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a b s t r a c t

Human activities have caused serious soil mercury (Hg) pollution in industrial areas worldwide.
Abatement of soil Hg pollution requires knowledge of Hg sources and transport pathways across various
environmental media. In this study, four areas containing typical anthropogenic Hg emissions in China
were selected to evaluate soil Hg pollution. Results showed that soil Hg contents were significantly
elevated in areas of Hg mining, gold mining, and zinc smelting, but only slightly elevated in an area of
coal-fired power plant, with averages of 44.0, 1.17, 0.73, and 0.14 mg g�1 (dry weight) in these four areas,
respectively. The average percentage contributions from these anthropogenic sources to soil Hg in sur-
rounding areas were estimated to be 92.2 ± 9.70% from Hg mining (among which 77.6 ± 12.0% from
unroasted Hg ore and 14.6 ± 7.50% from Hg calcine), 63.5 ± 0.83% from the zinc smelting, 41.6 ± 1.90%
from gold mining, and 21.1 ± 3.58% from coal-fired power plant. Atmospheric deposition was speculated
to be the main pathway for soil Hg contamination, but mercury mining area contained significant runoff
accumulation. Speciation and concentration of Hg in emission gas are crucial factors for Hg pollution in
surrounding soils, because of short residence time of Hg2þ/Hgp in the atmosphere. The results obtained
in this study can provide scientific advices for risk assessment and soil remediation of Hg in China and
other regions with similar industries.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is one of the top ten toxic chemicals concerning
human health (WHO, 2018). Mercury is released from both natural
and anthropogenic sources, and can undergo long range transport
in the atmosphere in the form of Hg0 (Selin, 2009). Mercury input
to aquatic and terrestrial ecosystems can be methylated into
methylmercury (MeHg) (Parks et al., 2013), which can then be
bioaccumulated in food products that are commonly consumed by
nvironmental Geochemistry,
es, Guiyang, 550081, China.
general population, imposing potential human health concerns
(Driscoll et al., 2013; Wright et al., 2018). For example, MeHg
exposure can cause neurocognitive deficits in fetuses and cardio-
vascular effects in adults (Roman et al., 2011; Hu et al., 2018; Liu
et al., 2019; Chen et al., 2019). To mitigate impacts of Hg exposure
to human health, theMinamata Convention on Mercurywas entered
into force in August 2017.

Soil is the largest Hg reservoir globally (Wang et al., 2019), and is
also a major natural source for atmospheric Hg (UNEP, 2019).
Agricultural products cultivated on Hg contaminated soils may
contain high-levels of MeHg (Li et al., 2009, 2011, 2017a). Although
seafood consumption is recognized as the main pathway of human
MeHg exposure worldwide, consumption of MeHg contaminated
rice contribute major human MeHg exposure in Hg contaminated
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areas where local residents seldom consume fish, causing high
health risks to local population (Zhang et al., 2010; Li et al., 2015).
Agricultural planning is, to some extent, an effective strategy for
minimizing MeHg exposure risks in Hg contaminated areas (Xia
et al., 2020). However, to avoid persistent soil Hg pollution and
subsequent human MeHg exposure, sources of soil Hg need to be
first identified and Hg emissions from these sources can then be
controlled by optimizing the major emission processes. Common
sources of Hg in soil include atmospheric deposition, anthropo-
genic input, and natural geological origin (Luo et al., 2009; Zhou
et al., 2018). The relative contributions of these sources to soil Hg
contents have not been quantitatively assessed, especially in Hg
mining and other industrial areas where anthropogenic Hg sources
are dominant.

Mercury stable isotope is an effective tool for tracing the
pollution sources and environmental processes (Kwon et al., 2020).
Mercury isotope undergoes both mass dependent fractionation
(MDF, reported as d202Hg) and mass independent fractionation
(MIF, reported as D199Hg, D201Hg, and D200Hg) in the environment.
MDF can occur in many physical, chemical, and biological processes
(Kwon et al., 2020) while MIF occurs only in several specific pro-
cesses, such as photochemical reduction of Hg2þ (Zheng and
Hintelmann, 2010) and photodegradation of MeHg (Bergquist and
Blum, 2007). Mixing models based on MDF and MIF data have
been developed for quantitative source apportionment of Hg in soil
(Estrade et al., 2011), sediment (Yin et al., 2015), and atmosphere
(Fu et al., 2016). Receptor model is another effective technique for
source apportionment, which can obtain quantitative contribution
rates through the intrinsic mathematical processes without source
profiles (Cheng et al., 2013, 2015). Receptor model approach has
been applied on the source appointment of pollutants in soil and
sediments, such as heavy metal (Huang et al., 2018; Brady et al.,
2014) and polychlorinated biphenyls (Pornsawai et al., 2013).

