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A B S T R A C T   

Lead–zinc (Pb–Zn) smelting is one of the largest anthropogenic emission sources of mercury (Hg) in China and 
the world. In the last few decades, Hg emission control devices have been employed in Pb–Zn smelters to reduce 
Hg emissions. To evaluate the effectiveness of Hg emission control, this study uses Hg isotopes to trace the 
sources of Hg in soils and reservoir sediments near the Zhuzhou smelter, the largest Zn production facility in 
China. The results showed that Hg concentrations in reservoir sediments were higher than those in soils at the 
three study sites, suggesting that reservoir sediments accumulate more Hg than soils do under the same con
ditions. Hg concentrations and deposition fluxes in reservoir sediments have dramatically decreased since the 
year 2000, suggesting the effectiveness of Hg emission control in the Zhuzhou smelter. Mercury isotope com
positions in soil suggest binary mixing of Hg from the Zhuzhou smelter and the local background, and the 
contribution of Hg from the Zhuzhou smelter to soils and sediment is mainly a function of location and distance 
from the source. The model output suggested that approximately 61–75% of Hg in reservoir sediments was 
sourced from the Zhuzhou smelter. This study demonstrates that legacy Hg will continue to be a source to local 
ecosystems, even after Hg emission control has been implemented for decades.   

1. Introduction 

Mercury (Hg), a toxic heavy metal of adverse health risks to humans 
and ecosystems (Selin, 2009; Sonke et al., 2010; Yu et al., 2016; Zheng 
et al., 2018), has attracted global attention due to its long-range trans
port in the atmosphere, widespread deposition, and extensive bio
accumulation in ecosystems (Selin, 2009). Natural (e.g., volcano, wild 
fires) and anthropogenic (e.g., nonferrous metal smelting, coal com
bustion) activities both emit large amounts of Hg to the atmosphere in 
the form of gaseous oxidized Hg (GOM, Hg2+), particulate bound Hg 
(PBM, HgP), and gaseous elemental Hg (GEM, Hg0). GOM and PBM are 
readily deposited in the local environment via wet and dry deposition 
pathways, whereas Hg0 has a long life of approximately 1 year in the 
atmosphere, allowing its transport globally (Driscoll et al., 2013). Lakes 
are an important sink for atmospheric Hg, and lake sediment cores are 
ideal natural archives for the reconstruction of atmospheric Hg 

deposition history (Kurz et al., 2019; Lepak et al., 2020). 
Nonferrous metal (primary Al, Cu, Pb, and Zn) smelting is one of the 

largest anthropogenic Hg emission sources (Pirrone et al., 2010), ac
counting for 14.7% of global Hg emissions in 2018 (UNEP, 2019). 
Mercury pollution related to nonferrous metal smelting is a common 
environmental issue (Ma et al., 2013; Sonke et al., 2010), especially in 
China, the largest nonferrous metal producer and consumer in the world 
(Li et al., 2015; Zhang et al., 2011; Wu et al., 2016). A particular case can 
be found in the Zhuzhou smelter, the largest Pb–Zn smelter in China for 
decades (Li et al., 2011). Long-term Zn–Pb smelting of the Zhuzhou 
smelter has resulted in serious pollution of heavy metals (e.g., Hg, Pb, Zn 
and Cd) in the local environment (Li et al., 2018), with reported Hg 
concentrations of up to 2.27 ± 0.53 mg⋅kg− 1 in surface soil (Li et al., 
2011). 

Since the early 2000s, China has commenced actions to decrease Hg 
emissions, including ceasing Hg mining activities and installing Hg 
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reclamation towers in industrial sectors (Qin et al., 2020; Wang et al., 
2010; Wu et al., 2014). Years of effort have resulted in a remarkable 
decrease in national-scale atmospheric Hg levels (Wang et al., 2010; Wu 
et al., 2014). The effects of Hg emission control on local ecosystems 
remain unclear, however. In Zhuzhou, although Hg emissions have 
remarkably decreased since the 2000s due to the installation of Hg 
reclamation towers (Wu et al., 2014), the large amounts of legacy Hg in 
the local environment may still be a threat to local ecosystems. 

