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Abstract

This study investigates the hydrochemical characteristics and water quality of limestone water in
the Taiyuan Formation at Qingdong Coal Mine, China. A total of 20 water samples were collected and
analyzed for major ions. Statistical analysis, Piper and Gibbs diagrams, and ion correlation methods
were applied to understand the hydrochemical characteristics and water-rock interactions. Water quality
was assessed using single-factor, Nemerow, and fuzzy comprehensive evaluation methods. The results
show that the groundwater is slightly alkaline and brackish, dominated by Na®, Ca*, SO, and CI,
with the primary hydrochemical type being Ca-Na+K-SO,-Cl. Water quality assessment indicates that
the groundwater is predominantly Class IV and V, with sulfate as the most significant pollutant. These
findings provide a scientific basis for the sustainable management of groundwater resources in coal
mining regions by elucidating the evaporation-driven hydrochemical evolution of the Taiyuan Formation
limestone aquifer.
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Introduction between the hydrological cycle system and multiple

environmental factors such as climate, hydrology,

The chemical composition of coal mine water topography, lithology, and human activities [1]. In
is essentially the product of long-term interactions recent years, with the accelerated depletion of coal

resources and the continuous increase in mining depth,
water inrush, recognized as one of the “Five Major
Disasters” alongside water hazards, fires, gas, dust, and
*e-mail: jiyingxul986@163.com roof f.alls, poses a severe th.re.at to safe production [2,
Tel: 186-158-0557-4977 3]. Mine water primarily originates from underground

0000-0001-6709-3262 aquifers exposed during excavation. It contains not only
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high concentrations of suspended solids but may also
carry toxic components such as heavy metal ions and
acidic pollutants, presenting potential ecological risks
to the surrounding environment [4]. Systematically
investigating the hydrochemical characteristics and water
quality evolution of coal mine water holds dual critical
value for both scientific understanding and management
practices: it not only enables the precise analysis of
groundwater chemical formation mechanisms and the
assessment of water resource renewability potential
but also supports the development of strategies for the
sustainable utilization and protection of groundwater
resources [5]. Through targeted treatment processes,
mine water can be transformed into a recoverable
resource, serving industrial cooling, agricultural
irrigation, and domestic water supplementation, thereby
achieving synergistic goals of pollution control, resource
regeneration, and ecological restoration.

In recent years, China has made significant
breakthroughs in hydrochemistry, particularly in
the theoretical innovation and technical application
of groundwater quality assessment [6]. Research in
this domain emphasizes the integration of theoretical
exploration with practical application. Currently, a
comprehensive methodology system for studying
hydrochemical genesis has been established. In practice,
preliminary analyses typically employ mathematical
statistics and graphical methods, such as Piper
trilinear diagrams, to illustrate the spatial distribution
and patterns of hydrochemical types. Subsequently,
correlation analysis and ion ratio coefficient methods
are utilized to identify the sources of dissolved minerals
and cation exchange processes. For instance, in the
Dongjiang-Hanjiang River Basin, researchers have
employed Gibbs models, ion ratio coefficients, factor
analysis, water quality index methods, and human
health risk assessment models to evaluate groundwater
chemistry and quality [7]. Isotopic techniques coupled
with hydrogeochemical modeling have become crucial
for fine-scale mechanistic studies. These methods
enable the quantitative calculation of reaction pathways
involving mineral dissolution and precipitation, thereby
revealing the evolutionary processes of groundwater
chemical composition [8]. Groundwater quality
assessment frequently utilizes a range of methods,
including single-factor indices, fuzzy comprehensive
evaluation, improved grey relational analysis, Nemerow
composite indices, and biological integrated assessment
[9]. While the single-factor evaluation method remains
the foundational tool for official assessments, operating
on a “one-vote veto” principle, comprehensive evaluation
techniques are being widely applied to more objectively
reflect the overall water quality status. These techniques
include composite pollution indices, Nemerow indices
and their modifications, and entropy-weighted water
quality identification indices [10].

