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Rapid identification of inrush water sources is vital for the safe operation of a coal mine. Hydrogeo-
chemical (fuzzy comprehensive evaluation method and cluster analysis method) and isotope analyses are
applied to identify the inrush water sources of the Mindong No. 1 mine, which is located in north-east
Inner Mongolia, China. The clustering analysis and isotope analysis results show that the inrush water
sources are from aquifer 1 (A1), aquifer 2 (A2) and Yimin river. However, fuzzy comprehensive evaluation
shows that the inrush water sources are from A2, aquifer 3 (A3) and Yimin river. Considering the
hydrogeological conditions of the study area, it is concluded that the inrush water sources are A1, A2 and
Yimin river, with mixing ratios of 30.8%, 60.6% and 8.6%, respectively. The application of multiple
methods makes the conclusion more reliable. Additionally, this study improves the speed and effective-
ness of the identification of inrush water sources in coal mines and provides a practical reference for
research related to mine water inrush to ensure the safe operation of coal mines.
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1. Introduction

In a mine exploration area, groundwater plays an
important role, providing the required water for
daily use, plant growth and mining activities
(Idrysy and Connelly 2012; Sun et al. 2012).
Groundwater is also a crucial factor for mining
activities, and the amount of water in the mine
affects the production and safety of the mine. As
one of the five disasters (gas, dust, water, fire and
roof) in coal mines, mine water inrush also poses a

serious threat to the safety production of coal
mines (Hanhu and Yunquan 2011; Lu et al. 2012;
Wu et al. 2013a; Jun et al. 2018). The catastrophic
consequences of loss of property and casualties are
caused by water inrush in coal mines.
There have already been many coal mine water

inrush events in China; therefore, the governance
of coal mine water disasters is indispensable
(Hanhu and Yunquan 2011; Li et al. 2014a, b). A
method for accurately and quickly judging the
cause and the sources of water inrush is a
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precondition to prevent water inrush. Many
experts and scholars have performed much
research in the field of mine water source identifi-
cation (Chen et al. 2009; Dou et al. 2011; Jiao et al.
2014; Li et al. 2014b; Yang et al. 2016). The main
identification methods are geological analysis,
hydrodynamic analysis, hydrogeochemical analy-
sis, water temperature analysis, geophysical
exploration and isotope analysis. Hydrogeochemi-
cal methods are widely used in mine water source
identification (Dou et al. 2011; Wang 2014; Xu
et al. 2014; Zhang et al. 2014; Liu et al. 2015; Jun
et al. 2018) due to their simple, fast and low-cost
characteristics. Some analytical methods based on
hydrogeochemical data are also developing gradu-
ally. Fuzzy comprehensive evaluation was used to
identify inrush water sources, and the advantages
and disadvantages of this method have been poin-
ted out (Xu et al. 2014; Liu et al. 2015). The dis-
tance discrimination method was used to identify
mine inrush water sources, and the results were
verified through the grey relational analysis
method (Zhou et al. 2010; Wang et al. 2011). An
analytical hierarchy process was used to identify
the inrush water sources of coal mines, and rea-
sonable results were also obtained (Wu et al.
2013a, b). These methods have greatly promoted
the development of mine water source identifica-
tion theory, but they still have some defects. For
the fuzzy comprehensive evaluation method, it is
difficult to determine the membership degree and
the weight, which influences the judgement result.
For the distance discriminant method, it regards
all discriminant variables as equally important and
may exaggerate or ignore the function of some
variables. For the weight of the analytic hierarchy
process, it is difficult to determine accurate results
in the case of too many indices and statistics. In
addition, due to the differences in geological con-
ditions, hydrological conditions, data volumes,
etc., these methods have specific applicable condi-
tions. Therefore, it is necessary to ensure the
validity of the conclusion by using mutual verifi-
cation for multiple methods.
The environmental isotope technique, especially

stable isotopes (dDand d18O), has good performance
in analysing the origin and formation of groundwa-
ter in the main aquifer (AQ). It can not only deter-
mine the interconnection between groundwater,
precipitation and surface water, but also analyse the
supply sources and mixture ratio of groundwater
(Jiao et al. 2014; Guo et al. 2015; Maruyama and
Kato 2017; Chafouq et al. 2018; Joshi et al. 2018; Xu