China has most anthropogenic Hg emissions worldwide, e.g.,
releasing 538 t Hg into the atmosphere in 2010 (Zhang et al., 2015).
Coal combustion, non-ferrous metal smelting, and cement pro-
duction have been identified as the primary Hg emission sectors,
with the emission of 253.8t, 97.4t, 98.3t of Hg in 2010, respectively
(Zhang et al., 2015). However, to what extent the major anthropo-
genic Hg sources impact soil Hg is unknown. To fill this knowledge
gap, this study collected soil Hg samples in four selected areas that
contain typical anthropogenic Hg sources (zinc smelting, gold
mining, coal-fired power plant, and Hg mining areas) in China. The
analyzed Hg isotopic data were applied with two receptor models
for apportioning sources of and relative contributions to soil Hg.
The results obtained in this study can provide scientific advices for
risk assessment and soil remediation of Hg in China and other re-
gions with similar industries.

2. Materials and methods

2.1. Description of sampling areas and measurements

Four areas were selected in this study for soil sampling, with
each area containing one type of typical source of atmospheric Hg
emissions. The first one is zinc smelter area (ZSA) with the smelter
(27�52023.0600 N, 113�05008.4000 E, operation started in 1950s)
mainly producing zinc, lead, and alloy products, which produces
one of the largest amounts of non-ferrous metals in China. The
second one is coal-fired power plant area (CFPPA) with the plant
(26�12053.0100N,105�41031.6500 E, operation started in 1970s) having
the largest single unit capacity in southwest China. The third one is
gold mining area (GMA) with the mining (25�32009.8200 N,
105�32048.9500 E, operation started in 1990s) being one of the
largest Carlin-type gold deposits in China. And the fourth one is
2

mercury mining area (MMA) with a large-scale and long-history Hg
mining (27�32.9400 N, 109�12.8380 E, operation period during 221
BC - 2002). Detailed descriptions of these sampling areas are pro-
vided in Section 1 of the Support Information (SI). From October to
December 2017, 33, 31, and 29 surface soil samples were collected
from croplands within 5 km of ZSA, CFPPA, and GMA, respectively,
and 3 soil profiles were also collected from each of the above three
areas. During the same period, 14 surface soil samples and 4 soil
profiles were collected in the paddy field of MMA. Dust samples on
streets, windowsills, and guardrails and agricultural fertilizers from
farmland and local stores were collected in every area. Coal samples
were collected from the coal-fired power plant, and crude zinc ore
and fly ash samples were collected from the zinc smelter.

Total gaseous mercury (TGM) concentrations were measured at
all the sampling sites by a Lumex RA-915þ portable analyzer at 1 s
time resolution and with a detection limit of 1e2 ng m�3, and re-
ported as 5-min mean values. The measurement in each area was
conducted at different time. Prior to measurement, this instrument
was manually calibrated using its internal test cell and the inlet was
kept at ~20 cm from the ground. Total Hg (THg) contents in solid
samples were analyzed by the RA-915 analyzer, equipped with a
pyrolysis attachment (PYRO-915þ), with a detection limit of
1 ng g�1 (Zhou et al., 2013). For solid samples with relatively low
THg concentrations, THg contents were determined by acid diges-
tion and cold vapor atomic fluorescence spectrometry (CVAFS,
Tekran 2500).

Hg isotopes were analyzed by a Neptune Plus multi collector
inductively coupled plasma mass spectrometer at the State Key
Laboratory of Environmental Geochemistry, Institute of Geochem-
istry, Chinese Academy of Sciences, as described in Yin et al. (2016).
Internal Hg isotope correction was employed for Hg isotopic mea-
surement using standard Tl solution (NIST SRM 997). Approxi-
mately 0.2 g sample powder was digested (95 �C, 3 h) in 5 mL aqua
regia (HCl:HNO3¼ 3:1, v:v), and kept for at least 24 h, then BrCl was
added to the solution for fully oxidation. Digests were diluted to
0.5 ng mL�1 Hg in 10e20% (v/v) aqua regia. d202Hg, D199Hg, and
D201Hg were calculated relative to NIST SRM 3133 (Blum and
Bergquist, 2007).

Trace elements were determined by acid digestion and an
inductively-coupled plasma mass spectrometer (Thermo Fisher,
ICP-MS X2), which utilized 4 internal standards: 103Rh, 115In, 187Re,
209Bi.

