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A B S T R A C T

Understanding the groundwater hydrogeochemical processes and aquifer hydraulic connections are essential for
effective prevention of water inrush in concealed coal mines. In this study, 40 groundwater samples were
collected from the loose layer aquifer (LA), coal measure aquifer (CA), and limestone aquifer (LA) in the Pansan
coal mine, Huanan coalfield, China, and the major ion concentrations were analyzed by bivariate diagrams (Naþ

þ Kþ - Cl� versus Ca2þ þ Mg2þ - SO4
2� - HCO3

� and CAI-I versus CAI-II), multivariate statistical methods, and
receptor model in order to identify the water-rock interactions and aquifer hydraulic connections. Piper diagram
showed that groundwater in LA and TA was dominated by the Na–Cl type, while groundwater in CA was mainly of
the Na–HCO3 type. Based on the results of bivariate diagrams and PCA/FA, weathering of silicate minerals and
cation exchange (source 1), sulfate dissolution (source 2) and chloride dissolution (source 3) were the main
processes controlling the groundwater chemistry. Unmix model revealed that the mean contribution of source 1 to
CA samples was 74%, while LA and TA samples have higher contributions from evaporite dissolution (source 2
and source 3) relative to CA samples. Moreover, both clustering analysis methods (Q-type hierarchical and K-
means cluster) confirmed the existence of a hydraulic connection between LA and TA in the northeastern part of
the study area. It is concluded that the application of multivariate statistical analysis to interpret groundwater
chemistry can provide useful guidance to prevent water inrush in coal mines.
1. Introduction

Coal is the main source of energy supply in China [1, 2]. As reported
by National Bureau of Statistics of China, coal accounts for 56.8% of total
energy consumption in 2020. In recent years, inrush water has become an
increasing threat to coal production because of the gradual increase in
mining depth [3]. Most practices have proven that quickly and accurately
identifying the source of the inrush water and then implementing
countermeasures is the key to minimize the loss [4]. Differences in the
residence time of groundwater and the type of surrounding rocks lead to
different characteristics of groundwater chemistry in different aquifers,
which can be used to determine the source of inrush water in coal mines
[5, 6, 7]. In addition, the evaluation of the hydraulic connection between
different aquifers can be targeted to take measures to prevent the
occurrence of inrush water accidents [8]. Therefore, understanding the
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water-rock interactions and aquifer hydraulic connections are important
for the safe production of concealed coal mines.

The relationships between major ions in groundwater and principal
component analysis/factor analysis can effectively reveal hydro-
geochemical processes in aquifers, but it cannot quantify the contribu-
tions of these processes, which limits the full understanding of
hydrochemical evolution [9, 10, 11, 12, 13]. Receptor models, typified
by the Unmix model, have been widely used for source identification of
heavy metals and polycyclic aromatic hydrocarbons in soil, and PM2.5
and PM10 in atmospheric particulate matter [14, 15, 16]. Huang et al.
(2010) introduced the Unmix model for the first time to quantify the
contributions of identified pollution sources to each pollutant and each
monitoring site in the Qiantang River, China [17]. Recently, Nagaraju
et al. (2018) used the Unmix model to evaluate the contributions of
weathering of felsic and mafic silicates to groundwater chemistry in the
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Andhra Pradesh region of India [18], Chen et al. (2022) quantified the
influence of geological factors and anthropogenic activities on ground-
water in northern Anhui Province, China, and Subba Rao et al. (2022)
successfully determined the sources of Ca2þ, Mg2þ, Naþ, Kþ, HCO3

�, Cl�,
NO3

�, SO4
2�, and F� in groundwater in the Telangana region, southern

India based on the model, which confirmed the validity and reliability of
the method [19, 20].

Cluster analysis is a traditional statistical method that provides a
simple and efficient way of regrouping samples and has been often used
in studies of the hydraulic connections of different water bodies [21].
Teng et al. (2018) used cluster analysis to assess the hydrochemical
response mechanism of exchange between surface water and ground-
water in the Songhua River basin, northeast China [22], Ghesqui�ere et al.
(2015) identified the hydraulic connection between granular and
bedrock aquifers in a region of the Canadian Shield [23], and Zhang et al.
(2020) revealed the recharge process of confined groundwater in lime-
stone aquifer to overlying sandstone aquifer under the influence of karst
collapse columns by cluster analysis, these studies were important for the
management of regional water resources [24]. However, different clus-
tering algorithms usually generate different results for the same dataset;
therefore, two algorithms (including Q-type hierarchical cluster and
K-means cluster) were employed in this study for comparative analysis of
the hydraulic connections of multiple aquifer systems to reduce the
one-sidedness of the analysis.

