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Abstract: Correct identification of water inrush sources is particularly important to prevent and control mine water
disasters. Hydrochemical analysis, Fisher discriminant analysis, and geothermal verification analysis were used to identify
and verify the water sources of the multi-aquifer groundwater system in Gubei coal mine, Anhui Province, North China.
Results show that hydrochemical water types of the Cenozoic top aquifer included HCO;—Na+K—Ca, HCO;—Na+K—Mg
and HCO;—Na+K, and this aquifer was easily distinguishable from other aquifers because of its low concentration of
Na™+K" and CI". The Cenozoic middle and bottom aquifers, the Permian fissure aquifer, and the Taiyuan and Ordovician
limestone aquifers were mainly characterized by the Cl-Na+K and SO,—Cl-Na+K or HCO;—Cl-Na+K water types, and
their hydrogeochemistries were similar. Therefore, water sources could not be identified via hydrochemical analysis. Fisher
model was established based on the hydrogeochemical characteristics, and its discrimination rate was 89.19%. Fisher
discrimination results were improved by combining them with the geothermal analysis results, and this combination
increased the identification rate to 97.3 % and reasonably explained the reasons behind two water samples misjudgments.
The methods described herein are also applicable to other mines with similar geological and hydrogeological conditions in
North China.
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1 Introduction

The hydrogeological conditions of coal mines in North
China are extremely complicated and can seriously affect
mining safety (Wu et al., 2004). In recent years, with the
increase in the depth, intensity, and extent of coal mining
activities groundwater disasters have gradually become
more serious and hazardous. According to an officially
incomplete statistical report, from 2007 to 2014, 128 water
inrush accidents occurred in China, and these accidents
caused serious losses to life and property (Qian et al.,
2017). Over the past few years, “de-capacity” activities
have ceased in many small coal mines in China, but the
revival of the Silk Road is expected to promote coal
mining and lead to other similar disasters (Li et al., 2015
and 2017). Therefore, understanding a site’s groundwater
hydrogeochemical characteristics comprehensively and
identifying potential water inrush sources accurately and
rapidly are of particular importance in preventing water
inrush accidents.

The hydrogeochemical characteristics of groundwater
can be used to identify inrush sources and predict potential

* Corresponding author. E-mail: entao0824@163.com

mining hazards (Gavrishin et al., 2009; Wang et al., 2015;
Lin et al, 2016; Li et al., 2018). At present, several
methods for water inrush sources identification have been
developed, and these methods cover a wide range of fields
and disciplines, including in chemistry, mathematics,
computer science, GIS, and statistics (Wu et al., 2014; Ma
et al., 2014; Luo et al., 2016; Ma et al., 2016; Yang et al.,
2016). Algorithmic mathematical models, such as fuzzy
comprehensive evaluation (Gong and Jin, 2009; Wang et
al., 2010; Yang et al.,, 2016), artificial neural network
(Maier and Dandy, 1996; Kanti and Rao 2008), Bayes
discriminant analysis (Hobbs, 1997; Qian et al., 2017),
and Fisher discriminant analysis (Ma et al., 2014; Chen et
al., 2016; Huang and Wang, 2018), yield better results
than traditional discriminant methods in identifying water
inrush sources. Due to its difficulty and high cost, the
collection of water samples for testing tend to be limited
and intermittent (Uddameri, 2007). Fisher statistics
provide a more accurate and convenient means to achieve
deep analysis of existing data (Martinandrés and Tejedor,
2010). Fisher discrimination has been successfully applied
to many fields, such as human medical identification
(Hashemipour et al., 2018), groundwater quality
evaluation (Ekelund et al., 2014), and mine water source
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identification (Ma et al., 2014; Chen et al., 2016; Huang
and Wang, 2018) on account of its many advantages and
feasibility.

