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Abstract: The contents of total mercury (THg) and methylmercury (MMHg) were measured in Nansi
Lake and its inflow river estuaries to investigate their spatial distribution characteristics and the
geochemical relationships between THg, MMHg, and methylation rate (%MMHg) with mineral
phases of the sediment. The contents of THg, MMHg, and %MMHg in the lake sediment were lower
than those in the inflow river estuary sediment. Inputting of inflow rivers was primary source to
THg and MMHg in Nansi Lake. The THg contents in the sediment decreased from the upper to
the lower lake, while the MMHg contents indicated the opposite trends of spatial variations. The
THg was significantly positively correlated with MMHg and %MMHg in estuarine sediment but
has a significant negative correlation with MMHg and %MMHg in lake sediment. Total organic
carbon (TOC), acid volatile sulfide (AVS), and clay have great influence on the distribution of THg in
sediment. Methylmercury in the estuary sediment was positively correlated with THg, AVS, TOC,
and clay, while these relationships were not revealed in the lake sediment. Cluster and principal
component analysis results showed that THg, clay, and TOC were derived from the same sources in
the sediment of Nansi Lake. It implied that for improving the water environmental quality of lakes,
the environmental management of rivers entering the lake should be strengthened.

Keywords: mercury; methylmercury; sediment; lake; estuaries

1. Introduction

Mercury (Hg) pollution has received increasing attention in recent years because
of its persistence, bioaccumulation, and toxicity [1]. Due to the continuous progress of
industry and agriculture, the Hg content in various environmental media has significantly
increased [2]. Mercury enters water bodies through atmospheric deposition, industrial and
agricultural wastewater discharge, and other anthropogenic processes [3]. Mercury has a
strong binding force with sediment particles; therefore, sediment is the main repository of
Hg [4]. Mercury content in sediment is directly affected by factors such as river input and
atmospheric deposition and to a large extent by various geochemical variables, especially
the content, type, structure, and size of organic matter [5,6]. High levels of Hg in sediment
can be leached into pores or surface water by diffusion, resuspension, desorption, and
dissolution. Mercury can also enter into the food web by benthic organisms feeding at
the sediment–water interface and damage human health through exposure channels such
as food webs, skin contact, and respiratory inhalation [7]. Therefore, it is necessary to
investigate the Hg content in sediment to reveal the level of Hg pollution in the aquatic
environment.
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In addition, more than 90% of Hg accumulates in sediment, of which a small part
can be converted to the more toxic methylmercury (MMHg) by microbial methylation
and sulfate-reducing bacteria [8]. Methylmercury bioaccumulates and biomagnifies in the
food web [9,10] and poses a threat to human and ecological health. Recent studies have
shown that even low doses of MMHg also have potential risks to sensitive populations
such as newborns and children [11,12]. It is necessary to determine the MMHg content
in water environments. Anaerobic sediment in wetlands, lakes, oceans, and rice fields
are considered to be hot spots for MMHg production [13]. Methylmercury is commonly
detectable in water and sediment, especially in anoxic sediment, because anoxic bacteria
such as iron/sulfate-reducing bacteria can convert Hg2+ into MMHg [14]. Some previous
studies have shown that the occurrence and activity of methylated microorganisms, the
bioavailability, and methylation potential of inorganic mercury species will be reduced
due to environmental factors [13,15,16]. For example, sulfur-containing compounds affect
Hg methylation, inhibit Hg methylation [17], and promote Hg methylation in soil and
sediment [18].

Nansi Lake (34◦27′–35◦20′ N, 116◦34′–117◦21′ E), the largest shallow lake in northern
China, is about 125 km long from north to south and 6–25 km wide from east to west,
with an area of 1266 km2 [19]. Nansi Lake is composed of Nanyang Lake, Zhaoyang
Lake, Dushan Lake, and Weishan Lake, and its boundary is not obvious from northwest
to southeast. This lake has become an critical buffering reservoir in the eastern route of
China’s South-to-North Water Diversion Project. A secondary dam at Zhaoyang Lake
divided the whole lake into upper and lower parts from north to south. The area of the
upper and lower lakes is 602 and 663 km2, respectively. Cities such as Jining, Zaozhuang,
and Heze have experienced rapid economic development around Nansi Lake since the
1970s, which has led to an excessive release of industrial and domestic pollutants. These
pollutants were mainly discharged into the inflow rivers of Nansi Lake. Therefore, it is
necessary to pay close attention to the current situation of environmental pollution in Nansi
Lake and its inflow river estuaries.