et al. 2018; Yi et al. 2018). However, compared with
the hydrogeochemistry method, isotope analysis is
less used in coal mine enterprises independently due
to its high cost, especially when there are more
sample data. In summary, most of the existing
studies are based on hydrochemical composition and
isotope analysis to identify water sources, and the
interpretation of water chemical data is not
comprehensive enough. Therefore, for a specific
coalfield, it is extremely necessary to accurately
determine the water sources through the mutual
verification of isotope and hydrogeochemical anal-
yses. In this paper, we used theMindongNo. 1mine,
north-east Inner Mongolia, China, as an example.
This study focused on the characteristics of hydro-
gen andoxygen isotopes andhydrogeochemistry and
attempted to identify the inrushwater sources of the
first mining face of the Mindong No. 1 mine. The
research first analysed the hydrogeological condi-
tions and hydrogeochemical characteristics of water
samples in the study area. Second, two different
hydrogeochemical analysis methods and isotope
techniques were applied to identify the inrush water
sources of the first mining face of the Mindong No. 1
mine. The water sources were determined after
comparisons among the different methods above, as
well as through local hydrogeological conditions
analysis. Thereafter, the mixing ratio of the inrush
water sources was calculated. Each method has
advantages anddisadvantages, and the combination
of multiple methods provides more reliable results.
Moreover, the novel approach of applying hydro-
geochemistry together with stable oxygen and
hydrogen isotopes to identify water sources can offer
a scientific reference for solving the problem of mine
water inrush and thereby improve the safety and
operational benefit of coal mines.

2. Hydrogeological conditions of
the study area

Located on the western slope of Greater Khingan,
the Mindong mining area is on the east side of the
middle reaches of the Yimin river in Hulunbuir
grassland. The Yimin coalfield is located in the
north-eastern Yimin basin, which belongs to a
sedimentary sag basin. The mine output scale is
18 million tons per year. The earliest mining area is
the Mindong No. 1 mine (figure 1). The AQs are
the Quaternary sandy gravel and medium to coarse
sand AQ and the Yimin formation AQ composed of
coal seams interlayered with sandy conglomerate
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and medium to coarse sandstone. Among them, the
AQs of the Yimin formation are composed of the
coal seam 15 roof with interlayered sand and con-
glomerate-sandstone (A1), the coal seam group
16 roof with conglomerate-sandy conglomerate
deposits (A2) and coal seam 16 interlayered with
breccia-sandy conglomerate deposits (A3). Water
bursting occurred in the first mining face (No.
13S101), which was located at the upper part of A3
(figure 2). According to the hydrogeological survey
report of the coal mining enterprises, the average
thickness of AQ is approximately 57 m, and it is
cut by the Yimin river and has a close hydraulic
connection with river water. The average thickness
of A1 is approximately 46 m, and it is in uncon-
formable contact with AQ. A1 is a direct water-
filling AQ for coal seam 15. The average thickness
of A2 is approximately 55 m, and the formation
rocks are tuff and mud cement. A2 is an indirect
water-filling AQ for coal seam 16-3 and is widely
recharged through water conductive faults. The
average thickness of A3 is approximately 38 m and
A3 is the direct water-filling AQ for coal seam 16-3.
The water abundance is good for the AQ, A1 and
A3 and extremely good for A2. In addition, there
are 20 composite faults, and almost all are normal
faults, which makes the hydrogeological conditions
more complicated. The connection channels among
the AQs are the skylight between the AQs and
water conductive faults. The first mining face is

located in A3, and as production proceeds, the
water in A3 is close to drained. However, the
amount of water inflow in the first mining face is
still very large, which has seriously affected pro-
duction activities. Therefore, the main probable
sources of water inflow are A1, A2, A3, AQ and
Yimin river.

Figure 1. Map showing the location of the study area and sampling sites.

Figure 2. Map of the geological and groundwater AQ system
in the mining area.

