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Abstract To explore the sources and distribution
characteristics of SO427 in the surface waters of the
Linhuan mining area in Huaibei, river and surface
water samples in subsidence and mine drainage
locations in the study area were collected at different
times. The conventional hydrochemical indexes and
the eigenvalues of sulfur and oxygen isotopes were
tested and analyzed. The results suggested the follow-
ing: (1) The SO,>~ content showed seasonal changes:
low-flow seasons > mid-flow seasons > high-flow
seasons. (2) Based on 8°*Sgos and 8'%0gp, isotope
analyses, the main source of SO427 was the dissolution
of evaporite salt rocks in the stratum of the upstream
area. The SO4°~ in the subsidence area was mainly
from the river water supply, mine drainage and coal
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gangue leaching. The high concentration of SO4*~ in
the mine drainage was mainly from the dissolution of
evaporative salt rocks. (3) The calculation results of
the ternary mixing model showed that the SO,>~ in the
subsidence area water was affected by mine drainage
and gangue leaching to different degrees. The results
showed that the sulfate contribution proportion of the
river water source to the subsidence area water was
35.8-65.9%; the sulfate contribution proportion of the
mine drainage source to the subsidence area water was
2.0-26.6%; and the sulfate contribution proportion of
the gangue leaching end source ranged from 16.3% to
56.9%. Coal mining activities had an important impact
on the sulfate in the subsidence area water.

Keywords Sulfate contamination - Isotope
characteristics - Mixed model - Source terminal

Introduction

Coal has always been the main energy resource
consumed in China. With increasing coal consump-
tion, coal mining activities are increasingly intensi-
fied. Large-scale and high-intensity coal mining
activities lead to formation damage and large amounts
of water accumulation. Large-scale subsidence caused
by mining activities has formed a wide range of
subsidence water. Subsidence areas and the surround-
ing rivers and groundwater play an important role in
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maintaining ecological balance (Chen et al.
2011, 2019; Lu et al. 2017a, b; Liu et al. 2009). For
example, 14 mining areas will be part of the
subsidence area in Huaibei by 2020. The subsidence
area will be divided into five water accumulation
areas, namely East Lake, South Lake, West Lake,
Linhaitong Lake and Shuoli Lake. By that time, the
effective storage capacity of the water will reach 132
million m® (Zhang et al. 2014, 2015; Xie et al. 2013).
With the development of the coal industry, water
pollution in the subsidence area will become increas-
ingly serious. Some scholars have carried out a large
number of studies on water environment problems in
the subsidence areas (Chen et al. 2019; Fang et al.
2015; Hu et al. 2017; Han and Zhang 2017; Wei et al.
2016; Yiet al. 2015; Wang et al. 2015; Liu et al. 2009;
Wang et al. 2009). However, these studies have mainly
focused on nitrogen, phosphorus and heavy metals
pollutions in the water bodies and have paid little
attention to sulfate pollution. Soluble sulfate is an
important component of surface water, and SO~
participates in the weathering process of carbonate
rocks, which is closely related to the release of CO, in
the atmosphere, thus affecting the global carbon cycle.
On the other hand, excessive sulfate will seriously
affect water quality, by increasing the salinity and
acidifying water bodies (Cao et al. 2018; Li et al.
2013, 2015; Balci et al. 2012; Calmels et al. 2007). As
the main water source for production and lives of the
residents surrounding the mining area, the water in the
subsidence area will cause harm to the ecological
environment and the physical health of the residents.
Therefore, determining and controlling specific
sources of sulfate are particularly important.

Sulfate can often be found in surface water, and its
sources mainly include natural (rock dissolution,
sulfide mineral oxidation, atmospheric deposition,
etc.) and artificial (industrial and agricultural sewage,
fertilizer, mining wastewater, etc.) sources (Li et al.
2013; Balci et al. 2007, 2012; Choi et al. 2011; Otero
et al. 2008; Torssander et al. 2006; Dogramaci et al.
2001). With the increasing impact of human activities,
it is impossible to accurately distinguish the source of
components in water based on hydrochemical com-
position and traditional ion source identification
methods. The use of sulfur and oxygen isotopes can
more accurately trace the sources of sulfate, and the
contribution proportion of each pollution end source
can be quantified. Sulfur isotope fractionation widely
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exists in chemical and biochemical processes, and
chemical reactions are common in the process of
sulfate mineral precipitation and dissolution. The
kinetic isotope fractionation effect of such reactions
is small; for example, the dissolution of gypsum does
not produce relatively more obvious SO, isotope
fractionation. Similarly, in addition to the reduction in
sulfate bacteria, sulfur isotope and oxygen isotope
fractionation in the adsorption process of SO,>~ is
only — 0.3%o and 0.1%o, respectively. The isotopic
composition of sulfates from different sources differs,
and those differences are reflected in the eigenvalues
of the isotope (Li et al. 2013; Nriagu et al. 1991). In
most cases, the isotopic composition of SO, can be
used to trace its origin. 8>*Sgos and 8'®0go4 can be
used to distinguish natural and anthropogenic sulfates.
Therefore, isotopes can be used as an effective way to
trace the source of sulfate in the surface water of
mining areas.

