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• Total Hg and MeHg contents were mea-
sured in 100 lake sediment samples.

• Mean Hg burial rates of lake sediments
in China and North America were com-
parable.

• Hg burial flux was dominated by air de-
position, terrestrial input and sedimen-
tation.

• Regional variation of MeHg was influ-
enced by water depth, temperature
and COD level.

• High MeHg in lake sediments in North-
east and East Plain regions poses health
risks.
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Lake sediments are key materials for mercury deposition and methylation. To understand the mercury concen-
trations in China's lakes, 100 lake surface sediment samples were collected from 35 lakes in 2014. Total mercury
(THg), methylmercury (MeHg) concentrations and the annual Hg burial rates in lake sediments were measured.
THg andMeHg concentrations in the sediment ranged from 13.6 to 1488 ng‧g−1 and 0.05 to 1.70 ng‧g−1, respec-
tively, and urban lakes reported most high values, indicating direct anthropogenic inputs. The Inner Mongolia-
Xinjiang Region (MX) and Qinghai-Tibet Plateau Region (QT) reported relatively lower mercury burial rates,
while the Eastern Plain Region (EP), Northeast Mountain and Plain Region (NE), and Yunnan-Guizhou Plateau
Region (YG) reported higher mercury burial rates. Regional variances of THg burial fluxes were dominated by
atmospheric deposition, terrestrial input, and sediment accumulation rates in different lakes. In 2014, the esti-
mated average THg burial rate in China's lakes was 139 μg‧m−2‧yr−1, comparable to the average in mid-
latitude North America in recent years; however, due to China'smuch smaller lake area relative to NA, the annual
THg burial flux in China wasmuch lower than that in North America. EP and NE, wheremost freshwater aquatic
products in China are harvested, accounted for 58.2% and 22.9%, respectively, of the THg burial flux. High sedi-
mentary MeHg concentrations and MeHg:THg ratios were reported in most of the NE but lowMeHg concentra-
tions and MeHg:THg ratios were reported in EP. MeHg concentrations and MeHg:THg ratios were positively
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this study.
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correlated with water COD levels and negatively correlated with average temperature. The results of this study
indicate that in addition to the adjacent seas, lake sediments are an importantmercury sink in China's aquatic en-
vironment, which could cause health risks due to MeHg intake, especially in NE.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Mercury, particularly in the form of methylmercury (MeHg),
causes serious human health problems (Nriagu and Pacyna, 1988;
Driscoll et al., 2013), and the central nervous system is themost suscep-
tible to MeHg (Rice et al., 2010). Infants born to women who were
exposed to large MeHg amounts during pregnancy have a high-risk of
neurotoxicity and may suffer from lower IQ (Allen et al., 2007). In
addition, MeHg is carcinogenic and has toxic effects on immune, repro-
ductive, renal, cardiovascular, and hematopoietic systems (National
Research Council, 2000). MeHg is the most toxic and bioaccumulative
form of Hg in aquatic food sources and accounts for 80–90% of the
total mercury (THg) present in fish muscle tissue (Houserová et al.,
2007). Through food chains, biomagnified of MeHg results in fish con-
centrations up to a million times greater than those present in water
(Ullrich et al., 2001). Worldwide, China is considered the largest Hg
emission country (Wu et al., 2016), and the main anthropogenic Hg
sources in China were coal combustion (310 t‧yr−1) (Tian et al., 2010),
non-ferrous metal (73 t‧yr−1) (Wu et al., 2012) and cement (113 t‧
yr−1) (Cai et al., 2020) industries. Aquatic products are important food
sources; however, they are also major sources of MeHg exposure in
China. In 2014, China's freshwater ecosystem produced 3.2 × 107 t of
aquatic products that accounted for 49.0% of the total aquatic produc-
tion in the country; 92.8% of the freshwater products came from fish
farms (Ministry of Agriculture, 2015). In China, human exposure to
MeHg is predominantly through fish consumption, particularly farmed
freshwater fish (Liu et al., 2018a). Consequently, China's aquatic ecosys-
tems, especially freshwater ecosystems, have received increasing atten-
tion due to possible significant health concerns.

Sediments record the deposition flux of materials (nutrients, pollut-
ants, and particulates) from a lake's system, both qualitatively, as
changes in the geochemical and biological tracer compositions, and
quantitatively, through changes in their burial rates (Engstrom and
Rose, 2013). Mercury binds strongly to the particulates in water, and
once deposited, it does not tend tomigrate or resuspend; therefore, sed-
iments are a historical flux research material (Young et al., 1973; Muir
et al., 2009).

Hg in sediments comes from various sources. Marine sediment
typically receives atmospheric deposition and coastal discharges
(Mason and Sheu, 2002); while river and lake sediments receive inputs
via the atmosphere, the watershed, and industrial and sewage dis-
charges (Donovan et al., 2016). Erosion plays an important role in the
Hg sedimentation process, wherein the soil containing Hg (that is
bound to the organic matter) is eroded, transported, and finally settles
in lakes (Donovan et al., 2016; Liu et al., 2018b). For environments not
significantly affected by anthropogenic activities, the Hg concentration
in the sediment tends to be associated with the content in the parent
rocks and ranges from 10 to 300 ng‧g−1 (Engstrom and Swain, 1997).
In addition to the background levels, Hg in soil and sediment is usually
associated with total organic carbon (TOC), due to the strong bonds be-
tween the Hg and thiol groups in organic molecules (Skyllberg et al.,
2000).

