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Abstract: Karst groundwater in the Niangziguan spring fields is the main source to supply domestic
and industrial water demands in Yangquan City, China. However, the safety of water supply in
this region has recently suffered from deteriorating quality levels. Therefore, identifying pollution
sources and causes is crucial for maintaining a reliable water supply. In this study, a systematic
sample collection for the karst groundwater in the Niangziguan spring fields was implemented to
identify hydrochemical characteristics of the karst groundwater through comprehensive analyses of
hydrochemistry (piper diagram, and ion ratios,) and stable isotopes (S and H-O). The results show
that the karst groundwater in the Niangziguan spring fields was categorized as SO4·HCO3-Ca·Mg,
HCO3·SO4-Ca·Mg, and SO4-Ca types. K+, Cl-, and Na+ are mainly sourced from urban sewage and
coal mine drainage. In addition, SO4

2− was mainly supplied by the dissolution of gypsum and the
oxidation of FeS2 in coal-bearing strata. It is noteworthy that, based on H-O and S isotopes, 75% of
the karst groundwater was contaminated by acidic water in coal mines at different degrees. In the
groundwater of the Niangziguan spring field, the proportions of SO4

2− derived from FeS2 oxidation
were 60.6% (N50, Chengxi spring), 30.3% (N51, Wulong spring), and 26.0% (N52, Four springs mixed
with water). Acid mine drainage directly recharges and pollutes karst groundwater through faults
or abandoned boreholes, or discharges to rivers, and indirectly pollutes karst groundwater through
river infiltration in carbonate exposed areas. The main source of rapid increase of sulfate in karst
groundwater is acid water from abandoned coal mines.

Keywords: karst spring; hydrochemical characteristics; source of sulfate; stable isotope

1. Introduction

Karst regions occupy approximately 25 percent of the land surface of the Earth [1–3].
Karst groundwater is an important water resource that is used as a drinking and industrial
water source by a significant proportion of the world’s population [4,5]. However, karst
aquifers are much more vulnerable to pollution than other aquifers, and the restoration
of contaminated groundwater is difficult [6–8]. Karst groundwater is a “hidden resource”
in northern China and the prevention and monitoring of karst groundwater pollution
are more difficult than that of surface waters due to its inaccessibility. Among numerous
contaminants that contribute to groundwater pollution, Fe [9–12], nitrate [13–17], and
sulfate [18–20] are cited most frequently. Fe in karst groundwater is mainly affected by
Fe-rich acid mine drainage (AMD). Nitrate in karst groundwater includes synthetic and
organic fertilizers, as well as municipal and industrial sewage. Sulfate minerals in karst
groundwater originate from natural sources like the dissolution of sulfate, atmospheric
deposition, and AMD caused by human activity.

Niangziguan spring is located in Yangquan City, Shanxi Province. The average annual
flow of spring water is 9.8 m3·s−1 (1956–2019). Spring water in the Niangziguan spring
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fields is the main source to supply domestic and industrial water demands in Yangquan
City, China. Since 2010, the sulfate radical of karst spring water has been more than
250 mg·L−1. Karst well water and springs are the primary method used for the discharge
of groundwater from karst aquifers [21,22]. Therefore, the monitoring of karst well water
and springs can provide more insights into the hydrogeological and hydrogeochemical
processes that occur in underground environments.

The hydrogeochemical characteristics are crucial to reflect the circulation and hydro-
dynamic conditions of regional groundwater, and to understand the water quality and
distribution characteristics. To date, methods commonly used in the karst water hydro-
geochemistry are the hydrochemical type, saturation index, and ion ratio methods [23–25].
Advanced techniques have been also used such as isotopic analysis, statistical methods, and
hydrogeochemical simulations. The interactions between precipitation and groundwater
can be investigated using stable isotopes of hydrogen and oxygen [26–29]. The applica-
tion of isotope tracers (δ34S-SO4

2, δ18O-SO4
2) in identifying sources and fate of SO4 in

groundwater has been successfully achieved for several decades [30–35]. The geochemical
evolution of karst water and its associations with urbanization impacts have not been fully
addressed in the karst regions throughout the world [36–42]. This study characterizes
spatial-temporal variations in hydrochemistry in the Niangziguan spring region, a typical
karst area of fast urbanization in Shanxi, using hydrochemical reconnaissance and monitor-
ing of S, D, and O isotopes [43–49]. The aim of our study is to evaluate the impacts of rapid
urbanization on karst water quality. Identifying pollution sources and causes is crucial for
reliable water supply.

