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Abstract: Karst groundwater is the main water source for domestic, industrial, and agricultural
needs in Xingtai City, North China. The objective of this study was to comprehensively access
changes in the hydrochemical characteristics and evolution of karst groundwater in response to rapid
urbanization. Water samples from the late 2010s and the 1970s were compared utilizing statistical
analysis, hydrochemical diagrams, and inverse simulation technology. The total dissolved solids
(TDS), total hardness (TH), NO3

−, and Fe contents were significantly higher in the more recently
obtained karst groundwater samples. Further, the dominance of HCO3-Ca-type water decreased, with
new types emerging, relative to 1970s karst groundwater. Abnormal TDS, TH, SO4

2−, NO3
−, and

Cl− concentrations can be attributed to sewage discharge and fertilizer. Two groundwater discharge
areas around the center of Xingtai City and Yangfan Town in the south of the study area were the most
significantly affected by human activities. However, inverse modeling indicated that the dissolution
of gypsum and halite, as well as cation-exchange processes, occurred in the groundwater paths
during both periods. Recent increases in ion concentrations of karst groundwater in the study area
have caused carbonate minerals to dissolve, resulting in a further increase of ion concentrations. The
hydrochemical response and evolution of karst groundwater requires further study.

Keywords: hydrochemical characteristics; karst groundwater; statistical analysis; PHREEQC inverse
modeling; urbanization

1. Introduction

Urbanization is an inevitable trend of the development of human society; it is also a key
indicator of the level of industrialization and modernization of a country [1,2]. Currently,
55% of the world’s population lives in urban areas, and this percentage is expected to
increase to 68% by 2050 [3]. In recent decades, China’s social and economic levels have
developed rapidly, and the urban population in China has continuously grown, with the
urbanization rate increasing from 20.91% in 1982 to 63.22% in 2020 [4]. Thus, China has
become a rapidly urbanizing country [5,6].

The formation and prosperity of cities are of great significance for promoting national
economic development, strengthening information exchange, and optimizing industrial
structures [7–9]. However, the rapid development of cities often leads to a series of
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environmental problems [10–12]. Most cities worldwide, especially those in arid and
semiarid areas, face challenges caused by the degradation of the water environment [13,14].
The results of previous studies showed that population growth and increasing demand
often lead to the overexploitation of water resources, resulting in water shortages and even
ecological imbalances [15,16]. The expansion of urban areas leads to less rural farmland
and more efficient food production [17]. Thus, the excessive use of fertilizers and pesticides
in agricultural areas leads to the deterioration of the soil properties and pollution of rivers
and groundwater [18–21]. In addition, many researchers have studied the negative effects
of industrial activities on the groundwater quality in urban and peri-urban areas [22,23].
During urbanization in recent decades, the groundwater environment has undergone
dramatic changes including a sharp decline in groundwater levels and the degradation of
the groundwater quality [24–26].

Groundwater is often the main water source in arid and semiarid areas [27,28]. There-
fore, it is important to understand the evolution mechanism of the groundwater environ-
ment affected by both natural and human interventions during rapid urbanization, which
can provide an essential basis for decision makers to formulate measures that control the
deterioration of the groundwater environment. In semiarid environments, achievements in
long-term groundwater quantity management and the status quo of the groundwater qual-
ity in cities are relatively common [25,29,30], whereas changes in hydrogeochemical laws
during urbanization can be easily ignored. Based on previous work, we selected Xingtai,
an important node city in the national Beijing–Tianjin–Hebei Province, as a representative
medium-sized city with rapid urbanization in the North China Plain. Xingtai City has
experienced unparalleled urbanization in recent decades; therefore, karst groundwater in
the Baiquan Spring region, which is the only water source for Xingtai’s urban water usage,
has also undergone significant evolution [31].

The aims of this study were as follows: (1) to analyze the hydrochemical characteristics
of karst groundwater during typical periods using summary statistics as well as Piper and
Stiff polygon diagrams; (2) to reveal the response of the main chemical components in
karst groundwater to rapid urbanization using summary statistics, Piper diagrams, and
geographic information system (GIS) techniques; (3) to explore the main human activities
that cause water quality deterioration based on multivariate analysis as well as Schoeller
and scatter diagrams; and (4) to quantitatively identify the water–rock interactions during
urbanization via correlation analysis and hydrogeochemical simulation. These results
provide a scientific basis for the protection and sustainable utilization of karst groundwater
resources in Xingtai City and other similar semiarid regions.

2. Study Area

Xingtai is in the southern part of the Hebei Province, China and has a continental
semiarid monsoon climate. The annual average temperature is 13.1 ◦C, and the annual
average precipitation and potential evaporation are 470.0 and 1702.8 mm, respectively [32].
Precipitation is mainly concentrated from June to September, accounting for ~75% of the
annual precipitation. Evaporation is the highest from May to June, accounting for ~33%
of the annual total. Xingtai is an important coal and iron energy base in the North China
Plain [31]. Its agricultural crops are mainly wheat, corn, millet, peanuts, and cotton, making
it one of the production bases for high-quality food and cotton in China [33]. Xingtai’s
economy has developed rapidly due to its superior natural environmental conditions. In
2020, the city of Xingtai had a population of 7.11 million, of which 3.85 million people lived
in urban areas, representing an increase of 1 million compared with the urban population
in 2010 [4].

Karst groundwater is the primary water source for domestic, industrial, and agricul-
tural demands in Xingtai City [31]. The study region covers an area of 868 km2 and lies
between 114◦10′ and 114◦35′ E latitude and 36◦56′–37◦19′ N longitude (Figure 1). As an
independent hydrogeological system, the study area is bounded by groundwater divides
in the north and south, water-blocking metamorphic rocks of the Taihang Mountains in the
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west, and the Xingtai–Neiqiu and Xingtai–Fengfeng water-blocking faults in the east [34,35].
The topography of the study area varies significantly. The mountainous area in the west
has an elevation of ~1000 m and gradually transitions to low mountains and hills with an
elevation ranging from 200 to 500 m, whereas the elevation of the plains in the east varies
from 60 to 100 m. The rivers that develop from south to north in the study area include the
Xiaoma, Baima, Qili, and Sha rivers, which are seasonal rivers originating in the western
mountainous area and mainly recharged by atmospheric precipitation.
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Figure 1. Map showing the location of the study area and sampling sites of karst groundwater.

