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Abstract

Complex hydrogeological conditions in China’s coal mines have contributed to frequent mine water disasters. A simple and
effective method to determine water inflow sources and paths is therefore essential. The Longmen Mine, located in Henan
Province, in central China was used as a case study. A Piper diagram and cluster analysis were used to screen the characteristic
values of 18 water samples from potential aquifers. A comprehensive fuzzy evaluation of the groundwater ions was carried
out to determine the main source of the total mine inflow. Then, based on conservation of ionic masses, a matrix function
was established to calculate the groundwater recharge composition. Finally, using measured water inflows for the Cambrian
limestone aquifer, the calculated and observed results were compared. The results showed that the Carboniferous Taiyuan
Formation limestone aquifer (the L, limestone aquifer) accounts for 60.8% of the total mine inflow, while the Cambrian
limestone and roof sandstone aquifers account for 34.8 and 4.4% of the inflow, respectively. The normal mine inflow totals
about 19,200 m*/day, of which 6,840 m*/day is from the Cambrian limestone aquifer. This agrees well with the calculated
value of 6,720 m3/day. Thus, the method is feasible and reliable.

Keywords Water quality characteristics - Water characteristic ion - Quantitative analysis - Mine water source identification -
Mine water disaster prevention

Introduction

China is the largest coal producer and coal consumer in the
world. In 2016, China’s coal production exceeded 3.41 bil-
lion tons; currently, coal accounts for 62% of China’s energy
resource structure (Xu 2016). However, mine water inrushes
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often occur during mine construction and production in
China and accounts for a large proportion of the nation’s
mine disasters and accidents. Mine water disaster manage-
ment and prevention is therefore very important.

Hydrogeochemistry has been used to determine water
inrush sources and hydraulic connections (Li et al. 2016a),
and to check the effectiveness of grouting. The water qual-
ity characteristics of aquifers are highly variable, and are
significantly fuzzy and uncertain. This means that multiple
factors are typically needed for comprehensive determina-
tions. Water quality and isotopic analysis have been used to
determine water inflow sources, with the assistance of mul-
tivariate statistics (Wu et al. 2014). The statistical methods
used have included cluster analysis and discrimination analy-
sis, and non-linear analysis methods such as grey relational
analysis, fuzzy mathematics, and artificial neural networks
(Lietal. 2010, 2015; Pan et al. 2009).

In cluster analysis, water source determination is treated
mathematically. A comprehensive classification is then
made using mathematical models, and a qualitative and
quantitative analysis is conducted, in which the same or

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10230-018-0512-6&domain=pdf

386

Mine Water and the Environment (2018) 37:385-392

similar water sources are considered identical types (Xiu
et al. 2008). Li et al. (2013) applied multivariate statistical
techniques to study groundwater quality in an arid mining
area; the sources of the major ions were determined, and the
results proved to be an important basis for groundwater qual-
ity protection. Trace elements and environmental isotopes
have been increasingly used to distinguish between aqui-
fers (Davis and Ashenberg 1988; Gammons et al. 2006). An
example of this approach is described by Salem et al. (1980),
who studied the groundwater cycle model in western Libya
using isotope techniques.

The purpose of this study was to identify mine water
sources and quantitatively analyze their composition using
comprehensive hydrogeochemical determinations. This
approach facilitates important decision-making for mine
water disaster control, and quickly and accurately solves the
fuzzy and uncertain characteristics of water quality. In addi-
tion, the method also can be used at various scales for water
resources development, regional water resource evaluations,
and environmental assessment.

Hydrogeological Conditions of the Study
Area

The Longmen coal mine is located in Luoyang City, Henan
Province (Fig. 1), about 5 km from the Longmen Grot-

toes scenic area. The overall elevations in the area are
high in the south and east, and low in the north and west.
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Fig. 1 Location of the Longmen coal mine
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Cambrian mountains extend over the southern areas, while
Quaternary deposits cover the middle and northern areas,
with occasional bedrock exposures. The main groundwater
sources of mine inflow are the L, limestone aquifer and the
fissured karst Cambrian aquifer.

The main coal seams in the Longmen Mine are located
in the Lower Permian Shanxi Formation (Fig. 2). The frac-
tured height over the caved panel (goaf), after mining, is
about 58 m. The fractured zone only affects the porous and
fractured Shanxi Formation sandstone aquifer in the roof
of the coal seam. The aquifer is mainly composed of fine to
coarse sandstone, with a thickness of 1.0-21.4 m (averag-
ing 9.55 m). The main coal seam is in direct contact with
this weakly fissured aquifer, and the damaged floor depth
is not more than 20 m. The damaged floor zone in some
areas has exposed the L, limestone aquifer, allowing direct
contact with the main coal seam. The aquifer thickness
ranges from 3.53 to 15.80 m and averages 11.52 m. The
fissures are not uniformly developed, and the groundwater
yields are moderate.