2. Materials and Methods
2.1. Study Area

The Niangziguan spring field is located in the eastern part of Shanxi Province adjacent
to Hebei Province in China, which includes: (1) the urban areas, suburbs, Pingding County,
and Yu County of Yangquan City; (2) Xiyang, Heshun, Zuoquan, Shouyang, and Yuci of
Jinzhong City; (3) Taiyuan City and Yangqu County. These areas are shown in Figure 1.
The distribution area of coal measures strata in the spring area is 4728 km2, accounting
for 63.5% of the whole spring area. Therefore, the industrial structure dominated by coal
has become a feature of this area. Taking a comprehensive view of the main districts and
counties in the spring area (the districts and counties of Yangquan City and Shouyang,
Xiyang, Heshun, and Zuoquan of Jinzhong City), the output value of coal mining industry
generally accounts for more than 50% of the total output value. The total area of the
district is 7436 km2 ranging from 36◦55′ N to 38◦15′ N and 112◦20′ E to 113◦55′ E. The
average annual water evaporation in the study area was 1202 mm while the average annual
precipitation of the whole region was 542.4 mm during the period from 1955 to 2019 at
Yangquan Station within the China Meteorological Data Network. While the average
annual temperature is 10.9 ◦C, the average temperature in January is −4.6 ◦C and the
extreme minimum temperature is −28 ◦C.

2.2. Materials and Methods

Fifty-two karst well water or springs in the Niangziguan spring field were sampled
during 23–24 June 2014 and analyzed for constant indicators (water temperature, pH,
conductivity, Ca2+, Mg2+, K+, Na+, Cl−, SO4

2−, HCO3
−, NO3

−, CO3
2−, etc.) and trace

indicators (Sr2+, F−). With 18 groups of acidic drainage and surface water samples col-
lected from coal mines in the spring field in April 2013, June 2014, October 2015, and
April 2019, the constant indicators (water temperature, pH, conductivity, Ca2+, Mg2+,
K+, Na+, Cl−, SO4

2−, HCO3
−, CO3

2−, etc.) and isotope (δ34S) were measured. The
temperature, pH, conductivity (EC), and ORP were directly measured by a WTW 3440
(Xylem Analytics, Munich, Germany) water quality parameter tester in the field. Ca2+

and HCO3
− were titrated in the field by the Merck test box (MColortest™ 1.11110.0001,

Germany), with a measurement accuracy of 1 mg·L−1 and 0.1 mmol·L−1, respectively.
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The concentrations of Mg2+, K+, Na+, and Sr2+ were measured with ICP-AES (ICAP 7600,
Thermo Fisher, Waltham, MA USA). SO4

2−, HCO3
−, NO3

−, CO3
2−, and F- were analyzed

with ion chromatography (Dionex ICS-1100, Thermo Fisher, USA). The detection lim-
its were 0.02 mg·L−1, 0.06 mg·L−1, 0.008 mg·L−1, 0.03 mg·L−1, 0.01 mg·L−1, 0.01 mg·L−1,
0.01 mg·L−1, 0.01 mg·L−1, and 0.02 mg·L−1 for Mg2+, K+, Na+, Sr2+, SO4

2−, HCO3
−,

NO3
−, CO3

2−, and F−, respectively. δDH2O and δ18OH2O isotopes were determined using
a stable isotope ratio mass spectrometer (IRMS, MAT253, Thermo Fisher, USA). Detection
of major ions, trace elements, δDH2O, and δ18OH2O were performed at the Karst Geological
Resources and Environment Supervision and Monitoring Centre of the Ministry of Land
and Resources. Stable sulfur of dissolved sulfates was measured at the China University of
Geosciences (Wuhan) using a stable IRMS (Delta V advantage, Thermo Fisher Scientific,
USA). The stable Hydrogen and Oxygen data of water are expressed in delta (δ) as parts per
thousand (‰) relative to the Vienna Standard Mean Ocean Water (V-SMOW). Stable sulfur
data of dissolved sulfates are expressed in delta (δ) as parts per thousand (‰) relative to
the Vienna Canyon Diablo Troilite (V-CDT).