The isotopes to trace sulfate sources in water have
been used extensively. Sulfur isotopes in river systems
have been studied worldwide since the 1960s. Since
then, a series of studies on sulfur isotopes in surface
water, such as rivers, have been carried out in China.
However, the domestic and foreign studies on this
aspect have mainly focused on the source and
circulation of sulfate at the scale of large rivers. Some
scholars conducted isotope tracing studies on sulfate
sources in the Yangtze River, Heihe River and Yellow
River (Li et al. 2013; Zhang et al. 2013), respectively.
The sulfate in the Yangtze River and Heihe River
mainly originated from the oxidation of sulfide
minerals and acid rain. In the mainstream of the
Yellow River, the sulfate originated from sulfate
dissolution in soil and gypsum dissolution. Few
researchers have studied the sources of high amounts
of sulfate in the surface water of subsidence areas
combined with coal mining areas. The water storage
situation of mining subsidence is complex, and
excessive gangue accumulation and coal mining
activities result in severe sulfate pollution; however,
the specific source and proportions remain unclear.
Therefore, the hydrochemical composition and iso-
topic composition of the surface water in the Linhuan
mining area of Huaibei were the basis for this research.
Combining the data with local geological and climatic
conditions, the variation characteristics of the SO42_
content in the surface water were analyzed and source
analysis and the quantification of pollution end
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sources in the subsidence water area were conducted.
By analyzing the surface water samples collected in
different seasons, the seasonal variation characteris-
tics of the main ions were analyzed. The effects of
climate, geological factors and human activities on the
chemical composition characteristics of the surface
water in the study area were distinguished and
evaluated. At the same time, data and a scientific
basis were provided for the rational development,
management and utilization of water resources and the
evaluation of water quality in mining areas.

Survey of the research area

The Linhuan mining area is located southwest of
Huaibei city, Anhui Province. The area is approxi-
mately 40.0 km north of Huaibei city and 30.0 km east
of Suzhou city. The climate belongs to the north
temperate zone, which is mild and sunny, year-round.
There are four distinct seasons and with the average
annual temperature of 14.5 °C. The average annual
precipitation is 830 mm, the average annual evapora-
tion is 1213.6 mm, there are approximately 2315.8 h
of annual sunshine on average, and the dominant wind
direction is southeast in summer and northeast in
winter. Generally, the freezing period is from early
December to mid-February, and the maximum depth
of frozen soil can reach 19.0 cm. The vegetation in the
Linhuan coal mine is mainly terrestrial. The main crop
types include wheat, soybean, corn, sesame, vegeta-
bles, melons and fruits. The main soil types in the
region are tidal, silt black, mortar black and green
loess (Fan et al. 2017; Lu et al. 2017a, b).

Linhuan is located on the Huaibei Plain, and the
terrain is flat and open. The elevation ranges from
+ 20.78 to + 28.58 m, and the average is approxi-
mately 4+ 27.0 m, which is high in the northwest and
low in the southeast. The mining stratum is subordi-
nate to the Huaihe River stratigraphic division of the
Huaihe River strata in the Jinji-Luyu stratigraphic
zone of the North China strata. The coal-bearing strata
in the area are concealed under loose stratum of the
Cenozoic. The study area is surrounded by four major
faults: Nanping fault to the east, Fengwo fault to the
west, Subei fault to the north and Bangiao fault to the
south. Its hydrogeological conditions are limited by
the surrounding large faults, forming a grid-like
hydrogeological unit with a total coverage of 892

km?. This area belongs to the concealed mining area,
with flat terrain, igneous rock intrusion in the area and
complex structure. The strata in the area are Ordovi-
cian, Carboniferous, Permian, Tertiary and Quater-
nary from the bottom to the top.

A river passing through the study area and water
from the coal mining subsidence area are the main
surface waters. The Huihe River is the main transit
river, and the surface water in the subsidence area is
concentrated north of Linhuan coal mine industrial
park, which is located south of the Huihe River and
west of Hancun town. According to the relationship
between the subsidence area and the surface river, the
subsidence division is divided into two types; the first
type is closed subsidence area. It only has surface
runoff flow from the surface, the pollution type is non-
point source pollution, and the subsidence area water
has a certain hydraulic relationship with groundwater.
The second type is open subsidence area, connected to
the surrounding surface water. In addition to the runoff
replenishment from the surrounding ditches, there are
rivers or lakes passing through, and water flowing into
and out of the river. The mining subsidence area in
Linhuan coal mine is an open subsidence area, the
ditch which connected with the Huihe River is the only
way to introduce the river water as its water source
supply, and the river water is a replenishment
relationship to the water in the subsidence area. The
main source of the subsidence area water loss is
evaporation, with an average water depth of 3.45 m
and a maximum water depth of 9.0 m. According to
lithology, burial conditions and water-bearing charac-
teristics, the aquifers in Linhuan mining area can be
divided into three types from top to bottom. The first is
a loose porous aquifer formed by the loose alternating
deposition of sand and clay. The second is the
fractured coal and sandstone strata, which are com-
posed of sandstone layers and siltstone layers, includ-
ing quartz, feldspar, mica, gypsum and other minerals,
including three groups of related coal beds, 7-8 coal
beds and ten coal beds. The last is the deeply buried
karst aquifer. The deeply buried karst aquifer formed
by Carboniferous limestone in Taiyuan formation is
Ordovician limestone and Cambrian limestone, which
is a relatively uniform groundwater flow system. The
coal mining subsidence area is approximately
3.7546 x 10° m% The bottom of the subsidence area
is composed of clay and sandy clay. The groundwater
level elevation is 22.6-25.8 m. Moreover, the
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groundwater hydraulic gradient is gentle, the runoff is
weak, and the groundwater level difference is small.
The hydraulic connection between the water table in
the subsidence area and the groundwater is not
obvious (Qiu et al. 2018; Lu et al. 2017a, b; Shang
et al. 2016).

