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A B S T R A C T   

Riverine processes are crucial for the biogeochemical cycle of mercury (Hg). The Yangtze River, the largest river 
in East Asia, discharges a substantial amount of Hg into the East China Sea. However, the influencing factors of 
the Hg budget and its recent trends remain unclear. This study quantitatively analyzed the total Hg concentration 
(THg) in suspended particulate matter (SPM) in the Yangtze River and calculated the Hg budget in 2018 and 
2021. The results showed that the total Hg concentrations varied substantially along the river, with concen-
trations ranging from 23 to 883 μg/kg in 2018 and 47 to 146 μg/kg in 2021. The average Hg flux to China Sea in 
2018 and 2021 were approximately 10 Mg/yr, lower than in 2016 (48 Mg/yr). Over 70% of the SPM was trapped 
in the Three Gorges Dam (TGD), and 22 Mg/yr of Hg settled in the TGD in 2018 and 10 Mg/yr in 2021. Hg fluxes 
in the Yangtze River watershed were driven by various factors, including decreased industrial emissions, 
increased agriculture emissions, and decreased soil erosion flux. We found that in the upper reach of the Yangtze 
River changed from sink to source of Hg possibly due to the resuspension of sediments, which implies that the 
settled sediments could be a potential source of Hg for downstream. Overall, emission control policies may have 
had a positive impact on reducing Hg flux to the East China Sea from 2016 to 2021, but more efforts are needed 
to further reduce Hg emissions.   

1. Introduction 

Mercury (Hg) is a neurotoxin that has emerged as a significant 
environmental issue worldwide due to the rapid development of in-
dustry and the economy. Hg compounds can be found in land, ocean, 
and atmosphere, and are transported through a biogeochemical cycle 
with various forms (Boening 2000; Driscoll et al., 2013). Rivers serve as 
a vital link between land and ocean in the Hg cycle, allowing for the 
transport of Hg from land to ocean (Amos et al., 2014; Gao et al., 2017; 
Liu et al., 2021). The Hg budget in the global rivers, however, has been 
under-studied in previous research, while the increasing complexity of 
river systems resulting from the construction of numerous reservoirs and 
dams in recent decades (Selin et al., 2008; Liu et al., 2019). 

The Hg budgets of rivers are primarily controlled by the concentra-
tion of Hg in suspended particulate matter (SPM) and the sediment flux, 
given that most riverine Hg is contained in SPM (Cranston and Buckley, 
2002; Liu et al., 2021). Industrial emissions are a major contributor to 

the riverine Hg (Pacyna et al., 2006; Kocman et al., 2017; Muntean et al., 
2018). Specifically, iron and steel production, Artisanal and Small-Scale 
Gold Mining (ASGM) are listed as the important sources of Hg emissions 
(Pang et al., 2022) and caused relatively high Hg contributions to river 
systems (Kocman et al., 2017). Natural sources, especially soil erosion, 
are also important contributors, mainly affected by land use, precipita-
tion, and soil properties. Other human activities, such as land use 
changes and reservoir construction, also have a significant and 
increasing impact on Hg riverine budgets. 

Previous studies have investigated the Hg budget in a few rivers from 
different regions. Liu et al. (2021) reported the Hg budgets of major 
rivers in East Asia, including the Yangtze River, Yellow River, Pearl 
River, and Rivers-Japan. These rivers were found to be the major con-
tributors of Hg into the East China Sea with budget ranges from 0.07 
Mg/yr to 48 Mg/yr, surpassing the contribution of atmospheric depo-
sition. The study also revealed a strong correlation between Hg and SPM 
in these rivers. Buck et al. (2015) studied the Hg budget in rivers leading 
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to northern Gulf of Mexico estuaries in the US. They found that the 
Mississippi River had the highest Hg budget of 0.62 Mg/yr, contributing 
59% of the total Hg flux into the estuaries of the northern Gulf of Mexico. 
The study suggests that rivers are significant sources of Hg in the Gulf of 
Mexico, while estuaries act as sinks for Hg. Global riverine Hg discharge 
inventories were also developed in previous studies. The estimates of 
Arctic rivers’ output 37 Mg Hg to the Arctic Ocean per year were based 
on records of six major rivers (Zolkos et al., 2020). Amos et al. (2014) 
reported that approximately 5500 Mg/yr of Hg flux was discharged by 
rivers globally into the ocean. Recently, Liu et al. (2021) considered the 
temporal and spatial variations in the global estuaries and updated the 
estimate to suggest that about 1000 Mg of Hg is delivered annually from 
global rivers to the ocean. 