The strata in the study area, from old to new, include the Changcheng system of
the Mesoproterozoic era, Cambrian, and Ordovician systems of the Lower Paleozoic era,
Carboniferous and Permian systems of the Upper Paleozoic era, the Triassic system of
the Mesozoic era, and the Quaternary system of the Cenozoic era. Mesoproterozoic strata
exposed in the west include metamorphic rocks containing calcium and magnesium as
well as clastic rocks rich in sulfide [36]. Cambrian and Ordovician strata are exposed to the
west of the study area and are covered by Quaternary and Upper Paleozoic strata to the
east, with a total thickness ranging from 553 to 826 m [35,37]. The main lithology of the
Ordovician is pure limestone, crystalline dolomite, dolomitic limestone, and porphyritic
limestone and carbonate rocks are interspersed with layered gypsum, forming gypsum
deposits or ores [38,39]. Furthermore, partial boreholes showed that granular halite can
also be found in Ordovician limestones and dolomites [37,39].

Large thick Ordovician carbonates with a high permeability and wide distribution area
are the main aquifer group in the study area and play a role in gathering and controlling
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groundwater flow. Under natural conditions, karst groundwater is recharged by precipi-
tation infiltration and river seepage in the exposed limestone area in the west, converges
to the east through the central water-rich area along the terrain, and finally drains to the
surface in the form of karst spring water [31,34]. Before the 1980s, karst spring water was
discharged within an area exceeding 20 km2 around Xingtai, which was divided into the
Baiquan spring system, led by the Baiquan spring in the southeast of the urban area, and
the Dahuo spring system, led by the Dahuo spring in the northwest of the urban area
(Figure 1). The two spring systems include 15 spring groups, each consisting of many large
and small springs. The average annual flow rate of the Baiquan spring system from 1962 to
1986 was 4.41 m3/s, and the average annual flow rate of the Dahuo spring system from
1962 to 1980 was 0.87 m3/s [37].

The exploitation quantity of karst groundwater in the study area gradually increased
from 3.40 m3/s in the early 1980s to 4.74 m3/s in the early 1990s due to ever-greater
demands for industrial, agricultural, and domestic water in Xingtai City, while the Dahuo
and Baiquan spring systems stopped flowing in 1981 and 1987, respectively [31,40]. With
the acceleration of urbanization from 2001 to 2015, the average exploitation quantity of
karst groundwater in the study area reached 6.39 m3/s, whereas the average recharge of
karst groundwater in the study area was only 5.58 m3/s [31,35,37]. Since the groundwater
extraction has been greater than the total recharge of the Ordovician aquifer group for many
years, karst water in the study area is in a state of serious overexploitation. As a result,
the karst groundwater level in the study area has generally decreased by 60 to 100 m in
the past 40 years, with the buried depth of the groundwater level near the Baiquan spring
system reaching more than 60 m, which is indicative of considerable damage to the karst
groundwater environment [37,41].

3. Methodology
3.1. Sample Collection and Analyses

A total of 61 karst groundwater samples were collected from August 2018 to October
2019 (Figure 1), including 18 samples from a previous study [42] and 43 additional samples
from public and private wells in the study area using polyethylene bottles. Groundwater
samples were collected and analyzed based on the technical specifications for environmen-
tal monitoring of groundwater issued by the Ministry of Environmental Protection of the
People’s Republic of China (PRC) [43].

Strict quality control was performed during the sampling and analysis. Before sam-
pling, it was necessary to drain the stagnant water in the well and clean the polyethylene
bottles three times with flowing groundwater for collection. Sampling was performed
within 1 h of cleaning the wells. The temperature and pH values were immediately deter-
mined using a portable multi-parameter analyzer (Manta 3.0, Eureka Corporation, Austin,
TX, USA) at the sampling site, and the water samples for analyzing metal ion content were
acidified with nitric acid to a pH range of 1–2. Immediately after the water samples were
collected, the sample bottles were sealed, labeled, stored at 4 ◦C, and sent to the laboratory
for further analysis. Parallel and blank samples were collected and sent to the laboratory
together with each batch of water samples. Samples were tested in the Monitoring Center
on Groundwater, Mineral Water and Environment, Ministry of Natural Resources. In
the laboratory, K+, Na+, Ca2+, Mg2+, and Fe were determined via atomic fluorescence
spectrometry (ICAP 6300, Thermo Fisher Scientific Inc., Waltham, MA, USA); SO4

2−, Cl−,
NO3

−, and NO2
− were determined through ion chromatography (Dionex ICS-90A, Thermo

Fisher Scientific Inc., Waltham, MA, USA), and CO3
2− and HCO3

− were analyzed using
acid titration. During the laboratory analysis, standard curves were prepared for atomic
fluorescence spectrometry and ion chromatography. The total dissolved solids (TDS) were
analyzed with 105 ◦C dry gravimetry, and the total hardness (TH) was determined through
EDTA analysis.
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The reliability of the chemical component analysis was tested using the charge balance
error percentage (CBE%) of the groundwater samples according to the following Equation [43]:

CBE% =
∑ cation−∑ anion
∑ cation + ∑ anion

× 100%, (1)

where the cations and anions are expressed in milliequivalents per liter (meq/L). When the
CBE% ranges from −5% to +5%, the water quality analysis results are highly reliable [44].
The results show that the CBE% values of the groundwater samples analyzed in this study
were all within the threshold. Because of the relatively low concentrations of CO3

2− and
NO2

−, they were not considered in further analyses and discussions.
Based on the previous studies [34,40], the karst groundwater level in the study area

followed a periodic change law before 1979, with the supply and discharge volumes remain-
ing balanced for many years. However, after 1979, because of the large-scale exploitation
of karst groundwater, the groundwater flow system was affected by human activities,
transitioning from a naturally stable state to an unstable state in a natural–artificial com-
posite flow system. Therefore, to better characterize the response of the hydrochemical
composition to Xingtai’s rapid urbanization in recent decades, the results of the analyses of
50 karst groundwater samples from June 1974 to April 1979 were also collected, including
44 samples from wells and six spring samples. The significant digits of TDS and TH values
were the same as those of water samples of 2018–2019, which were both recorded to one
decimal place. The significant digits of pH and main ions (except F− and Fe) of water
samples of 1974–1979 were recorded to one decimal place, while the significant digits of
these parameters of water samples of 2018–2019 were recorded to two decimal places. In
addition, the Fe contents in water samples of 1974–1979 and 2018–2019 were retained to
two and three decimal places, respectively. The CBE% values of all water samples collected
from 1974 to 1979 also passed the data reliability test in Equation (1).