Sample collection and test analysis
Sample collection and pretreatment

Combined with the hydrogeological conditions of the
study area and the actual situation of the site, 45
surface water samples comprising 21 subsidence area
water samples and 24 river water samples were
collected from the Linhuan mining area in April
2015 (mid-flow seasons), July 2015 (high-flow sea-
sons), January 2016 (low-flow seasons) and December
2017. The samples for the isotope test were taken from
the three river water samples and 12 subsidence area
water samples collected in December 2017; other
drainage samples from local coal mines were taken.
Two precipitation samples were collected in July 2015
and January 2016. The specific distribution of sam-
pling points is shown in Fig. 1.

Water samples were collected using precleaned
500 ml high-density polyethylene plastic bottles. The
sample bottle was repeatedly washed with the original
water sample 3-5 times before sampling, and the
sample bottles were quickly filled during sampling to
ensure that no bubbles were left in the bottles. The
headspace of the bottles remained sealed, and the
water samples were kept at low temperature. The
latitude and longitude of the sample points, the time
and the surrounding characteristics were recorded.
Basic water quality parameters such as the water
temperature, pH, redox potential, EC and TDS were
measured in the field using a pH meter (WTW pH
3110) and a portable water quality tester (WTWoxi
315i). The water samples were filtered in the field
using a 0.45-pm acetate filter and then returned to the
laboratory. The water samples for cation analysis were
acidified with HNOj to adjust the pH < 2. The water
samples for anion analysis were further filtered with a
0.22 um Millipore membrane and bottled for testing.
The water samples for hydrogen and oxygen isotopes
were separately dispensed and stored in a sealed
container to prevent the fractional distillation of the
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isotope. Another 2L. water sample was acidified with
dilute HCI to a pH < 2. A saturated BaCl, solution
was then added, and BaSO, precipitate was generated.
After standing and stratification, the resulting precip-
itate was filtered using a 0.45-pum cellulose acetate
filter, and the BaSO,4 was dried at 105 °C and kept in a
desiccator. The treated BaSQ, precipitate was dis-
solved and re-precipitated by the DDARP method, and
the BaSO, was then dissolved in a diethylenetriamine-
pentaacetic acid (DTPA) alkali solution [0.05 M
DTPA + 1 M NaOH]. The completely dissolved
solution of BaSO, was filtered through a 0.22-um
filter, and several drops of 10 M HCI were added to the
solution. The pH was adjusted to 3—4, and the BaSO,
was then precipitated again. Finally, the precipitate
was washed three times with deionized water and
dried prior to further analysis (Bao 2006).

Analytical methods

Water samples of cation and anion were tested in the
engineering laboratory for mine ecological remedia-
tion of Anhui University. The concentration of anions
(F~, CI, SO,*7) was tested using an ion chro-
matograph (DIONEX, model ICS-1500). The anion is
separated by an AS-14 anion exchange column. The
eluent is a mixture of dilute Na,CO5 and NaHCOs3, the
flow rate is set to 1 ml/min, and the injection volume is
25 pl. The working parameters of the suppressor were
ASRS =4 mm, I = 30 mA, and the working pressure
was set at 0.2 MPa. The mixed standard liquid is
prepared from the standard materials. The peak height
is plotted on the ordinate, and the abscissa is the ion
concentration to establish a standard curve. The peak
height was determined, and R* was found to be greater
than 0.999. Deionized water is used as the inhibitor
and diluent. All samples were tested repeatedly for
three times with a test accuracy of 0.01 mg/L. The
anions were measured in accordance with the Chinese
Environmental Protection Standard HJ/T 84-2001.
ICP-AES (IRIS Intrepid II XSP) was used to
determine anions (K, Ca’", Na™*, Mg”) in water
samples. The carrier gas was argon, the flow rate is 0.7
L/min, the flow rate of auxiliary gas was 1.0 L/min,
and the RF power was set at 1150 W. Select different
wavelengths to test their corresponding ions. Standard
substances (GSB-1720, GSB-1735, GSB-1736 and
GSB-1738) were derived from the national standard
substance center at a concentration of 1.0 mg/L.
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Fig. 1 Sample points of the different types of surface water in the Linhuan mining area