Mercury isotopes are useful tools for tracing the sources of Hg in the 
environment (Foucher et al., 2009; Feng et al., 2010; Yin et al., 2010a; 
Liu et al., 2011). The seven natural stable isotopes of Hg (196Hg, 198Hg, 
199Hg, 200Hg, 201Hg, 202Hg, 204Hg) can undergo unique mass-dependent 
fractionation (MDF, reported as δ202Hg) and mass-independent frac
tionation (MIF, reported as Δ199Hg and Δ200Hg). (Bergquist and Blum, 
2007, 2009). Various processes regarding Hg biogeochemical cycle (e.g., 
reduction, methylation, demethylation, volatilization, vaporization and 
adsorption) can trigger MDF (Bergquist and Blum, 2007; Zheng and 
Hintelmann, 2009; Estrade et al., 2009; Zheng and Hintelmann, 2010; 
Jiskra et al., 2012; Kritee et al., 2013; Perrot et al., 2013), while MIF 
mainly occurs during a few processes (e.g., aqueous Hg(II) photore
duction, methylmercury photodegradation, and Hg(0) volatilization) 
(Bergquist and Blum, 2007; Estrade et al., 2009; Sherman et al., 2010). 
However, Hg entering the environment through industrial activities 
probably has little to no MIF (Estrade et al., 2011). For example, Sun 
et al. (2013) reported that no MIF was observed during coal combustion. 
Another study by Yin et al. (2013a) indicated that no statistically sig
nificant MIF (Δ199Hg ~ 0‰) was observed during the Hg ore roasting 
process. MDF and MIF processes result in distinguished Hg isotope sig
natures among geochemical Hg pools, which are of use in tracing the 
sources of Hg in the environment (Blum et al., 2014; Kwon et al., 2020). 

Theoretically, long-term efforts of Hg emission control in the Zhuz
hou area should have left changes in Hg isotopic composition in lake 
sediment cores. To examine the efficacy of control measures installed in 
the smelter during the period from 1991 to 2005, here we measured Hg 
isotopes in sediment cores collected from different localities around the 
Zhuzhou smelter and aimed to understand the historical variation in Hg 
sources. 

2. Materials and methods 

2.1. Study area and sampling sites 

The Zhuzhou smelter (27◦52′32.1594″N, 113◦4′40.4394″E), located 
in northwestern Zhuzhou City, Hunan Province, South China (Fig. 1), 
was commissioned in 1956 and relocated to Hengyang City in 2018. It 
has been the largest Pb–Zn smelter in China for decades, and the ores 
consumed by this smelter are from Hunan Province and other parts of 
China (Li et al., 2011; Wu et al., 2014). From 1960 to 1968, 160 kt of Pb 
was produced, and approximately 2 t of Hg was released to the atmo
sphere from the Zhuzhou smelter without any control measures (Wu 
et al., 2014). Dust collectors and acid plants were installed in the 
Zhuzhou Smelter in 1969 and 1991, respectively. However, with the low 
efficiency of Hg removal and the growing production volume, approxi
mately 95 t Hg was emitted from 1968 to 1990 (Wu et al., 2014). In 
2003, approximately 34 t of heavy metals (e.g., Hg, As, Cd, Pb) was 
emitted into the local environment (Lei et al., 2008). The concentration 
of heavy metals in agricultural soil near the Zhuzhou smelter (e.g., Hg: 
2.27 ± 0.53 mg⋅kg− 1. Pb: 723 ± 983 mg⋅kg− 1, Zn: 4731 ± 7352 
mg⋅kg− 1, and Cd: 7.3 ± 7.6 mg⋅kg− 1) were found to be the highest in 
China (Li et al., 2011; Lei et al., 2008). Vegetables grown on nearby 

Fig. 1. Schematic map showing A) Location of the study area on the map. B) Location of the sampling point in the study area. C) Wind rose (wind direction frequency 
distribution of Zhuzhou in the last 20 years). D) ZLP reservoir. E) DJ reservoir. F) SYH Lake (the green area is an island in the lake). Brown words in D, E and F 
indicate the distance and location of the sampling lake to the Zhuzhou smelter. (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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farmland were also seriously contaminated by heavy metals (e.g., 2.4 ±
1.24 mg⋅kg− 1 Hg in Chinese cabbage) (Liu et al., 2013). 