The Yangtze River watershed, the largest in East Asia, has a 
considerable contribution to sediment and Hg transport to the East 
China Sea. The Yangtze River is home to several mega-cities and dams, 
located in the temperate monsoon zone, and is, therefore, an ideal 
location for studying the impacts of anthropogenic and climate changes 
on river systems. Previous studies on the Yangtze River have found 
significant interannual variability in the Hg budget. For example, Liu 
et al. (2020a) reported that up to 110 Mg Hg had been delivered to the 
East China Sea by the Yangtze River in 2014–2015, but 48 Mg Hg in 
2016 (Liu et al., 2021). The exact reason for this variability remains 
unclear but two main factors may contribute: (1) implementation of Hg 
and other pollutant emission control policies (Mulvaney et al., 2020); 
and (2) water management practices like dams and reservoirs that 
impact the sediment budget (Gao et al., 2018). In addition, the 

Minamata Convention that took effect in 2017 and the recent COVID-19 
lockdown, may also influence the source-sink pattern of tributaries and 
mainstream in the Yangtze watershed. 

In this study, we collected samples along the Yangtze River, covering 
approximately 3500 km of the river in 2018 and two seasons in 2021. 
We aimed to evaluate the riverine Hg fluxes in SPM in the Yangtze River 
watershed and the output fluxes to the East China Sea in 2018, July 
2021, and Oct. 2021. We compared them with those in previous years 
and evaluated their association with emission data sets and natural 
environment factors to identify the key factors that impact the Hg flux in 
the Yangtze River. Additionally, we analyzed the connection between 
Hg and carbon/nitrogen compounds in SPM and discussed the effects of 
the Three George Dam and mega-cities on the Hg budget in the Yangtze 
River. 

2. Materials and methods 

2.1. Sample collecting 

Field sampling was conducted in the Yangtze River watershed in 
August 2018, July 2021, and October 2021. The location of the Yangtze 
River Watershed is presented in Fig. 1a. The surface water samples (0–1 
m) were collected by using an acid-washed polyethylene sampler in the 
mainstream of the river channel, as well as in the tributaries (eleven 
samples in the mainstream and nine samples in tributaries, Fig. 1a). The 
SPM was obtained by filtration: the water samples were filtered by 0.7 
μm glass fiber filters (47 mm diameter, Whatman GF/F) which had been 

Fig. 1. a) Location of the Yangtze River in China and sample sites in the Yangtze River Watershed; b) concept map of the Yangtze River Watershed, the dark yellow 
bar represents the dam (Three Gorges Dam, TGD), the flow in channels represents tributaries rivers, the boxes represent tributaries lakes, the red capital notes 
represent the sample sites, and the bold red text represents mega-cities. The detail of sample site (acronyms) was given in Table A.2-Appendix A. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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pre-combusted at 450 ◦C for 3 h for cleaning, and pre-weighed (Buck 
et al., 2015). The filtered matter (SPM) was frozen dried and then stored 
at − 20 ◦C for further laboratory analysis. 

2.2. Lab analysis 

All SPM samples were stored in PE bags and refrigerated at − 20◦C. 
The total Hg concentration of samples was determined by Mercury Test 
(DMA-80, Milestone, Italy). The test processes were: firstly, the Standard 
sediment [GBW07405(GSS-5), solid, Institute of Geophysical and 
Geochemical Exploration, Hg 290 mg/kg; GBW07423(GSS-9), solid, 
Institute of Geophysical and Geochemical Exploration, Hg 30 mg/kg] 
were used to calibrate the instrument; next, we analyzed the samples in 
triplicate; then any sample that was considered as outlier [by Dixon’s Q- 
test (Efstathiou 2006)] were retested; finally, we record all data and 
remove the outlier before statistics. There were 53 samples in total, and 
47 of them were tested with more than three replicates. Six samples were 
tested twice because they do not have enough materials for the third 
test. The maximum accepted coefficient of variation (RSD) was 12.5%. 
The R square of the calibration curve was >0.999. 

2.3. Data sets 

In this study, we cited several data sets to figure out what were the 
major causes for the unique Hg budgets in the Yangtze River. The global 
atmospheric mercury emission inventory (EDGAR, 2012,) was chosen as 
a proxy for the Hg release to the freshwater environment due to its data 
availability. Indeed, Hg release to the atmosphere and freshwater 
environment arises from major industrial source sectors, e.g., chlor- 
alkali industry, oil refining, gold, and non-ferrous metal production, 
and disposal of Hg-containing products (Kocman et al., 2017). Also, the 
human activity data sets like GDP (2010) (XU Xinliang 2014), and 
population (2010) (Shen et al., 2017) in China were also chosen to scale 
the Hg emission strength. Other data sets related to natural Hg sources 
like land use (2020, GlobeLand 30, (Jun et al., 2014; Chen et al., 2017)), 
Slope (SRTMSLOPE 90 M), Precipitation (2018, 2021) (Peng et al., 
2019; Ding and Peng, 2020) and soil parameters (Shangguan et al., 
2013) were also considered for the correlation analysis with our data 
(See Appendix A for more detail). The population, GDP, precipitation 

and soil parameters were regional data sets and other data sets were at 
global scale. All data sets were in grid format and the region-
al/watershed values were extracted using the Yangtze River Watershed 
vector map. 