Lake sediments are keymaterials not only for deposition, but also for
methylation (Landers et al., 1998; DeLaune et al., 2004). Inorganic Hg
released into aquatic ecosystems can be transformed intoMeHg,mainly
in situ bymicroorganisms in sediments, andMeHg can be degraded into
inorganic Hg (Gilmour et al., 1992). Parameters such as dissolved and
particulate organic carbon, pH, and nutrients may influence the
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methylation process in the water column and sediment (Barkay and
Wagner-Döbler, 2005; Klapstein and O'Driscoll, 2018).

Many individual lake studies have been conductedworldwide (Rada
et al., 1989; Oh et al., 2010); in China, Taihu (Chen et al., 2013), Dongting
(Yao et al., 2006), Wuhandonghu, and Liangzi (Su et al., 2006) lakes
have been studied. However, regional research studying multiple lakes
across China has not been conducted. Because of the vast territory and
significant variations of geographical features, lake environments
might differ significantly among regions. The following research hy-
potheses aremade: (1) sedimentHg concentrations and burial rates dif-
fer among the lakes in China; (2) sediment MeHg concentrations and
netmethylation potentials differ among the lakes in China; (3) these re-
gional variationsmight be driven by lake characteristics, e.g., lake catch-
ment area, average temperature, and precipitation, as well as
atmospheric or terrestrial Hg inputs. The purpose of this study was to
obtain a better understanding of the Hg concentrations and burial
rates in lake sediments in China, through (1) conducting a regional
field survey of lake sediments across China and reporting the THg and
MeHg concentrations in each lake; (2) analyzing the factors that govern
THg and MeHg levels; (3) calculating the THg burial rates and fluxes in
the studied lakes; (4) estimating the THg burial rates and fluxes in
China's lake environments.

2. Methods

2.1. Lake sites

Lakes cover approximately 8.18 × 104 km2 in China and are located
in diverse climate zones, ranging from humid, warm regions to cold,
dry regions and from low-altitude coastal plains to alpine plateau ba-
sins. They span latitudinal and longitudinal ranges of 24.38°-48.78°N
and 86.85°-132.52°E, respectively, in 5 major regions (Fig. 1 and
Table S1), the Eastern Plain Region (EP), Northeast Mountain and
Plain Region (NE), Yunnan-Guizhou Plateau Region (YG), Inner
Mongolia-Xinjiang Region (MX), and Qinghai-Tibet Plateau Region
(QT). These regions are defined by their surrounding hydrological char-
acteristics, human activities, and climates (Wang and Dou, 1998; Wang
et al., 2015). The climates in these regions differ. EP is the warmest and
wettest, followed by YG. The climate is cold and dry in the remaining
three regions, particularly in QT and MX. The majority of the lakes in
YG, EP, and NE are freshwater lakes with outflows; however, those in
QT and MX are mostly saline (Wang et al., 2018a). The majority of the
population and industries in China are located in EP. Detailed descrip-
tions of the characteristics of the five regions are included in Table S1.

In this study, from June to October 2014, 100 surface sediment sam-
ples were obtained from 35 lakes in China (Tables S2 and S3). All large
lakes in China were included in this study, such as Qinghai, Poyang,
and Dongting lakes, as well as some urban lakes, close to cities and re-
ceiving pollutants from urban anthropogenic sources, which were re-
ported in previous studies (Jin, 1995), such as Hangzhouxihu Lake in
Hangzhou City, Wuhandonghu Lake in Wuhan City, Xuanwu Lake in
Nanjing City, Hongfeng Lake in Guiyang City, and Dianchi Lake in
Kunming City. The latter were grouped into a sixth category entitled
Urban Lakes (UL). Due to the large population and heavy industrial ac-
tivity in EP, more sampling sites were established in this area and
fewer sites were established in QT, which has less than 1% of China's
population. The number of sampling sites for each lake, determined
based on the area and shape of the lakes, ranged from one to six and
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the samples were obtained utilizing a box sampler. Sampling sites were
located away from the lakeshores and offshore pollution sources, to
eliminate the effects of point source pollution. The surface samples
were collected from the top 3 cm of sediment and were freeze-dried
and sieved immediately after collection. Information on lake area, an-
nual average temperature, TOC, and sediment accumulation rate were
obtained from published sources, mainly from the Chinese Lake
Catalogue (Wang and Dou, 1998). Due to China's massive area, the
lakes differ significantly in terms of climate, catchment topography,
area and water depth (Table S2). The lake water's chemical oxygen
demand (COD) was determined in situ at the sampling sites.

2.2. Hg analysis

For each sample, THg was measured utilizing a direct Hg analyzer
(DMA-80, Milestone, Italy) via a previously published method (Liu
et al., 2013). The analysis was performed in accordance with EPA
Method 7473 following the sequence of thermal decomposition, cata-
lyst conversion, amalgamation, and atomic absorption spectrophotom-
etry. Each sample was dried for 60 s at 200 °C, thermally decomposed
for 180 s at 650 °C, and then the decomposed products were subjected
to an amalgamator that selectively traps Hg. Next, the system was
flushed with pure oxygen for 60 s and then the amalgamator was
heated for 12 s to release the Hg vapor, whichwas carried to the atomic
absorption spectrophotometer via flowing oxygen. Duplicate samples
were treated and measured at the same time. For quality control, certi-
fied reference materials purchased from the National Research Council
of Canada (TORT-2 lobster hepatopancreas) were utilized, which had a
recovery rate of 92–103% and a detection limit of 0.02 ng.