Three reservoirs in Zhuzhou, including the Shiyanhu Reservoir 
(SYH), Zhonglupu Reservoir (ZLP) and Dajing Reservoir (DJ), were 
chosen for sampling in this study (Fig. 1). DJ and ZLP are located in 
water source protection areas, and SYH is located in a nature ecological 
reserve. In addition to the Zhuzhou smelter, no other Hg pollution 
source was found around SYH, DJ, and ZLP. Therefore, the Zhuzhou 
smelter is recognized as the predominant Hg source to the selected three 
reservoirs. Moreover, SYH, DJ, and ZLP are located in different di
rections of the smelter, and could suffer divergent Hg pollution status. 
SYH is located downwind of the second predominant wind, 13 km away 
from the smelter. ZLP and DJ are 38 km and 18 km away, respectively, 
from the Zhuzhou smelter, however they are not directly downwind of 
the smelter. The average water depths of DJ, ZLP, and SYH were 11 m, 8 
m, and 15 m, respectively. As shown in Table S1 and Fig. S1, DJ, which 
was built in 1958, has a surface area of 2.64 km2 and a watershed area of 
52.00 km2, and is surrounded by mountains and forests. ZLP, which was 
built in 1958, has a surface area of 0.68 km2 and a watershed area of 
31.61 km2, and is surrounded by mountains and forests. SYH, which was 
constructed in 1957, has a surface area of 0.67 km2 and a watershed area 
of 32.64 km2 and is in the suburban area of Changsha City and pre
dominantly surrounded by mountains and forests. As shown in Fig. S2, 
the forest coverage of the three watersheds was relatively stable from 
1982 to 2018 (DJ: 66.2 ± 7.5%; ZLP: 66.4 ± 7.7%; SYH: 54.2 ± 8.5%, 
2SD, n = 37). 

2.2. Sample collection and preparation 

In October 2021, three soil profiles (DJ: 60 cm; ZLP: 90 cm; SYH: 55 
cm) were sampled near the three reservoirs (Fig. 1). The soil profiles 
were sliced into 5 to 10 cm intervals in the field using a precleaned 
ceramic cutter, preserved in plastic bags, and shipped to the laboratory. 
In October 2022, three sediment cores (DJ: 43 cm; ZLP: 45 cm; SYH: 39 
cm) were collected from the three reservoirs using a custom-designed 
sampler (SWB-1, Wang et al., 1998). The sediment cores were sliced 
into 1 cm sections in the field using a precleaned ceramic cutter, pre
served in plastic bags, and shipped to the laboratory. In the laboratory, 
the samples were freeze-dried (− 40 ◦C), powdered and homogenized to 
a size of 200 mesh per inch using a mortar prior to chemical analysis. 

2.3. Analytical methods 

Radiometric dating of sediments using 210Pb and 137Cs methods was 
performed using a multi-channel spectrometer (GX6020, Canberra, 
USA) (Wu et al., 2022). Briefly, the 210Pb, 226Ra, and 137Cs activities of 
sediment cores were measured via gamma spectrometry. The ages were 
calculated by the constant rate of supply (CRS) age model (Appleby and 
Oldfield, 1978; Sanchez-Cabeza and Ruiz-Fernández, 2012). 

Total Hg (THg) concentrations of soil and sediment samples were 
measured by using a DMA-80 Mercury Analyzer (Milestone, Italy). 
Based on the THg concentration and age results, the Hg deposition flux 
(μg⋅m− 2 yr− 1) was calculated based on Eq. (1): 

Hg deposition flux =
(
C× 10− 3)×

(
GR× 102)×

(
BD× 10− 6) (1)  

where GR is the growth rate (cm⋅yr− 1); BD is the dry bulk density 
(g⋅cm− 3); and C is the THg concentration (ng⋅g− 1). In this study, Hg 
deposition fluxes of the top and bottom samples of the sediment cores 
were not calculated due to the lack of deposition rates. 

Thirty-six soil samples from three soil profiles (n = 11, 14, and 11 for 
DJ, ZLP, and SYH, respectively) and 127 sediment samples from three 
sediment cores (n = 43, 45, and 39 for DJ, ZLP, and SYH, respectively) 
were selected for Hg isotope analyses. Briefly, approximately 0.2 g of 
soil/sediment sample was digested with 5 mL of freshly prepared aqua 
regia (HNO3/HCl = 1/3, v/v) in a water bath (95 ◦C, 3 h). The digestion 

solutions were diluted to 1 ng⋅mL− 1 Hg before isotope analysis by Nu- 
Plasma II multi-collector inductively coupled plasma–mass spectrom
eter (Nu Instruments, Great Britain) (Yin et al., 2010b). NIST SRM 3133 
was used as a working standard solution and measured in the same way 
as the samples. The MDF of the Hg isotope is expressed in δXXXHg no
tation referenced to NIST-3133 (analyzed before and after each sample), 
in accordance with Eq. (2): 

δXXXHg =

[ ( XXXHg
/198Hg

)

sample( XXXHg
/198Hg

)

NIST3133

− 1

]

× 1000 (2)  

where XXX is the mass number of each Hg isotope (199, 200, 201, and 
202). The MIF is reported as Δ-values (ΔXXXHg), which is the permitted 
deviation between the measured and theoretically predicted values of 
δXXXHg (‰). Eqs. (3)–(5) give the relations used to calculate MIF as 
described by (Blum and Bergquist, 2007): 

