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Abstract: Understanding the impact of natural processes and anthropogenic activities on geochemical
evolution is vital for groundwater protection and utilization. This research was devoted to identifying
the water quality status and the main controlling factors of the hydrochemical evolution of karst
groundwater by combining hydrogeochemical indicators with multi-isotope analysis techniques in
the Heilongdong Spring Basin, North China. The results showed that the karst groundwater in the
area was of meteoric origin, and the dissolution of carbonate minerals was dominant in water—rock
interactions. Meanwhile, the positive and negative cation exchange occurred in the process. The
main hydrochemical types of karst groundwater were HCO3-Ca-Mg and HCOj3-Ca in the recharge
area, while the predominant hydrochemical types were the HCO3-50,-Ca-Mg and HCOj3-504-Ca
in the runoff and discharge area. Under the influence of coal mining and other factors, the average
concentrations of major ions kept rising in the runoff area where coal mines were distributed, and
the SO42~ concentrations of the karst groundwater changed the most in the study area. In addition,
sewage from agricultural production and domestic sources had also negatively impacted the quality
of regional groundwater in the runoff and discharge area, as evidenced by the increasing NO3 ™~
and CI™ contents in the Quaternary sediment groundwater, Permian bedrock groundwater and
a small portion of karst groundwater. These results were helpful to explain the mechanism of
gradual hydrogeochemical changes and provided a scientific basis for the effective management and
utilization of karst groundwater.

Keywords: karst groundwater; hydrogeochemistry; stable isotopes; water—rock interaction; coal
mining; anthropogenic activities

1. Introduction

Water is essential to life, yet 844 million people worldwide lack access to basic drinking
water. Most of them are individuals who reside in the rural areas of developing countries,
such as in Subsaharan Africa [1,2]. Since the last century, the population has increased
threefold, and the consumption of water has increased sixfold. Moreover, due to global
climate change, the supply of water has decreased, resulting in prolonged drought and
increased pollution [3]. We are facing a global water crisis. Previous studies have shown
that groundwater is more adaptable to climate change than surface water, and it is more
reliable and easier to obtain than surface water, because it can be directly exploited by
users [4]. However, climate change can also affect groundwater quality by reducing the
aquifer recharge and increasing artificial pressures [5].

Karst groundwater is one of the most important and well-used groundwater sources
around the world. More than a quarter of the world’s population lives in areas where karst
groundwater is used as a source drinking water [6,7]. In some areas, it is even the only
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available water resource [8]. Most of Northern China has a large area of arid or semiarid
climate with a relative shortage of surface water resources, while groundwater resources
are more extensively exploited and utilized [9-11]. The area of carbonate rocks in Northern
China can reach 68.5 x 10* km?, with a total exposed area of 7.78 x 10* km? [12,13]. Karst
groundwater with abundant and good water quality is the significant water supply for
Northern China, supporting a huge population and providing an important guarantee for
local industry, agriculture and civil use. While the karst groundwater is convenient for
human beings, people gradually realize the serious consequences caused mainly by the long-
term abstraction of karst groundwater. The excessive exploitation of karst groundwater has
caused a series of ecological and environmental problems in Northern China, such as the
decline in the regional groundwater level, attenuation of karst springs and deterioration of
water quality [9,14,15].

Hydrochemical and isotopic indicators are effective tools that are frequently used to
solve multiple problems in hydrology and hydrogeology [11,16-18]. The combination of
hydrogeochemical methods such as the Gibbs diagram, Piper diagram and ionic ratios have
been widely used in the analysis of hydrochemical evolution process, which provides a way
to deeply understand the control mechanism of various geochemical reactions occurring in
groundwater. Additionally, as an effective tracer, stable isotopes are useful in studying the
origin of groundwater as well as calculating the mixing proportion among different water
sources [19,20]. The 5'80 and §2H isotopes have frequently been used to identify the origin
and recharge mechanism of groundwater. The stable isotopes of dissolved sulfate (§**S and
§'80) are excellent tracers for investigating the source of sulfate in groundwater or surface
water. Therefore, the combination of hydrochemical and isotopic methods can determine
the geochemical factors and mechanisms controlling the hydrochemical composition of
groundwater.

The Heilongdong Spring Basin (HSB), located in Southwestern Hebei Province, is a
typical representative of karst groundwater systems in Northern China. The abundant and
good quality of karst groundwater in this region has long been an important source of water
for domestic use, agricultural irrigation and industrial production in Handan, Northern
China. The region is also the main coal mining distribution area and agricultural cultivation
area in Northern China. In the past decades, the demand for groundwater has increased
with the development of industry and agriculture. However, the local groundwater quality
has shown a continuous deterioration due to the long-term discharge of coal mining water,
industrial wastewater and domestic sewage, as well as the extensive use of agricultural
fertilizers and pesticides.

Since the 1970s, many scholars have successively carried out research on the evaluation
of groundwater circulation and evolution processes and made a lot of achievements in
the area. Guo et al. [21] used four parameter ionic ratios to reveal the hydrochemical
characteristics in the Fengfeng mining area and conducted reverse hydrogeochemical
process modeling. Hao et al. [22] found that the hydraulic gradient of karst groundwater
increased after coal mining activities and the groundwater quality became deteriorated
in the Fengfeng coal mining area. Hao et al. [23] revealed the 2H and 80 drift were
attributed to water-rock reactions between the Ordovician limestone, carbonate and silicate
minerals in the Fengfeng coal mining area. However, most of the previous studies have
focused on regional hydrogeological investigations and the hydrochemical and isotopic
characteristics of a small local scale or in a particular year [7]. The knowledge of the
hydrogeochemical evolution characteristics of the whole spring basin and the relationship
between different aquifers is still insufficient or unclear. The present study systematically
studied the geochemical evolution of karst groundwater in the whole HSB and obtained a
new understanding.

To comprehensively understand the hydrochemical characteristics and evolution
processes of karst groundwater in the HSB, it is necessary to clarify the impact of natural and
anthropogenic activities on karst groundwater chemistry. Therefore, the main objectives of
this study are to: (1) ascertain the sources of karst groundwater and clarify the hydraulic
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connection between karst aquifers and other aquifers and (2) compare the hydrochemical
characteristics of karst groundwater in different periods and reveal the hydrochemical
formation mechanisms controlling the chemical composition, especially SO42~ and NO3 ~
in karst groundwater.

As a typical representative of the karst groundwater system in Northern China, the
Heilongdong Spring Area is facing huge pollution risks with the rapid development of coal
mining and agricultural activities, which makes it practically significant to evaluate the
spatiotemporal variations in karst groundwater. The findings will provide a scientific basis
for promoting the protection and utilization of karst groundwater resources in the HSB and
a reference for the management of other karst groundwater resources in mining areas.

2. Study Area
2.1. General Setting

The HSB is located in the southwestern part of Hebei Province, which belongs to
Handan City in Northern China. To the west of the study area is a series of mountains,
while the east is mainly hilly and plain. The elevation gradually decreases from west to
east, with the Heilongdong (HLD) spring groups at the lowest altitude in the whole region.
The total area of the HSB is 2002 km?.

The study area has significant seasonal variations with a mean annual temperature
of 13.9 °C. The mean annual precipitation is 545 mm, while the mean annual evaporation
is 1895.7 mm. The rainy season (July to September) accounts for 66.4% of the annual
precipitation. Zhanghe River, Fuyang River and Nanming River are the main rivers in the
basin. Additionally, Yuecheng (YC) Reservoir and Dongwushi (DWS) Reservoir are two
large reservoirs in the region.