3.2. Statistical Analysis

Statistical analytical methods are effective tools for studying the hydrochemical laws
of groundwater. Many researchers have indicated that the influence of the natural envi-
ronment and human activities on the hydrochemical characteristics of groundwater can
be evaluated statistically [13,19,45]. Summary statistics, Pearson’s correlation, and cluster
analyses were used. Groundwater chemical data were divided into two groups according
to different sample collection periods; that is, 1974–1979 (1970s) and 2018–2019 (2010s),
with 13 hydrochemical parameters considered in the statistical analysis.

A summary statistical analysis provided a general description of the existing dataset.
The minimum, maximum, mean, standard deviation (SD), and coefficient of variation (CV)
of the hydrochemical parameters were calculated to reflect the concentration and dispersion
trends of the hydrochemical characteristics during the two periods. According to relevant
national technical specifications [43], when calculating the average of multiple values with
similar accuracy, the number of significant digits can be increased by one. Therefore, in
the summary statistical analysis, the significant digits of mean parameter values in the two
periods were consistent with those of measured values in the 2010s period, while the SD
and CV were retained to two decimal places (excluding Fe). The mean values and SD of Fe
concentrations for the two periods were retained to three decimal places to reduce errors.

Pearson’s correlation coefficients (r), ranging from −1 to 1, can be used to determine
the correlations between various variables. In this study, the significance of the correlation
was set to p < 0.05. Many research results showed that an r value greater than 0.9 and
less than 0.4 indicates a significant strong and weak correlation between the two variables,
respectively, whereas an r value range of 0.4–0.7 and 0.7–0.9 indicates a moderate and
good correlation between variables, respectively [13,46]. Cluster analysis (CA), another
type of multivariate analysis method, has also been frequently used to successfully process
and analyze hydrochemical data [45,47,48]. CA is the process of gradually clustering
parameters (or samples) into different groups, where parameters (or samples) within the
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same group have great similarities, whereas being classified into different groups implies
significant differences [45]. In the current study, Pearson’s correlation analysis and CA were
applied to calculate and analyze the hydrochemical parameters of groundwater samples
collected in the 2010s in order to understand the possible sources of ions in groundwater.
Summary statistical analysis, correlation analysis, and CA were performed using IBM SPSS
Statistics 21.0 [49].

3.3. Graphical Illustration

In this study, concise and easy-to-understand graphical tools were selected to deter-
mine the hydrochemical spatiotemporal characteristics of the groundwater samples and
facilitate further research. A Piper diagram [50] is a common graphical tool for hydro-
chemistry consisting of two triangles and a diamond. The triangles on the left and right
represent the milliequivalent concentration percentages of the major cations and anions,
respectively. The leads of the points plotted on the two triangles intersect the upper di-
amond and the different zones represent different chemical characteristics [50]. On the
other hand, the Stiff polygon diagram [51] is a graphical tool used to visually represent
the milliequivalent concentrations of major anions and cations at each sampling point. In
this study, Stiff polygon diagrams were combined with sampling locations to analyze the
spatial evolution of major ion concentrations. The hydrochemical diagrams drawn in the
study were realized using Aquachem 5.1 (Waterloo Hydrogeologic Inc., Waterloo, Canada),
a software for hydrochemistry.

In addition, the Kriging interpolation method, which is one of the widely used geo-
statistical interpolation methods [52,53], was applied to interpolate the concentrations of
hydrochemical parameters. In this study, contour maps of the increases in the concentra-
tions of major hydrochemical parameters over the past decades were calculated using the
Kriging interpolation method in MapGIS 6.7 (Zondy Cyber S&T., Wuhan, China).

3.4. Inverse Hydrogeochemical Modeling

Saturation index. The saturation index (SI) is an important and widely used indicator
in hydrogeochemistry. It can be used to analyze the dissolution and precipitation trends of
minerals in groundwater [54,55]. The SI of a mineral in groundwater is defined as follows:

SI = lg
IAP

K
, (2)

where IAP is the product of the ionic activity of the mineral in groundwater, and K is the
equilibrium constant of the mineral at a certain temperature. When the SI is equal to 0
(SI = 0), the mineral is in an equilibrium state in aqueous solution, whereas SI < 0 and
SI > 0 indicate that the mineral is in a dissolved and precipitated state in aqueous solution,
respectively. The SI of minerals was calculated using inverse hydrogeochemical modeling
and PHREEQC 3.5.0 (US Geological Survey, Denver, CO, USA).

Inverse hydrogeochemical model. Inverse hydrogeochemical models are also called
mass balance models. Based on the analysis of hydrochemical composition at the start
and end points of a certain groundwater flow path, hydrogeochemical reactions along
the flow path can be inferred using the mass balance model, and the quantity of mass
transfer occurring along the path can be quantitatively calculated, revealing the main
factors affecting the evolution of groundwater chemical composition [55]. This modeling
process can be expressed by the following equation:

Wi + Pr = W f + Pp, (3)

where Wi represents initial hydrochemical components at the beginning of the path W f ;
represents final hydrochemical components at the end of the path; and Pr and Pp represent
the components entering and leaving the aqueous solution during the hydrochemical
reaction processes, respectively, which could be gas, minerals, or ion exchange, collectively
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referred to as the mineral phase. The abovementioned equation can also be written as a
mass conservation equation [55]:{

P

∑
n=1

αnbn,k = ∆mT,k

}
k=1Λj,n=1ΛP,

(4)

where P is the total number of reactive and generated mineral phases in the reaction; j is
the number of elements in the model; αn is the molar mass of the mineral phase n leaving
or entering the solution; bn,k is the stoichiometric coefficient of the element k in the mineral
phase n; ∆ is the difference between the initial and final values in the reaction; and mT,k is
the total molar concentration of the element k in the solution.

Because the number of elements considered in an inverse hydrogeochemical model is
often less than the number of mineral phases, the model may have multiple solutions. There-
fore, it is necessary to combine relevant research results, such as the mineral composition,
state of dissolution or precipitation of minerals, groundwater burial characteristics, and the
hydrogeochemical evolution law of the study area to select simulation results consistent
with the actual conditions and to improve the reliability of the inverse hydrogeochemical
model [48]. Based on the abovementioned principles, an inverse hydrogeochemical model
of multiple paths in the two periods was constructed using PHREEQC 3.5.0 (US Geological
Survey, Denver, CO, USA).

4. Results and Discussion
4.1. Statistical Analysis of Hydrochemical Components

The summary statistics of the main hydrochemical components were calculated for
the two periods, as shown in Table 1.