The main purpose of this study is to investigate the contents and spatial variations of
total mercury (THg) and MMHg in the sediment of Nansi Lake and its inflow river estuaries;
explore the relationship between THg, MMHg, and %MMHg with mineral phases of the
sediment; and reveal the possible sources of pollutants in the sediment.

2. Materials and Methods
2.1. Sediment Sample Collection

Sediment samples were collected at depths of 0–15 cm from 19 different sites (including
5 sites in the central part of Nansi Lake (L1–L5) and 14 sites in the estuaries of the inflow
river of the lake (R1–R14)) in April 2021. Geographic information regarding the sampling
sites is presented in Figure 1. We used a stainless-steel grab dredger to collect sediment
samples from three to four locations at each sampling site and then mixed them into a
sample. Then, we placed the mixed sample in the acid-washed dark polyethylene bag,
quickly transferred it to the incubator with an ice bag, and transported it to the laboratory,
where it was frozen (FD-1A, Shanghai Huyueming Scientific Instrument Co., Ltd., Shanghai,
China), crushed, screened with a 2 mm sieve, and stored in a 4 ◦C glass bottle for use.
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Figure 1. Location map of the sampling sites.

2.2. Analysis Methods

Measurement of total organic carbon (TOC) content of sediments was performed using
a total carbon analyzer (TRL-TOC-S-C, TRL, Development Design and Manufacturing
Company ODTÜ Teknokent Üniversiteler Mah., Ankara, Turkey). We used Mastersizer
3000 laser particle size analyzer (S3000, Mastersizer, San Diego, CA, USA) to analyze the
sediment size of clay (<2 µm), silt (2–63 µm), and sand (63–2000 µm). The acid volatile
sulfide (AVS) of the sediment was analyzed by the Environment Protection Agency (EPA)
9215 method [20]. The analysis procedure was as follows: take about 1 g of wet sediment
sample, add 20 mL of 6 M deoxy hydrochloric acid, and then distill for 1.5–2.0 h under
nitrogen at 25 ◦C. Sulfide antioxidant buffer (SAOB, 25 mL) was placed into a plastic
container to obtain sulfide volatilized from the distillation container. The content of total
sulfide (TS) captured in the SAOB solution was measured using a special electrode for
sulfide ions (Istek Co., Seoul, Korea).

Next, we took 1 g of sediment sample and digested it with concentrated HNO3
and H2SO4. The mixture was oxidated by 0.2 N BrCl for 12 h. The content of THg in the
sediment was analyzed and tested by cold steam atomic fluorescence spectrometry (CVAFS).
The MMHg content was determined by a method provided by [20]. In brief, 0.5 mL KCl
and 1.0 mL H2SO4 (8 M) were added to 1 g of wet sediment sample, mixed, diluted to
25 mL with ultrapure water, and then distilled. The acetic acid buffer distillate was reacted
with 1% sodium tetraethyl borate and purified with N2. Volatile Hg was absorbed on the
solid-phase trap (Tenax-TA, Haohan Chromatography (Shandong) Application Technology
Development Co., Ltd., Shandong, China), separated on the gas chromatography column,
converted to Hg0 through the pyrolysis column, and finally detected by CVAFS. In this
method, the detection limit was 0.4 ng/g THg (n = 20) and 0.006 ng/g MMHg (n = 20),
calculated using three times the standard deviation of blank sample.
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2.3. Quality Assurance and Control

Certified reference materials (GBW07405, National Standard Material Resource Shar-
ing Platform, Beijing, China; IAEA405, International Atomic Energy Agency), duplicates,
matrix spikes, and method blanks were used for quality assurance and control in this study.
The recoveries of THg and MMHg determined by the reference materials were all in a
range of 80–120%, with relative standard deviations (RSDS) < 9%, and the RSDS of parallel
samples < 10%.