Between the No. L, limestone and the Cambrian lime-
stone aquifers is the Benxi Formation aquiclude, with
a thickness of 2-13.29 m and an average thickness of
5.25 m. The combined thickness of the Cambrian lime-
stone and the main coal seam is about 45 m, and about
24.61 m at its thinnest. Without fracturing, there would be
no hydraulic connection between the Cambrian limestone
aquifer and the panel.

Xin"an
A

i =_7

Yiluohe River

N
@

Huiguozhen

ongmen

€ ]

Longmen coalmine

\
\
LEGEND
1 9 % 1 normal fault 2 wrench fault
3 napping fault 4 buried fault 5 river
3 : 1 6 bedrock outcrop and chronostratigraphic units
(DYuewan fault (@Songshan fault
5 !/ 6 @]Jinpingshan fault ®Yichuan fault ®Yingiao fault



Mine Water and the Environment (2018) 37:385-392 387
Fig.2 Histogram of the floor
strata of the no. II; coal seam Formation
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Materials and Methods

The mine’s water quality was used for water source discrim-
ination and quantitative determination. The water quality

of 1 mine inflow sample and 17 different potential aquifer
samples are shown in Table 1, which includes samples taken
from the roof sandstone aquifer, the L, limestone aquifer,
and the Cambrian limestone aquifer. Anomalous water
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Tablg 1 Ton analysis for water Samples  Aquifers pH TDS Ca®>* Mg** K'4+Na* CI- SO, HCO;”
quality (units: mg/L) number ;
1 No. L, limestone 7.7 279 70.00 22.1 11.91 0.3  23.57 30257
2 water 7.5 336 66.13 27.97 19.69 7.8 48.03 319.73
3 73 310 7535 17.02 20.26 10.64 34.58 305.09
4 7.5 318 74.15 25.54 15.18 2524 7.2 341.59
5 7.45 288 5331 31.49 20.93 6.03 46.59 259.23
6 6.7 287 7695 20.77 14.7 10.64 235 300.56
7 Roof 6.8 370 402 2391 1529 18.37 59.1 269.7
8 sandstone water 73 341 6252 2651 31.72 18.44 54.58 290.72
9 9.9 262 12.02 10.7 76.87 26.24 56.5 147.99
10 72 345 64.13 2845 26.15 21.27 61.13 279.5
11 7.5 279 60.12 3028 5.06 19.14 57.77 292.79
12 Cambrian limestone water 8.5 217 20.04 10.7 4641 52.83 269 80.14
13 73 404 7144 2586 26.21 10.64 58.1 305.47
14 74 295 70.14 259 8.51 9.66 15.85 3294
15 7.25 322 70.14 26.14 1495 11.83 32.18 333.29
16 7.5 273 59.52 3198 0.69 10.6  21.61 297.68
17 8.1 291 68.14 20.67 14.72 12.06 28.82 292.89
18 Mine inflow 7.1 292 60.92 2527 1533 8.86 3295 295.58
sampling points and their data were excluded by cluster LEGEND

analysis using Piper tri-linear diagrams. Then fuzzy com-
prehensive evaluation and ion conservation principles were
used to analyze the water source and the quantitative com-
position of the mine inflow.

The Methods for Excluding Exception Points

The Piper tri-linear diagram (Piper 1944) is one of the most
useful graphical representations in groundwater quality stud-
ies. The graphs are expressed as a percentage of the mil-
ligram equivalent of the three major groups of cations (Ca,
Mg, and Na +K) and anions (Cl, SO,, and HCO; + COs).
Each figure consists of three parts: in the lower left and
lower right are two isosceles triangles, and in the middle
of the upper part is a diamond-shaped domain (Fig. 3), and
each side of the length of the field extends from 0 to 100%.
In the lower left of the isosceles triangle, the percentage of
the three major cationic reaction values is represented by a
single point in tri-linear coordinates (Li et al. 2016b, c). In
the lower right of the isosceles triangle, anions are expressed
the same way. Thus, the graph represents the chemical char-
acteristics of groundwater using relative rather than absolute
chemical composition concentrations (Li et al. 2016d).
Cluster analysis, also known as group analysis, is a
multivariate statistical method for studying the classifi-
cation of samples or indicators, and is useful when there
are a large number of samples that require a reasonable
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Fig. 3 Piper diagram of water samples from different aquifers

classification of their characteristics, in the absence of
prior knowledge. A water sample can be considered as
a point in p-dimensional space, and close points in that
space can be classified as a class, and points at greater
distances classified as different categories.
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Analysis of Water Source and Quantitative
Composition