J. Earth Syst. Sci. (2019) 128:200 Page 3 of 12 200



3. Data and methodology

3.1 Water sampling and analysis

Samples of all types of water were collected from
1 November 2017 to 24 November 2017. A total of
10 samples were collected from AQ, A1, A2, A3
and Yimin river, and ground water samples were
collected through drain bores or well bores spe-
cially designed for sampling. Among the samples,
water sample N6 is from the Yimin river, N4 and
N5 are from the AQ, N8 is taken from A1, N1, N9
and N10 are from A2, and N2 and N7 belong to A3.
The number of water samples from different water
sources is listed in table 1. The water chemistry
and isotopic analyses were performed in the Key
Laboratory of Groundwater Science and Engi-
neering of the Ministry of Land and Resources. The
water chemical test was carried out by using an ion
chromatograph (DX-120) with a relative error of
1%. The stable isotopic compositions (dD and
d18O) were determined by using an ultra-high
precision liquid water and water vapour isotope
analyser (Picarro L2130i) with a relative error of
0.2% for oxygen and 1% for deuterium. The iso-
topic results were reported with respect to Vienna
Standard Mean Ocean Water (VSMOW) dis-
tributed by the International Atomic Energy
Agency (IAEA). The laboratory analysis results
are shown in table 1.

3.2 Analysis of hydrogeochemical
characteristics

Tri-linear diagrams are the most commonly used
tools for revealing the hydrogeochemical charac-
terisation of a chemical data set (Zhang et al. 2006;
Li et al. 2014a). With the great advantage of
plotting a large number of data points on one
graph, a Piper diagram (Piper 1944) gives the
hydrogeochemical facies of samples. In this study,
the hydrogeochemical characteristics of water were
analysed by a Piper diagram drawn in Aq•QA�

(RockWare, Inc. 2005).

3.3 Fuzzy comprehensive evaluation

Fuzzy comprehensive evaluation was applied to
identify the sources of inrush water. Based on fuzzy
mathematics, fuzzy comprehensive evaluation can
transform qualitative evaluation into quantitative
evaluation through the membership theory. T
a
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Therefore, it was widely used in previous studies
(Yu et al. 2007; Liu et al. 2015).
The main steps of fuzzy comprehensive evalua-

tion are as follows.

(1) Establish the factor set U:

U ¼ u1; u2; u3; . . .; umð Þ; ð1Þ

where ui with i ¼ 1; 2; 3; . . .;m are the influ-
ence factors.

(2) Build the fuzzy weighting set A:

ei ¼
xi � aij j
ai

; ð2Þ

where xi is the measured value of the factor
indices in the inrush water sample, ai is the
statistical average of the factor indices in each
AQ and

Pm
i¼1 ei ¼ 1:

A ¼ e1; e2; e3; . . .; emð Þ: ð3Þ

(3) Build the evaluation set V:

V ¼ v1; v2; v3; . . .; vnð Þ: ð4Þ

(4) Calculate the fuzzy relationship R (based on
lower semi-trapezoid distribution function):

R ¼

r11 r12 � � � r1n
r21 r22 . . . r2n
..
. ..

. . .
. ..

.

rm1 rm2 . . . rmn

2

6
6
6
4

3

7
7
7
5
: ð5Þ

(5) Calculate the comprehensive evaluation
matrix B:

B ¼ A � R ¼ b1; b2; b3; . . .; bnð Þ: ð6Þ

Based on the fuzzy method, the evaluation
results are calculated as follows:

bj ¼
_m

1

ei
^

rij
� �

; ð7Þ

where j is from 1 to n.
Agreater value inmatrixB indicates that the inrush

water sample has a higher degree of membership.

3.4 Clustering analysis

Based on cluster analysis, the degree of similarity can
be calculated. Samples were classified into different
groups according to the degree of affinity. Thus, clus-
ter analysis is suitable for the identification of water

sources (G€uler et al. 2002; Omo-Irabor et al. 2008;
Belkhiri et al. 2010). In the process of clustering anal-
ysis, the Euclidean distance is selected to calculate the
distance between variables, and the group-average
method is applied to cluster all varieties. Clustering
analysis is carried out through MATLAB 2015b.

