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Abstract: The assessment of the impact of abandoned mine water on the underwater environment is
critical for protecting and restoring the groundwater environment. Taking the abandoned coal mining
area in the west of Zhangqiu District as the engineering background and comprehensively considering
the regional groundwater chemical characteristics data during the wet and dry seasons, the main
characteristics of the ions, hydrochemical types, and ion correlations of the abandoned mine water
with the regional groundwater components were analyzed using mathematical statistics, correlation
analysis, and Piper diagrams. An impact assessment was conducted on the water quality index
values of the groundwater monitoring point. Furthermore, this research establishes an evaluation
method of abandoned mine water in a regional groundwater environment based on the improved
Nemero index method and matter element theory. Overall, the groundwater pH is weakly alkaline in
Zhangqiu District. The groundwater Ca2+ is the dominant cation, while HCO3

− and SO4
2− are the

dominant anions. The main ion concentration during the dry season is slightly greater than during
the wet season. The main hydrochemical type of groundwater during the wet and dry seasons is
HCO3-Ca. In addition, there is a correlation between NO3

− and F−, which may be caused by human
activities. The groundwater environment is classified as level IV and severely polluted.

Keywords: abandoned mine water; hydrogeochemistry; matter element theory; groundwater
environment

1. Introduction

Due to factors such as coal resource depletion, resource integration, and the shutdown
of outdated production facilities, many coal mines in China have been or are on the
verge of closure. After the closure of a mine, the discharge of mine water stops, and
the groundwater level quickly rises [1–4]. The abandoned mine water carries pollutants
from the tunnel through mining-induced fractures, faults, and poor sealing of drill holes
into other aquifers, leading to cross-layer pollution [5–7]. Groundwater pollution has
become a major environmental problem in abandoned mining areas. As the number
of abandoned mines continues to increase, groundwater pollution incidents caused by
abandoned mines are set to increase. Therefore, it is critical to investigate the groundwater
hydrochemical characteristics in the abandoned coal mining area and evaluate their impact
on the groundwater environment.

Numerous studies have been conducted on groundwater pollution in abandoned
mines. To prevent the surface from being flooded by sewage due to the rise in the ground-
water level in abandoned mines, in addition to establishing a hydrology monitoring net-
work in the abandoned mine areas, key goaf areas should also be filled to prevent surface
collapse [8]. It has been established that before a mine is abandoned, all water stop holes
without grouting should be grouted and sealed, interconnected alleys and wells filled,
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and a specialized drainage system constructed to ensure that the water table is below the
local elevation of the ground [9–11]. Moreover, Pauwels et al. [12] used the isotopic tracer
method to study the effects of the interaction between abandoned mines and agriculture
on the chemical characteristics of groundwater and found that arsenic is the most sensitive
element of all polluting species. Plummer et al. [13] developed NETPATH and PHREQE
software version 2.0 and investigated the inverse problem of groundwater quality changes
and pollution prediction simulation in abandoned mines.

Hu and Zhou et al. [14,15] systematically analyzed the characteristics of environmental
geology disasters such as water pollution, surface collapse, and water inrush from adja-
cent mines caused by abandoned mines. Gao [16], Isabelle et al. [17], Emdadul et al. [18],
Okolo et al. [19], and Zhang et al. [20] analyzed the changes in water quality of under-
ground and surface water in abandoned mines and surrounding areas, studied the water
environmental effects caused by mine closures, and proposed groundwater resource risk
management measures. Chen [21] simulated and predicted the migration patterns and
development trends of Hg and nitrates in shallow groundwater by constructing a numerical
simulation model for groundwater and a solute transport simulation model. Wang [22] clar-
ified the basic characteristics of the Yushenfu coal mining area groundwater environment
and identified the main factors affecting the groundwater caused by the closure of the mine.
They determined the transport law and water quality evolution law of pit water after the
closure of the mine and proposed preventative measures for water environment pollution
after the mine closure. Sun et al. [23] determined the main characteristics of mine water in
typical mining areas in China and discussed in detail several scientific issues related to the
formation and evolution of mine water quality in China. Li [24] established a risk assess-
ment index system and evaluation model for groundwater pollution in abandoned mines
from three perspectives: pollution source risk indicators, pollution channel risk indicators,
and pollution receptor harmfulness indicators. Li also developed a risk assessment system
software and proposed risk management measures. Ma [25] combined the characteristics
of the regional groundwater flow field, analyzed the evolution process of the groundwater
flow field in the Fengfeng mining area during different periods, and reasonably selected
the initial flow field based on the drainage data of the mining area. They simulated the
impact of mine abandonment on the regional groundwater flow field.