The MeHg measurement methods followed those detailed in
previous studies (Munson et al., 2014; Liu et al., 2019) where
approximately 0.1 g of dry sediment was digested in 10 mL of
4.5 mol‧L−1 nitric acid for 12 h at 60 ± 1 °C. The extracted liquors
were neutralized with potassium hydroxide, buffered with acetate,
derivatized into methylethylmercury with sodium tetraethyl borate,
and finally measured by cold vapor atomic fluorescence spectrome-
try (Tekran 2700, Canada). The MeHg standard GBW08675
(National Institute of Metrology, China) was applied for quality con-
trol. The MeHg detection limit was 4 pg‧L−1, obtained by the mean
peak area of calblanks plus three times the calblank standard devia-
tion. Two “OPR0.5” samples (ongoing precision and response sam-
ples of 0.5 ng L−1) were inserted into the worksheet after every 20
normal samples, with the recovery rate ranging 97–113%.

The THg and MeHg were analyzed at the Ministry of Education Key
Laboratory for Earth Surface Processes, Peking University.

2.3. Hg burial rate and flux

The sediment accumulation rate was multiplied by the sediment's
Hg concentration to obtain the Hg burial rate (Eq. (1)) and by the lake's
area to obtain theHgburialflux of each lake (Eq. (2)). The equations uti-
lized are as follows:

MBR ¼ SAR � CHg � 10 ð1Þ

MBF ¼ MBR � S� 1000 ð2Þ

where MBR is the Hg burial rate (μg‧m−2‧yr−1), MBF is the Hg burial
flux (kg‧yr−1), SAR is the sediment accumulation rate (g‧cm−2‧yr−1,
derived from published sources, Table S2), CHg is the THg concentration
(ng‧g−1), and S is the lake's area (km2).

To calculate the Hg burial flux for all of China's lakes based on these
results, the meanHg burial rate of the sampled lakes in each region was
calculated by summing the Hg burial flux in one region and dividing it
by the total area of the sampled lakes in that region. Then, the total
area of all the lakes in the region was multiplied by the average rate to
3

estimate the THg burial flux of the region. Finally, the sum of the fluxes
of all the regions was calculated to obtain the THg burial flux of all the
lakes in China in 2014.

2.4. Data analysis

Maps were generated using Esri ArcGIS 10.2. SPSS 24.0 and Origin
Lab 2018 was utilized for the statistical analyses.

3. Results and discussion

3.1. THg and MeHg concentrations and spatial distributions in lake
sediments

The average THg andMeHg concentrations in the surface sediments
of each lake are presented in Fig. 1 and Table S4. For the 35 studied lakes,
the THg concentrations in the lake sediments ranged from 13.6 to
1488 ng‧g−1 (dry weight), with a median value of 85.0 ng‧g-1, and the
MeHg concentrations ranged from 0.05 to 1.70 ng‧g−1, with a median
value of 0.26 ng‧g−1. The THg andMeHg concentrations of the 100 sam-
ples are shown in Fig. 1c and d, which are characterized by a lognormal
distribution.

The sediment samples from the five ULs had the highest THg con-
centrations ranging from 353 to 1488 ng‧g−1 indicating high anthropo-
genic Hg input. For MeHg, the majority of the highest concentrations
occurred in UL and NE. The lowest median value of THg occurred in
MX, followed by NE, QT, EP, YG, and UL with values of 50.4, 58.9, 69.5,
102, 163, and 474 ng‧g−1, respectively. The median MeHg concentra-
tions, from lowest to highest, occurred in QT, MX, YG, EP, NE, and UL
with concentrations of 0.10, 0.15, 0.17, 0.20, 0.34, and 0.47 ng‧g−1, re-
spectively. A one-way analysis of variance confirmed the significant dif-
ference in THg concentrations between theUL and theotherfive regions
(p< 0.05); however, no significant differenceswere found betweenQT,
MX, YG, EP, andNE. No significantMeHg concentration differenceswere
found between UL and NE; however, both of these regions were signif-
icantly different from the other four regions (p < 0.05).

Table S5 shows the comparison of THg andMeHg concentrations de-
termined in this study with the concentrations determined by previous
studies. The THg concentrations determined in this study concur with
those determined in previous studies, particularly for larger lakes such
as Chaohu, Dongting, Hongze, and Poyang lakes. The 35 studied lakes
have a similar THg concentration range to lakes in the UK
(20–1603 ng‧g−1, Yang and Rose, 2003) and Korea (16–278 ng‧g−1,
Oh et al., 2010). Among the five Great Lakes in North America, lakes
Huron, Michigan, and Superior are least affected by anthropogenic ac-
tivities and have low surface sediment THg concentration (Marvin
et al., 2002; Marvin et al., 2004). Many of the lakes included in this
study, particularly in QT and MX that are not significantly affected by
anthropogenic input, also had similar, relatively low surface sediment
THg concentrations, e.g., 28 ng‧g−1 in Bosten Lake (Mamat et al.,
2016), 45 ng‧g−1 in Qinghai Lake (Yang et al., 2010). Lake Ontario and
the western basin of Lake Erie have greater anthropogenic influences;
therefore, they have significantly higher THg concentrations compared
to the other Great Lakes. This is primarily attributed to loadings from
historical sources, including chlor-alkali production from the Detroit,
St. Clair, and Niagara rivers (Marvin et al., 2004), whose THg concentra-
tions are similar to those in some urban lakes in China that receive sub-
stantial anthropogenic THg loads.