Hydrogeochemical characteristics and water inrush
source identification have been broadly studied (Shrestha
and Kazama, 2007; Wu and Zhou, 2008; Ma et al., 2016;
Wu et al., 2014). However, due to continuous water—rock
interactions and differences in hydraulic connections
between multi-aquifers, describe the overall water quality
conditions by means of those methods and identification
of the water inrush source correctly are difficult (Babiker
et al., 2007; Stotler et al., 2009; Hu et al., 2018).
Geotherms, as an important geophysical parameter, can be
transmitted through a medium, such as groundwater, and
changes in geotherms and groundwater temperatures
through aquifer formations are continuous and equivalent
(Wang and Xiong, 1991). Therefore, from a theoretical
perspective, geotherms can be used to track the depth of a
groundwater source or aquifer horizon and describe the
physical state of the groundwater, such as its movement
(Rybach and Muffler, 1981; Lee, 2006).

Due to the complexity of mine hydrogeological
conditions, accurate identification of water inrush sources
is challenging, and the causes of water inrush source
misjudgments are often ignored. In this research,
hydrochemical and Fisher discriminant analyses are used
to evaluate the hydrogeochemical characteristics of the
multi-aquifer groundwater system in Gubei coal mine,
Anhui Province, North China and identify the related
water sources. Geothermal verification analysis is then
applied to verify the results of Fisher discrimination and
determine the reasons behind misjudgments.

2 Study Area and Geological Setting

2.1 Study area

Gubei coal mine is located in the middle of Huainan
City, Anhui Province, China (Fig. 1). It is covered with a
relatively flat alluvial Plain of the Huaihe River and has a
total area of 34.01 km“. The ground elevation of the mine
varies from 19 m to 21 m above sea level. The mine site is
situated in a temperate and semi-humid climate zone
controlled by seasonal monsoons. The annual average
temperature is 15.1°C and the annual precipitation is
927.30 mm. In general, the rainfall in June, July, and
August accounts for approximately 40% of the total
annual precipitation in the area.

2.2 Geological setting

The main strata revealed by drilling mainly include
Cenozoic, Permian, Carboniferous, Ordovician, and
Cambrian. The Cenozoic stratum is in nonconformity
contact with the underlying Paleozoic stratum. The
thickness of the Cenozoic stratum varies from 371.00 to
412.60 m, and its average thickness is 386.51m. The
Permian stratum is the main coal-bearing stratum with an
average thickness of 506.70 m. The claystone and
sandstone layers of the Shihezi and Shanxi formations in
the lower portion of the Permian stratum contain 2742
coal beds. The Carboniferous stratum, which presents an
average thickness of 113.99 m, is mainly composed of

limestone, clay rock, and medium-fine sandstone; this
stratum has 3—6 layers of unstable thin coalbeds. The
Ordovician stratum is about 80.80-m thick and mainly
composed of thick-layered dolomite and limestone. The
Cambrian stratum is mainly composed of thick-layered
limestone, dolomitic limestone and dolomite. Only six
boreholes are exposed in this portion of the Cambrian
stratum, and the exposed thickness varies from 28.5 to
442 .8m.

Gubei coal mine is located in the east wing of the
Chengiao anticline. The stratigraphic strike is N10°E-
N60°W with a dip direction of S80°E-S30°E. The dip
angle varies from 5° to 15° and gradually decreases from
shallow to deep. The main geological structures in the
mine are inclined-transverse faults.

2.3 Hydrogeological setting

The main aquifers that could affect mining safety
involve a loose sand pore Cenozoic aquifer group, a
Permian fractured sandstone aquifer group, a
Carboniferous Taiyuan Formation fractured-karst
limestone aquifer group, and an Ordovician Kkarst
limestone aquifer group. According to the characteristics
of the Cenozoic loose sediments and hydrogeological
conditions, the Cenozoic aquifer group can be further
divided into three aquifer segments. The uppermost of
these segments has a thickness of 93.35-128.75 m, and the
original water level of the aquifer is 7.34 m. Long-term
observation data show that the water level of the aquifer
fluctuates remarkably due to atmospheric precipitation and
exploitation. The specific discharge of the aquifer is 0.261
—2.272 (L/s)/m, and its hydraulic conductivity and water
temperature are 0.647-5.908 m/d and 18.0-19.0°C,
respectively. This aquifer is mainly composed of alluvial
deposits of the Huaihe River. The aquifer has good water
quality and is the main source of water for the mining
area.