Δ199Hg (‰) = δ199Hg −
(
0.2520× δ202Hg

)
(3)  

Δ200Hg (‰) = δ200Hg −
(
0.5024× δ202Hg

)
(4)  

Δ201Hg (‰) = δ201Hg −
(
0.7520× δ202Hg

)
(5) 

Source apportionment analysis was performed by mixing models, 
which required accurate isotope values for each source and detailed 
information on the contaminated soil. In this study, a binary mixing 
model was established to evaluate the relative contribution of each 
source using Eqs. (6) and (7) (Yin et al., 2013b; Zhang et al., 2013): 
XXXHgsample =

XXXHgant ×Xant +
XXXHgnat ×Xnat (6)  

Xant +Xnat = 1 (7) 

Anthropogenic Hg originates primarily from industrial processes. 
Smelting Hg-bearing ores and burning fossil fuels probably produce a 
large range of MDF but little to no MIF (Estrade et al., 2011). Therefore, 
XXXHg is Δ199Hg in this study, and Xant and Xnat are the contribution rates 
of Hg derived from anthropogenic and natural sources, respectively. 

2.4. Quality control and statistical analysis 

Quality assurance and quality control measurements consisted of 
method blanks, triplicates, and SRMs. Specifically, blanks and mea
surements of standard reference material (GSS-5: soil, Institute of 
Geophysical and Geochemical Exploration, certificated value: 290 ± 30 
ng⋅g− 1; CC580: estuarine sediment, European Reference Materials, 
certificated value: 132 ± 3 mg⋅kg− 1) were analyzed after every ten 
samples. Regarding THg concentration analyses by the DMA-80 Hg 
analyzer, measurement of GSS-5 yielded THg recoveries of 101.8 ±
9.4% (2SD, n = 13). Analysis of CC580 yielded THg recoveries of 102.3 
± 8.2% (2SD, n = 5). All measurements of duplicate samples gave a 
relative standard deviation of <10%. 

Regarding Hg isotope analysis, the uncertainties were determined by 
replicated analyses of samples and by repeated measurement of sec
ondary standard solution (UM-Almadén) and digests of CC580. The 
overall average and uncertainty of UM-Almadén (δ202Hg = − 0.52 ±
0.07‰, Δ199Hg = − 0.02 ± 0.05‰, Δ200Hg = 0.01 ± 0.05‰, Δ201Hg =
− 0.02 ± 0.08‰, mean ± 2SD, n = 16) and CC580 (δ202Hg = − 0.53 ±
0.06‰, Δ199Hg = 0.00 ± 0.04‰, Δ200Hg = − 0.01 ± 0.05‰, Δ201Hg =
− 0.03 ± 0.08‰, mean ± 2SD, n = 5) are in agreement with those re
ported in previous studies (Janssen et al., 2015; Qin et al., 2020; Blum 
and Bergquist, 2007; Sun et al., 2016). 

Statistical analysis was performed in Excel 2019 and SPSS Statistics 
24 for Windows. One-way analysis of variance and an independent- 
samples t-test were performed to compare significant differences be
tween two independent datasets, e.g., between different sampling sites 
(DJ, ZLP, and SYH) or different periods (before and after the 
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commissioning of the Zhuzhou smelter). The determination coefficient 
(R2) and significance differences (P) were computed for the linear 
regression fits. Significant differences were declared at a P value of 
<0.05. The data were plotted using Origin Pro 2018 and ArcGIS 10.3. 

3. Results and discussion 

3.1. Mercury concentration and Hg isotopic composition in soil profiles 

The THg concentrations and isotopic compositions of the three soil 
profiles are shown in Table S2 and Fig. 2. Soil THg showed an increasing 
pattern: DJ (34.4–94.9 ng⋅g− 1; 67.3 ± 44.7 ng⋅g− 1, 2SD, n = 11) < ZLP 
(66.3–151 ng⋅g− 1; 93.5 ± 47.4 ng⋅g− 1, 2SD, n = 14) < SYH (106–338 
ng⋅g− 1; 150 ± 131 ng⋅g− 1, 2SD, n = 11). The average THg concentration 
in soil profile of SYH was significantly higher than the geochemical 
background value of 68 ± 18 ng⋅g− 1 in Changsha city, Hunan Province 
(Cheng et al., 2014), indicating the external Hg input. Moreover, the 
THg concentration in the topsoil (< 10 cm) of SYH was significantly 
higher than that of DJ and ZLP (P < 0.01), which can be explained by the 
distance (nearest) and location (downwind) of SYH to the Zhuzhou 
smelter. However, the average THg concentrations in soil profiles of DJ 
and ZLP were comparable with the geochemical background value (68 
± 18 ng⋅g− 1), suggesting that Hg input from the Zhuzhou smelter was 
less pronounced. DJ is surrounded by mountains, which limits the 
migration of Hg from the Zhuzhou smelter. ZLP is surrounded by a flat 
woodland. However, it is far from the smelter and not located in the 
main wind direction. These indicate that the migration and deposition of 
Hg emitted from the Zhuzhou smelter are mainly controlled by wind 
direction and distance. Additionally, topography can also affect the 
distribution of Hg in the study area. 

