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Abstract

Understanding groundwater hydrogeochemical processes and the connectivity of multilayer aquifers in a coal mine with
karst collapse columns (KCCs) is very important for mine safety and groundwater resource management. In this study, 52
groundwater samples from the main aquifers in the Xieqiao coal mine (Anhui Province, China) were analyzed using hydro-
chemical, multivariate statistical methods, and stable isotope analyses. In the Permian aquifer, the main hydrogeochemical
processes are halite and silicate dissolution and sulfate reduction, followed by cation exchange, while in the Carboniferous
and Ordovician aquifers, the main hydrogeochemical processes are carbonate, gypsum, and halite dissolution, followed by
cation exchange. This causes the hydrochemical characteristics of these two aquifers to be similar. The Permian aquifer
contains less SO42‘, more HCO;™ concentration, and a concentration ratio of SO42‘ to HCO;™ less than 0.25 due to sulfate
reduction, which allows the Permian aquifer to be distinguished easily from the other two. Both hierarchical cluster and sta-
ble isotope analysis show that water samples from both aquifers appear to have been mixed via the KCCs, which may serve
as a potential channel for groundwater inrush into the coal mine. These results may assist in accurately predicting potential

water inrush sources in this coal mine as well as in other mines.

Keywords Major ion chemistry - Stable isotopes - Principal component analysis - Hierarchical cluster analysis -

Two-component mixing models

Introduction

Groundwater is an important resource, worldwide (Wang
et al. 2019). Approximately 61% of cities in China use
groundwater for drinking; however, ~ 40% (2.7 Gm®) of
groundwater in China has been affected by mining (Liang
et al. 2018; Liu et al. 2017). Mining activities can influence
groundwater geochemistry and the hydraulic connections
of adjacent aquifers (Chen et al. 2017; Li et al. 2018; Qian
et al. 2016), which may greatly reduce the accurate discrimi-
nation of inrush sources and affect mine safety. In many
exploited coal mines in north China, the groundwater sys-
tem is extremely complex, comprising multi-aquifers with
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varied hydrochemical characteristics and hydrogeochemical
processes (Huang and Jian 2012). In addition, different aqui-
fers are often connected by faults, karst collapse columns
(KCCs), and other geological structures (Chen et al. 2016;
Li and Wu 2019; Li et al. 2017); in particular, KCCs often
function as conduits between different aquifers. According
to incomplete official statistics, since the 1970s, 12 water
inrush accidents have been induced by KCCs, resulting in
serious loss of life and property (Gui et al. 2017). Therefore,
identifying the hydrogeochemical processes and hydraulic
connections of the aquifers in coal mines with KCCs can
help to accurately predict potential water inrush sources and
take appropriate preventive measures.

Many researchers have found that the major ions and
stable isotopes in groundwater can provide geochemical
information on aquifers (Cortes et al. 2016; Dehbandi et al.
2017; Liet al. 2013, 2016a; Qian et al. 2013, 2016) and thus
enable evaluations of the hydrogeochemical processes and
aquifer connectivity (Chen et al. 2017; Liu et al. 2017; Qian
et al. 2016). For example, Qian et al. (2018) used major ion
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chemistry to identify groundwater hydrochemical processes
in the northeastern Huaibei Plain. Their research revealed
that there were three sub-processes for the karst ground-
water in this area, namely, dolomite dissolution, gypsum
dissolution, and mixing. Huang and Han (2017) used stable
isotopes and major chemical ions to determine the interac-
tions between aquifers in the Sihe coal-mining area. Stable
isotope (6180, 8%H, 5°H, and 6348) analyses showed that the
aquifers of the Taiyuan, Fengfeng, and Majigou Groups in
that area have a vertical hydraulic connection.