Historical data of MeHg concentrations in lake sediments in China
were limited and most of the available historical data were obtained
from highly polluted lakes in the Guizhou and Yunnan provinces, such
as the Hongfeng and Dianchi lakes and Baihua and Longjiang reservoirs.
Dianchi Lake is an urban lake in Kunming Citywith heavy historical pol-
lution. MeHg concentration results for Dianchi Lake in the present study
were lower than the results reported in previous studies. This might be
attributed to the heavy algal bloom that occurred in 2009 (Wang et al.,
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Fig. 2. THg concentration in the surface sediments divided by the parameters of (a) TOC concentration (%) in the surface sediment and (b) THg concentrations of lake catchment soils. EP:
Eastern Plain Region; MX: Inner Mongolia-Xinjiang Region; NE: Northeast Mountain and Plain Region; QT: Qinghai-Tibet Plateau Region; UL: Urban Lakes; YG: Yunnan-Guizhou Plateau
Region.
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2012) and the high pH and Eh induced by the bloom. Elevated MeHg
concentrations have been reported in other lakes caused by the in-
creased organic carbon loading in the sediments, which occurs in the
eutrophication stage (Gray and Hines, 2009). In Hongfeng Lake, previ-
ous research reported a MeHg concentration range of 0.26–3.20 ng‧
g−1 (Zhang, 2017), whichwas 0.70 ng‧g−1 in this study. TheMeHg con-
centrations determined for most of the lakes in this study are similar to
those of Lake Superior in North America (0.04–0.43 ng‧g−1, Rolfhus
et al., 2003) and some lakes in Korea (0.03–0.67 ng‧g−1, Oh et al., 2010).

The THg:TOC ratio in the soil or sediment was believed to be a good
indicator of Hg contamination and higher THg:TOC ratios were
observed in post-industrial sediments compared to those in the pre-
industrial era (Leipe et al., 2013). In China, the THg:TOC ratios in soils
increase in the following order: background, agricultural, urban, and
mining soils, which implies that anthropogenic activities are responsi-
ble for the increased amounts of Hg in the soil (Xue et al., 2019). The
THg:TOC ratios of the 100 surface sediment samples in this study are
presented in Fig. 2a, from which it is evident that UL and EP samples
had high THg:TOC ratios, indicating significant anthropogenic activity
in these regions. Slightly lower values were observed in YG and QT
and several outlier values occurred in NE, as discussed in the following
sections. Apart from the outlier values, samples from NE and MX had
the lowest THg:TOC ratios.

The ratio of the THg content in the sediment samples and the catch-
ment soil or pre-industrial sediment is generally utilized to describe the
Hg contamination levels in soil and sediment samples, which could in-
dicate the influences of natural and anthropogenic factors on the THg
levels in the lake sediment (Yang and Rose, 2003; Mast et al., 2010;
Drevnick et al., 2012). In this study, based on the geochemical back-
ground and baseline concentrations of THg in the catchment soils ob-
tained from two previously published nationwide field surveys
(Cheng, 2014; CNEMC, 1990), UL had the highest sediment:soil THg
ratio, which is attributed to the pollution inputs into these lakes. This
study's results showed that QT and YGhad low sediment:soil THg ratios.
In previous studies, QT showed similar sediment:soil THg ratios to this
study's findings and concluded that the sedimentation process was
mainly driven by natural forces (Yang et al., 2010); however, for YG,
high soil background concentrations (He et al., 2008)may have lowered
the ratio because an increased THg concentrationwas observed. ForMX,
ratio values greater than 10 were observed for Bosten Lake, and in
Tianshantianchi Lake, the ratio value was less than 1, showing signifi-
cant differences between lakes. NE showed a similar pattern to MX.
Fig. 1. Distributions of total mercury (THg) andmethylmercury (MeHg) concentrations in the s
and (b) MeHg; Lognormal distributions of (c) THg concentrations and (d) MeHg concentratio
Northeast Mountain and Plain Region; QT: Qinghai-Tibet Plateau Region; UL: Urban Lakes; YG
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Notably, the enrichment ratios determined in this study utilizing soil
background concentrations might not be appropriate for comparison
with the values of previous studies because they were determined
using pre-industrial sediment cores.

3.2. THg burial rates and fluxes of China's lakes

It is generally known that MeHg concentrations in fish change
rapidly based on the THg burial rates in the lake (Harris et al.,
2007). Due to the large variations in the natural climates, hydrody-
namics, and human population between the regions in this study,
the 2014 THg burial rate among the sampled lakes ranged from
13.9 to 4018 μg‧m−2‧yr−1 (Wuliangsuhai and Hangzhouxihu
lakes, respectively), with median and geomean values of 132
and 156 μg‧m−2‧yr−1, respectively (Fig. 3a). For ULs such as
Hangzhouxihu, Hongfeng, Xuanwu, and Dianchi, large anthropogenic in-
puts from cities into the lakeswere reported and the high THg concentra-
tions in the lake sediments, along with the moderately high sediment
accumulation rates in ULs (Table S2), caused high Hg burial rates. High
THg burial rates (Yeager et al., 2018) in sediments were reported in
heavily polluted regions in other areas, such as Penobscot River sediments
(up to 14,000 μg‧m−2‧yr−1) and river mouth estuary sediments (up to
3800 μg‧m−2‧yr−1), and are comparable to the contaminated lakes in
this research.

