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Abstract
Previously proposed discriminant methods cannot accurately identify water sources in a complex multiaquifer mine. Based 
on statistical analysis of the water chemistry of samples collected at the Xinji no. 2 multiaquifer coal mine, a comprehensive 
stepwise discriminant method was proposed for this purpose. Characteristic ion contrast and ion proportional coefficients were 
applied to aquifers with distinct chemical characteristics to establish a characteristic index discrimination system. Aquifers 
with small differences in water chemistry were identified by the Fisher discriminant method. Different methods (first simple 
ones, followed by more complex ones) were used to distinguish the water sources of different aquifers. This approach enabled 
us to identify water sources for the Xinji no. 2 mine and should be tried for other sites with similar hydrogeological conditions.

Keywords  Fisher discriminant method · Water chemistry · Water inrush · Xinji mine

Introduction

China is a coal-based country, with a coal output of 3.68 bil-
lion tons in 2018, accounting for 47.2% of the world’s total 
coal production and 63.4% of China’s energy consumption. 
The hydrogeological conditions of coal deposits in China are 
complex and diverse (Liu and Cao 2011), and mine water 
disasters can be severe and greatly affect safe production (Xu 
et al. 2018; Yang et al. 2018). When a water hazard develops 
in a mine, it not only causes huge economic losses but can 
also cause casualties. Therefore, accurately determining the 
source of the water involved in water inrush events is a key 
issue for solving and preventing mine water disasters.

When analyzing mine water inrush events, one must 
comprehensively consider the hydrogeological conditions, 
structural conditions, water level, water temperature, and 
water chemistry data of the mining area (Liu et al. 2018). 
Hydrochemical methods have been widely used (Chen et al. 
2013; Chidambaram et al. 2013; Cloutier et al. 2008; Kumar 
et al. 2013; Matter et al. 2006; Petitta et al. 2010; Wang et al. 
2016), and there are many methods to investigate mine water 
inrush events using water chemistry combined with related 
mathematical models, such as the Fisher discriminant (Chen 
et al. 2009b; Huang and Chen 2011; Sun et al. 2017), Bayes 
discriminant model (Chen et al. 2009a; Yan et al. 2020), 
distance discriminant (Chen et al. 2009c; Wang et al. 2011a, 
b; Zhou et al. 2010), grey relational analysis (Yue 2002; Qiu 
et al. 2017), fuzzy clustering analysis (Yin et al. 2006; Yang 
et al. 2012), neural network (Xu et al. 2007), and support 
vector machine (Jiang and Liang 2006; Yan and Bai 2009) 
models to achieve water source discrimination. In addition, 
when there are many influential factors in a mine water 
inrush event, some scholars have used principal component 
analysis (PCA) and a single discriminant method to reduce 
the model dimensions, reduce the influence of redundant 
information, and improve the model’s validity by eliminating 
overlapping information from multiple variables (Gong and 
Lu 2014; Huang and Wang 2018; Ju et al. 2018; Wang et al. 
2017; Zhang et al. 2018). Such methods include PCA-Fisher 
and the PCA-Bayes models.
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In situations where the hydrogeological conditions of the 
mine are relatively simple and there are a limited number of 
different aquifers, the use of a single method such as these 
can achieve good discrimination. However, when the hydro-
geological conditions are more complicated and there are 
multiple distinct aquifers, such discriminant models are less 
effective and do not meet the demands for safe production. A 
new method for identifying mine water sources was needed.

Study Area

The Xinji no. 2 mine is located in the north of Anhui Prov-
ince on the alluvial plain north of the Huaihe River. The sur-
face is flat, and the elevation is mostly between 22 and 26 m. 
The terrain is high in the west and low in the east. Structur-
ally, this area belongs to the southeastern edge of the North 
China plate and is located in the middle of the southern flank 
of the Huai’an synclinorium, in the south-central Fufeng 
nappe structure. The main tectonic lineation is oriented 
northwest-southeast (Fig. 1).

The mine is located in a thrust nappe tectonic system 
that has three parts: an overlying allochthonous system, 
the main nappe surface, and an underlying autochthonous 

system (Fig. 2). The allochthon is mainly composed of lower 
Proterozoic gneiss and Cambrian limestone. The autochthon 
consists of Ordovician limestone, Taiyuan Formation lime-
stone, and coal strata. According to the characteristics of 
the aquifer media and groundwater burial conditions, the 
six aquifers affecting safe coal production in the area can be 
divided into three types from top to bottom: porous, frac-
tured, and karst confined aquifers.