To evaluate the hydrogeochemical processes and aquifer
connectivity, several different approaches, such as hydro-
chemical analysis and multivariate statistical methods, have
been successfully used to study regional and local ground-
water systems (Belkhiri et al. 2010; Cortes et al. 2016; Li
et al. 2019a; Sefie et al. 2018; Voutsis et al. 2015; Wu et al.
2014, 2019). Hydrochemical analysis techniques, such as
different graphical techniques (e.g. box plots and Piper dia-
grams) and scatter plots, have been used widely to analyze
the hydrochemical characteristics and sources of major ions
(Ma et al. 2018; Zhang et al. 2016). Multivariate statistical
methods, such as principal component analysis (PCA) and
hierarchical cluster analysis (HCA), have been employed
successfully to identify hydrogeochemical processes (Blake
et al. 2016; Li et al. 2019a; Liu et al. 2017; Wu et al. 2014,
2019) and to assess aquifer connectivity (Huang and Han
2017; Qian et al. 2016). PCA is one of the most powerful
methods to reduce numerous and complex datasets into a
smaller number of uncorrelated components while retain-
ing the bulk of the information (Qian et al. 2016; Voutsis
et al. 2015). HCA is one of the most widely applied cluster
techniques and can be used to classify water samples based
on a comprehensive consideration of various hydrochemical
indicators (Liu et al. 2017; Qian et al. 2016). In recent years,
many researchers have shown not only that stable isotopes
can identify the sources of water inrush (Guan et al. 2019;
Huang et al. 2018; Jin et al. 2018) but also that its mix-
ing models can deduce the mixing ratios of groundwater
in different aquifers (Li et al. 2016b; Rambabu et al. 2018;
Richards et al. 2018; Tomonaga et al. 2016). Li et al. (2016b)
used a three end-member mixing model based on stable iso-
topes and chloride to quantify the mixing ratios between
shallow groundwater and river water in the Hua County of
China; this model provides a novel approach to study the
hydraulic connections between different water bodies. Rich-
ards et al. (2018) used two-component mixing models based
on 8°H and 8'30 to determine the mixing ratio between shal-
low groundwater in the Kandal Province of Cambodia and
surface water. An analysis of the mixing models indicated
that shallow groundwater in this area was recharged by
surface water, especially during the rainy season, and that
40-70% of the groundwater recharge comes from surface
water. Thus, combining hydrochemical and multivariate

statistical methods with stable isotope analyses can offer a
more reasonable and scientific explanation of groundwater
hydrogeochemical processes and aquifer connectivity.

The Xieqiao coal mine is a large modern coal mine with
an annual output of 10 million metric tons. It is one of the
three main mining bases in the Huainan coalfield, which
contains ~ 20% of the coal reserves in north China (Chen
et al. 2014; Zhang et al. 2019a). However, since it was
first mined in 1997, the hydrogeological conditions in this
mine were not considered complex until two KCCs (KCC
1# and KCC 2#) were recently discovered in its east zone.
Therefore, in this study, the hydrochemical characteristics,
groundwater hydrogeochemical processes, and hydraulic
connectivity of the main aquifers in the Xieqiao coal mine
were analyzed using hydrochemical and multivariate statisti-
cal methods and stable isotope analyses. The research results
can provide a scientific basis to identify and predict potential
water inrush sources in the Xieqiao coal mine and will assist
in the management and protection of groundwater resources.

Study Area

The Xieqiao coal mine is located southwest of the Huainan
coal field in Anhui Province, China, with a total area of
50 km? (Fig. 1a). It is controlled by a semi-humid climate
with seasonal monsoons. From 1981 to 2017, the annual
average temperature was 15.7 °C and the annual average
precipitation was 926.15 mm. The precipitation in the study
area occurs primarily in June, July, and August, accounting
for~50% of the total annual precipitation.

The minefield contains 25 coal-bearing layers, primar-
ily distributed in the Permian strata. Of these, six layers
consist of the main minable and stable coal seams, with
an average thickness of 17.5 m; they are numbered 13-1,
11-2, 8, 6, 4-2, and 1 from the top to the bottom (Fig. 1b).
Present mining activities are focused only at the top coal
seams 13-1, 11-2, 8, and 6, while the lower seams. 4-2 and
1 have not yet been exploited. The formation strike of the
coal mine is N 105° S and the dip direction is N 195° W,
with dip angles between 5° and 15° (Fig. 1b). The main
faults include F5, F6, F10, F11, F22, F202, and F206, and
the small folds and faults are developed unevenly (Fig. 1).
In addition, there are two KCCs in the minefield’s east
zone (Fig. 1b). Three-dimensional seismic exploration
indicates that the lengths of KCCs #1 and #2 are 337 and
1117 m, respectively, in the Permian coal measures layer
(coal seam 1) and their widths are 387 and 159 m, respec-
tively. From the top down, the diameters of the two KCCs
become increasingly larger, and both pass through the
Permian coal measures, the Carboniferous limestone, and
the Ordovician limestone layers. Therefore, the present
study focused on the Permian fractured sandstone aquifer,
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Fig. 1 General map of the studied area and the water samples position: a A map showing the location of the study area, with the distribution of
faults, KCCs, and sampling sites within the Xieqiao coal mine; b Cross section of the Xieqiao coal mine along line A-B

the Carboniferous fractured-karst limestone aquifer, and
the Ordovician karst limestone aquifer, referred to as the
Permian, Carboniferous, and Ordovician aquifers, respec-
tively. Groundwater from the four aquifers generally flows
from north to south and from the shallow outcrop area to
the deeply buried area (Fig. 1a, b). Considering the thick
cover layer and poor runoff conditions, the Xieqiao mine-
field is deemed a stagnant zone in the regional groundwa-
ter flow field.

