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The century-old mining development and utilization of antimony (Sb) ore in Xikuangshan
(XKS) mine, groundwater antimony pollution has attracted great attention. At present, the
sources and geochemical behaviors of high Sb groundwater in this area have been widely
recognized, but morphological distribution and formation mechanisms of Sb(V) and Sb(III)
in shallow groundwater were still little known. Forty-three groundwater samples of
Magunao aquifer (D3x

4) were collected between June and September 2020 to
determine morphological distribution and formation mechanisms of Sb valence state in
the recharge area, runoff area and discharge area. The range of Sb content in the recharge
area, runoff area, and discharge area of the D3x

4 water was 3.300 × 10−3–7.982 mg/L,
1.760 × 10−2–17.326mg/L and 1.230 × 10−2–16.773mg/L, respectively. The D3x

4 water
is dominated by Sb(V), which form was Sb(OH)6

−. The Sb(V) mainly comes from the
oxidative dissolution of Sb2S3, the mining activities, and the leaching of arsenic alkali
residues. The silicate mineral weathering, carbonate mineral dissolution, and ion exchange
promote the dissolution of Sb2S3. At the same time, redox and competitive adsorption in
the runoff area increase the Sb(V) content in the water environment. The results of this
research provide an understanding of the mechanism of Sb pollution in shallow
groundwater and will help in controlling water-environment pollution and securing
water-resource in mining areas.
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1 INTRODUCTION

Antimony (Sb) is a metalloid that is widespread in soil, water, and the atmosphere. It is used for
producing flame retardants, semiconductor materials, and alloys (Filella et al., 2002; Anderson, 2012;
Chu et al., 2019). Sb is highly toxic and carcinogenic to humans; hence, it has been listed as priority
pollutant by the European Union (EU) and the United States Environmental Protection Agency
(USEPA) (Hammel et al., 2000; Fu et al., 2016).

Oxidative dissolution of Sb-containing sulfides is the predominant mechanism of Sb introduction
into the water environment (Casiot et al., 2007; He et al., 2012; Fu et al., 2016). Stibnite (Sb2S3) is the
predominant Sb-containing sulfides in mining area, which are usually found in quartz veins. The
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sulfur in Sb2S3 is oxidized when it meets oxygen in the air and
water during the mining process. Sb eventually exists mainly as
Sb(OH)6

−, with concomitant formation of acid (Biver and Shotyk,
2012):

Sb2S3 + 7O2 + 10H2O � 2Sb(OH)−6 + 8H+ + 3SO2−
4 (1)

Generally, the Sb concentration in unpolluted water is less
than 1 μg/L (Filella et al., 2003; He andWan, 2004). High levels of
Sb are released into the aquatic environment by mining and
smelting (Hiller et al., 2012; Wang et al., 2012; Zhou et al., 2017;
He et al., 2019). The Sb concentration in a river near an Sb mine
in AK, United States, was as high as 720 μg/L, while in rivers
flowing 200 m downstream of a mining area in Sardinia, Italy, it
reached 28 μg/L; furthermore, the Sb content of surface-water
samples around a mining site in Western Carpathian Mountains
(Slovakia) ranged from 1 to 9,300 μg/L (Hiller et al., 2012; Ritchie
et al., 2013; Cidu et al., 2014). In China, the Sb content in an Sb
mining area in Guizhou Province was as high as 1,377 μg/L (Ning
et al., 2011).

In the natural environment, inorganic speciations of Sb is
generally either Sb(III) or Sb(V); notably, Sb(III) is ten times
more toxic than Sb(V) (Smichowski, 2008; Salam and
Mohamed, 2013). Sb(V) and Sb(III) are the predominant
forms of Sb in oxidized and reduced water environments,
respectively. Sb(OH)3, Sb(OH)2

+, and SbO+ are mainly
present in acidic environments, whereas Sb(OH)4

− or
aqueous SbO2

− are present under alkaline conditions
(Filella et al., 2003; Ritchie et al., 2013; Fawcett et al.,
2015). Sb(III) can be adsorbed on iron-manganese oxide/
hydroxide, and can be oxidized to Sb(V) in a short time. A
key for the formation mechanisms of Sb(III) and Sb(V) is the
instability of Sb(III) in water samples which have been in
contact with atmospheric oxygen and other oxidants (Daus
and Wennrich, 2014). The pH/oxidation-reduction potential
(ORP) and iron-manganese oxide/hydroxide content
influence the valence distribution and formation of Sb in
water (Belzile et al., 2001; Leuz et al., 2006b; Wilson et al.,
2010; Biver and Shotyk, 2012). The migration and
transformation of Sb can also be affected by the valence
(Guo et al., 2018).