According to the Chinese Environmental Protection
Standard HJ/776-2015, the standard recovery rate of
soluble cation was 90.5-98.3%. Blank sample, dupli-
cate sample and standard sample were used, and the
sample test was repeated for three times with the test
accuracy of 0.01 mg/L; ultra-pure deionized water
was also used to control the accuracy of the sample
determination. Double indicator titration method was
used for HCO;3™ determination, with three parallel
samples for each sample, and the control error
was < 5%. The mass concentration of total dissolved
solids (TDS) in water was calculated by subtracting
1/2 HCO5;™ mass concentration from the sum of the
mass concentrations of anion and cation. The reagents

used were all excellent grades. In order to ensure the
accuracy of the test, the conservation of the main anion
and cation was calculated. When the ratio of the
equivalent concentration was in the range of
1.00 £ 0.1, the conservation of ions is considered,
otherwise re-measured.

The isotopic ratio of samples was expressed as

5sample(%0) = [(Rsample - Rstandard)/Rstandard] x 1000.
The isotopic ratios of hydrogen, oxygen and sulfur are

expressed as 2H/1H, 180/'%0 and 3*S/3%S. §**S and
8"80g04 of samples were determined in the State Key
Laboratory of Biogeology and Environmental Geol-
ogy of China University of Geosciences (Wuhan) by
an elemental analyzer-stable isotope ratio mass
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spectrometer (Thermo Fisher, Delta v Plus). When the
temperature of the instrument was raised to about
1000 °C, BaSO, was burned by O, and V,Os to
produce SO,. At this time, the 5°*S value in the gas
was measured. The temperature of the instrument was
then raised to 1300 °C and passed in C to burn BaSO4
that generated CO gas, at which time the value of
8'80g04 in the gas is measured. The IAEA standard
materials (NBS127, IAEA-S05 and IAEA-S06) were
tested together in the experiment with standard
deviations < 0.25%. The internal standard was repeat-
edly measured. The 5180504 test accuracy is better
than 4 0.3%o, and the 'S test accuracy is better
than & 0.2%o. According to the International Atomic
Energy Standard Substance Correction, 5°*S was
corrected to the VCDT international standard, and
8'80g04 was corrected to the VSMOW international
standard. The samples were sent to the State Key
Laboratory of Loess and Quaternary Geology of the
Institute of Earth Environment, Chinese Academy of
Sciences for 3D and 8'®0 value analysis. The exper-
imental instrument used a laser liquid water isotope
analyzer (Picarro, L2130-i type). The sample was first
vaporized and attenuated in the optical cavity. The
instrument automatically recorded and compared the
ringing time of the cavity filled with the target gas.
This time difference was the difference in the ringing
time caused by the target gas absorbing the laser. The
time difference is linearly related to the gas concen-
trations, which ensured the accuracy of D and §'0
measurements. Laboratory standard materials (SA-1,
SA-3 and SA-4) and standard GISP were used in the
experiments, with uncertainty better than = 0.1%o for
3'®0 and better than & 0.5%o for SD. Experimental
data were corrected to VSMOW international
standards.

Data analysis

SPSS (IBM, 21.0) software was used to analyze the
experimental data, including one-way analysis of
variance (ANOVA), statistical analysis and correla-
tion analysis. All the figures were drawn by the Origin
2017 software, and the experimental data are
expressed as mean + SD.
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Results and discussion

Time variation characteristics of sulfate
in the surface water

The mass concentration composition of the main ions
in the different types of water bodies in the Linhuan
mining area is shown in Table 1. The surface water in
the study area showed consistent variation. The
average mass concentration of ions occurred in the
following order: low-flow seasons > mid-flow sea-
sons > high-flow seasons. The order of the average
mass concentration of the major cations in the surface
water was Na™ > Ca*" > Mg®" > K. The order of
the average mass concentrations of the anions was
SO,*~ > HCO;~ > CI~ > F . In general, the con-
tents of the cations Na* and Ca®" in the surface water
were relatively high, while HCO;~ and SO, were
the main anion components. The main water quality
type of the surface water was Nat—Cl™—S0,>".