The Heilongdong spring groups are located at the intersection of Gushan Mountain
and Fuyang River. They are composed of more than 60 springs, which are concentrated
in an area of about 2 km?. The outcrop elevation of the springs is 122.8~132.4 m. Fuyang
River is mainly formed by the spring groups’ discharge. The HLD springs” flow ranged
from 7 m3/s to 9 m3/s before the 1980s. After the 1980s, due to the increase in human
exploitation and the decrease in precipitation, the HLD springs dried up successively in
1987. Since then, the springs have only flowed intermittently in the rainy years or seasons
(usually from July to September). It was not until 2016 that the spring flow completely
resumed, and the current spring flow was 4.76 m3/s in 2019.

2.2. Geological and Hydrogeological Setting

The boundaries of the HSB are defined by groundwater divides, water-blocking faults
and impermeable igneous rocks. Therefore, the study area is a relatively independent
hydrogeological unit. As a whole, it is an east-inclining monoclinic structure with a
stratigraphic dip angle roughly of 10°~20°. The faults, with NE, NW, near SN and EW
strikes, are distributed throughout the region. The main strata exposed in the study are of
Sinian (Z), Cambrian (€), Ordovician (O), Carboniferous (C), Permian (P), Triassic (T) and
Quaternary sediments (Q), in which the main coal-bearing strata are Carboniferous and
Permian.

The key aquifers (simplified) from bottom to top in the area are the Cambrian lime-
stone aquifer, Ordovician limestone aquifer, Carboniferous thin-limestone aquifer, Permian
sandstone aquifer and Quaternary sediment aquifer (Figure 1). The Cambrian and Ordovi-
cian limestone aquifers, with large thicknesses and high water abundance, are the main
aquifer in the study area. The Cambrian and Ordovician strata are exposed in the western
and central mountainous areas yet are covered by Quaternary and coal measure strata in the
middle and east of the basin, which are mainly composed of limestone and dolomite [24].
In addition, the karstic fissures, honeycombed karstic pores and layered gypsum lenses
are also developed in the Ordovician strata, with a total thickness of 470~584 m [23].
The gypsum layers in the Ordovician strata are about 2~3 mm thick [25]. Karst ground-
water (KGW), which is extremely abundant in the Cambrian and Ordovician limestone
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aquifers, is an important source of drinking water for local residents. The Carboniferous
thin limestone and the Permian sandstone aquifer, located above the Ordovician limestone
aquifer and overlain by the Quaternary sediment aquifer, have poor water yields. The
Carboniferous and Permian strata are composed of multilayer coal seams, and the main
lithology is sandstone, thin limestone and multilayer coal seams with shale interbedded.
The vertical distance between the lower coal seam of the Carboniferous strata and the
underlying Ordovician limestone aquifer is generally 20~50 m. Due to the widespread
distribution of structural fractures, karst collapse columns and fractures formed in the
process of coal mining, there is a direct or indirect hydraulic connection between the coal
seam and the underlying Ordovician limestone aquifer as well as the overlying Permian
sandstone aquifer. The Quaternary sedimentary aquifer is dominated by sand, gravel and
clay with a thickness of 0~60 m, which is mainly distributed around the piedmont area
along the main rivers in the central and eastern regions.

Karst groundwater is mostly recharged by atmospheric precipitation from the outcrop
areas of limestone in the western and central mountainous areas. Under natural condi-
tions, the flow direction of karst groundwater is generally from the west, north, southwest
and northeast to the Heilongdong spring groups. However, due to the overexploitation
of groundwater extraction and mine drainage, the regional karst groundwater level has
dropped dramatically since the 1980s, resulting in several karst groundwater depression
cones around some coal mines and well fields [7]. With the increasing amount of ground-
water pumping and mine drainage, karst groundwater gradually changed from spring
drainage to groundwater exploitation and mine drainage.

Since the middle route of the South-to-North Water Transfer Project (SNWTP) was
opened in 2014, the water-using structure of Handan has changed significantly. The
water source of the SNWTP gradually replaced the local groundwater resources, and the
exploitation of the Yangjiaopu (YJP) well field was greatly reduced. At the same time,
the local government implemented a lot of measures such as some old mine closures,
groundwater-pumping reduction and mine drainage utilization, resulting in a rise in the
regional groundwater table to varying degrees.
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Figure 1. Stratigraphic column and the key aquifers of the study area.
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2.3. Coal Mining

The coal mines are located in the northern, southern and eastern areas of the spring
area. The main coal-bearing strata are the upper Carboniferous Taiyuan Formation and
the lower Permian Shanxi formation, with a total thickness of 170~250 m. There are 22
state-owned and local-owned coal mines (M1-M22) in the spring basin. Specifically, 7
coal mines were closed before 2015 (M1-M7) and 4 coal mines were closed from 2015 to
2018 (M8-M11); the other 11 coal mines still stay in production (M12-M22). Moreover, the
production mines are mainly located in the eastern and southern areas of the spring area
(Figure 2).

After decades of mining, the shallow coal resources have been nearly exhausted, and
most of the production mines have been transferred to the deep coal seams. As mentioned
above, the vertical distance between the deep coal seams of Carboniferous strata and the
underlying Ordovician limestone aquifer is only 20~50 m. So, the risk of water inrush is
increasing due to the more abundant and higher water pressure of the Ordovician karst
groundwater [26].
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Figure 2. The hydrogeological sketch of Heilongdong Spring Basin.
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3. Materials and Methods
3.1. Sample Collection and Analysis

A total of 59 water samples from wells and springs were taken from late May to
mid-September in 2013 and 2019, respectively. Specifically, 24 samples were taken in 2013,
all of which were karst groundwater (B1-B24). Among them, there were 2 samples (B1-B2)
in the recharge area (Zone I), 17 samples (B3-B19) in the mining runoff area (Zone II,),
4 samples (B20-B23) in the nonmining runoff area (Zone IlI;) and 1 sample (B24) in the
discharge area (Zone III).

To compare the differences in the major chemical compositions from different aquifers
in different years, 35 samples were taken in 2019, including 22 samples of karst ground-
water (C1-C22), 5 samples of Quaternary sediment groundwater (A1-A5), 6 samples of
Permian groundwater (E1-E6) and 2 samples of mine drainage water (F1-F2). Among
the karst groundwater samples, there were 6 samples (C1-C6) in the recharge area (Zone
I), 11 samples (C7-C17) in the mining runoff area (Zone II;), 4 samples (C18-C21) in the
nonmining runoff area (Zone Il,) and 1 sample (C22) in the discharge area (Zone III). In
addition, 12 samples of surface water (51-512) were collected in 2019, including 9 samples
of Fuyang River water (51-59). The other 3 water samples were from Zhanghe River,
Yuecheng (YC) Reservoir and Dongwushi (DWS) Reservoir (510-512) [7].

Most of the karst groundwater samples were collected from the public and private
supply wells ranging in depth from 170 to 600 m, and almost all the Quaternary sediment
and Permian groundwater were pumped from the private wells (ranging from 5 to 100 m).
Surface water samples were collected from rivers and reservoirs. Mine drainage water and
spring water samples were taken directly from the mine drainage outlet and karst spring
outlet, respectively.