Globally, Sb resources are mainly distributed in China,
Russia, Bolivia, Tajikistan, South Africa, and the
Mediterranean Sea (Filella et al., 2002; He et al., 2012).
Primary Sb consumers are the United States, China, Japan,
and the European Union (He and Wan, 2004; Qing, 2012;
Tong et al., 2017). According to the statistical data from the
United States Geological Survey (USGS, 2020), China’s Sb
production amounted to 480,000 tons, accounting for 32% of
the global Sb production. Because of its vast Sb reserves, the
Xikuangshan (XKS) Sb mine in the Hunan Province was
named “the World’s Antimony Capital” (Wang et al., 2011;
Guo et al., 2018; He et al., 2019). Under the influence of
mining, smelting, and other activities, the highest Sb
concentration in the groundwater environment of the XKS
in the Hunan Province was reported to be 29,423 μg/L, which
is 5,880 times higher than the permissible Sb concentration in

drinking water (i.e., 0.005 mg/L; GB5749-2022) (Zhu et al.,
2009). Long-term mining activities and the accumulation of
minerals and waste residues have increased the Sb contents of
groundwater (Ashley et al., 2003; He, 2007; Wen et al., 2018).
The sources, toxicological property, migration, and
transformation of Sb, as well as the environmental risks
associated with increased Sb concentration in groundwater,
have been studied extensively (Guo et al., 2018; Wen et al.,
2018; He et al., 2019; Zhang et al., 2022); however, there is no
available systematic study on the formation mechanisms of
different valence states of Sb in the oxidizing environment of
shallow groundwater. Hence, further investigations regarding
the impact of the environmental redox properties on the
valence states of Sb are needed.

In this study, our main objectives were to analyze 1) the
distribution characteristics of the Sb valence state in the recharge,
runoff, and discharge areas of shallow groundwater and 2) the
formation process and factors influencing the Sb valence
distribution. Our results should elucidate the origin
mechanisms of Sb pollutants in shallow groundwater,
facilitating effective local water-environment pollution control
and water-resource protection strategies in mining areas.

2 STUDY AREA

The XKS Sb mine is located between 27°49′28″–27°43′05″N and
111°25′47″–111°31′22″E near Lengshuijiang (Hunan Province,
China) (Figure 1). The hydrogeological cross section for the
study area is shown in Figure 2. The mine is divided into two
mining areas, i.e., the north and south mines, with a total area of
26 km2. The north mine covers an area of 0.50 km2. The Sb
reserves of the XKS Sb mine amount to more than two million
tons, and there are still 400,000 tons after approximately
110 years of mining (Zhang et al., 2022).

The study area is dominated by mountain-chain strikes along
the NE–SW direction. The area has a subtropical continental
monsoon climate, with average annual precipitation and
evaporation of 1,381 and 903 mm, respectively, while the
average annual temperature is 16.70°C (reference period:
1949–2012). The Xuanshan stream and Feishuiyan and
Qingfeng Rivers comprise the primary river system, which is a
part of the Zijing River system.

The XKS Sb mine is located in the southern China Sb ore belt,
which is in the eastern continental margin of the Yangtze Para
platform and central Hunan area of the Caledonian fold belt with
an axial direction of NE30–35°. F75 is the main fault structure, and
the exposed formations are the Upper Devonian Shetianqiao
(D3s) and XKS (D3x). The Karst fracture of the XKS Magunao
(MA) aquifer (D3x

4) has a thickness of 258 m, while the
Shetianqiao (SA) aquifer (D3s

2) has a thickness of
approximately 220 m. Generally, there is no vertical hydraulic
connection between these two aquifers. The Sb orebodies are
mainly in the limestone section of the Shetianqiao aquifer (D3s

2).
Being shallow groundwater, the D3x

4 aquifer is often used as the
main source of drinking water for local communities in this area.
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Moreover, the lithology of this aquifer is mainly limestone with an
average permeability coefficient of 0.0092m/d. Many springs are
exposed with flow rates of 0.10–0.70 L/s. The main water source of
D3x

4 is recharge through precipitation infiltration. Groundwater
flows from south to north in the interlayer fracture zone; silicified

and non-silicified limestone fissures and karst caves are found in the
aquifer. Water drains out mainly through springs and flows into the
Qingfeng River. Residential areas and factories, as well as some waste
rocks and slags from mining and smelting, are stacked above D3x

4

(Wen et al., 2016; Xie et al., 2016).

FIGURE 1 | Study area in the Hunan Province and sampling locations.