Huainan coalfield is the largest coal production base in eastern China
[25]. Decades of mining activities in this area have altered the original
underground stress field, damaged the structure of the rock formations,
and affected the natural circulation of groundwater, which resulted in the
frequent occurrence of inrush water accidents [26, 27, 28]. The Pansan
coal mine is an important production mine in Huainan coal field, with a
capacity of 5 million tons of coal per year and a design mining depth of
900 m, which is threatened by inrush water from several aquifers.
However, no study has so far been conducted to comprehensive assess
the groundwater chemistry of multiple aquifers in the coal mine. Given
Figure 1. (a) Location of the study area; (b) Distribution of gro
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the consideration above, the objectives of this study are to: (1) reveal the
groundwater chemistry characteristics and hyrochemical facies in the
main aquifers; (2) identify understand the hydrogeochemical processes
controlling the major ion concentrations and quantify their contributions
and (3) identify the aquifer hydraulic connections in this area. The results
of the study are expected to help understand the hydrogeochemical
evolution pattern of this coal mine and other coal mines with similar
hydrogeological conditions in the Huainan coalfield, as well as to provide
useful guidance for the prevention of inrush water.

2. Materials and methods

2.1. Study area

Pansan coalmine (116�4104500–116�4804500E, 32�4703000–32�5203000N)
is located in north central Anhui Province, China, and is one of the main
productionmines in theHuainan coalfield (Figure 1a). Themine covers an
area of approximately 54.3 km2, the resource reserves are 771.287million
tons, the production capacity is 5 million tons/year. The study area be-
longs to the cold-temperate temperate andhumid climate,with an average
annual temperature of 15.1 �C and an average annual rainfall of 1104.7
mm, and most of rainfall is usually concentrated in June to August. The
area belongs to theHuaiRiver alluvial plain,with elevations between19.5
m and 23.5m.

The revealed strata in this area from new to old are the Quaternary,
Neoproterozoic, Paleocene, Permian, Carboniferous and Ordovician, the
coal-bearing strata are Permian and Carboniferous, with an average
thickness of 1300 m. Statistics show that the Pansan coal mine contains
34 coal seams, the total thickness of recoverable coal seams is 27.66 m,
and the 13-1, 11-2 and 8 seams being exploited (Figure 1c). The main
aquifer systems in the coal mine from shallow to deep can be classified as
the loose layer aquifer system (LA), the coal measure aquifer system (CA)
and the Taiyuan limestone aquifer system (TA), with detailed informa-
tion of each aquifer as described follows:
undwater samples; (c) Hydrogeological profile description.
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LA: According to the borehole data, the LA thickness ranges from 187
to 484 m, and is characterized by a gradual development from south-east
to north-west. The aquifer can be further divided into three secondary
aquifers: upper, middle and lower. The upper and central loose aquifers
usually have limited impact on coal production due to the presence of
impervious beds (Figure 1c), but the lower aquifer is one of the main
threats to coal mining as it overlies the coal bearing strata. The average
thickness of the lower aquifer is 57.7 m, and the lithology is dominated
by mudstone, sandstone, siltstone and interbedded gravels, among which
the gravels are mainly quartzite, quartz sandstone, magmatic rocks and a
few chert gravels. Because of the aquiclude, groundwater recharge in LA
is limited and is mainly discharged through infiltration.

CA: The average thickness of CA in the Pansan coal mine is 848.9 m,
and the surrounding rocks consist of sandy mudstone, siltstone, fine
sandstone and coarse sandstone. Due to the influence of tectonic extru-
sion, the aquifer is rich in water and fissures are developed, which is the
direct recharge source of roadway. In addition, the security pillar was
designed in the aquifer to block the recharge of the upper LA (Figure 1c).
Groundwater in CA is mainly static storage, and it can discharge down-
ward through sandstone fractures.