Table 1. Summary statistics of the main hydrochemical components in karst groundwater for the
two periods 1.

Parameter
Samples in 2018–2019 (2010s) Samples in 1974–1979 (1970s) WHO

Limits
PRC

LimitsMin Max Mean SD VC (%) Min Max Mean SD VC (%)

pH 7.67 8.47 7.96 0.15 1.92 7.1 8.1 7.57 0.24 3.19 - 6.5–8.5
TDS (mg/L) 227.7 675.1 373.9 100.35 26.84 167.0 382.0 255.9 53.66 20.97 - 1000
TH (mg/L) 183.0 481.9 281.4 71.16 25.29 128.6 294.6 190.7 36.56 19.17 - 450
K+ (mg/L) 0.53 6.71 1.67 0.91 54.50 0.2 3.9 1.45 0.81 55.86 - -

Na+ (mg/L) 7.62 64.58 18.82 9.91 52.66 4.2 33.7 11.96 5.78 48.33 - 200
Ca2+ (mg/L) 51.08 145.80 76.92 21.18 27.53 29.7 90.0 53.71 11.46 21.34 - -
Mg2+ (mg/L) 10.30 37.76 21.46 6.01 28.03 7.8 27.2 13.70 3.71 27.10 - -
Cl− (mg/L) 8.63 98.33 31.12 21.27 68.35 7.1 41.0 13.47 6.72 49.94 - 250

SO4
2− (mg/L) 15.68 177.80 63.84 36.33 56.91 7.7 98.1 23.70 18.02 76.06 - 250

HCO3
− (mg/L) 149.18 333.50 227.86 40.62 17.83 151.0 293.0 208.47 30.46 14.61 - -

NO3
− (mg/L) 10.76 105.40 30.82 18.29 59.33 0.1 24.0 5.39 4.24 78.72 50 88.6

F− (mg/L) 0.30 0.69 0.45 0.09 19.66 0.00 0.65 0.29 0.15 52.07 1.5 1.0
Fe (mg/L) 0.005 4.483 0.476 0.783 164.63 0.00 0.03 0.002 0.005 271.00 - 0.3

Note(s): 1 Min, Max, SD, and VC refer to minimum, maximum, standard deviation, and coefficient of variation,
respectively.

Compared with the 1970s, the contents of the main hydrochemical parameters in
karst groundwater in the study area have increased to varying degrees in recent years.
The pH values varied from 7.1 to 8.1 and 7.67 to 8.47 during the 1970s and 2010s, with
an average of 7.57 and 7.96, respectively. This indicates that the karst groundwater in the
study area was slightly alkaline and that the alkalinity slightly increased overall. During
the 1970s, the range of TDS was 167.0–382.0 mg/L in the study area. However, it was
227.7–675.1 mg/L in recent years, and the mean value increased from 255.9 mg/L in the
1970s to 373.9 mg/L in the 2010s. Groundwater samples with TDS values below 1000 mg/L
can be classified as freshwater [56]. Therefore, the statistical results indicate that there has
been a significant increase in the values over the past few decades. However, the karst
groundwater in the study area has always been freshwater. According to the classification
of groundwater based on TH [57], the water samples from the 2010s contained no soft
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water (<50 mg/L), whereas the proportions of slightly hard water (150 to 300 mg/L), hard
water (300 to 450 mg/L), and very hard water (more than 450 mg/L) samples were 65.57,
31.15, and 3.28%, respectively. In addition, the TH value of very hard water exceeded the
limit (450 mg/L) of the PRC National Standard [58], indicating that it is not suitable for use
as drinking water without proper treatment [57]. In contrast, only soft and slightly hard
water samples were collected during the 1970s (Table 1). The statistical results show that
the TH of karst groundwater in the study area significantly increased in recent decades.

As shown in Table 1, the statistical results of the major anions (Ca2+, Mg2+, Na+, and
K+) and cations (Cl−, SO4

2−, and HCO3
−) in the two periods were similar. Among the

major cations, the variation coefficients of Ca2+ and Mg2+ were relatively small, reflecting
the relative stability of their concentrations in karst groundwater. Among the major anions,
HCO3

− had the highest mean value and lowest variation coefficient, indicating that its
concentration in groundwater was relatively high and stable. Thus, HCO3

− was the main
anion in karst water in the study area. In addition, the variation coefficients of Na+, K+,
Cl−, and SO4

2− in both periods were relatively large, reflecting their significant spatial
concentration differences and sensitivity to environmental factors. However, compared
with the statistical values for the 1970s, the average concentrations of Cl− and SO4

2−

doubled in 40 years, from 13.47 and 23.70 mg/L to 31.12 and 63.84 mg/L, respectively.
Among the other main components in Table 1, the maximum value of F− in the water

samples taken from 2018 to 2019 was 0.69 mg/L, which is lower than the value for drinking
water (1.5 mg/L) recommended by the World Health Organization (WHO) [59]. The
minimum value of F− was 0.30 mg/L and the variation coefficient was lower than that of
the 1970s period, indicating that F− is widely present in karst groundwater in recent years,
with a little difference in the concentration. In the water samples collected during the 1970s,
the NO3

− and Fe concentrations did not exceed the relevant standards. However, in the
samples of the 2010s period, the maximum value of NO3

− (105.40 mg/L) exceeded the
WHO guideline value (50 mg/L) [59] and the limit value (88.6 mg/L) of the PRC National
Standard [58]. In addition, the mean value of Fe (0.476 mg/L) also exceeded the limit
value (0.3 mg/L) of the PRC National Standard [58], with an over-limit ratio of 39.3% and a
variation coefficient of 164.43% (Table 1). These statistics show that the phenomenon of Fe
and NO3

− exceeding the limits is noteworthy and that the concentration distribution of Fe
exhibits notable regional differences.

4.2. Evolution of Hydrochemical Types

A Piper diagram is an effective and simple graphical method for determining the
type and hydrochemical evolution of groundwater [46]. The main ion analysis results of
the water samples from the two periods were plotted in a Piper diagram, and a regional
Stiff polygon distribution diagram for the 2010s period was drawn to jointly analyze the
evolution characteristics of the hydrochemical types, as shown in Figures 2 and 3. The major
anions and cations of the water samples shown in Figure 2 are expressed as milliequivalent
concentration percentages.

