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Introduction: Deep karst groundwater is an important object for groundwater
resources development and utilisation in the context of increasing water
scarcity, as well as a potential threat of water hazards to the deep mining of
hidden coalfields in Huaihe River Basin.

Methods: To elucidate the hydrochemical characteristics and controlling factors
of deep karst groundwater, groundwater samples in Huaibei Plain were collected
and discussed by comprehensively using mathematical statistics, the Piper
trilinear diagram, Gibbs diagram, hydrogen and oxygen isotopes, saturation
index, ion ratio relationship, and APCS-MLR receptor model.

Results: The absolute principal component score (APCS) with eigenvalues
greater than 1 was extracted, where APCS1 could be defined as evaporite
minerals and APCS2 could be defined as silicate minerals with a cumulative
contribution of 88.63%. The linear fitting results showed that the R2 values of
were above 0.75 with the maximum value reaching 0.92, and the ratios of the
measured values to the predicted values were generally close to 1, indicating
that the analysis of the APCS-MLR receptor model were credible.

Discussion: The hydrochemical components of deep karst groundwater mainly
came from three sources, including evaporite minerals, silicate minerals and
unknown sources, and the contributions to the deep groundwater were 59.57%,
29.06% and 11.37%, respectively. The weathering and dissolution of evaporite
minerals and silicate minerals were the main sources of the hydrochemical
components, and also the main controlling factors for the hydrochemical
evolution of deep karst groundwater in Huaihe River Basin.

KEYWORDS

hydrochemical characteristics, hydrogen and oxygen isotopes, saturation index, APCS-
MLR, Huaihe river basin

Highlights

• Deep karst groundwater is mainly recharged by atmospheric precipitation,
and water-rock interaction constantly occur during karst groundwater
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runoff, which in turn controls the hydrochemical
evolution.

• Evaporite minerals and silicate minerals are mainly dissolved, and
carbonate minerals are precipitated.

• The hydrochemical composition of karst groundwatermainly comes
from evaporite minerals, silicate minerals and unknown sources,
which contribute 59.57%, 29.06% and 11.37%, respectively.

1 Introduction

As a scarce resource indispensable to all economic life, the
use and security of water resources have always been of great
concern to developing countries and emerging economies. The
intensification of human activities, particularly as a result of the
development of the mining industry and related industries, has
caused a series of karst water environmental problems, such as the
decline of the regional groundwater level, and the continuous and
irreversible deterioration of water quality. As the largest hidden
coalfield in East China, the Huaibei coalfield in the Huaibei Plain
of Huaihe River Basin has experienced more than 60 years of
extraction and production, and with the increase of mining depth,
the confinement of the deep aquifer is destroyed and the alternation
rate of groundwater increases, thus affecting the degree of water-
rock interaction (Ju et al., 2022; Chen et al., 2023; Wu et al., 2024).
Therefore, it is of great significance to carry out research on the
deep aquifer system to grasp the hydrochemical characteristics and
controlling factors of karst groundwater for the protection and
utilisation of deep water resources.

The hydrochemical characteristics of groundwater is closely
related to the geochemical evolution and cycling processes it
undergoes, and the spatial distribution and temporal changes are
important indicators of the generation, storage (adsorption) and
production of resources such as oil and coal bed methane (CBM)
(Rizzo et al., 2020; Lu et al., 2022; Warrack et al., 2022; Abdrashitova
and Kadyrov 2022). Currently, conventional hydrochemistry, trace
element hydrochemistry and isotope hydrochemistry are widely and
integrally applied to the hydrogeochemical study of groundwater,
of which conventional hydrochemistry mainly focuses on the
evaluation of water quality, identification of pollution source,
classification of hydrochemical types, water-rock interactions,
simulation of hydrochemical processes, and hydrochemical
evolution (Li et al., 2021; Jiang et al., 2023; Mehana et al., 2022;
Wang et al., 2022), while trace element hydrochemistry mainly
focuses on exploration of the recharge-discharge relationship
between different water sources, groundwater runoff traceability
and the influencing factors of rare earth elements (Poletaeva et al.,
2022; Sun et al., 2023; Tran et al., 2023), and isotope hydrochemistry
focuses on the determination of groundwater age, the indication
of groundwater sources and evaluation of groundwater movement
mechanism (Chen et al., 2020; Pan et al., 2023).

