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Editor: Edward Burton In this study, total mercury (THg) contents and Hg isotope compositions in sediments were investigated in the
Lianxi River, Zijiang River and South Dongting Lake to identify and quantify multiple Hg sources and evaluate
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of sediments were presented in the Lianxi River, Zijiang River and South Dongting Lake, indicating the dominant
Hg sources considerably varied in these regions. Source apportionment based on MixSIAR proved that Hg in

sediments mainly originated from industrial activities, and the ternary mixing model concluded non-ferrous
metal smelting was the dominant industrial Hg contributor in the Lianxi River. Compared with the Lianxi
River, the relative contribution of Hg in sediments from industrial activities significantly decreased, while the
relative contributions of Hg from background releases significantly increased in the Zijiang River and South
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Dongting Lake. Nonetheless, the contribution of industrial Hg in this study area deserves more attention. These
results are conducive to further manage Hg pollution.

1. Introduction

Mercury (Hg), a highly toxic metal, is ubiquitously found in the
aqueous and terrestrial ecosystems [1]. Hg enters the environments
through natural releasing processes (e.g. rock weathering, volcanic
eruptions and hydrothermal activities) [2,3] and anthropogenic dis-
charges (e.g. mining, smelting and coal burning) [4]. Small-scale gold
mining [5,6], coal combustion [7], non-ferrous smelting [8] and cement
production [9] are considered as the important industrial Hg contribu-
tors. These industrial sectors release Hg by wastewater and flue gas,
resulting in Hg contamination in adjacent aquatic ecosystems [10,11].

Zijiang River basin has abundant mineral resources, prosperous in-
dustries and populated cities with a total of 10 million people [12]. The
released gaseous Hg by the mining and smelting activities is diffused
into the atmosphere and deposited to the aquatic ecosystems [8], and
the Hg-containing wastewater discharged by smelters and chemical
plants is carried into the aqueous environments [5]. In addition, urban
activities also might contribute to Hg pollution to adjacent environ-
ments, such as waste incineration, domestic sewage discharges and
vehicle exhaust emissions [13]. The Lianxi River, the important
component of the Zijiang River, flows through the Capital of Antimony
(Xikuangshan), receives the industrial discharges and transports con-
taminants into the Zijiang River. Numerous non-ferrous metal smelting
plants and coal mining and processing industries are located in the
Xikuangshan [14], thus, the Lianxi River is considerably affected by
multiple industrial sources.

The Hg isotope signatures provide sound evidence for quantifying
the potential Hg sources and identifying the biogeochemical pathways
in the ecosystems [5,15]. Hg presents seven stable isotopes in natural
environment. Mass dependent fractionation (MDF) and mass indepen-
dent fractionation (MIF) of Hg isotopes significantly vary in various
geochemical behavior [16]. MDF (expressed by §2°2Hg) is widely
induced in almost all physical reactions, abiotic chemical reactions and
microbial-mediated reactions, such as volatilization [17], methylation
[18] and chemical reduction [19]. In contrast, MIF (characterized by
A°Hg) is primarily occurred in photochemical reaction, such as
photoreduction [20] and photodegradation [21]. Largely varied 52°?Hg
and AlggHg values were found in sediments in rivers [13,22], lakes [23,
241, seas [25,26], reservoirs [27]; Zhao et al., 2021), estuaries [26,28]
and bays [29,30]. §2°2Hg is a vital indicator for evaluating anthropo-
genic Hg in sediments, rising with the increasing industrial Hg emission
[11,31]. The Hg isotope compositions of §2°2Hg and A!°°Hg in sedi-
ments have been adopted to trace the anthropogenic and natural Hg in
environment [22,26]. Liu et al. [13] reported heavier 8202Hg and
A'%°Hg values of sediments in industrial area in the Dongjiang River
than those in urban area and background area. Moreover, the sediments
affected by different industrial point sources showed near-zero A'°°Hg
values and relatively distinct §2°2Hg [32]. Furthermore, binary and
ternary mixing models were developed to quantify the contributions of
different Hg sources with distinct Hg isotope characteristics in sediments
[26]. Ma et al. [33] evaluated the differences in 62°2Hg values of
background source and anthropogenic source in three lakes near the Flin
Flon smelter, and further quantify the relative contributions of Hg
sources by a binary model. The varied signatures of §2°?Hg and A'°°Hg
have been reported in Chinese coastal sediments, and the relative con-
tributions of direct discharge of industrial activities, riverine inputs and
atmospheric deposition were further quantified by a triple mixing model
[34].