To meet the needs of urban development, large-scale utilization of karst groundwater
in the study area began in the 1980s [31,37]. Figure 2 shows that the milliequivalent
concentration percentage ranges of Ca2+ and Mg2+ in most water samples before the
1980s were 50–75% and 15–30%, respectively, and the hydrochemical types were HCO3-Ca
and HCO3-Ca·Mg types on the whole. Only the relative contents of Mg2+ or SO4

2− in a
few water samples were slightly higher, with HCO3-Mg·Ca and HCO3·SO4-Ca·Mg types
forming, respectively. In contrast, the relative contents of Cl− and SO4

2− in the water
samples collected in recent years significantly increased, and the percentage ranges of Ca2+

and Mg2+ changed to 45–70% and 15–40%, respectively, which resulted in a significant
reduction of HCO3-Ca-type water and the appearance of SO4·HCO3-Ca·Mg, HCO3·Cl-
Ca·Mg, HCO3·Cl·SO4-Ca·Mg, and HCO3·SO4-Ca types, indicating the complexity of the
hydrochemical components.
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Based on the Stiff polygon distribution diagram (Figure 3), complex hydrochemical
types are mainly distributed in natural groundwater discharge areas around downtown
Xingtai. The discharge areas are not only densely populated but also low relief areas, where
years of continuous overexploitation have further reduced karst groundwater levels [31,40].
The non-equilibrium hydraulic gradient caused by overexploitation of groundwater can
lead to inferior water intrusion as well as accumulation of agricultural irrigation and do-
mestic drainage in the region, thus worsening the groundwater quality and complicating
hydrochemical compositions [13,20,48]. Therefore, on the north side of the downtown
area, that is, near the discharge area of the original Dahuo spring system, the milliequiv-
alent concentration of SO4

2− in some water samples significantly increased, forming the
SO4·HCO3-Ca·Mg and HCO3·SO4-Ca·Mg types. In contrast, the south side of Xingtai’s
downtown area, near the discharge area of the original Baiquan spring system, was char-
acterized by a moderate increase in the milliequivalent concentration of Cl− as well as
the formation of HCO3·Cl-Ca·Mg- and HCO3·Cl·SO4-Ca·Mg-type water. In a runoff area
located in the middle between the Qili and Sha rivers in the central-south of the study
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area, the milliequivalent concentrations of main ions in two water samples significantly
increased, and HCO3·SO4-Ca-type water formed. In contrast, the milliequivalent concen-
trations of most samples in the recharge area located in the western part of the study area
were relatively low, and HCO3-Ca·Mg-type water was dominant.

4.3. Correlations

Pearson’s correlation coefficient (r) can be used to evaluate the strength of the linear
correlation between the hydrochemical parameters, as shown in Table 2. The significance
level of the correlation is less than 0.05. TDS has a strong correlation coefficient with Ca2+

(r = 0.942) and good or moderate correlations with other major ions; that is, SO4
2− (0.804),

Cl− (0.784), Mg2+ (0.735), NO3
− (0.673), Na+ (0.641), and HCO3

− (0.512), indicating a signif-
icant contribution of these ions to the groundwater composition. In addition, the correlation
coefficient between TH and Ca2+ reaches 0.961, indicating that Ca2+ has the highest contri-
bution to groundwater hardness. Note that a moderate correlation was observed between
TH and NO3

− (r = 0.603). According to Maghrebi et al. (2021) [20], agricultural activities,
such as the use of fertilizers, can severely affect groundwater quality. NO3

− is often used
to identify the effects of human agricultural activities on groundwater, with the increase in
the NO3

− content suggesting a considerable shift in hydrochemical compositions [60,61].
Shukla et al. (2021) [62] reported that sewage discharge and agricultural activities may
also be sources of increased TDS and TH values. Therefore, the strong correlation between
TDS and TH as well as their moderate correlations with NO3

− suggest that anthropogenic
activities have had a certain impact on the groundwater quality.

Table 2. Correlation matrix for measured hydrochemical parameters.

pH TH TDS K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− NO3− F− Fe

pH 1.000 −0.068 −0.041 0.070 0.145 −0.053 −0.075 0.147 −0.122 −0.038 −0.158 −0.008 −0.229
TH 1.000 0.959 0.216 0.425 0.961 0.811 0.774 0.822 0.452 0.603 −0.098 0.017
TDS 1.000 0.216 0.641 0.942 0.735 0.784 0.804 0.512 0.673 −0.121 −0.005
K+ 1.000 0.104 0.202 0.195 0.360 0.371 −0.137 −0.151 0.162 −0.126

Na+ 1.000 0.443 0.271 0.651 0.285 0.547 0.411 −0.149 −0.148
Ca2+ 1.000 0.620 0.722 0.811 0.466 0.574 −0.041 −0.022
Mg2+ 1.000 0.676 0.622 0.298 0.506 −0.199 0.097
Cl− 1.000 0.560 0.203 0.417 −0.097 −0.090

SO4
2− 1.000 0.075 0.401 −0.058 0.009

HCO3
− 1.000 0.284 −0.076 −0.080

NO3
− 1.000 −0.167 0.228

F− 1.000 −0.108
Fe 1.000

To further verify the correlations between hydrochemical parameters, several hydro-
chemical indicators with significant content changes in recent decades, including TDS,
TH, SO4

2−, Cl−, NO3
−, and Fe, were selected to draw the contour maps of concentration

increments, as shown in Figure 4. Compared with the groundwater in the 1970s, the con-
centration of NO3

− increased throughout the study area (Figure 4e). Two high-value areas
were observed, near Yangfan Town in the south and Huining Town in the north, indicating
that human agricultural activities have affected the karst groundwater quality throughout
the region, even leading to the concentration of NO3

− exceeding the standards. In addition,
the TDS, TH, and SO4

2− concentrations in these two high-value areas also significantly
increased (Figure 4a–c). The high similarity of spatial variation characteristics and good
Pearson’s correlation coefficients show that diversified anthropogenic sources (e.g., fertil-
izer and urban sewage) have jointly affected the groundwater during the urbanization of
Xingtai over the past few decades, resulting in abnormal contents of multiple ions and
comprehensive indicators in the groundwater.
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The results in Table 2 indicate a good correlation between Ca2+ and SO4
2− (r = 0.811)

and a moderate positive correlation between Na+ and Cl− (r = 0.651), suggesting the
dissolution of sulfate and halite minerals during the flow of karst groundwater [47,63]. The
Stiff polygon diagram shows that the concentration of Cl− increases near the discharge
area on the south side of Xingtai’s downtown area, with a significant increase in the Cl−

concentration in this area when compared with 40 years ago (Figure 4d). Based on the
results of previous studies [20,46,64], seawater intrusion, the evaporation process, and
domestic sewage discharge may also increase the Cl− concentration, in addition to the
dissolution of halite. Based on research into the lithology and hydrogeochemical processes
within the study area [31,34,39], the evaporation near the discharge areas is weak because
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of the evident decline in the groundwater level over the past 40 years. Further, the content
of chlorine-bearing minerals in Cambrian and Ordovician strata is not rich. However,
as shown in the sectional drawing of Figure 1, the overlying Quaternary strata of karst
water sample S14 with a Cl− concentration of 94.54 mg/L collected in this discharge area
are missing, making karst groundwater susceptible to human activities. Therefore, the
significant increase in Cl− concentrations in this area also indicates that anthropogenic
sources (e.g., domestic sewage) should be considered.