The identification of hydrochemistry sources and pollution
sources has gradually become a hot spot in current hydrochemistry
research, and methods such as isotope tracing, factor analysis (FA),
principal component analysis (PCA), PMF receptor model, and
APCS-MLR receptor model have been widely used (Abdelaziz et al.,
2020; Fatima et al., 2022; Athauda et al., 2023;Mu et al., 2023). Factor
analysis (FA) and principal component analysis (PCA) illustrate the

main information extracted frommultivariate variables by analyzing
the interrelationships among the observed indicators with a small
number of representative main factors, but it is difficult to achieve a
quantitative description of the degree of influence of the principal
factors on the observation of a single indicator with PCA or FA
alone (Mahanty et al., 2023), and The APCS-MLR receptor model
is an optimisation of PCA, where the absolute principal component
score (APCS) of each indicator is obtained by subtracting the factor
scores that are absolutely zero, and the contribution of APCS to each
water body indicator is calculated separately using the APCS as the
independent variable and the raw data as the dependent variable
(Varol et al., 2022; Li et al., 2023).

Currently, methods such as cluster analysis, fuzzy mathematical
evaluation, principal component analysis (PCA), and isotope
tracing have been applied to the hydrochemical characteristics
and evolution of deep karst groundwater in the Huaihe River
Basin (Liu et al., 2020; Chen et al., 2022; Wang et al., 2022), and
there is a lack of quantitative studies on the controlling factors
of deep karst groundwater and genesis identification, which leads
to the inability to determine the impact extent of different water-
rock interactions (Zhang et al., 2022; Qiu et al., 2023). Therefore,
considering that the impact of industrial and agricultural activities
on deep groundwater tends to be small compared to surface water
and shallow groundwater, this study adopts theAPCS-MLR receptor
model for genesis identification to determine the contribution of
different water-rock actions to the hydrochemical composition. In
addition, a comparative analysis of model fits will be performed
to reveal the applicability of the APCS-MLR receptor model in
analyzing deep groundwater genesis.

In this study, we studied the hydrochemical characteristics of
deep karst groundwater, and analyzed the controlling factors of
hydrochemical composition. Multiple methods of mathematical
statistics, graphical methods, saturation index, and ion ratio
were used. The main objectives of the study were: (1) to
clarify the hydrochemical characterization, (2) to perform the
sources identification of deep groundwater, (3) to determine the
contribution of different water-rock actions to hydrochemical
composition. This study provides a scientific basis for the rational
development and use of deep water resources in Huaibei Plain of
Huaihe River Basin.

2 Materials and methods

2.1 General overview of the study area

As one of the nine major river basins in China, the Huaihe River
Basin, with the geographical coordinates of E111°55'- E121°20′,
N30°55'- N36°20′, covers an area of 270,000 km2, with a total
population of 165 million people and an arable land area of
13.33 million hm2. It is one of the regions with the highest
population density and arable land rate of all river basins in China,
and also one of the regions with the lowest per capita water
resources possession in China. In 2012, the total water resources
of the basin were 64.76 billion m3, of which 18.15 billion m3

was underground water resources, and in 2022, the total water
resources of the basin were 58.28 billion m3, of which 30.36
billion m3 was underground water resources, and the share of the
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FIGURE 1
Hydrogeological map of the study area.

FIGURE 2
Box plot of major ion content.
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TABLE 1 Characteristics of hydrochemical components of deep karst groundwater (mg/L).