TA: The average thickness of the TA is 118.3 m. It consists of dark
grey limestone, mudstone, and fine and medium sandstone, which
contains 12–13 limestone layers, interspersed with 5–10 layers of un-
stable thin coal seams and carbonaceous mudstone. The formation is
rich in brachiopods, corals, sea lily stems and tadpole fossils. The
aquifer usually has no direct impact on coal mining, but because TA has
strong water pressure and is located at the bottom of 1 coal seam
(Figure 1c), it may cause serious inrush water accidents if coal mining
activities cause fault activation. TA can be recharged by the Ordovician
limestone aquifer, and the anthropogenic pumping is the main
discharge pathway.

2.2. Sample collection and analysis

Considering the distribution characteristics of the aquifer systems
and the mining conditions, 40 groundwater samples were collected in
August 2020: 12 from LA (lower), 13 from CA, and 15 from TA. LA and
TA samples were obtained through borehole pumping, and CA samples
were collected directly in the roadway (Figure 1b). The clean poly-
ethylene bottles (2L) were washed three times and then filled with
water samples, sealed and sent to the laboratory to be filtered through
0.45 μm membrane and stored at 4 �C environment. All testing pro-
cedures were completed within one week. The concentrations of seven
water quality parameters were tested, including Ca2þ, Mg2þ, Naþ, Cl�,
SO4

2�, HCO3
� and CO3

2�: HCO3
� and CO3

2� were tested by titration of 0.05
mol/L HCl with methyl orange and phenolphthalein as indicators, and
other parameters were tested by ion chromatography (ICS-600 for cat-
ions and ICS-900 for anions, Thermo Fischer Scientific, USA). All
Table 1. Basic statistics of major ion concentrations in groundwater of three aquifer

Aquifer Statistics Parameters (unit: mg/L)

Naþ Ca2þ Mg2þ

LA (n ¼ 12) Range 591–923 17–76 11–44

Mean (745) (41) (26)

SD 90 17 12

CA (n ¼ 13) Range 799–1751 3–37 0–16

Mean (1264) (10) (3)

SD 279 9 4

TA (n ¼ 15) Range 29–1146 10–85 1–52

Mean (469) (47) (23)

SD 384 23 18

Note: SD ¼ standard deviation; TDS ¼ total dissolved solids.
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analyses were performed in triplicate to ensure the accuracy of the
analysis and conducted in the State Key Laboratory of Mining Response
and Disaster Prevention and Control in Deep Coal Mine, Anhui Prov-
ince, China.

2.3. Statistical analysis methods

Basic statistics and one-way ANOVA analyses were conducted using
Excel 2016 and Origin (version 8.0). Piper diagram for classifying
groundwater chemical types was generated by AqQA software (version
1.5), and R (4.1.2 environment, https://www.r-project.org/) platform
was employed to conduct cluster analysis and factor analysis using
factoextra and igraph packages. Moreover, unmix model analysis was
performed by environmental protection agency (EPA) unmix software
6.0.

2.3.1. Cluster analysis
Cluster analysis is an unsupervised learning tool that can be used to

classify samples into different groups by different algorithms and has
been widely used in different fields due to its simple and intuitive
properties [29, 30]. The results obtained by different algorithms were
different. To reduce the error of a single evaluation method, hierarchical
clustering (Q-type) and non-hierarchical clustering (K-means) were
chosen in this study to compare and analyze the hydraulic connections of
different aquifer systems.

Q-type hierarchical cluster analysis: It starts by calculating the dis-
tances between different samples, merging the closest samples into the
same class each time until a hierarchical nested clustering tree is finally
generated [31]. To obtain a more appropriate clustering effect, the Ward
linkage method and the Euclidean distance were chosen in this study.

K-means cluster analysis: Different from Q-type cluster analysis, it
assigns each sample to its nearest cluster center by pre-inputting K ob-
jects as initial cluster centers, and then repeats the process by iterative
operations after all samples are assigned until no sample was reassigned
to a different cluster center [32].