The Hg isotopic composition of DJ and ZLP soil also shows a 
distinctive pattern from that of SYH soil (Fig. 2 and Table S2). Specif
ically, DJ soil shows δ202Hg ranging from − 2.06‰ to − 1.15‰ (− 1.71 ±
0.53‰, 2SD) and Δ199Hg ranging from − 0.62‰ to − 0.44‰ (− 0.53 ±
0.12‰, 2SD); ZLP shows δ202Hg ranging from − 2.19‰ to − 1.54‰ 
(− 1.77 ± 0.41‰, 2SD) and Δ199Hg ranging from − 0.51‰ to − 0.30‰ 
(− 0.41 ± 0.13‰, 2SD), and SYH shows δ202Hg ranging from − 1.39‰ to 
0.53‰ (− 1.03 ± 0.49‰, 2SD) and Δ199Hg ranging from − 0.41‰ to 

− 0.25‰ (− 0.35 ± 0.11‰, 2SD). Given the limited contamination by the 
Zhuzhou smelter, the Hg isotopic composition of DJ and ZLP soils were 
more negative. These data are comparable with previous studies on the 
isotopic composition of background soils (Feng et al., 2010; Liu et al., 
2011). SYH soils are more contaminated with Hg from the Zhuzhou 
smelter. Consequently, the Hg isotopic composition of the SYH soils was 
more positive than that of the DJ and ZLP soils. The variations in δ202Hg 
and Δ199Hg in soil may reflect changes in Hg sources. However, Hg-MDF 
ubiquitously occurs during all biological, chemical, and physical pro
cesses, and it is difficult to directly use δ202Hg for source tracing (Kwon 
et al., 2020). Instead, Δ199Hg may be a useful Hg source tracer, given 
that Hg-MIF mainly occurs during photochemical processes with little 

Fig. 2. THg concentration and isotopic composition in soil at three sites in Zhuzhou. 2SD represents two standard deviations of UM-Almadén, which are the same in 
the following figures. 

Fig. 3. Linear regression of Δ199Hg (‰) vs 1/THg (μg⋅g− 1) between zinc ores 
and the three soil profiles near DJ, ZLP, and SYH, suggesting binary mixing of 
Hg from the Zhuzhou smelter (yellow area) and local background (gray area). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

K. Zhang et al.                                                                                                                                                                                                                                   



Chemical Geology 635 (2023) 121622

5

contribution from other reactions (Bergquist and Blum, 2007; Lepak 
et al., 2020). Here, the mean Δ199Hg value (0.02 ± 0.06‰, 1SD, n =
102, Yin et al., 2016) of Zn ores from 102 Chinese zinc ore deposits was 
employed as the representative of the source signature of Hg emitted 
from the Zhuzhou smelter. Ore roasting processes do not trigger MIF 
(Yin et al., 2013a). The negative Δ199Hg values of the Zhuzhou soil 
deviate from those reported for zinc ores, suggesting that the Zhuzhou 
smelter was not the sole source of Hg in the soil. Previous studies 
observed significantly negative Δ199Hg values in background soils 
(Demers et al., 2013; Yin et al., 2016; Zheng et al., 2016). The bottom 
soil with the most negative Δ199Hg (− 0.62‰) in DJ soil profile may 
reflect the Hg isotopic signature of the background soil. The increase in 
soil Δ199Hg from DJ and ZLP to SYH was likely due to an increase in Hg 
pollution from the Zhuzhou smelter. As shown in Fig. 3, a negative 
correlation between soil 1/THg and Δ199Hg (R2 = 0.76) suggests binary 
mixing of Hg from two major Hg sources: the Zhuzhou smelter and the 
local background soil. We used Δ199Hg as a tracer to quantify Hg con
tributions from different sources (Sun et al., 2020). Based on Eqs. (6) and 
(7), the source signatures of the Zhuzhou smelter (Δ199Hg = 0.02 ±
0.06‰) and the local background soil (Δ199Hg = − 0.62‰) and the mean 
Δ199Hg values of DJ soil (− 0.53 ± 0.13‰, 2SD, n = 11), ZLP soil (− 0.41 
± 0.13‰, 2SD, n = 14), and SYH soil (− 0.35 ± 0.11‰, 2SD, n = 11), we 
estimated that ~13 ± 9% (1SD, 0% to 28.1%), ~32 ± 11% (1SD, 17.2% 
to 40.6%) and ~ 42 ± 9% (1SD, 33.6% to 58.6%) of Hg in DJ, ZLP and 
SYH soils, respectively, was sourced from the Zhuzhou smelter. 