The middle aquifer has a thickness of 173.74-247.63 m
and is mainly composed of sandy clay with silt and fine-
sand layers; partial intercalation with moderately coarse
sand layers is also observed. The original water level of
this aquifer is 12.14 m, but long-term observation data
indicate that this water level is slowly decreasing. The
specific discharge of the aquifer is 0.002—1.292 (L/s)/m,
and its hydraulic conductivity and water temperature are
0.130-5.654 m/d and 24.0-25.2°C, respectively.

The bottom aquifer mainly consists of sand gravel and a
small amount of clay; it is 40.5-88.9-m thick. The original
water level of the aquifer is 6.02 m, and its natural
hydraulic gradient is 1/10000. Long-term observation data
show that the water level of this aquifer has dropped to
1.50 m. The specific discharge of this aquifer is 0.001—
1.166 (L/s)/m, its hydraulic conductivity is 0.001-6.317
m/d, and its water temperature is 25.3-28.9°C.

The Permian fractured aquifer is distributed between the
coal beds. The lithology and thickness of this aquifer vary
greatly, although normally, fractures within the aquifer are
not developed. The original water level of the aquifer is
23.5m below sea level (m.b.s.l.). Due to the impact of long
-term mining activities, the water level of the aquifer has
dropped significantly, and some local points have even
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Fig. 1. Geological and hydrogeology maps of the study area.

(a) Map showing the location and the geothermal gradient contour (‘C/hm) of the study area, with the distribution of water samples and
geothermal drilling within Gubei coal mine; (b) Cross section of Gubei coal mine along line 4-B.

been drained. The specific discharge of this aquifer is
0.000,05-0.003 (L/s)/m, and its hydraulic conductivity
and water temperature are 0.000,4-0.016 m/d and 28.6—
40.8°C, respectively.

The Taiyuan limestone aquifer is 99.99-129.11-m thick.
It contains 10-13 layers of limestone, and the total
thickness of limestone is 42.37-64.78 m. Twelve pumping
tests show that the original water level of the aquifer

ranged from 0.73 to 20.87 m. The water level of this
aquifer has dropped to 6.78-235.78 m below sea level
according to a long-term observation, and a cone of
depression has formed around the Chengiao anticline. The
specific discharge of this aquifer is 0.0002—0.261 (L/s)/m,
and its hydraulic conductivity and water temperature are
0.001-3.929 m/d and 31.0-50.0°C, respectively.

The Ordovician limestone aquifer is 52.62-86.85 m
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thick. Six pumping tests show that the original water level
of the aquifer is between 6.45 and 24.60 m. Its specific
discharge is 0.0007-0.763 (L/s)/m, and its hydraulic
conductivity and water temperature are 0.001-2.026 m/d
and 32.5-41.5°C, respectively. Long-term observation
data show that the water level of this aquifer has decreased
locally, especially at the northern bedrock uplifting area.

3 Methods and Materials

3.1 Water samples

A total of 74 water samples were collected from the
study area, including 7 from the Cenozoic top aquifer, 9
from the Cenozoic middle aquifer, 10 from the Cenozoic
bottom aquifer, 26 from the Permian fractured aquifer, 18
from the Taiyuan limestone aquifer, and 4 from the
Ordovician limestone aquifers. Water samples of the
Permian fractured aquifer were mainly taken from mining
tunnels, and the remaining water samples were taken from
pumping test wells of each aquifers. The locations of the
water sampling points are shown in Fig. 1.

Water temperature and pH were measured by a portable
tester in the field, and Ca*’, Mg*, Na', K*, HCO;, CI',
SO427, and TDS were measured indoors. During water
sampling, samples were passed through a 0.45 um filter
and stored in a high-density polyethylene bottle. In the
laboratory, SO,* was determined by spectrophotometry;
Ca®’, Mg®', HCO;, and CI” were determined by titration;
and Na" and K™ were determined by flame photometry.
Since the K" content in the water sample was very low,
Na“ and K' contents were summed as Na'+K'. These
variables and test data were used to characterize the water
quality of each aquifer and reveal the groundwater
chemistry of the formation. All the water samples were in
perfect charge balance with error percentages < 5%, which
is acceptable. The results of water quality testing and
analysis are listed in Table 1.