The specific change trend in the average mass
concentration of SO,>~ in the surface water with time
is shown in Fig. 2. According to a systematic sampling
survey of 18 rivers by Chen et al., the average SO4>
content in the rivers of the Huaibei coalfield was
386.7 mg/L. (Chen et al. 2016). From Fig. 2, the
SO4>~ change in the surface water was relatively large
over time. The average mass concentrations were
528.4 £ 17.6, 4427 £50.0, 682.8 & 69.4 and
411.3 £ 75.3 mg/L, which all exceeded the standard
limit of sulfate in drinking water (250 mg/L) based on
the Environmental Quality Standard for Surface Water
(GB3838-2002) and the mean value of river water in
the Huaibei coalfield. The relationship between the
atmospheric precipitation in the study area and time is
shown in Fig. 3. The precipitation in the high-flow
seasons led to a decrease in the SO427 concentration,
and for the low-flow seasons, the SO427 concentration
increased. However, the SO427 content in the surface
water during the same low-flow seasons in December
2017 was significantly lower than the previous average
level. Further analysis showed that there had been in
continuous rainy weather during this month, the
accumulated rainfall was relatively large and signif-
icantly higher than the previous level, the evaporation
was weakened, and the atmospheric precipitation had
a certain dilution effect on the surface water in the
research area.
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Analysis of the sulfate sources in the mine drainage

Coal mining activities often produce a large amount of
gangue, and the sulfur in gangue is mainly found in the
form of pyrite. On the other hand, the environment
caused by the destruction of strata by coal mining
activities was beneficial to the oxidation of pyrite in
the coal gangue and the production of a large amount
of sulfate into the water body. The mine drainage and
coal gangue samples were collected in Linhuan coal
mine, and the water chemical indexes and isotopes of
the samples were tested and analyzed. The results
showed that the mine drainage was characterized by a
high SO,*~ concentration and high TDS. The average
SO4>~ and TDS contents reached 1270 + 15.1 mg/L
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and 2698 + 35.3 mg/L, respectively, which indicated
high salinity water. The mechanism of the high SO,*~
content could be explored by testing the sulfur and
oxygen isotopes of the sulfate in mine drainage. Coal
mining activities also create conditions for the oxida-
tion of pyrite. There are two reaction pathways by
which pyrite oxidation produces sulfate in mine
drainage systems (Fowler et al. 1999; Taylor et al.
1984).

In the first reaction, pyrite is mainly oxidized with
O, as an oxidant when the pH is greater than 4.5:

FeS, +7/20, + H,0 = Fe** 4+ 2H" +2502~ (1)

In the second reaction, pyrite is mainly oxidized by
Fe** to an oxidant when the pH is less than 4.5
(Nordstrom et al. 1982):

Fe’™ 4+ 1/40, + H" = Fe’* + 1/2H,0 (2)

FeS; + 14Fe*" + 80, = 15Fe*™ + 16H" + 2503~
(3)

Under aerobic conditions, the oxidation of pyrite
mainly occurs through the first reaction pathway. The
second reaction route has multiple steps. In reaction
(3), pyrite can be oxidized by Fe* ' to form SO,*~ in an
aerobic or anaerobic environment, and the reaction (2)
occurs under aerobic conditions. In reaction (2), Fe’™
is oxidized as an intermediate product to Fe’" to
continue to participate in the oxidation of pyrite under
aerobic conditions. The Fe ion concentration and pH
in the mine drainage were tested. The Fe ion contents
were 4.2 mg/L and 3.9 mg/L, and the pH values were
8.74 and 8.73. Based on further analysis of the Fe ion
content, the high content of SO, in the mine
drainage might be partly derived from the oxidation
of pyrite, and the alkaline environment was conducive
to the reaction of pyrite in the first oxidation route.
Sulfide oxidation was mainly controlled by the
formation rate of intermediate compounds of H,O
and O,; therefore, the oxidation rate was faster. Under
the condition of low temperature, the kinetic fraction-
ation caused by the oxidation of sulfide was small, and
the fractionation coefficients were close to 1. Exper-
imental studies have shown that the sulfur isotope
composition of SO,>~ obtained by the oxidation of
sulfide minerals is very close to its precursor sulfide
minerals, and thus, the SO,>~ generated by pyrite
oxidation is basically the same as the 8°*S value of
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sulfur (Sun et al. 2017; Liu et al. 2017). The pyrite 3**S
values of the collected gangue samples in the study
area were 3.5%o0 and 6.3%., respectively, with an
average of 4.9%o, while the 5348504 values of SO427 in
the mine drainage were 26.8%o0 and 26.7%o, with an
average of 26.7%o. The 5**Sgo4 value of SO4*~ in the
mine drainage was significantly higher than that of
pyrite. There was a relatively obvious isotope enrich-
ment phenomenon that did not conform to the sulfur
isotope fractionation characteristics of sulfide oxida-
tion, indicating that the sulfate generated by pyrite
oxidation was not the main source of sulfate in the
mine drainage. On the other hand, the positive 8348504
value of SO,>~ in the mine drainage was within the
range of the sulfate isotope characteristic value of the
dissolution of evaporate. However, the heavy isotope
was enriched in the process of dissolution of the
evaporite rock, giving priority to gypsum. The study
found that the coal-bearing strata in Linhuan mining
area consist of sandstone layer and siltstone layer,
including quartz, feldspar, mica, gypsum and other
minerals, including three groups of related coal seams,
7-8 coal seams, 10 coal seams (Wang et al. 2019;
Chenetal. 2014,2017; Lin et al. 2016; Guo et al 2014).
Therefore, the SO,> in the mine drainage mainly
originated from the dissolution of evaporite formation
in the deep coal seam.