2.4. Statistics 

We used the annual sediment fluxes published by China government 
to estimate the particulate Hg fluxes of the Yangtze River watershed: 

Hgf = Hgc × Sedf (1)  

Hgf represents the total Hg flux of each sub-watershed; Hgc represents 
the Hg concentration of the monitor station sites of each sub-watershed. 
Note that Hg concentrations in the wet season were used because of the 
major contribution of sediment. Sedf represents the total sediment flux of 
sub-watershed of the year (MWR 2016; MWR 2018; MWR 2021). The 
particulate Hg was the major part (>70%) of the riverine Hg (Cranston 
and Buckley, 2002; Liu et al., 2021), thus we use particulate Hg flux to 
represent the Hg flux of the rivers. 

We calculated Hg fluxes at the hydrology monitor stations [the detail 
of stations can be found in (MWR 2016; MWR 2018; MWR 2021)] and 
sampling sites (Fig. 1a, b) along the Yangtze River. These fluxes were 
compared with the natural and socio-economical parameters of corre-
sponding sub-watersheds that potentially contribute to these sampling 
sites (Fig. 2). We considered 17 sub-watersheds with all parameter data 
sets clipped by the boundary of watersheds by ArcGIS Pro 2.8.3 (ESRI. 
Redlands, CA: Environmental Systems Research Institute). Except for 
tributaries that are naturally divided into different watersheds, the 
Jinsha River was separated into two parts by Guanyinyan Reservoir, and 
the mainstream of Yangtze River was divided into several 
sub-watersheds defined by the contribution to the monitoring stations 
(Fig. 1a, upper and middle-lower reaches). The extension data like GDP 
were summarized as the sum of the sub-watershed and status data like 
soil pH were summarized as the average of the sub-watershed. Spearman 
Correlations, pairwise analysis, and Linear fit were applied to the 
Yangtze River Hg flux and summarized data set by JMP Pro 16 (SAS 
Institute Inc., Cary, NC, 1989–2021). 

Fig. 2. The observed net mercury flux of the sub-watershed. The numbers represent the net mercury flux of the sub-watershed (Mg/yr) in 2018 or 2021. The 
Mainstream-up1–3 represents the sub-watershed in the upper reach of the Yangtze River and ranks as 1–3 along the flow direction, the Mainstream-middle/low 
represents the middle/lower reaches. The asterisk remarks indicate that the data were influenced by abnormal values (explained in the result), the tide zone rep-
resents the zone that could be influenced by tide for which there are no net mercury flux data. The Chongqing, Wuhan and Nanjing are mega-cities. 
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3. Results and discussion 

3.1. Temporal and Spatial distribution of Hg concentration and Hg flux in 
the Yangtze River 

Concentration of the total Hg (THg) and its fluxes in the Yangtze 
River were portrayed in graphical form in Fig. 3 and Fig. 4. The national 
background level of Hg is 150 μg/kg (Zhang et al., 2018). Fig. 3 shows 
the THg concentrations along the mainstream Yangtze River, which 
ranged from 23.46±3.14 to 882.97±4.06 μg/kg in 2018, 47.28±0.37 to 
103.92±6.80 μg/kg in July 2021, and 48.95±1.71 to 146.14±5.87 
μg/kg in October 2021. The concentration of THg in the Yangtze River 
watershed is similar to previous records found in developing regions 
such as the Awash River in Ethiopia [170 μg/kg, (Dirbaba et al., 2018)] 
and the Yangtze River in 2016 [210±56 μg/kg, (Liu et al., 2020b)]. It is 
higher than that found in the less polluted rivers like the Esaro River in 
Italy [44 μg/kg, (Protano et al., 2014)], but lower than that found in 
high-emission areas such as Candarli Gulf, Turkey [230–1400 μg/kg, 
(Pazi 2011)], highly industrialized regions like Hyeongsan River, South 
Korea [0.11–35.6 mg/kg, (Bailon et al., 2018)], mine areas like Tisza, 
Hungary [330–770 μg/kg, (Devai et al., 2007)], Gulf of Trieste 
[Slovenia, Idrija mining, 610–6870 μg/kg, (Pavoni et al., 2023)], 
Paglia–Tiber River [Italy, Monte Amiata mining, 1.53–288.57 μg/g (=
particulate Hg/ total suspended solid), (Fornasaro et al., 2022)] and 
Shuangqiao River [China; Xiaoqinglin gold area; 0.8–1.12 mg/kg, (Liu 
et al., 2012)]. 