The Permian aquifer is~ 1000 m thick and primarily
composed of medium to fine sandstone. In the thick-bed-
ded sandstone of the main coal seams, a large number of
unevenly developed fractures, often filled with calcium,
are observed. The bottom of the Permian aquifer contains
an aquiclude composed of mudstone and sandy mudstone,
partially intercalated with fine sandstone. Because of this
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aquiclude, the Permian aquifer is usually not hydraulically
connected to the underlying Carboniferous aquifer.

The Carboniferous aquifer is~ 120 m thick. It comprises
thin-layer limestone, mudstone, sandy mudstone, sand-
stone, and thin coal seams. Of these, there are 12 layers
of limestone, with a total average thickness of 57 m. In the
thin-layer limestone, dissolution fissures and apertures are
prevalent and usually filled with calcite or pyrite. The bot-
tom aquiclude primarily contains piebald mudstone and
aluminous mudstone, and it is 13—20 m thick, with an aver-
age thickness of 15 m. Therefore, the Carboniferous aqui-
fer is generally not connected to the underlying Ordovician
aquifer.

The Ordovician aquifer is 107 m thick and primarily com-
posed of dolomitic and argillaceous limestone, with a small
amount of locally interspersed mudstone. In the Ordovician



Mine Water and the Environment (2020) 39:356-368

359

aquifer, dissolution fissures, apertures, and caves are preva-
lent and usually filled with calcite or mud. Its specific dis-
charge is 0.14-2.38 L/s/m and its permeability coefficient is
0.08-0.82 m/day. A large number of pumping tests indicates
that hydraulic connections between the Ordovician and Car-
boniferous aquifers might exist in the vicinity of KCC #1
and KCC #2.

Materials and Methods
Sampling and Laboratory Analyses

In this study, 52 water samples, including 22 samples from
the Permian aquifer, 16 samples from the Carboniferous
aquifer, and 14 samples from the Ordovician aquifer, were
collected in Sept. 2018 in the study area (the positions of
the samples are shown in Fig. 1) to test the general hydro-
geochemical variables (pH, total dissolved solids [TDS],
Nat+K*, Ca**, Mg?*, CI~, SO,*~, and HCO;"). In addition,
16 samples from the Carboniferous aquifer and 14 samples
from the Ordovician aquifer were also tested for stable iso-
topes (8°H and 8'%0). The samples from the Permian aquifer
(coal seams 13-1, 11-2, 8, and 6) were all collected from
mining tunnels, while the Carboniferous and Ordovician
aquifer samples were collected from pumping test wells.
When sampling, all samples were filtered on-site
through 0.45 pm membranes. The 52 samples for the cat-
ion analysis were stored in 550 mL polypropylene bottles
and acidified to pH <2 using HNO;. The duplicate set of
52 samples for the anion analysis was not acidified. While
in the field, the pH was measured on-site using a portable
tester (HI8424, pH +0.01, Italy). The concentrations of

Table 1 Summary statistics of hydrogeochemical variables

major ions, such as Cl7, SO42_, and HCO;™, were ana-
lyzed via ion chromatography (Dionex 120), and Ca’",
Mg?*, Na*, and K* were analyzed by inductively coupled
plasma-atomic emission spectrometry (Thermo Fisher Sci-
entific). As the K™ concentration in the water samples was
very small, the Na* and K* concentrations were analyzed
as a sum (Na* +K%). All the samples were analyzed at
the Water Quality Testing Center at the Anhui University
of Science and Technology, Huainan, China, within 24 h
of collection. The PHREEQC 3.0 software was used to
calculate the saturation index and the charge balance of
each sample. All water samples were in a perfect charge
balance, with error percentages of <5% (Table 1).

The hydrogen and oxygen isotopes of the samples were
analyzed at the School of Earth and Space Sciences, Uni-
versity of Science and Technology of China, Hefei, China,
within 3 days of collection. The hydrogen isotopes (5*H)
were measured using the zinc reaction method, and the
oxygen isotopes (5'80) were measured using the oxy-
gen and carbon dioxide balance method, with a MAT252
isotope mass spectrometer. The results of the hydrogen
and oxygen isotope (5°H and 8'%0) tests were examined
in comparison with the Vienna standard mean ocean
water standard and their ranges were +0.2% and +0.1%,
respectively.

Three aquifer cores were collected and tested to predict
the potential minerals. X-ray powder diffraction (XRD)
and scanning electron microscope (SEM) tests were
conducted using SmartLab SE XRD (Japan) and Flex-
SEM1000 SEM (Japan) devices, respectively, both at the
Testing Center of the Anhui University of Science and
Technology, Huainan, China. The three aquifer cores are
available to be tested and the predicted potential minerals
are listed in Table 2.