Above all, based on the Fe content and the isotopic
characteristic value of SO42’ in the mine drainage, the
high concentration of SO,* in the mine drainage
mainly originated from the dissolution of evaporite in
the stratum, and the sulfate generated by the oxidation
of pyrite was only a secondary source.

The difference was that, in general, the sulfate
formed by sulfide oxidation was often enriched with
light isotopes, and its 8*Sgos value was usually
negative. However, the Linhuan mining area showed a
positive 8**Sgo4 value, and the 5>*S value of the pyrite
was different from that of the region. This regional
differentiation phenomenon might be related to its
unique coal-forming environment and the fractiona-
tion mechanism of isotopes in the oxidation process.
Some scholars proposed a “north—south differentia-
tion theory” (Hong et al. 1992). The sulfur in coal and
coal gangue is mainly in the form of pyrite, and the
sulfur isotopic composition of fossil fuels in different
regions varies greatly due to their different geological
backgrounds. Their sulfur isotopic compositions are
quite different. By testing the sulfur isotope

composition of coal mines in different regions of
China, it was found that northern coal is characterized
by a relatively high 8**S value and a low sulfur
content, while the southern coal is characterized by a
relatively low 8°*S value and a high sulfur content.
The difference in 8**S values in the coals in the north
and south could explain the phenomenon that the
positive 8**Sgos values of mine drainage and 3**S
values of pyrite in the study area showed a positive
difference compared to other areas.

Isotope mixing model of surface water sulfate

The surface water composition in the mining area is
mainly river water and subsidence area water. The
sulfur and oxygen contents in the sulfate and the
hydrogen and oxygen isotopes in the water are shown
in Table 2. The sources of sulfate in surface waters are
complex and can be divided into two categories:
natural sources and anthropogenic sources. The nat-
ural sources of sulfate mainly include: the dissolution
of evaporite rock, giving priority to gypsum, the
oxidation of sulfide minerals (pyrite) and biological
sulfur and the atmospheric acid deposition. The
anthropogenic sources of sulfate mainly include: the
discharge of industrial and domestic sewage, the use of
agricultural fertilizer and coal mining activities.
Except for the reduction in sulfate bacteria, sulfate in
nature does not produce significant isotope fraction-
ation, and there are some differences in the isotopic
compositional characterization values of sulfates from
different sources. Previously, the dissolution of evap-
orite rocks (such as gypsum) is often enriched with
heavy isotopes, and their 8**S value ranges from
+ 12%o to + 35%o, and the eigenvalue of 380504 is
+ 6%o0 to + 20%o. Atmospheric precipitation and
sulfide oxidation and so on are often enriched with
light isotopes. The 8**S value of sulfide mineral
oxidation ranged from — 5% to + 12%o, and the
5180304 value ranged from — 5%o to + 4%o (Li et al.
2013; Balci et al. 2012; Baldwin and Mitchell 2012;
Brunner et al. 2005). Therefore, the sulfate source
could be analyzed based on the sulfate isotope
characteristic value of the sample.

The isotope distribution of surface water in the
mining area is shown in Fig. 4, the water sample
points in the river, and the subsidence area all fell into
the range of evaporite rocks. This result indicates that
the sulfate source was mainly affected by evaporite

@ Springer



2874

Environ Geochem Health (2020) 42:2865-2879

Table 2 Isotopic composition of the different types of surface water in the Linhuan mining area

Sampling no 5>*Ss04 (%o vs.VCDT)

8180504 (%0 VSVSMOW)

3D (%o vs.VSMOW) 3"80p20 (%o vs.VSMOW)

Huihe River water

HZ01 18.5 10.0
HZ02 18.2 9.3
XSGO1 19.1 10.6
Mean + SD 18.6 £ 0.4 10.0 £ 0.5
CvV 2.01 5.33
Subsidence area water
LHCX-01 21.3 11.9
LHCX-02 20.9 10.6
LHCX-03 20.2 10.9
LHCX-04 20.1 11.2
LHCX-05 21.6 10.0
LHCX-06 223 133
LHCX-07 20.8 10.8
LHCX-08 21.5 11.2
LHCX-09 20.9 11.3
LHCX-10 21.3 11.3
LHCX-11 214 11.1
LHCX-12 21.7 10.9
Mean + SD 212 £ 0.6 112 £0.8
CvV 2.83 6.85
Mine drainage
LHKO1 26.8 10.3
LHKO02 26.7 10.3
Mean + SD 26.8 + 0.1 10.3 £ 0.0
CvV 0.19 0.00
Atmospheric precipitation
JSO1 6.5 9.8
JS02 8.7 11.5
Mean + SD 7.6 £ 1.1 10.7 £ 0.9
(6\% 14.47 7.98