4.4. Sample Clustering

Cluster analysis was conducted on 61 groundwater samples collected during the 2010s.
Ward’s method in SPSS version 21.0 [49] was applied to analyze the linkages between
groups and the square Euclidean distance was selected as the similarity measure [65,66].
The dendrogram obtained from the cluster analysis is shown in Figure 5. Herein, a linkage
distance of 5 was selected, and three groups (Groups 1–3) were clustered. In addition,
based on the mean ion concentrations in the groundwater samples from different clustering
groups, a Schoeller diagram [67] (Figure 6) and a scatter diagram [68] (Figure 7) were
plotted. Figure 6 shows the mean ion concentrations in each group, and Figure 7 reflects
the impact of human activities through the Na+ normalized Cl− versus NO3

−.
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The water samples in Group 1 were mainly taken from the recharge areas to the north
(S20 and S1) and south (S19, S16, and S33) of the study area as well as from most runoff
areas in the central and southern regions, showing relatively low concentrations of each
ion (Figure 6). Figure 7 shows that most of the water samples from Group 1 and the 1970s
do not fall into areas significantly affected by human activities. Samples in Group 2 were
mainly concentrated in two areas: the northern runoff area and western recharge area near
the upper reaches of the Qili River. The mean concentrations of Na+, Ca2+, Mg2+, Cl−,
SO4

2−, NO3
−, HCO3

−, and Fe increased compared to those of Group 1, with NO3
− and
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Fe increasing the most (Figures 6 and 7), which suggests a greater influence of human
activities [60,63]. In addition, Figure 5 shows a large linkage distance between Group 3 and
the first two groups. Samples (S5, S14, S15, S31, S40, and S51) collected near the discharge
areas on the north and south sides of Xingtai’s downtown area were clustered into Group 3.
Their main anion and cation contents continuously increased, especially the concentrations
of Cl− and SO4

2− (Figure 6). According to previous studies, the discharge of untreated
sewage may be a dire threat to the quality of groundwater [20]. As shown in Figure 7, most
of the water samples in Group 3 fall in the area of seawater/domestic pollution, indicating
their similar sources and hydrochemical evolution processes.

Note that samples S7, S9, S26, S32, S38, S42, S52, and S56 from the westernmost part
of the study area were clustered together in Group 2, showing significant differences in
the composition of groundwater, such as higher SO4

2− concentrations (Figure 4c) and
significantly increased Fe concentrations (Figure 4f) over the past few decades, compared
with samples from other recharge areas and downstream runoff areas. The TDS value
and SO4

2− concentration of W15, the only groundwater sample collected in the nearby
region during the 1970s (Figure 1), were 302.0 and 28.8 mg/L, respectively. As these were
higher than their respective mean values (Table 1) of the whole study area at that time, it is
necessary to consider the effect of the original environment as well as the influence of human
activities through the decades. First, these water samples were relatively concentrated in
the carbonate-exposed areas where the karst groundwater is recharged by precipitation
infiltration and seepage of the Qili River. According to previous research [69], the solute
concentrations of monsoon rivers are highly controlled by changing seasonal hydrological
conditions. Therefore, the impact of local hydrological conditions on the compositions of
karst groundwater cannot be ignored. Meanwhile, according to previous hydrogeological
investigations [36], Mesoproterozoic strata in the westernmost part of the study area contain
sulfide-rich clastic rocks that can be oxidized to form SO4

2− and enter groundwater. Further,
the Cambrian system is in unconformable contact with underlying Mesoproterozoic strata.
Therefore, karst groundwater in the carbonate-exposed area on the western side of the study
area may also be affected by the mixing of fissure water in the mountainous bedrock area.

4.5. Inverse Hydrogeochemical Modeling
4.5.1. Determination of Simulation Paths

The reverse hydrogeochemical simulation path must follow the principle that the start
and end points are on the same flow path and reflect the changes in the hydrogeochemical
characteristics on the flow path while minimizing the effect of sewage discharge on the
spatial distribution of ions [48,70].To specifically analyze water-rock interactions of karst
aquifers in different development periods, two groundwater flow paths were selected to
simulate hydrogeochemical processes in the 2010s based on geological structure, karst
groundwater flow field, hydrochemical characteristics, and human activities (Figure 8).
Anthropogenic sources have no significant impact on the start and end points selected
for the paths, and the simulation paths chosen should also try not to pass through water
samples with abnormal ion concentrations, so as to increase the rationality of simulation
models in this study. Path I started from the recharge area in the northwest and ended near
the discharge area of the Dahuo spring system (S1–S28). Path II started from the recharge
area in the southwest and ended near the discharge area of the Baiquan spring system
(S33–S57). For comparison, groundwater flow paths I’ and II’ during the 1970s were located
close to the two aforementioned paths, as shown in Figure 8.

4.5.2. Determination of Mineral Phases

The determination of mineral phases is key to establishing a reverse hydrogeochemical
simulation model, which must be in accordance with the mineral composition of the
water-bearing media, the hydrochemical composition of the start and end points of the
simulation path, as well as with the related hydrogeochemical processes [55]. In the study
area, large thick carbonate rocks are widely distributed, which are mainly composed of
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limestone and dolomite and contain abundant karst groundwater. Middle Ordovician
carbonate rocks are often interspersed with layered gypsum, and granular halite can also
be found in Ordovician limestones and dolomites [38,39]. In addition, Quaternary loose
sediments cover carbonate rocks in the central and eastern parts of the study area, and
sparse contours of the water table indicate the slowing of the groundwater flow near
the discharge area (Figure 8). Therefore, an increase in fine soil particles could promote
the cation exchange between groundwater and soil, which could affect the migration and
distribution of Ca2+, Mg2+, and Na+ in the groundwater [70]. Furthermore, considering that
CO2 is required for both dissolution and precipitation of carbonate rocks [71,72], gas-phase
CO2 was defined as the mineral phase. Therefore, calcite (CaCO3), dolomite (CaMg(CO3)2),
gypsum (CaSO4·nH2O), halite (NaCl), CO2(g), Ca2+ exchange (CaX2), Mg2+ exchange
(MgX2), and Na+ exchange (NaX) were selected as potential mineral phases participating
in the reactions in karst groundwater. The mineral phases were set using the phreeqc.dat
database of PHREEQC software.
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4.5.3. Simulation Results Analysis

The saturation indices of certain mineral phases at the start and end points of the
simulated paths are shown in Table 3. The inverse hydrogeochemical model of each
simulation path of karst groundwater was established using PHREEQC software, and the
simulation results were appropriately reduced by adjusting the uncertainty. The molar
amounts of the transferred minerals are listed in Table 4.
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Table 3. Mineral saturation index of the start and end points in the simulated paths.