3.2 Geothermal data

In the study area, a total of 11 ground boreholes were
used to measure geotherms, and 121 geothermal data
points were obtained. The elevations of the measured
geotherms were —10, —80, —180, —280, —380, —480, —580,
—680, —780, —880, and —980 m. The instrument used for
measurements was an HBDZ 7-1 deep-hole digital
geothermal measurement recorder, the measurement range
varied from —40°C to 85°C, and the measurement error
was £0.5°C. The existing geothermal data could be used to
predict the spatial distribution of geotherms in the study
area and verify the results of water source identification.
The geothermal data for each aquifer are listed in Table 1.

3.3 Fisher discrimination

Fisher discrimination provides an optimal discriminant
criterion and a solution method for the discriminant
function. The main idea of Fisher discriminant analysis is
to project high-dimensional data points into low-
dimensional space. First, the discriminant function is
established according to the distance between classes;
then, the categories of the samples are determined
according to the corresponding discriminant criterion
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(Fang, 1982; Johnson and Wichern, 2005). The
discriminant function is

Y(X)=C'X 1=1,2,3,-m (1)

where C; is the eigenvector corresponding to the
maximum eigenvalue and X is the independent variable
matrix of the samples.

After the discriminant function is established,
classification of the test object is realized by the
discriminant criterion, such as the critical value method,
the Mahalanobis distance method, and the new Markov
distance method (Tao et al., 2013; Su et al., 2018). Among
these, the Markov distance method is the most widely
used. Let any sample be identified as X; the distance
between the sample and the population is

£ -1
d/z _ d{z ()?,G/): [é[,-)?_é],-;((r)y X{CA',I' L“ély XU)} [CA’,";(—CA‘,")?M}
" @

1=1,2,3,---k
When d; = min{df} i.e., the distance between the sample
1<j<k k
X and the population G, is the minimum, and then X € G,

is judged.

In this study, the Fisher discriminant model was
implemented using SPSS 19.0 to identify water inrush
sources.

3.4 Geothermal analysis

A geotherm refers to the temperature of soil or a
formation at different depths below the surface.
Geotherms could be divided into the convection type and
the conduction type based on the geological environment
and heat transfer mode (Rybach and Muffler, 1981); this
type of classification has been used by the international
geothermal community. The conduction type of geotherms
shows linear relations in the vertical direction, while the
convection type shows nonlinear relations in the vertical
direction (Fabbri and Trevisani, 2005). Regardless of the
heat transfer types, geotherms are heterogeneous in space
and may differ at the same depth or elevation (Tian et al.,
2018).

In the study area, long-term monitoring data show that
the geotherms have a good linear relationship with the
depths or elevations in our study area (Peng et al., 2015),
which demonstrates that the heat transfer mechanism is
dominated by heat conduction and weakly affected by
lateral convective groundwater (Fabbri and Trevisani,
2005). The linear function between the geotherm and the
depth is

T=GH+ Ty 3)

where G is the geothermal gradient, which refers to the
increase in temperature of in the geotherm for each 100 m
increase in depth and has a unit of ‘C-hm™, H is the depth
of the measurement point and has a unit of m, T is the
geotherm at the measured depth with a unit of “C, and 7T,
is the geotherm of the constant temperature zone with a
unit of ‘C. According to long-term observation data in
Huainan coalfield (Peng et al., 2015), the elevation of
constant temperature in the study area is —10 m, and 7j is
16.8°C. A large number of field tests show that the
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difference (AT) between the measured geotherm and the
measured water temperature is less than +=1.0°C, and the
error rate €% is < £1.5% within 1000m below the surface
in the study area.

In this research, the universal kriging method in GIS
software was used to obtain the spatial distribution of
geothermal gradients based on the geothermal data of
known points. This method has been widely used in the
spatial analysis of edaphology, hydrology, ecology, and
other fields (Isaaks and Srivastava, 1989; Christakos,
2000; Ahmadi and Sedghamiz, 2007; Nikroo et al., 2010;
Wu et al., 2014; Jinez—Ferreira et al., 2016).