—- 519 -170

- 518 - 69

- 520 - 69
—51.9 £ 0.08 - 6.9 £ 0.05
0.16 0.68

— 420 - 5.1

— 400 — 46

— 476 - 6.0

— 4622 —-57
-293 -26

— 432 -53

— 408 —47

— 430 — 49

— 434 ~52

— 482 — 6.1

— 412 —48

— 486 - 60

— 428 +£50 — 514009
11.59 17.79

— 635 - 88
—65.7 -89

— 646+ 1.1 —89+0.1
1.70 0.56

- 1755 - 227

- 1205 - 16.6

— 148.0 £ 27.5 — 197 £ 3.1
18.58 15.52

dissolution. Based on previous studies, there is no
obvious hydraulic connection between the surface
water and groundwater in the study area, and the low
SO,*~ content in the groundwater had a weak
influence on the water quality of the subsidence area.
The subsidence area was formed by mining; the area
connected with the Huihe River only by a gully and
introduced river water is its water supply. Therefore,
the SO, in the subsidence area water was mainly
affected by river water. The range in the 83*Ss04 value
of SO42_ of the subsidence area was

@ Springer

+ 20.1%0 ~ + 22.3%0, with an average of
+ 21.2 % 0.6%o, while the range in the 5**Sgq, value
of SO,> of the river was + 18.5%0 ~ + 19.1%o,
with an average of + 18.6 = 0.4%o0. There was an
obvious isotope enrichment phenomenon in the SO,*~
in the subsidence area, and the increase in the 6348504
value in the subsidence area indicated that there was a
new pollution source in addition to the sulfate carried
by the Huihe River. The average values of sulfate
8**Sso4 and 8'%0g04 of the mine drainage generated
by mining in the surrounding subsidence area were +



Environ Geochem Health (2020) 42:2865-2879

2875

30

River water

. [ ]
Subsidence area water

A
°

25
B Mine drainage
*

@ Evaporites
20 |

Atmospheric precipitation

~
=
g &r®
O
>,
£ 15+
=
©n . ——
< Local atmospheric precipitation
o r———777°7 I /
10 | |
Sulfide oxidation \ = - S, |
1 | .
5 Pyrite (8*'S) ) | Atmospheric precipitation 1
I
I

(=}
W
—_
(=}
—
w
%3
(=}

5050, (%0.VSMOW)

Fig. 4 Composition of 8**Sgo4 and 8'80gp, in the surface
water in the Linhuan mining area and the isotope variation in the
typical sulfate sources (pyrite 5°*S =3.5%0 and 6.3%o). (1)
Sulfate from evaporative rock: 8*Sgos = + 12%o to + 35%o,
880504 = 4+ 6%0 to + 20%o. (2) Sulfate from oxidized
sulfide: 8**Sg04 = — 18%o to + 12%o, 8'®0g04 = — 5% to
+ 5%o. (3) Sulfate from atmospheric precipitation: 5345504_
= — 5%0to + 6%, 8'*0s0s = + 6%o to + 18%o (Based on
Li et al. 2013)

26.8 = 0.1%o0 and + 10.3 £ 0.0%o, respectively. The

average of the 8348504 value in the subsidence area
water was between the value of the Huihe River water
and the value of the mine drainage. The high 8348504
value of the mining wastewater entering the subsi-
dence zone caused the sulfate concentration and
isotopic composition to change, which increased the
8**Ss04 value of the water body. Considering that the
possibility of sulfate reduction by bacteria (BSR) was
small, it is possible that mine drainage was an
important sulfate contributor. The average SO,*~
concentration of the subsidence area water
(490.6 £+ 32.4 mg/L)) was significantly higher than
the average SO,>~ concentration of the river water
(279.1 £ 19.1 mg/L); this also verified this view.
Similarly, the 8°*Sgos and 8'®0gos values of the
subsidence area water were obviously different from
those of the local precipitation, and the average
concentration of SO,>” in the precipitation was
13.8 + 0.2 mg/L. The low concentration of SO,*~
indicated that precipitation was not the main source of
sulfate in the subsidence area water. In summary, the
positive 8>*Sso4 value of sulfate in the river water was
derived from the dissolution of evaporite in the
upstream area, and the sulfate in the subsidence area
water was derived from the recharge of river water and
the influence of mining activities.

The result showed that the main sources of sulfates
in the water bodies were quite different due to different
geological backgrounds, rock mineral differences and
human activities upstream of the different regions. The
values of sulfate 8**Sgo, in rivers and lakes in
different regions of the world vary, and these differ-
ences are of great significance for the study of the
conversion of sulfate sources and sulfur cycle trans-
formation in regional waters (Li et al. 2013; Balci et al.
2007, 2012; Choi et al. 2011; Otero et al. 2008).