3.5 Meteoric water line

The meteoric water line reveals the relationship
between D and 18O in rain and is regarded as a refer-
ence for the evaluation of relative enrichment or
depletion in isotopic content, including evaporation,
condensation and the mixing of two or more water
bodies with different isotopes (Chen et al. 2015; Mar-
uyama and Kato 2017). In 1961, by analysing the
isotopic data of global precipitation samples, Craig
(1961) obtained the ‘Global Meteoric Water Line’
(GMWL). Then, the GMWL was corrected by the
International Atomic Energy Agency (IAEA) 10 yr
later (Yurtsever 1975). The fixed linear relationship is
as follows:

dD ¼ 8:13 d18Oþ 10:8: ð8Þ

However, the meteoric water line tends to deviate
from the GMWL in different regions (Rozanski et al.
1993). Based on the hydrogen–oxygen isotope data
of precipitation collected from the Global Network
of Isotopes in Precipitation, Liang et al. (2017)
defined the meteoric line of the Hulunbuir region
(hereafter abbreviated as HMWL), and it is
expressed as follows:

dD ¼ 7:59 d18O� 3: ð9Þ

4. Results

4.1 General hydrogeochemical characteristics

The physiochemical parameters and statistical
analysis results are shown in table 1. According to
the table, the variation coefficients of Cl� and
SO4

2� were the largest (1.36 and 1.31, respec-
tively). The values of the main indices of the inrush
water sample (N3) were close to the mean
(table 1), indicating that the water sample N3 may
be mixed with a variety of sources.
As depicted in the Piper diagram (figure 3),

HCO3
� was the predominant anion in almost all

water samples. Cl� was similar to SO4
2�, both with

low contents, reflecting the relatively low degree of
the water–rock interaction in local groundwater

J. Earth Syst. Sci. (2019) 128:200 Page 5 of 12 200



systems.Na+ (K+) are thepredominant cations inA3
and the inrush water sample and Ca2+ is the domi-
nant ion for the rest of the water bodies. The hydro-
geochemical types of AQ, A1 and the Yimin river
water were characterised by Ca–HCO3, while the
water typeofA3andthe inrushwater sample (N3) fell
into the category ofNa–HCO3.Thewater types ofA2
varied with depth due to its internal lithologic chan-
ges so that there were two water types of Ca–HCO3

and Na–HCO3. As shown in the Piper diagram, from
the perspective of the anion content, A1, A2 and the
Yimin river water were very close toN3, all with high
HCO3

� content and low Cl� and SO4
2� contents. By

contrast, from the perspective of cation content, the
nearest water source to the N3 was A3, followed by
A2, both with high Na+ content. According to the
position of each water sample in the Piper diagram,
A3 ismost similar toN3, followedbyA2andA1.That
is, A3 is most likely to be the water source.

4.2 Identification of inrush water sources

4.2.1 Fuzzy comprehensive evaluation

After the probable water sources were determined
based on the hydraulic connection, an evaluation

set, V = (A1, A2, A3, AQ, Yimin river), was
established. Based on the calculation procedure
described in the paragraphs above, the evaluation
index is B = (0.015, 0.161, 0.161, 0.131, 0.150) with
the data obtained from the laboratory. The three
water sources with the highest membership degree
of inrush water (N3) are A2, A3 and Yimin river.

4.2.2 Clustering analysis

The clustering pedigree for all water samples is
shown in figure 4(a). Considering that the water
sources are certain types of water, rather than
water samples, the background values of each
water source are represented by the average of
various water samples in the same water source.
Cluster analysis based on water source types was
also conducted, and the clustering pedigree of each
water source type is shown in figure 4(b). As
depicted in figure 4(a), the water samples that
were clustered together in one cluster with N3 first
were N8, N6, N10 and N9. Obviously, N8 and
N6 belong to A1 and Yimin river, respectively, and
both N9 and N10 belong to A2. It is noteworthy
that N1, which is also collected from A2, is exclu-
ded from the cluster. The reason might be that

Figure 3. Piper diagram of the water samples from different sources.