3. Results and Discussion
3.1. Basic Physicochemical Properties of Sediment

For the lake sediment, the TOC ranged from 0.87% to 2.87%, with an average of
1.96% (Figure 2). However, the TOC of the estuary sediment was in a range of 3.04–5.62%
and averaged 4.01%. Thus, the TOC was relatively high in the sediment of inflow river
estuaries, which might be related to the discharge of numerous domestic and industrial
wastewater from nearby cities and towns. It implies that the riverine input of organic
matter (OM) might be the main contributor to the sediment of Nansi Lake. The percentages
of clay and silt in the lake sediments were 9.48–17.06% and 67.82–73.65%, with average
values of 12.08% and 71.33%, respectively. The contents of clay and silt in the sediments
of river estuaries were 10.07–22.76% and 60.84–75.48% and averaged 15.46% and 70.77%,
respectively. Acid volatile sulfur (AVS) represents the sulfide content of the sediment [21].
Acid volatile sulfur is the main binder phase for many divalent metals such as copper,
lead, zinc, and Hg. Mercury methylation is also affected by AVS. The AVS content ranged
from 65.08 to 193.87 µmol/g and averaged 119.18 µmol/g in the lake sediments. Inflow
river estuary sediments contained 62.34–246.00 µmol/g of AVS, with an average value of
128.47 µmol/g. Therefore, the AVS content in the sediment of river estuaries was higher
than that in the lake sediment, which was consistent with the result that the AVS carried
by river water flowed into the central lake, with the velocity sharply decreasing [22]. The
pollutant was primarily deposited in the estuary sediment. Therefore, the AVS content in
the lake sediments decreased with increasing distance from estuaries, which was similar to
the results obtained by our previous research [23]. Obviously, the contents of minerals in
the sediment of inflow river estuaries were generally higher than those in the lake sediment.
This implied that pollutants might be diluted by the inflow rivers, which led to the lower
levels of minerals in the lake sediment than in the sediment of inflow river estuaries.

We also analyzed the detailed spatial distribution of sediment properties. As shown
in Figure 2a, the TOC average contents were more than 4% and relatively high in the
sediments of estuaries in the upper lake, such as sites R6, R8, R9, R11, and R12. In addition,
the TOC of the lake sediment decreased from upper lake to lower lake, which might be
affected by OM input from rivers and dilution in lake water flow. As shown in Figure 2b,
the clay contents in the estuary sediments were higher in the upper lake. Sites R7, R12, R10,
and R8 contained more than 15% clay. However, the lake sediment was relatively coarser
than the estuary sediment. As shown in Figure 2c, the AVS content of the estuary sediment
was highest at site R1. Furthermore, the AVS contents of sites R6, R14, R7, R12, R9, R10,
R13, and R2 were more than 100 µmol/g. Obviously, the sites with high AVS content are
mainly concentrated in the estuaries of the upper lake of Nansi Lake. For the lake sediment,
AVS generally decreased from the upper lake to the lower lake. As shown in Figure 2d, the
TS content of the sediment was observed in five estuaries. However, TS was detectable in
all lake sediment samples, with a relatively higher level of more than 0.1 mg/kg or even
0.2 mg/kg (Site L2). Similarly, the TS content in the lake sediment decreased from the upper
to the lower lake. Therefore, the results implied that TS was more readily deposited in the
sediment of the central lake. The stable anoxic environment of the central lake sediment
promoted the reduction of sulfur to H2S, which could be deposited in sediment. In general,
the estuary sediments in the upper lake contained more TOC, AVS, and TS; in addition, the
sediment texture was relatively coarse.
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Figure 2. Spatial distribution of basic properties of sediment including (a) the total organic carbon
(TOC) content, (b) the sediment grain composition, (c) the acid volatile sulfide (AVS) content, and (d)
the total sulfide (TS) content.