For non-urban lakes, Dongting and Songhua lakes reported high THg
burial rates. Dongting Lake, once the largest, but now the second largest
freshwater lake in China, is located in themiddle reaches of the Yangtze
River catchment. It was estimated that Dongting Lake's sediment accu-
mulation rate was 1.1 × 108 t‧yr−1 from 1956 to 2003 (Dai et al., 2005).
An extremely high sediment accumulation rate (1.70 cm‧yr−1) was ob-
served in Dongting Lake during that period, which could be the cause of
the extremely high THg burial rate of 4130 μg·m−2·yr−1 (more than 6
times the current THg burial rate estimated in this study). In 2003, the
completion of the Three Gorges Dam and subsequent water impound-
ment reduced the sediment input from the Yangtze River to Dongting
Lake and the sediment accumulation flux in Dongting Lake decreased
to an annual mean of 6.41 × 106 t‧yr−1 from 2003 to 2009, based on
themass balancemethod (Yu, 2012) utilized in this study. Additionally,
the highest THg values in the lake were found in the sediments of the
mouths of the tributaries, indicating external input into the Dongting
Lake via rivers. The high Hg input could be related to the non-ferrous
metal mining and refining activities in the Hunan Province, which is
urface sediments of the 35 lakes studied in 2014 (ng‧g−1). Spatial distributions of (a) THg
ns of all 100 samples. EP: Eastern Plain Region; MX: Inner Mongolia-Xinjiang Region; NE:
: Yunnan-Guizhou Plateau Region.



Fig. 3. THg burial (a) rate and (b) flux of the top 15 lakes in China in 2014. Weishan Lake in the figure represents the four combined lakes of Nansi Lake, includingWeishan and Zhaoyang
lakes.
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the major non-ferrous metal producing area in China (Yin et al., 2003;
Zeng et al., 2009; Wan et al., 2011).

Songhua Lake is an artificial lake located in the easternmountainous
area of Jilin Province. This lake, along with the Second Songhua River,
was subjected to a large amount ofHgdischarge from the petrochemical
industries in Jilin City from the 1960s to the 1980s. The petrochemical
industries in Jinlin City ceased in 1983 and the THg concentration in a
gravity core obtained from the low reaches of the Second Songhua
River downstream of Jilin City and Songhua Lake decreased from 800
to 270 ng‧g−1 from 1974 to 2005 (Lin et al., 2007). This concentration
is similar to the 2014 concentration of 242 ng‧g−1 in lake sediments ob-
tained by this study. In addition to urban industries, another THg input
source is the Jiapigou gold mine founded in 1821 upstream of Songhua
Lake. Gold mining technology has significantly improved overtime (Lu,
6

2004) while Hg mining processes have not been applied since 2006
(Yang et al., 2014). Therefore, it is probable that the Hg burial rate and
pollution risk in Songhua Lake will continue to decrease with improve-
ments in gold mining technology (Zhang et al., 2010b).

THg burial rates ofmany lakes around theworld have been reported,
some of which are listed in Table S6. Generally, the THg burial rates in
China's lakes tend to be higher than the rates in other countries. The
five largest freshwater lakes in EP, Poyang, Dongting, Taihu, Hongze,
and Chaohu, had THg burial rates ranging from 80.3 to 639 μg‧m−2‧
yr−1 in 2014, which are significantly higher than the recently reported
rates (higher even than the peak rates) of the Great Lakes in North
America (Drevnick et al., 2012). For lakes away from direct input, THg
accumulation rate of 53 μg‧m−2‧yr−1 for post-1985 era was reported
in the sediments of Florida, USA. They were evaluated as non-point
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pollution sources, which match those lakes reported in Sweden and
northern USA, even though these systems are distinctly different in
their climate, vegetation composition, and locations (Rood et al.,
1995). In this research, lakes located away from cities and large anthro-
pogenic sources reported THg burial rates lower than 100 μg‧m−2‧yr−1,
consistent with the rates in other countries.

Based on the 100 samples obtained, in 2014, 6.6 ± 0.6 t of THg was
deposited into the lake sediments of the 35 studied lakes (Fig. 3b). In EP,
where anthropogenic activities significantly influence the THg burial
rate, the sampling sites covered two-thirds of the total lake area, and
in NE, YG, and MX, sampling sites covered approximately half of the
total lake area; therefore, these average Hg burial rates are representa-
tive of the respective regions. QT has a small population (less than 1%
of China's population) andminimal number of industries; therefore nat-
ural sources are the main influencing factor in this area; for other
Tibetan lakes, previous study has reported similar average rates to
Qinghai Lake, such as Keluke, Gaihai, Cuo Na, Cuo E, Nam Co, Peku Co
and Kemen Co (Yang et al., 2010). Therefore, the Qinghai Lake's THg
burial rate can be reasonably considered as the representative burial
rate for the entire QT (Table 1).