Figure 1. Hydrogeological map of Niangziguan spring catchment.
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3. Results and Discussion
3.1. Hydrogeochemistry

The chemical composition of karst water is controlled by factors such as geological
conditions, hydrodynamic conditions, and human engineering activities in the region, and
it can better preserve such influence information [50–54]. Therefore, hydrogeologists often
use hydrogeochemical methods to study complex karst water systems [55–58].

3.1.1. Hydrogeochemistry of the Karst Groundwater

Based on a total of 52 sets of analytical results for the karst groundwater, it was
found that the pH values of karst water range from 6.96 to 8.00, with an average of 7.60.
The average concentrations of Ca2+, Mg2+, K++Na+, Cl−, and SO4

2− are 143.5 mg·L−1,
36.2 mg·L−1, 45.6 mg·L−1, and 323.9 mg·L−1, respectively. The ranges of each indicator are
shown in Table 1 and Figure 2. Figure 3 shows a piper diagram of ionic concentration for the
collected samples. The karst water (spring) generally shows cationic high concentrations
of Ca2+ and Mg2+ and low concentrations of K++Na+, and anionic high concentration of
SO4

2−, low concentrations of Cl-, and high concentration of HCO3
− (Table 1).

Table 1. Statistical summary of water quality parameters and stable isotopes in karst groundwater.

Sample
NO.

Type T/°C pH
Major Elements (mg·L−1) ‰

Ca2+ Mg2+ K+ Na+ Cl− SO42− HCO3− CO3− D 18O 34S

N01 karst well 20 7.8 100.9 34.1 1.36 62.9 19.5 304.2 212.5 n.d. −70 −9.3 −6.11
N02 karst well 21 7.55 120 19.3 2.52 22.1 17.7 221.2 188.2 n.d −49 −5.8 −3.54
N03 karst well 16 7.7 329.1 68.5 4.23 131.4 70.9 1029 176.1 n.d −63 −8.5 −0.21
N04 karst well 15 7.7 126.2 21.2 2.32 65.7 36.5 231.6 248.9 n.d −65 −8.5 0.77
N05 karst well 18 7.21 223.4 48.5 6.56 193.6 164.9 623.5 273.2 n.d −60 −8 4.03
N06 karst well 14 7.8 87.8 16.5 0.75 46.4 14.2 106 261.1 n.d −69 −9.4 4.24
N07 karst well 19.9 7.53 220.3 44.3 5.45 149.5 152.5 536.2 261.1 n.d −62 −8.2 4.84
N08 karst well 14.5 7.8 71.5 15.3 0.75 33.3 12.4 104 191.2 n.d −68 −9.2 4.97
N09 karst well 16 7.5 183.9 37.5 3.43 99.8 86.9 427 261.1 n.d −63 −8.4 5.98
N10 karst well 19.2 7.8 67.4 18.2 1.05 33.2 16 97.1 200.4 n.d −68 −9.4 6.14
N11 karst well 17.5 7.5 77.9 23.9 1.04 10.6 6 21.7 303.6 n.d −69 −9.3 6.37
N12 karst well 17.1 7.9 98.2 27.2 1.38 12.6 16.7 118.4 245.9 n.d −70 −9.5 7.22
N13 karst well 18 7.5 329.9 79.1 3.45 125.2 65.6 975.2 297.5 n.d −67 −8.9 7.43
N14 karst well 19.2 7.5 69.5 30.9 1.3 48.4 8.9 202 206.4 n.d −70 −9.4 7.49
N15 karst well 15.9 7.14 262.6 55.6 3.16 78.3 101 595.1 297.5 n.d −63 −8.5 8.56
N16 karst well 25.8 8 220.7 46.5 5.01 115.6 119.5 664.6 112.3 n.d −52 −6.2 9.41
N17 karst well 17 7.57 185.3 40.1 1.2 10.4 9.6 357.8 270.8 n.d −73 −10 10.31
N18 karst well 17 7.86 96.4 24.9 1.26 10.4 16 112.5 230.7 n.d −70 −9.4 10.43
N19 karst well 17 7.6 66.8 21.3 0.76 50.4 13.1 111.5 236.8 n.d −71 −9.7 11.86
N20 karst well 19 7.6 78.8 23.1 1.28 6.3 9.6 41.7 276.2 n.d −71 −9.8 12.24
N21 karst well 20.7 7.87 164.3 46.5 2.18 50.4 58.5 396.9 212.5 n.d −71 −9.6 12.31
N22 karst well 19.4 7.8 141.4 39.2 2.89 74.4 69.1 320.3 242.9 n.d −69 −9.2 13.55
N23 karst well 19.7 7.8 81.4 28.3 1.12 35 12.4 175.7 203.4 n.d −70 −9.5 14.1
N24 karst well 15 7.7 133.7 36.5 1.09 35.2 21.6 286.6 224.6 n.d −67 −8.9 14.6
N25 karst well 17 8 84.8 25.5 1.26 40.1 23.8 177.6 194.3 n.d −65 −8.5 14.66
N26 karst well 16 7.5 62.1 22.1 0.82 10.1 7.1 24.4 264.1 n.d −72 −10 15.12
N27 karst well 19.4 7.5 207.9 52.2 1.27 22 26.6 495.6 227.7 n.d −68 −9.3 16.45
N28 karst well 15.8 7.8 72.5 20.3 1.07 51.2 7.1 117.3 267.1 n.d −70 −9.5 16.87
N29 karst well 17.5 7.7 89.9 21.2 1.27 40.9 12.4 147.5 236.8 n.d −68 −9.2 17
N30 karst well 17 7.75 66.7 24.4 1.06 6.7 6 29.1 276.2 n.d −73 −9.9 17.02
N31 karst well 20.5 6.96 375.8 71.9 1.75 20.4 30.1 1043 236.8 n.d −67 −9 17.3
N32 karst well 20 7.5 68.4 24.8 0.95 13 8.9 64.2 255 n.d −72 −9.9 17.46
N33 karst well 17 7.5 125 40.5 1.15 35.5 12.4 320.8 218.6 n.d −68 −9.1 17.98
N34 karst well 17 7.8 115.8 28.7 0.97 36.5 9.2 252.8 225.9 n.d −74 −9.6 18.03
N35 karst well 17 7.5 99.6 36.4 1.38 13.1 8.9 193.6 239.8 n.d −73 −10.1 19.08
N36 karst well 16.1 7.6 112.4 27.9 0.95 8 12.4 139.5 267.1 n.d −74 −10.1 19.16
N37 karst well 18.1 7.5 119.5 30 1.09 8.3 7.1 176.6 261.1 n.d −72 −9.9 20.52
N38 karst well 17.6 8 141.5 34.2 4.99 35.6 47.9 349.8 145.7 n.d −69 −9.4 21.15
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Table 1. Cont.