Title 1 Title 2
Saturation Index of Mineral Phase

Calcite Dolomite Gypsum Halite CO2 (g)

Path I
Start point (S1) 0.59 0.84 −2.30 −8.30 −3.00
End point (S28) 0.39 0.48 −1.81 −7.62 −2.68

Path II
Start point (S33) 0.44 0.49 −1.63 −8.20 −2.80
End point (S57) 0.39 0.44 −1.58 −7.63 −2.46

Path I’
Start point (W2) 0.14 −0.32 −2.53 −8.32 −2.33
End point (W9) 0.01 −0.31 −2.30 −8.30 −2.23

Path II’
Start point (W31) −0.27 −0.88 −2.60 −8.73 −2.21
End point (W35) 0.06 −0.10 −2.21 −8.58 −2.21

Table 4. Results of inverse hydrogeochemical modeling.

Mineral Phase Calcite Dolomite Gypsum Halite CO2 (g) Ca2+ Exchange Mg2+ Exchange Na+ Exchange

Formula CaCO3 CaMg(CO3)2 CaSO4 NaCl CO2 CaX2 MgX2 NaX

Molar amounts of the transferred minerals (mol/L)
Path I (S1–S28)

Model 1 2.422 × 10−5 4.285 × 10−4 7.283 × 10−4 8.224 × 10−5 −7.777 × 10−5 2.210 × 10−4 −2.864 × 10−4

Model 2 −1.555 × 10−4 1.020 × 10−4 4.285 × 10−4 7.283 × 10−4 1.432 × 10−4 −2.864 × 10−4

Model 3 4.844 × 10−5 4.285 × 10−4 7.283 × 10−4 −1.020 × 10−4 2.452 × 10−4 −2.864 × 10−4

Path II (S33–S57)
Model 1 2.206 × 10−4 3.068 × 10−6 6.841 × 10−4 5.322 × 10−4 1.340 × 10−4 4.531 × 10−5 −3.585 × 10−4

Model 2 1.993 × 10−4 6.265 × 10−4 5.747 × 10−4 1.505 × 10−4 −3.010 × 10−4

Model 3 2.206 × 10−4 6.841 × 10−4 5.322 × 10−4 1.340 × 10−4 4.531 × 10−5 −3.585 × 10−4

Model 4 4.412 × 10−4 3.068 × 10−6 6.841 × 10−4 5.322 × 10−4 −8.665 × 10−5 2.659 × 10−4 −3.585 × 10−4

Path I’ (W2–W9)
Model 1 1.497 × 10−5 −1.702 × 10−5 1.144 × 10−4 2.152 × 10−5 −2.321 × 10−4 2.145 × 10−4 3.525 × 10−5

Model 2 −1.233 × 10−4 5.212 × 10−5 1.144 × 10−4 −1.630 × 10−4 1.454 × 10−4 3.525 × 10−5

Model 3 −1.221 × 10−4 5.080 × 10−5 1.144 × 10−4 2.824 × 10−6 −1.629 × 10−4 1.467 × 10−4 3.242 × 10−5

Model 4 −1.024 × 10−5 1.144 × 10−4 2.824 × 10−6 2.293 × 10−5 −2.239 × 10−4 2.077 × 10−4 3.242 × 10−5

Path II’ (W31–W35)
Model 1 1.425 × 10−4 1.631 × 10−4 3.952 × 10−5 2.310 × 10−4 −5.416 × 10−5 3.213 × 10−5 4.405 × 10−5

Model 2 −6.427 × 10−5 1.747 × 10−4 1.631 × 10−4 3.952 × 10−5 2.310 × 10−4 −2.202 × 10−5 4.405 × 10−5

Model 3 −1.083 × 10−4 1.967 × 10−4 1.631 × 10−4 3.952 × 10−5 2.310 × 10−4 −2.202 × 10−5 4.405 × 10−5

Model 4 2.850 × 10−4 1.631 × 10−4 3.952 × 10−5 2.310 × 10−4 −1.967 × 10−4 1.747 × 10−4 4.405 × 10−5

Path I was selected to study the hydrogeochemical direction in the northern part of
the study area during the late 2010s. At the beginning and end of the simulation path, the
saturation indices of calcite and dolomite were greater than 0, indicating a precipitation
trend, whereas the saturation indices of gypsum, halite, and CO2 (g) were less than 0,
indicating a dissolution trend. Three simulation models were constructed along this path.
In Model 3, the transfer amounts of gypsum and halite dissolution were 4.285× 10−4 mol/L
and 7.283 × 10−4 mol/L, respectively, and a small amount of calcite (4.844 × 10−5 mol/L)
was also dissolved. Simultaneously, Ca–Mg and Na–Mg exchanges occurred because Ca2+

and Na+ were adsorbed by water-bearing media, whereas Mg2+ was released into the
groundwater. Model 3 reflects the hydrogeochemical process along this path better than
the other two models.