FIGURE 2 | The hydrogeological section along the A-A’ line.
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3 MATERIALS AND METHODS

3.1 Sample Collection
A total of 43 D3x

4 water samples from the mine area were
collected between June and September 2020, including
14 recharge-area, 13 runoff-area, and 16 discharge-area water
samples (Figure 1). Representative water samples were obtained
from flowing water. Before collection, every sampling bottle was
washed two to three times with distilled water and rinsed two to
three times with sample water. Water samples were filtered
through 0.45 μm millipore filters and stored in high-density
polyethylene (HDPE) bottles. At every sampling site, three
bottles of 500 ml water were collected: One bottle was the
original sample, one bottle was acidified to pH < 2 with 1:1
(v/v) nitric acid for cation and trace-element analyses, and 5% (v/
v) 0.25 M ethylenediamine tetraacetic acid (EDTA) was added to
a third bottle of water to limit the oxidation of Sb(III) to Sb(V)
during sampling (McCleskey et al., 2004; Daus and Wennrich,
2014). All sampling bottles were filled, labelled, sealed tightly,
stored in a refrigerator at 4°C, and sent to the laboratory for
analysis. Most indicators were analyzed and determined by the
Hunan provincial institute of geological testing and research.

3.2 Sample Analysis
The pH and ORP values were measured in the field using a
portable acidity meter (HANNAH18424), and the total dissolved
solids (TDS) values were measured in the field using an electrical
conductivity (EC) meter (HANNA H1833). The main cations
(i.e., calcium, magnesium, sodium, and potassium) were
measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) with a detection limit of 0.01 mg/L,
whereas the main anions (i.e., chloride and sulfate) were
determined by ion chromatography (Dionex ICS-1100) with
an analytical precision of 0.01 mg/L. Bicarbonate and
carbonate were analyzed by titration with an analysis precision
of 0.1 mg/L. (Wen et al., 2018). Sb and Sb(III) concentrations
were measured using a hydride generation atomic fluorescence
spectrometer (HG-AFS), with an accuracy of 0.001 mg/L. The
concentration of Sb(V) is the concentration of Sb minus the
concentration of Sb(III) (Wang et al., 2011).

3.3 Analytical Quality Control
The analytical precision of the ion concentrations was verified by
calculating the ionic balance errors. The absolute ionic balance
error of water samples was < 5%. Moreover, 20% of the water
samples were reanalyzed, and the error between the two results
was found to be less than 10%. Each group of experiments
required a blank experiment to ensure the accuracy and
precision of the analytical results. All analyses were performed
in triplicates; each reported value is the average of the three test
results, with a relative standard deviation < 10%.

3.4 Statistics Analysis
The Origin 2021 software was used to perform all statistical
analyses, including descriptive statistical analysis, Pearson
correlation analysis, and principal component analysis (PCA).

Piper diagram was used to elucidate the hydrogeochemical
characteristics.

4 RESULTS AND DISCUSSION

4.1 Geochemical Characteristics of D3x
4

Water
The geochemical characteristics of D3x

4 water are presented in
Table 1. The pH of D3x

4 water samples ranged from 4.97 to 9.32
(mean value: 7.15), indicating that 46.76% of D3x

4 water samples
represented a weakly acidic environment. pH values ranged
between 4.97 and 7.37 in the discharge area, and were lower
than those in the recharge area (i.e., between 6.62 and 7.78) and
runoff area (i.e., between 6.84 and 9.32).

The ORP of D3x
4 water samples ranged from 0.04 to 0.26 V,

indicating that all D3x
4 water samples represented an oxidized

environment. These findings are consistent with those of Zhu
et al. (2009). Averages of ORP were 0.14, 0.18, and 0.13 V, in the
recharge, runoff, and discharge areas of D3x

4 water, respectively,
i.e., the average ORP in the discharge area was lower than those in
the recharge and runoff areas.

The TDS values ranged from 135 to 1,311 mg/L, with 8.90% of
D3x

4 water samples exhibiting TDS values higher than the value
of the standards for drinking water (1,000 mg/L; GB5749-2022).
The TDS ranges in the recharge, runoff, and discharge areas of
D3x

4 water were 151–1,311, 190–1,229, and 135–527 mg/L,
respectively (mean values: 582, 595, and 311 mg/L,
respectively). The higher average TDS content in the recharge
and runoff areas compared with runoff area indicated that
recharge and runoff areas may be affected by human activities
and ion exchange between shallow groundwater and the
surrounding rock (Nyirenda et al., 2015).