2.3.2. Principal component analysis/factor analysis
Principal component analysis (PCA) is a traditional dimensionality

reduction method based on an orthogonal transformation that can
combine multiple original variables into a few uncorrelated principal
components (PCs). Factor analysis (FA) further polarizes the variable
loadings on the obtained PCs to generate new “PCs”, called varifactors
(VFs) that can better explain the potential information of the dataset [33,
34]. According to previous studies, the corresponding loadings of the
variables on the VF are defined as weak, moderate and strong at 0.3–0.5,
0.5–0.75 and >0.75, respectively [30]. In studies of environmental sci-
ence, variables with strong loadings on the same VF usually have same or
similar sources.
systems.

Cl� HCO3
� SO4

2� CO3
2� TDS

684–1037 184–343 86–596 6–43 1772–2576

(884) (263) (327) (18) (2172)

142 50 147 10 216

181–1000 12–3088 6–1691 42–294 1932–4233

(530) (1899) (195) (105) (3056)

243 794 441 65 644

32–1448 26–475 22–595 12–56 350–3389

(522) (209) (274) (24) (1463)

502 123 193 13 1088

https://www.r-project.org/


Figure 2. Comparison of the distribution characteristics of major ion concentrations in groundwater of different aquifers (a, b and c represent the statistical dif-
ferences at ρ < 0.05 level).

Figure 3. Chemical analyses of groundwater in the Pansan coal mine.
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Figure 4. (a) Relationship between ([Naþ þ Kþ] - Cl�) versus ([Ca2þ þ Mg2þ] - [SO4
2� þ HCO3

�]) and (b) Plot of CAI-I versus CAI-II of groundwater samples.
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2.3.3. Unmix model analysis
The Unmix model, which uses geometric techniques with self-

modelling resolution to enforce non-negative constraints on source
contributions, has long been used in source apportionment studies of
atmospheric particulate matter, soil heavy elements and polycyclic aro-
matic hydrocarbons [14, 16, 35]. In recent years, the contributions of
different types of water-rock interactions to the major ion concentrations
in groundwater in the Huabei coalfield in eastern China and the Wana-
parthy region in southern India has been successfully quantified, which
confirmed the reliability of the model for hydrochemical studies [36].
Based on the assumption that the concentrations of the parameters are
linear combinations of different sources, the physical basis of the model
can be expressed as follow [37]:

Cij ¼
XN

k¼1

aik*Skj (1)

In Eq. (1), Cij is the measured concentration of ith ion in jth sample, aik
is the dimensionless mass fraction, Skj represents the total amount of
mass from kth source in jth sample, and is obtained by iterative loop
operation of the model, and aik*Skj represents the contribution of kth
source to Cij.

3. Results and discussion

3.1. Major ion concentrations

The statistical results of groundwater parameters of the Pansan coal
mine are listed in Table 1, and the distribution characteristics of these
parameters in the three aquifers are compared in Figure 2. As shown in
Table 1, the mean concentrations of Mg2þ, Cl� and SO4

2� in LA are higher
than CA and TA, and the major ion concentrations in LA have the
Table 2. Results of PCA/FA including factor loading matrix, eigenvalue, per-
centage of variance and cumulative percentage variance.

Parameters VF1 VF2

HCO3
� 0.894 -0.157

Naþ 0.887 0.447

Ca2þ -0.748 0.482

Mg2þ -0.631 0.621

Cl� 0.078 0.846

SO4
2� -0.131 0.573

Eigenvalues 2.57 1.89

% of variance 42.8% 31.5%

Cumulative % 72.3%
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following order: Cl� (884 � 142 mg/L) > Naþ (745 � 90 mg/L) > SO4
2�

(327 � 147 mg/L) > HCO3
� (263 � 50 mg/L) > Ca2þ (41 � 17 mg/L) >

Mg2þ (26 � 12 mg/L) > CO3
2� (18 � 10 mg/L). The CA samples have

lower mean concentrations of Ca2þ and Mg2þ but higher concentrations
of Naþ, HCO3

� and CO3
2� than the LA and TA samples, and their mean

concentrations were HCO3
� (1899 � 794 mg/L) > Naþ (1264 � 279 mg/

L)> Cl� (530� 243 mg/L)> SO4
2� (195� 441 mg/L)> CO3

2� (105� 65
mg/L) > Ca2þ (10 � 9 mg/L) > Mg2þ (3 � 4 mg/L). Comparatively, the
TA samples have lower concentrations of Naþ, Cl� and HCO3