The unconsolidated Cenozoic stratum is a porous, 
confined aquifer composed of Neogene and Quaternary 
unconsolidated sediments. Lithologically, these layers are 
mainly composed of silt, fine sand, medium sand, clay, 
and sandy clay. A clay gravel layer and a small amount of 
marl are present locally and represent sedimentary facies 

Fig. 1   General map of the study area location and geology

Fig. 2   Cross section of the Xinji no. 2 coal mine along line A–B
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of lakes and rivers, respectively. The water content of this 
aquifer is moderate to abundant, and the total thickness of 
the stratum is 110–136.37 m, with an average of 123.7 m 
(Fu et al. 2004).

The lower Proterozoic gneiss within the nappe structure 
represents a fractured, confined aquifer that is distributed in 
the east–west direction between faults F2 and F02; this unit 
is superimposed on the coal measures and Cambrian strata. 
The lithology is mainly gray-green hornblende gneiss, light 
red migmatitic granite-gneiss, hornblende gneiss, plagio-
clase-hornblende schist, and granitic gneiss. According to 
the mine’s pump test data, the unit water inflow is 0.104 L 
(s m)−1, and the overall water abundance is weak.

The Cambrian limestone within the nappe structure repre-
sents a confined, karst aquifer. This unit is distributed in the 
middle and north of the mining area in a band shape with an 
east–west trend and is superimposed on the coal measures. 
Lithologically, this unit consists of limestone: dolomitic, 
oolitic, siliceous, and argillaceous limestones, along with 
some dolomite, mudstone, sandy mudstone, siltstone, and 
sandstone. The unit water inflow is 0.00026–0.974 L (s m)−1 
and the water abundance is discontinuous (Jin and Zhang 
2002).

The confined, fissured Permian sandstone aquifer is dis-
tributed between the main recoverable coal seams, argilla-
ceous rocks, and siltstones. It is dominated by medium- and 
fine-grained sandstones, with argillaceous rocks and silt-
stones that vary in thickness. The fissures are poorly devel-
oped, and their distribution is uneven; thus, the water yield 
properties of this unit are weak and related mainly to static 
reserves (Zhang 2001) According to the mine’s pumping 
test data, the unit water inflow is 0.00143–0.0186 L (s m)−1.

The confined, fissured Taiyuan Formation limestone karst 
aquifer is located in the lower part of the Permian sandstone 
aquifer, has an average thickness of 111.09 m, and contains 
12 to 13 layers of limestone. The average total thickness of 
limestone is 58.6 m, accounting for 52.8% of this unit. The 
development of karst fissures is heterogeneous, and the water 
abundance is low to moderate; however, water can be locally 
abundant. Thus, this unit is classified as a strong regional 
aquifer. The water abundance depends mainly on the degree 
of karst development (Wu et al. 2012).

The fissured Ordovician limestone karst aquifer is located 
in the lower part of the Taiyuan Formation limestone aqui-
fer; an outcrop of the Ordovician strata at the surface is 
cut by F2 or the nappe structure. This unit has an average 
exposed thickness of 114.3 m and consists of grayish lime-
stone and gray dolomitic limestone. Its fissures are relatively 
well developed, and the rocks exhibit honeycomb corrosion 
holes. According to the mine field’s pump test data, the unit 
water inflow is 0.00037–0.722 L (s m)−1, and its water abun-
dance is weak to medium.

According to the hydrogeological classification report, 
the F2 fault on the southern boundary of the mine is the 
regional aquiclude. The F02 and F3 faults are the main 
nappe structural planes of the regional faults, which are 
generally compressive, non-conductive faults. The F10 and 
F20 faults have weak water conductance and are relatively 
water-tight. The above-mentioned faults are all large, pro-
viding a safe waterproof coal pillar, which under normal 
circumstances will not become a hydraulic connection chan-
nel between the aquifers.