Only major ions and trace element analyses were carried out in all the samples of
karst groundwater taken in 2013. ’H and 5'80 isotope tests were carried out in all the
samples of groundwater (except C6, C14 and C20) in addition to the major ions and
trace element analysis in 2019. The above 3 samples failed the tests for the §?H and 5'0
isotope due to damage during transportation. Moreover, 10 samples were chosen from
the 35 samples for the 6345504 analysis in 2019, including 7 samples (C1, C4, C6, C7, C8,
C11, C22) of Ordovician groundwater and 3 samples (E2, E5, E6) of Permian sandstone
groundwater. In addition, 10 samples were collected for 3*Sgo4 analysis in August 2015,
including 7 samples (D1-D4, D6-D8) of Ordovician groundwater and 3 samples (D9, D11,
D12) of Carboniferous thin limestone water [20]. Specifically, among the karst groundwater
samples, there were 3 samples (C1, C4, C6) in the recharge area (Zone I), 9 samples (C7, C8,
C11, D1-D4, D6-D7) in the mining runoff area (Zone II;) and 2 samples (C22, D8) in the
discharge area (Zone III). All the other samples of Permian sandstone groundwater (E2, E5,
E6) and Carboniferous thin limestone water (D9, D11, D12) were taken from the mining
runoff area (Zone II;).

Prior to sampling, each well was pumped at least three well volumes of groundwater
with a low-rate submersible pump to remove the stagnant water, and each sampling bottle
was rinsed three times with the sample water before collection. Then, the pH, electrical con-
ductivity (EC) and water temperature were measured in situ using the HANNA (HI98194)
multiparameter instrument, with a precision of £0.02 for pH, £0.15 °C for temperature
and +1 ps/cm for EC.

All the water samples were filtered through 0.45 pm membrane filters and poured
into 1.5 L and 250 mL polyethylene bottles for analyses of major and trace elements. The
250 mL samples were acidified in situ by adding double distilled nitric acid to Ph < 2,
while the 1.5L samples were untreated. All the samples were stored at 4 °C until analysis
(within one week). In addition, groundwater samples for the stable isotope (5°H and §'%0)
analysis were collected in 50 mL glass bottles, which were sealed with airtight caps. To
measure the values of §3*S of the dissolved SO4?~ in the groundwater, the water samples
were separately collected in a 5 L bucket and acidified with HCl to pH 2-3; then, they were
reacted with BaCl, to form BaSOj, precipitates and were sent immediately to the laboratory.
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3.2. Analytical Methods

K*, Na®*, Ca?*, Mg2+, Cl—,S042~,NO;~ and other chemical indicators were tested at
the Groundwater Mineral Water and Environmental Monitoring Center of the Institute of
Hydrogeology and Environmental Geology, Chinese Academy of Geological Sciences.

The TDS was determined using the gravimetric method. Major anions, except HCO3~,
were analyzed using a Thermo Scientific Dionex ICS-4000 (precision, £1%). HCO3;~ and
CO;2~ were titrated with 0.05 mol/L HCl in situ on the sampling day using phenolph-
thalein and Methyl orange as indicators. Major cations and minor elements were analyzed
with an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, PerkinElmer
Optima 8300) (precision, +1%). The reliability of the chemical data was checked using the
Charge Balance Error (% CBE). The results showed that all the samples were within CBE
values of £10%, indicating that the measurement accuracy was reasonably good in the
study area.

The hydrogen (§*H) and oxygen (5'80) compositions in the water samples were iden-
tified using isotopic mass spectrometry (Picarro L2130-I) at the Institute of Hydrogeology
and Environmental Geology, Chinese Academy of Geological Sciences. The stable isotope
ratios are expressed in the standard 8-notation and calculated with respect to the Vienna
Standard Mean Ocean Water (VSMOW, %.) with the precision of +1.0%o (8H) and 4 0.1%o
(8180).

The 34S isotope of SO42~ was analyzed with a thermal conversion elemental analyzer
(TCEA) coupled with an isotope ratio mass spectrometer (Finnigan MAT253) at the Ana-
lytical Laboratory of the Beijing Research Institute of Uranium Geology (ALBRIUG). The
notation was expressed in terms of & (%) relative to the Vienna Canyon Diablo Troilite
(V-CDT) standard, and the working standards of 534Sg0s were GBW 04414 and GBW 04415.
The results of the repeated analysis of internal standards showed that the precision was
better than =+ 0.2%o for §3#Sg0y,.

Quality assurance (QA) and quality control (QC) measures for field sampling, storage,
transportation and laboratory analysis were implemented. To ensure the data quality, each
sample was analyzed in triplicate, and each batch was interspersed with the standard and
blank sample in proportion to evaluate the experimental methods. In addition, about 20%
of the samples in each batch were randomly selected as validation set samples to ensure
that the relative standard deviations were within 10%.

4. Results
4.1. Statistics of Hydrochemical Compositions

The water samples, taken in 2013 and 2019, were classified into five categories: Karst
groundwater in the Cambrian and Ordovician limestone aquifers (KGW), groundwater in
the Quaternary sediment aquifer (QGW), groundwater in the Permian sandstone aquifer
(PGW), mine drainage water (MDW) and surface water (SW). Additionally, karst ground-
water samples were further divided into four groups based on the sampling location, which
were taken in the recharge area (Zone I), the mining runoff area (Zone II;), the nonmining
runoff area (Zone II,) or the discharge area (Zone III). Subsequently, the samples of karst
groundwater were divided into KGW1 ~ KGW4 in 2013 and KGW5 ~ KGW8 in 2019, as
listed in Tables 1 and 2.

As shown in Table 1, all the pH values were slightly higher than 7.0, indicating their
alkaline nature. The TDS ranged from 313.40~599.60mg/L, with an average of 405.95mg/L.
The order of abundance of cation concentrations (expressed in mg/L) were Ca* > Mg?* >
Na* > K*, while those of the anions (expressed in mg/L) were HCO3~ > SO42~ > Cl~ >
NO; ™. From Table 2, it can be observed that the range of TDS was 301.50 ~ 798.50 mg/L,
with an average of 466.96 mg/L in 2019. The order of abundance of major cation and anion
concentrations remained the same, but the concentration of each ion was slightly higher
than that in 2013.

In addition, the concentrations of TDS, Ca2*, Mg2+, Cl~, SO4%~ and other major ions
increased in the runoff area (Zone I, II), especially in the Zone II; runoff area where coal
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mines were distributed. The average SO42~ concentration was the largest, and the average
concentration changed the most. Compared with 2013, the average SO4%~ concentration
increased by 77.78% in Zone Il

Table 1. Statistical summary of hydrochemical parameters in 2013.

K* Na* Ca?t Mg?* Cl- SO42~ HCO3;~ NO3z~  TDS pH

KGW Total (n = 24)
Min
Max

Mean
Std
KGW1(n=2)
Min
Max
Mean
Std
KGW2 (n=17)
Min
Max
Mean
Std
KGW3 (n=4)
Min
Max
Mean
Std
KGW4 (n=1)

0.92 6.03 68.79 14.95 8.75 47.94 207.5 12.8 3134 7.55
294 32.72 120.1 31.7 49.18 207.3 294.9 57.6 599.6 8.52
1.37 14.61 91.01 23.46 22.77 95.34 24191 21.63 405.95 8.05

0.44 7.16 16.85 3.73 8.45 41.82 23 8.74 76.24 0.39
1.3 6.03 82.73 19.96 8.75 64.96 237.8 12.8 336.9 7.55
1.45 7.77 97.67 24.95 22.76 77.45 294.9 29.36 404.9 7.66
1.38 6.9 90.2 22.46 15.76 71.21 266.35 21.08 370.9 7.61
0.11 1.23 10.56 3.53 9.91 8.83 40.38 11.71 48.08 0.08

0.92 8.28 70.76 19.29 12.56 47.94 207.5 13.48 317.1 7.57
294 32.72 120.1 31.7 49.18 207.3 270.2 27.52 599.6 8.52
1.39 15.07 88.94 23.83 22.95 94.97 238.53 19.95 402.38 8.15

0.51 7.46 15.04 3.35 8.3 43.06 20.1 3.8 76.57 0.38
0.99 8.62 68.79 14.95 17.95 49.88 209 17.8 3134 7.64
1.44 23.02 120 26.31 40.27 141.9 269 57.6 522.2 8.49

1.2 15.76 95.66 21.43 252 9491 238.2 29.84 416.4 7.97
0.24 7.05 27.75 5.53 10.3 453 26.28 18.79 94.07 0.36
1.52 17.59 109.2 27.31 24.05 151.6 265.4 18.48 494.9 7.61

Note: units: concentrations are expressed in milligram per liter (mg/L), except for pH. KGW1: karst groundwater
in recharge area; KGW2: karst groundwater in mining runoff area; KGW3: karst groundwater in no mining runoff
area; KGW4: karst groundwater in discharge area.

