
Introduction

Antimony (Sb) is a versatile metal element and has 
found applications in flame retardants, batteries, solar 
cells, and semiconductor industries. The increasingly 
widespread usage of Sb has caused environmental 

pollution. Recently, Sb has been detected in soil, water, 
river sediment, plants, and groundwater – especially in 
areas around Sb mines [1]. The Xikuangshan Mine in 
Hunan, China, known as the world’s antimony capital 
[2], currently accounts for 90% of the world’s total 
antimony ore production [3]. Numerous studies have 
been carried out in this area to evaluate the multimedia 
environmental pollution caused by Sb [4-6]. The 
Qingfeng and Xuanshan rivers, two main tributaries of 
the Zijiang River, have already been heavily polluted 
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by the discharge of mine water [7]. The Sb content in 
the river water varies from 0.02-8.12 mg/L, which is 
36-1624 times higher than the maximum acceptable 
Sb concentration (0.005 mg/L) according to China’s 
national drinking water quality standards [2, 3, 8].  
It has been reported that the Sb concentration in the 
pollution source, the Sb mine drainage, has reached 
6064-7502 μg/L [9]. In contrast, the Sb concentration 
in a non-polluted water body is below 1.0 μg/L [3, 10, 
11]. With an increasing amount of attention paid to the 
surface water pollution, the source and the formation 
process of high Sb-containing mine water are often 
neglected. Hence, further investigation is of great 
importance to fully understand Sb sources and their 
geochemical behaviors.

In nature, Sb is mainly found as the sulfide mineral 
stibnite (Sb2S3). With the presence of oxygen, Sb can be 
mobilized into surrounding water bodies [11-13]. During 
this process, the chemical characteristic and isotope 
composition of the water bodies are changed. Hence, 
the formation process of Sb-contaminated water can 
be revealed by analyzing the chemical characteristics 
and isotope compositions of the surrounding water 
bodies. Sulfate is a useful marker for studying waters 
derived from both natural and anthropogenic sources. 
The elevated sulfate concentration in natural water is 
an indication of water deterioration [14]. Additionally, 
the sources, transportation, and transformation of the 
sulfate contaminates can be determined by analyzing 
the isotope compositions of sulfur and oxygen in sulfate 
anion [15-19]. Moreover, water-rock interactions have 
a strong influence on the chemical characteristics of 
water bodies [20-22]. For example, the dissolution of 
carbonate minerals leads to the rise of Ca2+ and Mg2+ 
contents, and the ion-exchange process often increases 
Na+ and K+ contents [22, 23].

The mining process of antimony deposits requires 
a high volume of drainage. When the amount of 
water inflow is greater than the amount of circulating 
water, the excess mine water must be discharged into 
the surrounding surface water body, resulting in Sb 
pollution. Hence, in this study, we investigated the 
source of Sb and geochemical behaviors of the mine 
drainage water using sulfate and oxygen isotope analysis 
and water-rock interaction method. The conclusions and 
observations obtained from this study provide valuable 
information for Sb pollutant source control and water 
body protection in the mine area.

Material and Methods

Study Area

This study was carried out in a 26 km2 area in 
Xikuangshan Mine, which is in the northern part 
of Xiangzhong Basin. This mine is a monoclinal 
formation, which follows the axis of an anticline 
striking NE30° and plunging both at north and 

south sends. The west wing has an F75 fracture and a 
boundary of a lamprophyre vein. The climate in this 
area is a monsoon-influenced humid subtropical climate 
with average precipitation and average evaporation of 
1381.60 mm and 903.30 mm, respectively. Moreover, 
the average temperature of the Xikuangshan Mine is 
16.70ºC. Many gullies have been developed in the area, 
and the two main rivers are the Xuanshan and Qingfeng 
– seasonal rivers belonging to the Zijiang River system. 

The antimony deposit is a layered breccia-type metal 
deposit in a structural fracture belt. The main mineral 
is stibnite. The aquifers, starting from top to bottom, 
are D3x

4 (denoted as MA water) and D3s
2 (denoted as 

SA water) [2, 24], which are dominated by fissure-karst 
water. They have poor water abundance and are mainly 
composed of mudstone, silicified limestone, and sandy 
limestone. Generally, the upper and lower aquifers have 
no hydraulic connection with each other. 