Index K++Na+ Ca2+ Mg2+ Cl− SO4
2- HCO3

− CO3
2- TDS pH

Maximum value 809.19 344.69 175.32 658.72 1,088.27 1,320.38 167.05 2,474.50 8.7

Minimum value 28.02 3.70 4.09 68.03 13.17 204.15 0.00 577.21 6.9

Mean value 347.42 114.50 56.60 241.59 454.15 549.92 13.09 1,502.30 7.8

Standard deviation 160.01 100.86 42.79 85.80 332.55 235.21 26.25 441.49 0.54

Variation coefficient 0.46 0.88 0.76 0.36 0.73 0.43 2.01 0.29 0.07

FIGURE 3
Piper trilinear diagram of deep karst groundwater.

water resources increased from 28.0% to 52.1%. In the last decade,
groundwater resources have been playing an increasingly important
role in the basin for irrigated agriculture, industrial production and
domestic water use.

As the main study area, the Sunan mining area of Huaibei
Plain is a typical hidden coal mining area and located in the
central part of HRB, covering an area of about 1,050 km2.
The topography of the main study area is flat, with ground
elevations generally ranging from 23 m to 32 m. The groundwater
system is a complex groundwater system composed of several
aquifers, and the main aquifers from top to bottom are:
Cenozoic Loose Layer Pore Aquifer, Permian Coal System
Sandstone Fissure Aquifer, Carboniferous Karst Fissure Aquifer
and Ordovician limestone Karst Fissure Aquifer. As the main
research object, the water-richness of the Carboniferous Karst

Fissure Aquifer is controlled by the degree of karst development,
and the karst groundwater is dominated by horizontal runoff,
with slow runoff rate (Zhang et al., 2022; Chen et al., 2023;
Wu et al., 2025).

As the secondary hydrological unit, the Sunan mining area
has a relatively complete and independent groundwater recharge,
runoff and discharge system, and the overall direction of limestone
groundwater runoff in the region is from southeast to northwest
(Figure 1). The seven coal mines in the mining area selected for the
study are located in the east, middle and west of the hydrogeological
unit, which play a good role in controlling the hydrochemical
characteristics and formation mechanism of Carboniferous Karst
Fissure Aquifer (Gu et al., 2023). Specifically, the Zhuxianzhuang
and Luling mines are located in the northeastern part of the
hydrogeologic unit, which is in the southeast to northwest runoff
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FIGURE 4
Correlation of the hydrochemical components.

FIGURE 5
Gibbs diagram.

zone of deep karst groundwater; the Qinan, Qidong, and Taoyuan
mines are located in the central part, which is in the south to north
runoff zone; and the Zouzhuang and Qanyingzi mines are located in
the western part, which is in the southwest to northeast runoff zone.

2.2 Sampling and testing

From March 2023 to July 2023, a total of 10 rainwater samples
and 75 karst groundwater samples were collected from the target
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FIGURE 6
Ratio diagram of Ca2+/Na+ - Mg2+/Na+ and Ca2+/Na+ - HCO3

−/Na+.

FIGURE 7
Isotopic signature of hydrogen and oxygen in different water bodies.

layer in the study area of the Huaihe River Basin. Each sample was
filtered (pore size 0.45 µm) and fixed with acid (HNO3) at the time
of collection, and all samples were stored in sealed polyethylene
bottles for cold storage. The pH and TDS of the water samples
were determined on site using a portable instrument (OHAUS,
Shanghai). The main anion and cation concentrations were done
in the laboratory of the National Engineering Research Center of
Coal Mine Water Hazard Controlling, where Ca2+ and Mg2+ were
tested with an ion chromatography (ICS - 600), with a testing
accuracy of RSD <1%; K+, Na+, Cl− and SO4

2- were tested with
an ion chromatography (ICS - 900), with a testing accuracy of
RSD <0.1%, HCO3

− was measured by acid-base titration, and the
total dissolved solids (TDS) were determined using the drying
method. δD and δ18O were tested using the LGR Liquid Water

Isotope Analyzer (912–0026) using the Vienna Mean Ocean Water
Standard (V - SMOW) as the reference standard, where δD and δ18O
were analysed with an accuracy of ±0.2‰ and ±0.03‰, respectively.

Considering the existence of subjective and objective errors in
the course of testing, the test data were subjected to anion and cation
balance test with the test equation, and the E values of the samples
were −3.28% ∼2.65%, which all met the requirements.