2.2. Quality control of measurements

Quality controls of measurements consisted of method blanks,
certified reference materials (CRMs), and blind duplicates. THg
analytical accuracy was evaluated by measuring GBW07405 (soil,
n ¼ 6), CRM021 (soil, n ¼ 6), and CRM024 (soil, n ¼ 6). Averages of
THg concentrations obtained in CRMs (GBW07405, CRM021, and
CRM024) were 0.28 ± 0.01 mg g�1, 4.69 ± 0.221 mg g�1, and
0.710 ± 0.06 mg g�1, respectively, which were consistent with the
certified values of 0.29 ± 0.03 mg g�1, 4.70 ± 0.179 mg g�1, and
0.710 mg g�1, respectively. The average relative difference was <10%
for THg in duplicate samples.

Certified reference materials NIST SRM 2711 (n ¼ 3) were
similarly prepared for Hg isotope analysis. Analytical uncertainties
were estimated based on replication of NIST SRM 3133 solutions.
Our results of NIST SRM 2711 (d202Hg: �0.28 ± 0.02‰,
D199Hg:�0.27 ± 0.03‰, and D201Hg:�0.23 ± 0.01‰) are consistent
with previous studies (Blum and Bergquist, 2007; Yin et al., 2016).

2.3. Mercury isotope calculation

MDF results were calculated as following:



Table 1
THg concentrations in soil samples in the four study areas (mg g�1, dry weight).

Area n Geomean Mean STD Min Max

ZSA 33 0.54 0.73 0.65 0.04 2.88
CFPPA 31 0.13 0.14 0.05 0.07 0.25
GMA 29 0.42 1.17 2.19 0.11 7.77
MMA 14 34.2 44.0 23.2 10.9 113
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dxxxHgsample (‰) ¼ [(xxx/198Hgsample/xxx/
198HgNIST3133) � 1] � 1000 (1)

where xxx is 199, 200, 201, or 202.
MIF was defined using capital delta (D) notation and calculated

as:

D199Hg ¼ d199Hg � d202Hg � 0.252 (2)

D200Hg ¼ d200Hg � d202Hg � 0.502 (3)

D201Hg ¼ d201Hg � d202Hg � 0.752 (4)

2.4. Source apportionment analysis

Source apportionment analyses were conducted using Hg
isotope and receptor model approaches. The Hg isotope approach
needs accurate isotope values of each source, while the receptor
model requires detailed information of the contaminated soil.
Reliable results of source apportionment can be verified by these
two methods.

2.4.1. Hg isotope approach
A binary mixing model was established to evaluate the relative

contribution of two sources using Eqs. (5) and (6) (Estrade et al.,
2011; Yin et al., 2013):

xxxHgsoil ¼ Fant � xxxHg ant þ F nat � xxxHg nat (5)

1 ¼ Fant þ F nat (6)

Where ant and nat refer to anthropogenic and natural background
origins, respectively. Fant and F nat represent the fraction of Hg
deriving from anthropogenic sources or end members (including
zinc smelting (Fzs), coal-fired (Fcoal), and gold mining (Fgold)).

A triple mixingmodel was established (Eq.s (7)e(9)) to calculate
the relative fractions of the three sources in soil Hg of MMA:

d202Hgsoil ¼ Fore � d202Hgore þ Fcal � d202Hgcal þ Fnat � d202Hgnat(7)

THgsoil ¼ Fore � THgore þ Fcal � THgcal þ Fnat � THgnat (8)

1 ¼ Fore þ Fcal þ Fnat (9)

where subscripts ore, cal, and nat refer to origins of unroasted Hg
ore, Hg calcine, and natural source, respectively.

2.4.2. Receptor model approach
The positive matrix factorization (PMF) is an apportionment

modeling tool recommended by the U.S Environmental Protection
Agency (USEPA). Non-negativity constraints and use of uncertainty
to weigh each data point individually are the registered remarkable
features (Norris et al., 2014). A correlation matrix and covariance
matrix were used to simplify the initial high dimensional variables.
In this study, PMF 5.0 was adopted according to the corresponding
user guide (USEPA, 2014). The uncertainties were assigned to be
15% following the study of Pornsawai et al. (2013).

The principal component analysis/absolute principal compo-
nent scores (PCA/APCS) receptor model is composed of the PCA and
APCS techniques. The PCA has the ability to reduce the large dataset
into several principal components (PCs) that explain most of the
variance (Brady et al., 2014). Each of the PCs shows a characteristic
group of elements that can be linked to a source. APCS are used to
3

determine the quantitative links of the sources identified from the
PCA contributed to pollutants. Details about the APCS were
described by Thurston and Spengler (1985).

The receptor models described above have different intrinsic
mathematical processes, which gain the PCs in PCA/APCS and fac-
tors (Fs) in PMF. The PCs and Fs are characterized by different el-
ements, which can be used to infer the sources. In this study, we
mainly discuss the relative contributions from emission sectors and
geogenic background (details in SI and Sections 2 and 3).