Methodology

Sampling

Data were collected from the water quality analysis ledger of 
the Xinji Energy Co.’s no. 2 mine; a total of 183 water sam-
ples were used to establish the model. The dataset included 
23 water samples from the unconsolidated Cenozoic layer, 
22 from the nappe gneiss, 12 from the nappe Cambrian lime-
stone, 46 from the Permian sandstone, 66 from the Carbonif-
erous Taiyuan Formation limestone, and 14 from the Ordo-
vician limestone. Water samples were also collected from 
the underground construction and mine water inrush point, 
two unconsolidated Cenozoic layer, five Permian sandstone 
water samples, and six Carboniferous Taiyuan Formation 
limestone water samples were collected from underground 
sites to test the applicability of the discriminant model. The 
analyzed parameters of each water sample included: pH, 
Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, and HCO3
−.

Analysis

Each water sample was collected using a pre-cleaned 
500 mL high-density polyethylene plastic bottle, and the 
sample bottle was repeatedly washed with the original water 
sample 3–5 times before sampling. After the water sample 
was taken back to the laboratory, it was filtered through 
a 0.45 μm microporous membrane. The water sample for 
cation analysis was acidified with 1:4 HNO3 to adjust the 
pH to 2, and Na+, K+, Ca2+, and Mg2+ were measured using 
inductively coupled plasma atomic emission spectrometry 
(ICP-AES; IRIS Intrepid IIXSP, Thermo Fisher Scientific, 
USA). Ion chromatography (ICS-1500, Dion, USA) was 
used to measure the Cl−, SO4

2−, and HCO3
− concentrations 

by double indicator titration. The experimental water was 
ultrapure water, and the experimental vessels were soaked in 
6 mol·L−1 HNO3 solution for 24 h and then washed and dried 
with deionized water. To ensure accuracy, conservation cal-
culations (positive and negative charges) were performed 
for each experimental test. Since the Na+ + K+, Ca2+, Mg2+, 
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Cl−, SO4
2−, and HCO3

− parameters were measured values, 
the error was required to be within ± 5%.

Hydrochemical Analysis

Main Chemical Constituents

The 183 water samples were analyzed to determine the 
chemical properties of each aquifer (Table 1). The coeffi-
cient of variation is the ratio of the standard deviation to the 
average value and reflects the degree of dispersion in the unit 
mean. The average pH of the Ordovician limestone water 
is 7.3, which is neutral. The mean pH values of the nappe 
gneiss, nappe Cambrian limestone, Permian sandstone, and 
Carboniferous Taiyuan Formation limestone water samples 
were 8.0, 7.9, 8.1, and 8.2, respectively.

The average total dissolved solid (TDS) value of the 
unconsolidated Cenozoic layer water was 325.4 mol L−1. 
Among the anions, the mass concentration of HCO3

− was the 
highest, the mass concentrations of Cl− and SO4

2− were low, 
and the mass concentrations of the cations exhibited the fol-
lowing order: Ca2+ > Na+ + K+ > Mg2+. Except for SO4

2− and 
Cl−, the coefficients of variation for the unconsolidated layer 

water were small. The average TDS value in the Ordovician 
limestone water was 4949.2 mol L−1. The Cl− content was 
much greater than the HCO3

− and SO4
2−and the Na+ + K+ 

content was much greater than the Ca2+ and Mg2+. The 
coefficient of variation for each indicator in the Ordovician 
limestone water was small. Lower coefficients of variation 
indicate that the water samples have more consistent chem-
ical compositions (Salinas-Garcia et al. 1997). The mean 
TDS values of the nappe gneiss, nappe Cambrian limestone, 
Permian sandstone, and Taiyuan Formation limestone water 
samples were 1092.3, 1667.4, 2106.8, and 2392.8 mol L−1, 
respectively, between the values of the unconsolidated Ceno-
zoic and the Ordovician limestone water samples. The ani-
ons are mainly Cl− and HCO3

−, and the cations are mainly 
Na+ + K+. The coefficients of variation of Ca2+, Mg2+, and 
SO4

2− in the Permian sandstone and Taiyuan Formation 
limestone water samples were high, whereas the other ions 
had lower coefficients of variation. The coefficients of varia-
tion of the ions in the nappe gneiss and Cambrian limestone 
water were low.