2.3 Data processing

In this study, raw hydrochemical data were collated and
counted using Excel 2021, and Piper trilinear plots, Gibbs plots,
and ion-concentration-ratio plots were drawn using Origin Pro
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TABLE 2 Hydrogen and oxygen isotopes in different water bodies.

Water
body

δD δ18O d-excess

Maximum
value/‰

Minimum
value/‰

Average
value/‰

Maximum
value/‰

Minimum
value/‰

Average
value/‰

Maximum
value/‰

Minimum
value/‰

Average
value/‰

Rainwater
(N = 10)

−42.93 −55.90 −51.87 −6.60 −8.33 −7.81 12.37 9.35 10.60

Loose layer
groundwater

(N = 5)

−53.14 −64.70 −58.60 −6.55 −8.34 −7.81 9.02 −0.76 3.89

Coal
sandstone

groundwater
(N = 5)

−64.00 −66.90 −64.94 −8.36 −8.78 −8.60 5.40 2.88 3.88

Deep karst
groundwater

(N = 10)

−49.09 −65.95 −60.35 −6.64 −9.04 −8.10 6.34 1.29 4.43

FIGURE 8
Relationship between concentration of major ions and TDS.

to determine the hydrochemical type and ion ratio relationships
of karst groundwater, thereby revealing the sources of the ionic
components and the controlling factors. The saturation indices
of different minerals in karst groundwater were calculated using
PHREEQC3.7. Quantitative analysis of the genesis of deep karst
groundwater in the study area receptor model was carried out
using SPSS21 and the APCS-MLR receptor model to determine the
contribution of each genesis source to the hydrochemical indices,
and the correctness of the results of the genesis analyses was
examined by the linear fit between the predicted and measured
concentrations of the regression model.

3 Results and discussion

3.1 Hydrochemical characterization of
major ion

According to the results of the hydrochemical tests, the cations
of deep karst groundwater were dominated by Na+ and Ca2+,
with concentrations of 28.02–809.19 mg/L and 3.7–344.69 mg/L,
respectively, which were characterized by Na+ > Ca2+ > Mg2+. The

anions were dominated by HCO3
− and SO4

2-, with concentrations
of 204.15–1,320.38 mg/L and 13.17–1,088.27 mg/L, respectively,
which were characterized by HCO3

− > SO4
2- > Cl− > CO3

2-

(Figure 2). The variation of the TDS ranged from 577.21 to
2,474.5 mg/L, and pH varied from 6.9 to 8.7, which was neutral-
weakly alkaline water (Table 1). The coefficients of variation (CV)
of the major ions in karst groundwater ranged from 0.36 to 2.01,
indicating that the distribution of the major ions in the groundwater
had a medium-high spatial variability, among which CO3

2- had the
highest spatial variability with a CV value of 2.01. The CV of pH was
0.07, indicating that pH in deep karst groundwater were relatively
stable with low variability.

3.2 Hydrochemical types

Piper trilinear diagram using the results of hydrochemical
tests provide a visual representation of the relative abundance
and distribution characteristics of the major ions to identify
the hydrochemical types of water body (Meng et al., 2022;
Bian et al., 2023). As can be seen from Figure 3, the distribution
of hydrochemical types in karst groundwater was relatively
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FIGURE 9
Relationship between SI of main minerals and concentrations of major ions.

FIGURE 10
Correlation between SI of different minerals and TDS in karst groundwater.

concentrated, with the cations mainly distributed in the Na+ and
Ca2+ ends, and the anions mainly distributed in the HCO3

− and
SO4

2- ends, and the hydrochemical types were mainly of the
HCO3 - Na and SO4 -Na. Ca type. In addition, the hydrochemical
components showed a significant change rule along the runoff path,
in which the anion dominated by HCO3

− gradually transitioned

to SO4
2- dominated, the cation gradually changed from Ca2+

dominated to Na+ and Ca2+ dominated, and the hydrochemical
type of groundwater transitioned from the HCO3 - Na type to
the SO4 - Na. Ca type, which was mainly related to the slow
rate of groundwater runoff and the long retention time of karst
groundwater in the hydrogeological unit.
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TABLE 3 Rotational composition matrix of deep karst groundwater.