Variables Permian aquifer (n=22) Carboniferous aquifer (n=16) Ordovician aquifer (n=14)
Min Max Mean C, (%) Min Max Mean C, (%) Min Max Mean C, (%)

K*+Na' (mg/L) 573.14 1061.68 686.52 16.40 689.42 1031.53 913.05 10.92 44278  882.05  789.94 14.85
Ca** (mg/L) 2.81 19.84 12.60 46.43 3.90 56.99 4424 28.04 341 50.22 35.74 47.62
Mg?* (mg/L) 1.09 16.42 9.30 61.91 2.37 24.13 13.35 49.82 1.78 22.84 15.50 40.51
CI™ (mg/L) 271.57 81755 596.97 19.57 759.05 1277.50 1057.46 12.66 556.09 1143.60 939.13 15.88
SO42_ (mg/L) 3.29 18296  53.11 118.73 220.08 567.23  401.21 1945 164.86 44215  283.86 28.07
HCO;™ (mg/L)  439.14  1679.82 76474  40.72 43.68  462.79  281.23 3242 111.96 34525  275.55 26.84
TDS (mg/L) 1487.60 2597.44 1759.56 14.21 1942.52  2907.29 2578.56 9.61 1281.49 2481.54 2218.20 14.62
Error (%) 0.12 2.40 0.81 3.56 0.56 3.60 193 17.87 0.13 2.92 1.73  5.64
Eh (mV) 306.67 34521 32432 5.16 316.62  386.75 345.67 8.63 376.25  398.31 386.73 4.62
pH 8.01 9.17 8.11 3.86 8.06 9.08 833 3.62 8.02 9.66 873 697
5'%0 (%o) - - - - —7.68 —334 —-536 22.06 -9.97 —7.01 —-893 11.11
&°H (%0) - - - - —59.39 —-2500 —43.77 24.15 —88.88 —5549 —74.66 13.64
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Table2 XRD and SEM tests results of the cores samples from different aquifers

Aquifers

Minerals compositions calculated with XRD test

Potential hydrogeochemical processes Remarks

Permian aquifer Mainly quartz with kaolinite and less pyrite

Carboniferous aquifer
with less dolomite

Ordovician aquifer

Calcite, gypsum, quartz and kaolinite dominates

Calcite, dolomite and gypsum with less kaolinite

Minerals dissolution Typical sandstone

Carbonates system and cation exchange Typical limestone
and clay miner-

als

Carbonates system Typical limestone

Analytical Methods
Multivariate Statistical Analyses

In this study, PCA and HCA were both used to analyze the
groundwater geochemistry data using the SPSS 19.0 statisti-
cal software. PCA was employed to identify the main pro-
cesses controlling groundwater geochemistry (Blake et al.
2016; Li et al. 2019a; Liu et al. 2017; Qian et al. 2016; Wu
et al. 2014), and the variables included in the PCA were
Nat+K*, Ca**, Mg?*, HCO,™, CI7, and SO,*". The vari-
max rotation method was used to maximize the differences
between the extracted components, and the highly loaded
components with eigenvalues > 1.0 were obtained (Davis
2005). These had a total cumulative variance greater than
80% based on the Kaiser criterion (Kaiser 1960) and the
screen plot elbow point approach (Cattell 1966), were
selected as the principal components (PCs). The PCA results
were examined in terms of the PC loading scores, sometimes
referred to as factor scores (Shaw 2003).

HCA was used to classify similar water samples into
separate groups based on the comprehensive consideration
of various hydrochemical indicators (e.g. Na* 4+ K*, Ca’*,
Mg, HCO;~, CI7, and SO42_). The same group (or cluster)
contains samples that are similar to each other, but different
from other samples (Liu et al. 2017; Voutsis et al. 2015). In
this study, the Ward method and the Euclidean distance were
selected for the linkage rules and the geometric distance
between the samples, respectively, because they have been
shown to be applicable to hydrogeochemical studies (Qian
et al. 2016).

Stable Isotope Mixing Models

Stable isotope mixing models are often used to identify
water inrush sources and determine the mixing ratios of dif-
ferent water sources (Binet et al. 2016; Qian et al. 2013,
2014; Rambabu et al. 2018; Richards et al. 2018; Tomonaga
et al. 2016). The mixing ratio of a water source is estimated
using two-component mixing models with end members
representing the ’H and §'%0 values of two completely
different aquifers (e.g., the Carboniferous and Ordovician
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aquifers). The two-component mixing models were calcu-
lated using Eqgs. (1) and (2):
§*Hyyy — 8" Hpyp
M =
MW, 62H 52HEMA _ 52HEMB (1)

880y — 6" Opyp
Maawn0 = 6180y — 680, @

where the relative extent of the water source mixing (M) of
a groundwater sample based on °H or §'30 is M1y, 5o OF
Myrw, 5180 Tespectively; and the 8”H and §'%0 values of the
mixing water and A (e.g. the Carboniferous aquifer) and B
(e.g. the Ordovician aquifer) end members are measured.