In a mixing system with well-defined Hg isotope end-members,
different source apportionment methods correspond to distinct
numbers of isotope tracers and sources. Specifically, the linear mixing

model is successfully used at tracers = sources — 1 [35], the least squares
solution by iteration is adopted at tracers > sources — 1 [36], the
Bayesian stable isotope mixing model (BSIMM) is the appropriate
method at tracers < sources — 1 [37]. Mixing Stable Isotope Analysis in
R (MixSIAR), the latest generation of BSIMM, incorporates the theory
developments in BSIMM since Mixing Stable Isotope in R (MixSIR) and
Stable Isotope Analysis in R (SIAR) [38] and improves the capability of
quantifying multiple sources in mixing systems, which has been applied
in quantifying Pb isotope sources [39], carbon sources [40] and nitrate
sources [41].

This study sought to: 1) investigate the THg contents and Hg isotope
values in sediments; 2) evaluate the signatures of MDF and MIF com-
positions in sediments; 3) identify and quantify the relative contribu-
tions of multiple Hg sources in sediments in the Zijiang River and 4)
quantify the dominant industrial Hg source in sediments in the Lianxi
River.

2. Material and methods
2.1. Field locations and sampling

Zijiang River is an important component of the Yangtze River system.
The Zijiang River lies 653 km, flows through numerous cities, mining
areas and industrial areas in Hunan Province from south to north and
merges into the Dongting Lake (Fig. 1a). The Zijiang River basin covers
28142 km? and supports about 10 million residents [12]. Lianxi River is
a major tributary in midstream in the Zijiang River, flows through the
super large antimony mine (Xikuangshan), and injects into the Zijiang
River in Lengshuijiang. Many industrial activities in the Xikuangshan
distribute along the Lianxi River, including non-ferrous metal smelting
plants (M1-M5) and coal mining and processing plants (M6-M7)
(Fig. 1b).

Twenty-five surface sediment samples (0-20 cm) were collected with
a stainless-steel grab sampler in September 2020. Three groups of sed-
iments were classified (Fig. 1): specifically, the first group included 17
sediment samples from the Zijiang River (upstream: Z1-Z2; midstream:
73-712; downstream: Z13-Z17); the second group included 5 sediment
samples from the Lianxi River (L1-L5); the third group included 3
sediment samples from the South Dongting Lake (SD1-SD3). The
collected sediment samples were immediately placed in clean poly-
ethylene plastic bags, transferred to stainless steel boxes to avoid
crossed-contamination and then transported to the laboratory and
stored in a refrigerator at — 20 °C. Then, the sediments were dried with a
freeze dryer (LGJ-10, China) at — 70 °C for 48 h, grounded by ceramic
mortars, passed through 200 mesh nylon sieves and stored in 4 °C for
further analyses.

2.2. Analytical methods

2.2.1. THg analyses in sediments

The THg concentration in sediments was quantified using a Direct
Mercury Analyzer (DMA-80, Italy) by EPA method 7473. About 0.1 g
sediments were weighed and put into nickel-made sample boats, then
analyzed through four modules: thermal decomposition furnace, cata-
lytic reduction furnace, amalgamation furnace and atomic absorption
furnace. For THg analyses in sediment samples, the recovery rates based
on the reference material (GBWO08308) ranged from 87.43% to
106.71%, the coefficient variations of replicate samples were from
7.12% to 12.33%, and the detection limit was 0.10 pg/kg.
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2.2.2. Hg isotope analyses in sediments

The Hg isotope compositions were detected using a multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS) at Insti-
tute of Geochemistry, Chinese Academy of Sciences, China. In brief,
about 0.5 g samples were weighed, and 5 mL aqua regia was added for
digestion at 95 °C for 12 h, then BrCl was added to fully oxidize. Sub-
sequently, 0.5 mL NH,OH-HCl was added to remove the residual BrCl in
the digests. After that, the digests were diluted with deionized water to
0.5 ng/mL THg in acidity of 10~20% for further detection. External
bracketing standard Hg (NIST 3133) and internal standard T1 (NIST 997)
were adopted to correct the instrumental mass bias. The analytical
conditions and instrumental parameters were reported by Feng et al.
[27] and Yin et al. [26]. MDF values were obtained relative to NIST
3133, and expressed as Eq. (1):