Index APCS1 APCS2

Na+ 0.115 0.958

Ca2+ 0.888 −0.307

Mg2+ 0.91 −0.283

Cl− 0.91 0.159

SO42- 0.983 −0.001

HCO3
− −0.528 0.696

Eigenvalue 3.278 1.222

Contribution rate/% 59.565 29.061

Cumulative contribution rate/% 59.565 88.626

3.3 Correlation analysis of the
hydrochemical components

By analyzing the similarities between the hydrochemical
components in groundwater, it can be judged whether the different
ions in the hydrochemical components have the same source or
similar migration and transformation pathways. The correlation
of the hydrochemical components of deep karst groundwater
was shown in Figure 4, in which Na+ and HCO3

− showed a
significant positive correlation (P < 0.01) with a correlation
coefficient of 0.79, while Na+ and Cl− showed a correlation
coefficient of 0.43 (P < 0.01), suggesting that the migration paths of
Na+ and HCO3

− were similar and both of them might be originated
from the weathering and dissolution of silicate minerals. Ca2+

showed significant positive correlations with Mg2+ and SO4
2- (P

< 0.01), with correlation coefficients of 0.86 and 0.88, respectively,
suggesting that Ca2+, Mg2+ and SO4

2- had the same origin or
similar migration, which might all come from the weathering
and dissolution of evaporite minerals. TDS showed a significant
positive correlation with Ca2+, Mg2+, Cl−, and SO4

2- (P < 0.01),
with correlation coefficients of 0.66, 0.6, 0.74, and 0.77, respectively,
indicating that Ca2+, Mg2+, Cl− and SO4

2- contributed relatively
more to TDS compared with other ions.

3.4 Analysis of controlling factors

3.4.1 Mechanisms of water-rock interactions
The Gibbs diagram can be used to determine the dominant

factors affecting the hydrochemical components of the water body.
The Gibbs ratio, i.e., the ratio of Na+/(Na+ + K+) and Cl−/(Cl−

+ HCO3
−) to TDS, can be used to visually depict the controlling

effects of evaporation, rock weathering, precipitation, etc., on the
hydrochemistry (Yu et al., 2022). As can be seen from Figure 5, the
samples of deep karst groundwater were mainly located between
rock weathering dominance area and the evaporation dominance
area, and were far away from the precipitation dominance area,

which indicated that the water-rock interactions and evaporation
action played an important role in the hydrochemical components
of deep karst groundwater.

Different types of rock weathering cause ion differences in the
water body, and the main types of water-rock interactions can
be further determined by the correlation ratios of Ca2+/Na+ to
Mg2+/Na+ and Ca2+/Na+ to HCO3

−/Na+, among which common
types of water-rock interactions are the weathering and dissolution
of silicate minerals, evaporite minerals and carbonate minerals. The
samples of deep groundwater were located in the dominant zone
of silicate minerals and evaporite minerals (Figure 6), indicating
that the weathering and dissolution of silicate minerals and the
dissolution of evaporite minerals were the main types of water-rock
interactions.