The box plots in Figs. 3 and 4 show the characteristics 
of the original data distribution. Figure 3 compares the 
same parameter for different aquifers, and Fig. 4 compares 
multiple parameters for the same aquifer. In Fig. 3, the 

Table 1   Statistics on water 
chemical indexes of various 
aquifers in Xinji No. 2 coal 
mine

pH TDS Na+ + K+ Ca2+ Mg2+ Cl− SO4
2− HCO3

−

mg L−1

Unconsolidated Cenozoic layer water
 Average value – 325.4 52.6 58.0 16.7 19.0 9.6 349.8
 Standard deviation – 41.0 11.9 9.3 3.3 9.9 11.0 31.6
 Coefficient of variation – 0.13 0.23 0.16 0.20 0.52 1.15 0.09

Nappe gneiss water
 Average value 8.0 1092.3 341.8 57.9 28.2 388.6 116.2 311.0
 Standard deviation 0.2 184.8 57.7 14.5 9.1 68.6 25.2 57.3
 Coefficient of variation 0.03 0.17 0.17 0.25 0.32 0.18 0.22 0.18

Nappe Cambrain limestone water
 Average value 7.9 1667.4 516.7 83.7 41.9 665.2 194.0 322.1
 Standard deviation 0.4 165.6 44.0 14.7 10.4 95.7 61.4 101.0
 Coefficient of variation 0.04 0.10 0.09 0.18 0.25 0.14 0.32 0.31

Permian sandstone water
 Average value 8.0 2106.8 803.8 35.3 26.9 808.5 73.5 661.4
 Standard deviation 0.4 475.1 195.6 36.9 30.3 291.4 82.3 361.1
 Coefficient of variation 0.05 0.23 0.24 1.04 1.13 0.36 1.12 0.55

Taiyuan formation limestone water
 Average value 8.2 2392.8 959.4 21.4 14.9 925.6 45.6 787.8
 Standard deviation 0.5 417.7 199.6 16.2 15.7 169.1 65.2 355.3
 Coefficient of variation 0.06 0.17 0.21 0.76 1.05 0.18 1.43 0.45

Ordovician limestone water
 Average value 7.3 4949.2 1514.1 302.3 92.5 2631.4 290.3 237.3
 Standard deviation 0.4 207.1 61.2 30.4 8.6 193.6 114.4 17.5
 Coefficient of variation 0.05 0.04 0.04 0.10 0.09 0.07 0.39 0.07
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unconsolidated Cenozoic layer water has significantly less 
TDS, Na+, and Cl− contents than the other aquifers, while 
the Ordovician limestone water is significantly higher than 
the other aquifers in terms of TDS, Na+, and Cl−. The vari-
ous formation waters cannot be completely distinguished 
based on these parameters because the indicator contents 
of the nappe gneiss water and nappe Cambrian limestone 
water are similar and because the indicator contents of the 
Permian sandstone water and Carboniferous Taiyuan For-
mation limestone water are similar. The coal measure strata 
water (from the Permian sandstone and Taiyuan Formation 
limestone) generally has higher levels of TDS, Na+, Cl−, 
and HCO3

− than the nappe (gneiss and Cambrian limestone) 
water. In contrast, the Ca2+ content distribution is exactly 
the opposite: the nappe water has higher levels than the coal 
measure strata water. In the unconsolidated Cenozoic layer, 
the HCO3

− content was higher than the Cl− and SO4
2− con-

tents, and the cation content exhibited the following order: 
Ca2+ > Na+ > Mg2+ (Fig. 4). In the other aquifers, the Na+ 

concentrations were significantly higher than the Ca2+ and 
Mg2+, and differences exist in the anion content distribution. 
The coal measure strata and the nappe water had similar 
Cl− and HCO3

− concentrations, exceeding the SO4
2− con-

centrations, while the Cl− content was significantly higher 
than the HCO3

− and SO4
2− in the Ordovician limestone 

water.

Hydrochemical Characteristics

Because the chemical composition of groundwater is com-
plicated, Piper and Durov diagrams were used to analyze 
the ion distribution and water chemistry type of each aqui-
fer (Fig. 5). It can be seen from the Piper diagram that the 
cations of the unconsolidated Cenozoic layer water are 
concentrated below the center of the left triangle: the Ca2+ 
content is highest, the Na+ content is second, and the ani-
ons are concentrated in the lower right corner of the right 
triangle. In the Durov diagram, the anion concentration is 

Fig. 3   Comparison of major hydrogeochemical parameters for different aquifers
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biased towards the HCO3
− vertex, indicating that the sam-

ples had a high HCO3
− content. The water samples were 

mostly the HCO3–Ca·Na type, with a few of the HCO3–Ca 
type.