& XXXHg(%o)={( XXXHg/ 198Hg)sample/( XXXHg/ 198Hg)wist313— 1}
x 1000
@
where 88*XHg refers to 5'°°Hg, §2°°Hg, §2°'Hg or 52°?Hg. The MIF is the

difference in the detected 5***Hg and the predicted **Hg values, and
could be calculated by Eqgs. (2)-(4):

A"Hg =~ §'Hg — (6*Hg x 0.2520) (2)
A™Hg ~ & Hg - (6"”Hg x 0.5024) 3)
A"'Hg ~ &'Hg— (6*Hg x 0.7520) (€))

The reproducibility of Hg isotope values in sediments was evaluated
by duplicate samples in every five samples. Standard reference materials
(NIST 3177 (n = 4) and GSS-5 (n = 2)) were adopted for data validation,
and the specific data were presented in Table S1. The uncertainties of Hg
isotope values in sediments were set as larger 2 standard deviations
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(2 SD) in the replicate NIST 3177 or GSS-5 samples, which were 0.08%o
and 0.06%. for §2°2Hg and A'*°Hg values, respectively.

2.2.3. Physicochemical property analyses in sediments

The analytical methods of pH, moisture content, contents of other
elements, organic matter in sediments (SOM), mean grain diameter
(MGD) and the proportions of Clay, Silt and Sand in collected sediments
were described in Text S1.

2.3. MixSIAR model

The MixSIAR model is developed in R 4.0.4 and detailed in Stock
et al. [37]. In MixSIAR, isotope data could be used as tracers to evaluate
the proportions of the potential sources in the intermingled samples by
the receptor model, and quantified by the mass conservation equation.
The model is calculated as follows:

X = Log Tkt ey 5)

where Xj; represents the tracers (isotope data) of j species in i samples, p
refers to the assumed numbers of potential sources, fj is the isotope data
of potential source k in species j, gi is the proportion of potential source
k in sample i, and e;; denotes the residual error [42,43,38]. For the mixed
sediments in the study area, the §2°°Hg and A'°°Hg were set as tracers
and widely adopted in Hg source apportionment. The sample sites were
selected as “fixed effects”, which could quantify the source contributions
in each site. Source data was the Hg isotope compositions (52°Hg and
A°Hg) of potential Hg sources. As a result of one sample in each site,
the “Process only” was set in the error structure. When the Markov chain
Monte Carlo (MCMC) run length was selected as “long”, the
Gelman-Rubin diagnostic variables were all lower than 1.05 and the
chains have been converged to near 1, indicating the more accurate
estimation of posterior distribution. The “Uninformative” was set as
a=c(1,1,1,1) in specify prior.
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2.4. Quality assurances and statistical analyses

Before sampling, the sediments samplers and containers were
cleaned. In samples analyses, all reagents used for Hg analyses were of
analytical standard. The procedural blanks were adopted to eliminate
the environment interference from laboratory on Hg contents in tested
samples. Satisfactory recoveries and reproducibility ensured the reli-
ability of the analytical method and the stability of the instrument.

The spatial distribution maps of sampling points and Hg contents
were performed in ArcGIS 10.2. The MixSIAR model was performed in R
4.0.4. The box diagram and histogram were generated by Origin 9.0.
The statistical differences (p < 0.05) in sample groups were examined
using ANOVA or Student’s t-test in IBM SPSS Statistics 23.