Results and Discussion
General Hydrochemical Characteristics

The results of the hydrochemical analysis are listed in
Table 1. The statistical results indicate that all the water
samples were alkaline and weakly saline, with pH > 8 and
TDS > 1 g/L. Relative to the other two aquifers, the Per-
mian aquifer has lower TDS and SO,*~ concentrations and
a higher HCO;™ concentration (Table 1). Liu et al. (2019)
found that this phenomenon is related to desulfurization,
which reduces the TDS and SO,*~ concentrations, but
increases the HCO;™ concentration.

The coefficient of variation (C,) is an indicator of the
degree of data dispersion. When the C, is less than 10%, the
variable has weak variation; when the C, is between 10%
and 100%, the variable has moderate variation; and when
the C, is larger than 100%, the variable has strong varia-
tion (Qian et al. 2018). As shown in Table 1, most of the
variables have moderate or even strong variations, indicat-
ing that the groundwater geochemical formation mechanism
in this area is complex, which highlights the necessity of
studying the hydrochemical characteristics and groundwater
hydrogeochemical processes in this system.

Piper diagrams can be used to analyze the hydrochemi-
cal characteristics (Qian et al. 2016; Zhang et al. 2019b).
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Fig.2 Piper diagram of the chemical type of water samples form dif-
ferent aquifers

As seen in Fig. 2, the water samples from the three aquifers
are all dominated by alkali metal ions (Na* + K*) and the
milliequivalent percentage of Nat + K™ exceeds 80%, sug-
gesting that the study area has been in a relatively closed
environment (Xu et al. 2015). As for the anions, most of the
water samples from the three aquifers have a high CI™ con-
centration; some water samples from the Permian aquifer
also had high HCO;™ concentrations (Fig. 2). Therefore,
the main chemical type of the Carboniferous and Ordo-
vician aquifers is the Na+ K-ClI type, while the Permian
aquifer has two primary chemical types: Na+ K-Cl and
Na+K-CI-HCO,.

Box plots (Fig. 3a—f) are usually used to analyze changes
in the concentrations of major ions (Zhang et al. 2016).
In Fig. 3e, f, the Permian aquifer is seen to have a low
S0,*" concentration and a high HCO,~ concentration.
Meanwhile, the concentration ratio of SO42_ to HCO;™ in
the Permian aquifer is less than 0.25, while the same ratio
for the Carboniferous and Ordovician aquifers is greater
than 0.25 (Fig. 4a). Thus, the concentration ratio of SO42_ to
HCO;™ can easily be used to distinguish water from the
Permian aquifer from water from the other aquifers. As
shown in Figs. 2 and 3a—f, the concentrations of Na* + K™,
Ca**, Mg?*, CI~, HCO,™, and SO~ in the Carboniferous
and Ordovician aquifers are similar, suggesting that the
groundwater in these two aquifers has similar hydrochemi-
cal characteristics and hydrogeochemical processes (Chen
et al. 2017; Qian et al. 2016). Therefore, it is necessary to
analyze the major hydrogeochemical processes and aquifer
connectivity before the sources of the two aquifers can be
identified accurately.

Evidence of Major Hydrogeochemical Processes
Mineral Phase Analysis

The results of the XRD and SEM tests (Table 2) indicate that
the potential reactants for the water—rock reactions include
carbonate minerals, such as calcite and dolomite; crystal
minerals, such as gypsum and quartz; and clay minerals,
such as kaolinite. In this study, pyrite was not considered,
although the XRD and SEM tests indicate that this min-
eral may exist in the Permian aquifer because the amount
of pyrite detected is too small to influence the major hydro-
geochemical processes. The major ion compositions indicate
major reactants, such as calcite, dolomite, and sulfate, along
with some sodium minerals (e.g. salt rock and silicate) and
gypsum. As the clay layers contain the most important aqui-
tard materials, cation exchange can also be assessed in the
three aquifers.

Source Analysis of Ca**, Mg?*, HCO,~, and SO,>

Many studies have shown that Ca®*, Mg?*, and HCO;~ in
groundwater are derived primarily from carbonate mineral
dissolution (Chen et al. 2017; Li et al. 2019b; Liu et al. 2017;
Qian et al. 2018). When p(HCO3')/p(Ca2+) =1, it means that
HCO,~ and Ca®* could be formed by the single dissolution
of calcite (Eq. 3). When p(HCO3_)/p(Ca2+) =4, it means that
HCO;™ and Ca”* could be formed by the single dissolution
of dolomite (Eq. 4). As shown in Fig. 4b, the lines y=2x
and y=4x divide the entire area into three zones. The lower
zone shows an HCO;™ deficiency, and only one water sample
from the Carboniferous aquifer falls in this zone. The middle
zone shows an HCO;™ concentration increase, representing
a combination of calcite and dolomite dissolution or calcite
dissolution and cation exchange (Liu et al. 2017). There are
only three water samples from the Carboniferous aquifer in
the middle zone (Fig. 4b).