Recent international research on hydrochemistry
and water quality assessment has been characterized by
multidisciplinary intersection, technological integration,

and application orientation, achieving significant
progress in monitoring network construction, model
development, methodological innovation, and cross-
domain integration. For instance, innovative approaches
such as Principal Component Analysis [11] and multi-
indicator comprehensive evaluation systems have
emerged in the field of water quality assessment [12].
A comprehensive review of various Water Quality
Indices (WQIs) used globally explored their historical
development and the challenges in creating an index
that can effectively integrate multiple parameters —
physical, chemical, and biological — to produce a single
score [13]. In the Bundelkhand Massif region of India,
identification was conducted using methods such as
Piper trilinear diagrams and Durov plots. Analysis of
multiple parameters, including Sodium Adsorption Ratio
(SAR), Residual Sodium Carbonate (RSC), and Percent
Sodium (Na%), indicated that most water samples are
unsuitable for irrigation purposes [14]. A multi-indicator
assessment of groundwater in the Amaravati River
basin has revealed severe water quality issues: nearly
42% of samples fail to meet drinking water standards
due to excessive salinity, hardness, nitrate, and fluoride
concentrations. Specifically, nitrate health risks were
non-compliant in the majority of samples, with non-
compliance rates of 81%, 61%, and 39%, respectively,
while fluoride hazard indices also remained high at 85%,
68%, and 18% [15]. In contrast, the European Union
has established a comprehensive regulatory framework
requiring member states to systematically assess the
evolution of groundwater quality using standardized
statistical analysis methods, such as least squares
regression, in accordance with the Water Framework
Directive [16].

In the extensive research on mine hydrogeochemistry,
the academic community has reached a consensus on
several key viewpoints. It is generally accepted that
the hydrochemical characteristics of deep aquifers
are primarily controlled by water-rock interactions,
including the weathering and dissolution of carbonates
and silicates, evaporation concentration effects, and
cation exchange adsorption. However, despite the
wide recognition of these macroscopic mechanisms,
limitations remain in existing studies: while research
on deep Ordovician limestone water or thin limestone
water in North China-type coalfields is abundant, there
is still a lack of refined micro-mechanism analysis
regarding the hydrochemical evolution path of the
Taiyuan Formation thin limestone water intercalated
within the coal measures.

This study integrates hydrochemical analysis (Piper
diagrams, Gibbs plots, and ion ratio methods) with
multiple water quality assessment techniques (single-
factor, Nemerow, and fuzzy comprehensive evaluation)
to characterize the Taiyuan Formation limestone water
in the Qingdong Coal Mine. The findings provide
a scientific basis for the sustainable development of
groundwater resources in coal mining regions by
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Fig. 1. Geographic location map of the study area and distribution of sampling points.

identifying the evaporation-driven hydrochemical
evolution and sulfate pollution sources.
Materials and Methods

Study Area Overview

As illustrated in Fig. 1, the Qingdong Coal Mine,
located within the Huaibei Coalfield, is situated in the
southwestern part of Suixi County. The mine is bounded
by the Haizi and Linhuan coal mines to the east and the
F9 fault to the west. Its southern limit is defined by the
outcrop line of the top limestone of the Carboniferous
Taiyuan Formation; beyond this line, in the Yuandian
deep exploration area, lie the Yuandian No. 1 and No.
2 mines. To the north, it extends to the F19 fault and
the —1200 m elevation projection line of the 3, coal
seam, beyond which are the Cuilou and Baishan coal
mines across the Qingdong deep prospective area. The
topography of the mining area is generally flat, with
ground elevations ranging from +27.62 m to +31.37 m,

averaging approximately +29 m, and slopes gently from
west to east.

A total of 135 boreholes in the area have penetrated
the upper section of this formation, revealing a
maximum thickness of 60.96 m in Borehole 9-West-4.
Lithology is dominated by four layers of gray to dark-
gray mudstone bioclastic limestone, interbedded with
dark-gray mudstone and thin-bedded fine sandstone.
Individual strata generally range from 2 to 3 m in
thickness, and the eclevated clay content at the top
renders this unit a distinct regional marker bed.

Hydrologically, the area is devoid of significant
surface water bodies; the primary watercourse is
the Jihongxin River, an artificial channel traversing
the northwestern sector of the mining area from the

southwest to the northeast before eventually discharging
into the Bao River. The regional climate is classified as a
monsoon-influenced warm-temperate humid subtropical
type, characterized by distinct seasonal wind patterns:
northeasterly winds prevail during spring and autumn,
casterly to southeasterly winds dominate in summer, and
northerly to northwesterly winds are typical of winter,
with an average wind speed of 3 m/s and maximum
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Table 1. Evaluation Indicators

Index pH Total hardness TDS (mg/L) Chloride (mg/L) Sulfate (mg/L)
I <150 <300 <50 <50
I 6.5<pH<8.5 <300 <500 <150 <150
I <450 <1000 <250 <250
5.5<pH<6.5
v 8.5<pH<9.0 <650 <2000 <350 <350
v ggig >650 >2000 >350 >350

Table 2. Water Quality Classification standards for Nemerow
Pollution Index.