3. Results and discussion
3.1. THg contents and Hg isotope values

The physicochemical properties, THg concentrations and Hg isotopic
compositions of all sediments in the study area are shown in Table S2.
THg concentration was used to reflect Hg pollution level and consider-
ably ranged from 48.22 ug/kg to 4284.32 ug/kg. 52°2Hg varied from
— 1.33-0.04%0 and A'°°Hg ranged from — 0.25%o to — 0.03%o. As shown
in Fig. 2, the THg concentrations and §2°?Hg values of sediments in the
Lianxi River (2693.78 + 1261.14 pg/kg and —0.15 + 0.16%o, respec-
tively, n = 5) were significantly higher than those in the Zijiang River
(249.49 + 98.30 ug/kg and —0.72 + 0.26%o0, respectively, n=17)
(p < 0.01) and South Dongting Lake (113.73 4+ 113.85 ug/kg and
—1.08 + 0.36%0 respectively, n=3) (p < 0.01). While the A'°°Hg
values showed no significant difference in the above regions (—0.08
+0.03%0, —0.11 +0.06% and —0.16 + 0.07%o, respectively)
(p > 0.05). The THg concentrations in sediments were particularly high
in the Lianxi River and the confluence area of the Lianxi River and
Zijiang River, indicating that the riverine transport from the Lianxi River
caused vital effect on Hg distribution in the Zijiang River. In addition,
the THg contents and 52°?Hg values in the midstream (305.48
+ 78.78 ng/kg and —0.58 + 0.23%o, respectively, n = 10) were higher
than those in the upstream (241.35 + 10.58 pg/kg and —0.94 + 0.02%,
respectively, n=2) and downstream (140.75 + 47.65 pg/kg and
—0.91 =+ 0.18%o, respectively, n = 5), while the A'°°Hg values showed
no distinct spatial tendency. The average THg content in the Lianxi River
was lower than that in the Dashuixi River (24285 + 27348 ug/kg)
(Table S3), where was influenced by Hg mining activities [4]. The sed-
iments in the Zijiang River showed comparable THg concentrations with
the downstream Oyapock River (278.40 + 59.68 ug/kg), where was
affected by gold mining [5]. The lower THg concentrations in the South
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Dongting Lake was found than that in the Moose Lake (222.93
+ 63.21 pg/kg), where was affected by gold-copper mining activities
[8]. Moreover, higher 2°?Hg and lower A'°°Hg values were observed in
the Lianxi River than those in the Dashuixi River (—0.28 £ 0.35%0 and
0.10 + 0.06%o, respectively) [4]. The sediments in the Zijiang River had
higher §%°Hg and A'°°Hg values than those in the Oyapock River
(—1.54 £ 0.22%o and —0.40 + 0.08%o, respectively) [5]. The sediments
in the South Dongting Lake presented comparable 52°Hg and A'°°Hg
values with those in the Luitel Lake (—1.14 + 0.31%0 and —0.22
=+ 0.22%o, respectively) [24].

In Fig. S1, the smaller MGD was observed in the downstream than
that in the upstream and midstream. As shown in Fig. S2, THg in sedi-
ments significantly related with SOM (R? = 0.49, p < 0.05, n = 20) and
Clay (R% = 0.50, p < 0.05, n = 20), indicating that fine particles with
large amounts of organic matter played a vital role in transporting Hg,
which was consistent with the result in the Bohai Sea, where the Hg
contents in sediments significantly correlated with SOM and Clay [26].
Moreover, THg in sediments significantly related with Mn (R? = 0.52,
p < 0.01, n = 20), implying Mn-(hydr) oxides strongly adsorbed Hg.
The similar correlation was observed in the Eurasian Basin, where Hg
distribution pattern was affected by Mn contents in sediments Kohler
Stephen, Kull Laura [44]. In addition, THg concentrations in sediments
had no significant relationship with pH values, moisture contents and
other trace metals contents in this study area (p > 0.05).

3.2. Characteristics of Hg isotope compositions

The datasets of Hg isotope compositions in sediments in different
aquatic ecosystems (Fig. 3a and Table S3) were compiled based on the
previous reported Hg isotope ratios. The datasets were classified by the
types of aquatic ecosystems (including subsidence area of mining, rivers,
lakes, seas, reservoirs, estuaries and bays) and the degrees of human
activities influence (industrial area, urban area, background area).

The distinct signatures of Hg isotope compositions were found in
sediments affected by various Hg sources, which was consistent with the
results reported by Kwon et al. [32] and Jung et al. [45]. In general, the
sediments affected by industrial activities varied from — 2.02-0.64%
and from — 0.88-0.19% for 52°2Hg and A!°°Hg values, respectively.
Sediments impacted by distinct industrial point sources presented
varying Hg isotope characteristics. The average 52°2Hg values in sedi-
ments affected by metal smelting, chemical production, mining and
coal-fired power were 0.06 + 0.18%o [4,46], — 0.39 + 0.21%0 [29,22,
28], — 0.60 + 0.18%o [4,30] and — 1.80 + 0.09%0 [27], respectively.
The sediments affected by coal-fired power plants showed more negative
5292Hg values than those affected by other industrial point sources
compiled in this study. It was attributed that sulfide removal in coal
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Fig. 3. Hg isotope compositions in sediments in typical aquatic ecosystems (a) and THg contents and Hg isotope compositions in sediments in the study area (b).