3.4.2 Isotopic signature of hydrogen and oxygen
Stable isotope tracing techniques are often used to reveal the

cyclic evolutionary processes of surface water and groundwater and
the recharge-transformation relationships between different water
bodies. Considering the regional variability of the precipitation in
different areas, the LocalMeteorological Precipitation Line (LMWL)
was established with reference to the atmospheric precipitation line
of the adjacent Zhengzhou area: δD = 8.07 δ18O+ 10.75, R2 =
0.97. Compared with CMWL, the slope of LMWL (8.07) and the
intercept (10.75) were both larger than that of CMWL (Figure 7),
which indicated that the study area was less affected by local
re-circulation of water vapour. The sample points of deep karst
groundwaterweremainly distributed on the right side of LMWLand
Regional Surface Water Line (RSWL), which indicated that the deep
karst groundwater mainly came from the recharge of atmospheric
precipitation. The slope of the deep karst groundwater line (7.58)
was slightly smaller than the slope of CMWL (7.83) and the slope of
LMWL (8.07), indicating that in the process of recharging the deep
karst groundwater by atmospheric precipitation, the water body
was subjected to a certain degree of evaporation, which resulted
in the isotopic fractionation of hydrogen and oxygen. Compared
with the deep karst groundwater, the δD and δ18O of the coal
sandstone groundwater and loose layer groundwater were relatively
positive, indicating that the closer the aquifer was to the surface,
the stronger the evaporation of the water body was, and the effect
of evaporation fractionation was more significant. The deuterium
surplus (d-excess) parameter is a measure of the evaporation degree
of the water body recharged to the groundwater, and the more
negative the value of d-excess is, the stronger the evaporation effect
is. The d-excess values of the deep karst groundwater were all
positive, ranging from 1.29‰ to 6.34‰, with a mean value of
4.43‰, which was obviously deviating from the average value of the
local atmospheric precipitation (10.75‰), whereas the deuterium
surplus of loose layer groundwater and coal sandstone groundwater
were relativelymore negative (Table 2), which further suggested that
deep karst groundwater was affected by the evaporation effect in the
process of runoff.

3.4.3 Relationship between ion concentrations
and TDS

According to Figure 8A, it can be seen that the ion
concentrations of Ca2+, Mg2+ and Na+ increased linearly with
the increase of TDS, where the increase in Na+ concentration was
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FIGURE 11
Factors influencing the hydrogeochemical evolution of deep karst groundwater.

FIGURE 12
Contribution of different sources to hydrochemical indicators in karst groundwater.

slightly larger than the increase in Ca2+ and Mg2+ concentrations,
which indicated that the increase of Na+ concentration contributes
to the increase of TDS slightly more than the increase of Ca2+ and
Mg2+ concentrations. According to Figure 8B, it can be seen that
the ion concentrations of SO4

2- and Cl− also increased linearly with
the increase of TDS, where the increase in SO4

2- concentration
was much higher than the increase in Cl− concentration, while

HCO3
− concentration showed a linear decrease. It can be

preliminary inferred that the water-rock interactions in deep karst
groundwater in study area was dominated by the weathering and
dissolution of minerals containing Na+ and SO4

2- ions, i.e., the
dissolution of halite and gypsum; and there was the precipitation
of minerals containing HCO3

− ions, i.e., the precipitation of
dolomite or calcite.
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3.4.4 Relationship between ion concentrations
and saturation index (SI)

The mineral saturation index (SI) is an important indicator to
reveal the saturation state of minerals relative to surface water or
groundwater. When the saturation index of a mineral is greater
than zero, it indicates that the mineral is over-saturated in the water
body with a tendency to precipitate; when the saturation index
of a mineral is less than zero, it indicates that the mineral is in
an unsaturated state with a tendency to dissolve (Liu et al., 2023;
Zou et al., 2023; Xue et al., 2024).

From Figures 9A, B, it can be seen that the concentrations of
Ca2+, Mg2+ and HCO3

− fluctuated irregularly with the increase
in the SI values of dolomite and calcite. This might be due to
the fact that the SI values of calcite and dolomite were in over-
saturated state with a tendency to precipitate, which in turn
led to the fact that the ion concentrations of Ca2+, Mg2+, and
HCO3

− changed irregularly with the increase in the SI values of
calcite and dolomite.

FromFigure 9C, it can be seen that the ion concentrations of Ca2+

and SO4
2- increased with the increase in the SI values of gypsumwith

a good exponential growth relationship. Itmight be due to the fact that
the gypsum was always in an unsaturated state and was continuously
dissolved in the karst groundwater, whereas the increase in SO4

2-

concentration was much greater than that in Ca2+ concentration,
which further suggested that there might be other losses of Ca2+

such as precipitation of calcite and dolomite. From Figure 9D, it can
be seen that as the SI values of halite increased, the concentrations
of Na+ and Cl− increased linearly. This might be due to the fact
that halite was always in an unsaturated state and was constantly
dissolved in karst groundwater, and the increase inNa+ concentration
was greater than the increase in Cl− concentration, which further
suggested that there might be other sources of Na+ such as silicate
mineral dissolution and cation exchange.