3.2. Contents of THg and MMHg in Sediment

The THg content was in a range of 0.043–0.168 mg/kg, with an average of 0.103 mg/kg
(Figure 3). The MMHg content in all sediments ranged from 0.048 to 0.764 ng/g and
averaged 0.298 ng/g. When the solid-phase MMHg content was normalized to the THg
level, the corresponding methyl ratio index (%MMHg) was obtained. The results indicated
that the values of %MMHg ranged from 0.096% to 0.476%, with an average of 0.269%.
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The THg content ranged from 0.051 to 0.113 mg/kg in the sediment of the lake and
from 0.043 to 0.168 mg/kg in the sediment of inflow river estuaries, averaging 0.087 and
0.109 mg/kg, respectively. The THg level in the sediment of the lake was obviously lower
than that of the estuary. These results indicated that riverine input was one of the main
sources of Hg for the lake sediment. There are some large coal mines and coal-fired
power plants around Nansi Lake. A previous study showed that the Hg content averaged
0.17 mg/kg in the coals of Shandong Province [24], and more than 80% of the Hg was
discharged into the environment. Therefore, coal-mining waste might be an important
contributor to Hg pollution in the sediment of Nansi Lake and its inflow river estuaries.
Some industries such as mining and quarrying, smelting and pressing of ferrous metals,
chemical engineering, and farming can discharge Hg into the environment. In recent years,
these industries have developed extremely quickly in cities such as Jining, Zaozhuang, and
Heze around Nansi Lake, which has led to the emission of large amounts of Hg pollutants.
A long-term monitoring study indicated that some inflow rivers were all contaminated by
heavy metals [15]. Thus, industrial emissions might be one of the main pollution sources
of Hg for the sediment of Nansi Lake and its inflow river estuaries. In addition, the river-
carried Hg contaminants were diluted after flowing into Nansi Lake, which reduced the
deposition of Hg from overlying water to sediment. Meanwhile, the high deposition rate
of the river estuary (N3 cm/y at 30◦ N) also contributed to the higher content of THg in the
sediment of the estuary [25,26]. These natural and anthropogenic synergy factors caused
higher Hg levels in the sediment in estuaries than in the lake. Moreover, water flows from
the upper lake to the lower lake; therefore, the sediment in the upper lake is affected first by
the pollutants. The sediment of the lower lake revealed a lower-grade level after deposition
and decontamination in the upper lake.

For the sediment of Nansi Lake and its inflow river estuaries, the MMHg content
was in a range of 0.048–0.764 ng/g and 0.112–0.152 ng/g, averaging 0.358 and 0.131 ng/g,
respectively. The %MMHg ranged from 0.096% to 0.476% and from 0.110% to 0.298%,
averaging 0.306% and 0.167%, respectively. Obviously, the MMHg and %MMHg levels in
the lake sediment were obviously lower than those in the estuary sediment. However, long
water retention might promote the anoxic condition of the bottom layer in the central lake,
which is necessary for Hg methylation. In this regard, the MMHg content and %MMHg in
the central lake should be higher than those at open water sites such as estuaries, but this is
just the opposite of the results of this study. Therefore, the redox condition of the water-
sediment system was not the determining factor for Hg methylation. Other factors such as
the adsorption-desorption process and solar illumination can also affect the production of
MMHg, and the specific reasons need to be further explored.

Table 1 shows a comparison of the values of THg, MMHg, and %MMHg in this study
to other investigations. The content of THg in the sediment of Nansi Lake was significantly
higher than that in the main stream of the Yellow River (average of 0.054 mg/kg). However,
Nansi Lake was formed by the deposition of the Yellow River. Obviously, this result
indicated that Nansi Lake had been polluted by nearby sources. For the sediment of Nansi
Lake, the THg content was similar to that in Chaohu Lake (range of 0.024–0.278 mg/kg,
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average of 0.096 mg/kg), Taihu Lake (0.076–0.237 mg/kg, average of 0.097 mg/kg), and
Superior Lake in Canada (average of 0.088 mg/kg). The THg content of the sediment in
Nansi Lake was lower than that in Dianchi Lake (average of 0.18 mg/kg), Amazonian Lake
(average of 0.12 mg/kg), Daxingkai Lake (average of 1.66 mg/kg), and Arctic freshwater
lakes (average of 22.23 mg/kg). Therefore, the THg level in the central region of Nansi
Lake was moderate. For the sediment of inflow river estuaries of Nansi Lake, the THg
level was higher than that in the Dagu Estuary (average of 0.109 mg/kg) but lower than
those in the Danshuei River Estuary (average of 0.379 mg/kg), Asturias Estuary (average
of 0.52 mg/kg), Kaohsiung Estuary (average of 0.149 mg/kg), Scheldt Estuary (average of
0.18 mg/kg), and Pearl River Estuary (average of 0.354 mg/kg). Hence, the THg pollution
in the estuary sediment of Nansi Lake was not serious. For the lake sediment of Nansi Lake,
the MMHg content was lower than that of other lakes such as Daxingkai Lake, Amazonian
Lake, and Dianchi Lake. For the estuary sediment of Nansi Lake, the MMHg content was
similar to that in the Kaohsiung Estuary (average of 0.31 ng/g). The %MMHg value in this
study was lower than 0.5%, which was similar to the results obtained by some previous
studies [27]. Generally, the Hg and MMHg levels in the sediment of Nansi Lake were
moderate. However, previous studies suggested that industrial wastewater containing Hg
might be a main source of Hg pollution in Nansi Lake. Therefore, the coal-mining and
industrial activities around the Nansi Lake Basin should be given more attention.