The Hg flux exhibited a different pattern compared to the THg con-
centration due to the varied sediment fluxes in the Yangtze River 
watershed. Fig. 4 shows the flux of THg in SPM at the different sampling 
sites. The Hg budget of the Yangtze River into the East China Sea was 
approximately 10 Mg/yr in 2018 and 2021, much lower than a previous 
study that reported a flux of 48 Mg/yr (dissolved Hg + particulate Hg) 
output from the Yangtze River to the East China Sea in 2016 (Liu et al., 
2020b). The output Hg flux in the Yangtze River was similar to the 
Yellow River (China, 9.9 Mg/yr, (Liu et al., 2021)), and Pearl River 
(China, 9.7 Mg/yr, (Liu et al., 2021)), even though the Yangtze River has 
much higher sediment flux than the other two rivers. However, we found 
much higher flux in the Yangtze River than in the Mississippi River (U.S., 
0.62 Mg/yr, (Buck et al., 2015)), likely due to the lower sediment flux of 
the latter and low industry activity in the watershed. In contrast, the 
output Hg flux of the Yangtze River is lower than Mekong River (East 
Asia, 21 Mg/yr, (Noh et al., 2013)), likely attributable to the less strict 
wastewater management in the watershed of the latter river (Creaser 
et al., 2019). 

The data in 2021 included two seasons: wet (July) and dry (October). 
In general, there were no significant differences in THg concentration 
between the wet season (July) and dry season (October) of 2021 (Fig. 3), 
despite more soil could enter the river system during flooding events in 
the wet season. The Hg concentration in SPM was likely controlled by 
the Hg concentrations in erosional soil, rather than the dissolved Hg (II) 
bonding into SPM in the river because the flow flux has less impacts on 
THg concentration. 

Cities usually act as the major sources of Hg because of industrial 
emissions. The mega-cities (Chongqing, Wuhan, Nanjing) in the Yangtze 
River were marked in Fig. 1b. The sampling records around mega-cities 
in the Yangtze River watershed showed similar THg concentration 
levels, regardless of their locations in upstream, midstream, or down-
stream of the river (Fig. 1b, Fig. 2b). However, Wuhan had an abnormal 
highest THg concentration in August 2018, possibly due to an instan-
taneous emission event during sampling. Possible source(s) for such 
specific event could be represented by shipping activities, coal com-
bustion, and iron industries in Wuhan, a major industrial city in central 
China (Yi et al., 2011; Sun et al., 2013). 

The tributaries contribute substantially to the Hg in the Yangtze 
River. The THg concentrations of the tributaries of the Yangtze River 
ranged from 35.78±2.73 (Yalong River) to 168.01±5.85 μg/kg (Jialing 

River) in 2018, and 65.17±2.36 (Yalong River) to 115.52±2.99 μg/kg 
(Dongting Lake) in July 2021. Approximately 20 Mg Hg were discharged 
from tributaries into the Yangtze River in 2018 and almost 10 Mg in 
2021. The Hg flux of the tributaries ranged from 0.19 (Dongting Lake) to 
12.22 Mg/yr (Jialing River) in 2018 and ranged from 0.15 (Wu River) to 
4.12 Mg/yr (Jialing River) in 2021 (Fig. 3b). Jialing River and Min River 
have the largest contributions to THg flux among tributaries (Fig. 3b). 
The Hg flux was found to be higher in Chongqing (CQ, Fig. 4a) compared 
to downstream of the Jialing River confluence (referred to as FL, 
Fig. 4a). Interestingly, although the Jialing River contributed a sub-
stantial Hg flux to the mainstream downstream of CQ, the presence of 
the Three Gorges Reservoir in the FL area led to lower flow speeds, 
resulting in increased sedimentation and reduction of Hg flux. This 
phenomenon likely contributed to the higher Hg flux observed in 
Chongqing. 

3.2. Driving factors of sub-watershed variations 

The watershed of the Yangtze River has been divided into as 17 sub- 
watersheds for analysis (Fig. 2). Correlation analysis (Pairwise analysis 
and Spearman analysis) was conducted between the net mercury flux 
(nMF, the upstream Hg flux subtracted from the downstream Hg flux, i. 
e., the new contribution from the corresponding watershed) of 14 sub- 
watersheds (two of 17 were combined into one and three had no data) 
and potential influencing factors (see Fig. 2 for nMF). These factors were 
classified as emission data sets and erosion data sets by their potential 
impacts on Hg fluxes. The emission data sets include atmospheric Hg 
emission sources (EDGAR), population, and GDP. The erosion data sets 
represent Hg flux by soil erosion and subsequent sediment fluxes. The 
erosion data sets included land use, the slope of the land, precipitation, 
and soil properties (Table 1). As many factors of the data sets have 
different ranges and distribution types, we uniformed them by using 
either Z score or Logarithm-based transformation. All significant cor-
relations are given in Table 2 and discussed below. 