� but higher
Ca2þ concentration relative to LA and CA samples. The major ion con-
centrations of TA samples in a descending order were: Cl� (522 � 502
mg/L)>Naþ (469� 384mg/L)> SO4

2� (274� 193mg/L)>HCO3
� (209

� 123 mg/L) > Ca2þ (47 � 23 mg/L) > Mg2þ (32 � 18 mg/L) > CO3
2�

(24 � 13 mg/L). Moreover, the TDS contents in groundwater from the
three aquifers have the following order: CA (3056 � 644 mg/L) > LA
(2172 � 216 mg/L) > TA (1463 � 1088 mg/L).

The results of the one-way ANOVA based on the least significant
different (LSD) method showed that the concentrations of Ca2þ, Mg2þ,
CO3

2� and HCO3
� in LA and TA samples were significantly different from

those in CA samples (ρ < 0.05), whereas the Cl� concentration in CA and
Figure 5. Factor scores of groundwater samples in different aquifers of Pansan
coal mine.



Table 3. Source contributions to major ion concentrations in groundwater calculated with Unmix model.

Species R2 Source profiles (Unit: mg/L) Proportions (Unit: %)

source 1 source 2 source 3 source 1 source 2 source 3

HCO3
� 0.96 765 129 0 86% 14% 0%

Naþ 0.92 427 294 88 53% 36% 1%

SO4
2� 0.99 0 338 0 0% 100% 0%

Cl� 0.49 178 79.6 377 27% 13% 60%

Ca2þ 0.76 0.89 3.52 27.2 3% 11% 86%

Mg2þ 0.92 0.02 0 19.2 0% 0% 100%
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TA samples were significantly different from those in LA (Fig. 2a, b, d, e
and f). In addition, Naþ and TDS concentrations showed significant dif-
ferences in the LA, CA and TA samples (Fig. 2c and h), in contrast, SO4

2�

concentrations showed no significant differences in groundwater from
the three aquifers (Figure 2g), which implied similarities and differences
in water chemistry control mechanisms in different aquifers.

3.2. Hydrochemical types

The dominant anion and cation concentrations in groundwater are
exhibited in the Piper diagram [38]. As shown in the figure, Naþ is the
dominant cation in groundwater except three TA samples, whereas the
dominant anions in groundwater of the three aquifers are different. All of
the LA samples are located in the Cl� dominant area, and therefore
classified as Na–Cl water type. Na–HCO3 is the most dominant water type
in CA groundwater samples, followed by Na–Cl and Na–SO4 types. In
comparison, the distribution of TA samples in Figure 3 is more dispersed
relative to LA and CA samples, and more than 53% of the groundwater
Figure 6. Source contributions to groundw
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samples from TA are of Na–Cl water type, ~33% of Na–HCO3 water type
and only ~13% of Na–SO4 water type.

3.3. Source of major ions

3.3.1. Relationship between major ion concentrations
The relationship between [(Naþ þ Kþ) � Cl] and [(Ca2þ þ Mg2þ) �

(SO4
2� þ HCO3

�)] in groundwater can be used to identify the occurrence
of cation exchange [39, 40]. Generally, when cation exchange is the
important controlling factor for groundwater chemistry, the relationship
should be linear with a slope of �1 [41, 42, 43, 44, 45]. As presented in
Figure 4a, the relationships of [(Naþ þ Kþ) � Cl] versus [(Ca2þ þ Mg2þ)
� (SO4

2� þ HCO3
�)] for LA, CA and TA samples can be expressed as: y

¼ �1.01x þ 0.687 (R2 ¼ 0.992), y ¼ �0.957x þ 1.02 (R2 ¼ 0.986) and y
¼ �1.05x þ 3.95 (R2 ¼ 0.969), respectively. This confirms that cation
exchange plays an important role in the evolution of groundwater
chemistry in the aquifers. Moreover, the chloro-alkaline indices (CAI-I
and CAI-II) can further determine the direction of cation exchange in
ater samples from different aquifers.