3. Results and discussion

3.1. THg concentrations

THg concentrations in surface soil samples of ZSA averaged at
0.73 ± 0.65 mg g�1 (0.04e2.88 mg g�1, dry weight, n ¼ 33) (Table 1),
which are comparable with the results of previous studies also
conducted in the same area, with the mean of 1.09 mg g�1

(0.38e2.89 mg g�1) by Li et al. (2011) and the mean of 1.54 mg g�1

(0.62e2.61 mg g�1) by Wu et al. (2014). These values indicated
moderate Hg contamination in soils of ZSA when compared with
the regional background value of 0.116 mg g�1 (CNEMC, 1990). 61.5%
(8/13) of paddy soils (standard: >0.6 mg g�1, with pH � 7.5) and
10.0% (2/20) of dry-land soils (standard: >2.4 mg g�1, with pH� 7.5)
exceeded the China’s soil risk screening values (MEE, 2018). Crude
ore, dust, and fly ash samples also showed high Hg levels, with
mean concentrations of 65.3 ± 16.2 mg g�1 (n ¼ 4),
2.84 ± 3.85 mg g�1 (n ¼ 9), and 2.60 ± 4.04 mg g�1 (n ¼ 4),
respectively (Table A.1).

THg concentrations in surface soils of CFPPA averaged at
0.14 ± 0.05 mg g�1 (0.07e0.25 mg g�1, n ¼ 31), which showed slight
elevation comparing with background value (0.110 mg g�1, CNEMC
1990), and are lower than those reported for other similar areas
in China, e.g., 0.606 mg g�1 (average) in Baoji (Yang andWang, 2008)
and 0.344 mg g�1 (average) in Heilongjiang (Li et al., 2017b). THg
concentrations in coal samples and dust samples of CFPPA averaged
at 0.15 ± 0.02 mg g�1 (n ¼ 4) and 0.037 ± 0.035 mg g�1 (n ¼ 11),
respectively.

THg concentrations in surface soil samples and dust samples in
GMA averaged at 1.17 ± 2.19 mg g�1 (0.11e7.77 mg g�1, n ¼ 29) and
2.21 ± 3.62 mg g�1 (0.202e11.6 mg g�1, n ¼ 9), respectively, which
revealed moderate soil Hg contamination in this area comparing
with background value (0.110 mg g�1, CNEMC 1990). 17.2% (5/29) of
surface soil samples would be classified as Hg contamination ac-
cording to China’s soil risk screening values (>2.4 mg g�1, with
pH � 7.5, for dry-land soil) (MEE, 2018).

THg concentrations in surface soils of MMA averaged at
44.0 ± 23.2 mg g�1 (10.9e113 mg g�1, n ¼ 14), and all exceeded the
China’s soil risk intervention values for Hg (4.0 mg g�1, with
6.5 < pH � 7.5) (MEE, 2018), which indicated heavy soil Hg pollu-
tion in this area. THg concentrations in 2 dust samples were 17.4
and 25.1 mg g�1, respectively, which were the highest values among
all the dust samples collected in the four areas. High THg contents
were found in the unroasted ore with an average of 1150 mg g�1 in
the same area (Yin et al., 2013), which were 100e1000 times higher
than those in soil samples. The mean THg content in roasted ores
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was 56.9 mg g�1, indicating high amounts of Hg remained in the
mine waste calcine, even after the high temperature smelting
process (Yin et al., 2013).

Based on the data discussed above, heavy soil Hg pollution in
MMA, moderate soil Hg pollution in GMA and ZSA, and light soil Hg
pollution in CFPPA were detected. Although Hg mining activities in
MMA have been ceased since 2002, historical long-time large-scale
Hg mining have already caused serious soil Hg pollution in the
surrounding areas. In addition, large quantities of Hg mine waste
(calcine) can continuously release Hg to the surrounding environ-
ment through atmosphere deposition and water flow (Li et al.,
2008). The above factors explained the heaviest soil Hg pollution
in MMA among the four areas. The moderate soil Hg pollution in
GMA and ZSA were likely caused by the relatively high Hg contents
in flue gas released from these facilities, especially considering the
emitted Hg is mainly in the form of Hg(II) (Zhang et al., 2012; Wang
et al., 2010; Wu et al., 2018) that can quickly deposit in the vicinity
of the facilities (Biester et al., 2002). For example, Hg contents in
flue gas from two zinc smelters in China were previously reported
to be 34.5 and 74.8 mg m�3, respectively (Zhang et al., 2012), while
those in flue gas from gold roasting processes were reported to
average at 6 and 50 mgm�3 in two gold smelters (Wu et al., 2018). In
comparison, relatively lowHg contents in flue gas of CFPPs in China
were reported, e.g., from 0.052 to 9.16 mg m�3 due to the installed
purification facilities, such as selective catalytic reduction (SCR),
wet electrostatic precipitators (WESPs), and/or advanced electro-
static fabric filters (ESP-FFs) (Zhao et al., 2019). Besides, the emitted
Hg from CFPPs is mainly in the form of Hg0, which has relatively
low impact on local environment. Thus, the lightest Hg soil pollu-
tion was found in CFPPA among the four areas. It should be noted
that Hg in CFPPs is mostly removed before being emitted into the
atmosphere as a co-benefit of air pollution control policy.