Sample
NO.

Type T/°C pH
Major Elements (mg·L−1) ‰

Ca2+ Mg2+ K+ Na+ Cl− SO42− HCO3− CO3− D 18O 34S

N39 karst well 17 7.3 127.5 42.3 1.46 14.2 8.9 293.7 242.9 n.d −73 −10.1 21.18
N40 karst well 20.7 7.18 346.6 65.9 1.32 16.8 12.4 916.5 252 n.d −70 −9.7 22.06
N41 karst well 19 7.4 132.2 41 0.86 13.2 9.6 257.7 256.2 n.d −72 −9.7 22.6
N42 karst well 20 7.6 112.6 36.9 1.2 12.4 7.1 272.6 206.4 n.d −73 −10 22.65
N43 karst well 22 7.8 119.7 24.9 0.94 9.7 16 236.2 145.7 n.d −66 −8.9 24.47
N44 karst well 19 7.4 115 31.8 1.26 12.6 8.9 222 224.6 n.d −74 −10.1 24.52
N45 karst well 25.9 7.7 100.2 32.8 0.99 11.3 7.1 181.6 236.8 n.d −73 −10.1 24.62
N46 karst well 20.5 7.86 122.9 51.3 0.94 10.7 8.9 307.4 245.9 n.d −71 −9.7 24.87
N47 karst well 20.8 7.26 334 70.5 1.3 46.8 16 918.3 276.2 n.d −70 −9.5 24.97
N48 karst well 19 7.6 160 35.4 1.24 46 7.8 386.4 236.8 n.d −71 −9.6 26.06
N49 karst well 20.9 7.3 166.8 38.5 1.53 51 9.6 431.7 233.7 n.d −70 −9.3 27.68

N50 Chengxi
spring 16 7.6 118.4 31.6 2.05 42.8 53.2 185.3 255 n.d −68 −9.1 8.31

N51 Wulong
spring 19 7.66 127.2 35.6 1.92 71.1 58.5 315.1 233.7 n.d −71 −9.6 17.26

N52 Jiquanzhan 19 7.45 101.8 36 2.03 74.4 60.3 326.9 157.9 n.d −71 −9.7 18.54

Figure 2. Box chart of ionic concentration in karst groundwater of Niangziguan spring catchment.