Figure 7. Cluster analysis results. (a) Results of Q-type hierarchical clustering analysis; (b) Optimal number of cluster centers; (c) Results of K-means cluster analysis.
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groundwater. Typically, positive or negative values of CAI-I and CAI-II
represent the replacement of Ca2þ and Mg2þ in water by Naþ and Kþ

in rock or the reverse. The formulas for CAI-I and CAI-II are (Unit:
meq/L):

CA�I ¼ (Cl� � Naþ � Kþ) / Cl�

CA�II ¼ (Cl� � Naþ � Kþ) / (SO4
2� þ HCO3

� þ CO3
2� þ NO3

�)

As shown in Figure 4b, all samples were located in the third quadrant
and most of the CA samples had lower CAI-I and CAI-II values relative to
CA and TA samples, indicating that cation exchange resulted in increased
concentrations of Naþ and decreased concentrations of Ca2þ and Mg2þ

concentrations in groundwater, and that this phenomenon was more
significant in CA.

Naþ/Kþ (rock) þ Ca2þ/Mg2þ (water) → Naþ/Kþ (water) þ Ca2þ/Mg2þ (rock)

3.3.2. PCA/FA
After maximum variance rotation, the first two VFs were extracted

according to the Kaiser's criteria (eigenvalue higher than 1), with a cu-
mulative variable interpretation of 72.3%, which can be used to reveal
the hydrochemical processes. The loadings of each parameter in the two
VFs are summarized in Table 2 and the factor scores of each groundwater
samples are presented in Fig .5. The first VF (VF1) showed strong positive
loadings on HCO3

� (0.894) and Naþ (0.887), and moderate negative
positive loading on Ca2þ (�0.748) and Mg2þ (�0.631), accounting for
42.8% of the total variance. High concentrations of HCO3

� and Naþ in the
groundwater of the mine are usually associated with the weathering of
7

silicate minerals in the aquifer, with representative chemical equation as
follows [24]:

2NaAlSi3O3 þ 2CO2 þ 11H2O → Al2Si2O5(OH)4 þ 2HCO3
� þ 2Naþ þ

4H4SiO4

In addition, strong cation exchange can also lead to increase in Naþ

concentration while decreasing in Ca2þ/Mg2þ concentration in water (as
proved in 3.3.2). Therefore, VF1 could be considered as the combined
effect of weathering of silicate minerals and cation exchange. The second
VF (VF2) explained 31.5% of the total variance and had a strong positive
loading on Cl� (0.846), moderate positive loading on Mg2þ (0.603) and
SO4

2� (0.573). Considering the mineral composition of the strata in the
study area, VF2 could be interpreted as evaporite dissolution, because the
dissolution of chloride and sulfate minerals would simultaneously release
these ions into water.

As shown in Figure 5, the VF2 scores of the samples have no signifi-
cant difference at the 0.05 level, but the VF1 scores were significantly
different, reflecting that the types and degrees of water-rock interaction
were different in the three aquifer systems. Most of the samples from CA
have high VF1 scores (>0, except for CA6), followed by LA samples
(mean ¼ -0.35) and TA samples (mean ¼ -0.78), suggesting that
groundwater in CA was mainly influenced by weathering of silicate
minerals and cation exchange relative to groundwater in LA and TA. In
comparison, several TA samples (including TA2, 4, 5, 7, 9 and 10) and all
of the LA samples have VF2 scores higher than 0, which indicates that
they were influenced primarily by evaporite dissolution. Moreover,
the vother TA samples have both the lowest VF1 and VF2 scores
indicating that they were affected by limited water-rock interactions
(Figure 5).
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3.3.3. Unmix model analysis
In this study, three sources (source 1, source 2 and source 3) were

obtained, and the values of the Min Rsq and theMin Sig./Noise were 0.86
and 2.14, respectively, which satisfy the requirements for employing the
Unmix model (Min Rsq >0.8 and Min Sig./Noise >2). In addition, the
mean R2 between the observed and predicted concentrations of param-
eters was 0.84, showing a good relationship between the observed and
predicted values. Thus, the Unmix model was suitable for source
apportionment. Table 3 summarizes the average contributions of
different sources to each major ion in groundwater. HCO3

� and Naþ were
primarily influenced by source 1, with high contribution ratios of 86%
and 53%, respectively. Source 3 had the highest contribution to SO4