Table 1. Comparation of estuary and lake sediment in Nansi Lake and other area.

Site Lake
THg MMHg %MMHg

Reference
mg/kg ng/g %

Estuary

Dagu Estuary, China 0.036 - - [28]
Danshuei River Estuary, China 0.379 - - [29]

Asturias Estuary, Spain 0.52 - - [30]
Kaohsiung Estuary, China 0.149 0.31 - [31]
Scheldt Estuary, Belgium 0.18 - - [32]

Pearl River Estuary, China 0.354 - - [33]

Lake

Yellow River, China 0.015 - [34]
Superior Lake, Canada 0.088 0.21 - [35]

Dianchi, China 0.18 1.2 - [36]
Amazonian Lake 0.12 2 1.7 [37]
Chao Lake, China 0.096 - - [38]

Tai Lake, China 0.097 - - [39]
Daxingkai Lake, China 1.66 1.66 - [6]

Xiaoxingkai Lake, China - 0.78 - [6]
Arctic freshwater lakes 22.23 0.41 - [38]

3.3. Spatial Distribution of THg and MMHg in Sediment

The THg content was higher in the sediment of inflow river estuaries located in the
upper lake, which belonged to Nanyang Lake (Figure 4a). In particular, in this area, sites
R6, R7, and R9 were heavily polluted with THg contents of 0.168 mg/kg, 0.143 mg/kg, and
0.135 mg/kg, respectively. The maximum content of Hg was found at site R6 (Si River),
which might be attributed to the many coal enterprises situated closely on the bank of these
rivers, such as Dongliang Coal Enterprise, Xingmei Coal Trading Limited Company, and
Wanglou Coal Mining Group. In addition, sites R1 and R3 were heavily polluted by Hg,
with THg contents of 0.151 mg/kg and 0.125 mg/kg, respectively. The THg content of the
lake sediment was higher in the upper lake than in the lower lake. In conclusion, the Hg
pollutants carried by the river had a potential risk of diffusing into the central region of
Nansi Lake.
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As shown in Figure 4b, the spatial distribution of MMHg was similar to that of THg.
For the estuary sediment, the MMHg content was higher in the sediment at sites R6, R7,
and R9 than at other sites, with contents of 0.764, 0.681, and 0.621 ng/g, respectively.
Therefore, the spatial distribution of MMHg was similar to that of THg. A possible reason
for this result was that MMHg was mainly derived from Hg methylation in the upper
lake. In this area, the TOC and AVS contents were also relatively high. In particular, the
TOC and AVS contents at site R6 were higher than those at the other sites. The abundant
TOC in the sediment indicated that the activity of microbes was high, which consumed
oxygen and eventually led to a reducing environment. Mercury methylation is mainly a
microbiological process in reducing environments. Moreover, sulfate-reducing bacteria also
play an important role in this process [40]. Therefore, the geochemical conditions of sites
R6, R7, and R9 were suitable for Hg methylation. However, the content of MMHg at sites
R1 and R3 was not obviously higher than that at the other sites, which was inconsistent
with the spatial trend of THg. This might be attributed to the MMHg in the sediment of
sites R1 and R3 being mainly derived from exogenous pollution. For the lake sediment,
the MMHg contents were ranked as L5 > L3 > L4> L1 > L2. Sites L1 and L2 were close
to the estuaries with low MMHg contents. Therefore, the diffusion risk of MMHg might
be acceptable.