SO4
2−was the most abundant anion in the recharge and runoff

areas, with average contents of 306.76 and 272.70 mg/L,
respectively, while HCO3

− was the second anion, with average
contents of 189.0 and 226.2 mg/L, respectively. The average
contents of Cl− accounted for 0.86 and 1.31% of the total
anions in the recharge and runoff areas, respectively. The
order of anion contents in the runoff area was as follows:
SO4

2− (mean value: 272.70 mg/L) > HCO3
− (mean value:

226.2 mg/L) > Cl− (mean value: 6.80 mg/L). The order of
anion contents in the discharge area was as follows:
HCO3

−(mean value: 137.9 mg/L) > SO4
2− (mean value:

137.61 mg/L) > Cl− (mean value: 2.46 mg/L). Ca2+ was the
most abundant cation in the D3x

4 water samples, followed by
Na+ and Mg2+. The proportions of Ca2+ in the recharge, runoff,
and discharge areas were 68.00%, 60.56%, and 72.57%,
respectively.

Along the groundwater-flow direction (Figure 3), the content
of Ca2+ in D3x

4 water exhibited a decreasing trend, while the
contents of Na+ and Mg2+ varied widely. The overall trend of K+

was similar to those of Na+ and Mg2+. The anions SO4
2− and

HCO3
− exhibited little changes in the recharge and runoff areas

but decreased in the discharge area. Compared with the recharge
area, the average contents of SO4

2−, Ca2+, and Mg2+ in the
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discharge area decreased by 55.14%, 45.65%, and 68.01%,
respectively.

In the Piper diagram (Figure 4), D3x
4 water appears

dominated by Ca2+, HCO3
−, and SO4

2−. The hydrochemical
types in the recharge area are mainly Ca-HCO3-SO4 type
(35.71%) and Ca-SO4-HCO3 type (28.57%); those in the
runoff area are mainly Ca-HCO3-SO4 type (38.46%) and Ca-
SO4-HCO3 type (38.46%); and the types in the discharge area are
mainly Ca-HCO3-SO4 type (37.50%) and Ca-SO4-HCO3 type
(25.00%).

4.2 Morphological Characteristics of
Antimony in D3x

4 Water
As shown in Table 2, in the recharge area of D3x

4 water, the
Sb(III) content ranged from 2.000 × 10−4 to 0.282 mg/L (mean

value: 0.066 mg/L), the Sb(V) content ranged from 3.100 × 10−3 to
7.700 mg/L (mean value: 1.962 mg/L), while the Sb content
ranged from 3.300 × 10−3 to 7.982 mg/L (mean value:
2.028 mg/L). In the runoff area, the Sb(III) content ranged
from 1.200 × 10−3 to 0.726 mg/L (mean value: 0.116 mg/L),
the Sb(V) content ranged from 1.610 × 10−2 to 16.600 mg/L
(mean value: 3.328 mg/L), and the Sb content ranged from 1.760
× 10−2 to 17.326 mg/L (mean value: 3.445 mg/L). In the discharge
area, the content of Sb(III) ranged from 6.000 × 10−4 to 0.573 mg/
L (mean value: 0.078 mg/L), the content of Sb(V) ranged from
1.170 × 10−2 to 16.200 mg/L (mean value: 2.499 mg/L), and the
content of Sb ranged from 1.230 × 10−2 to 16.773 mg/L (mean
value: 2.577 mg/L). The Sb content values in the shallow
groundwater of the XKS Sb mine were lower than those
reported by Xie et al. (2016) and Wen et al. (2018). The
average Sb contents in the recharge, runoff, and discharge

TABLE 1 | Geochemical data of samples collected in this study.

Types K+ Na+ Ca2+ Mg2+ Cl− SO4
2− HCO3

− CO3
2− TDS pH ORP

mg/L V

Recharge area shallow groundwater (n = 14)
Min 0.18 0.04 32.40 1.58 0.30 59.20 78.1 0.0 151 6.62 0.08
Max 6.20 98.00 210.00 54.60 11.80 795.00 260.0 0.0 1311 7.78 0.25
Mean 2.06 29.13 105.04 18.32 4.31 306.76 189.0 0.0 582 7.25 0.14
SD 2.12 32.77 43.71 19.84 3.98 241.54 58.5 0.0 340 0.34 0.05

Runoff area shallow groundwater (n = 13)
Min 0.26 0.32 20.40 1.58 0.31 55.30 110.0 0.0 190 6.84 0.12
Max 7.73 395.00 258.00 27.90 34.70 587.00 600.0 133.0 1229 9.32 0.26
Mean 3.01 51.94 94.80 6.80 6.80 272.70 226.2 10.2 595 7.45 0.18
SD 2.86 112.83 64.17 6.95 10.19 200.46 119.3 36.9 367 0.63 0.05

Discharge area shallow groundwater (n = 16)
Min 0.30 0.390 14.00 1.61 0.36 47.10 9.2 0.0 135 4.97 0.04
Max 7.69 68.90 101.00 14.80 11.60 280.00 244.0 0.0 527 7.37 0.22
Mean 2.82 12.90 57.09 5.86 2.46 137.61 137.9 0.0 311 6.81 0.13
SD 2.58 20.60 27.68 3.70 2.99 66.46 79.8 0.0 129 0.63 0.04

FIGURE 3 | (A) spatial distribution of Sb; (B) Sb cumulative percentage.
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areas were 405, 687, and 515 times greater, respectively, than the
limit defined by China’s national drinking water quality
guidelines (i.e., 0.005 mg/L).