Itwas estimated that 11.4±1.0 t of THgwas contained in all the lake
sediments in China in 2014 (Table 1). The average THg burial rate for
China's lakes in 2014 was estimated as 139 μg‧m−2‧yr−1 comparable
to the average of that reported for mid-latitude North America in recent
years (63.5 μg‧m−2‧yr−1) (Muir et al., 2009). However, due to the signif-
icantly smaller lake area in China (8.18 × 104 km2) compared with the
terrestrial water area in the United States (5.76 × 105 km2, Census
Bureau, 2018), China's annual THg burial flux was much lower, and
even lower than those in the five Great Lakes (15.6 t, estimated with
an area of 2.46 × 105 km2 and a rate of 63.5 μg‧m−2‧yr−1, Muir et al.,
2009). Additionally, the high THg burial rates in China, especially in
EP, were partially attributed to the small lake area compared to the
large catchment area (Table S2), and to the dense population and signif-
icant amount of industry in China.

In 2013, the simulated annual mean Hg atmosphere deposition was
36.2 ± 30.4 μg‧m−2‧yr−1, consisting of 15.3 ± 13.2 and 20.9 ± 17.2 μg‧
m−2‧yr−1 wet and dry depositions, respectively, in mainland China
(Wang et al., 2018b). Wet deposition of mercury in the US ranged
from more than 25 μg‧m−2‧yr−1 in south Florida to less than 3 μg‧
m−2‧yr−1 in northern California (Prestbo and Gay, 2009), and median
dry deposition of Hg (II) in North America was 10.7 μg‧m−2‧yr−1

(Wright et al., 2016). TheHgdepositionwas comparable. Among27wa-
tersheds of thewestern United States and Canadian-AlaskanArctic area,
the THg mass loading in streams (from 2000s to 2010s) varied from
10 μg‧m−2‧yr−1 to more than 5000 μg‧m−2 ‧yr−1 and the average pro-
portions of atmospheric source varied from 0.3% to 99.6% (Domagalski
et al., 2016). In this study, the lowest precipitation (Table S2) and depo-
sition occurred in QT and MX, while the highest deposition occurred in
EP. The depositions in this study are consistent with the sediment THg
burial rates, except in YG where high soil background THg concentra-
tions were identified. For the lakes in QT and MX, sediment THg burial
rates were similar to the background atmospheric depositions;
Table 1
Total mercury burial rate and flux estimations in China.

Region Sampled
area
(km2)

Total area
(km2)

Flux in sampled
lakes (kg‧yr−1)

Mean rate (μg‧
m−2‧yr−1)

Estimated flux
in whole region
(kg‧yr−1)

EP 1.33 × 104 2.15 × 104 4.11 × 103 3.09 × 102 6.64 × 103

QT 4.34 × 103 4.16 × 104 90.5 20.8 8.67 × 102

NE 2.94 × 103 4.65 × 103 1.66 × 103 5.64 × 102 2.62 × 103

YG 6.05 × 102 1.24 × 103 4.60 × 102 7.60 × 102 9.45 × 102

MX 5.08 × 103 1.28 × 104 1.39 × 102 27.4 3.50 × 102

Total 2.63 × 104 8.18 × 104 6.5 × 103 1.39 × 102 1.14 × 104

EP: Eastern Plain Region; MX: Inner Mongolia-Xinjiang Region; NE: Northeast Mountain
and Plain Region; QT: Qinghai-Tibet Plateau Region; YG: Yunnan-Guizhou Plateau Region.
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however, in EP, YG, and NE, the sediment THg burial rates were signifi-
cantly higher than the atmospheric depositions, indicating intensive
non-atmospheric Hg sources.

Worldwide, Hg inputs to freshwater ecosystems were estimated to
be 800–2200 t‧yr−1, in which 300–600 t‧yr−1 came from atmospheric
deposition and the rest was from discharge, consisting of 170–300 t‧
yr−1 from background terrestrial source and 550–1860 t‧yr−1 from an-
thropogenic sources (Kocman et al., 2017). According to previous re-
search, approximately 93 t of anthropogenic THg was released into
China's aquatic environment in 2012 (Liu et al., 2016). However, this
value might be underestimated. An inventory of Hg released into
China's aquatic environment was established by our lab and it was esti-
mated that in 2015, 160 t of THg were released frommunicipal sewage
to the aquatic environment of China (Liu et al., 2018b). It was estimated
that 310 t‧yr−1 of THg in China's aquatic environment came from soil
erosion (Liu et al., 2018c). In 2014 approximately 157 t of THg was re-
leased from China's aquatic environment into marginal seas (Liu et al.,
2014). Compared to the low burial rates in lake environments, high
Hg load were found to be discharged into marginal seas in China. This
implies that lake sediment, in addition to the adjacent seas, is a sink
for THg in China's aquatic environment, but notmuch THgwere trapped
in lakes in China. Most aquatic THg in China were transported into seas
or trapped in riverbed (and finally transported into seas) (Liu et al.,
2019).

The high THg background in YG soil and lake sediment was already
known; therefore, significant research has already been performed on
the agricultural products (rice and fish) from this region (Zhang et al.,
2010a). Due to the high THg burial rates in NE and EP, warnings should
be provided regarding the potential health risks caused by aquatic prod-
ucts from these regions. In 2014, EP andNE contributed 58.2% and 22.9%
of the total THg burial flux in China, respectively, and most of China's
freshwater aquatic products were harvested in these two regions,
which should be cause for concern.