The Sb mining history in Xikuangshan Mine dates 
to 1897 [25, 26]. After over 120 years of mining, a large 
amount of waste residues and ore pillars are abandoned 
in the goaf. It is estimated that the amount of Sb2S3 
left in ore pillars is about 1.85 million tons. Due to 
the interaction between Sb minerals and oxygen gas, 
a significant amount of Sb element has been mobilized 
into the groundwater [26, 27].

Sample Collection and Analysis

A total of 25 water samples (including 11 mine 
water samples, 2 rainwater samples, 4 surface water 
samples, 4 MA water samples, and 4 SA water 
samples) were collected during the dry season between 
September and November in 2016 (Fig. 1). The surface 
water samples were collected from the Qingfeng River. 
Before collection, each sample bottle was washed with 
distilled water and followed with the water sample  
for 2-3 times. Each water sample was filtered by a  
0.45 μm glass fiber membrane after collection and then 
filled three 500 mL sample bottles and one 10 L bottle. 
These three 500 mL samples were for hydrogen and 
oxygen isotope analysis, cation and anion concentration 
analysis, and Sb analysis, respectively. The 10 L 
sample was reserved for sulfur isotope analysis. Then, 
the pH values of the samples for Sb analysis and 
sulfur isotope analysis were adjusted to below 2.0 by 
adding 1:1 nitric acid (concentrated nitric acid/distilled  
water = 1/1). Lastly, a recovery indicator (an Sb 
solution) was added into each sample bottle followed 
with vigorous shaking.  

The concentrations of major anions (chloride ions, 
bicarbonate ions, and sulfate ions) and major cations 
(calcium ions, magnesium ions, sodium ions, and 
potassium ions) in each water sample were determined 
by ion chromatography (Dionex Integration IC, Thermo 
Fisher, U.S.). The obtained data shows high analytical 
precision with low ionic balance error (generally within 
5%). The Sb concentrations of the water samples were 
analyzed using an Agilent 7700 × inductively coupled 
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mass spectrometer (ICP-MS) with indium as the internal 
standard [2]. Each analysis was performed in triplicate 
to ensure precision and accuracy. The obtained data, 
which has less than 10% in the standard deviation and 
more than 95% recovery rate of the recovery indicator, 
was discussed in the following statistical analysis. The 
pH values and TDS values were obtained in the field by 
using a portable acidity meter (HANNA H18424) and 
an EC meter (HANNA H1833), respectively.

The analysis of stable isotope 2H and 18O(H2O) 
were performed by using a Micromass MultiPrep 
equipped with a dual inlet and an isotope ratio mass 

spectrometers (IRMS) (Institute of Hydrogeology and 
Geology, Chinese Academy of Geological Sciences). 
The analytical uncertainties of the data obtained 
from this device are ±0.1‰ for δ18O(H2O) and ±1‰ 
for δ2H(H2O). The δ34S(SO4

2-) and δ18O(SO4
2-) values 

analysis were extracted as BaSO4 with pH adjusted 
to less than 2 to prevent the formation of BaCO3.The 
δ34S(SO4

2-) and δ18O(SO4
2-) values were analyzed at 

the China University of Geosciences (Wuhan) using 
a Micromass IsoPrime stable IRMS. The analytical 
precision is 0.2‰.

Fig. 1. Study area map and locations of sampling sites.
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Results

Geochemical Characterization

The major ion concentration, Sb content, TDS 
content, pH, and isotope contents of each sample are 
listed in Table 1. The average Sb concentrations of mine 
water, rainwater, surface water, SA water, and MA 
water are 4.82 mg/L, 0.04 mg/L, 3.16 mg/L, 1.65 mg/L, 
and 0.21 mg/L, respectively – all of which exceed the 
maximum acceptable Sb concentration (0.005 mg/L) 
according to China’s national drinking water quality 
standards. The mine water sample, M6, has the highest 
Sb concentration among the collected water samples, 
which is 2420 times the maximum acceptable Sb 
concentration for drinking water, and 24.20 times 
of the maximum acceptable Sb concentration of 
wastewater (0.50 mg/L) according to the local discharge 
regulations (Hunan Province, China). Moreover, the 
Sb concentrations in different water bodies show 
a decreasing trend: mine water>surface water>SA 
water>MA water>rainwater. The relatively low Sb 
content in MA water and rainwater and the high Sb 
content in mine water indicates that the Sb pollution is 
caused by mining activities [2]. 