As shown in Figure 4c, for the estuary sediment, the %MMHg value was relatively
high at sites R2, R5, R6, R7, R9, and R13, with %MMHg of more than 0.35%. For the lake
sediment, the %MMHg level was lower at sites L1–L3 than at sites L4 and L5. Therefore, the
%MMHg values increased from the upper to the lower lake. In general, the transformation
of Hg to methylmercury in the estuary sediment of the upper region of Nansi Lake and the
lower region of the Nansi Lake should be given more attention. It is necessary to find out
the cause of high conversion as soon as possible to prevent the formation of MMHg.

3.4. Relationship between THg and MMHg and Mineral Phases

Correlation analysis showed that THg was positively correlated with AVS, TOC,
and clay for all sediment samples (Figure 5). For the estuary sediment, the correlation
coefficients (R2) between THg and AVS, TOC, and clay were 0.274, 0.447 (p < 0.001),
and 0.478 (p < 0.001), respectively. For the lake sediment, the R2 values were 0.388, 0.494
(p < 0.001), and 0.185, respectively. Hence, THg in all sediment samples might be influenced
by the TOC content of the sediment. A previous study showed that river sediment with
a high content of OM had the potential to adsorb and retain Hg [41]. Organic matter
plays an important role in controlling the distribution of Hg in sediment [42–44]. In
addition, OM is known or suspected to be a major reservoir of Hg in many modern and
ancient sediments [45,46]. The OM-bound Hg might be a dominant host phase in the
sediment of Nansi Lake and its inflow river estuaries. Chakraborty et al. demonstrated that
Hg preferentially combined with OM in lacustrine sediment under oxic conditions [45].
However, Hg–sulfide complexes were the main host phase of Hg in sediment under
intensely sulfidic and anoxic conditions due to the stronger affinity of Hg for sulfide, with
stable constants of 1023 to 1038, which were higher than those of Hg–organic complexes
(1022 to 1028) [47]. Therefore, Hg in the estuary and central lake sediment preferred to
combine with TOC, which might be due to the relatively oxic conditions and the lack of
sulfide. Meanwhile, the positive correlation between AVS and THg is weaker than that
between TOC and THg. This supports the conjecture that there is a lack of sulfide in the
sediments of the Nansi Lake and its inflow river estuary. In addition, the coprecipitation
process of H2S and Hg also determined the positive correlation between AVS and Hg
in the sediment, which might be because Hg could be released to pore waters through
organic decay and absorbed by authigenic phases. Moreover, the correlation coefficient
between AVS and THg is lower in estuarine sediments than in lake sediments. This process
occurred in oxic conditions and limited the transfer of Hg to sedimentary sulfides. The
estuary sediment generally contained more oxygen due to the fluidity of the overlying
water. Therefore, Hg might prefer to combine with sulfide in the central lake sediment
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rather than in the estuary sediment. Positive correlations between THg and clay in all
sediment samples might be attributed to the stronger binding affinity of the finer-grained
sediment [26]. This result was consistent with the conclusion reported by Sun et al. [38] and
Chen et al. [31] in which clay generally contained abundant OM, which exhibited a higher
adsorption capacity for heavy metal ions and immobilized them in sediment. Second, clay
minerals are the dominant substance in metal-rich minerals in natural sediment, especially
for estuary sediment. The metal-rich minerals also contained small amounts of metal
oxides, sulfides, and pyroxenes. The special structure of metal-rich minerals was easily
weathered and deposited in sediment. Therefore, heavy metals (Hg) were mostly found in
minerals in fine-grained sediment [38].

Methylmercury in the inflow river estuary sediment of Nansi Lake was positively
correlated with AVS, TOC, and clay, with R2 values of 0.050, 0.187, and 0.265, respec-
tively (Figure 5). However, the MMHg content in lake sediment was negatively correlated
with AVS, TOC, and clay content, which was contrary to the results for the inflow river
estuary sediment (Figure 5). The correlation between MMHg and sediment properties
was not significant in either estuary or lake sediment, which was different from previous
research [3,48,49]. Previous studies have demonstrated that the biochemical cycle of sulfur
in river estuary sediment can affect the formation of MMHg [21]. Mirlean et al. showed
that MMHg is significantly negatively correlated with AVS [43]. However, King et al. [50]
and Cesário et al. [51] observed that MMHg was positively correlated with AVS. Therefore,
the effect of AVS on microbial Hg methylation is complex [52,53]. In this study, we specu-
lated that MMHg in the lake sediment might be affected by both terrestrial input and in
situ methylation, which is negatively related to the sedimentary properties. In addition,
some uncertain factors including microbial methylation and demethylation, reduction by
meroperin-mediated pathways, oxidative demethylation processes, and photochemical
degradation of MMHg might also affect MMHg in the sediment. Relevant studies also
suggested that increasing temperature can release the adsorbed Hg from OM and minerals
of sediment and increase the bioavailability and methylation of Hg [54–56]. Therefore, the
specific reasons need further examination. TOC and clay in the estuary and lake sediment
were not significantly correlated with MMHg in this study. Ethier et al. [57] demonstrated
that the correlation between MMHg and TOC (clay) likely depended on the correlation
between MMHg and THg. Therefore, TOC and clay might have no obvious influence on
the Hg methylation process.