As shown in Table 2 and Figure 5, the Sb(V) contents in
the recharge, runoff, and discharge areas were higher than
those of Sb(III), suggesting that D3x

4 water was dominated by
Sb(V). The spatial distribution of Sb (Figure 5A) revealed
that, along with the groundwater flow, the contents of Sb(III),
Sb(V), and Sb first increased, then decreased, and then
increased again. The changing trends of Sb and Sb(V) were

similar, indicating that the geochemical behavior of Sb was
mainly controlled by Sb(V).

4.3 Formation Mechanisms
4.3.1 Relationship Between Antimony and
Geochemical Factors
Figure 6A reveals the positive correlations between the Sb and
SO4

2− contents in the recharge and runoff areas, with R2 = 0.76
and 0.55, respectively, indicating the dissolution of Sb-bearing
sulfideminerals. Sb2S3 is the main ore mineral of Sb in the XKS Sb
mine (Fan et al., 2004).

In the Sb2S3 oxidation reaction, Sb/SO4
2− satisfies the 2:3

relationship (Eq. 1). In Figure 6A, all water samples are from
below the Sb2S3 oxidation-reaction line, with the high SO4

2−

content indicating the dissolution of other sulfate minerals, such
as pyrite (Casiot et al., 2007; Wen et al., 2016; Guo et al., 2018).
However, the correlation between the Sb and SO4

2− contents in
the discharge area was not obvious, indicating that the dissolution
of Sb-bearing sulfide minerals had little influence on the change
of Sb content in the discharge area (Figure 6A). The distributions
of Sb(V) and Sb contents were similar, indicating that the
recharge, runoff, and discharge of D3x

4 water were mainly
controlled by Sb(V).

Figure 6B shows that the positive correlation between Sb and
Cl− in the runoff area, indicating that the influence of
anthropogenic activities on the increase of Sb content in the
runoff area can not be ignored (Hao et al., 2021). The Sb content
exhibited stronger positive correlations with the contents of
HCO3

−, and TDS in the runoff area than in the recharge and

FIGURE 4 | Piper diagram of the ionic composition of the groundwater samples from D3x
4.

TABLE 2 | Concentrations of Sb in this study.

Types Sb(III) Sb(V) Sb

mg/L

Recharge area shallow groundwater (n = 14)
Min 2.000 × 10−4 3.100 × 10−3 3.300 × 10−3

Max 0.282 7.700 7.982
Mean 0.066 1.962 2.028
SD 0.098 2.824 2.921

Runoff area shallow groundwater (n = 13)
Min 1.200 × 10−3 1.610 × 10−2 1.760 × 10−2

Max 0.726 16.600 17.326
Mean 0.116 3.328 3.445
SD 0.220 5.603 5.818

Discharge area shallow groundwater (n = 16)
Min 6.000 × 10−4 1.170 × 10−2 1.230 × 10−2

Max 0.573 16.200 16.773
Mean 0.078 2.499 2.577
SD 0.145 4.391 4.534
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discharge areas (Figures 6C,D), indicating that a strong
water–rock interaction can promote the dissolution of
carbonate minerals and neutralize the H+ generated by the
dissolution of Sb2S3. This accelerates the oxidative dissolution
of Sb2S3 in a weakly alkaline environment (Biver and Shotyk,
2012; Nyirenda et al., 2015), and generates Sb(V) in the form of
Sb(OH)6

−, thereby promoting the content of Sb.
Figure 6E shows that Sb and Na++K+ were more strongly

correlated in the recharge and runoff areas (R2: 0.79 and 0.83,
respectively) than in the discharge area of D3x

4 water, indicating

that the increase in Sb content in the recharge and runoff areas
was related to the dissolution of Na-containing minerals and ion
exchange. The arsenic-alkali residues produced by Sb smelting
was the main Na-containing mineral in the study area, and Sb
existed in the form of Na3SbO4, NaSbS2, and Na3SbS4 (Deng et al.,
2014; Long et al., 2020). The chemical reactions are as follows:

Na3SbO4 + 4H2O � Sb(OH)−6 + 2OH− (2)
NaSbS2 + 4O2 + 3H2O � Sb(OH)3 + 2SO2−

4 + 3H+ (3)
2Sb(OH)3 + O2 + 4H2O � 2Sb(OH)−6 + 2H+ (4)

FIGURE 5 | (A) Spatial distribution of cations; (B) spatial distribution of anions.