The anions and cations were more concentrated in the 
Ordovician limestone water. On the Piper diagram, the 
anions and cations are distributed in the lower right corner 
of each triangle. The distribution characteristics are more 
obvious on the Durov diagram. The cations are mostly 
biased towards the Na+ end-member, and the anions are 
mainly biased towards the Cl− end-member. This indicates 
that the chemical type of the Ordovician limestone water 
is entirely the Cl–Na type. The chemical characteristics 
of the unconsolidated Cenozoic layer and the Ordovi-
cian limestone water were obviously different, which may 
be related to the burial depth. Water composition varies 
strongly in the shallow, unconsolidated Cenozoic layer 
and the runoff and leaching effects are stronger, while 
the deeper Ordovician limestone exhibits the opposite 
pattern (Li et al. 2017). The cations in the nappe strata, 
the Permian sandstone, and the Taiyuan Formation lime-
stone water were mainly Na+, while the anion distribu-
tion was more dispersed. The Durov diagram more intui-
tively shows that the cations are biased towards the Na+ 
end-member. The anions are mostly concentrated on the 
Cl–HCO3 line and are more biased towards the Cl− ver-
tex, with HCO3

− as the second most abundant anion. The 

water chemistry types are mostly Cl·HCO3-Na type, while 
a few samples exhibit the Cl–Na and HCO3·Cl–Na types, 
which may be related to the different mineralogy and its 
effects on the water chemistry in each aquifer (Armengol 
et al. 2017).

Hydrogeochemical Process

The ion proportional coefficient is often used to study the 
water chemistry, and γCl−/γCa2+ is used to describe hydro-
dynamic characteristics. Cl− is usually enriched in areas 
with weak hydrodynamic conditions, while Ca2+ is the main 
ion in low-salinity water. Thus, the higher the γCl−/γCa2+ 
value, the weaker the region’s hydrodynamic conditions (Su 
et al. 2018), the slower the groundwater flow, the weaker the 
changes in the water flow, and the weaker the leaching effect. 
The γCl−/γCa2+ values in the unconsolidated Cenozoic 
layer, the nappe gneiss, the nappe Cambrian limestone, the 
Permian sandstone, the Carboniferous Taiyuan Formation 
limestone, and the Ordovician limestone water were 0.2, 3.9, 
4.5, 41.9, 37.6, and 4.9, respectively. These values indicate 
that the hydrodynamic conditions of the different aquifers in 
the study area are quite different: the hydrodynamic condi-
tions of the unconsolidated Cenozoic layer are the strongest, 
those of the Permian sandstone and the Taiyuan Formation 
limestone are the weakest, and the remaining aquifers are 
between these two aquifer sets.

(a) (b) (c)

(d) (e) (f)

Fig. 4   Boxplots of major hydrochemical parameters for different aquifers: a unconsolidated Cenozoic layer water; b Nappe gneiss water; c 
Nappe Cambrian limestone water; d Permian sandstone water; e Taiyuan formation limestone water; f Ordovician limestone water
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The γNa+/γCl− coefficient can be used to characterize the 
leaching and accumulation strength of mineral salts resulting 
from water–rock interactions. This coefficient is also called 
the genetic coefficient of groundwater. Since the chemical 
properties of Cl− are stable, whereas Na+ concentrations can 
be affected by adsorption, precipitation, and ion exchange; 
this coefficient is important for judging the Na+ source in 
groundwater. Under natural conditions, the same amount of 
Na+ and Cl− are mobilized by the dissolution of rock salt (Jia 
et al. 2015). Therefore, when the γNa+/γCl− value is close 
to 1, the leaching of salt-bearing formations plays a lead-
ing role in groundwater composition. In Fig. 6, the γNa+/
γCl− values of the unconsolidated Cenozoic layer water are 
all above the 2:1 line, those of the Ordovician limestone 
water are all below the 1:1 line, those of the nappe water are 
mostly between the 1:1 and 2:1 lines, and those of the coal 
measure strata water are relatively dispersed. This indicates 
that the Na+ content of the unconsolidated Cenozoic layer 
water is high and that the Na+ is derived from other sources 
in addition to rock salt dissolution. The Na+ in the Ordovi-
cian limestone water is mainly derived from the dissolution 
of rock salt. Analysis of the γCl−/γCa2+ results reveals that 
the unconsolidated Cenozoic layer water has stronger hydro-
dynamic conditions and greater changes in water chemical 
composition. Therefore, one of the reasons for the high Na+ 
content of the unconsolidated Cenozoic layer water sample 
may be cation exchange, that is, Ca2+ in water substituting 
for Na+.