200 Page 6 of 12 J. Earth Syst. Sci. (2019) 128:200



the A2 is thick (nearly 60 m), and due to the
cementation of mud and tuff, the lithology varies,
which leads to differences in the chemical compo-
sition of the groundwater. This result can also be
reflected through the water types mentioned in the
general hydrogeochemical characteristics part.
Therefore, A1, A2 and Yimin river are most likely
inrush water sources, which can also be explic-
itly drawn from figure 4(b). In particular,
figure 4(b) also shows that A2 is most similar to
N3, followed by A1 and Yimin river.

4.2.3 Isotopic analysis

As demonstrated in figure 5(a), the slope and
intercept of the HMWL were slightly lower than

those of the GMWL, demonstrating that precipi-
tation in the study area experienced relatively
slight secondary evaporation of raindrops during
their descent to the ground. This phenomenon was
well documented in the semi-arid regions. Most of
the water samples are distributed along the
HMWL, with the exception of A3 and Yimin river,
which are far from the HMWL – one above the line
and one below the line – indicating that the
recharge of AQ, A2 and A1 is closely related to
atmospheric precipitation, while A3 and Yimin
river have less of a relationship with atmospheric
precipitation. The reason why the Yimin river is
far from the line may be that river bodies undergo
relatively significant evaporation. In addition, the
region entered the dry season in October, and

Figure 4. Dendrograms showing classification (a) for all water samples and (b) for different water bodies.
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according to the hydrogeological prospecting
reports of the coal mine, the Yimin river receives
recharge from AQ in the dry season, which has a
higher isotopic content (figure 5). A possible rea-
son for the deviation of A3 is that the Yimin basin
where Mindong No. 1 mine is located is an ancient
sedimentary sag basin, and A3 belongs to the
Cretaceous Yimin formation. The tectonic envi-
ronment of the sedimentary basin is favourable for
water–rock interactions (Shi et al. 2012; Ma et al.
2013; Fallick et al. 2016). As also shown in the
relationship diagram of total dissolved solids
(TDS) with d18O and dD (figure 6a and b), the
concentration of 18O and D formation in water
increases with increasing TDS. High TDS in
groundwater means intense water–rock interaction
(Shi et al. 2012). Therefore, the higher dD in A3
is due to the isotope exchange between ground-
water and hydrogen sulphide, hydrocarbons and

hydrated minerals, and the higher d18O in A3 is
also due to the isotope exchange between ground-
water and surrounding rocks. To study the rela-
tionship between the inrush water sample (N3) and
various water sources, the mean values of all kinds
of water sources except AQ were plotted in
figure 5(b) because the two water samples of AQ
are quite different. As depicted in figure 5(b), the
isotopic content of N3 is different from that of
other water samples. In addition, the isotopic
composition of A1 is most depleted, and the reason
might be that according to the geological report of
the study area, A1 has an unconformable contact
with AQ, i.e., A1 has direct surface exposure, so A1
can accept mixed recharge of atmospheric precipi-
tation, snow meltwater in spring and groundwater
in AQ. From the perspective of isotopic composi-
tion, A2 is the most similar to the inrush water
(N3); thus, A2 is undoubtedly one of the recharge

Figure 5. Cross plot of dDVSMOW vs. d18OVSMOW (a) for all water samples and (b) for different water bodies.
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sources of N3. Notably, the d18O and dD in A2
(�14.46%, �111.33%) are higher than those in N3
(�14.6%, �113%). If N3 is a mixed water sample,
according to the principle of taking the average after
mixing, there definitely exists a water source with
values of both d18O and dD lower than those in N3,
and A1 (�15%, �116%) is the only AQ with values
of both d18O and dD lower than those in N3. Com-
paratively, the Yimin river only has a lower dD value
than that in N3. Therefore, A1 is most likely one of
the recharge sources for N3, and the Yimin river may
also be one of the water sources. Nevertheless, the
isotopic composition of the remaining water bodies
and the inrush water sample (N3) are relatively dif-
ferent. Based on the analysis above, it is almost
certain that N3 is a mixed water sample, and its
water sources contain at least A2 and A1. In addi-
tion, referencing the position of the point plotted in
figure 5(b), A2 accounted for the largest proportion
of inrush water.