Several models of assessment have been established. Zhu et al. [26] established an
abandoned mine groundwater risk assessment model based on pressure–state–response.
Feng et al. [27] presented a framework and quantitative method for groundwater envi-
ronmental risk analysis at different phases of the mine life cycle composed of the ground-
water system destruction risk and social–economic–ecological vulnerability assessment.
Irina et al. [28], Azzeddine et al. [29], Jiang et al. [30], Yang et al. [31], Zhang et al. [32],
and Zhang [33] conducted hydrogeochemical studies to identify the specific features and
potentially toxic elements associated with the mining district by assessing the ground-
water vulnerability. Patrick and Christopher [34] presented the robustness of ‘first-flush’
empirical models for describing and predicting mine water behavior. Suvarna et al. [35],
Baran et al. [36], and Chen [37] established groundwater quality assessments using multi-
variate statistical approaches. Anthony and Smart [38] and Zhang et al. [39] investigated
the open-pit mine geological environment and the effect of mining on socioeconomic and
health conditions. Moreover, Wu and Li [40], Sun et al. [41], Du et al. [42], and Zhu et al. [43]
analyzed the progress and development directions of groundwater pollution prevention
and control technology in coal mine sites. They proposed water pollution prevention and
comprehensive utilization measures.

The abovementioned research results have important theoretical and practical signifi-
cance for the assessment of the impact of abandoned water on groundwater and groundwa-
ter environmental protection. However, there are still two shortcomings. Current research
often focuses on the mechanism of rising water tables in abandoned mines while neglecting
the evaluation of regional groundwater pollution in abandoned mining areas during dif-
ferent periods. Furthermore, the evaluation of abandoned water in regional groundwater



Water 2023, 15, 2649 3 of 13

systems focuses on establishing indicator systems for pollution sources, channels, and
receptors while ignoring the evolution analysis of regional groundwater quality indexes.

Therefore, this research comprehensively considered the regional groundwater hydro-
chemical characteristics during the wet and dry seasons, the main characteristics of the ions,
hydrochemical types, and ion correlations of abandoned mine water with the groundwater
components, using the abandoned coal mine area in the western part of Zhangqiu District.
Furthermore, this study proposes an evaluation method of the impact of abandoned mine
water on the groundwater system using the improved Inner Mongolia Index method and
matter element theory.

2. Materials and Methodology
2.1. Study Area

The western coal mining area of Zhangqiu District is within the Jidong coal field,
where there are over 90 coal mines of various sizes, such as the Bucun Coal Mine, Lifu
Coal Mine, Shengjing Coal Mine, Yushan Coal Mine, Mintai Coal Mine, and Dongxuma
Coal Mine. Since 2003, the western coal mining area of Zhangqiu District has gradually
shut down, and by June 2016 the coal mines in the area were fully closed. The Shengjing
groundwater drinking water source area provides water for urban residents’ daily life and
public services. It is located in the western coal mining area of Zhangqiu District, which
contains 6 drinking water plants and 41 karst groundwater production wells, and its total
mining output reaches 125,000 m3 per day.

2.2. Methodology
2.2.1. Sampling and Groundwater Hydrochemical Composition Testing

Generally, the wet season in the research area is from June to September, with relatively
high rainfall, usually exceeding 100 mm per month. The dry season is from October to May
of the following year, with less precipitation, usually less than 50 mm or no precipitation
per month. For example, rain only occurred over 9 days in August 2021, totaling 101.13 mm.
Sampling and water quality testing were conducted at 20 groundwater monitoring points
on 10 September 2021 (wet season) and 22 March 2022 (dry season) in the abandoned
mining areas of Zhangqiu District. There was no rainfall during the sampling procedure.
The laboratory test results show the main hydrochemical components of the groundwater,
including K+, Na+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−, F−, NO3

