.07%o0 + 0.27%0) and MCS (from —0.61%o to
0.28%0, —0.20%0 + 0.24%c) were comparable (p > 0.05); however,
significantly heavier (p < 0.01) §2°2Hg were found in pelagic fish (from
—0.01%o to 1.23%o, 0.53%0 + 0.32%0) (Table 1; Table S5). The mean
value of §2°Hg in MCS and estuarine fish were both close to 0, which is
similar to those of organisms collected in the PRE area (0.14%o + 0.20%o,
n = 18) and the East coast of China (—0.07%o + 0.50%0, n = 27) (Yang
etal., 2021; Yin et al., 2016). However, the 6202Hg values in pelagic fish
were proximate to that in the North Pacific Ocean (NPO, 0.63%0 +
0.42%o0, n = 28) (Blum et al., 2013). A199Hg values were similar for both
pelagic (0.60%0—2.34%o, 1.15%0 + 0.46%0) and MCS (0.45%0—2.35%o,
1.10%o + 0.54%o) fish (p > 0.05), which are significantly higher (p <
0.01) than that in estuarine fish (0.14%o0—1.55%0, 0.39%0 + 0.35%0)
(Table 1; Table S5). Similarly, the results of A20'Hg closely corre-
sponded with the A'®°Hg measurements, which ranged from 0.06%o to
1.35%0 (0.41%0 + 0.30%0), 0.26%o to 1.87%o (0.83%0 + 0.46%o), and
0.55%0 to 1.83%o (0.94%0 + 0.37%o) for estuarine, MCS, and pelagic fish,
respectively (Table 1; Table S5). Finally, Azong values showed com-
parable patterns (p > 0.05) in fish of MCS (—0.07%0—0.16%o, 0.05%0 +
0.06%o) and estuary (0.02%0—0.11%o, 0.07%o + 0.02%0); whereas fish of
pelagic zone had significantly higher (p < 0.01) A%2°Hg values (0.02%o—
0.18%o, 0.10%o + 0.04%o0), compared with those in the estuary and MCS
(Table 1; Table S5). Details of the Hg isotope compositions of each fish
sample are provided in Table S5.

0Odd-MIF occurs alongside with MeHg photodegradation and Hg(II)
photoreduction in aquatic ecosystems (Bergquist and Blum, 2007).
Given the absence of photochemical reactions during trophic transfer
processes, A1%°Hg and A%°'Hg values in organisms reflect the odd-MIF
composition of MeHg prior to its entering the food web (Tsui et al.,
2020a). Moreover, the A1%°Hg/A2 Hg ratio is a diagnostic method to
identify the two photochemical reaction types, with an experimental
value of ~1.36 for MeHg photodegradation and ~1.0 for Hg(II)
photoreduction (Blum et al., 2014). A'®°Hg and A%°'Hg values in all fish
samples were positively correlated (with a slope of 1.18 + 0.01 (York
Regression), Fig. 4b), which is consistent with previous work conducted
in coastal areas (e.g., PRE area [slope = 1.26] and the East coast of China
[slope =1.22]) (Yang et al., 2021; Yin et al., 2016). This result suggested
that the odd-MIF in fish of this work is produced by MeHg photo-
degradation processes. In contrast, Hg isotopes detected in seawater

generally indicate the IHg behaviour because of the high percentage of
IHg in seawater. Relatively higher §2°?Hg and A'°°Hg values in MeHg
compared with those in IHg were mainly attributed to the MeHg pho-
todegradation (Fig. 4a).

In this study, notably smaller A'%°Hg and A2°'Hg values were
observed in the estuarine fish than those in the Great Lakes, open ocean,
plateau lakes, and most of coastal bays (except the Bohai Bay).
Conversely, MCS and pelagic fish exhibited relatively higher odd-MIF,
which were only lower than those of the open ocean and Great Lakes
(Fig. S4). All fish considered in the present study had a habitat depth of
< 200 m, which reduced the vertical Hg isotope variation in the ocean
(Blum et al., 2013). Therefore, we propose that much less MeHg pho-
todegradation occurred in estuarine seawater than in the MCS and
pelagic seawater. The extent of MeHg photodegradation is affected by
light intensity and dissolved organic carbon (DOC) levels (Bergquist and
Blum, 2007; Lepak et al., 2018). Earlier findings demonstrated that the
DOC concentration in the PRE region and in the northern slope of SCS
were comparable (approximately 1.33 mg/L and 0.91 mg/L, respec-
tively) (He et al., 2010; Zhang et al., 2019). However, the water
turbidity of the PRE seawater (4.5 NTU) is significantly higher than that
in the open ocean of the SCS (1 NTU) (Wang et al., 2021). Thus, the low
extent of MeHg photodegradation in the estuarine region of the SCS can
be explained by the high turbidity of seawater, which directly reduces
the light intensity. We quantified the percentage of MeHg photo-
degradation based on A!°°Hg using a previously reported method
(Bergquist and Blum, 2007), which was expected to help elucidate the
differences in the potential photochemical processes of MeHg in the
estuary, MCS, and pelagic zones of the SCS. We estimated that 12% +
9%, 31% + 13%, and 33% + 11% of MeHg occurred photodegradation
prior to entering the food web in the estuary, MCS, and pelagic zones of
SCS, respectively. Except for external Hg input, relatively weak MeHg
photodegradation may act as another factor to explain high MeHg
concentration in seawater of the estuarine region.