3.3. MeHg risks from China's lakes as indicated by MeHg:THg ratios

To assess the potential MeHg risks of aquatic products from China's
lakes, net potential methylation rates were calculated based on the
MeHg:THg ratios. Positive relationshipswere observed between the po-
tential methylation rate and MeHg:THg ratio in the sediment, thus the
MeHg:THg ratio in the surface sediment can be used as a proxy for the
methylation rate in different lake environments (Drott et al., 2008). In
this study, the lake sediment MeHg:THg ratios ranged from 0.06% to
4.18% and most values were below 0.5%; however, there were several
extremely high values. The majority of the high MeHg:THg ratios
(3.60%, 0.79%, 0.99%, 0.80%, and 0.51% for Daxingkai, Xiaoxingkai,
Jingpo, Lianhuan, and Chagan lakes, respectively) occurred in NE, and
one occurred in Tianshantianchi Lake (4.18%), which is a glacier lake lo-
cated at an altitude of 1930 m in MX. The only other studied lake in NE,
Songhua Lake, had a high total MeHg concentration of 0.71 ng‧g−1, de-
spite having an average MeHg:THg ratio of 0.27%. The MeHg:THg ratios
of the lakes in EP, YG, and QT were relatively low.

Generally, theMeHg:THg ratioswere negatively correlatedwith THg
concentrations, which means that lakes with a high MeHg concentra-
tion could report low MeHg:THg ratios; however, high MeHg risks
might exist. In this study, highMeHg lakes (HMLs)were defined as hav-
ing a MeHg concentration greater than 0.37 ng‧g−1 (top 10 lakes) or a
MeHg:THg ratio greater than 0.35% (top 10 lakes). Therefore, a lake de-
fined as anHML reported a high netmethylation rate or highMeHg con-
centration. In this study, 15 HMLs were identified, which are presented
in Table 2. All lakes in NE and four of the five lakes in ULwere defined as
HMLs. Lakes in NE are located at high latitudes, under low-temperature
conditions, and some are barrier or dammed lakes, which caused the
higher MeHg concentrations and MeHg:THg ratios. Flooding associated
with reservoirs causes a long-term increase in MeHg production in
many rivers as a result of the decomposing of terrestrial organic matter



Table 2
Characteristics of 15 High methylmercury (MeHg) Content Lakes.

Lake Region Type THg (ng‧g−1) MeHg (ng‧g−1) MeHg:THg (%) Water depth (m) Water COD (mg‧L−1) Tc (°C)

Weishan & Zhaoyanga EP Fluvial 58.6 0.36 0.63 1.5 76.3 14.2
Bosten MX Tectonic 56.5 0.20 0.35 9.0 6.37 8.3
Wulungu MX Tectonic 30.1 0.15 0.50 8.0 12.6 3.4
Tianshantianchi MX Glacier 13.6 0.57 4.18 35.0 NAb 2.6
Chagan NE Barrier 50.2 0.26 0.51 3.3 24.0 4.5
Daxingkai NE Tectonic 46.1 1.66 3.60 4.5 5.54 3.0
Xiaoxingkai NE Tectonic 98.1 0.78 0.79 2.6 7.07 4.0
Lianhuan NE Fluvial 72.8 0.59 0.80 0.5 14.5 4.0
Jingpo NE Barrier 172 1.70 0.99 33.5 8.03 2.5
Songhua NE Dammed 267 0.71 0.27 36.4 6.01 3.7
Hongfeng UL Dammed 948 0.70 0.07 10.8 3.47 14.1
Wuhandonghu UL Fluvial 353 0.81 0.23 3.8 6.81 16.7
Hangzhouxihu UL Lagoon 1488 1.06 0.07 2.3 18.04 16.1
Xuanwu UL Tectonic 449 0.37 0.08 1.5 8.95 15.4
Median of all 35 lakes 85.0 0.26 0.23 3.1 6.01 13.8

a Total mercury (THg), MeHg, water depth, and chemical oxygen demand (COD) values in this line are the mean values of these two lakes.
b NA: Not measured in situ.
c T: Average annual temperature.
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released from the reservoir, which leads to increased methylating bac-
teria activity and net MeHg production in flooded soil (Bravo et al.,
2018). MX is characterized also by a cold climate and is much drier
than NE. Low THg concentrations and high MeHg:THg ratios were re-
ported for MX lakes and three of the six lakes were defined as HMLs.
All of the lakes had MeHg:THg ratios greater than the median MeHg:
THg ratio of the 35 studied lakes. The ULs had low MeHg:THg ratios
but high MeHg concentrations, due to the significant anthropogenic
input of THg. Most EP lakes had high THg concentrations but low
MeHg concentrations and MeHg:THg ratios. This could be because
most lakes in EP are shallow fluvial lakes with swift inflows and out-
flows and the lake water usually has high dissolved oxygen levels,
while the lake sediments are usually under disturbed, oxidative condi-
tions. No lakes in YG and QT were defined as HMLs and all the non-
urban HMLs were located in northern China.