−, TDS, and pH.
In polyethylene plastic bottles, two samples were taken from each location at each

sampling time, one 1 L and one 500 mL. The 1 L water sample was used to analyze
Cl−, SO4

2−, HCO3
−, and other components. The 500 mL sample was acidified with

nitric acid and used for measuring K+, Na+, Ca2+, and Mg2+. Before collecting the water
sample, the sample bottles were rinsed 2–3 times with the water in the sampling location.
During the sampling process, it was ensured that there were no bubbles in the sample
bottle. After sampling, the sample was sealed for storage, and the sample was refrigerated
during transportation. There were 40 groundwater hydrochemical data from 20 sets of
groundwater chemical testing points during the wet and dry seasons in the abandoned
mining areas in total.

The Shandong Geological and Mineral Engineering Survey Institute laboratory tested
the groundwater samples. The pH and total dissolved solids (TDS) of the water samples
were tested on-site using the portable water quality parameter instrument HQ40D (Hach,
Loveland, CO, USA) and recorded.

The content of Na+, K+, Ca2+, and Mg2+ was determined by ion chromatography.
The measuring instrument DionexICS-6000 produced by Thermofly in the United States
has an ion detection limit of 0.01 mg/L with a measurement error of less than 0.1%. The
HCO3

− content was determined by using the acid–base titration method, with a detection
limit of 1.0 mg/L. Ion chromatography was used to test SO4

2−, Cl−, and NO3
−; the

corresponding limit of detection was 0.09, 0.02, and 0.2 mg/L; and the instrument used
was the ICS-2100 (America, DIONEX). After the test was completed, the error of charge
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balance was calculated, and the calculation results showed that the errors were all within
±5%, indicating that the water chemistry data were reliable.

2.2.2. Analysis Method for Groundwater Hydrochemical Characteristics

After the data were collected, statistical analysis of the hydrochemical components
was conducted first using SPSS software, indicating the main ion characteristics during the
wet and dry seasons. Secondly, a Piper diagram was drawn according to the percentage of
the main ion content at the water sample point, reflecting the hydrochemical types of the
aquifer. Using AqQA software, a Piper three-line map of regional groundwater was drawn
to represent the hydrochemical types of groundwater during the wet and dry seasons and
to analyze the evolution of groundwater chemical components. Then, considering the
correlation between the changes in the main ion content in the groundwater, the correlation
between the main ion characteristics was analyzed.

2.2.3. Method of Evaluating the Impact of Abandoned Mine Groundwater on Regional
Groundwater Environment

Matter element analysis studies the laws and methods of solving incompatible prob-
lems. It is an interdisciplinary subject of noetic science, systems science, and mathematics.
Moreover, it is widely used in decision making, management, evaluation, and other areas
of the natural and social sciences. N is an object, c a feature of a thing, and v the value of
the feature. Here, the ordered triplet R = (N, c, v) was used as the basic element to describe
things, abbreviated as matter element [44]. A thing has multiple features. If a thing N is
described by n features such as c1, c2,. . ., cn and corresponding values v1, v2,. . ., vn, it can
be expressed as

R(N, c, v) =


N c1 v1

c2 v2
...

...
cn vn

 (1)

where R is an n-dimensional matter element, ci is the feature of the matter element, and vi
is the value corresponding to the feature of the matter element.

Based on the above analysis and matter element theory and combined with the Nemero
index method, the evaluation of the impact of abandoned mine water on the regional
groundwater environment was carried out as follows:

(1) Determine the matter element to evaluate

To evaluate the features of something based on the actual situation, the measured
values of multiple feature values need to be verified and the corresponding matter element
matrix established:

R0(P0, c, v) =


P0 c1 v1

c2 v2
...

...
cn vn

 (2)

where P0 is the matter element to be evaluated; ci is the feature of the matter element; and
vi is the raw data of the i-th matter element feature.

Based on the “Quality Standard for Groundwater” [45] and the measured data of
water quality index in the research area, five evaluation indicators were ultimately selected:
Ca2+, SO4

2−, F−, NO3
−, and TDS.

The measured data from the Xishan well in Bucun Village in the research area were
used throughout the study as the evaluation sample, as shown in Table 1.
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Table 1. The evaluation groundwater sample (mg/L).