A Piper diagram is a graphical approach to represent 
the chemical characteristics and water-rock interactions 
of water samples [28]. The Piper diagram of these water 
samples was plotted in Fig. 2. According to the Piper 
classification, the hydrochemical types of mine water, 
rainwater, groundwater, SA water, and MA water are 
Ca-Na-SO4 type, Ca-HCO3 type, Ca-HCO3-SO4 type, 

Ca-SO4-HCO3 type, and Ca-HCO3-SO4, respectively. 
Compared with other water bodies, the mine water 
has higher contents of Sb (Fig. 2), Na+ (Fig. 3), TDS 
(Fig. 4), and SO4

2- (Fig. 5), suggesting that the Sb 
element is more likely to concentrate in high TDS, 
high Na+, and high SO4

2- water bodies [2]. Moreover, 
the Sb contents in the mine water samples show a weak 
correlation with the contents of Na+, TDS, or SO4

2- 
(Figs 2-5) – implying that the Sb in mine water 
originates from multiple sources. 

The water-rock interaction process of Sb2S3 can be 
written as follows [15, 29]:

Fig. 2. Piper diagram of ionic composition of different groundwaters in the study area.

Fig. 3. Relationship between Na+ and Sb for samples collected 
in the study. 
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Sb2S3 + 3H2O + 6O2 = 2Sb2O3 + 3SO4
2- + 6H+       (1)

Sb2S3 + 8CaCO3 + 7O2 + 10H2O = 2Sb(OH)6
- 

+ 8Ca2+ + 3SO4
2− + 8HCO3

−                    (2)

As shown in Equation (1), a large amount of H+ 
is produced. The pH values of mine water samples, 
however, range from 7.78 to 8.86, indicating that the 
H+ produced from the water-rock interaction has been 
neutralized by carbonate mineral. If Sb2S3 is the only 
source of SO4

2- in water bodies in this area, based on 
equation (2), the mole ratio between Sb element and 
SO4

2- should be close to 2:3. However, as shown in 
Fig. 5, all collected water samples show a much higher 
concentration of SO4

2-, indicating that the SO4
2- in these 

water samples has multiple sources. Besides, as the 
solubility of CaSO4 is much lower than that of CaHCO3, 
with the rise of Ca2+ concentration, the content of 
SO4

2- will decrease. As shown in Fig. 6, the actual 

SO4
2- contents of mine water samples are all above the 

gypsum dissolving line. This evidence further verifies 
the presence of other SO4

2- sources.

Isotope Geochemistry

Analysis of 2H and 18O Isotopes

Hydrogen and oxygen isotopic fractionation 
processes have been widely used in water source 
analysis and water cycle study. The isotope composition 
of water changes along with physicochemical processes, 
such as evaporation and water-rock interactions [30]. 
The δ18O (H2O) values and δ2H values of these water 
samples were plotted in Fig. 7. Apart from M6 and 
M7 (labeled in Fig. 7), the δ18O (H2O) values and 
δ2H values of mine water samples appear in-between 
the GMWL(δ2H = 8δ18O(H2O) + 10) [31, 32] and 
LMWL(δ2H = 8.38 δ18O(H2O) + 17.3) [33, 34], 
suggesting that these water samples are influenced by 
the evaporation effect. Besides, the high δ18O (H2O) 
values in M6 and M7 (labeled in Fig. 7) may be caused 
by the water-rock interaction [35].