3.2. Spatial and vertical distribution

Spatial distributions of THg concentration in surface soils
exhibited highest concentrations within a distance of about
1.5e2.0 km from the emission sources in the southwest and
northwest of ZSA, west of CFPPA, and southeast of GMA (Fig. 1). The
regions with high THg concentration were not distributed in the
trade-wind zone in ZSA and GMA, and these patterns also related to
the local topography, as the topographywere also important factors
affecting the pollutant’s transportation. The spatial distributions of
soil Hg reflected typical patterns of atmospheric Hg deposition
surrounding point sources, similar to what were reported previ-
ously in chlor-alkali plant (Song et al., 2018) and Zn/Pb smelter in
China (Wu et al., 2014). The above spatial distribution pattern was
not observed in surface soil THg in MMA because of the relatively
small research area investigated.

THg concentrations in soil profiles (SP) generally exhibited
significantly elevated Hg levels near the surface (0e20 cm) in ZSA
and CFPPA, suggesting that Hg in surface soils were mainly origi-
nated from atmospheric deposition (SP1-SP6, Fig. 2). However, in
GMA and MMA, THg concentrations firstly increased with soil
depth and reached the maximum at 20e40 cm in SP7, SP8, SP12,
and SP13, which was likely caused by reclamation after mining
activities and human disturbances.

TGM concentrations in ZSA, CFPPA, and GMA averaged at
10.8 ± 5.32 ng m�3 (3.8e22.6 ng m�3, n ¼ 33), 5.17 ± 1.8 ng m�3

(2.17e9.25 ng m�3, n ¼ 26), and 4.55 ± 1.51 ng m�3

(1.71e7.07 ng m�3, n ¼ 29), respectively, which are below the na-
tional standard for ambient air quality in China (50 ng m�3) (MEP,
2012) and comparable with those in urban areas of China
(5.4e18.4 ng m�3, Fang et al., 2001; Wang et al., 2007). TGM con-
centrations in MMA ranged from 17 to 80 ng m�3, while the
4

maximum value exceeded national standard of 50 ng m�3. TGM
concentrations gradually decreased from the west (close to the
mine waste heap) to the east in MMA (Fig. A.2g). TGM concentra-
tions in the mine waste heap were detected as high as
254e276 ng m�3, suggesting the mine waste heap was a significant
emission source of atmospheric Hg. Since the spatial distributions
of TGM concentrations were significantly influenced by instanta-
neous meteorological conditions, the short-term TGM distribution
of this studymay not agreewell with the spatial distributions of soil
Hg. And long-term observations are needed to improve this in
future study.

Overall, the spatial distribution of soil Hg in ZSA, GMA, and
CFPPA reflected typical impacts from the point sources, where the
Hgwas released from the chimneys, transported to the surrounding
areas under the influence of local meteorological and topographical
conditions, and finally deposited to the surface soils.

3.3. Hg isotopic composition

d202Hg values in sphalerite (Zn ore), fly ash, soil, and dust
samples of ZSA averaged at �0.37 ± 0.37‰ (�0.87‰e0.19‰,
n¼ 5),�0.98 ± 0.12‰ (�1.09‰e0.82‰),�0.90 ± 0.57‰ (�1.98‰e

0.08‰, n ¼ 6), and �0.78 ± 0.15‰ (�0.93‰e0.63‰), respectively
(Table A.2). No significant MIF was observed in these samples.
d202Hg values in coal and soil samples of CFPPA averaged
at �1.38 ± 0.42‰ (�1.89‰e0.85‰, n ¼ 5) and �1.63 ± 0.33‰
(�2.05‰e1.08‰, n¼ 6), respectively. No significant MIF was found
in coal samples (�0.03 ± 0.06‰, n ¼ 5), but negative D199Hg values
were observed in soil samples (�0.31 ± 0.05‰, n ¼ 6). Previous
studies found that coal combustion products showed large varia-
tions of d202Hg (�0.99‰ to�0.47‰), but small variations of D199Hg
(near zero) (Tang et al., 2017; Sun et al., 2013; Sun, 2019). Therefore,
D199Hg values were adopted to trace the sources of soil Hg in CFPPA.
d202Hg values in gold ore, soil, and dust samples of GMA averaged at
0.31 ± 0.25‰ (0.03‰e0.65‰, n ¼ 7), �1.20 ± 0.53‰ (�2.00‰
to �0.08‰, n ¼ 7), and �0.53 ± 0.18‰ (�0.71‰, �0.35‰),
respectively. A portion of the soil samples showed variations of
D199Hg form �0.33‰ to 0.02‰, with the mean of �0.13 ± 0.11‰
(n ¼ 7), but no significant MIF was observed in gold ore and dust
samples. d202Hg values in soil samples of MMA averaged
at �0.89 ± 0.25‰ (�1.30‰e0.62‰, n ¼ 7) and d202Hg values in
dust samples were �0.98‰ and 0.20‰ (n ¼ 2), while no significant
MIF was found in soil samples.