It can also be seen that the major ion concentrations of groundwater in different
aquifers varied considerably (Table 2). The highest contents of most major ions (Na*,
Ca2*,Cl—,S04%2~, N O37) were observed in QGW, followed by the contents in PGW, and
the contents in KGW were the lowest. Moreover, it is worth noticing that the average
concentration of SO42~ in the mine drainage water was very high, which was close to
the average concentration of QGW. While the average concentration of NO3; ™ in the mine
drainage water was the lowest, reflecting the ionic components in the mine drainage water
may mainly come from the dissolution of sulfate or other minerals, and they were hardly
affected by the external environment and human activities, such as domestic wastes and
fertilizer application.

The mean concentrations of ions in the surface water (SW) were similar to those in
KGW, while they were significantly different from those in QGW and PGW, implying the
close hydraulic connection between surface water (SW) and karst groundwater (KGW).

To sum up, KGW had the best quality groundwater, followed by the PGW and MDW,
and the QGW was the worst. It reflected that the effect of human activities such as
industrial and agricultural activities had a greater impact on shallow groundwater (QGW
and PGW) and a relatively little impact on deep groundwater (KGW). Furthermore, from
the spatiotemporal perspective, the quality of karst groundwater was deteriorating.

In recent years, the mean concentrations of TDS, Na*, C1~, SO42~ and other major ions
increased in the runoff area with coal mine distribution (Zone II;), even exceeding those in
the discharge area (Zone III), while the concentrations of the major ions had little change in
the recharge area (Zone I) and the discharge area (Zone III). This reflected the increase in
ion concentrations in karst groundwater, which may be related to human activities such as
coal mining.
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Table 2. Statistical summary of hydrochemical parameters in 2019.

K* Na* Ca%* Mg+ Cl- SO42~ HCO3~ NO3z~  TDS pH
KGW Total (n = 22)
Min 0.92 5.12 7044  16.44 5.59 3594 2258 1.25 301.5 7.3
Max 3.7 57.75 1702  46.69 5497  313.8 335 64.62 7985 7.74
Mean 1.62 1642 1037 2602 2572 12572 26527 2298 46696  7.52
Std 0.68 11.82 2649 7.57 1324 8091 2759 1144 14554  0.13
KGWS5 (n = 6)
Min 0.92 5.12 7044 1644 5.59 3594 2258 1835 3015 7.45
Max 2.76 10.03 9661 2439 1956 7803 2569 3142 3946 7.74
Mean 1.69 7.32 80.61 19.84 1339 5843 24492 2219 33668  7.63
Std 0.78 1.64 9.24 2.97 5.88 1483  13.63 4.79 31.71 0.1
KGWE6 (n = 11)
Min 1.15 1045 8658 2216 1572  80.51 238 1.25 386.6 7.3
Max 3.7 57.75 1702 4669 5497 31338 335 64.62 7985 7.64
Mean 1.76 21.75 11733 29.83 3145 16884 2778 2261 54508 746
Std 0.73 1414 2737 8.37 1408 8933 2862 1591 15545  0.08
KGW7 (n =4)
Min 0.95 9.9 82.78  21.21 1991 6417 2331 19.92 3783 7.38
Max 1.57 2261 1336 3082 4027 1775 2868  29.18 5829 7.73
Mean 1.2 1487  102.06 245 279  108.83 257.65 2598 44698  7.54
Std 0.26 5.77 22.63 4.45 8.75 51.03  27.11 417 95.82 0.17
KGWS8 (n=1) 1.36 18.5 98.8 2742 2794 1228  280.1 19.72  469.2 7.35
QGW (n=5)
Min 0.26 53.95 240 2408 8928 3775 282 34.82 1031 7.21
Max 2.23 7822 3239 57.5 156.1 6567 3417  190.1 1465 7.4
Mean 1.05 6349  279.84 431 119.34 4734 3112 10052 12538  7.31
Std 0.82 8.95 3649 1326 2826 12414 2378 6045 18921  0.07
PGW (n=6)
Min 0.95 3253 1122 1976  37.02 1205 2273 1209 5634 7.21
Max 2.56 1204 3582 7107 1869 6949 4027 198 1647 7.62
Mean 1.52 57.74 23395 4389 10979 378.15 319.13  86.69  1095.4 7.4
Std 0.63 323 9572 18.07 70.6 ~ 208.87 6582 6853 43738  0.14
MDW (n = 2)
Min 3.76 29.06 1855  44.34 29.8 368 294.1 10.08  846.6 7.3
Max 4.03 48.75 218 5712 4785 5364 3179 17.4 1096 7.55
Mean 39 3891 20175 5073  38.83 4522 306 13.74  971.3 7.43
Std 0.19 1392 2298 9.04 1276~ 119.08  16.83 518 17635  0.18
SW* (n=12)
Min 0.98 7.13 30.75 6.33 9.82 2885  198.07 581  223.65 8
Max 6.44 6457 15538 4059 5891 31284 34953 2231 78456 8.6
Mean 3.96 3112 9494 2616 3283  151.15 26836 1746  491.8 8.2
Std 1.55 1555  33.19 9.53 11.77 8871 4741 527  168.52 0.2

Note: KGW5: karst groundwater in recharge area; KGW6: karst groundwater in mining runoff area; KGW?7:
karst groundwater in no mining runoff area; KGW8: karst groundwater in discharge area; QGW: Quaternary
groundwater; PGW: Permian groundwater; MDW: mine drainage water; SW: surface water; n: number of samples;
* data from [7].

4.2. Hydrochemical Types

The Piper diagram is often used to show the relative contents of major ions in water
samples, and it can be applied to analyze the evolution laws of groundwater [10,27]. With
regard to cations, almost all points were close to the lower left triangle, indicating that
the Ca®* type was dominant. For anions, most of the karst groundwater (KGW) and
surface water (SW) samples were distributed in the middle and lower corner of the right
triangle, showing HCO3™ as the dominant anion, while the majority of samples of the
Quaternary sediment groundwater (QGW) and Permian sandstone groundwater (PGW)
showed the dominance of the SO4> type. Moreover, as shown in Figure 3, most of the
samples (including the KGW and SW samples) were found to concentrate in the lower left
side of the diamond-shaped field, indicating the hydrochemical type of the HCO3-Ca-Mg,
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HCO3-Ca and HCO3-504-Ca-Mg facies, while the majority of the QGW and PGW samples
were distributed in the upper left side of the diamond-shaped area, which was dominated
by SO4-HCO;3-Ca-Mg, SO4-HCO3-Ca and SO4-Ca water types. This was also consistent
with the actual situation. The western and central mountain areas were the recharge areas of
karst groundwater. The hydrochemical type was relatively simple. The ion concentrations
and hydrochemical types increased from the recharge area to the discharge area, indicating
that the rock-water interaction was strengthened. Moreover, the QGW and PGW samples
were mostly distributed in the runoff and discharge areas with a shallower groundwater
depth in the central and eastern parts of the area. Therefore, they had a relatively close
hydraulic connection.