2�,
and the contribution of source 3 was 60% for Cl�, 86% for Ca2þ and
100% for Mg2þ. Combined with the results of PCA/FA above, the main
controlling factors of groundwater chemistry in the three aquifers were
weathering of silicate minerals, cation exchange, and evaporite dissolu-
tion. Therefore, source 1 can be interpreted as weathering of silicate
minerals and cation exchange, whereas source 2 and source 3 can
represent dissolution of sulfate minerals and chloride minerals, respec-
tively. Furthermore, the contributions of three sources to each ground-
water sample are presented in Figure 6. As shown in Figure 6, the mean
contribution of source 1 to the CA samples (74%)was significantly higher
than that of the LA samples (16%) and TA samples (10%), which can be
explained by the presence of more sandstones in this stratum (e.g.,
feldspathic quartz sandstone). On the contrary, evaporite dissolution,
represented by source 2 and source 3, contributed similarly to LA and TA
samples, and the mean contribution was higher than that of CA samples.

3.4. Hydraulic connections between different aquifers

As shown in Figure 7a, within distance of 10, all of the groundwater
samples were divided into three groups: the first group (TA Group),
contained 8 (accounting for 53%) TA samples, the second group (Mixed
Group) represented 7 TA samples (TA1, 2, 4, 5, 9, 10 and 11) and all of
the LA samples, while the CA samples were contained in third group (CA
Group). Therefore, the CA samples can be clearly distinguished from
other aquifer samples, but it is difficult to distinguish TA and LA samples.
Statistics showed that 39% of the indices recommended that the most
suitable clustering effect would be obtained when k was set to 3, which
also corresponds to the actual hydrogeological conditions in the study
area (Figure 7b). Therefore, the k ¼ 3 was selected for K-means cluster
analysis in this study, and the results were visualized in Figure 7c. As
shown in Figure 7c, the 40 water samples were divided into three groups
around three clustering centers: (Group-I, Group-II, and Group-III). All of
the CA samples belonged to Group-I, Group-II contained 9 TA samples,
and Group-III included all LA samples and the other TA samples (TA 2, 4,
5, 9, 10, and 11). Both clustering methods show that some of the TA
samples and LA samples were mixed, indicating that there is a hydraulic
connection between them. Combined with Fig. 1b&c, it can be seen that
the TA samples mixed with LA were located in the northeastern part of
the mine area, and the direct contact between TA and LA in this area may
be the main reason for the hydraulic connection between the two
aquifers.

4. Conclusion

In this study, the bivariate diagrams, multivariate statistical methods
and unmix model were used to understand the groundwater hydro-
geochemical processes and aquifer hydraulic connections in the Pansan
coal mine, Huanan coalfield, eastern China. The statistics shows that
groundwater in loose layer aquifer has high Mg2þ, Cl� and SO4

2� con-
centrations, and groundwater from coal measure aquifer has high con-
centrations of Naþ, HCO3

� and CO3
2�, whereas groundwater from

limestone aquifer has the highest Ca2þ concentration relative to other
aquifers. Piper diagram shows that groundwater in loose layer and
limestone aquifers is dominated by the Na–Cl type, while groundwater in
8

coal measure aquifer is mainly of the Na–HCO3 type. The results of
bivariate diagrams (Naþ þ Kþ - Cl� versus Ca2þ þ Mg2þ - SO4

2� - HCO3
�

and CAI-I versus CAI-II) and PCA/FA reveal that the weathering of sili-
cate minerals, cation exchange, and dissolution of chloride and sulfate
minerals are the dominate process controlling the groundwater chemis-
try. Unmix model evaluates the contribution rate of the source 1
(weathering of silicate minerals and cation exchange), source 2 (disso-
lution of sulfate minerals) and source 3 (dissolution of chloride minerals)
for each major ion and each groundwater sample. Moreover, both clus-
tering analysis methods (Q-type hierarchical cluster and K-means cluster)
confirm the existence of a hydraulic connection between LA and TA in
the northeastern part of the study area. This study shows the effective-
ness of multivariate statistical analysis in interpreting hydrogeochemical
processes and hydraulic connections in aquifers, and provides useful
guidance for prevention of water inrush in the Pansan coal mine and
other coal mines in the Huainan coalfield.
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