Previous studies have demonstrated that surface soil can pre-
serve the isotopic fingerprints of Hg from emission sources (Estrade
et al., 2011; Feng et al., 2013; Zhang et al., 2013). The plot of soil
D199Hg vs d202Hg in the four areas is shown in Fig. 3. The soil Hg
isotopic compositions in CFPPA and MMA are relatively concen-
trated in the plot, which indicated the existence of a significant
source impacting on soil Hg in the two areas. Negative soil D199Hg
values in CFPPA (�0.28 ± 0.18‰) were comparable with those re-
ported for deep forest soils in China (�0.17 ± 0.14‰, Wang et al.,
2019), indicating that geological background value of D199Hg
dominated those found in soil Hg in CFPPA. By contrast, a scattered
pattern of soil Hg isotopic compositions in GMA and ZSA may
reflect complex pollution sources and disturbances. These results
illustrated that Hg isotopic compositions could be useful tools in
tracing pollution sources of soil Hg in the typical Hg emission areas
(Fig. 3).

3.4. Source apportionment

3.4.1. Hg isotope approach
A significant negative correlation (R2 ¼ 0.49, p < 0.05) was

established between soil d202Hg and the reciprocal of soil THg



Fig. 1. Spatial distribution of soil THg in four areas. a: ZSA; b: CFPPA; c: GMA; d: MMA. The size of the dots indicates the Hg contents, and the colour of the base map indicates the
spatial distribution of the Kriging interpolation by ArcGIS 10.5. . (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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concentration in ZSA (Fig. 4a). Based on Fig. 4a, the end member
values of 1/THg and Hg isotopic compositionwere identified for the
natural background soil (1/THgnat: 19.2, d202Hgnat: �1.95‰) and
zinc smelting facility (defined as Zn-ore) (1/THgzs: 0.06, d202Hgzs:
0.19‰), respectively (Table A.2). The relative contribution from zinc
smelting (Fzs) to soil Hg varied from 53% at <500m to 87% at 1.5 km
and then to 36% at ~4 km away from the source (Fig. A.3a). The
average contribution from zinc smelting was 64.7 ± 13.4% for whole
study area, leaving 35.3 ± 13.4% from natural background.

In CFPPA, a significant negative correlation (R2 ¼ 0.57, p < 0.05)
was found between D199Hg and the reciprocal of THg concentration
(Fig. 4b). Fcoal and Fnat can be calculated using the end members of
isotopic composition of CFPP (coal) (1/THgcoal: 3.39,
△199Hgcoal: �0.03‰, n ¼ 5) and natural background soil (1/THgnat:
15.2,△199Hgnat:�0.41‰). Fcoal firstly increased and then decreased
with the distance away from the CFPP, with the peak value (43%)
appearing at 1.5 km (Fig. 3b). The domain average contribution of
CFPP to soil Hg was 26.1 ± 12.6%, while 73.9 ± 12.6% was from
geogenic origin.

In GMA, a significant negative correlation (R2 ¼ 0.74, p < 0.05)
was observed between d202Hg and the reciprocal of THg concen-
tration, indicating mixed effects of gold mining and geogenic
sources (Fig. 4c). The end members of gold mining and natural
sources were assigned as the average value of gold ore samples (1/
THggold: 0.03, d202Hggold: 0.31‰) and background soil (1/THgnat:
3.73, d202Hgnat:�2.00‰), respectively. Similar to the cases in CFPPA
and ZSA, the relative contribution from the gold mining facilities to
soil Hg firstly increased and then decreased with the distance to the
mining site, with the peak value (84%) appeared at 1.5 km
(Fig. A.3c). The domain average contribution from gold mining to
soil Hg is estimated to be 40 ± 19.9%, leaving 60 ± 19.9% from
natural background contributions.
5