3.2. Mercury pollution in reservoir sediments 

The historical variations in THg concentration in sediment cores 
from DJ, ZLP, and SYH are shown in Table S3 and Fig. 4. The THg 
concentrations showed a similar increasing pattern with the soil: DJ 
(98.1–171 ng⋅g− 1; 129 ± 42.5 ng⋅g− 1, 2SD, n = 43) < ZLP (115–266 
ng⋅g− 1; 159 ± 52.5 ng⋅g− 1, 2SD, n = 45) < SYH (266–461 ng⋅g− 1; 385 ±

99.2 ng⋅g− 1, 2SD, n = 39). THg concentrations in the cores show similar 
temporal trends. Here, it is worth noting that the THg concentrations of 
reservoir sediments are higher than those of soils at each site (P < 0.01, 
Fig. S3), implying that anthropogenic perturbations and runoff could 
release and transport Hg from soil to sediment. Therefore, lake sediment 
can be recognized as a better natural archive to record Hg pollution 
history than soil profiles. 

Hg deposition flux shows similar patterns to THg concentration, 
which increased during the 1960s to 1990s and slowly decreased af
terward (Fig. 4). Hg deposition fluxes of the three reservoirs were as 
follows: DJ, 231.0 to 565.7 μg⋅m− 2⋅yr− 1 with a mean value of 349.7 ±
130 μg⋅m− 2⋅yr− 1 (2SD, n = 41); ZLP, 297.6 to 809.8 μg⋅m− 2⋅yr− 1 with a 
mean value of 482.2 ± 178 μg⋅m− 2⋅yr− 1 (2SD, n = 43); and SYH, 741.9 
to 1906.4 μg⋅m− 2⋅yr− 1 with a mean value of 1349.7 ± 492 μg⋅m− 2⋅yr− 1 

(2SD, n = 37). An increase in the Hg deposition flux in SYH began in 
approximately 1970 when the Zhuzhou smelter was commissioned. Hg 
deposition flux at SYH was significantly higher than that at ZLP (P <
0.01) and DJ (P < 0.01), perhaps a result of the commission of the 
Zhuzhou Smelter increasing the Hg deposition flux in the environment. 
From 1969 to 1990, although dust collectors were installed in the 
smelter, 90% of the Hg (Hg2+, Hg0, and PBM) was emitted into the at
mosphere due to the low efficiency of Hg removal and the growing 
production volume (Wang et al., 2010; Wu et al., 2014). During this 
period, THg concentrations and deposition flux showed an increasing 
trend, particularly in SYH, which is most sensitive to Hg emissions from 
the Zhuzhou smelter. From 1960 to 1990, THg concentrations in SYH 
showed a significant positive correlation with production (Wu et al., 
2014) (R2 = 0.67), indicating that Hg in sediments was mainly derived 
from the smelter during this stage (Fig. 4). With technological im
provements, an acid plant was installed to recover SO2 as H2SO4 in 1991, 
and two Hg reclamation towers (Boliden-Norzink) were installed to 
recycle Hg in two Zn smelting lines in 2000 and 2005. In the Hg recla
mation tower, Hg vapor was oxidized to form mercurous chloride by 

Fig. 4. Temporal variations in THg concentrations, Hg deposition fluxes, δ202Hg, Δ199Hg in DJ, ZLP, and SYH, and historical production rate values of the Zhuzhou 
smelter. The dates of important events for the Zhuzhou smelter are marked with horizontal dashed lines: (1) the Zhuzhou smelter first operated in 1956, (2) the dust 
collectors were installed in 1969, (3) the acid plants were installed in 1991, (4) two Hg reclaim towers were installed in 2000 and 2005, separately, and (5) the 
Zhuzhou smelter was relocated to another city in 2018. The horizontal dashed lines in the following figures represent the same events. 
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mercuric chloride (Wang et al., 2010). Mercurous chloride is insoluble 
and precipitates as calomel, which can be recycled efficiently. The 
average Hg removal efficiency of the Hg reclamation process was 88% in 
this process (Wang et al., 2010). Thus, although the annual production 
of Zn and Pb rapidly increased (3.6-fold) after the 1990s (P < 0.01), Hg 
emissions were <8% of the historical total emissions of the smelter due 
to these efficient Hg reclamation technologies (Wu et al., 2014). After 
the 1990s, THg concentration and Hg deposition flux in the three sedi
ment cores did not increase significantly compared to the significant 
increase in Pb–Zn production in the Zhuzhou Smeter. Specifically, after 
2000, THg concentrations and deposition fluxes in SYH showed a 
descending trend, indicating the effectiveness of the control measures in 
reducing Hg emissions. 