3.4. Primary sources of mehg in marine fish

It has been reported that most biogeochemical processes do not cause
even-MIF except for the atmospheric photooxidation process, which can
lead to positive A200Hg in precipitation (Chen et al., 2012). Thus,
A2%Hg can be used as a proxy to investigate MeHg sources related to
atmospheric deposition in the environment (Jiskra et al., 2021). A
comparison of A2°°Hg values of estuary, MCS, and pelagic fish from the
SCS (this study), Bohai Bay (BHB) (Meng et al., 2020), NPO (Blum et al.,
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2013), the East Pacific Ocean (Madigan et al., 2018), and the Great
Lakes (Lepak et al., 2018) is shown in Fig. 5. Previous works have found
that fish collected from open ocean generally show positive A2°°Hg (He
et al., 2023), which is consistent with the data found in pelagic fish. The
pelagic region of the SCS (with a depth > 1000 m) is barely affected by
any external Hg sources, such as watershed, and sediment disturbances.
In addition, the presence of coral reefs indicate that no frequent volcanic
activity in the SCS since the early Pleistocene (Zhan et al., 2006), which
excludes geological Hg input to the pelagic zone of the SCS. Therefore,
the pelagic zone can be considered to have absorbed Hg from the at-
mosphere. Atmospheric Hg can enter marine ecosystems through wet
and dry Hg(II) deposition as well as Hg(0) dissolution (Blum et al., 2013;
Kwon et al., 2020). Hg(Il) is associated with cloud droplets and is
concentrated in precipitation, causing rainfall samples to have a positive
A%%0Hg, Recent models suggest that in ocean regions, the combination of
wet and dry Hg(I) deposition maintain the A2°°Hg values between
0.11%0 and 0.20%c around the latitude of 15° N; meanwhile, Hg(0)
showed an average A2°Hg value of —0.06%. (median, interquartile
range: —0.08%o to —0.02%o) (Demers et al., 2015; Fu et al., 2018; Jiskra
et al., 2021). Significant differences in AZOOHg values were observed
between Hg(II) and Hg(0) end-members (p < 0.001). Thus, the isotopic
mixing binary model, explained in Section 2.5, can quantify the atmo-
spheric contribution of Hg(II) and Hg(0) in fish in the pelagic zone.
The results showed that atmospheric Hg(Il) contributes 74% + 11%
(1SD) of MeHg to pelagic fish. Recent studies proposed that Hg
methylation in seawater generally occurs in the water column at the
oxygen minimum zone (OMZ) (Krabbenhoft and Sunderland, 2013;
Blum et al., 2013). Hg(II) can be transported from the ocean surface to
the OMZ by binding to sinking particles, which are finally methylated to
MeHg (Lepak et al., 2018; Motta et al., 2022; Sun et al., 2020). Subse-
quently, MeHg migrates to the upper ocean through upwelling and is
absorbed by various algae and bacteria, which finally accumulate in
marine fish (Blum et al., 2013). Considering the absence of even-MIF
during Hg methylation, upwelling transportation and MeHg bio-
magnification, MeHg formed in marine fish tends to retain the A2°Hg
characteristics of Hg(II). Conversely, Hg(0) in seawater has not been
found to be directly involved in the Hg methylation processes (Blum
et al., 2013). As a result, the water column exhibits high lability and
susceptibility to the methylation of Hg(Il), leading to increased bio-
accumulation of MeHg in marine fish from atmospheric Hg(II) sources.
In addition, as the MCS region is far from mainland of China and is
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weakly affected by riverine input (Fig. 1), we propose that sedimentary
and atmospheric inputs are the two predominant sources of MeHg
accumulated in fish. The atmospheric Hg input is mainly related to
precipitation, which is linked to latitude (Chen et al., 2012; Jiskra et al.,
2021). Thus, the comparable latitudes of the MCS and pelagic zones of
the SCS should yield similar A2°°Hg values for local fish (Fig. 1). Because
pelagic fish possessed significantly higher values of A2°°Hg than SCS
coastal sediment (p = 0.006), the significantly lower A2°°Hg values in
MCS fish may be attributable to the contribution of sediment Hg. Again,
using the Hg isotope binary mixing model, we estimated the contribu-
tion of sedimentary Hg to MCS fish (Section 2.5). The two end members
were atmospheric Hg and sedimentary Hg. The A2°°Hg values for at-
mospheric Hg were considered equal to those for pelagic fish (mean:
0.10%o; interquartile range: 0.09%c—0.11%o), and the Azong values for
sediment (mean: 0.01%o; interquartile range: 0.00%0—0.02%.) were
provided by Yin et al. (2015). The results showed that sediment
contributed 62% + 19% of the bioaccumulated MeHg in MCS fish,
which is an important observation for the development of marine Hg
food web models. Overall, A2°°Hg values in marine fish can provide
information on atmospheric Hg deposition, particularly for under-
standing the contribution of Hg(II) and Hg(0) to MeHg bioaccumulation.
However, because of the small variation in AZOOHg in the environment,
the A20°Hg binary mixing model has limitations to some extent. For
instance, distinguishing end-member and calculating uncertainties need
to be achieved carefully. Further studies are required to develop highly
precise Hg measurement methods to enhance the application of A?°°Hg.