Calcite: CaCO; + CO,(g) + H,0 — Ca** + 2HCO;  (3)

Dolomite: CaMg(CO;), + 2CO,(g) + 2H,0

— Ca’" + Mg** + 4HCO; .

If calcite and dolomite dissolution are the major origins
of Ca®*, Mg®*, and HCO;™, then the upper zone must be
involved with cation exchange, resulting in a HCO;™ con-
centration >4 x Ca>" (Liu et al. 2017). In Fig. 4b, most water
samples from the Carboniferous and Ordovician aquifers are
characterized by cation exchange. However, in the Permian
aquifer, clay and crystal minerals are the major origins of
the groundwater; therefore, the upper zone (Fig. 4b) may
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be involved with silicate dissolution (Eq. 5) and/or sulfate

reduction (Eq. 6) and/or cation exchange (Qian et al. 2016).

Silicate: (Na,K),Al,SigOq + 3H,0 + 2CO, — 2(Na,K)*
+2HCO; + H,ALSisO4 + 4Si0, ®)

Desulfidation: SOi_ +2C + 2H,0 - H,S t + 2HCO;
(6

@ Springer

Figure 4c provides evidence of gypsum in the three
aquifers, with correlation coefficients close to 1 (Ca2+,
R2=0.73; SO,>~, R?=0.71). In Fig. 4d, the values of
[p(Ca2+) + p(Mg2+)]/p(SO42_) in the Carboniferous and
Ordovician aquifers are close to 1, indicating that the
SO,* in these aquifers is derived primarily from gypsum
dissolution (Eq. 7). Conversely, in the Permian aquifer,
the values of [p(Ca®*) + p(Mg?")]/p(SO,*") are much less
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than 1, suggesting that gypsum dissolution is not the only
source of SO,>~ and that cation exchange may be taking

place.
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Source Analysis of Na* + K* and CI~

The concentrations of Na*+ K™* and CI~ are relatively
stable in groundwater; therefore, p(Na* +K*)/p(Cl7) is
used commonly to reveal the source of Na* +K*. When
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p(Nat+K™)/p(Cl7) =1, it means that the Na* + K™ and
CI™ in the groundwater are derived from saline rock dissolu-
tion (Chen et al. 2017; Li et al. 2016c¢). As seen in Fig. 4e, the
values in the three aquifers show that p(Na* +K*)/p(C17) > 1,
indicating that, in addition to halite dissolution (Eq. 8), strong
cation exchange must be taking place in the three aquifers.

Halite: Na*t(K*)Cl — Na™(K*") + CI~ (8)

Considering that Ca**, Mg?*, and Na* + K™ arise from
mineral dissolution, the ratio of p(Ca+Mg-SO,~HCO;)/
p(Nat+K*—CI") in mol/L will be constant at 1:1 (Chen
et al. 2017; Li et al. 2016d). The scatter distribution in
Fig. 4f in the lower right zone also indicates that cation
exchange occurs in the solutions (Voutsis et al. 2015).
In Carboniferous and Ordovician aquifers, the ratio of
p(Na* +K*-ClI7)/p(Ca+Mg-SO,~HCO,) of some samples
is more than 1 (Fig. 4f), which may be related to strong
cation exchange. Cation exchange (Eq. 9) causes the concen-
tration of Na* + K* to increase while decreasing the concen-
trations of Ca>* and Mg>".

Na®(K*)(rock) + Ca**(Mg**)(water) — Na*(K™)(water)
+ Ca>* (Mg>")(rock) ©)

Principal Component Analysis

The correlation matrix (Table 3) shows that Nat+K* has a

(PC1 and PC2) with eigenvalues > 1.0 and a total cumulative
variance > 81%, as shown in Table 3. PC1 explained 49.45%
of the total variance and was characterized by high positive
loading for Na*+K*, Ca**, Mg?*, and SO,>~, but nega-
tive loading for HCO;™ (Table 4; Fig. 5a), corresponding
to the dissolution of minerals (e.g., calcite, dolomite, and
gypsum) and sulfate reduction, respectively. PC2 explained
31.99% of the total variance and had high positive loading
for Na*+K*, CI~, and HCO; ™, but weakly negative loading
for Ca>* and Mg>" (Table 4; Fig. 5a), which represents sili-
cate and halite dissolution and cation exchange, respectively.