crushing and cleaning resulted in loss of heavier §2°2Hg values, further
caused remaining lighter §2°Hg values. Moreover, the enrichment of
lighter Hg isotopes was observed in fly ash produced during combustion
compared with feed coal [47]. In addition, in sediments polluted by
above industrial point sources, the near-zero A'?°Hg values varied in a
narrow range (—0.07 & 0.07%o, n = 234). The sediments not be affected
by industrial point source showed negative §2°2Hg values (—1.53
=+ 0.53%o0) and near-zero A199Hg values (—0.07 £ 0.11%o, n = 125) [23,
13,26], which was mainly influenced by indirect industrial trans-
portation and urban discharges. The offshore sediments away from the
Hg-contaminated sources might be derived from geogenic processes and
atmospheric deposition, and presented the negative 62°2Hg (—2.26
+ 0.10%0) and negative A'%°Hg values (—0.66 + 0.04%o, n = 184) [13,
15]. Large A'%°Hg and A2°°Hg values were found in atmosphere Hg
samples [48]. Gaseous elemental Hg (Hg®) showed negative A'*°Hg and
A%0Hg values, while gaseous oxide Hg (Hg?") and particulate Hg (Hgp)
showed positive A'*°Hg and A2%°Hg values [49]. In general, relatively
higher THg, relatively heavier §2°?Hg and negligible A1°°Hg values are
key evidence for Hg pollution caused by anthropogenic activities [50,22,
511.

In Fig. 3b, high THg concentrations (964.90 ~ 4284.32 ug/kg,
2693.78 + 1261.14 ug/kg), negative to slightly positive §2°2Hg values
(—0.39 ~ 0.04%o, —0.13 + 0.18%o0) and negative A9°Hg values (—0.12

~ —0.04%o, —0.09 4= 0.03%0) were observed in sediments in the Lianxi
River. It was consistent with the Hg isotope signatures showed by sed-
iments affected by industrial point sources input [22,28]. Therefore, the
industrial Hg input might be the primary Hg source in the Lianxi River.

In the Zijiang River, largely varied THg concentrations (48.22 ~
448.72 pg/kg, 249.49 + 98.30 pg/kg), negative 52°2Hg values (—1.17 ~
—0.24%0, —0.72 + 0.27%:) and negative A'°°Hg values (—0.25 ~
—0.04%o, —0.11 + 0.06%0) were found in sediments (Fig. 3b). Simulta-
neously, the THg contents and 52°Hg values generally decreased along
the riverine transportation, indicating the reduced influence of human
activities in downstream of the Zijiang River. Nevertheless, the THg
contents and 52°?Hg values in sediments in the Zijiang River was still
higher than those in Hg-contaminated sediments in other aquatic eco-
systems [27,52]. Such observations might be attributed to the fact that
the Zijiang River was affected by densely populated cities along the
river. Yin et al. [26] reported that sediments affected by urban dis-
charges have relatively higher THg concentrations, relatively heavier
5292Hg and near-zero A'°°Hg values. The Hg isotope compositions of
some sediment samples in the Zijiang River corresponded to Hg isotope
signatures of urban Hg source in some sediment samples from the
Dongjiang River [13].

In the South Dongting Lake, the collected sediments with low THg
concentrations (87.29 ~ 142.71 pg/kg, 113.73 £ 22.69 pg/kg)
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presented negative 52°2Hg values (—1.33 ~ —0.87%o, —1.08 + 0.23%o)
and negative A'%°Hg values (—0.22 ~ —0.08%o, —0.16 =+ 0.07%0)
(Fig. 3b). The THg concentrations in sediments in the South Dongting
Lake were equivalent to THg concentrations in sediments not to be
polluted by industrial point source [5]. The Hg isotopic compositions of
sediments in the South Dongting Lake were similar to those in the Luitel
Lake in France (—1.14 + 0.31%0 and —0.22 + 0.22%o for §*°?Hg and
A'°Hg values, respectively) affected by nearby industrial sources [24].
The Hg isotopic compositions of sediments in the South Dongting Lake
were higher than those in the Whittington Lake in USA (—2.05 + 0.45%o
and —0.13 + 0.12%o for 52°2Hg and A'°°Hg values, respectively) less
affected by human activities [23]. The sediments in uncontaminated
sites showed characteristic of integrated sources from geological activ-
ities and atmospheric deposition in terrestrial environment, and the
isotope compositions presented with low 52°?Hg and negative A!°°Hg
[15,49]. Therefore, the geogenic background, atmospheric deposition
and human activities contributed important proportions of Hg sources in
sediments in the South Dongting Lake.