FIGURE 6 | Relationships between Sb content and the geochemical characteristics of the water samples: (A) Sb versus SO4
2−; (B) Sb versus Cl−; (C) Sb versus

HCO3
−; (D) Sb versus TDS; (E) Sb versus Na+ + K+.
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Na3SbS4 + 8O2 + 6H2O � Sb(OH)−6 + 4SO2−
4 + 6H+ (5)

4.3.2 Redox Process
In oxidizing water, when pH ranged between 4.50 and 6.50, Sb
existed in the form of Sb(OH)3; when pH ranged between 6.50
and 8.00, Sb(V) was the main form, existing mainly in the form of
anion Sb(OH)6

−, while only a small part of Sb(III) existed, in
which Sb existed in the recharge and discharge areas as Sb(OH)3
and Sb(OH)6

−, and in the runoff area as Sb(OH)6
−; when pH was

greater than 8.00, Sb existed in the form of Sb(OH)6
− (Figure 7).

The poor correlations between Sb content and ORP in the
recharge, runoff, and discharge areas (Figure 8A) suggested that
the ORP values had little effect on the morphology of Sb. The Sb(V)
content in the runoff area was moderately correlated with pH,

whereas the Sb contents in the recharge and discharge areas were
poorly correlated with pH (Figure 8B). Therefore, pH affected the
presence of Sb valence in the runoff area, while its impact on the
presence of Sb in the recharge and discharge areas can be ignored.

The main form of Sb in rocks or minerals was Sb(III); however, in
the water bodies surrounding the Sb ore areas, Sb was mainly in the
form of Sb(V) (Casiot et al., 2007;Multani et al., 2016). This indicated
that Sb would migrate in the form of Sb(III) from rocks andminerals
to the water body, where Sb(III) would oxidize to Sb(V) (Ashley et al.,
2003). After the mining activity in the study area, O2 would enter the
underground goaf, thereby changing the groundwater environment
in the recharge, runoff, and discharge areas from a reduced to an
oxidized state and providing sufficient conditions for mineral
oxidation. Sb(III) and Sb(V) were positively correlated with SO4

2−

in the recharge and runoff areas, with 0.74, 0.76, 0.55, and 0.55
correlation coefficients, respectively (Figure 6A), indicating that
Sb2S3 in the ore seam would undergo an oxidation reaction upon
contact with oxygen during the mining process. In the system with
coexisting Sb and iron (Fe), Fe(II), and Fe(III) promoted the
oxidation of Sb(III) through a catalytic reaction in an acidic water
environment (Leuz et al., 2006a; Jiang et al., 2020). With a pH
increase, themain form of Fe in the study area would be Fe(OH)3, Fe-
assisted oxidation would weaken, pH would play the main role,
Sb(III) would be hydrolyzed in eutrophic water, and the content of
Sb(OH)4

− would increase, while Sb(OH)4
− would oxidize to form

Sb(OH)6
− (Leuz et al., 2006b; Multani et al., 2016; Liu et al., 2021).

The reactions are as follows:

Sb2S3 + 6O2 + 3H2O � Sb2O3 + 3SO2−
4 + 6H+ (6)

Sb2O3 + 3H2O � 2Sb(OH)3 (7)
Sb(OH)3 +H2O � H+ + Sb(OH)−4 (8)

2Sb(OH)−4 +O2 + 2H2O � 2Sb(OH)−6 (9)

4.3.3 Principal Component Analysis
PCA data were showed in Table 3, the cumulative
contribution rate was obtained by extracting the initial

FIGURE 7 | Relationship between pH and ORP for all shallow
groundwater samples.

FIGURE 8 | (A) ORP versus Sb; (B) pH versus Sb.
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eigenvalues in the element correlation-coefficient matrix for
D3x

4 water. Following the principle according to which the
total of the initial eigenvalues is greater than unity, three
common factors with eigenvalues greater than unity when
analyzing the Sb pollution source were found 81.87% of the
pollution source information in D3x

4 water, indicating that
the extraction of three common factors satisfied the principal
components, which could represent key hydrochemical
characteristics.

According to the PCA matrix (Table 4; Figure 9), factor 1
(49.98%) was predominantly loaded on Sb, K+, Na+, Cl−, HCO3

−,
and CO3

2−. The primary sources of Sb were influenced by rock
weathering, anthropogenic processes, especially the mining
activities, leaching of arsenic-alkali residues, and ion-exchange
interactions.