Further analysis showed that the KGW samples from the recharge area were closer
to the left lower part of the diamond-shaped field, which were mainly HCO3-Ca-Mg and
HCOs-Ca water types, while the hydrochemical types of the KGW samples in the runoff
area (Zone II) and discharge area (Zone III) were similar to that of the SW samples with
HCO3-504-Ca-Mg water types.

Additionally, it was worth noting that the hydrochemical composition of the mine
drainage water (MDW) samples was similar to that of some karst groundwater (Zone II;)
and Permian sandstone groundwater samples with HCO3-504-Ca-Mg and SO4-HCOs-
Ca-Mg water types. This might be related to coal seam mining. The coal seams of Carbonif-
erous (C) and Permian (P) contained sulfur elements. Due to the coal mining activities,
the upper Permian sandstone aquifer (PGW) and the lower Ordovician limestone aquifer
(KGW) were connected, resulting in the mean concentrations of SO,4% and other major ions
being higher in the mining runoff area (Zone II;).

20 40 60 80
< Na HCO3 — Cl

Figure 3. The Piper diagram of water samples in 2013 and 2019.
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5. Discussion
5.1. Groundwater Isotopic Composition and Sources

Hydrogen (5°H) and oxygen (5!80) isotopes are effective tools for analyzing hydro-
logical processes across various scales [11]. Table 3 summarizes the isotopic composition of
the water samples taken in the HSB. The relationship between §?H and §'30 for all water
samples is plotted in Figure 4. Due to the lack of precipitation isotope data in the study
area, the data of the adjacent Shijiazhuang station were selected. The local meteoric water
line was fitted as §°H = 6.45'80-3.8. The slope and intercept of the local meteoric water
line (LMWL) were lower than that of the global meteoric water line (GMWL: §*H= 85'80 +
10) [28], which probably resulted from secondary evaporation during rainfall.

Table 3. 5°H and §'80 isotope composition of all the water samples taken in the HSB.

PGW (n=6) KGW (n=19) MDW (n =2) SW (n=12)

Min

Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean

82H (%)  —62.0
8180 (%) —84

-592 —-650 —640 —643 —-690 —-640 —673 —670 —66.0 —665 —654 576 —63.6

—8.8 -85 —-8.7 -9.6 -8.6 -93 -9.1 —-8.9 -9.0 -89 -7.5 —-8.6

Note: QGW: Quaternary groundwater; PGW: Permian groundwater; KGW: Karst groundwater; MDW: mine
drainage water; SW: surface water.

As can be seen in Figure 4, all samples were distributed near GMWL and LMWL,
indicating that the groundwater in the study area was mainly derived from meteoric water.
In addition, all the samples were distributed in parallel to the LMWL, but the intercept
was lower. This phenomenon can be interpreted as the evaporated soil moisture mixing
with the subsequent rainfall, which infiltrated the soil and impelled the residual water
downward by regular rainfall events [7].

The 5°H and 5'80 values of the QGW samples ranged from —62.0 to —57.0 and
—8.4~—7.7, respectively. The PGW samples ranged from —65.0 to —64.0 and —8.8~—8.5,
respectively. The KGW samples ranged from —69.0 to —64.0 and —9.6~—8.6, respectively,
while the MDW samples ranged from —67.0 to —66.0 and —9.1~—8.9, respectively (Table 3).

It can also be seen that the QGW samples were concentrated in the upper right corner
(group 1), which reflected the fact that the QGW potentially underwent strong evaporation,
resulting in higher *H and 5'80 values, while the *H and 5'80 values for most of the KGW
samples were significantly low, implying the KGW was probably formed by precipitation
under wet and cold climate or high-altitude conditions [10,18]. In addition, the 5?H and
5180 values of the PGW and MDW samples were closer to those of the KGW samples,
reflecting that some of the KGW samples had a relatively close hydraulic connection with
the PGW and MDW samples.

It is worth noting that most of the surface water (SW) samples were located in group
2, except the YC Reservoir (511) and DWS Reservoir (512). The river water samples were
isotopically similar to the spring water and some of the KGW samples. This showed that
both the reservoir water and the Quaternary groundwater (QGW) had experienced strong
evaporation. The concentration of heavy isotopes in the reservoir water was higher than
that in the river water. The river water was mainly recharged by the karst groundwater
rather than precipitation.
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Figure 4. The relationship between §”H and §'80 for all water samples.

5.2. Rock Weathering and Evaporation

A Gibbs diagram can be used to ascertain the influence of rock weathering, pre-
cipitation and evaporation on water chemistry [29]. As shown in Figure 5, almost all
the groundwater samples were affected by rock weathering. In addition, the values of
p(Na*)/p(Na* + CaZ"), p(C17)/p(Cl~ + HCO5™~) and TDS in most of the QGW and PGW
samples were relatively high, which indicated that the hydrochemical compositions of
QGW and PGW were affected by evaporation. It is also worth noting that the TDS of
the karst groundwater in the recharge area (Zone I) had little change with the increase in
p(Na*)/p(Na* + Ca?*) and p(Cl~)/p(Cl~ + HCO; ™) values, indicating that cation exchange
also played an essential role under the background of rock dominance, while the TDS
concentrations of the karst groundwater in the runoff area (Zone II) and discharge area
(Zone III) had a rising trend with the increase in p(Na*)/p(Na* + Ca?*) and p(Cl7)/p(Cl~ +
HCOs57) values, implying that the increase in TDS concentrations was potentially associated
with human activities.
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Figure 5. Gibbs diagrams of groundwater samples in the HSB: (a) TDS vs. p(Na*)/p(Na* + Ca®*),
(b) TDS vs. p(C17)/p(Cl~ + HCO3 ™).
5.3. Correlation of Hydrochemical Composition
The consistency of the sources of the hydrochemical composition in groundwater can
be inferred with a correlation analysis [10,30]. The correlation matrix of the major water
chemical index was determined using SPSS software (Table 4). The results showed that TDS
had a high positive correlation (r > 0.70, p = 0.01) with Na™, CaZ*, Mg2+, Cl—,S04%~ and
HCO; ™, which proved that the above ions were the main factors affecting the TDS value.
Na*-Cl~, Ca?*-S04%~, Ca?*-HCO3~ and Ca?*-Mg?* also had a high positive correlation (r
> (.70, p = 0.01), indicating that the dissolution of carbonate, sulfate and halite occurred in
the study area. In addition, the NO3 ™~ had a positive strong correlation with Na* and C1~ (r
> 0.70, p = 0.01) and moderate correlations with Ca?* and SO42~ (0.50 < r <0.70, p = 0.01).
As mentioned above, the NO3; ™~ concentration was relatively high and had a relatively high
correlation with Na™ and HCO;~, indicating that NO3 ™~ in groundwater might be related
to anthropogenic activities such as agricultural irrigation and domestic pollution.
Table 4. Correlation matrix of all the samples.
K Na Ca Mg Cl SOy HCO; NO; TDS pH
K 1.000 0.118 0.106 0.413 ** —0.020 0.274 * 0.244 —0.222 0.161 —0.176
Na 0.118 1.000 0.866 ** 0.762 ** 0.876** 0.849 ** 0.626 ** 0.716 ** 0.907 ** —0.434 **
Ca 0.106 0.866 ** 1.000 0.861 ** 0.923** 0.954 ** 0.788 ** 0.676 ** 0.992 ** —0.524 **
Mg 0.413 ** 0.762 ** 0.861 ** 1.000 0.742** 0.932 ** 0.819 ** 0.395 ** 0.896 ** —0.429 **
CI —0.020 0.876 ** 0.923 ** 0.742 ** 1.000 0.817 ** 0.646 ** 0.773 ** 0.920 ** —0.452 **
SOy 0.274 * 0.849 ** 0.954 ** 0.932 ** 0.817** 1.000 0.793 ** 0.494 ** 0.970 ** —0.504 **
HCO; 0.244 0.626 ** 0.788 ** 0.819 ** 0.646** 0.793 ** 1.000 0.290 * 0.786 ** —0.525 **
NO;3 —0.222 0.716 ** 0.676 ** 0.395 ** 0.773** 0.494 ** 0.290 * 1.000 0.668 ** —0.368 **
TDS 0.161 0.907 ** 0.992 ** 0.896 ** 0.920** 0.970 ** 0.786 ** 0.668 ** 1.000 —0.519 **
pH —0.176 —0.434 ** —0.524 ** —0.429 ** —0.452** —0.504 ** —0.525 ** —0.368 ** —0.519 ** 1.000

Note: ** correlation is significant at the 0.01 level (two-tailed); * correlation is significant at the 0.05 level (two-tailed).