Furthermore, mixing atmospheric Hg species could be differentiated
by MIF values (A199Hg and AZOOHg) [35,53]. In this study, the A199Hg
and A?°°Hg values in sediments ranged from — 0.25 ~ — 0.03%o and
— 0.04 ~ 0.06%o. Thus, mixing species of gaseous elemental Hg, gaseous
oxidized Hg and particulate Hg might jointly contribute to atmospheric
Hg species in the basin, which was consistent with the results in Pearl
River Estuary [26].

3.3. Hg sources apportionment in the Zijiang River basin

Based on the distinct Hg isotope characteristics in mixed sediments
in the study area and consistent signatures with the Hg sources in sed-
iments from the reported studies, the potential Hg sources were carefully
divided into: 1) industrial Hg source from industrial activities; 2) urban
Hg source from urban discharges; 3) atmospheric Hg source from at-
mospheric deposition and 4) background Hg source from geological
processes. Source data in this study were input in the BSIMM as the form
of Hg isotope compositions (52°?Hg and A'°°Hg) from distinct Hg
sources. The end-members of Hg sources were calculated as source mean
+ discrimination uncertainty ( + 1 SD) in the model.

Previous studies reported 5§2°?Hg and A'°°Hg isotope values of Hg-
contaminated sediments were affected by metal smelting and mining
activities (Table S3), including subsidence area of coal mining [54],
Dashuixi River at the downstream of the ore roasting in the Wanshan Hg
mining area [4], Rion Mort River affected by zinc refineries [46], Yuba
River and San Francisco Bay affected by historical gold mining activities
[30]. These sediments considerably affected by metal smelting and
mining activities showed negative 52°?Hg and insignificant A'°°Hg
values. The end-members of 52°?Hg and A'°°Hg values (62°2Hg: —0.24
+ 0.35%0, AY°Hg: —0.01 + 0.13%o, n = 81) from industrial Hg source in
this study were estimated by the reported Hg isotope compositions in
sediments affected by metal smelting and mining activities.

Vehicle exhaust emissions, waste incineration and domestic sewage
discharges are important Hg sources from urban activities. Liu et al. [13]
reported the Hg isotope signatures in sediments affected by urban dis-
charges in the Dongguan city, which was consistent with the isotope
compositions in the Pear River Estuary sediments affected by domestic
wastewater [26]. These sediments from urban Hg source showed rela-
tively lower MDF and insignificant MIF values. The 5§?°?Hg and A'*°Hg
values of urban Hg source in the BSIMM were determined as — 2.06
+ 0.25%0 and — 0.09 £ 0.01%o (n = 24), respectively.

The background Hg isotope compositions from geogenic activities
have been reported in the uncontaminated sediments in the Dongjiang
River [13], Oyapock River [5], Clinch River [15]. The similar Hg isotope
compositions were presented in sediments in these uncontaminated
areas (Table S3). Thus, the 6202Hg and A199Hg values were considered as
— 2.27 + 0.10%0 and — 0.66 + 0.04%o (n = 67) for the background Hg
source in the BSIMM, respectively.
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Previous studies reported the large ranges of §2°2Hg values of at-
mospheric samples [49,53]. The low value of §2°2Hg was the significant
characteristic of atmospheric Hg caused by human activities [35]. The
A°Hg values varied with Hg species in the atmosphere deposition [55].
Based on the reported Hg isotope compositions from atmospheric source
in the South China Sea [26,34], Cascais Submarine Canyon (Margin
[56], Mediterranean Sea [57] and San Francisco Bay [30] (Table S3), the
5292Hg and A'%°Hg values were found as — 1.10 + 0.78%c and 0.13
+ 0.15%0 (n =73) for atmospheric Hg source in the BSIMM model,
respectively.

The relative contributions of various Hg sources along the Zijiang
River were quantified by the BSIMM. In Fig. 4a, the Hg isotope com-
positions of collected sediment samples were included in the ranges of
industrial Hg, atmospheric Hg, urban Hg and background Hg, so these
sources formed substantial parts of Hg sources in the study area. In the
mixed matrix plot (Fig. 4b), a negative relationship was observed be-
tween industrial Hg and urban Hg, which might be attributed to the low
population density and less urban activities in dense industrial areas.
Besides, no significant relationship (p > 0.05) was presented in other Hg
sources, indicating the balance in these independent Hg sources could be
accurately determined.