The results show that the karst groundwater in Niangziguan Spring area can be
divided into three types: SO4·HCO3-Ca·Mg, HCO3·SO4-Ca·Mg, and SO4-Ca types. The
sulfate content in 51.9% of the karst groundwater samples exceeds the standard (Standards
for drinking water quality, GB 5749-2006 in China).

3.1.2. Hydrogeochemistry of Acidic Mine Drainage (AMD) and Surface Water (River)

Figure 4 shows pH values ranging from 2.75 to 7.48 (an average of 5.41). The concen-
trations of Ca2+, Mg2+, K++Na+, Cl−, and SO4

2− were 246.4 to 676.1 mg·L−1 (an average
of 505.6 mg·L−1), 69.1–1119.8 mg·L−1 (an average of 391.5 mg·L−1), 23.8–686.8 mg·L−1

(an average of 167.2 mg·L−1), 3.1–144.0 mg·L−1 (average of 45.4 mg·L−1), and 1138–16218
mg·L−1 (an average of 5119.2 mg·L−1), respectively. As shown in Figure 5, the concentra-
tions of Cl− and SO4

2− ranged from 14.2 to 522.9 mg·L−1 (an average of 136.1 mg·L−1) and
183.2 to 4042 mg·L−1 (an average of 1240.7 mg·L−1), respectively. These results are closely
related to the Shukarev classification types for the coal mine acidic water and surface
water. In other words, the coal mine acidic water is usually grouped by SO4-Ca·Mg and
SO4-Mg·Ca types while the surface water is mainly classified by SO4-Ca·Na and SO4-Ca
types. Therefore, the coal mine acidic water generally exhibited high concentrations of
Ca2+, Mg2+, and SO4

2− while the surface water showed a higher concentration of Cl− than
that of the acidic water from coal mines (Figure 6).
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Figure 3. Piper diagram of ionic concentrations in the karst groundwater.

Figure 4. Box chart of ionic concentration in Acidic Mine Drainage (AMD).

Figure 5. Box chart of ionic concentrations in the river.



Water 2021, 13, 390 7 of 17

Figure 6. Piper diagram of ionic concentrations in the AMD or river.

3.2. Stable Isotopes

Table 1 and Figure 7 show a statistical summary of stable isotopes in the karst ground-
water samples in the study area, the δ34S-SO4

2− values ranged from −6.11‰ to 27.68‰,
with an average of 13.93‰. The δD values ranged from−74‰ to−49.8‰, with an average
of −68.62‰. The δ18O values were from −10.1‰ to −5.8‰, with an average of −9.25‰.

Figure 7. Box chart of stable isotopes in the AMD, river, or karst groundwater.

Table 2 and Figure 7 show the chemical properties and composition of AMD and
river samples. The results showed that the δ34S-SO4

2− values for three surface water
samples varied from −5.40‰ to 4.79‰, with an average of 1.11‰ while seven samples
from the acidic water at coal mines showed a range of δ34S-SO4

2 from−6.6‰ to 0.3‰, with
an average of −3.3‰. The δD values ranged from −66‰ to −57‰, with an average of
−61.7‰. Further, the δ18O values were from −8.9‰ to −7.4‰, with an average of −8.2‰.
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Table 2. The stable isotopes of AMD and River samples.

Sample
NO.

Types pH T/◦C Date
mg·L−1 ‰ ‰ ‰

TDS δ34S δD δ18O

C01_13 AMD 6.01 13 18 April 2013 4610 −3.3 / /
C02_13 AMD 7.48 15.2 26 April 2013 3292 −6.6 / /
C03_13 AMD 3.28 16.5 2 May 2013 8272 −4.9 / /
C01_14 AMD 7.25 24 25 June 2014 4240 / / /
C02_14 AMD 7.27 22 23 June 2014 3518 / / /
C03_14 AMD 3.39 27.5 14 June 2014 5970 −4.6 / /
C01_15 AMD 7.25 21 11 September 2015 3901 / / /
C02_15 AMD 7.17 20.8 17 September 2015 3310 / / /
C03_15 AMD 6.76 17.5 15 September 2015 1717 / / /
C04_19 AMD 2.83 19 30 April 2019 18936 −0.6 / /
C05_19 AMD 2.75 16.5 30 April 2019 19094 0.3 / /