The δ18O(H2O) and δ2H values of SA water samples 
are very close to that of mine water samples (Fig. 7), 
indicating that SA water is the main water source of 
mine water. Moreover, one MA water sample, B4, and 
two surface water samples, S2 and S4 (highlighted in an 
outline of an ellipsoid in Fig. 7) show similar δ18O(H2O) 
and δ2H values as mine water samples, suggesting 
that B4, S2, and S4 sampling sites have hydraulic 
connections with the mine water. As shown in Fig. 1, 
the discharged mine water may accumulate at S2 and 
S4 surface water sampling sites, which are located at 
the lowest position of all water bodies in this area. The 
evidence of the hydraulic connections between the MA 
water, B4, and mine water suggests that the mining 
activities have already destroyed the aquifuge between 
the SA aquifer and MA aquifer.

Fig. 6. Relationship between SO4
2- and Ca2+ for samples collected 

in the study.

Fig. 5. Relationship between SO4
2- and Sb for samples collected 

in the study.

Fig. 4. Relationship between TDS and Sb for samples collected 
in the study; note: the TDS value of each sample was measured 
in the field using a portable EC meter (HANNA H1833).
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Analysis of 34S(SO4
2-) and 18O(SO4

2-) Isotopes

δ34S(SO4
2-) and δ18O(SO4

2-) analysis plays an 
important role in studying the transformation and 
migration of the sulfur element in sulfide ore deposits 
[16, 18, 36]. In mine water samples, δ34S(SO4

2-) ranges 
from -0.10‰ to +6.10‰ and δ18O(SO4

2-) ranges from 
+1.10‰ to +8.30‰. Multiple sulfate minerals found 
in this mine, including pyrite (-0.78‰ to + 33.40‰), 
lamprophyre (-6.30‰ to +2.30‰), stibnite (-3.27‰ to 
+16.83‰), and gypsum (-3.27‰ to +16.83‰), contribute 
to the sulfate cations in the mine water samples [37, 38]. 
The δ34S(SO4

2-) values of mine water samples agree well 
with the δ34S(SO4

2-) values of these sulfate minerals 
(Fig. 8).

Discussion

Water-Rock Interaction

The Ca2+/Na+ and Mg+/Na+ mole ratios in a water 
body is closely related to the dissolution process of 
evaporites, carbonates, and silicates during the water-
rock interaction [23]. As shown in Fig. 9, the mole ratios 
of Ca2+/Na+ and Mg+/Na+ of all these water samples 
appear between carbonate and silicate dissolution, 
indicating that the chemical composition of water bodies 
in this area is influenced by carbonates and silicates. 
Compared with SA water, the Ca2+/Na+ and Mg+/Na+ 
mole ratios of mine water samples, especially M6 and 
M7, are closer to the silicate dissolution, suggesting that 
the mine water contains a high level of silicate minerals 
(Table 1). 

The relationship between cations and anions in a 
water body is a powerful indicator of the source and 
evolution process of its chemical composition. For 
instance, the influence of ion-exchange interaction 
on the chemical composition of a water body can be 
evaluated by the concentration of (Ca2++Mg2+-HCO3

-

-SO4
2-) versus the concentration of (Na++K+-Cl-) in 

meq/L [39-42]. With a strong ion-exchange interaction, 
the data points of water samples will lie along a line 
with a slope of -1. The concentration of (Ca2++Mg2+-
HCO3

--SO4
2-) versus the concentration of (Na++K+-Cl-) 

in meq/L was plotted in Fig. 9 [43]. All the data points 
of the mine water samples are in the second quadrant of 
the plot, indicate an access amount of Na and K cations, 
which is evidence of ion-exchange reactions during the 
water-rock interaction of mine water. Additionally, the 
data points of these mine water samples (except M7 and 
M6) follow the fitting line with a slope of -1, suggesting 

Fig. 7. Relationship between δ18O (H2O) and δ2H for samples 
collected in the study.

Fig. 8. Relationship between δ34S (SO4
2-) and inverse of SO4

2-for samples collected in the study.
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that the ion-exchange process plays a key role in the 
formation of mine water. Besides, M7 and M6 appear 
above the fitting line with higher concentrations of 
Ca cation and Mg cation compared with that of other 
mine water samples. As M6 and M7 are collected at the 
main drainage of the mine water (Fig. 10), the high flow 
rate promotes the dissolution of carbonate minerals. 
Moreover, compared with the SA water samples, the 
mine water samples have high (Na++K+-Cl-), which is 
additional evidence of cation ion-exchange interaction 
that occurred during the formation of the mine water.