Some water samples from the recharge area of D3x
4 water were

from the dominant rock-weathering field and were mainly
affected by silicate weathering in Supplementary Figure S3
(Zhu et al., 2011; Xing et al., 2013). At the same time, the
water samples from the recharge area tended to go from the
dominant rock-weathering field to the dominant evaporation/
concentration field. Previous studies have found abundant
silicified limestones in this area, whose main mineral
components are quartz and low-temperature albite
(NaAl2Si3O8) (Hao et al., 2020a). The reactions of the silicate
water–rock interaction are the following:

2NaAl2Si3O8 + 2CO2 + 11H2O � Al2Si2O5(OH)4 + 2Na+

+ 4H4SiO4 + 2HCO−
3 (10)

2NaAl2Si3O8 + 2H+ + 9H2O � Al2Si2O5(OH)4 + 2Na+

+ 4H4SiO4 (11)
The D3x

4 water samples in the runoff and discharge areas were
mainly located in the dominant rock-weathering field
(Supplementary Figure S4), and the water–rock interaction
was jointly controlled by the weathering of silicate minerals
and dissolution of carbonate minerals (Supplementary Figure
S4) (Gibbs, 1970; Belkhiri et al., 2010; Liu et al., 2016). The
dissolution of carbonate and silicate minerals would promote the
Sb2S3 reaction and increase the Sb(Ⅴ) content. Some water
samples in the recharge and runoff areas were outside the
Gibbs diagram, indicating that they may also have been
affected by human activities (Thomas et al., 2013). At the
same time, the presence of Cl− indicates the influence of
anthropogenic activities (Hao et al., 2021).

The presence of K+ and Na+ indicated the leaching of arsenic-
alkali residues and the effect of ion-exchange interactions (Xiao
et al., 2015; Jia et al., 2020). The increase in Sb content in the
recharge and runoff areas was affected by the leaching of arsenic-
alkali residues (Figure 6E). The production of arsenic-alkali
residues are mainly influenced by mining activities, so the
source and content of Sb in the recharge and runoff areas
were also influenced by the mining activities (Long et al.,
2020). The study area is affected by long-term mining
activities, as well as the effect of solid wastes, such as domestic
and mining wastes (Wen et al., 2016; Guo et al., 2018; Hao et al.,
2020a). Further, calcium, magnesium, and other substances in the
soil are replaced through oxidative decomposition under the
effects of light, oxygen, plants, and microorganisms. After
their release, under the influence of rainwater erosion and
surface runoff, they enter the groundwater, and Ca2+ and
Mg2+ have reverse cation exchanges with K+ and Na+ in the
surrounding rock, which increase the content of K+ and Na+ in
the water (Supplementary Figure S5) (Xing et al., 2013; Liu et al.,
2019; Hao et al., 2021). Along the groundwater-flow direction,
from the recharge area to the runoff area, the Na+ content first
increased and then decreased; from the runoff area to the

TABLE 3 | Principal component analysis in the study area.

Ingredient Elements Initial eigenvalues Extract sum of squares

Total Variance % Accumulation % Total Variance % Accumulation %

1 Sb 4.50 44.98 44.98 4.49 44.98 44.98
2 K+ 2.39 23.88 68.86 2.39 23.88 68.86
3 Na+ 1.30 13.01 81.87 1.30 13.01 81.87
4 Ca2+ 0.62 6.24 88.11
5 Mg2+ 0.46 4.63 92.74
6 Cl− 0.33 3.29 96.03
7 SO4

2− 0.20 2.06 98.09
8 HCO3

− 0.112 1.12 99.21
9 CO3

2− 0.05 0.52 99.73
10 pH 0.03 0.27 100

TABLE 4 | Composition matrix and common factor variance in the study area.

Elements Ingredient

1 2 3

Sb 0.78 −0.02 −0.39
K+ 0.63 0.33 −0.49
Na+ 0.87 0.32 −0.10
Ca2+ 0.40 0.70 0.42
Mg2+ 0.41 0.74 0.21
Cl− 0.75 −0.04 −0.41
SO4

2− 0.64 0.70 0.04
HCO3

− 0.72 −0.38 0.52
CO3

2− 0.67 −0.64 0.03
pH 0.69 −0.32 0.54
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discharge area, the Na+ content first increased and then decreased
(Figure 3A). This result may be related to ion exchange (Hao
et al., 2020b). Ion exchange occurred in the recharge, runoff, and
discharge areas of D3x

4 in the study area (Supplementary Figure
S6). Owing to rock weathering, mining activities, waste-rock
residues, and domestic garbage accumulation in the XKS Sb
mining area in Hunan, Sb-containing pollutants would enter
the shallow groundwater through rainwater erosion and surface
runoff, thereby increasing the Sb(Ⅴ) content in the D3x

4 water.
Factor 2 (23.88%) was predominantly loaded on Ca2+, Mg2+,

and SO4
2−, indicating carbonate and silicate mineral dissolutions

and cation exchange (Hao et al., 2021). Mineral dissolution
controls the chemical composition of water in recharge and
discharge areas (Supplementary Figure S7).