S01 River 3.33 27 25 June 2014 6155 / / /
S02 River 7.25 18.2 14 June 2014 1702 −5.40 −66 −8.9
S03 River 7.27 23 16 June 2014 1496 / / /
S04 River 7.27 28.4 17 June 2014 748.3 / / /
S05 River 7.32 20 20 June 2014 522.5 / / /
S06 River 6.99 29 22 June 2014 1316 4.79 −57 −7.4
S07 River 7.03 26.3 22 June 2014 1679 3.94 −62 −8.3

4. Discussion
4.1. Sources of K+, Na+, and Cl−

The main natural sources of K+, Na+, and Cl− are atmospheric precipitation, human
activity emissions, and dissolution of salt rocks. Figure 8 shows the concentrations of Na+,
K+, and Cl− in precipitation in the spring field were in ranges of 1.4 to 23.4 mg·L−1, 0.25
to 9.2 mg·L−1, and 1.6 to 24.7 mg·L−1, respectively. The concentrations of Na+, K+, and
Cl− in the surface water of the spring field showed ranges of 40.2 to 523.4 mg·L−1, 3.3 to
18.0 mg·L−1, and 3.1 to 144.0 mg·L−1, respectively. In contrast, the concentrations of Na+,
K+, and Cl− for the acidic water at coal mines were 23.7 to 343.0 mg·L−1, 0.1 to 3.8 mg·L−1,
and 3.1 to 144.0 mg·L−1, respectively. This study also measured the concentrations of Na+,
K+, and Cl− for the karst groundwater, which showed ranges of 6.26 to 193.6 mg·L−1, 0.8 to
6.6 mg·L−1, and 6.0 to 164.9 mg·L−1, respectively. As shown in Figure 9, Cl− has a positive
correlation with Na+ and K+ in karst groundwater. Na+, K+, and Cl− mainly originated
from urban domestic sewage or coal mine drainage [59–61].

Figure 8. Box chart of K+, Na+, and Cl−.
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Figure 9. Relationships between (a) K+ vs. Cl− in karst groundwater (b) Na+ vs. Cl− in karst groundwater.

4.2. Sources of Ca2+, Mg2+ and HCO3
−

This study showed that the karst groundwater has the main ions of Ca2+, Mg2+, and
HCO3

−, which are mainly derived from dissolution of carbonate rocks and gypsum as well
as dedolomitization. There are large differences in the mechanisms of groundwater runoff.

4.2.1. Dissolution of Carbonate Rocks and Gypsum

The dissolution of calcite and dolomite in Ordovician strata is the main source of Ca2+,
Mg2+, and HCO3

−. The dissolution equations are shown in Equation (1):

CaSO4 + MgCa(CO3)2 → 2 CaCO3↓+ Mg2+ + SO4
2−. (1)

The dissolution of gypsum may cause an increase of Ca2+ and SO4
2− in the karst

groundwater. Figure 10a shows a strong positive correlation between Ca2+ and Mg2+ in
the karst groundwater. Figure 10b also shows a strong positive correlation between Ca2+

and SO4
2− in the karst groundwater, indicating that the dissolution of gypsum plays an

important role in the concentration of Ca2+ and SO4
2−.

Figure 10. (a) Relationships between Mg2+ vs. Ca2+ (b) Relationships between SO4
2+ vs. Ca2+.

4.2.2. Dedolomitization

As the solubility of CaSO4 is greater than that of CaCO3 and CaMg(CO3)2 due to the
coion effect, the precipitation of calcium carbonate (CaCO3) will occur in order to maintain
the equilibrium of Ca2+ concentration. When the precipitation of CaCO3 takes away part
of the HCO3

− from the solution, dolomite will be dissoluted to maintain the mass balance
of HCO3

− concentration, which is called dedolomitization [62,63].
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We assumed that the dedolomitization is real. Dedolomitization as described in
Equation (1) leads to an increase of concentration in SO4

2− and Mg2+ in the karst ground-
water and precipitation of calcite; subsequently, the mass concentrations of HCO3

− and
Ca2+ remain unchanged. Figure 11 shows that SO4

2− and Mg2+ have a strong correlation
(R2 = 0.87), demonstrating that dedolomitization is the main source of Mg2+.