For the estuary sediment, %MMHg was not significantly correlated with AVS, TOC,
or clay (Figure 5). However, for the lake sediment, %MMHg was significantly negatively
correlated with AVS, TOC, and clay. Pyrite and AVS were found to be inversely correlated
with MMHg and %MMHg [58]. In addition, the inhibition of inorganic sulfides for Hg
methylation occurred under anoxic conditions. The oxygen content was relatively higher
in the estuary sediment than in the central lake sediment, which might account for the
weaker correlation between% MMHg and AVS in estuarine sediment than lake sediment.
The potential of %MMHg in the lake sediment was influenced by the physicochemical
properties of sediment (TOC and clay) and exhibited the high negative correlation with
TOC, suggesting the key role of OM in governing the process of Hg methylation. The
TOC content in the sediment controlled the partitioning of Hg between overlying water
and sediment due to the strong binding affinity between OM and Hg. Therefore, TOC
exhibited a negative correlation with Hg methylation by reducing Hg bioavailability for
Hg-methylation microbes and inhibiting Hg participation in the process of Hg methylation.
Wu et al. [59] found that the %MMHg value in the water-sediment system was influenced
by the sources of OM. The %MMHg value dominated by autochthonous OM was higher
than that dominated by allochthonous OM. In this study, the negative correlation between
%MMHg and TOC indicated that TOC in this condition might be allochthonous, which
also verified the aforementioned results that the riverine input was a main source for TOC
in the lake sediment. In general, the reasons that may influence the %MMHg level were
not completely clear. The sedimentary system is complex, and %MMHg is influenced by
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many factors. Chemical and biological factors might also play a role in addition to redox
conditions and the THg content. Studies have shown that Hg demethylation is also a
biological process that includes organic Hg lyase, catalytic, and co-metabolic processes [22],
which usually occur at the same time as the methylation of Hg and the demethylation of
MMHg in the sediment. Therefore, we speculated that %MMHg might also be affected by
biological demethylation in the sediment.
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Figure 5. Correlation between THg, MMHg, and %MMHg and sediment properties. Blue dots
represent sampling sites for lakes, while yellow dots represent sampling sites for estuaries. The
box chart represents the concentration range of various substances in the lake or estuary, the lines
in the box represent the average value, the bottom and top of the box represent the 25th and 75th
percentile quantile, and the short lines at both ends represent the maximum and minimum values.
** represented significant level p < 0.01, and *** represented significant level p < 0.001.
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For estuary sediment, THg was significantly positively correlated with MMHg
(R2 = 0.637, p < 0.01) and %MMHg (R2 = 0.306, p < 0.05, Figure 6). For the lake sedi-
ment, a significant negative correlation was observed between THg and MMHg (R2 = 0.127,
p < 0.05) and between THg and %MMHg (R2 = 0.827, p < 0.001), which was inconsistent
with the results obtained by Benoit [27], who found that THg was significantly positively
correlated with MMHg (and %MMHg) in the sediment of estuaries and lakes. Relevant
studies have shown that sediment is the key material for methylation [60], and the trans-
formation of inorganic Hg to MMHg in sediment is mainly in situ by microorganisms
in sediment [61]. However, a significantly negative correlation between Hg and MMHg
(%MMHg) was observed in the sediment of Nansi Lake, which was consistent with the
negative correlation between MMHg and %MMHg with AVS, TOC, and clay at the lake’s
sampling sites. This might be because there was a strong demethylation process in the sedi-
ment of Nansi Lake; for example, the demethylation process of sulfate-reducing bacteria
might occur in the sediment [62], but this conjecture still needs further exploration.
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Figure 6. Correlation between THg with MMHg and %MMHg. Blue dots represent sampling sites
for lakes, while yellow dots represent sampling sites for estuaries. The box chart represents the
concentration range of various substances in the lake or estuary, the lines in the box represent the
average value, the bottom and top of the box represent the 25th and 75th percentile quantile, and the
short lines at both ends represent the maximum and minimum values. * represented significant level
p < 0.05, ** represented significant level p < 0.01, and *** represented significant level p < 0.001.