In MMA, three source categories were identified, including
unroasted Hg ore, Hg calcine, and the geogenic background.
Negative correlations were observed between d202Hg and the
reciprocal of THg concentration of calcine (R2 ¼ 0.65, p < 0.05) and
Hg ore (R2 ¼ 0.46, p < 0.05) (Fig. 4d). The end member values were
assigned to unroasted Hg ore (1/THgore: ~0, d202Hgore: �0.92‰), Hg
calcine (1/THgcal: 0.01, d202Hgcal.: 0.53‰), and natural sources (1/
THgnat: 0.52, d202Hgnat: �1.30‰). The relative contributions to soil
Hg were estimated to be 77.6 ± 12.0% from the unroasted Hg ore,
14.6 ± 7.50% from the Hg calcine, and 7.80 ± 0.08% from the geo-
genic background on domain average. The relative contribution
from the geogenic background decreased to 2% when soil THg
increased to 113.3 mg g�1 (Fig. A.3d), indicating a proportional
relationship between the contribution rate and the soil Hg con-
centration and severe impact by Hg mining activities on soil Hg at
this site.

3.4.2. Receptor model analysis
In ZSA, PCA identified five PCs (denoted by PC1 to PC5) that

contributed to soil Hg, explaining 81.9% of the total variance. PC1
mainly consisted of high component loadings on Hg, Cu, Zn, Cd, Pb,
and Bi (Table A.3). Those elements are significantly elevated in
sphalerites, fly ash, dust, and soil samples of this area (Table A.4),
indicating the origin from smelting release and the pathway of
atmosphere deposition. PC2, PC3, and PC4 were all assigned to the
geogenic sources, with PC2 containing high loadings of Pr, Nd, Tb,
Er, Sm, etc, PC3 containing high loadings of Mn, Co, Cs, and PC4
containing high loadings of Ca, Mg, Ti (Ostro et al., 2007; Zeng et al.,
2009; Xia et al., 2010; Cheng et al., 2012). PC5 consisted of high
components loadings related to traffic (V and Ni) (Johansson et al.,
2009) and othermetal processing components (Fe, Cr and Ni) (Chen
et al., 2016), with the detailed interpretation given in SI. The total



Fig. 2. Distribution patterns of THg in soil profile in four areas. a: ZSA; b: CFPPA; c: GMA; d: MMA.
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APCS was 62.8% for zinc smelting source (PC1), 32.1% for geogenic
source (PC2, PC3 and PC4), and 5.1% for other source (PC5).

Five source factors (denoted by F1 to F5) contributing to soil Hg
were selected based on the optimal results of PMF analysis
(Fig. A4a). F1 apportioned the highest contribution rate (63.1%)
with the dominant components associated with zinc smelting
source (e.g., Pb, Zn, Cd). F2, F3, and F4 together explained 25.1% of
the total contribution. These factors were characterized by lithol-
ogy components of Ca, Mg, Ti, Fe, etc, which were comparable with
PCA loadings, and were thus all assigned to geogenic source. F5 was
assigned to other sources, as described in SI, with a contribution of
11.8%.

In CFPPA, six PCs were identified by PCA, explaining 82.1% of the
total variance. PC1 contained high loadings of Pb and low loadings
of Mn, Sb, Sn (Table A.3), which could be classified as characteristic
elements generated in Chinese power plants combustion processes
(Fu et al., 2019), and thus PC1 might be related to the power plant
emission, with the APCS of 17.8%. PC2, PC3, PC4, and PC5 contained
high loadings of rare earth and lithology-related elements (e.g., Rb,
Sr, La, Ca), with the APCS of 47.1% in total. PC6 consisted of high
loadings of components related to other sources, which was
described in SI, with the APCS of 35.1%.

Four source factors were selected in CFPPA based on PMF
analysis (Fig. A.4b). F1 is dominated by Pb and Zn, which were
associated with coal-fired power plant source as described above,
with a contribution rate of 19.5%. F2 and F3were characterizedwith
comparable components of geogenic sources (e.g., Mg, Mo, La),
6

with a contribution rate of 48.1% in total. F4 was assigned to other
sources as described in SI, with a contribution rate of 32.4%.

In GMA, six PCs were obtained, explaining 86.2% of the total
variance (Table A.3). In this area with Carlin-type gold deposits,
characteristic heavymetals (e.g., Au, As, Sb, Hg, Tl, and S) are stored in
large quantities mineralized rocks (Tan et al., 2015). Significantly
elevated Hg, Sb, and Tl concentrations were detected in soil and dust
samples in the present study (Table A.5). PC1 consisted of high
loadings of Hg, Sb, and Tl, whichwas associatedwith the goldmining
source, with the APCS of 44.3%. PC2, PC3, and PC4 all contained high
loadingsofgeogenic elements, suchasBa, Ca,Mo, Fe,U, CdandPb, and
concentrations of those elements in soil were comparable with local
background values (Table A.5), with the total APCS of 29.5%. PC5 and
PC6were characterized byother sources,with the total APCs of 26.2%.