Distance and wind direction are important factors in controlling the 
extent of atmospheric Hg deposition (Sakata and Marumoto, 2005). In 
the study area, the annual dominant wind direction was north
–northwest (Fig. 1). For the three sampling sites, SYH is the only 
reservoir located downstream from the dominant wind direction of the 
Zhuzhou smelter, and represents the highest average THg concentration 
in the sediment. A previous study showed that THg concentration in 
surrounding soils of the dominant wind direction was higher than that of 
other directions, and gradually decreased with the increasing distance 
from the Zhuzhou smelter (Wu et al., 2014). Therefore, it is reasonable 
that the historical Hg deposition flux of the sediments in SYH is more 
responsive to Hg emission control measures of the smelter. The Hg 
deposition flux of SYH was significantly higher than that of ZLP (P <
0.01) and DJ (P < 0.01) due to its location downwind of the second 
predominant wind and the nearest distance to the Zhuzhou smelter. In 
the absence of control measures, the Hg deposition flux in SYH increased 
continuously as the smelter output increased (Fig. 4). In 1988, the Hg 
deposition flux in SYH reached 1690 μg⋅m− 2⋅yr− 1, which was 1.8 times 
the value in 1971. Subsequently, the Hg deposition flux in SYH did not 
increase or even decreased after the introduction of the acid plant and 
Hg reclamation towers after 1990 (Fig. 4). This highlights the role of 
control measures in reducing Hg contamination. Notably, after the 
relocation of the Zhuzhou smelter to another city in 2018, THg con
centrations and deposition fluxes in the three sediment cores showed a 
declining trend (Fig. 4). 

3.3. Sources of Hg in reservoir sediments 

As shown in Fig. 4, Hg isotopic compositions are largely variable in 
sediment cores from DJ (δ202Hg: − 1.31‰ to − 0.76‰, − 1.03 ± 0.28‰; 
Δ199Hg: − 0.35‰ to − 0.07‰, − 0.23 ± 0.13‰; 2SD, n = 43), ZLP 
(δ202Hg: − 1.18‰ to − 0.55‰, − 0.94 ± 0.23‰; Δ199Hg: − 0.33‰ to 
− 0.11‰, − 0.22 ± 0.10‰; 2SD, n = 45), and SYH (δ202Hg: − 0.39‰ to 
0.14‰, − 0.16 ± 0.24‰; Δ199Hg:–0.22‰ to − 0.04‰, − 0.14 ± 0.08‰; 
2SD, n = 39). Compared to DJ and ZLP sediments, the δ202Hg and 
Δ199Hg values in SYH sediments are closer to those of Chinese Zn ores 
(Yin et al., 2016), suggesting a great influence by the Zhuzhou smelter at 
SYH. For more conservative Δ199Hg, a slight negative Δ199Hg shift in 
ZLP and SYH occurred in approximately 1990. This could be a result of 
the installation of acid plants in 1991. As the most polluted reservoir, the 
positive Δ199Hg shift in approximately 1995 in SYH sediment core is 
likely a result of the sharp increase in production of the Zhuzhou 
smelter. However, the negative Δ199Hg shift after 2000 indicates the 
effect of the Hg reclaim towers installed in 2000 and 2005 in reducing 
Hg emissions. 