The universal kriging model is

Z(xo)=.§142(x,-) @)
1=

where Z(x) is the estimated value at location xy, /; is the
kriging weight, and Z(x;) is the measured value at point x;.
The equation for 4; is calculated in the same manner as
presented by Ahmadi and Sedghamiz (2007).

4 Results and Discussions

4.1 Hydrogeochemical characteristics of the aquifers

A Piper trilinear diagram can be used to analyze water
quality and its changing trends. As shown in Fig. 2, the
water quality of the Cenozoic top aquifer is obviously
different from that of the other aquifers below it. The
Cenozoic top aquifer includes the HCO;—Na+K—Ca,
HCO;—Na+K—Mg, and HCO;—Na+K water types. The
milliequivalent percentage of HCO; exceeds 60% in this
top aquifer, while the milliequivalent percentages of CI
are approximately 60% and 40%, respectively, in the
Cenozoic middle and lower aquifers. The Cenozoic top
aquifer is an unconfined or weakly-confined aquifer, and it
directly receives low salinity water from atmospheric
precipitation and surface. Therefore, the aquifer can be
easily distinguished from other aquifers based on its
peculiar chemistry.

o Cenozoic top aquifer

» Cenozoic middle aquifer
Cenozoic bottom agquifer

o Permian fractured aquifer

Taiyuan limestone aquifer
+ Ordovician limestone aquifer

(R

Al o~
ca’ 80 60 40 20 20 40 60 80 I
Na'+K' HCO,

Fig. 2. Piper trilinear diagram of hydrogeochemical facies of
groundwater samples from the six aquifers.

The hydrochemical types of the Cenozoic central and
bottom aquifers are mostly ClI-Na+K and SO,—CIl-Na+K.
These water types are a typical feature of long-term water
—rock interactions and slight surface water recharge (Qian
et al., 2016 and 2018); both aquifers contain saline water.
According to a previous hydrogeological survey in the
mining area, a relatively stable layer of calcareous clay
with an average thickness of 18.71 m developed in the
lower part of the Cenozoic bottom aquifer, and this layer
provides good water-proofing effects. Therefore, in the
Piper trilinear diagram (Fig. 2), the water samples of the
Cenozoic middle and bottom aquifers and those of the
Permian fissure aquifer are rarely overlap.

As shown in Fig. 2, the water samples from the Permian
fissure aquifer are dominated by alkali metal ions
(Na™+K") relative to the concentration of alkaline earth
metal ions (Ca’, Mg®"), and the milliequivalent
percentage of Na'+K' exceeds 80%. The milliequivalent
percentage of HCO; or SO,” in most of the water
samples from this aquifer exceeds 60%, followed by that
of CI'. Therefore, the Permian fissure aquifer contains
mainly the HCO;—Cl-Na+K and SO4—Cl-Na+K water
types. Compared with the Cenozoic aquifer, the Taiyuan
group limestone aquifer, and the Ordovician limestone
aquifer, the Permian fissure aquifer samples have higher
concentrations of HCO;™ and SO,*", which is a typical
feature of pyrite oxidation and desulfurization (Liu et al.,
2017; Chen et al., 2017). In its natural state, the Permian
fissure aquifer is in a relatively closed environment, which
causes the concentration of HCO; to increase due to
desulfurization. The aquifer partially changes from a
closed state to a relatively open state when it affected by
mining activities, which causes oxidation of pyrite in the
coalzseam and, eventually, an increase in concentration of
SO4~.

In the Taiyuan and Ordovician limestone aquifers, the
main cations are still Na'+K" and the anion is mainly CI,
followed by HCO; . The two aquifers are mainly of the
Cl-Na+K and CI-HCO;—Na+K water types. The water
samples of the Taiyuan and Ordovician limestone aquifers
overlap in Fig. 2; thus, they are similar in
hydrogeochemistry.