3.4.5 Relationship between saturation index (SI)
and TDS

As can be seen in Figure 10, the mean values of the saturation
indices of dolomite, calcite, gypsum, and halite in karst groundwater
were 1.3, 0.7, - 1.6, and - 5.9, respectively, and the saturation indices of
dolomite and calcite were significantly higher than those of gypsum
and halite. Specifically, the saturation indices of dolomite and calcite
ranged from 0.33 to three and from - 0.8 to 2, respectively, indicating
that calcite and dolomite were in saturated and over-saturated state
in karst groundwater and tended to precipitate in the groundwater;
whereas the saturation indices of gypsum and halite ranged from -
3.86 to - 0.37 and from −6.87 to −4.73, respectively, indicating that
gypsum and halite were in an unsaturated state and continued to
dissolve in karst groundwater. In addition, the saturation index of
gypsum had the largest spatial variation among all minerals, which
wasmainly related to the confinement degree of the deep karst aquifer
and the ionic stability of SO4

2-. When the deep karst aquifer was
disturbed by coal mining and changed from a closed environment
to an open environment, sulphides in the adjacent coal seams would
enter into deep karst groundwater, while the oxidation of sulphides
was accelerated by the escape of CO2(g) and the dissolution of
O2(g), which would result in an increase in the concentration of
SO4

2- in deep groundwater.

3.5 Contribution analysis of deep
groundwater sources

3.5.1 Identification of impact factor
The deep groundwater environment is complex and affected by

many factors, not only by natural factors such as hydrogeological
conditions and geological effects, but also by anthropogenic factors
such as coal mining, so how to accurately identify the influencing
factors and determine the degree of influence has always been
a difficult point in the study of groundwater hydrochemistry.
Previous studies to identify the impact of geological effects,
mainly water-rock interaction, on the hydrochemical characteristics
of groundwater have focused on qualitatively determining the
impact of water-rock interaction on groundwater through changes
in hydrochemical components (Jin et al., 2020; Huang et al.,
2022; Lu et al., 2024), but the impact extent of different water-
rock interaction could not be determined (Bao et al., 2021;
Liu et al., 2024; Razi et al., 2024; Zhang et al., 2024). Based
on the qualitative study of the hydrochemical characteristics of
karst groundwater in the study area, the factors affecting the
hydrochemical components of karst groundwater were identified
using principal component analysis (PCA), and a multiple
linear regression (MLR) method was constructed between the
predicted concentration and the actual concentration, and an
APCS-MLR quantitative identification model was set up for
quantitatively identifying the effects of different types of water-
rock interactions on the hydrochemistry of groundwater, which
could help to better understand the mechanism of groundwater
genesis and provide theoretical support for sustainable use of deep
groundwater.

Six indicators, includingNa+, Ca2+,Mg2+, Cl−, SO4
2- andHCO3

−,
which are more closely related to water-rock interactions, were
selected for principal component analysis (PCA). After the data
standardization, theKMO-Bartlett spherical testwas performedusing
SPSS 21 for the correlation of the variables, and the results showed that
the KMO was 0.54, and the P value of Bartlett was 0, which basically
met the conditions of principal component analysis. After
great orthogonal rotation of variance, two APCS with
eigenvalues greater than one were extracted, with a cumulative
contribution rate of 88.63% (Table 3), which basically explained
most of the hydrochemistry information of deep karst
groundwater in the study area.