Factor 3 (13.01%) was dominated by HCO3
− and pH, which

were affected by competitive adsorption and redox. HCO3
− can

reduce the effective adsorption sites of the adsorbent through
competitive adsorption, thereby affecting the attachment of Sb to
minerals. Generally, a high HCO3

− concentration leads to
stronger competitive adsorption; thus, the released Sb(Ⅴ)
content increases (Wang et al., 2018; Hao et al., 2021).
Figure 6C shows that the Sb content in the runoff area was
positively correlated with HCO3

− (R2 = 0.53), while there was no
obvious correlation between the recharge and the discharge areas.
The HCO3

− content and the corresponding Sb content in the
runoff area were higher than those in the recharge and discharge
areas (Tables 1, 2), indicating that the HCO3

− competitive
adsorption in the runoff area promoted an increase in Sb(Ⅴ)
content.

The pH had no effect on the adsorption of Sb(III), and the
adsorption of Sb(V) decreased with increasing pH. Generally, Sb is
adsorbed on Fe oxides, andwith a pH increase, Femainly exists in the
form of Fe(OH)3 precipitation in the water environment; the
adsorption is weakened, desorption occurs, and Sb is released into
the water environment (Flynn et al., 2003; Wilson et al., 2010; Loni
et al., 2020). Fe(OH)3 has no effect on Sb(III) oxidation, and high pH
promotes the hydrolysis of Sb(III) to form Sb(V). In this case, the pH
affected the increase in Sb(Ⅴ) content in the runoff area (Figure 8B).

The contribution rates of PCA1, PCA2, and PCA3 were 49.98%,
23.88%, and 13.01%, respectively. The contribution rate of PCA1 was
higher than those of the other two principal components, so themain
source of Sb contamination in D3x

4 water was mainly influenced by
the source of PCA1, i.e., Sb2S3 oxidative dissolution, mining activities,
and arsenic-alkali residue leaching. The formation mechanism of Sb
in the recharge area was mainly affected by silicate mineral
weathering, mineral dissolution, and ion exchange; in the runoff
area, it was mainly affected by mineral dissolution, competitive
adsorption, ion exchange, and redox; and in the discharge area, it
was mainly affected by mineral dissolution and ion exchange. The
effect of ion-exchange interaction on the composition of shallow
groundwater in the runoff and discharge areas was higher than that of
mineral dissolution.

5 CONCLUSION

The distribution characteristics and formationmechanisms of the
different Sb valence states were studied by analyzing the content

FIGURE 9 | Composition diagram for the groundwater from D3x
4.
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of Sb(III), Sb(V), and Sb in the groundwater in the recharge,
runoff, and discharge areas of D3x

4 water. The main conclusions
are as follows:

(1) The ranges of Sb content in the recharge, runoff, and
discharge areas of D3x

4 water were 3.300 × 10−3–7.982,
1.760 × 10−2–17.326, and 1.230 × 10−2–16.773 mg/L,
respectively (mean values: 2.028, 3.445, and 2,577 mg/L,
respectively), which were 405, 687, and 515 times greater,
respectively, than the permissible limit according to China’s
national drinking water quality guidelines (i.e., 0.005 mg/L;
GB5749-2022).

(2) The average Sb(V) content was higher than that of Sb(III) in
the recharge, runoff, and discharge areas of D3x

4. D3x
4 water

was dominated by Sb(V), which was present in the form of
Sb(OH)6

−.
(3) The Sb(V) in the groundwater of D3x

4 mainly originated
from the oxidative dissolution of Sb2S3, the mining activities,
and the leaching of arsenic-alkali residues. Silicate mineral
weathering, carbonate mineral dissolution, and ion exchange
in the recharge, runoff, and discharge areas promote the
dissolution of Sb2S3. At the same time, affected by redox and
competitive adsorption in the runoff area, Sb(III) can be
hydrolyzed, and Sb(V) can be desorbed, increasing the Sb(V)
content.

About the environmental implication with limitation, due to
limited experimental conditions, this paper only studied the part
of inorganic Sb. However, organic Sb also has a great impact on
the environment, which requires further research.
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