The nMF in 2018 and 2021 both had a significant correlation with 
EDGAR (p<0.05, Table 2), especially iron and steel production (iro). 
This is attributed to the prosperity of iron steel industries and auto 
manufacturing along the Yangtze River (Sun et al., 2013; Han et al., 
2019; Gao and Xing, 2021), particularly in Chongqing, Wuhan, and 
Shiyan, and which were also associated with other pollutions like air 
pollution (Mao et al., 2013). Iron ore materials contain Hg, which is 
emitted during steel production processes. Six sectors of EDGAR had 
significant correlation with nMF in 2018 by pairwise correlation 
(Table 2, p<0.05) while only two sectors of EDGAR were significantly 
correlated with nMF in 2021. The weaker linear correlation between 
nMF and emission factors in 2021 compared to 2018 was caused by the 
reduction of industrial Hg emissions during this period, which were 
caused by the mutual effects of lockdown (pandemic of COVID19) and 
stricter emission control policies of Hg after Minamata Convention 
(Mulvaney et al., 2020; Shen et al., 2021). Based on Spearman analysis, 
the nMF in July 2021 was substantially influenced by six sectors of 
EDGAR (Spearman, p<0.05). The population had an impact on nMF in 
July 2021 (p<0.05), but GDP had less significance with nMF, related to 
the lockdown policy during pandemic. Strict pandemic policies in China 
resulted in reduced human mobility during this period (Kraemer et al., 
2020). In 2021, the increased utilization of medical resources resulting 
from the pandemic led to an increase in improper disposal of medical 
waste; this includes incineration and landfill of such waste in areas that 
lack adequate capacity for its management (Sangkham 2020), the latter 
would result in Hg release to ecosystems (Lee et al., 2016; Peng et al., 
2021) and the Hg emission from landfilled-waste was reported in Wuhan 
(Sun et al., 2013). 

In aquatic ecosystems, 80% of Hg compounds in water are bound 
with SPM (Schuster et al., 2011; Amos et al., 2014) therefore soil erosion 
should be highlighted as another factor to be considered. Prior study 
indicated that soil erosion is another important contributor to the Hg in 
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Fig. 3. Concentration of total mercury in suspended particulate matter of Yangtze River in 2018 and 2021. a) concentration of total mercury in mainstream of 
Yangtze River; b) concentration of total mercury in mega-cities of Yangtze River; c) concentration of total mercury in upstream and downstream of Three George Dam 
(TGD); d) concentration of total mercury in tributaries of Yangtze River watershed. 
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the Yangtze River (Liu et al., 2020b), so we evaluated the association 
between Hg flux and erosion data sets parameters. Soil erosion fluxes are 
influenced by soil properties such as grain size, driving factors like 
precipitation, and geographic factors such as land slope. We find the 
variables of land use and soil properties were correlated with nMFs 
(Table 2). The cropland and wetland had positive correlations with nMF. 
The wet cropland acts as the sink of atmospheric Hg (Wang et al., 2016) 
and is likely to be the source of soil erosion (Guerra et al., 2017). The 
wetland showed stronger correlation with the nMF in 2021, which were 
caused by the fishery industry sources of Hg (Peng et al., 2020). 

Specifically, the policy of the ten-year ban on fishing in the Yangtze 
River from 2021 to 2031 led to the rise of fish farming, which made 
wetlands become important sources of pollutants (XU 2021). The land 
use types of bare and glacial had negative correlations with nMF in July 
2021, possibly because these land types are uncovered by vegetation. As 
a consequence, there is either causing either a less atmospheric depo-
sition flux to soil or a higher Hg release flux from soil to atmosphere, or 
both (Ma et al., 2018), and consequently a lower Hg content in the 
surface layer. While the erosion fluxes from bare and glacial land are 
generally larger compared to other land types, the corresponding Hg 
fluxes remain relatively low. 

The soil parameters in different layers of soil had various effects on 
nMF. The soil dominant structure (S1_1st-6th) had a positive correlation 
with nMF in the first layer but negative in the third layer (Table 2, 
p<0.05). The soil root abundance (R_1st-6th) had a positive correlation 
with nMF in the deeper layer (Table 2, p<0.05). A denser root presence 
increases the porosity of the soil, it helps to transfer Hg from the soil to 
the sub-river. The colors of the soil (with unclear water conditions, 
Unh_1st-6th; and wet color, Wh_1st-6th) were identified as significant 
factors affecting nMF in 2021. The red soil corresponded to higher nMF 
and the red-purple soil corresponded to lower nMF. Possibly, the red soil 
(rich in Fe3+) impacts on nMF (Ma et al., 2014) and the impacts 

Fig. 4. Fluxes of total mercury in suspended particulate matter of Yangtze River in 2018 and 2021. a) flux of total mercury in the mainstream of the Yangtze River; b) 
contribution of the total mercury flux from tributaries to the Yangtze River. 