Figure 11. Relationships between SO4
2− vs. Mg2+.

4.3. Water-Rock Interaction

The chemical composition of the karst groundwater in the Niangziguan spring field
is mainly dependent on the dissolution of calcite, dolomite, and gypsum. Figure 12a
shows the relationship between SO4

2++Cl− and HCO3
−.The points below the 1:1 line

represent that the dissolution of evaporite is accompanied. The results imply that the
karst groundwater in the Niangziguan spring field is mainly affected by the dissolution of
carbonate rocks, along with the dissolution of evaporites (e.g., gypsum, Cl− in AMD or
rivers, etc.). Figure 12b also shows the relationship between SO4

2++HCO3
− and Ca2++Mg2+.

Most analytical points are lying on the straight line or below the 1:1 line, indicating
that karst groundwater is affected by acid drainage and surface water. The relationship
between Na++K+-Cl− and Ca2++Mg2+-SO4

2+-CO3
− is shown in Figure 12c. Most of the

analytical points from the runoff area lie near the cation exchange line, which means that
the hydrochemistry of groundwater is dependent on not only the dissolution of calcite,
dolomite, and gypsum but also on cation exchange. Figure 12d shows the relationship
between Ca2+/Na+ and HCO3

−/Na+ to evaluate the effects of materials from different
sources (evaporite, silicate, precipitation, and carbonate rocks) in the processes of the
groundwater circulation. The result demonstrates that the main factors influencing the
hydrochemical features of the karst groundwater in the Niangziguan spring field are
precipitation and dissolution of carbonate rocks.

The TDS values, a comprehensive indicator of water quality, obtained from 52 water
samples in the karst groundwater within the study area ranged from 280.3 to 1859 mg·L−1,
an average of 775.7 mg·L−1. The TDS values in the karst groundwater are larger in order
of the recharge area, runoff area, discharge area, and the detention area. Figure 13 show
the relationship between TDS and SO4

2−. It is prominent that TDS has a strong linear
correlation with SO4

2− contents (R2 = 0.922). SO4
2− in regional karst groundwater is mainly

derived from the dissolution of gypsum in the Ordovician carbonate rocks while SO4
2− in
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acidic water is from coal mines and meteoric precipitation. The average TDS values in the
Niangziguan spring field is 688.6 mg·L−1, lower than the average values analyzed in this
study, because the TDS values in the karst water are affected by the runoff condition, the
dissolution of gypsum, and the pollution caused by acidic water from coal mines.

Figure 12. Ion relationship involving karst groundwater in the Niangziguan Spring Catchment (a) Relationships between
Mg2+ vs. SO4

2−, (b) SO4
2−+HCO3

− vs. Ca2++Mg2+, (c) Na++K+-Cl− vs. Ca2++Mg2+-SO4
2+-CO3

−, (d) Ca2+/Na+ vs.
HCO3

−/Na+.

Figure 13. Relationships between TDS vs. SO4
2−.
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4.4. Supply Source of Karst Groundwater

The δ34S-SO4
2− isotope has been widely used to trace the source of sulfate in water.

In addition, H-O isotopes are ideal tracers to detect the origin and evolution of groundwater.
Thus, these stable isotopes in groundwater were used to identify the recharge sources of
groundwater in the study area.

4.4.1. Recharge Sources

The δD values for the karst groundwater samples in the study area ranged from
−74‰ to −49.8‰, an average of −68.62‰ while the δ18O values ranged from −10.1‰
to −5.8‰, an average of −9.25‰. Figure 14 show the relationship between δD and δ18O.
The result shows that the intercept and slope of the δD-δ18O relation line are both lower
than the global precipitation line (δD = 8δ18O + 10) due to an inland arid climate in the
study area. The results also show that meteoric precipitation is the main recharge source
of karst water in the Niangziguan spring field. The H-O isotopic composition of surface
water was similar to that of the karst groundwater in the runoff area, implying that the
karst groundwater is mostly recharged from the seepage of surface water.

Figure 14. Relationships between δD vs. δ18O for the karst groundwater.