As shown in Fig. 5a, the slope of Δ199Hg to Δ201Hg was 0.95 in the 
soil, sediments studied. This suggests that Δ199Hg is a robust indicator to 
discriminate Hg sources in the sediment of the three reservoirs 
(Schneider et al., 2021). The Δ199Hg values in the soil and sediment both 
show the same pattern: DJ < ZLP < SYH < Zn ore. Here, we again used 
the linear relationship of Δ199Hg and 1/THg to indicate the Hg 
contamination source of sediments (Fig. 5b). Topsoil can reflect short- 
term (decadal to centennial) variations (An et al., 2022). In the three 
soil profiles, the Δ199Hg was relatively stable in the topsoil (0 and 20 cm, 
Fig. 3) and thus was selected to represent the isotopic composition of the 
catchment soil endmember. As shown in Fig. 5b, the sediment samples 
in DJ, ZLP and SYH were located between Zn ores and their catchment 
soils, indicating that Hg in the sediments was the mixing of zinc smelting 
and each catchment soil. In addition, the Δ199Hg values in the catch
ment soil and the sediment both show the same pattern: DJ < ZLP <
SYH < Zn ore, again indicating that SYH, the closest reservoir to the 
Zhuzhou smelter, is the most seriously polluted by Hg from the smelter. 
In the study area, Hg emitted from the smelter carried the same isotopic 
signal as Zn ore (Δ199Hg = 0.02‰), while the Δ199Hg value of back
ground soil (Δ199Hg = − 0.62‰) was much less than that of Zn ore. 
Based on the source signature of Δ199Hg for the Zhuzhou smelter and 
catchment soils from each site, we used Δ199Hg as a conservative tracer 

Fig. 5. Mercury isotope plots of samples: a) Linear regressions of Δ201Hg vs Δ199Hg in catchment soil, reservoir sediment and Zn ore samples. The fitted lines (red) 
are bound by 95% confidence bands; b) Δ199Hg vs 1/THg in catchment soils, sediments and Zn ores. The yellow area represents the range of Zn ores (Yin et al., 2016). 
The three catchment soils are marked with different colour zones. (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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to build a binary mixing model to quantify Hg contributions from 
different sources, employing Eqs. (6) and (7). The model outputs indi
cate that the zinc smelting source from the Zhuzhou smelter was 

responsible for the different contribution rates of Hg in the SYH, ZLP and 
DJ sediments throughout history (Fig. 6). The most polluted reservoir, 
SYH, has historically been exposed to the most Hg from zinc smelting. In 

Fig. 6. Temporal variations in zinc smelting contribution in sediment cores of DJ, ZLP, and SYH and historical production rate values of the Zhuzhou smelter.  

Fig. 7. Conceptual model showing the sources of Hg in soil and sediments at three study sites. The red, green, and yellow arrows indicate that Hg comes from the 
smelter, the background soil, and the soil runoff, respectively. (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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the early smelting activities (~ 1969), the contribution rate of Hg from 
the Zhuzhou smelter to the SYH sediments was 74.8%, which was 1.41 
times that of DJ and 1.24 times that of ZLP. In 1996, with increasing 
production of the Zhuzhou smelter and the lack of control measures, the 
contribution rate of Hg from the Zhuzhou smelter reached 91.3%, which 
was 1.72 times and 1.80 times higher than that of DJ and ZLP, respec
tively. However, with the improvement of Hg emission reduction tech
nologies and measures, the contribution rate of Hg from the Zhuzhou 
smelter decreased to 71.1% in 2005, and there was no significant in
crease in the following years. Our data, overall, highlight the significant 
role of control measures in Hg emission reduction throughout history. 

As the major source of Hg pollution, the Zhuzhou smelter contrib
uted an average of ~75%, ~62% and ~ 61% of Hg in the SYH, ZLP and 
DJ sediments, respectively (Fig. 7), consistent with the decreased 
pattern of THg at the three sites. 

4. Conclusions 

This study reconstructed the pollution history of the largest Pb–Zn 
smelter in China in the surrounding environment. The results clearly 
illustrated the different pollution of the smelter on the surroundings: the 
highest THg concentrations and Hg deposition fluxes were found to 
begin increasing immediately after the commissioning of the smelter 
and were approximately 1.8- and 2.0-fold higher than before smelting 
periods, respectively. However, air pollution control devices such as Hg 
reclamation towers and a sulfuric acid plant effectively reduced Hg 
emissions, as demonstrated by the decrease in THg concentrations 
despite the increasing production volume after 2000. This work showed 
the effectiveness of air pollution control measures in reducing Hg 
emissions into the environment and provided valuable first-hand data to 
assist with implementing Article 8, Emissions, of the Minamata 
Convention on Mercury. Based on Hg isotope tracing, this study dem
onstrates that at the same site, reservoir sediments are more vulnerable 
to Hg pollution by the Zhuzhou smelter than soil because reservoir 
sediments receive Hg from the soil with additional Hg input from the 
Zhuzhou smelter via atmospheric deposition. This highlights the higher 
risk of Hg pollution in Zhuzhou lakes and reservoirs, given that aquatic 
systems are hotspots of Hg methylation. Additionally, our results suggest 
that decades of Pb–Zn smelting have left a substantial amount of legacy 
Hg in the Zhuzhou area. Therefore, attention must be paid to the risk of 
legacy Hg, and future efforts must be focused on the remediation of 
historically polluted soil and sediments. 
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