Table 1 
The classification of data sets.  

Data sets Data sets Description 

Emission Data sets EDGAR Atmosphere Emission 
Population Anthropogenic sources 
GDP Anthropogenic sources 

Erosion Data sets Landuse-GlobeLand 30 Land Use data 
Soil parameters Soil properties data 
Slope Geography slope data 
Precipitation Monthly precipitation data  
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consisted with increased agriculture emissions (in 2021). On the other 
hand, slope and precipitation did not show significant correlation with 
nMF which could be explained by (1) an average soil slope across the 
whole (sub-)watershed cannot represent the overall mobility potential 
of soil particles (Guerra et al., 2017), (2) not all precipitation drives 
erosion events (Owen et al., 2011; Guerra et al., 2017). Extreme hy-
drological events, such as rainstorms, play a crucial role in driving soil 
erosion (Dadson et al., 2003; Yin et al., 2023), while the type of vege-
tation cover acts as a significant protective factor in reducing soil 
erosion across various slopes (El Kateb et al. 2013). Indeed, a higher 

spatial resolution and mechanism-based model are needed to better 
reveal the impact of these factors. 

We also examined the relationship between THg concentrations and 
the fractions of carbon and nitrogen in SPM in the Yangtze River 
watershed. The carbon and nitrogen data were obtained from Jixuan 
Lyu’s previous studies on the Yangtze River watershed which were 
sampled together with this study (Wang et al., 2022; Lyu et al., 2023). 
The Hg-carbon relationship had been widely investigated in the rainfall 
(Akerblom et al., 2015), lakes (Driscoll et al., 1995), and wetlands 
(Kolka et al., 1999). However, a noteworthy inverse relationship was 

Table 2 
Correlation Analysis of mercury flux with parameters. log10, log, and Z represent the data centralization methods, 1st − 6th represents the layers of soil, S1 represent 
soil dominant structure, U represents soil color (water condition unclear), Wh represents soil wet color, R represents root abundance factor, waste (solid waste 
incineration and agricultural waste burning), tro (road transport), iro (iron and steel production), glass (glass production), comb_res (combustion in residential and 
other combustion (transformation industry and oil refineries)), comb_power (combustion in power generation and in industry), cement (cement production) represent 
sector of EDGAR. Ranks of soil color parameters and root abundance factor are given in Appendix A.  

Pairwise Analysis 
Variable By Variables Variable Data sets Prob > |ρ| Positive or Negative 

Log10 (MF21_07) Log10[S1_1st] Erosion 
Data sets 

0.02 P 
Log10[S1_3rd] 0.04 N 
Log10[Unh_3rd] 0.04 – 
Log10[R_5th] 0.02 P 
Log10[Unh_5th] <0.05 – 
Log10[wetland] 0.02 P 
Log10[bare] 0.02 N 
Log10[cropland] 0.04 P 
Log10[glacial] 0.01 N 
Log10[tro] Emission 

Data sets 
0.04 P 

Log10[iro] 0.01 P 
Log10 (MF21_10+1) Log10[Unh_3rd] Erosion 

Data sets 
0.03 – 

Log10[Wh_3rd] <0.05 – 
Log10[Wh_4th] 0.04 – 
Log10[Unh_5th] 0.03 – 
Log10[Wh_5th] 0.04 – 
Log10[wetland] 0.01 P 
Log10[iro] Emission 

Data sets 
<0.05 P 

Log10[nfe_oth] 0.01 P 
Z(MF18) Z[cropland] Erosion Data sets 0.02 P 

Z[population] Emission 
Data sets 

0.04 P 
Z[waste] 0.01 P 
Z[tro] 0.01 P 
Z[iro] 0.03 P 
Z[glass] 0.02 P 
Z[comb_power] 0.04 P 
Z[comb_res] <0.05 P 
Z[cement] 0.01 P  

Spearman Analysis 
Variable By Variables Variable Data sets Prob > |ρ| Positive or Negative 

Log10(MF21_07) Log10(S1_1st) Erosion 
Data sets 

0.03 P 
Log10(S1_4th) 0.04 N 
Log10(R_6th) 0.02 P 
Log10(cropland) 0.02 P 
Log10(bare) 0.03 N 
Log10(population) Emission 

Data sets 
<0.05 P 

Log10(waste) 0.02 P 
Log10(tro) 0.03 P 
Log10(iro) 0.03 P 
Log10(glass) 0.02 P 
Log10(comb_res) 0.04 P 
Log10(cment) <0.01 P 