As seen in Fig. 5b, all the water samples from the Per-
mian aquifer fall in the second and third quadrants, showing
high loading scores for HCO; ™, Na* + K*, and C1~, but low
loading scores for Ca’*, Mg?*, and SO,*~, which indicates
that they are influenced primarily by halite and silicate dis-
solution and sulfate reduction, followed by cation exchange.
The samples from the Ordovician aquifer fall primarily in
the first and fourth quadrants (Fig. 5b), corresponding to rel-
ative high loading scores for Ca>*, Mg>*, and SO,>~, but low
loading scores for HCO;™, Na*+K™, and C1~, which shows
that they are influenced primarily by the dissolution of car-
bonate, gypsum, and halite, followed by cation exchange.
In comparison, the samples from the Carboniferous aquifer
are located primarily in the first quadrant (Fig. 5b), showing

Table 4 Correlation matrix of the species in all samples

good positive correlation with CI™ and HCO;™ because of Species Coefficients of PC1_ Coefficients of PC2
the dissolution of halite and silicate; however, Nat+ K" is  Na*+K* 0.628% 0.774%
negatively correlated with Ca?* and Mg?*, which is a typical ~ Ca2* 0.877% -0.102
feature of cation exchange (Chen et al. 2017). The correla- Mg 0.719% —0.245
tion coefficient between Ca®* and Mg>* is 0.954, suggesting ~ CI- 0.135 0.674*
the existence of a good carbonate system (Liu et al. 2017). SO,* 0.883* 0.025
In addition, Ca”" is positively correlated with SO,>~, which ~ HCO,~ — 0.746% 0.543%
relates to gypsum dissolution, while SO,>~ has a negative  Eigenvalue 3.891 1.096
correlation with HCO;~, which, as mentioned above, is a % of variance explained 49.45 31.99
typical feature of sulfate reduction (Qian et al. 2016). % of cumulative variance ~ 49.45 81.44
Using the Kaiser criterion and scree plot method (Liu o ] ]
et al. 2017; Voutsis et al. 2015), PCA obtained two valid PCs ~ >ignificant factors are in bold font
*Correlation is significant at the 0.01 level

Table 3 Correlation matrix of Correlation  Nat+K*  Ca®* Mg>* ar S0 HCO,~
the species in all samples

Nat + K* 1

Ca* - 0.636% 1

Mg>* —0.503* 0.954* 1

CI~ 0.835%* 0.242 0.325 1

SO42’ 0.175 0.758* 0.305 0.198 1

HCO;~ 0.709%* —0.653* — 0.596* —0.181 — 0.468* 1

Significant factors are in bold font

*Correlation is significant at the 0.01 level
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high loading scores for Ca**, Mg**, SO,*~, Na* + K™, and
Cl™, but low loading scores for HCO;~, which indicates that
they are primarily influenced by the dissolution of carbonate,
gypsum, and halite, followed by cation exchange.

Notably, as seen in Fig. 5b, two water samples (26 and
32) from the Carboniferous aquifer fall within the range of
the Ordovician aquifer samples and are both located near
KCC #1 and KCC #2, as shown in Fig. 1. This suggests that
these two water samples might reflect mixing via the two
KCCs. To verify this hypothesis, HCA and stable isotope
analyses were both used to identify the groundwater sources
and determine their mixing ratios.

Evidence of Aquifer Connectivity

Hierarchical Cluster Analysis

Using the Ward method and Euclidean distance (Liu et al.
2017; Qian et al. 2016), HCA yielded optimum distinct

groups, which are given as a dendrogram (Fig. 6). As shown
in Fig. 6, the phonon line of 5.0 divides the water samples

into two clusters: Cluster 1 consists of G1 and G2 that have
similar hydrochemical characteristics, while Cluster 2 con-
sists of G3, G4, and G5, which demonstrate similar hydro-
chemical characteristics. Cluster 2 is further subdivided into
two sub-clusters: one of the sub-clusters consists of G3 and
the other of G4 and G5. In Cluster 1, G1 and G2, showing
lower concentrations of SO,>~ but higher concentrations of
HCOj;™, include all of the water samples from the Permian
aquifer. Cluster 1 (G1 and G2) is separate from Cluster 2
(G3, G4, and GS5), suggesting that the Permian aquifer is
relatively isolated, with stable hydrogeochemical charac-
teristics, and that no hydraulic connection exists between
the Permian aquifer and the underlying Carboniferous and
Ordovician aquifers under natural conditions. Conversely,
G4 and G5 in Cluster 2, both have higher concentrations of
SO,>~ but lower concentrations of HCO,~, primarily water
samples from the Ordovician and Carboniferous aquifers,
respectively, indicating that the overall hydrochemical char-
acteristics of these two aquifers are similar, which is con-
sistent with the results of the hydrochemical characteristic
analysis. In Cluster 2, G3 consists of two water samples (26

25

1—22 @ Permian aquifer

Distance

The phonon line of 5.0

23—38 ® Carboniferous aquifer
39—52 ® Ordovician aquifer
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and 32) from the Carboniferous aquifer and four (47, 49,
50, and 52) from the Ordovician aquifer, and the six sam-
ples are all distributed near KCC #1 and KCC #2 (Fig. 1a).
Combined with the PCA and HCA results, it is speculated
that the six samples reflect mixing via the KCCs or its sur-
rounding fractures.