The Source of SO4
2- in Mine Water

The relationship between δ34S(SO4
2-) and the inverse 

value of SO4
2- content is commonly used to analyze 

the source of sulfate in a water body [18, 19, 44].  
The δ34S(SO4

2-) and the 1/SO4
2- of the samples, as well 

as the value ranges of δ34S(SO4
2-) and 1/SO4

2- of three 

main sulfate sources (sulfide oxidation, evaporate, and 
rainwater) were plotted in Fig. 8. The sulfide oxidation 
appears in the bottom left side of the plot with a high 
SO4

2- concentration and low δ34S(SO4
2-), because of the 

influence of a sulfate-reducing bacteria [15, 19, 26]. 
The evaporated sulfate source with high SO4

2- and 
high δ34S(SO4

2-) appears in the upper left of the plot. 
The rainwater generally has a low level of SO4

2- and a 
medium level of δ34S(SO4

2-) and lies in the middle right 
of the plot (Fig. 8).

Generally, the smaller the distance between a sulfate 
source and a water sample in the plot, the stronger the 
influence of the sulfate source on the sulfate in a water 
sample becomes, and vice versa. As shown in Fig. 7, 
the data points of the mine water samples lie close 
to the sulfide oxide source, suggesting that sulfide 
oxidation is the main source of the sulfate cations in 
mine water. Rainwater is not the source of the sulfate 
cations in mine water due to the large differences in 
sulfate concentrations. This statement can also be 
confirmed in the δ18O(H2O) and the δ2H analysis in 
Fig. 7. Compared with the SA water, the mine water has 
a higher concentration of SO4

2-.
The relative proportions of oxygens derived from 

water can be calculated by the following equation  
[44-46]: 

δ18O(SO4
2-) = X (δ18O(H2O) + EH2O) 

+ (1-Χ) (δ18O(O2) + EO2)                  (3)

…where X is a coefficient and EH2O and EO2 are 
the isotope enrichment factors for the incorporation 
of oxygen from water and atmospheric oxygen, 
respectively. Fig. 11 was plotted based on the data 
calculated from Equation (3). 

As shown in Fig. 11, about 75% percent of sulfate 
oxygen atoms in the mine water (except the M4 sample) 
is derived from water. This result agrees with previous 
works, where Sun et al. and Seal et al. investigated  

Fig. 11. Diagram comparing the δ18O composition of aqueous 
SO4 and coexisting water for samples collected in the study.

Fig. 9. Diagrams for determining the end member compositions 
by Mg/Na vs. Ca/Na molar ratios.

Fig. 10. Relationship between Ca2++ Mg2+–HCO3
--SO4

2- and 
Na++K+–Cl- for samples collected in the study.
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the source of oxygen atoms in sulfate cations produced 
from the oxidation reaction between sulfide ore 
(brilliant and pyrite) and excess oxygen [44, 47].  
As the sulfur element of the sulfite cations in the mine 
water comes from the sulfide oxidation process, the 
formation of high Sb water can be described as follows 
[9, 13]:

Sb2S3 + 18H2O = 2SbO3
- + 3SO4

2- + 26e- + 36H+  (4)

Sb2S3 + 3H2O + 6O2 = 2Sb2O3 + 3SO4
2- + 6H+   (1)

Sb2O3 + 3H2O = 2SbO3
- + 4e- + 6H+       (5)

SbO3
- + 3H2O = Sb(OH)6

-                 (6)

In this process, oxygen atoms in Sb(OH)6
-  are mainly 

derived from the oxygen gas. Oxidation of sulfide to 
sulfate, however, does not occur on the same timescale 
as the mobilization of antimony. Sulfate is possibly 
the final product of a sequence of slow reactions, in 
which algae and bacteria take the sulfur from its initial 
oxidation state -2 to +6 [13, 29, 48, 49]. Additionally, 
oxygen atoms in SO4

2- in M6 and M7 are mostly derived 
from water, which may also be due to the high water-
flow rate in their sampling site.