Log10(MF21_10+1) Log10(waste) Emission 
Data sets 

0.03 P 
Log10(comb_res) 0.03 P 
Log10(cment) 0.01 P 
Log10(cropland) Erosion 

Data sets 
<0.05 P 

Z(MF18) Z(CA_1st-CA_6th) Erosion 
Data sets 

<0.05 P 
Z(CEC_1st-CEC_5th) <0.05 P 
Z(GRAV_1st-GRAV_6th) <0.05 P 
Z (MG_1st-MG_6th) <0.05 P 
Z (POR_6th) 0.01 P 
Z(waste) Emission 

Data sets 
0.02 P 

Z(tro) 0.03 P 
Z(iro) 0.04 P  
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observed in 2018 between the concentration of carbon and THg 
(Table 3, p<0.01), whereas no correlation was found in 2021. This in-
dicates that the carbon and Hg in SPM may have different sources: the 
former is from biological production in the river water while the latter is 
from soil erosion, wastewater discharge, and/or atmospheric deposition. 
Meanwhile, the nitrogen fractions also showed no correlation with THg 
concentrations. It could be the result of the lower abundance of plankton 
found in the Yangtze River than in previous studies. Specifically, the 
strong correlation between Hg and organic matters was usually found in 
wetlands (Kolka et al., 1999) and estuaries (Ramalhosa et al., 2005). 
However, the SPM in river channels usually had higher flow speed and 
fewer nutrient concentrations than in wetlands/estuaries, which could 
lead to less plankton development (He et al., 2017) and therefore 
smaller impacts on THg in SPM. 

3.3. Decline of Hg in the Yangtze River 

Fig. 5b illustrates the Hg budget of the mainstream of the Yangtze 
River into the East China Sea. The Hg fluxes showed different patterns 
from 2016, 2018, and 2021. Firstly, the Hg fluxes discharged to the 
ocean were steady in 2018 and 2021 (Fig. 4), which was caused by a 
compensation of the higher sediment flux and lower Hg concentration in 
the outlet of the Yangtze River to the ocean in 2018 compared to 2021. 
Compared with the previous study in 2016 (Liu et al., 2020b), the Hg 
budgets from the Yangtze River to the ocean were much lower in 2018 
and 2021. Although there were only slight changes in the river’s water 
flux from 2016 to 2021, a significant reduction was observed in sedi-
ment flux (Fig. 5c), likely caused by the construction of reservoirs along 
the river (Gao et al., 2017; Gao et al., 2018) and the increase in vege-
tation cover (Ananda and Herath, 2003; Liu et al., 2011). As we dis-
cussed before, erosion events and sediment flux were important factors 
that impact Hg flux. Therefore, it is reasonable that the different patterns 
of Hg flux in years could be associated with the different sediment flux in 
2016, 2018, and 2021. 

The Hg fluxes of the tributaries also differ substantially in 2018 and 
2021 (Fig. 2). For example, the nMF of upstream of Jinsha River, Min 
River, Jialing River, and Wu River sub-watersheds had experienced a 
decline, which could be attributed to China’s more stringent emission 
policies and soil erosion control policies. The Hg flux decreased by more 
than 60% in Jialing River and by 80% in Min River from 2018 to 2021, 
both of these tributaries contributed high Hg flux to mainstream. 
However, the low Hg fluxes sub-watersheds, such as Dongting Lake had 
observed a 6-fold increase in Hg flux and a 3-folder increase in Poyang 

Fig. 5. a) Mercury flux settled in the TGD reservoir; b) mercury budgets of the Yangtze River [only the 2016 fluxes are those calculated by Liu et al. (2020b)] to the 
East China Sea; c) sediment fluxes and flow flux of Yangtze River to China Sea (Lee et al., 2016; Kraemer et al., 2020; Peng et al., 2021). 

Table 3 
Correlation analysis between the total mercury concentrations with carbon and 
nitrogen percentage in particle matters of Yangtze River.  

Time By Variables Method Correlation Signif Prob 

2018 C% Pairwise − 0.15 0.86 
2018 N% Pairwise − 0.04 0.51 
2018 C% Spearman − 0.59 <0.01** 
2018 N% Spearman 0.04 0.86 
July 2021 C% Pairwise 0.21 0.40 
July 2021 N% Pairwise 0.24 0.33 
July 2021 C% Spearman − 0.05 0.84 
July 2021 N% Spearman − 0.02 0.93  
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Lake. The rise in nMF of a few sub-watersheds may be the unintended 
consequence of the prosperity in certain areas of China (Peng et al., 
2020; Peng et al., 2023) and its bad impacts on water quality were also 
recognized in previous studies (Feng et al., 2021). Besides the pandemic 
lockdown policies, high-polluting factories in China have been relocated 
from developed regions to developing ones due to the stricter regulation, 
which resulted in a relocation of Hg releases to freshwaters (Li et al., 
2021; Shao et al., 2021). 