Ca2+ SO42− F− NO3− TDS

132 139 0.188 30.3 650.516

(2) Determine the classical domain and joint domain

Based on the hierarchical division of factors, the classical domain is determined as

Rj(Nj, c, vji) =


Nj c1 vj1

c2 vj2
...

...
cn vjn

 =


Nj c1 < aj1, bj1 >

c2 < aj2, bj2 >
...

...
cn < ajn, bjn >

 (3)

The joint domain is

Rp(N, c, vpi) =


Np c1 vp1

c2 vp2
...

...
cn vpn

 =


Np c1 < ap1, bp1 >

c2 < ap2, bp2 >
...

...
cn < apn, bpn >

 (4)

where Nj is the j levels divided; ci (i = 1,2,. . ., n) is the feature of level Nj; classical domain
vji is the range of values prescribed by Nj regarding the feature ci; Np is the total number of
levels; and vpi is the range of values taken by Np regarding ci.

The grade classification of water bodies was based on the “Quality Standard for
Groundwater” [45]. The water quality was divided into five levels: I–V. In the “Quality
Standard for Groundwater”, only the lower limit concentration is prescribed for Class V
water, and the upper limit concentration is not specified for Class V water. However, there
are extensive data exceeding the standard in the measured sample data. Therefore, based
on the measured data, the upper limit standard for Class V water was divided, and the
final standard concentrations for each level are shown in Table 2.

Table 2. Criteria for groundwater quality evaluation (mg/L).

I II III IV V

Ca2+ ≤150 ≤300 ≤450 ≤550 ≤650

SO4
2− ≤50 ≤150 ≤250 ≤350 ≤450

F− ≤1 ≤1 ≤1 ≤2 ≤3

NO3
− ≤2 ≤5 ≤20 ≤30 ≤40

TDS ≤300 ≤500 ≤1000 ≤2000 ≤3000

(3) Determine the incidence function

The incidence function represents the value of a matter element taken as a point on
the real axis. The degree where the matter element meets the required value range has
been reached, and its value is the relevancy degree. The relevancy degree Kj(vi) of each
evaluation index vi with respect to each evaluation level j can be expressed as

Kj(vi) =


− ρ(vi ,vji)

|aji−bji| , vi ∈ vji

ρ(vi ,vji)

ρ(vi ,vpi)−ρ(vi ,vji)
, vi /∈ vji

(5)
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where ρ(vi, vji) =
∣∣∣vi −

(aji+bji)
2

∣∣∣ − (bji−aji)
2 =

{
aji − vi, vi ≤ (aji + bji)/2
vi − bji, vi > (aji + bji)/2

, ρ(vi, vpi) =∣∣∣vi −
(api+bpi)

2

∣∣∣− (bpi−api)
2 =

{
api − vi, vi ≤ (api + bpi)/2
vi − bpi, vi > (api + bpi)/2

(4) Determine the weight

Because different indicators have different impacts on the degree of water pollution, it
is necessary to calculate the weight of each indicator. After calculating the weights, the pol-
lution index was calculated for each monitoring well evaluation indicator. Normalization
processing was performed according to the standard value of water quality concentration
specified in the “Quality Standard for Groundwater” [45]. The calculation process was
as follows:

C0i = (Ci1 + Ci2 + Ci3 + Ci4 + Ci5)/5 (6)

wi =
ci

C0i
(7)

wi =
wi

m
∑

i=1
wi

(8)

where Ci1, Ci2, and Ci5 are the standard concentration values at all levels corresponding to
the i index in the “Quality Standard for Groundwater”, Ci is the measured concentration,
wi is the pollution concentration, and m is the number of evaluation factors.

(5) Determine the synthetic relation degree of the matter element P0 to be evaluated for
each level j

The synthetic relation degree Kj(P0) is the weighted value of the relevancy degree
Kj(vi) of each evaluation indicator of the unit to be evaluated with respect to the evaluation
level j, namely:

Kj(P0) =
n

∑
i=0

wi · Kj(vi) (9)

where wi is the weight of the i-th feature, and Kj(P0) is the synthetic relation degree of the
unit P0 to be evaluated, which belongs to the j-th level.

(6) Evaluate the P0 level of the matter element to be evaluated

The Kj is used to judge the level of the evaluated matter element.