5.4. Water—Rock Interaction
The ratios of ion concentrations can effectively reflect the formation mechanisms and
sources of the major ions in groundwater [11,31].
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The scatter diagram of C1~ versus Na* (Figure 6a) showed that almost all the water
samples were close to the 1:1 line. It indicated that the dissolution of halite might be the
main source of C1~ and Na* in different types of groundwater. The ratio of Na*/Cl~
ranged from 0.47 to 1.80 with a mean value of 0.99. The results followed the expected 1:1
trend line, which further confirmed that Na* and C1~ were derived primarily from halite
dissolution. Halite could dissolve continuously into the groundwater.

In the plot of SO42~ and Ca?*, if gypsum dissolution is the only source of SO42~ in
the groundwater, CaZ*t/ SO42’ will follow the 1:1 line. It can be seen in Figure 6b that the
majority of the samples were distributed above the 1:1 line, and the Ca?* concentration
was higher than SO,4?~, suggesting that Ca?* was not completely from gypsum dissolution
and that there were other sources such as carbonate (dolomite, calcite) mineral dissolution,
reverse cation exchange or anthropogenic input.

As shown in Figure 6¢, there were no significant correlations between SO42~ and
Cl™ in some of the PGW and KGW samples (Zone I), while there were significant positive
correlations between SO42~ and Cl~ in the majority of QGW, PGW and KGW samples
from the runoff area (Zone II). It indicated that SO4%>~ and Cl~ in these samples probably
had the same sources and might have been related to anthropogenic activities, such as
coal mining development, agricultural irrigation and industrial production. In addition,
it was worth noting that the slope of C1~/SO42~ in the QGW was higher than that in the
KGW, implying that anthropogenic activities had a greater impact on shallow groundwater,
resulting in higher concentrations of SO42~ and Cl~.

The relationship between (HCO;~+504%~) and (Ca®*+Mg?*) (expressed in meq/L) in
groundwater samples will follow the 1:1 line if these ions are strongly controlled by the carbonate
and gypsum equilibrium [18]. As shown in the scatter plot (Figure 6d), nearly all the KGW
samples were distributed along the equiline (1:1 line), reflecting that Ca?*, Mg?*, HCO3 ™~ and
SO42~ were mainly derived from the dissolution of carbonate and gypsum, whereas most of
the QGW and PGW samples fell above the 1:1 line, indicating that there were extra sources of
Ca?t and Mg2+ in the QGW and PGW, such as the dissolution of silicate minerals.

From the relationship between HCO3;~ and (C1~ +50,427) (Figure 6e), it can be seen
that most of the PGW, QGW and KGW samples had different influence mechanisms in the
area. Specifically, the majority of KGW samples were below the 1:1 line except for three
points, indicating that most of the KGW samples were dominated by the dissolution of
carbonate rocks. While most of the QGW and PGW samples deviated far from the 1:1 line,
the high concentration of C1~ and SO42~ could be related to agricultural and industrial
activities. Excess CI~ and SO4%~ were the evidence of increased pollution. In addition, three
KGW samples (C12, C14, C15) from the coal mining runoff area (Zone II;) were distributed
above the 1:1 line and mixed with the QGW and PGW samples, suggesting that the karst
groundwater in some runoff areas closely connected with the shallow groundwater and
was affected by anthropogenic activities.

The scatter plots of Mg?* versus Ca?" can be used to infer whether the Mg?* and
Ca?* in groundwater were derived from the dissolution of dolomite, calcite and gypsum.
Theoretically, when the ratio of v(Ca?%t)/ y(Mg2+) is 1:1, it indicates that dolomite is dis-
solved in groundwater. When the ratio of y(Ca®*)/y(Mg?*) is 2:1, it implies that calcite and
dolomite are dissolved at the same time in groundwater. If the ratio of v(Ca%*)/ y(Mg2+)
is greater than two, there are other sources of Ca?* in the groundwater, such as gypsum
dissolution, silicate dissolution, reverse cation exchange or external input. As shown in
Figure 6f, almost all the KGW samples were located between the 2:1 and 3:1 lines. The
concentration of Ca®* in the groundwater ranged from 3.4 to 8.5 meq/L with a mean of
4.8 meq/L. The concentration of Mg?* varied from 1.2 to 3.9 meq/L and had an average
mean of 2.0 meq/L. It implied that the dissolution of calcite, dolomite and gypsum might
occur simultaneously in the carbonate aquifer. In contrast, most of the PGW and QGW
samples fell above the 3:1 line. The concentration of Ca?* was much greater than that of
Mg?*, which indicated that there might be other factors contributing to excessive Ca*,
such as the dissolution of silicate minerals.
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Figure 6. Scatter plots of major ions: (a) C1~ vs. Na®, (b) 8042~ vs. Ca%*, (c) SO42~
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5.5. Ion Exchange Processes

Ion exchange is a natural reaction in the hydrochemical evolution of groundwater,
which influences the major chemical composition of groundwater. The Schoeller indices
(CAI-I and CAI-II) are vital indicators of the ion exchange occurring in the aquifer [32,33].
The CAI (CAI-I and CAI-II) value can be positive or negative; the positive CAI value
indicates that the ion exchange takes place between Ca?* and Mg?* from the rocks with
Na* of the water, and similarly, the negative CAI value means the Na* from the rocks was
replaced by Ca?* and Mg?* in the water. The ion exchange reactions can be expressed by
the following equations (Equations (1) and (2)):

CAII=Cl" — (Na* + K*)/Cl™ 1)

CAII=Cl~ — (Na* + K*)/(HCO3;™ +S042~ + CO3%2~ + NO;3 ") (2)

Both of the indices (CAI-I and CAI-II) are positive, implying that a reverse ion exchange
occurs in the groundwater, whereas the negative values of CAI indicate forward ion
exchange in the groundwater.

As shown in Figure 7a,b, there were both positive and negative ion exchanges of all
samples in 2013 and 2019, indicating that the forward and reverse ion exchange simultane-
ously occurred in different types of groundwater.
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Figure 7. Scatter plot of CAI-I versus CAI-II: (a) plot in 2013, (b) plot in 2019.