The relative contribution values of these Hg sources in all samples
are shown in Table S4 and Fig. 4c. And apparent variations of relative
contributions have been observed in classified regions and shown in
Table S5 and Fig. S2. In the Lianxi River, the contribution values in
sediments from industrial Hg, urban Hg, background Hg and atmo-
spheric Hg were 80.48 + 26.38%, 12.80 + 23.14%, 4.62 + 4.68% and
2.10 + 5.58%, respectively. Affected by industrial activities around the
Lianxi River, the dominant Hg source in sediments was from industrial
discharges, and the primary industrial Hg sources were further analyzed
in 3.4 section. In the Zijiang River, Hg in sediments was mainly
contributed by industrial discharges (61.39 + 26.29%), followed by
urban activities (17.83 + 18.98%), geological processes (16.90
+ 7.68%) and atmospheric deposition (3.88 + 6.43%). Affected by the
large and super-large antimony mines, industrial Hg accounted for the
largest contribution in the midstream. In the downstream, the propor-
tion of industrial Hg decreased, whereas the proportion of background
Hg increased. Simultaneously, the relative proportion of urban Hg in the
Zijiang River was higher than that in the Lianxi River and the South
Dongting Lake. In the South Dongting Lake, the contribution values of
Hg in sediments were constituted by industrial discharges (38.33
+ 22.93%), geological processes (38.30 & 10.23%), urban activities
(12.07 +13.50%) and atmospheric deposition (11.30 + 6.47%).
Compared with the Lianxi River and the Zijiang River, the proportions of
industrial Hg significantly decreased (p < 0.01), while the proportions
of background Hg and atmospheric Hg significantly increased
(p < 0.01) in the lake.

3.4. Quantification of industrial Hg sources in the Lianxi River

The Lianxi River received the released Hg from non-ferrous metal
smelting and coal mining and processing in the Xikuangshan. During
non-ferrous metal smelting, Hg-containing wastewater is discharged
into the rivers along with the mine drainage and leachate caused by
tailings [5,8]. In addition, Hg in the processes of coal mining and pro-
duction is mainly discharged with gangue leaching [54], transported to
the river and deposited to the sediments [58,59]. The relative contri-
butions of multiple Hg sources in sediments in the Lianxi River could be
quantified by the ternary mixing model, as follows:

X(SZOZHgnon + Yﬁzqugm, + Zéz()zHgbac = 5202Hgsamplcs (6)
XA"Hg,, + YA"Hg,, + ZA"Hg,, = A"Hg,u. )
X + Y + 2z =1 ®
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found in sediments affected by non-ferrous metal smelting, coal mining
and background process. The end-members of §2°2Hg and A'?°Hg values
of sediments in rivers contaminated by non-ferrous metal smelting
source (82°2Hg: 0.06 £ 0.18%o, A199Hg: —0.07 + 0.17%o, n = 34) were

where X, Y and Z refer to the relative contributions in the Lianxi River
sediments of non-ferrous metal mining and smelting source, coal mining
source and background source, respectively.

As shown in Fig. 5a, the relatively distinct Hg isotope signatures were
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Fig. 5. Hg isotope compositions of sediments affected by non-ferrous metal mining and smelting, coal mining and background process (a) and relative contributions
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estimated by sediments in the Rion Mort River around the Zn refineries
areas in Lommel (Kempen, Belgium) and Viviez (Aveyron, France) [46]
and sediments in the Dashuixi River affected by the Wanshan Hg mining
and smelting activities [4]. The §2°?Hg and A'°°Hg values of coal mining
source (6202Hg: —0.45 + 0.26%o, A199Hg: 0.01 £ 0.03%0, n = 22) were
determined by sediments in the subsidence area in coal mining in
Huainan [54]. The end-members of 52?Hg and A'°°Hg values from
background source (6202Hg: —2.27 + 0.10%o, A199Hg: —0.66 + 0.04%o,
n = 67) were set by sediments from uncontaminated upstream rivers
surrounding the industrial activities [5].