The boxplots in Figs. 3a—3f can be used to analyze the
variation of ion concentrations in a multi-aquifer
groundwater system. From bottom to middle to top, the
box edges represent the first quartile, the median value,
and the third quartile, respectively. The horizontal lines at
the bottom and top of the boxplot represent the minimum
and maximum values, respectively. From Figs. 3¢ and 3e,
the Cenozoic top aquifer has a low concentration of
Na™+K" and CI; thus, this aquifer can be easily
distinguished from other aquifers by these two indicators.
As shown in Figs. 3a, 3¢, 3d, and 3f, from the Permian
fissure aquifer to the Taiyuan limestone aquifer and then
to the Ordovician limestone aquifer, the concentration of
Ca®™ shows an overall upward trend while the
concentrations of Na'+K', HCO; and SO427 show a
downward trend. This phenomenon is a typical result of
carbonate dissolution and alternate cation adsorption;
pyrite oxidation and desulfurization are clearly weakened
(Qian et al., 2016; Chen et al., 2017).
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Fig. 3. Boxplots of the water samples (a-f).

Layer ID: 1-Cenozoic top aquifer; 2-Cenozoic middle aquifer; 3-Cenozoic bottom aquifer; 4-Permian fractured aquifer; 5-Taiyuan limestone aquifer;

6-Ordovician limestone aquifer.

From the above analysis, identifying the water sources
of the six aquifers using only Na™+K", Ca2+, Mg%, HCO;,
and SO,” indicators is difficult. Therefore, in this
research, the Fisher discriminant model was employed to
identify water sources.

4.2 Fisher discriminant analysis

All of the samples were analyzed and identified by the
Fisher discriminant model wusing SPSS 19.0. The
discriminant factors were Na'+K', Ca®, Mg®', CI,
HCO;,and SO,>. Incorrect discrimination results are
shown in Table 2; the remaining results are correct. The
correct rate of Fisher discrimination was 89.19%, and
eight water samples were misjudged. All water samples
from the Cenozoic top aquifer were correctly identified.
One sample (W10) from the Cenozoic middle aquifer was
misjudged as being from the Cenozoic bottom aquifer, and
one sample (W19) from the Cenozoic bottom aquifer was
misjudged as being from the Cenozoic middle aquifer.

One sample (W33) from the Permian fissure aquifer was
misjudged as being from the Cenozoic bottom aquifer.
Three samples (W54, W61 and W62) from the Taiyuan
limestone aquifer were misjudged as belonging to the
Ordovician limestone aquifer, and two water samples
(W71 and W74) from the Ordovician limestone aquifer
were misjudged as belonging Taiyuan formation limestone
aquifer.

According to our analysis of hydrogeochemistry and
regional hydrogeological conditions, the Cenozoic top
aquifer is recharged by atmospheric precipitation and
surface water. Therefore, this type of groundwater is
characterized by obviously low TDS, low Cl, and high
HCO5 and easily distinguished from other aquifers by the
Fisher model.

Long-term observation data indicated the possibility of
a weak hydraulic connection among the Cenozoic middle
aquifer, the Cenozoic bottom aquifer, and the Permian
fissure aquifer. Mining activities have caused the water

Table 2 Water samples of error identification by the Fisher discrimination

Sample no. Elevation of water Aquifer ID Discrimination Predicted geotherm Measured water Difference Percent error
sample (m) result (°C) temperature (°C) (°C) (%)
W10 —295.3 2 3 249 25 0.1 0.4
W19 -3123 3 2 254 253 -0.1 —0.4
W33 —487.8 4 3 28.6 28.4 -0.2 —0.7
W54 —556.2 5 6 322 34.5 2.3 6.7
W6l —496.3 5 6 30.7 30.4 -0.3 -1.0
W62 =516.0 5 6 31.0 335 2.5 7.5
W71 -615.7 6 5 342 34.5 0.3 0.9
W74 —687.7 6 5 36.0 355 -0.5 -14

Layer ID: 1, Cenozoic top aquifer; 2, Cenozoic middle aquifer; 3, Cenozoic bottom aquifer; 4, Permian fractured aquifer; 5, Taiyuan limestone aquifer; 6,
Ordovician limestone aquifer.
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level of the Permian fissure aquifer to decline
continuously, which would result in a gradual increase in
the hydraulic gradient of the Permian fissure aquifer and
the overlying Cenozoic middle and bottom aquifers.
Therefore, local hydraulic connections may exist between
the three aquifers, as reflected in the Piper trilinear
diagram (Fig. 2), where some samples of these aquifers
overlap. However, the Cenozoic middle and bottom
aquifers are similar in hydrogeochemistry, which may also
be related to the same lithologic (or mineral) compositions
and water—rock interactions of these two aquifers. In the
study area, the sediments of the Cenozoic middle and
bottom aquifers contain ancient river alluvium, and cation
exchange is the main hydrogeochemical action in the two
aquifers (Ge, 2000; Qian et al., 2016).