5.6. Saturation Indices

To better understand the equilibrium state between groundwater and minerals, the sat-
uration indices (SI) of calcite, dolomite, gypsum and halite were calculated with
PHREEQC [34,35]. Generally, the SI value is less than —0.5, between —0.5 and 0.5 or
greater than 0.5, which represents that the mineral is in an unsaturated state (dissolution),
saturated state (equilibrium) or oversaturated state (precipitation), respectively [10]. The
SI values of calcite and dolomite in the karst groundwater indicated notable differences
in 2013 and 2019. As shown in Figure 8a,b, the SI values of calcite and dolomite in the
karst groundwater ranged from 0.30 to 1.33 and 0.20 to 2.39, respectively, with an average
of 0.86 and 1.41 in 2013. It suggested that the karst groundwater was oversaturated with
respect to calcite and dolomite in 2013, and these carbonate mineral phases might have
influenced the chemical composition in the HSB. However, the SI values of calcite and
dolomite in the karst groundwater varied from 0.16 to 0.66 and —0.08 to 1.13 with a mean
of 0.40 and 0.44, respectively, in 2019, indicating that the karst groundwater was saturated



Water 2023, 15, 726 17 of 25

with respect to calcite and dolomite in 2019. Especially in the runoff area where coal mines
were distributed (Zone II;), most of the KGW samples changed from the oversaturated to
saturated state during 2013-2019.
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Figure 8. SI values of groundwater samples vs. TDS: (a) calcite, (b) dolomite, (c) gypsum, (d) halite.

This might have been related to the overall uplift of the karst groundwater level in
the study area. Understanding the temporal and spatial variations in groundwater level is
an essential prerequisite for groundwater management [36]. Taking the northern runoff
area as an example (Figure 9), only one coal mine (M8) in the northern runoff area was
in production (this coal mine was closed in 2016), and the karst groundwater level was
between 118 and 123 m in 2012. In recent years, due to the increase in rainfall and the
decrease in exploitation, the karst groundwater level in the northern runoff area rose to
124~132 m, with the overall groundwater level rising by 6~8 m and even 15 m in some
areas in 2018 [37]. Consequently, the overall groundwater level was relatively low, and
the flow was very slowly affected by natural and human factors in 2012-2013, as calcite
and dolomite minerals were in an oversaturated state. However, the calcite and dolomite
minerals gradually transited to a saturated state with the groundwater level rising during
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the period of 2018-2019. As time goes on, if the groundwater level continues to rise, the
groundwater and minerals will be expected to reach a new equilibrium state again.

N
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Figure 9. Contour maps of karst groundwater levels (m) in 2012 (a) and 2018 (b) [37].

The SI values of gypsum and halite in the karst groundwater in 2013 and 2019 are
shown in Figures 8c and 8d, respectively. The SI values of gypsum and halite in the karst
groundwater ranged from —1.93 to —1.27 and —8.84 to —7.57, respectively, with an average
of —1.62 and —8.15 in 2013, respectively, indicating that gypsum and halite minerals were
in a dissolved state in 2013. In contrast, the SI values of gypsum and halite in the karst
groundwater varied from —2.03 to —0.92 and —9.00 to —7.09 with a mean of —1.49 and
—8.09 in 2019, respectively. Compared with 2013, the SI values of gypsum and halite had
little change in 2019. In addition, the SI values of gypsum and halite showed an increasing
tendency along the TDS, which indicated that the increase in TDS concentration in the
karst groundwater might be related to the dissolution of gypsum and halite, whereas there
were no significant correlations between the TDS and SI values of calcite and dolomite,
which indicated that the dissolution of calcite and dolomite was a very rapid process.
Considering the carbonate rocks were widely distributed in the aquifer of the entire region,
the dissolution of carbonate rocks had most likely been completed rapidly in the initial
stage of the chemical evolution in the karst groundwater. Therefore, it can be considered
that carbonate rock dissolution was an important source of HCO; ~, Ca?* and Mg?* in karst
groundwater, which was consistent with the above conclusion.

Furthermore, the SI values of calcite, dolomite, gypsum and halite had little difference
in different aquifers. However, the TDS concentrations from Quaternary sediment and
most Permian sandstone aquifers were obviously higher than those in carbonate aquifers.
It showed that there was a close hydraulic connection between Quaternary sediment
groundwater and most Permian sandstone groundwater, which was likely affected by
human activities.

5.7. Analyses of the Sources of SO4%>~ in Groundwater

As previously discussed, the concentration of SO42~ showed a significant change,
especially in the runoff areas impacted by mining activities during 2013-2019. Therefore, it
is necessary to identify the source of SO4%~ in the study area.
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In general, the main sources of SO42~ in groundwater include atmospheric precipi-
tation, sulfate mineral dissolution (gypsum, etc.) and sulfide minerals oxidation such as
pyrite [20]. The §%S value of SO42~ from atmosphere precipitation is generally around
—3~+9%o; the 534S content from evaporite and limestone can reach above +20%., even up
to +35%o from gypsum, and the §34S composition of SO42~ from the oxidation of sulfides
varies from-30%o to +5 %o [20,38].

It can be seen from Table 5 that the concentrations of SO4?~ in the groundwater from
the Carboniferous thin-layer limestone aquifer were the highest in the study area followed
by the Permian sandstone groundwater, and SO42~ concentrations in the karst groundwater
from the Cambrian and Ordovician aquifers were the lowest. This was likely related to the
dissolution of sulfate minerals in different aquifers. The Carboniferous Taiyuan Formation
is one of the main coal-bearing strata in Northern China, and the pyrite content in the
coal is relatively high. Therefore, the concentrations of SO42~ in the groundwater from
Carboniferous strata were proportionally high.

Table 5. Chemical and sulfur isotopic composition for groundwater taken in the HSB.

S$042~ (mg/L) Cl— (mg/L) 534S (%o, CDT)
Min Max Mean Min Max Mean Min Max Mean
PGW 120.5 694.9 481.4 57.8 186.9 140.7 2.7 5.7 4.7
CGW 513.5 2591.1 1262.0 30.9 59.2 43.6 —10.6 -1.0 —5.8
KGW in the recharge area 56.6 67.0 62.7 5.6 19.6 11.9 3.0 14.1 7.1
KGW in the runoff area 93.1 408.9 159.5 15.7 70.4 30.8 2.1 13.0 6.2
KGW in the discharge area 97.4 122.8 110.1 15.8 27.9 21.9 6.3 8.2 7.3

According to Figure 10a, the 534S values gradually increased with the decrease in the
SO42~ /CI™ ratios. The samples from the Carboniferous thin-layer limestone groundwater
(CGW) had relatively high SO42~ /Cl~ ratios and low &** values, distributing around the
end member of sulfide oxidation (pyrite, etc.) (Figure 10b), which implied that the major
sources of SO42~ and the S-isotopic composition were derived from mineral dissolution.
While the 534S values of the other water samples were close to the end member of precipita-
tion, the concentrations of SO4%~ were much higher than those of precipitation, indicating
that the sulfate in the groundwater was probably derived from the combination of gypsum
dissolution and sulfide mineral oxidation by meteoric water. These reactions were as
follows (Equations (3) and (4)):

gypsum dissolution: CaSO4-2H,0O — Ca®* + S0O,%~ + 2H,0 3)

pyrite oxidation: 2FeSy+ 70, + 2H,0 — 2Fe?* + 480,42~ + 4H* (4)

There are several relatively impermeable layers among the Permian sandstone, Car-
boniferous thin-layer limestone and the Cambrian—Ordovician karst aquifer, and they are
relatively independent of each other under natural conditions. However, anthropogenic
activities such as coal mining and groundwater pumping lead to the hydraulic connection
among different aquifers.

As shown in Figure 10b, some samples (E5, E6, D2) from the Permian sandstone
groundwater and Cambrian—-Ordovician karst groundwater in the runoff areas (Zone II)
fell on the mixing line between gypsum dissolution and sulfide oxidation, which lay close
to the samples of Carboniferous thin-layer limestone groundwater. The results further
showed that there was a certain hydraulic connection between the karst groundwater and
other types of groundwater in some parts of the study area.
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Figure 10. Scatter plot of (a) 534S versus SO42~ /Cl—, (b) 534S versus 1/S042~.