The γHCO3
−/γCl− value similarly reflects the anion evo-

lution process and changes in the component distribution 
ratio (Mondal et al. 2010) and can also reflect the degree of 
groundwater concentration. In Fig. 7, the γHCO3

−/γCl− val-
ues of the unconsolidated Cenozoic layer water are far above 

the 1:1 line, whereas those of the Ordovician limestone 
water are far below the 1:1 line. This indicates that little 
concentration is occurring in the Cenozoic layer and more 
concentration is occurring in the Ordovician limestone.

The saturation index (SI) reflects the saturation state of 
mineral phases in groundwater (Deutsch 1997; Stumm and 
Morgan 1995). Due to errors introduced during water qual-
ity sampling and analysis, and the calculation of mineral 
equilibrium constants and ion activity, the calculated result 
for the SI of a mineral is inevitably uncertain. Therefore, an 
aqueous solution and a mineral are commonly considered in 
equilibrium when the SI is 0 ± 0.5 (Qian et al. 2005).

The nappe Cambrian, the Carboniferous Taiyuan Forma-
tion, and the Ordovician strata are all limestone formations. 
Theoretically, due to the leaching of limestone, the content 
of HCO3

− in the three aquifers should be high (Wang et al. 
2019). Figure 8a and b show the SI of calcite and halite in 
the limestone water. The calcite SI of only a few Taiyuan 
Formation limestone water samples was less than − 0.5, 
while the calcite SI of the nappe Cambrian limestone water 
and the Ordovician limestone water were almost all in equi-
librium or in a supersaturated state. The halite SI of all of 
the various limestone water samples was far less than 0 and 
unsaturated. In these three aquifers, calcite tends to precipi-
tate, while halite, if present, dissolves. Due to the long-term 
leaching of salt-bearing rocks, the anion content of the three 
aquifers is dominated by Cl−.

Fig. 5   Piper and Durov diagrams for different aquifers
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Water Source Discrimination Model

Determination of the Discriminant Index 
and Threshold

1.	 Unconsolidated Cenozoic layer and Ordovician lime-
stone water.

The TDS and water chemistry types of these two aquifers 
are different, with distinct TDS, Cl−, and Na+ + K+ concen-
trations and can be effectively distinguished from the other 
aquifer water samples, as shown in Figs. 3, 9, and Table 2. 
Therefore, the above three indicators were selected as dis-
criminating indicators for the unconsolidated Cenozoic layer 
water and Ordovician limestone water.

2.	 Nappe water and coal measure strata water.

The nappe gneiss and nappe Cambrian limestone water 
are similar in terms of conventional ions and water chemis-
try types, while the Permian sandstone water and the Car-
boniferous Taiyuan Formation limestone water are similar. 
Therefore, the first two were collectively classified as nappe 
water. Similarly, the Permian sandstone and Taiyuan For-
mation limestone water were classified collectively as coal 
measure strata water. This study found that the characteristic 

ion ratio coefficients (γCl−/γCa2+) of the nappe and coal 
measure strata water are significantly different (Table 3) and 
can be used to distinguish the two.

3.	 Nappe gneiss water and nappe Cambrian limestone 
water.

The nappe gneiss water and the nappe Cambrian lime-
stone water have distinct characteristics in terms of TDS and 
Cl− content. Thus, these indicators can be used to distinguish 
the two, as shown in Fig. 10 and Table 4.

Fisher Discriminant Model

1.	 Fisher discriminant principle.

The Fisher model is a linear discriminant method with 
no specific requirements for overall distribution. The 
basic principle of the Fisher method is to project the data 
points with high dimensions to a space with lower dimen-
sions (such as one-dimensional lines) and solve high-
dimensional problems using a 1D method. Specifically, 
it projects high-dimensional points onto low-dimensional 
space and uses univariate analysis of variance to establish 
a linear discriminant function per criteria of maximum 

(a) (b) (c)

(d) (e) (f)

Fig. 6   Calculation results of γNa+/γCl−: a unconsolidated Cenozoic layer water; b Nappe gneiss water; c Nappe Cambrian limestone water; d 
Permian sandstone water; e Taiyuan formation limestone water; f Ordovician limestone water
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between-class distance and minimum inner-class dis-
tance. Then, a new sample can be identified which group 
it belongs to by comparing the function score with the 
central value of each group (Chen et al. 2009b; Huang and 
Chen 2011; Huang and Wang 2018).