A high redox potential or oxygen concentrationmay reducemethyl-
ation and enhance the demethylation process in surface sediments
(DeLaune et al., 2004). Sulfate-reducing bacteria are normally found in
deeper levels of the underlying anaerobic zone (Warren et al., 2016).
In this study, a negative relationship between MeHg and water depth
and a positive relationship between MeHg and water COD was found.
HighMeHg levelswere found in deep lakeswith a high COD,which con-
curs with the above analysis. All the HMLswere deep or had a high COD
or both. Thewater depth factor implies the sediment's redox conditions.
For lakes other than Tianshantianchi, the COD was measured when the
samplewas collected; the higher the COD, the lower the redox potential
in the sediments. In Tianshantianchi Lake, the COD equipment at the
sample site failed. Previous studies on Tianshantianchi Lake reported a
thermocline of 18 m; however, the sample in this study was collected
35 m below the water surface in a reductive environment (Wang,
2015). In addition, it was reported that the improvement of the dis-
solved oxygen (DO) saturations could increase sediment-water fluxes
ofMeHg (Hammerschmidt and Fitzgerald, 2008), and the lowMeHg re-
lease into water columns from those sediments associated to low DO or
high COD might result in elevated MeHg contents in those lakes.

In addition to the higher MeHg:THg ratios found in deep lakes, high
MeHg:THg ratios were also found in some wetland lakes, such as
Lianhuan, Weishan, and Zhaoyang, possibly because shallow wetland
lakes might be affected more by direct organic carbon inputs. Swamps
and wetlands are considered hotspots for Hg methylation (Zhou et al.,
2020), and the MeHg load transported into aquatic systems and accu-
mulation of Hg by aquatic biota have been linked to wetland areas
within watersheds (Wiener et al., 2006; Driscoll et al., 2007). Lianhuan
Lake, a fluvial lake located on the Songnen Plain with an average depth
of 0.5 m, acts as a seasonal lake where reeds grow on the islands or in
the marshes in the dry season; in the wet season, the islands and
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marshes are covered by the lake, supplying significant amounts of or-
ganic matter to the sediments. Lianhuan Lake's sedimentary TOC was
the highest in NE. Weishan and Zhaoyang lakes are a part of Nansi
Lake, which has an average depth of 1.5 m and most areas are less
than 1 m deep, and the swamps are inhabited by several hydrophytes
(3.1 × 106 t) (Wang and Dou, 1998). Weishan and Zhaoyang lakes, lo-
cated in the heavily populated North China Plain, had the highest
water COD (the value being more than 4 times that of the second-
highest value, reported for Hangzhouxihu Lake) of all the sampled
lakes, which can be attributed to the intensive agricultural and indus-
trial activities occurring in the vicinity of these lakes. Lianhuan,
Weishan, and Zhaoyang lakes do not have regular outflows; therefore,
the organic matter accumulated in the sediment and the sediments of
the wetland lakes are under steady-state reductive environments.

Water temperature plays a role in the sedimentarymethylation pro-
cess (Holmes and Lean, 2006). Both methylation and demethylation
were affected by temperature (Zhou et al., 2020) and the net methyla-
tion rate, or MeHg:THg ratio, responded to temperature variations in
previous studies (Jordan et al., 2019). In this study, all the non-urban
HMLswere located at high latitudes in northern China. From the results
of this study, a relationship between higher MeHg risk and lower tem-
peratures or higher latitudes in China was identified.

As discussed, the sediments in several of the studied lakes in China,
particularly in NE, showed high Hg methylation, and could be pose po-
tential threats to human health through the consumption of fish with
high MeHg levels farmed in NE (Zhang, 2008). MeHg levels in EP were
low; however, because the lakes in this region provided 84.5% of the
freshwater aquatic products in China in 2014, the potential risks caused
by MeHg bioaccumulation in the food chain should be studied.

4. Conclusions

Lake sediments are an important Hg sink in China's aquatic ecosys-
tems. Among the 35 lakes sampled in this study, the THg concentrations
in the sediment ranged from 13.6 to 1488 ng‧g−1 and the UL lakes were
most heavily contaminated. MX and QT had relatively lower Hg burial
rates that were similar to the background atmospheric deposition,
while EP and NE had higher Hg burial rates. YG reported the highest
burial rates that were caused by the high background soil Hg content.
In 2014, 6.6 t of THgwas deposited into the sediments of the 35 studied
lakes and the estimated THgflux into all the lakes in Chinawas 11.4 t. EP
and NE, where themajority of the freshwater aquatic products in China
are harvested, contributed 58.2% and 22.9% of the THg burial flux, re-
spectively. The estimated average THg burial rate for China's lakes in
2014 was 139 μg‧m−2‧yr−1, which was comparable to average of that
reported for mid-latitude North America in recent years. However,
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because China's lake area is much smaller than that of North America,
China's annual THg burial flux was significantly lower than that of
North America. The MeHg concentration in lake sediments ranged
from 0.05 to 1.70 ng‧g−1, and except for the UL lakes, NE lakes and sev-
eral lakes from MX reported the highest MeHg concentrations and
MeHg:THg ratios. High MeHg concentrations or MeHg:THg ratios are
generally associated with high water depths, intense TOC inputs, and
low temperatures. The findings of this study indicate that in addition
to the adjacent seas, lake sediments are an important THg sink in
China's aquatic environment, and can cause adverse health effects due
to the introduction of MeHg in food chains, especially in NE.
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