As shown inTable 3, the contribution ofAPCS1was 59.57%, and
four indicators such as Ca2+, Mg2+, Cl− and SO4

2- had large loads,
with the loads reaching 0.89, 0.91, 0.91 and 0.98, respectively, and
the correlation of the three indicators such as Ca2+, Mg2+, and SO4

2-

was significant (Figure 4), indicating a consistent source. From the
ion source analysis, Ca2+, Mg2+ and SO4

2- in groundwater mainly
originated from theweathering and dissolution of sulphateminerals,
and Cl− mainly originated from the dissolution of halite, so APCS1
could be defined as evaporite minerals (Figure 11).The contribution
of APCS2 was 29.06%, and the main loads were mainly Na+ and
HCO3

−, with the loads reaching 0.96 and 0.7, and the correlation of
Na+ and HCO3

− indicators was significant, indicating a consistent
source. Combined with the analysis of saturation index, the
carbonate minerals in karst groundwater were generally in saturated
state, while silicate minerals and evaporite minerals were in an
unsaturated state, so it can be deduced that both Na+ and HCO3

−
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were the main products of the dissolution of the silicate minerals,
and APCS2 could be defined as silicate minerals (Figure 11).

3.5.2 Analysis of contributions from different
sources

Based on the results of the APCS-MLR receptor model analysis,
the linear functional relationship between the measured and
predicted results of the major ions was established, and the fitting
curves were plotted. The linear fitting results showed that the R2

values of were above 0.75 with the maximum value reaching 0.92,
and the ratios of the measured values to the predicted values were
generally close to 1, indicating that the analysis of the APCS-MLR
receptor model were credible.

As can be seen in Figure 12, the contribution of evaporite
minerals (ACPS1) to the Na+, Ca2+, Mg2+, Cl−, SO4

2- and
HCO3

− were 2.47%, 50.00%, 49.97%, 35.62%, 50.02% and 16.45%,
respectively, showing that weathering dissolution of evaporite
minerals was the main controlling factor for Ca2+, Mg2+, Cl− and
SO4

2- of karst groundwater. The contribution of silicate minerals
(ACPS2) to Na+, Ca2+, Mg2+ and HCO3

− was 47.53%, 39.86%,
35.84% and 50.01%, respectively, with a smaller contribution to
other indicators, showing that weathering and dissolution of silicate
minerals was the main controlling factor for Na+ and HCO3

− in
karst groundwater. In addition, unknown sources still had high
contribution to Na+, Cl−, SO4

2- and HCO3
− with 49.99%, 50.02%,

49.86%, and 33.54%, respectively.
Overall, the three types of factors such as evaporite minerals,

silicate minerals and unknown source had the following influences
on the hydrochemistry of deep karst groundwater: 59.57%, 29.06%
and 11.37%, respectively. Evaporite minerals had the greatest
influence on the hydrochemistry, followed by silicate minerals, and
evaporite minerals and silicate minerals were the main controlling
factors for the hydrochemistry of deep karst groundwater in the
study area.

4 Conclusion

Mathematical statistics, graphicalmethods, saturation index, ion
ratio and APCS-MLR receptor model were performed to investigate
the hydrochemical evolution of deep karst groundwater. The main
conclusions can be drawn below:

(1) The dominant cations in karst groundwater are Na+ and
Ca2+, and the dominant anions are HCO3

− and SO4
2-. The

hydrochemical types of the groundwater are mainly of the
HCO3.SO4 - Na and SO4 - Ca types.

(2) Water-rock interaction plays a controlling role on the
hydrochemical components, in which the weathering
dissolution of silicate minerals and evaporite minerals are
the main types of water-rock interaction.

(3) In the process of recharging the deep karst groundwater by
atmospheric precipitation, the water body is subjected to a
certain degree of evaporation, which results in the isotopic
fractionation of hydrogen and oxygen.

(4) Based on the relationship between ion concentrations, TDS
and the saturation index, calcite and dolomite are always in
saturated state and precipitating, and halite and gypsum are in
an unsaturated state and continually dissolved.

(5) Two APCS with eigenvalues greater than 1 were extracted,
where APCS1 can be defined as evaporite minerals and
APCS2 can be defined as silicate minerals with a cumulative
contribution of 88.63%.

(6) The hydrochemical components of deep karst groundwater
mainly come from three sources, including evaporite
minerals, silicate minerals and unknown sources, and the
contributions to the deep groundwater are 59.57%, 29.06%
and 11.37%, respectively. The weathering and dissolution
of evaporite minerals and silicate minerals are the main
sources of the hydrochemical components, and also the main
driving factors for the groundwater evolution of deep karst
groundwater.
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