As shown in Fig. 5a, the Hg isotope compositions of sediments in the
Lianxi River were contained in the ranges of non-ferrous metal mining
and smelting Hg origin, coal mining Hg origin and background Hg
origin, indicating the vital contributions of these Hg sources in sedi-
ments in the Lianxi River. Furthermore, the relative proportions of these
Hg sources in the Lianxi River were quantified by the ternary mixing
model in Fig. 5b. In general, non-ferrous metal mining and smelting was
the major Hg source in sediments (73.68% ~ 89.42%, 83.70 + 0.06%),
coal mining had no prominent impact in Hg pollution (7.37% ~ 16.83%,
12.59 + 0.04%) and background process accounted for less proportions
in THg contents in sediments (0.02% ~ 10.10%, 3.71 + 4.07%) in the
Lianxi River. Compared with other sites (L1, L2, L3 and L4) in the Lianxi
River, the contribution of non-ferrous metal mining and smelting source
in L5 relatively decreased, while the contributions of background source
relatively increased, which might be attributed to the dilution effect of
river transportation.

3.5. Environmental processes of Hg

The mechanism in MIF processes of Hg can be revealed by the ratio of
A°Hg and A%°'Hg. The A'*°Hg/A%% Hg 0f 1.00 ~ 1.30 was reported in
the environmental process of Hg?" photoreduction [60]. As shown in
Fig. 6a, the sediment samples in the Zijiang River and South Dongting
Lake presented the slope of 0.81 between A'*°Hg and A2°'Hg, which
was close to the slope presented by sediments in the Dongjiang River
(0.82) [13] and Changjiang Estuary (0.95) [61]. The sediment samples
with less impact by human activities in downstream of the Zijiang River
and the South Dongting Lake have the slope of 1.28 between A'*°Hg and
A?0Hg (Fig. 6b), which was close to the slope presented by photore-
duction of Hg?" in the Pearl River Estuary and South China Sea (1.05)
[26].

Some studies reported that the photoreduction process in aqueous
Hg?" resulted in releasing Hg® with negative MIF, while remaining re-
sidual Hg?* with positive MIF in sediments [52]. However, the negative

A°Hg values in sediments were found in this study area, which was
inconsistent with the positive A'®°Hg values reportfig. ed by photo-
chemical reactions in other studies [4]. It might be attributed to the
incomplete process of Hg?" photoreduction. Previous researches re-
ported the photochemical cycling of Hg was significantly affected by
variable exposure to sunlight [30,62]. The high suspended solids con-
tents (46.7 mg/L) (Mao et al., 2023) and lower water transparency of
the Zijiang River might hinder the Hg?" photoreduction and cause
negative A'®°Hg, which was consistent with the results in the Pearl River
Estuary [26].

4. Conclusion

The THg contents and Hg isotope compositions in sediments were
investigated to trace and quantify the relative proportions of multiple
Hg sources in the study area. The spatial distribution patterns of THg
and §2°?Hg indicated the riverine transport from the Lianxi River caused
significant effects on Hg distribution in the Zijiang River. Large varia-
tions of THg and 52°?Hg values indicated the multiple Hg sources in this
study. The potential Hg sources were classified based on the distinct Hg
isotope characteristics in intermingled sediments in the study area and
consistent signatures with the Hg sources in sediments from the reported
studies. BSIMM concluded that industrial Hg accounted for the highest
proportion in sediments in the study area, and the ternary mixing model
proved the industrial Hg was dominated by non-ferrous mining and
smelting in the Xikuangshan. In comparison, the contribution of in-
dustrial Hg decreased, while the contributions of urban Hg and back-
ground Hg relatively increased in the Zijiang River. Moreover, the
proportion of industrial Hg significantly decreased, while the pro-
portions of background Hg and atmospheric Hg significantly increased
in the South Dongting Lake. Nevertheless, industrial Hg was the primary
source in the study area, and the contributions from industrial activities
deserved more attention. MIF characteristics of sediments showed the
environmental processes of Hg were related to Hg?* photoreduction in
the Zijiang River.

Environmental implication

Mercury (Hg), a highly toxic metal, has been considered as one of the
most concerned chemicals by the World Health Organization. Hg enters
the environments through natural releases and anthropogenic dis-
charges. Non-ferrous melting is one of the dominant anthropogenic Hg
sources in the environment. Zijiang River basin has abundant mineral
resources, prosperous industries and populated cities, resulting in
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potential ecological Hg risk. This study characterized the Hg isotope
signatures in sediments and quantified the relative contributions of the
multiple Hg sources by isotope compositions and mixing models, which
are conducive to further control Hg pollution.
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