5.8. Anthropogenic Factors Affecting the Groundwater Quality

The concentration of NO3; ™ ion in groundwater does not exceed 20 mg/L under natural
conditions [39]. A total of 56.9% of the groundwater samples exceeded this threshold,
indicating that the groundwater was influenced by anthropogenic inputs in the area.
Anthropogenic activities such as domestic sewage, manure and agricultural fertilization
have been proven to be the main sources of NO3; ™ in groundwater. In addition, domestic
sewage infiltration into groundwater often occurs in urbanized areas [40]. As shown in
Table 4, the concentration of NO3; ™~ had a good correlation with Na*, Ca?*,Cl~ and SO42~,
and showed the best correlation with C1™ (r = 0.773, p = 0.01), indicating that NO3; ™ and
these ions might have had the same anthropogenic origin. In addition to the dissolution of
halite, excessive C1~ was generally related to agricultural activities and domestic pollution.

The variation trend of NO3 ™~ concentrations in groundwater with well depth is shown
in Figure 11a. A total of 80% of the samples from the Quaternary sediment aquifer and
66.7% of the samples from the Permian sandstone aquifer exceeded 50 mg/L, which is the
permissible limit for drinking water set by the World Health Organization (WHO) [41]. The
results showed that 95.6% of the samples of karst groundwater were within this threshold.
In addition, the groundwater samples with NO3;~ exceeding the standard were mainly
distributed at the depth of 0~100 m below the surface, and the maximum concentration was
up to 198 mg/L. It showed that shallow groundwater was more affected by anthropogenic
activities than deep groundwater.

Theoretically, shallow groundwater is greatly affected by evaporation due to its shal-
low groundwater table. As shown in Figure 11b, compared to the karst groundwater, the
shallow Quaternary sediment groundwater and most of the Permian sandstone ground-
water were more enriched in heavy isotopes. In addition, the NO3~ concentrations were
significantly higher in several deep karst groundwater samples (B22, C13) in the runoff
area, indicating that some karst groundwater was affected by nitrate pollution due to coal
mining, agricultural activities and other factors.

Generally, the TDS values of all the groundwater samples increased with the increasing
(C1~ +S04%7)/HCO;~ (expressed in molar ratios) (Figure 11c). Similarly, the TDS values of
the groundwater samples in the Quaternary sediments aquifer and most Permian sandstone
aquifer increased with the increasing of (NO3~ + C17)/Na* molar ratio, whereas there
were no significant correlations between the TDS values and (NO3;~ + C17)/Na” in the
karst groundwater (Figure 11d).



Water 2023, 15, 726 21 of 25

(a) NOy (mg/L) (b)
0 50 100 150 200
0 ‘A, sl i rws Vi e 1 )
X
|
I -8 A X
X | X X
2004 B ' x X
o2, | = X
ﬁ I'AC13 £ 9 1
2 400 A K= % X s 52
= A | ¥13
§ a I E O
= [
3 Xm | °
£ 600 +E O “10 |
[
I 2
] I3
800 I g
| «»n
IO -11 : :
[ § 0 1 10
1000 - A | NOy(meq/L)
2000 - 2000 -
© (d)
X X
X
& X
1400 - X 1400 X
= P R X
ED )% = X
on
z X X E X e
a 723
- =
800 - 800 x. =
= =
X X
B A w
can = A.o
B0
200 . . . : . 200 - . . .
0.0 0.5 1.0 1.5 2.0 25 0.0 1.0 2.0 3.0 4.0
(C1+S0,)/HCO; (CI+NOy)/Na

OKGWI [OKGW2 AKGW3 <©OKGW4 @KGWS BKGW6 AKGW7 eKGW8 XQGW XPGW XMDW

Figure 11. Plots of (a) NO;~ vs. well depth, (b) 5180 vs. NO3~, (c) TDS vs. (CI~ + SO4%~)/HCO;~,
(d) TDS vs. (NO3~ + Cl7)/Na™.

The results showed that the contribution from evaporite dissolution to the karst
groundwater exceeded that from anthropogenic influence, while the Quaternary sediment
groundwater and most of the Permian sandstone groundwater were affected by agricul-
tural activities and domestic sewage. These were consistent with the fact that the NO3 ™
concentrations in the shallow groundwater generally exceeded the WHO standard.

6. Conclusions

This research adopted the comprehensive method of correlation analysis, Piper tri-
linear diagram, Gibbs plot, ionic ratios and multiple isotopic analyses, which provided
an effective method for analyzing the origin of karst groundwater and the hydrochemical
process in the HSB. The main conclusions are as follows:

(1) In the past six years (2013-2019), due to the influence of coal mining and other factors,

the average concentrations of TDS, Na*, C1~, 5042~ and other major ions had been
increasing in the mining runoff areas, and even exceeded the concentrations in the
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discharge area. Especially, the concentration of SO4%~ in the karst groundwater
changed the most. A sulfur isotope analysis showed that SO42~ concentrations in
the karst groundwater were potentially derived from the combination of gypsum
dissolution and sulfide oxidation by meteoric water.

(2)  With the closure of some coal mines, the karst groundwater level in the runoff area
began to recover. The SI values of calcite and dolomite in karst groundwater varied
greatly during 2013-2019, which reflected the changing runoff conditions in the
area, and the karst groundwater transferred gradually from an oversaturated state to
saturated state.

(38) Agricultural production and domestic sewage except for mining activities also had a
negative impact on the quality of regional groundwater, which caused the increase
in the content of NO3; ™~ and C1~ in the Quaternary sediment groundwater, Permian
bedrock groundwater and a small amount of karst groundwater. It also meant that
some samples (C12, C14, C15) from the coal mine runoff area (II;) had a relatively
close hydraulic connection with shallow groundwater.

(4) Given the increasingly serious environmental and geological problems in the HSB,
future research work should enhance the hydraulic connection between karst aquifers
and coal seams or other aquifers, reduce the pollution of karst groundwater by
coal mining and agricultural activities and strengthen the continuous monitoring of
groundwater level and hydrochemical abnormal areas, which is important for the
management of karst groundwater resources in North China.
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Abbreviations

The following abbreviations are used in this manuscript:

HSB  Heilongdong Spring Basin
HLD Heilongdong

YC Yuecheng (place name)
DWS  Dongwushi (place name)
Sinian

Cambrian

Ordovician

Carboniferous

Permian

Triassic

S9N O0OMN
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Q Quaternary sediments

KGW Karst groundwater in the Cambrian and Ordovician limestone aquifers
SNWTP  South-to-North Water Transfer Project

YJP Yangjiaopu (place name)

QGW Groundwater in the Quaternary sediment aquifer

PGW Groundwater in the Permian sandstone aquifer

CGW Carboniferous thin-layer limestone groundwater (CGW)

EC Electrical conductivity

ICP-OES  Inductively Coupled Plasma Optical Emission Spectrometer
CBE Charge Balance Error

VSMOW  Vienna Standard Mean Ocean Water

TCEA Thermal conversion elemental analyzer

V-CDT Vienna Canyon Diablo Troilite
MDW Mine drainage water

SW Surface water

KGW1 Karst groundwater in recharge area in 2013

KGW2 Karst groundwater in mining runoff area in 2013
KGW3 Karst groundwater in no mining runoff area in 2013

KGW4 Karst groundwater in discharge area in 2013

KGW5 Karst groundwater in recharge area in 2019

KGW6 Karst groundwater in mining runoff area in 2019
KGW7 Karst groundwater in no mining runoff area in 2019
KGWS8 Karst groundwater in discharge area in 2019
LMWL The local meteoric water line

GMWL  The global meteoric water line

SI Saturation indices

WHO The World Health Organization
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