Kj = max
{

Kj(P0)
}

(10)

where j = 1,2, . . ., m;
The level of unit P0 to be evaluated is level j, which means that the water quality of

the evaluated matter element is at level j.

3. Results and Discussion
3.1. Hydrochemical Characteristics
3.1.1. Characteristics of Major Ions

The statistical results of the groundwater hydrochemistry during the wet and dry
seasons in the abandoned coal mining area of Zhangqiu are shown in Table 3. Overall,
there is essentially no significant difference in the chemical composition of the groundwater
between the wet and dry seasons. The main cation in the groundwater is Ca2+, with an
average of 160.01 mg/L and 156.017 mg/L during the wet and dry seasons, respectively.
HCO3

− is the main anion, with an average of 304.27 mg/L and 301.15 mg/L in the wet
and dry seasons, respectively. The average pH of the groundwater in the study area during
the wet and dry seasons is 7.49 and 7.587, respectively, showing weak alkalinity overall,
which varies little throughout the year. The TDS value of the groundwater during the wet
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season ranges from 381.966 to 3122.08 mg/L, with an average of 3122.08 mg/L. According
to the TDS classification method for fresh and saline water [45], freshwater accounts for
89.8% of the karst groundwater samples, and saline accounts for 10.2%. The order of ion
concentration in the groundwater of the abandoned coal mining area is not affected by the
wet and dry seasons. The order of cation concentration is Ca2+ > Mg2+ > Na+ > K+, and
the order of anion concentration is HCO3

− > SO4
2− > NO3

− > Cl− > F−. However, the
main ion concentrations during the dry season are slightly higher than those during the
wet season, mainly due to the dilution effect of water volume on ion concentration during
the wet season.

Table 3. Statistical results of groundwater hydrochemistry.

Time
Interval

Statistical
Value

K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− F− NO3− TDS
pH

ρ/(mg·L−)

Wet
season

Maximum 15.7 91 583 211 49.8 1763 456 0.559 45.4 3122.08 7.87
Minimum 0.49 5.52 3.53 0.64 9.03 77.1 152 0.172 0.693 381.966 7.23
Average 2.383 12.708 156.017 40.842 16.982 294.525 301.15 0.3 21.535 3122.08 7.587
Standard
deviation 3.164 19.514 109.334 41.384 10.464 360.448 62.809 0.093 11.333 559.289 0.169

Variation
coefficient

(VC)
1.328 1.536 0.701 1.013 0.616 1.224 0.209 0.308 0.526 0.67 0.022

Dry
season

Maximum 4.7 40.3 587 226 57.4 1959 527.29 0.577 58.2 3443.343 8
Minimum 0.4 1.81 87.5 17.3 10.3 55.2 214.46 0.121 0.597 460.499 7.1
Average 1.04 8.41 160.01 43.46 19.55 297.01 304.27 0.27 20.72 868.64 7.49
Standard
deviation 0.86 7.91 108.01 44.76 12.23 408.3 60.77 0.11 14.01 630.69 0.17

Variation
coefficient

(VC)
0.83 0.94 0.68 1.03 0.63 1.37 0.2 0.42 0.68 0.73 0.02

The variation coefficient (VC) is an indicator that reflects data variability. The VC
values of Na+ and SO4

2− in the groundwater of the study area during the wet and dry
seasons are relatively high, which indicates that the concentrations of these two ions exhibit
prominent variance characteristics and unstable spatial distribution. In addition, the VC of
pH in the groundwater is very small, with values of 0.02 and 0.022 during the wet and dry
seasons, respectively, indicating that the pH value of karst groundwater in the study area is
relatively stable and the spatial variability is minimal.