Path I’ was selected to analyze the hydrochemical evolution in the northern part of
the study area during the 1970s, and four models were output from the hydrogeochemical
simulation. Table 3 shows the different states of carbonate minerals in the groundwater
along paths I and I’. Dolomite at the beginning and end of path I’ always exhibited a
dissolving trend, whereas calcite changed from a slight precipitation trend to an equilibrium
state with groundwater. In Model 3, the dissolution amounts of dolomite, gypsum, and
halite were 5.080× 10−5 mol/L, 1.144× 10−4 mol/L, and 2.824× 10−6 mol/L, respectively.
The dissolution of gypsum and dolomite increased the concentration of Ca2+, which further
promoted calcite precipitation and cation exchange processes. The precipitation amount
of calcite was 1.221 × 10−4 mol/L and the total transfer amount of Ca2+ adsorbed by
water-bearing media during Ca–Na and Ca–Mg ion exchange was 1.629 × 10−4 mol/L.
Therefore, Model 3 is the most suitable for reflecting the hydrogeochemical evolution
along this path. In paths I and I’, although gaseous CO2 always presented an unsaturated
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state with groundwater, CO2 dissolution in the flow paths was basically not considered.
Gaillardet et al. (1999) [71] and Zhong et al. (2018) [72] previously showed that rivers can
have a relatively effective reaction surface with CO2 and that the CO2 fluxes consumed by
carbonate and silicate weathering increase with the increasing river discharge. However,
due to limitations in burial and recharge conditions, groundwater often cannot obtain
sufficient CO2 sources. The dissolution of carbonates in paths I and I’ was relatively weak,
with the dolomite remaining unsaturated with groundwater at the end point of path I’,
which suggests that it may be influenced by inadequate CO2 sources.

Flow path II is illustrated in Figure 7. It represents the direction of hydrogeochemical
evolution in the southern part of the study area in the late 2010s. Similar to path I, calcite
and dolomite also showed precipitation trends at the beginning and end points of the
path, but the HCO3

− concentration increased more significantly than that in the other
three paths. Therefore, carbonate dissolution must be considered in karst water-bearing
media [62]. Merkel and Planer-Friedrich [55] suggested that this continued dissolution
trend may be due to the ionic strength effect; that is, when the concentration of ions in
groundwater increases, the ionic strength between ions also increases, thus weakening the
activity of ions and slowing down the precipitation process. Finally, the dissolution rate of
insoluble minerals temporarily exceeds the precipitation rate, reaching an equilibrium in
the direction of dissolution. In Model 4, the dissolution of calcite, gypsum, and halite as
well as Ca–Mg and Na–Mg ion exchange occurred, which can more comprehensively and
accurately describe the ion source and related hydrochemical processes along this path.

Flow path II’ (Figure 8) represents the hydrogeochemical evolution of the southern
part of the study area during the 1970s. Compared with that of flow path II, calcite and
dolomite showed a dissolution trend at the start point of path II’, with gypsum and halite
also more unsaturated. Due to the dilution effect, the concentrations of most ions decrease
with increasing water volume [72]. Therefore, the dilution effect may also be one of the
reasons why the of main ion concentrations in the 1970s with abundant karst groundwater
were lower than those in the 2010s with a significant decrease in groundwater level. At
the end point, both calcite and dolomite were approximately in equilibrium with the
groundwater. However, none of the four output models indicate the dissolution of both
calcite and dolomite but the dissolution of the two minerals alone or the dissolution of
dolomite accompanied by the precipitation of calcite. According to the results of previous
studies [73,74], the dissolution of gypsum in carbonate formations helps to increase the
concentration ratio of Ca2+ and Mg2+ while providing SO4

2−, both of which promote the
dedolomitization process. The main reaction of dedolomitization can be expressed as
follows (aq. refers to dissolved species, and s refers to solid):

CaMg(CO3)2 (s) + Ca2+ (aq.) + SO4
2− (aq.) → 2CaCO3 (s) + Mg2+ (aq.) + SO4

2− (aq.), (5)

The reaction stops when the groundwater is saturated with dolomite and calcite [75].
In path II’, Model 2 indicates the dissolution of dolomite and precipitation of a small
amount of calcite until the two minerals are in equilibrium with the groundwater. In
addition, common Ca–Na ion exchange occurs, which increases Na+ concentration in the
groundwater. Therefore, Model 2 best reflects the hydrochemical evolution along this path.

5. Conclusions

To assess the hydrochemical response of karst groundwater during urbanization, a
field hydrogeological survey was conducted, and groundwater samples from the 2010s
and 1970s were analyzed through statistical analysis, hydrochemical diagrams, and inverse
simulation technology. The main conclusions can be summarized as follows:

1. The karst groundwater in the study area is freshwater. Its alkalinity slightly increased
in recent years. The TDS and TH values significantly increased, and the TH, NO3

−,
and Fe concentrations exceeded the standard limits. In contrast, these indicators did
not exceed the relevant standards during the 1970s.
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2. Based on Piper and Stiff diagrams, hydrochemical types in the 1970s mainly in-
cluded HCO3-Ca and HCO3-Ca·Mg, whereas recent water samples show a significant
decrease in HCO3-Ca types as well as the appearance of SO4·HCO3-Ca·Mg, HCO3·Cl-
Ca·Mg, HCO3·Cl·SO4-Ca·Mg, and HCO3·SO4-Ca. Complex hydrochemical types are
mainly distributed in the groundwater discharge areas around downtown Xingtai.

3. Person’s correlation analysis and contour maps of concentration increments showed
that abnormal concentrations of TDS, TH, SO4

2−, NO3
−, and Cl− in karst ground-

water can be attributed to anthropogenic sources such as sewage and fertilizer. The
most significant areas affected by human activities are the two groundwater discharge
areas north and south of the center of Xingtai City and Yangfan Town in the south of
the study area.

4. According to the cluster analysis as well as Schoeller and scatter diagrams, the 61
water samples from the late 2010s were divided into three groups. Groups 1 and 2 in-
cluded water samples with low and gradually increasing concentrations, respectively,
from the recharge–runoff area and the linkage distance between the two groups was
relatively close. Water samples that were significantly affected by human activities,
such as those near the discharge area, were clustered in Group 3. The clustering
results indicated similar sources and hydrochemical evolution processes for the water
samples within the group.

5. Inverse hydrogeochemical models showed that the dissolution of gypsum and halite,
as well as cation exchange, occurs during the flow of karst groundwater in water-
bearing media. Compared with the recent period, dolomite and calcite mostly dis-
solved during the 1970s or dedolomitization occurred. Because of the overall increase
in ion concentrations in recent years, the dissolution trend of carbonates has weakened;
however, the effect of the ionic strength has increased, allowing carbonate minerals to
continue to dissolve, further increasing ion concentrations along the flow path.

Based on current findings, it is necessary to implement strict groundwater manage-
ment policies for urban sewage discharge and fertilizer application in agricultural practices.
To minimize the negative impacts of human activities, further research into the prediction of
hydrochemical compositions under varying degrees of human activity and corresponding
management measures is warranted. Meanwhile, continuous monitoring and analysis of
abnormal areas are also recommended.
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