2.	 Fisher discriminant function.

The conventional water chemical index and ion pro-
portional coefficient of the Permian sandstone water and 
Taiyuan Formation limestone water are similar, and these 
waters are indistinguishable via conventional means 
based on these two aspects. To this end, seven indicators, 
namely, Na+ + K+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−, and 

TDS, were selected as the discriminant factor between the 
sandstone and limestone water, and the Fisher discriminant 
method was used for discrimination. The Fisher discrimi-
nant function was determined as follows:

In the formula, X1, X2, X3, X4, X5, X6 and X7 are 
Na+ + K+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−, and TDS, 

respectively. Table 5 shows the central values of the typi-
cal discriminant functions in each group. The function 

(1)

F = 0.025X
1
+ 0.049X

2
+ 0.072X

3
− 0.007X

4

+ 0.002X
5
− 0.002X

6
− 0.009X

7
+ 3.067

scores were 0.798 in the center of the Permian sandstone 
water and − 0.556 in the center of the Taiyuan Formation 
limestone water. On this basis, it can be determined which 
group a new sample belongs to by comparing the distance 
between the water sample function value and the central 
value of these two types of water sample groups.

Comprehensive Stepwise Discrimination

The comprehensive stepwise discriminant method is a 
combination of the characteristic ion contrast, ion propor-
tional coefficient, and Fisher discriminant methods. The 
different methods are used to distinguish different aqui-
fer water sources. First, simple methods are applied, then 
more complex methods, to gradually determine the water 
source type, as shown in Fig. 11.

The specific steps are as follows:

(a)	 In the first step, for a single aquifer water sample to be 
discriminated, the characteristic ion contrast method 
is used to judge whether the water sample is from the 
unconsolidated Cenozoic layer or the Ordovician lime-
stone. If the result can be determined, the discrimina-
tion is stopped; otherwise, the next step is performed.

(a) (b) (c)

(d) (e) (f)

Fig. 7   Calculation results of γHCO3
−/γCl−: a unconsolidated Cenozoic layer water; b Nappe gneiss water; c Nappe Cambrian limestone water; d 

Permian sandstone water; e Taiyuan formation limestone water; f Ordovician limestone water
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(b)	  In the second step, the ion proportional coefficient 
method is used to determine whether the water sample 
is nappe water or coal measure strata water.

(c)	  In the third step, if the water sample was determined to 
be nappe water, the characteristic ion contrast method 
is used to determine whether the water sample is from 
the nappe gneiss or nappe Cambrian limestone. If the 
water sample is determined to be coal measure strata 
water, the Fisher method is used to determine whether 
the water sample is from the Permian sandstone or Tai-
yuan Formation limestone.

Thus, after these three steps, a water sample from a 
single aquifer can be classified as being derived from the 

unconsolidated Cenozoic layer, the nappe gneiss, the nappe 
Cambrian limestone, the Permian sandstone, the Carbon-
iferous Taiyuan Formation limestone, or the Ordovician 
limestone.

Discriminant Effect Test

To investigate the validity of the discriminant method, the 
error discriminant rate was calculated using the back-gener-
ation estimation method based on the model sample. For ni 
training samples,x(i)

�
=

(

x
(i)

�1
,… , x(i)

�p

)T

 , ( � = 1, 2, …, ni ; i = 1, 
2, …, k ), from the overall Gi capacity. All modeling samples 
were taken as new samples, which were sequentially substi-
tuted into the established discriminant model. This process 
is called back-discrimination. If the total number of error 

(a) (b)

Fig. 8   Saturation index calculation results: a calcite; b halite. Water source types ID: 1, Nappe cambrain limestone water; 2, Carboniferous Tai-
yuan formation limestone water; 3, Ordovician limestone water

Fig. 9   Characteristic ion contrast between unconsolidated Cenozoic 
water and Ordovician limestone water

Table 2   Characteristic ion range of unconsolidated Cenozoic aquifer 
and Ordovician limestone aquifer water