Fuzzy comprehensive evaluation is used to assess the
membership status of multi-factor and multi-level complex
problems, and has been widely used in mine inflow source
discrimination. A mathematical model for fuzzy compre-
hensive evaluation was established using hydrodynamic
analysis data for the mine aquifers and mine inflow data.
We used the biased weighting method to determine the
weight of representative factors, while the expert reason-
ing method was used to determine the membership degree,
and to make a fuzzy comprehensive judgment of the mine
inflow source when there were a number of aquifers that
could lead to water inrush (Ben et al. 2005; Gao 2012; Liu
et al. 2015; Song 1999; Xia et al. 2002; Yu et al. 2007).

The law of conservation of mass includes atomic con-
servation, conservation of charge, and conservation of ele-
ments. In element conservation, the mass of an element
remains constant before and after a chemical reaction.
Conservation of water ions is an extension of the conser-
vation of elements.

Results and Discussion
Exclusion of Exception Points

A Piper tri-linear diagram (Fig. 3), compiled from the data
in Table 1, shows the mine water plots for the water samples
of the three aquifers, and confirms that the mine water is a
combination of the three different sources. The water qual-
ity of samples 9 (from the roof sandstone aquifer) and 12
(from the Cambrian limestone aquifer) are different from the
other samples, as shown in the red oval area in Figs. 3 and
4. Therefore, these two samples were considered anomalies
and excluded from further analysis.

The cluster analysis results were consistent with the Piper
tri-linear diagram results in terms of excluding these two
samples. The average values of the samples from each aqui-
fer were used to create characteristic ion values for each
aquifer (Table 2).

Water Source Discrimination
The characteristic ions of each aquifer were determined, and

used to analyze the source(s) of the mine water inflow. The
fuzzy comprehensive evaluation follows three main steps:
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Table2 Mine inflow and Aquifers Ca?* Mg®*  Kt+Nat  CI SO HCO,
aquifer water characteristic ion
values (unit: mg/L) No. L, limestone water 68.90 22.85 16.95 6.9 32.06 300.86
Roof sandstone water 56.74 2191 19.49 19.31 58.15 283.18
Cambrian limestone water 67.88 26.11 13.02 10.96 31.31 311.75
Mine inflow 60.92 25.27 15.33 8.86 32.95 295.58
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1. Establish a factor set: U={KJr + Na*, Cd®*, Mg+,
Cl", 502, HCO; }

2. Establish an evaluation set: V= {L, limestone water, roof
sandstone water, Cambrian limestone water}. The three
aquifers will be referred to as I, II, and III, respectively;

3. Set a weight vector for the methods used to determine the
weights: A= {al, ay, ..., a4, } Fuzzy comprehensive eval-
uation can use super weighting or biased weighting. The
super-weighting method tends to assign greater weight to
positive factors that deviate more than the average, while
biased weighting does not consider positive or negative
bias, but uses absolute values of deviations from the mean.
We used the biased weighting method because it incorpo-
rates more factors to allocate weight (Wei 2001).

|5:~Ui]

U,
ai:—’ Ui
Zm |SX_U/\|

=10,

Uy +Up+U; Uy +Ux2+Ux3>
- 3 R 3

ey
where q; is the weight of the evaluation factors of the i-th
water sample, S;(S,;) is the measured value of the i(x) fac-
tor of the water sample, U;; , Uy, and U3 (U,y, Uy, U,s)are
the I evaluation factors in the standard value of each aqui-
fer, respectively. U, (U, ) is the average of the i(x) evaluation
factors for all aquifers, and m is the number of evaluation
factors.

The weights of the evaluation factors determined by the
biased weighting method are shown in Table 3. Membership
degree was determined by the expert reasoning method, and
the membership function of a trapezoidal fuzzy distribution
was adopted. This is not restricted by the ion species and is
suitable for mines in different environments. Taking K*+Na*
as an example to analyze the membership function:

-

0 (x <£13.02)

x—13.02
_x-1302 a0 16.95
16951302 (302<x<1695

_ )
1949 -x (1695 <x < 19.49)

rp =14

1 (x < 13.02)
16.95 — x
10 =x 3 16.95
311695 -13.020 | <x< ) @)
0 (x > 16.95)

where r,(x), r,(x), and r;(x) are the membership functions
of K* + Na™ for aquifers I, II, and III, respectively. The
calculated K* + Na* as an influencing factor for evaluation
of Ry,+ g+ = (0.588, 0, 0.412). The influencing factors for
Ca**, Mg?*, HCO®~, SO,>~, and CI- were then calculated
and for each, a fuzzy evaluation matrix R was obtained.