3.1.2. Hydrochemical Type

As shown in Figure 1, the projective points in the Piper diagram during the wet and
dry seasons are relatively concentrated, and the difference is not apparent. In the triangle
diagram, the dominant anions are mainly HCO3

− and SO4
2−, while the dominant cations

are mainly Ca2+, followed by Na+ and Mg2+. Moreover, the distribution is located in
zone one, indicating that the content of alkaline earth metal ions is greater than that of
alkaline metal ions. According to the Shukarev classification method [46], there are three
hydrochemical types during the wet season: HCO3-Ca, SO4-Na, and SO4-Ca, accounting for
70%, 5%, and 25% of the total water sample types, respectively. During the dry season, there
are three hydrochemical types: HCO3-Ca, HCO3·SO4-Ca, and SO4-Ca, accounting for 60%,
15%, and 25% of the total water sample types, respectively. This is basically consistent with
the hydrochemical type classification results obtained from the Piper diagram. The three
hydrochemical types in the wet season are the same as those in the Shukarev classification.
While there are only two types in the dry season in the Piper diagram, the main types are
HCO3-Ca, accounting for 65% of the total water sample types, then SO4-Ca, accounting for
35% of the total water sample types.
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3.1.3. Ion Correlation Analysis

The changes in groundwater ions often correlate to a certain extent and play an
indispensable role in groundwater research. The relative relation matrix of the main
hydrochemical components of the groundwater was obtained using SPSS software, as
shown in Table 4. The TDS has an obvious correlation with Ca2+, Mg2+, Cl−, SO4

2−,
and HCO3

− during the wet season, with correlation coefficients of 0.987, 0.988, 0.787,
0.930, and 0.765, respectively. This indicates that these chemical components contribute
significantly to TDS, especially because the correlation coefficients of Ca2+, Mg2+, and
SO4

2− exceed 0.9. There is a significant positive correlation between SO4
2− and Ca2+, Mg2+,

and Na+, indicating that these three substances have the same origin, most likely related
to the dissolution of gypsum. In addition, the correlation between Ca2+ and Mg2+, Cl−,
SO4

2−, and HCO3
− is pronounced, which may be related to the dissolution of certain

minerals. Moreover, there is a correlation between NO3
− and F−, which may be caused by

human activities.
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Table 4. Relative correlation coefficients of main hydrochemical components of groundwater.

Ion
Dry Season

K+ Na+ Ca2+ Mg2+ Cl− SO4
2− HCO3

− F− NO3
− TDS

K+ 1
Na+ 0.975 ** 1
Ca2+ −0.093 0.066 1
Mg2+ 0.025 0.152 0.969 ** 1
Cl− 0.063 0.273 0.808 ** 0.691 ** 1

SO4
2− 0.407 0.531 * 0.863 ** 0.917 ** 0.718 ** 1

HCO3
− −0.357 −0.253 0.816 ** 0.743 ** 0.595 ** 0.528 * 1

F− −0.152 −0.261 0.126 0.233 −0.394 0.084 0.26 1
NO3

− 0.15 −0.467 * −0.467 * −0.579 ** 0.105 −0.403 −0.520 * −0.789 ** 1
TDS 0.053 0.202 0.987 ** 0.988 ** 0.787 ** 0.930 ** 0.765 ** 0.136 −0.487 * 1

Ion
Wet season

K+ Na+ Ca2+ Mg2+ Cl− SO4
2− HCO3

− F− NO3
− TDS

K+ 1
Na+ 0.950 ** 1
Ca2+ 0.958 ** 0.936 ** 1
Mg2+ 0.981 ** 0.901 ** 0.975 ** 1
Cl− 0.722 ** 0.890 ** 0.768 ** 0.656 ** 1

SO4
2− 0.980 ** 0.915 ** 0.986 ** 0.998 ** 0.689 ** 1

HCO3
− 0.866 ** 0.909 ** 0.909 ** 0.848 ** 0.815 ** 0.864 ** 1

F− 0.12 −0.105 0.21 0.28 −0.344 0.26 −0.008 1
NO3

− −0.44 −0.218 −0.368 −0.505 * 0.15 −0.471 * −0.262 −0.666 ** 1
TDS 0.979 ** 0.939 ** 0.995 ** 0.989 ** 0.744 ** 0.995 ** 0.903 ** 0.21 −0.411 1

Note: * Significantly correlated at the 0.05 level; ** Significantly correlated at 0.01 level.

3.2. Evaluation of Abandoned Mine Water on Regional Groundwater Environment

The matter elements to be evaluated, and the classical and joint domains, were calcu-
lated as follows.