Four source factors were selected in GMA based on PMF analysis
(Fig. A.4c). F1 is characterized by high loadings of gold mining el-
ements, such as Hg, Sb, and Tl, with a contribution of 40.6%. F2 and
F4 were characterized by geogenic components (e.g., Ca, Mo, Ti, etc)
as described in PCA, with a total contribution of 52.8%. F3 was
assigned to the other sources as described in SI, with a contribution
rate of 6.6%.

In MMA, three PCs were identified, explaining 96.2% of the total
variance (Table A.3). In this area, ore and dust samples were char-
acterized with high contents of Cu, Zn, Cd, Pb, and Hg (Table A.6).
Soil samples contained significant amounts of Cu, Cd, and Pb, which
might correlate to the release from local mining. PC1 consisted of
high loadings of Cu, Zn, Cd, Pb and Hg, associated with



Fig. 3. Plot of Hg isotope composition of soils in four areas.

Fig. 4. Plot of Hg isotopic composition vs 1/THg in four areas. a, c, d: d202Hg vs 1/THg; b: D199Hg vs 1/THg; a portion of Hg isotope data in Zn-ore samples were adopted from Yin
et al. (2016); a portion of Hg isotope data in coal samples were adopted from Yin et al. (2014); a portion of Hg isotope data in gold deposit samples were adopted from Yin et al.
(2019); all the Hg isotope data of calcine and Hg-ore samples were adopted from Yin et al. (2013).
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Fig. 5. Comparison of results of source apportionment by different methods.
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characteristic of mining source, with a contribution of 68.5%. PC2
correlated with V, Cr, and Ba, which were comparable with back-
ground geogenic value (Table A.6), with a contribution of 22.8%. PC3
was assigned to other source, with a contribution of 8.70%.

Three source factors were selected in MMA based on PMF
analysis (Fig. A.4d). F1 was characterized by mining components of
Zn, Cd, Pb, and Hg, with a relative contribution of 65.8%. F2 was
correlated with geogenic components of V, Mo, and Ba, with a
contribution rate of 22.5%. F3 was assigned to other source, as
described in SI, with a contribution rate of 9.20%.
3.4.3. Comparison between different methods
In ZSA, the zinc smelter was identified as the biggest contributor

to soil Hg in the surrounding areas, and the estimated relative
contributions were highly consistent between the three methods,
e.g., 62.8%, 63.1%, and 64.7% by PCA/APCS, PMF, and Hg isotope
approaches, respectively (Fig. 5). However, these percentage
8

contributions were lower than previously estimated results for the
same smelter (73e92%) (Wu et al., 2014), likely due to different
methods used in the previous study. In GMA, the estimated relative
contributions of gold mining to soil Hg were also highly consistent
between the three methods, e.g., 44.3%, 40.6%, and 40.0% by PCA/
APCS, PMF, and Hg isotope approaches, respectively. In CFPP, the
estimated relative contributions of CFPP to soil Hg were only
moderately consistent between the three models, e.g., 17.8%, 19.5%,
and 26.1% by PCA, PMF, and Hg isotope approaches, respectively. In
MMA, the estimated relative contributions from the Hg mining to
soil Hg were much higher by Hg isotope approach (92.2%) than by
PCA and PMF (68.5% and 65.8%, respectively). We speculated that
such big differences may be caused by high atmospheric Hg
deposition in the MMA and the fact that the receptor models (PCA
and PMF) could not distinguish the rate of Hg deposition to soil
based on trace elements analysis.
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4. Conclusions

This study revealed soil Hg pollution caused by four different
types of anthropogenic emission sources. Serious soil Hg pollution
was found in Hg mining area, moderate soil Hg pollutions in gold
mining and zinc smelting areas, and light soil Hg pollution in coal-
fired power plant area. Soil Hg spatial distributions indicated at-
mospheric deposition patterns, with the peak values appearing at
about 1.5e2.0 km away from emission sources in ZSA, CFPPA, and
GMA. Isotopic composition approaches were illustrated to be useful
tools in tracing pollution sources of soil Hg in the typical Hg
emission areas. These areas can be considered as hotspots of soil Hg
pollution. Anthropogenic Hg emissions should be reduced in Hg
mining, zinc smelting, and gold mining industries. Soil remediation
is also needed to reduce Hg bioaccumulation in agricultural crops
and associated human health risks in these areas. The impacts of
other anthropogenic Hg emission sectors to soil Hg pollution
should also be investigated in future studies.
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