Finally, MeHg accumulated in estuarine fish may be obtained from
riverine inputs, anthropogenic emissions (Section 3.1), sediment release
and atmospheric deposition, which represent a complex ecosystem
(Bosignore et al., 2015; Yin et al., 2015, 2016). Riverine Hg input can
elevate A2°°Hg values in estuarine fish, which is consistent with rela-
tively higher A2°°Hg signatures determined in watershed rivers in the
estuarine zones of SCS in a previous work (mean: 0.08%o; interquartile
range: 0.04%0—0.09%o) (Zhang et al., 2020). However, in the application
of the A2°°Hg mixing model, separating several endmembers is difficult;
therefore, we did not quantify the MeHg sources in estuarine fish.
Advanced approaches (e.g. MeHg-specific isotope analysis) need to be
developed to quantify MeHg sources in estuarine fish and to establish
comprehensive profiles for Hg biogeochemical cycling in the marine
ecosystems.

Fig. 5. A%°°Hg values in fish collected from the estuary, marine con-
tinental shelf (MCS), and pelagic zones of the South China Sea (SCS)
(present study); Bohai Bay (BHB, Liu et al., 2018); North Pacific Ocean
(NPO, Blum et al., 2013); East Pacific Ocean (EPO, Madigan et al.,
2018); and the Great Lakes (TGL, Lepak et al., 2018). A?*°Hg in at-

. mospheric deposition sources are depicted by horizontal bars (inter-

quartile range) in brown for Hg(0) and blue for Hg(II) (Demers et al.,
2015; Fu et al., 2018; Jiskra et al., 2021).
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4. Conclusion

Hg isotopes were used to identify the sources and processes of Hg in
food webs within three differing marine compartments (e.g. estuary,
MCS and pelagic zone). The estuarine seawater had significantly higher
THg and MeHg levels than the MCS and pelagic seawater. Compared
with the pelagic zone, estuarine seawater had a lower 5*°?Hg value,
suggesting Hg sources from watershed input and human sewage
discharge. The combination of C—N isotopes can contributed to dis-
tinguishing the dietary sources and trophic levels of fish from the
differing marine compartments. 5?°?Hg, A'°’Hg, and A?°'Hg revealed
the underlying processes of MeHg accumulation in fish collected from
the estuary, MCS, and pelagic zone. Estuarine regions occurred notably
low MeHg degradation due to its high water turbidity. In addition,
A?%Hg value was used to quantify Hg sources in marine fish; distinct
A%%0Hg values in pelagic and coastal fish provide an overall profile of
atmospheric Hg deposition, and helped us to understand contribution of
Hg(II) and Hg(0). Moreover, the Azong values presented information
on the sedimentary Hg burden to MeHg bioaccumulation. Our obser-
vations support the idea that the analysis of Hg isotopes in seawater and
fish provide comprehensive on the behaviour of Hg in marine ecosys-
tems. However, quantifying Hg sources in estuarine fish remains chal-
lenging. Optimization of isotope mixing model parameters and MeHg-
specific isotope analysis are essential to better understand the source
portfolios using the Hg isotopic distribution in marine organisms.
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