Formation Process of High Sb Mine Water

Given the evidence presented above for the antinomy 
source of the mine water, the question is: how did this 
phenomenon occur?

It has been confirmed that the source of the 
antinomy of the mine water comes from the oxidation 
of Sb2S3. The formation process of the high Sb mine 
water is described as follows. The MA water and the SA 
water generally have low Sb concentration (<0.6 mg/L) 
and the Sb element is mainly present in stibnite ore, 
which is a reducing environment. Once the ore body is 
exposed, the closed reducing environment immediately 
becomes an oxidizing environment. With the presence 
of an excess amount of oxygen gas, the sulfite in stibnite 
ore is oxidized to S4+ or S6+ (Equation (4)) and the Sb is 
oxidized to SbO3

-, a water-soluble anion (Equation (5)). 
This process also produces a large amount of H+ as a 
by-product, which is rapidly neutralized by carbonate 
ores presented in the mine. Before the depletion of 
carbonate ores, the mine water will not become acidic, 
and the oxidation of stibnite will continue, resulting in 
high Sb mine water [49-51].

For safety reasons, the mining process requires 
continuous drainage, during which a large amount 
of drainage continuously flows into the groundwater 
funnel area or the lowest discharge area. Moreover, 
the accumulation of a large amount of mine water 
accelerates the formation of Sb(OH)6

- (Equations 4-6). 
Besides, when the mine water flows to the groundwater 
funnel area or the lowest discharge zone, part of 

the Ca2+ in the mine water is replaced by Na+ and K+ 
in surrounding rock (silicified limestone) through  
ion-exchange interactions, resulting in a reduction 
of Ca2+ concentration and a rise of Na+ and K+ 
concentrations. The high Na+ and high K+ water further 
contribute to the rise of the Sb content in the mine 
water. Thus, mine water with high Sb, high sulfate salt, 
and high TDS is formed.  

Conclusions

The mining process of the antimony deposit 
requires a large amount of drainage. As the amount of 
water inflow is greater than the amount of circulating 
water, the excess mine water must be discharged into 
the surrounding surface water bodies, resulting in 
Sb pollution. Recently, the surface water pollution 
from discharged mine water has received widespread 
attention. The sources and the formation processes of 
high Sb mine water are often neglected. In this study, 
the δ34S(SO4) and δ18O(H2O) data and the water-rock 
interactions are analyzed to reveal the Sb sources and 
geochemical behaviors of the mine drainage water in 
the largest Sb mine in China. The main conclusions 
obtained from this research are listed as follows: 

 1) The Sb concentrations in the mine water samples 
range from 1.19 mg/L to12.10 mg/L with an average of  
4.82 mg/L, which is 238-2420 times of China’s national 
drinking water quality standards (0.005 mg/L) and  
24.20 times the maximum acceptable Sb concentration 
of wastewater (0.50 mg/L), according to the local 
discharge regulations (Hunan Province, China). The 
chemical composition of the mine water is Ca-Na-SO4 
type. The TDS value ranges from 855.00 to 2510.00 mg/L, 
with an average of 1457.45 mg/L, owning to the intensive 
mining activities.

2) The Sb contents in different water bodies 
vary a lot and have the following trend: mine 
water>g roundwater>SA water>MA water>rain. 
Compared with other water bodies, the mine water has 
a higher amount of Na+, TDS, and SO4

2-, indicating that 
the Sb element is more easily accumulated in the water 
bodies with high Na+, high TDS, and High SO4

2-.
3) The δ18O(H2O) and δ2H in the mine water samples 

are consistent with that of the SA water, indicating that 
the SA water is the main source of the mine water. 
Part of the MA water samples show a similar level of 
δ18O(H2O) and δ2H, suggesting that the MA aquifers are 
another water source of the mine water.

4) The Sb in the mine water is mainly derived from 
the oxidation of stibnite. The surplus carbonate minerals 
accelerate the oxidation reaction of Sb2S3, resulting in 
high Sb content mine water. Moreover, soluble oxygen 
in mine water promotes the formation of soluble 
Sb(OH)6

-. The high content of Na+ and K+ induced by 
the ion-exchange interaction also leads to the rise of Sb 
content in the mine water.
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