At the bedrock uplifting area, the hydraulics of the
Ordovician limestone aquifer and the Taiyuan limestone
aquifer may be locally connected through faults, fissures,
and solution fissures, which result in chemically similar
groundwaters of the adjacent aquifers and changes in
water temperature. This phenomenon occurs in many
mines in the North China coalfield; mutual misjudgments
are also frequent (Zeng et al., 2016; Qian et al., 2016; Xu
et al,. 2018).

In addition, water source discriminant analysis assumes
that the dataset is balanced. However, the number of water
samples from the Taiyuan limestone aquifer and the
Ordovician limestone aquifer (18 and 4, respectively)
formed a highly unbalanced dataset (McBain and Timusk.,
2011). Therefore, the results of these classifications cannot
be accurately determined. Given that these aquifers are at
different depths, adopting geotherms as a discriminant
factor may be an efficient way to verify the results of
water source discrimination.

4.3 Geothermal verification analysis

As shown in Fig. 4, a good linear relationship exists
between the geotherms and the elevation (R*> 0.98),
which indicates that, in the study area, the geotherm and
water temperature are exchanged by means of heat
conduction. Therefore, we can use equation (3) to predict
the geotherm and consider the average geothermal
gradient of the borehole to be the slope of the linear
equation (Wang and Xiong, 1991; Peng et al., 2015).
Table 3 presents the average geothermal gradient for each
borehole and the results of normality tests of drilling and
trend analysis. The coefficient of variation (C,) is 28.63%
—33.31% as medium variability, and the geothermal data
of each borehole follow normal distribution. Therefore,
universal kriging may be a suitable interpolation model for
determining the geothermal gradient (Qian et al., 2017).
Based on the principle of the least mean prediction error,
we selected Gaussian model for the semi-variogram model
to simulate geothermal gradient contours (Fig. 1) in the
GIS software using the average geothermal gradient of the
11 existing boreholes. Combined with equation (3), we
calculate the geotherm values corresponding to each water
sampling point. The predicted geotherms and measured
water temperatures of each sampling point are shown in
Table 1.

In Table 1, except for the water samples of W54 and

W62, the difference (AT) between the measured water
temperatures of all other water samples and the predicted
geotherms ranged from —1.0°C to 1.0°C, and e% varied
from —1.3% to 1.1%; these values are within the tolerance
range (AT < £1.0°C, €% < +1.5%). The geothermal
verification results reveal that the water samples of W10,
W19, W33, W61, W71, and W74 were misjudged by the
Fisher discriminant model. The correct rate of geothermal
discrimination was as high as 97.30%, and only two water
samples (W54 and W62) were misjudged.

The two water samples of W54 and W62 in the Taiyuan
limestone aquifer were misjudged as belonging to the
Ordovician limestone aquifer by Fisher model (Table 2),
and their respective measured water temperatures were
2.1°C and 2.5°C higher than those predicted by the
geotherms; their e% exceeded 1.5%. As seen in Fig. 1,
W54 and W62 were located in the middle of a set of
graben-type faults. Combining this finding with the
hydrogeological conditions of the study area, we infer that
the groundwater from the Ordovician and/or Cambrian
limestone aquifers probably recharges the Taiyuan
limestone aquifer upward (shown in Fig. 5), which causes
the hydrogeochemical properties of W54 and W62 to
change and their water temperature to rise. This
phenomenon has been observed at many mines in the
North China coalfield (Sui et al., 2011).