Stable Isotope Analyses

The local meteoric water line (LMWL) often serves as a
baseline for groundwater stable isotope analyses (Chen et al.
2013; Huang and Han 2017). Accordingly, this study used
the LMWL (8°’H=7.9%x8'*0+8.2) (Ge et al. 2014) as a
reference. Figure 7 shows that the (8%H, 56'%0) points for
the Carboniferous and Ordovician aquifers are all below the
LMWL and lie in three regions (R1-R3). R1, consisting pri-
marily of (§°H, 8'30) points from the Carboniferous aquifer,
is located to the lower right of the LMWL line (Fig. 7). R3
consists of primarily (§°H, 8'30) points from the Ordovician
aquifer and is located to the lower left of the LMWL line
(Fig. 7) because of %H and '®0 drifts. R2 lies between R1 and

§"H(%0) VSMOW

Carboniferous aquifer

® Ordovician aquifer
-100 T .

-12 -10 -8 -6 -4 2
5""0(%0) VSMOW

Fig.7 8°H versus 8'30 plot of stable isotope composition of
water samples. The global meteoric water line (LMWL) is
8’H=7.9%3""0+8.2

R3 and consists of the same samples as G3 in the preceding
paragraph, confirming that these water samples must reflect
mixing (Binet et al. 2016).

To avoid cross-effects between the water samples, this
study selected the mean values of 8*H and 8'%0 in the R1
water samples as the end-number values for the Carbonifer-
ous aquifer and the mean values of 8’H and 6'%0 in the R3
water samples as the end-number values for the Ordovician
aquifer. Using Egs. (1) and (2), the mixing ratios My, som»
My, 5180> and Mypy oy, Of Water samples 26, 32, 47, 49,
50, and 52 were calculated. Table 5 shows that the mixing
ratios of these six water samples are all close to 50%, recon-
firming that these samples reflect mixing (Richards et al.
2018; Tomonaga et al. 2016). With their developed fractures
and high water yields, KCC #1 and KCC #2 could serve as
water-conducting channels for water inrush. Therefore, it is
necessary to pay close attention to these KCCs when min-
ing the lower coal seams (i.e. coal seams 4-2 and 1) to avoid
water inrush from the lower Carboniferous and Ordovician
aquifers through the KCCs and their surrounding fractures.

Conclusions

Hydrochemical and multivariate statistical methods, and sta-
ble isotope analyses were used to identify the groundwater
hydrogeochemical processes and aquifer connectivity in the
Xieqiao coal mine. The following conclusions were drawn:

1. The Permian aquifer has a low SO,>~ concentration and
a high HCO;™ concentration because of sulfate reduc-
tion, and the concentration ratio of SO42_ to HCO;™ in
the Permian aquifer is less than 0.25, allowing the Per-
mian aquifer to be easily distinguished from the Carbon-
iferous and Ordovician aquifers.

2. Inthe Permian aquifer, the main hydrogeochemical pro-
cesses are dissolution of halite and silicate and sulfate
reduction, followed by cation exchange. In the Carbonif-
erous and Ordovician aquifers, the main hydrogeochemi-
cal processes are dissolution of carbonate, gypsum, and
halite, followed by cation exchange, which causes the

Table 5 Results of mixing ratio

. Sample ID
of the six water samples

Aquifer

§H (%) 8'°0 (%c) Myw, o1 (%) Myw,s150 (%) Myrw, aver (%)

26 Carboniferous aquifer

32
47 Ordovician aquifer
49
50
52

-5939 -1735 54.27 48.31 51.29
- 5408 —17.68 68.17 40.90 54.53
-62.04 -8.01 52.67 74.00 63.34
-6574 -17091 62.36 71.50 66.93
-5549 -17.01 35.52 49.00 42.26
-60.80 —7.12 49.42 51.75 50.59

My, 5o 1s the mixing ratio calculated by the value of &°H, My, 5150 18 the mixing ratio calculated by the
value of 8'%0, and M,y is the average value of My, son and My 5180
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hydrochemical characteristics of the two aquifers to be
similar.

3. Both HCA and stable isotope analyses show that two
water samples from the Carboniferous aquifer and the
four from the Ordovician aquifer reflect mixing via
the KCCs, which may serve as a potential channel for
groundwater inrush into the coal mine.
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