Since the sulfur isotope had no obvious isotope
fractionation except for the reduction in sulfate
bacteria, the reduction in sulfate bacteria in shallow
lakes was not strong. Therefore, the isotope mass
balance mixing model could be used to determine the
source load ratio of sulfate. The three-terminal mixed
model of the sulfur and oxygen isotope composition of
sulfate in the study area is shown in Fig. 5. Except the
samples (LHCX-05), most of the samples were in the
triangle region proved the correctness of the model,
which quantified the contribution proportion of the
three pollution terminal sources. Because the main
water body of the study was the subsidence area water,
most of the water samples were mixed water samples
or intermediate water samples. Recognizing the dif-
ferent end sources of sulfate recharge in the water
body involved identifying the end sources based on the
inversion of these intermediate samples. Some of the
samples themselves were end source water (river
water and mine drainage), determining the other end
sources required combining the distributions of the

14
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Fig. 5 Ternary mixing model of the sulfur and oxygen isotopes
of the surface water in the Linhuan mining area

@ Springer



2876

Environ Geochem Health (2020) 42:2865-2879

intermediate water samples. Among them, F1 repre-
sented the sulfate contribution proportion of the Huihe
River water to the subsidence area water, and F2
represented the sulfate contribution proportion of
mine drainage to the subsidence area water. End
source F3 came from water sample (LHCX-06). There
were a large number of coal gangue piles around the
subsidence area due to coal mining activities. These
gangues entered the subsidence area through surface
runoff under the scouring action of rain water. Water
sample (LHCX-06) was taken near the largest gangue
pile in the subsidence water area. In Fig. 5, the isotope
composition distribution of this point was obviously
different from that of the other sampling points. The
isotope composition of that water sample might be due
to atmospheric precipitation mixed with the gangue
leachate. The specific calculation formula of the
ternary mixed model is as follows:

53481 x F1 + 534S2 x F2 + 53483 x F3 = 534SMIX
(4)

530, x F1 4 6"%0, x F2 4 6"%05 x F3 = 6" 0pix
(5)
FI+F2+F3=1 (6)

From Fig. 5, there was no relatively independent
accumulation area of the water sample points in the
subsidence area, and the difference in the end source
points was also obvious. The value of 8**Sgo4 Of the
river terminal source (F1) was + 18.6%o, and the value
of 880504 was + 10.0%o; the value of 8**Sgoy4 of the
mine drainage (F2) was + 26.8%o, and the value of
8'80g04 was + 10.3%o; the value of 8**Sgou of the
gangue leaching end source (F3) was + 22.3%o, and
the value of 8'®0go, was + 13.3%o. Using these
values in Eqs. (4) and (5), the specific calculation
result of the source contribution ratio of each end
source is shown in Fig. 6. The results showed that the
sulfate contribution proportion of the river water
source to the subsidence area water was 35.8-65.9%;
the sulfate contribution proportion of the mine
drainage source to the subsidence area water was
2.0-26.6%; and the sulfate contribution proportion of
the gangue leaching end source ranged from 16.3 to
56.9%. The different water sample points were
affected by different degrees of mine drainage and
gangue leachate. The influence of coal mining
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Fig. 6 The contribution of different end sources to the
contribution of sulfate in the subsidence area

activities was the source of both mine drainage and
gangue leaching. Therefore, the isotope mixing model
accurately reflected the degree of influence of coal
mining activities on the sulfate in the subsided area
water.

The different points showed the difference in each
pollution source in the study area and could reflect the
different dominant sources of pollution at specific
location. These results could be used to reduce
environmental pollution due to the active transforma-
tion of mining areas, strengthen the follow-up treat-
ment of mine wastewater and provide a reference for
the rational selection of gangue accumulation loca-
tions. In addition, the high concentrations of sulfate in
the surface water and mine drainage might infiltrate
the groundwater and change its composition. Deter-
mining the sources and material circulation of ground-
water hydrochemical components based only on
different types of rock weathering and evaporation is
problematic. Based on the combination of surface
water characteristics and special pollutants, this study
provides a basis for future research on groundwater in
mining areas.
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Conclusions

In this study area, the content of SO427 in the surface
water changed over time, and the value was higher
than the average value of the “Environmental Quality
Standard for Surface Water” (GB3838-2002). The
content showed obvious seasonal variation in the high-
flow, mid-flow and low-flow seasons, and sulfate
pollution was serious. The sulfur and oxygen isotope
compositions of the mine drainage were obviously
enriched in heavy isotopes, the source of sulfate was
mainly the dissolution of evaporative salt rocks in
stratum, and pyrite oxidation was the secondary
source. The main source of SO,>~ in the river water
was the dissolution of evaporite in the study area. The
end source contributing SO4>~ in the subsidence area
were mainly river water, mine drainage and gangue
leaching. The isotope ternary mixture was calculated
by an isotope ternary mixed model. The proportion of
sulfate contribution in the water ranged from 35.8 to
65.9%; the contribution of mine drainage source to the
sulfate in the subsided water in the subsidence area
ranged from 2.0 to 26.6%; the end source contribution
of gangue leaching solution accounted for 16.3% to
56.9%. The results reflected that coal mining activities
had an important impact on the concentration of
sulfate in the subsidence area water.

The use of hydrochemistry and multi-isotopes
(8" 0g04, 8°*Sgos4) can accurately determine the
source and contribution of SO427 in surface water in
the study area. The methodology here presented can be
transferred to other sites and may provide a reliable
base for the development of effective mitigation and
adaptation strategies for sulfate pollution.
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