3.5. Potential Source Analysis

To better understand the sources of THg and MMHg in the sediment, clustering
analysis was used to divide pollutants derived from various sources (Figure 7a) and
sampling sites with diverse pollution levels (Figure 7b). The AVS and TS contents were
classified into the same cluster. MMHg and %MMHg were classified into the same group.
THg, clay, and TOC were in the same group. These results demonstrated that TS and AVS
in the lake sediment were not derived from the same source as THg and MMHg. The
distribution pattern of THg and MMHg was not mainly influenced by AVS. The methylation
of Hg was not a dominant way to produce MMHg in the sediment, and MMHg might be
derived from other anthropogenic sources near Nansi Lake. Clay and TOC in the sediment
exerted a more significant influence on THg than MMHg. Therefore, the adsorption capacity
and redox condition of sediment might be the main factors controlling the THg content of
sediment. However, the accumulation of MMHg in the sediment of Nansi Lake might be
mainly influenced by other environmental factors such as temperature and pH. Based on
the THg and MMHg contents in the sediment of the lake and estuary, the content values
were normalized as log C, and cluster analysis was carried out with the hot spot graph.
All sampling sites were divided into three clusters according to the comprehensive levels
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of THg and MMHg, which included heavily polluted sites (R6, R7, and R9), moderately
polluted sites (R2, R3, and R5), and relatively lightly polluted sites (R1, R8, R11, and R13).
Other sampling sites were lightly polluted. Therefore, THg and MMHg in the sediment
of Nansi Lake were mostly derived from sites R6, R7, and R9. The waste discharge of
coal-mining enterprises along these three river banks should be given more attention.
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These classification results were validated by using principal component analysis
(PCA) (Figure 8). The variables of AVS, clay, TOC, TS, THg, and MMHg were selected for
analysis in PCA. The sampling sites of estuaries and the lake were significantly divided
in PCA under the 95% confidence level based on the basic properties of sediment and the
contents of THg and MMHg. As shown in Figure 8, the negative axis of PC1 indicated
one sediment that contained high contents of THg, TOC, clay, AVS, TS, and MMHg. The
positive axis of PC1 indicated that the sediment contained a high percentage of silt/sand
but low contents of THg, MMHg, TS, and TOC. The sampling sites of the lake were all
clustered into the positive part of PC1, which implied that the relatively coarse sediment
contained lower contents of Hg, TOC, MMHg, and TS. However, most sampling sites in
the estuaries were divided into the negative part of PC1, which was a fine-grained and Hg
(S)-rich sediment. Therefore, clay, TOC, TS, THg, and MMHg in the sediment of Nansi Lake
were mainly derived from riverine input rather than authigenic input and were sensitive to
human activities.
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4. Conclusions

The levels of THg, MMHg, and %MMHg in the sediment of inflow river estuaries were
obviously higher than those in Nansi Lake. The contents of THg and MMHg in estuarine
sediments of upper lakes were higher than those of other regions. The THg content in
the sediment of the upper lake was obviously higher than that in the lower lake, which
was contrary to the distribution tendency of MMHg. The THg was significantly positively
correlated with MMHg and %MMHg in estuarine sediment but had significant negative
correlation with MMHg and %MMHg in lake sediment. Correlation analysis showed
that THg in all sediment samples was significantly correlated with TOC, clay, and AVS.
However, MMHg did not show the same correlations as THg. The %MMHg in the lake
sediment was significantly inhibited by the high contents of AVS, clay, and TOC. According
to cluster analysis and PCA, THg, clay, and TOC in the sediment of Nansi Lake were
derived from the same sources, which were different from TS and MMHg. However, clay,
TOC, TS, THg, and MMHg might mostly derive from riverine input and were sensitive to
human activities.
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