5. Discussion

5.1 Determination of water sources

To study the inrush water sources in the first
mining face of Mindong No. 1 mine, fuzzy com-
prehensive evaluation, clustering analysis and

isotope analysis were used to identify the water
source. The results should be combined with the
hydrogeological conditions of the coal mine to
determine the water sources.
The fuzzy comprehensive evaluation shows that

the most likely inrush water sources are A2, A3 and
the Yimin river. By contrast, clustering analysis
shows that inrush water is most likely from A1, A2
and Yimin river. From the isotopic analysis, A2 is
most similar to N3, followed by AQ2. However, the
other two methods show that AQ has little simi-
larity to N3. Moreover, there is a large difference
between AQ1 and AQ2, and AQ1 is very different
from N3 in isotopic composition, so it is almost
impossible for AQ to be a water inrush source.
Obviously, the result of fuzzy comprehensive eval-
uation is slightly different from other results, so
analysis from the perspective of hydrogeological
conditions was urgently necessary. A small portion
of the supply sources of the coal-bearingAQ (mainly
A1 and A2) of the Mindong No. 1 coal mine is the
direct infiltration of atmospheric precipitation
through the outcrop of the coal system. A2 has a
very close hydraulic connection with A3, and it is
recharged bywater from thewater conductive faults
(F12 and F8) on both the east and the west sides,
and is also supplied by the roof AQ (A1). According
to the hydrogeology prospecting report of the Min-
dong No. 1 mine in the Yimin coal mine in the Inner
Mongolia autonomous region, the results obtained
through the underground electrical method and
ground transient electromagnetic detection
demonstrated that inrush water in the first mining
face was mainly from A2. Furthermore, the frac-
tures in the vicinity of the mining face are relatively
developed, with the upper and lower connected
trends, which also enhance the hydraulic connection
of the upper and lower AQs. Along with the pro-
duction activities and the exploration work, the
number of boreholes is increasing, and A1, A2 and
A3 are available for mutual supply through bore-
holes that are not sealed properly. In addition,
according to the hydrogeological survey report of
the coalmine and coalmine production department,
the Yimin basin, where the coal mine is located,
belongs to the sedimentary sag basin, and the orig-
inal water in A3 is sedimentary water. Moreover, as
the coal mining is continuously developed, A3 is
close to being drained; thus, A3 is unlikely to be a
source of water inrush.
From the perspective of hydrogen–oxygen

isotopes, A2 is closest to N3, but they are not equal,
so the inrush water is mixed water, and A2 is the
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Figure 6. Variations in TDS with (a) dDVSMOW and
(b) d18OVSMOW of the formation of water in the Mindong
No. 1 coal mine.
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main water source, which is also embodied in the
other two methods. For d18O and dD in all the water
sources, only those in A1 are less than those in the
inrush water; thus, the inrush water, as mixed water,
must contain A1. As shown in figure 5(b), the inrush
water (N3) is located in a triangle formed by A1, A2
and the Yimin river water, which is consistent with
the characteristics of the three-component mixing of
groundwater. Therefore, the inrush water sources
were A1, A2 and Yimin river.
In general, the above analysis indicated that the

inrush water was supplied by A1, A2 and Yimin
river, and A2 was the uppermost source. This
result has also been recognised by the coal mine
department of production safety supervision.

5.2 Partition of sources for inrush water

The isotopic and hydrogeochemical data and the
hydrogeological conditions of the mine suggest that
the sources of inrush water are mainly from A1, A2
and Yimin river. However, the proportion of the
three water sources in the inrush water is variable.
Based on the law of conservation of mass, a seg-
mentation model was built for inrush water in the
mine using the end-member mixing analysis
method, which can be expressed as:

dDA �R1 þ dDB � R2 þ dDC � R3 ¼ dDM;

d18OA � R1 þ d18OB � R2 þ d18OC �R3¼d18OM;

R1 þ R2 þ R3 ¼ 1;

8
><

>:

ð10Þ

where A, B and C are A1 water, A2 water and Yimin
river water, respectively, M is the mixture of inrush
water, dDA, dDB and dDC are the concentrations of

D in end members A, B and C, respectively, d18OA,

d18OB and d18OC are the concentrations of 18O in end

member A, B and C, respectively, dDM and d18OM

are the concentrations of D and 18O in the inrush
water, respectively, and R1, R2 and R3 are the pro-
portions of A, B and C in mixed water, respectively.
By applying oxygen and hydrogen isotopic data

to the mass balance equation derived above, we
propose that the proportions of A1, A2 and Yimin
River are 30.8%, 60.6% and 8.6%, respectively, in
the inrush water.