Characteristic ion Characteristic value/mg·L−1

Unconsolidated 
Cenozoic layer 
water

Ordovician 
limestone 
water

TDS Average value 325.4 4949.2
Minimum value 247.2 4381.1
Maximum value 439.5 5103.0

Cl− Average value 19.0 2628.2
Minimum value 7.0 2202.5
Maximum value 45.8 2803.3

Na+ + K+ Average value 52.6 1521.4
Minimum value 32.0 1361.8
Maximum value 78.1 1565.9
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discriminations is N, the back-generation of the error dis-
crimination rate η is estimated as:

(2)� =
N

n
1
+ n

2
+ ... + nm

The validity test results of the discriminant model are 
shown in Table 6. The overall discriminant accuracy rate of 
the model was 86.3%, and for the unconsolidated Cenozoic 
layer, nappe gneiss, nappe Cambrian limestone, and Ordovi-
cian limestone water, the accuracy exceeded 91%.

Discriminant Model Application

The 13 recently collected water samples were taken as test 
samples and substituted into the established discriminant 
model. The final discrimination results of the 13 sam-
ples were consistent with the 10 actual sampling horizons 
(Table 7). The determination effect of the unconsolidated 
Cenozoic layer water was 100%, while it was 72.7% for the 
coal measure strata water.

Judging from these results and application, the discri-
minant model has a good overall discriminant effect. How-
ever, compared with the other aquifers, it was relatively 
poor in discriminating the Permian sandstone water and the 
Taiyuan formation limestone water. Similar inferences can 
be obtained from the analysis of the water chemistry and 
hydrogeochemical effects of the aquifers described above. 
Although the Taiyuan formation limestone water is domi-
nated by thin-layer limestone, it is also sandwiched by thin 
argillaceous sandstones, which are similar in composition 
to the Permian Sandstone. In addition, the hydrogeochemi-
cal effects of the two aquifers are similar. Therefore, the 
hydrogeochemical characteristics of the two aquifers are 
similar, which makes identification of these water sources 
more challenging.

Conclusions

Due to the influence of buried depth, concentration, leach-
ing and water flow changes, the TDS value of the Ordovi-
cian limestone water in the study area is relatively high, the 
anions are mainly Cl−, the cations are mainly Na+, and the 
water chemistry type is entirely Cl–Na. The unconsolidated 
Cenozoic layer water has lower TDS values; the anions are 
dominated by HCO3

−; the cation Ca2+ is dominant, followed 
by Na+; the water chemistry type is mainly HCO3–Ca·Na; 
and there are a few samples with the HCO3–Ca types. The 
water chemistry characteristics of the sandstone, limestone, 
nappe gneiss, and nappe Cambrian limestone water were 

Table 3   Ion proportional coefficients range of nappe water and coal 
measure strata water

Characteristic ion proportional 
coefficients

Characteristic value

Nappe water Coal meas-
ure strata 
water

γCl−/γCa2+

 Average value 4.1 36.9
 Minimum value 3.4 5.3
 Maximum value 5.0 209.7

Fig. 10   TDS-Cl− relationship diagram of nappe water

Table 4   Characteristic ion range of nappe water

Characteristic ion Characteristic value/mg L−1

Nappe gneiss water Nappe cambrain 
limestone water

TDS
 Average value 1092.3 1667.4
 Minimum value 653.7 1389.8
 Maximum value 1305.1 1829.3

Cl−

 Average value 388.6 665.2
 Minimum value 226.1 474.3
 Maximum value 473.3 757.9

Table 5   Central values of Fisher discriminant function

Water source types Central values

Permian sandstone water 0.798
Taiyuan formation limestone water − 0.556
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between those of the unconsolidated layer and Ordovician 
limestone water; these aquifers are characterized by Cl− and 
HCO3

− as the main anions, Na+ as the main cation, and are 
dominantly of the Cl• HCO3–Na type.

Using the characteristic ion contrast, the ion proportional 
coefficient, and the Fisher discriminant methods, a compre-
hensive stepwise discriminant model was established for 
water source identification of the six aquifers in the Xinji 
no. 2 Mine. Different methods (first simple ones followed 

by complex ones) were used for the various aquifers to 
determine the water source. The modeled sample back-cal-
culation method was used to test the discrimination effect 
using recently collected samples. The results show that the 
established model is quite accurate and can provide a new 
method for mine water source identification under similar 
conditions.

Fig. 11   Flow diagram of comprehensive stepwise discriminant method
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