The matter elements to be evaluated:

R1(P1, c, v) =


P1 Ca2+ 132

SO2−
4 139

F− 0.188
NO−3 30.3
TDS 650.516

 (11)

The classical domain:

Rj(Nj, c, vji) =



I I I I I I IV V
Ca2+ < 0, 150 > < 150, 300 > < 300, 450 > < 450, 550 > < 550, 650 >

SO2−
4 < 0, 50 > < 50, 150 > < 150, 250 > < 250, 350 > < 350, 450 >

F− < 0, 1 > < 0, 1 > < 0, 1 > < 1, 2 > < 2, 3 >
NO−3 < 0, 2 > < 2, 5 > < 5, 20 > < 20, 30 > < 30, 40 >
TDS < 0, 300 > < 300, 500 > < 500, 1000 > < 1000, 2000 > < 2000, 3000 >

 (12)

The joint domain:

Rp(N, c, vpi) =


Np Ca2+ < 0, 650 >

SO2−
4 < 0, 450 >

F− < 0, 3 >
NO−3 < 0, 40 >
TDS < 0, 3000 >

 (13)
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The relevancy degree was obtained from the following equation:

Kj(vi)5×5 =


0.12 −0.12 −0.56 −0.707 −0.76
−0.39 0.11 −0.073 −0.444 −0.603
0.188 0.188 0.188 −0.812 −0.906
−0.744 −0.723 −0.515 −0.03 0.03
−0.35 −0.188 0.301 −0.349 −0.675

 (14)

Kj(vi)5×5 =


0.12 −0.12 −0.56 −0.707 −0.76
−0.39 0.11 −0.073 −0.444 −0.603
0.188 0.188 0.188 −0.812 −0.906
−0.744 −0.723 −0.515 −0.03 0.03
−0.35 −0.188 0.301 −0.349 −0.675

 (15)

Because the different indicators were considered to have different impacts on water
pollution, the weight of each indicator was calculated as

Wi =


Ca2+ 0.104
SO2−

4 0.184
F− 0.039

NO−3 0.516
TDS 0.158

 (16)

The synthetical relational degree of the matter element to be evaluated for each level
was ensured to be

Kj(P1)1×5 = [−0.491− 0.388− 0.282− 0.257− 0.316] (17)

It can be concluded that the synthetical relational degree of Class IV water is the
highest, and the final evaluation of the water environment of this sample shows that it
belongs to Class IV, indicating that the groundwater in this area is severely polluted and no
longer suitable for residents to use for daily living.

Overall, this research provides a global reference for the assessment of the impact of
abandoned mine water on the groundwater environment. Generally, due to the dilution
effect of water volume on ion concentration during the wet season, the main ion concen-
trations during the dry season are slightly higher than those during the wet season. In
addition, the method of evaluating the impact of abandoned mine groundwater on regional
groundwater environments is suitable for further application.

4. Conclusions

(1) The order of ion concentration in the groundwater of the abandoned coal mining area
is not affected by the wet and dry seasons. The pH of the groundwater is weakly
alkaline overall. The order of cation concentration is Ca2+ > Mg2+ > Na+ > K+, and
the order of anion concentration is HCO3

− > SO4
2− > NO3

− > Cl− > F−. However,
the main ion concentration during the dry season is slightly higher than during
the wet season. The ion concentration of Na+ and SO4

2− exhibits obvious variance
characteristics, while the pH varies little between seasons.

(2) TDS has an obvious correlation with Ca2+, Mg2+, Cl−, SO4
2−, and HCO3

− during
the wet season, with correlation coefficients of 0.987, 0.988, 0.787, 0.930, and 0.765,
respectively. This indicates that these chemical components contribute significantly
to TDS, especially because the correlation coefficients of Ca2+, Mg2+, and SO4

2−

exceed 0.9.
(3) There are three hydrochemical types of groundwater during the wet season: HCO3-Ca,

SO4-Ca, and SO4-Na, accounting for 70%, 25%, and 5% of the total water sample
types, respectively. There are two hydrochemical types of groundwater during the
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dry season: HCO3-Ca and SO4-Ca, accounting for 65% and 35% of the total water
sample types, respectively.

(4) A method of assessing the impact of abandoned mine water on the groundwater
environment was established based on the improved Nemero index method and
matter element theory. The comprehensive evaluation of water quality indicators
at the groundwater monitoring point shows that the groundwater environment is
severely polluted at level IV.
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