[0 0625 0375]
0258 0 0742
0588 0 0412
R = (5)
0701 0299 0
0966 0.034 0
0517 0 0483

The evaluation results of the mine water samples are cal-
culated as:

B = AR = (0.582, 0.065, 0.353)

The fuzzy comprehensive evaluation method can be used to
deal with uncertain and random factors such as the main inflow
sources of mine water. According to our results, the impact of
the aquifers on the mine inflow is 0.582 for the L, limestone
aquifer, 0.353 for the Cambrian limestone aquifer, and 0.065
for the roof sandstone aquifer. By applying the principle of
maximum membership, we determined that the main water
source for the mine inflow in the Longmen Mine is the L,
limestone aquifer.

The L, limestone aquifer is 2.9-19.4 m below the no. II;
coal seam. Under normal circumstances, the floor-damaged
zone extends to depths of about 5.65—-18.38 m, and will there-

19.49 - 16.95 fore, in some areas, expose the L, limestone aquifer, resulting
0 (x 2 19.49) in inflow from this aquifer. This is consistent with the fuzzy
discrimination results.
Proportion Determination
0 (x £16.95)
ry = x—16.95 (16.95 < x < 19.49) 3) The principle of conservation of elements can be applied to the
19.49 - 16.95 ionic composition of mixed solutions, so the composition and
1 (x > 19.49)
Table 3 Evauation factor weight Evaluation factors Ca2+ Mg2+ K*+ Na* HCO- S 042, cl-
Weights 0.082 0.103 0.104 0.015 0.276 0.421
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content of the elements are the same after the water from the
three aquifers is mixed to form the mine water. However, Ca*t,
Mg?*, and HCO;~ + CO5?~ are susceptible to the influence of
other ions and pH, while K* + Na*, SO,*>~, and CI~ are less
affected by other ions. The overall ionic content of the mixed
solution remains unchanged.

The mine inflow proportions were designated as: X is
water from the L, limestone aquifer, y is from the roof sand-
stone aquifer, and z is from the Cambrian limestone aquifer.
Migrating groundwater often undergoes processes such as
filtration, enrichment, adsorption, and ion exchange (Li et al.
2010; Zheng et al. 1998). Ion exchange can lead to Ca*t and
Mg** being exchanged for K+ and Na*; therefore, we used
a combination of CI~ and SO,*" to calculate the relative
proportion of the aquifer sources in the inflow:

69 193 11.0 ||x 8.9
32.1 582 313 ||ly|[=]33.0 ©6)
1 1 1 |z 1

Solving equations (6) yields x=0.608, y=0.044, and
z=0.348. This means that the L, limestone aquifer accounts
for 60.8% of the total mine inflow, while the Cambrian lime-
stone and roof sandstone aquifers account for 34.8% and
4.4% of the inflow, respectively. The total mine inflow is
normally about 19,200 m*/day, of which 6,840 m?/day is
from the Cambrian limestone aquifer. This agrees well with
the calculated value of 6,720 m3/day. The Cambrian lime-
stone inflow is essentially the residual water of the Cambrian
limestone inrush area.

Experience has confirmed that although the damaged
floor zoneextended to large areas of the L, limestone aquifer,
mine water inflow did not significantly increase. However,
even though the L, limestone aquifer is not water-rich, the L,
limestone aquifer is still the largest total mine inflow source.
Thus, according to the quantitative analysis, attention should
focus on the L; and Cambrian limestone aquifers. Reliable
and effective floor grouting and mine plan modifications can
be used to safely mine this deposit.

Conclusions

1. Determination of the mine inflow sources is affected by
a variety of factors and can be difficult to accurately
determine during the mining process. However, tsuch
determinations are important for mine water disaster
control. Thus, there is a need for a reliable method to
address this issue.

2. In this paper, the water characteristics of a mine’s inflow
were determined by using a Piper tri-linear diagram
and cluster analysis. The water source and quantitative

composition were analyzed using fuzzy comprehensive
evaluation and the law of conservation of mass.

3. Mine water disasters are a major technical challenge.
In this paper, ion characteristics, biased weighting, and
ion conservation were used to accurately identify the
sources of mine water inflow. The resulting information
can be used to prevent and reduce adverse groundwa-
ter impacts in the Longmen Mine. Also, this approach
can be used for further development of quick-response
inrush source determination devices.
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