The above analysis revealed that geothermal
verification analysis can not only verify the water source
discriminant results and improve the accuracy of water
source identification but also help analyze the hydraulic
connections of various aquifers from the geothermal field.
However, due to many other factors affecting the
geothermal field, such as magmatic activity and persistent
drawdown of groundwater table (Tan et al., 2009; Yin et
al., 2015), identifying water sources only by comparing
geotherms and groundwater temperatures is unreasonable,
unscientific, and inadequate. In addition, accessing
geothermal data is difficult and costly, which may limit
the application of the geothermal verification in small coal
mines. Therefore, other hydrogeochemical indicators, such
as oD, %0, 6**S and stable isotopes (Ding et al., 2016;
Rets et al., 2017; Qu et al., 2017), could be evaluated as a
parameter for water source discrimination and verification
in future research.

5 Conclusions

To identify water inrush sources, the factor that
distinguishes various water sources was determined. Then,
Fisher discriminant analysis and geothermal verification
analysis were used to identify and verify the water sources
of the six different aquifers. Following conclusions were
derived:

Hydrochemical methods were applied to analyze the
hydrogeochemial characteristics of the six aquifers in
Gubei coal mine, North China. The Cenozoic top aquifer
was characterized by the HCO;—Na+K-Ca,
HCO;—Na+K-Mg and HCO;—Na+K water types and
could easily be distinguished from other aquifers. The
hydrochemical types of the Cenozoic middle and bottom
aquifers included Cl-Na+K and SO,—CIl-Na+K due to



1930

Zhang et al. / Groundwater Inrush Source Identification in a Coal Mine

Table 3 The statistics for the geothermal data

Geothermal Geothermal gradient Cy Geotherm distribution U .
drilling (°C/hm) %) Skewness Kurtosis Model distribution Interpolation model
Gl 2.77 29.03 —-0.09 —-0.96 Normal Universal kriging
G2 3.12 31.21 —-0.03 —-1.06 Normal Universal kriging
G3 3.37 33.02 0.03 -1.19 Normal Universal kriging
G4 2.77 28.63 0.05 -1.09 Normal Universal kriging
G5 2.99 31.75 0.04 -1.15 Normal Universal kriging
G6 3.12 30.34 —-0.02 —-1.16 Normal Universal kriging
G7 3.38 32.52 0.12 -1.28 Normal Universal kriging
G8 2.81 31.61 0.05 -1.12 Normal Universal kriging
G9 291 31.78 0.02 -1.26 Normal Universal kriging
G10 3.29 33.31 0.02 -1.31 Normal Universal kriging
G11 3.52 32.44 0.36 —-0.93 Normal Universal kriging
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long-term water—rock interactions and the lack of surface
water recharge. The Permian fissure aquifer featured the
SO,—Cl-Na+K and HCO;—Cl-Na+K water types because
of the coexistence of pyrite oxidation and desulfurization.
The hydrogeochemical types of the Taiyuan and
Ordovician limestone aquifers were included the
Cl-Na+K and CI-HCO;—Na+K water types.

(2) Except for that of the Cenozoic top aquifer, the
hydrogeochemical characteristics of all other aquifers are
similar. Based on hydrochemical analysis of each aquifers,

we established a Fisher model to identify water sources
potentially. The correct rate of Fisher discrimination was
89.19%. Through the geothermal verification analysis, it
was found that six of the eight water samples misjudged
by Fisher model were erroneous judgment.

(3) Based on the hydrochemical analysis and Fisher
discriminant analysis, the accurate rate of geothermal
verification analysis was up to 97.30%, and only two
water samples were misjudged. According to the analysis,
the groundwater from the Ordovician and/or Cambrian
limestone aquifers probably recharged the Taiyuan
limestone aquifer upward, which caused the temperature
of the two water samples to be higher than the predicted
temperature by more than 2.

This study will improve the theory of mine groundwater
control and provide technical support for water damage
prevention in the Huainan mining area. Hydrochemical
analysis, Fisher discriminant analysis, and geothermal
verification analysis can also be applied to accurately
analyze and identify water sources for a multi-aquifer
system across the entire North China coal mining region
because most coal mines in North China have similar
hydrogeological conditions. To extend the methods to
different regions, appropriate discrimination factors (e.g.,
stable isotopes) must be selected for this site along with its
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