4.4.2. Sources of SO4
2−

While the surface water showed SO4
2− concentrations ranging from 183.2 to 4042

mg·L−1, an average of 1089.6 mg·L−1, SO4
2− concentrations for the acidic water in coal

mines ranged from 1138 to 16218 mg·L−1, an average of 5079 mg·L−1. In contrast, the karst
groundwater showed SO4

2− concentrations ranging from 21.7 to 1043 mg·L−1, an average
of 323.9 mg·L−1 (Figure 15). Precipitation and dissolution of gypsum, oxidation of FeS2
in coal-bearing strata are the sources of SO4

2− in the karst groundwater. However, SO4
2−

in precipitation (23.95 mg·L−1 on average) has little influence on the karst groundwater.
Therefore, it was assumed that most SO4

2− is sourced from both oxidation of FeS2 and
dissolution of gypsum. The δ34S values of SO4

2− formed dissolution of gypsum and
formed oxidation of FeS2 are 26.2‰ (the mean value of gypsum samples) and −3.3‰
(the mean value of AMD in Niangziguan spring catchment), respectively (Figure 16). A
34S isotopic analysis was conducted to determine the source of SO4

2− by calculating the
proportion of SO4

2− sourced from FeS2 oxidation in the karst groundwater by mass balance.
As shown in Table 3, the proportions for the main discharge points (N50, N51, and N52)
were 60.6%, 30.3%, and 26.0%, respectively.



Water 2021, 13, 390 13 of 17

Figure 15. Box chart of SO4
2−.

Figure 16. Box chart of δ34S values of SO4
2− forming the dissolution of gypsum and forming the

oxidation of FeS2.

Table 3. Ratio of sulfate ion from pyrite oxidation in the calculation of water/%.

Sample
NO.

δ34S
(‰)

From
FeS2(%)

Sample
NO.

δ34S
(‰)

From
FeS2(%)

Sample
NO.

δ34S
(‰)

From
FeS2(%)

N01 −6.11 100 N19 11.86 54.7 N37 20.52 19.3
N02 −3.54 100 N20 12.24 53.4 N38 21.15 17.1
N03 −0.21 89.5 N21 12.31 53.2 N39 21.18 17.0
N04 0.77 86.2 N22 13.55 49.0 N40 22.06 14.0
N05 4.03 75.2 N23 14.1 47.1 N41 22.6 12.2
N06 4.24 74.4 N24 14.6 45.4 N42 22.65 12.0
N07 4.84 72.4 N25 14.66 45.2 N43 24.47 5.9
N08 4.97 72.0 N26 15.12 43.7 N44 24.52 5.7
N09 5.98 68.5 N27 16.45 39.2 N45 24.62 5.4
N10 6.14 68.0 N28 16.87 37.7 N46 24.87 4.5
N11 6.37 67.2 N29 17 37.3 N47 24.97 4.2
N12 7.22 64.3 N30 17.02 37.2 N48 26.06 0.5
N13 7.43 63.6 N31 17.3 36.3 N49 27.68 0.0
N14 7.49 63.4 N32 17.46 35.7 N50 8.31 60.6
N15 8.56 59.8 N33 17.98 34.0 N51 17.26 30.3
N16 9.41 56.9 N34 18.03 33.8 N52 18.54 26.0
N17 10.31 53.9 N35 19.08 30.2
N18 10.43 53.5 N36 19.16 30.0
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5. Conclusions

The karst groundwater in the Niangziguan spring field was mainly classified into
SO4·HCO3-Ca·Mg, HCO3·SO4-Ca·Mg, and SO4-Ca types. The SO4

2− exceeding ratio of
karst groundwater samples in this study was 51.9%.

K+, Cl−, and Na+ are mainly sourced from urban sewage and coal mine drainage.
Dedolomitization gradually led to an increase of Mg2+, especially in the processes of the
groundwater runoff. While the main sources of SO4

2− supply were the dissolution of
gypsum and the oxidation of FeS2 in coal-bearing strata, the hydrochemical characteristics
of the study area were mainly affected by dedolomitization, the dissolution of dolomite,
salt, rock and gypsum.

The isotopic analyses found that acidic water in coal mines contributed to the pollution
of the karst groundwater at different degrees. In the groundwater of the Niangziguan
spring field, the proportions of SO4

2− derived from FeS2 oxidation were 60.6% (N50), 30.3%
(N51), and 26.0% (N52), respectively.

The acid water of coal mine directly recharges and pollutes karst groundwater through
faults or abandoned boreholes, or discharges to rivers and indirectly pollutes karst ground-
water through river infiltration in carbonate exposed areas. The main cause for the rapid
growth of sulfate in karst groundwater is acid water from abandoned coal mines.
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