These changes highlight the impact of related policies on Hg emis-
sions. There could be a reduction of anthropogenic emissions from 2018 
to 2021, especially as a result of the COVID-19 lockdown and industrial/ 
residential wastewater control by mega-cities (Hu et al., 2021). This 
could be proven by the weak correlation between EDGAR and Hg fluxes 
of sub-watersheds in 2021. As we discussed before, the significant 
decrease in sediment flux exemplifies the success in mitigating 
erosion-related origins of Hg. Remarkably, agricultural sources have 
emerged as a significant contributor to the Hg flux, calling for more 
attention and control measures in this sector. Similarly, the uncontrolled 
industrial emissions in fast-developing regions are also hot-spots of Hg 
pollution. 

3.4. The Three Georges Dam’s impacts on Hg in the Yangtze River 
watershed 

The Yangtze River is divided into upper and middle-lower reaches by 
the Three Georges Dam (TGD), which acts as a barrier to sediments. The 
upper reach brings sediments to TGD and most of them are settled before 
the dam. Previous studies reported that up to 98% of SPM can be trapped 
by TGD (Yang et al., 2014; Liu et al., 2020b). The settled Hg flux in TGD 
was calculated by the gross inlet flux of Hg (Hg flux in CQ plus Hg flux of 
Jialing River plus Hg flux of Wu River) subtract from the outlet flux of 
Hg (Hg flux in YC). We found ~10 Mg Hg was settled in TGD in 2021 and 
~22 Mg in 2018 (Fig. 5a). These numbers were much smaller than 
previous studies, e.g., 34 Mg in 2016 by Liu et al. (2020b). Interestingly, 
we found that the trapped Hg fluxes were decoupled with the sedi-
mentation fluxes (MWR 2016; MWR 2018; MWR 2021). Specifically, the 
settled sediment (and Hg) fluxes in 2016, 2018, and 2021 were 33.4 
million tons (34 Mg Hg), 104.2 million tons (21.74 Mg Hg), and 71.6 
million tons (9.69 Mg Hg), respectively. The settled sediment fluxes 
were much higher in 2018 than in 2016 and 2021, which could be 
related to the grain size of sediment and the erosion events at upstream 
(Yang et al., 2022). However, the Hg concentrations in sediments were 
much higher in 2016 than in 2018 and 2021. 

We found that some sub-watersheds (Mainstream-up1–3) were 
shifted from a sink of Hg to a source in 2018 and 2021 (Fig. 2). As 
discussed above, the reduction of Hg emissions led to a decrease of its 
presence in the mainstream of the Yangtze River. However, the distur-
bance of settled Hg could cause re-contamination in rivers due to 
changes in sediment processes (Gao et al., 2017; Gao et al., 2018). The 
Hg fluxes in mainstream-up reaches 1–3 increased by 3.34, 5.29, and 3.9 
Mg from 2018 to 2021, respectively. Similarly, the Hg fluxes in tribu-
taries could be also increased by the resuspension of settled Hg in sed-
iments. Prior research highlighted the obstructive impacts of TGD with 
less attention to the Hg reservoir within TGD (Liu et al., 2020b). In total, 
2.48 billion tons of sediments were settled in the TGD reservoir till 2021, 
which was ten times more than the sediments that were transported to 
the ocean in 2021. Based on the SPM THg concentrations found in this 
study (50–100 ng/g), we estimated that there was a total of 124–248 Mg 
THg settled in TGD reservoirs. The TGD could thus be an important 
source of Hg in the Yangtze River watershed. 

4. Conclusion 

In this study, we analyzed the Hg content in the SPM of the Yangtze 
River and calculated the Hg flux and budgets to the East China Sea in 
2018 and 2021. The highest concentrations were found near high- 

emission cities and tributaries. The Hg flux to sea was relatively lower 
in 2018 and 2021 than in 2016, likely reflecting the changes in vege-
tation cover and erosion control management. The Three Georges Dam 
was found as a major sink of Hg in the Yangtze River, and could 
represent a potential emission source. The Hg fluxes are apparently 
correlated with industrial emissions, but increased emissions from 
agricultural activities should also be noted. We also found no correlation 
between Hg and organic carbon and nitrogen compounds, indicating 
different sources or controlling mechanisms. Overall, this study serves as 
a useful case study to identify the primary factors affecting the Hg flux in 
rivers, which is the key to developing riverine Hg models. It also con-
tributes to our understanding of the factors affecting Hg flux in rivers 
and provides valuable data for Hg pollution control and related 
policymaking. 
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