5.3 Evaluation of methods

Isotope analysis has high precision in water source
identification (Jiao et al. 2014; Zhang et al. 2014;

Guo et al. 2015; Maruyama and Kato 2017; Joshi
et al. 2018; Yi et al. 2018), which is also reflected
in this study. Among the results of the three
methods, the fuzzy comprehensive evaluation is
slightly different from the others. Two important
reasons could have caused this result. One is that
the process of determining the membership degree
in fuzzy comprehensive evaluation is obviously
defective, and its computational accuracy is
affected by the results of the hydrochemical
analysis in the laboratory, which is also reflected
in the previous research. The other one, and
perhaps the most important, is that the water
inrush point is located in A3, and when the water
in the upper AQ flows through A3 to recharge the
water inrush point, the water will dissolve a cer-
tain number of minerals in A3, resulting in the
extremely close relationship between the compo-
sition of chemical ions in water and the lithology
of AQs. Thus, even if the water yield in A3 is very
small, the hydrogeochemical characteristics of the
inrush water are similar to A3 (figure 3), affecting
the hydrogeochemical analysis results. In addi-
tion, in the case of a small amount of data, clus-
tering analysis is more likely to obtain reasonable
results (Kaijun et al. 2009; Seaman et al. 2014).
Therefore, the result of the cluster analysis was
consistent with the isotope analysis and was
regarded as the final result. In conclusion, when
the amount of hydrogeochemical data is relatively
small, cluster analysis, with high reliability, is
more suitable than fuzzy comprehensive evalua-
tion in the identification of water sources.
According to the results obtained from the

inrush water source identification, we estimated
that most of the inrush water is from A2 and A1,
but there was still a small amount of water from
the Yimin river. The way by which the Yimin river
supplies the water inrush point and its evolution in
the future were not studied and could be the target
of future research. In addition, although the results
serve as a good guide, limitations on the data still
exist in the study. The number of water samples
has a certain effect on the research, and the accu-
racy of the results will increase with the amount of
water samples.

6. Conclusion

In this study, water chemistry analysis methods
(fuzzy comprehensive evaluation and cluster anal-
ysis) and isotope analysis (d18O and dD) were
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applied to identify the recharge sources of inrush
water in Mindong No. 1 mine. Our results reveal
that all water bodies, including groundwater and
surface water, are identified as Ca–HCO3 and
Na–HCO3 water types, and as the depth increases,
the water type changes from Ca–HCO3 to
Na–HCO3, indicating that the deep groundwater
chemistry characteristics are controlled by water-
rock interactions.
The mutual verification of the cluster analysis

method, fuzzy comprehensive evaluation method
and isotope analysis, together with the analysis
of hydrogeological conditions, indicate that the
recharge sources for inrush water are A1, A2 and
Yimin river, with proportions of 30.8%, 60.6% and
8.6%, respectively. The high reliability of the iso-
tope analysis is also reflected in this study.
Through mutual verification, the isotopic method
has provided conducive information and further
confirmed the reliability of the clustering analysis
results in this mining area. In addition, the clus-
tering analysis is more reliable than the fuzzy
comprehensive evaluation method with regard to
this mining area where the amount of sampling
data was relatively small.
This research provides a practical reference for

studies related to mine water inrush and other
monitoring activities concerning the identification
of water origins. This study also provides a useful
engineering technique for better operation of coal
mines and their safety. For a certain coal mine, a
suitable water source identification method could
be found, by which the inrush water sources are
identified quickly and effectively using hydrogeo-
chemical data accumulated over many years,
ensuring the safe production of the coal mine, as
well as economic benefits.
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