Parameter P Grade
1 P<1.00 Excellent

I 1.00<P<2.00 Good

I 2.00<P<3.00 Better

v 3.00<P<4.00 Poor
A% P=5.00 Very Poor

gusts reaching 18 m/s. Furthermore, the mean annual
temperature is 14.6°C, with recorded extremes ranging
from a maximum of 41.1°C to a minimum of -21.3°C,
and annual precipitation averages 811.8 mm, the
majority of which is concentrated during the months of
July and August.

In contrast, data from Linhuan Coal Mine in the
adjacent area indicate that the formation thickness of
this group is 120.30 m, containing 9 to 12 layers of
limestone. Six thin coal seams occur between the middle
and lower limestone layers, though generally none are of
minable value.

Sample Collection, Processing, and Testing

Twenty water samples were collected from
dewatering boreholes tapping the limestone aquifer
in the underground roadways of the Qingdong Coal
Mine. The sampling program included the measurement
of physical properties, pH, total hardness, and the
concentrations of major ions, specifically Na'+K',
Ca*, Mg*, Fe*, NH,", Cl, SO, and HCO, . Field
measurements of pH and total dissolved solids were
conducted in situ using portable instruments. The
bicarbonate concentration was determined via acid-base
indicator titration. To characterize the hydrochemical
properties of the aquifer, statistical analysis and a Piper
trilinear diagram were employed. Furthermore, Gibbs
plots and ion ratio methods were utilized to identify the
controlling factors.

Prior to sampling, the sampling containers were pre-
rinsed three times with water from the collection site.
At the time of collection, the containers were further

flushed three times with the target water sample. Field
parameters, including temperature, pH, and total
dissolved solids, were recorded in situ. To remove
suspended particulates and prevent ion adsorption, all
water samples were immediately vacuum-filtered in the
field. Filtration was performed using 0.45 pm mixed
cellulose ester membrane filters to retain sediments
and microorganisms. For samples designated for
cation analysis and Total Dissolved Solids, the filtrate
was immediately acidified with ultrapure nitric acid
to a pH<2 to maintain metal ions in solution during
storage. Anion samples were not acidified and were
directly sealed in polyethylene bottles. All samples
were preserved at 4°C in the dark and transported to the
laboratory within 24 h for analysis.

Data Processing and Analysis Methods
Statistical Analysis

The Standards for Groundwater Quality (GB/T
14848-2017) [17] serve as the primary standard for
groundwater quality assessment in China. This standard
was established by comprehensively considering the
current status of groundwater resources, human health
benchmarks, and groundwater protection objectives.
By referencing the most stringent quality requirements
for drinking, industrial, and agricultural water uses,
it systematically classifies groundwater into five
distinct categories. Detailed classification criteria are
summarized in Table 1.

Water quality indicators were selected based on
the principles of measurability, comparability, and
sensitivity. Given the hydrochemical characteristics of
the study area, Total Dissolved Solids, chloride, total
hardness, pH, and sulfate were identified as the key
influencing parameters.

Single-Factor Index Method

The Single-Factor Index Method [18] is based on
environmental quality standards. It assesses groundwater
quality by comparing the measured concentrations of
individual monitoring parameters against the criteria
stipulated in the Standards for Groundwater Quality
(GB/T 14848-2017). This method classifies water quality
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into five categories: I, 11, 111, IV, and V. According to the
“worst-case scenario dominance” principle, the overall
water quality grade is dictated by the parameter with the
poorest rating.

1) Calculation Formula When the Evaluation
Standard is a Constant

Ci

Gi=g )

2) Calculation Formula When the Evaluation
Standard is a Range (e.g., pH)

For pH<7.00:
_ 7.00-pH
Gt = o0visa )
For pH>7.00:
_ pH-7.00
L™ pHgy—7.00 3)

3) Calculation Formula for Water Quality
Classification

G = MAX(G;) @)

where C, denotes the measured concentration
of a specific water quality indicator, C, denotes the
Class III standard limit specified in the Standards for
Groundwater Quality (GB/T 14848-2017), G, denotes
the water quality class of the i-th evaluation parameter,
pH denotes the measured pH value, pH_ denotes the
standard's upper limit, and pH_ denotes the standard's
lower limit.

Nemerow Pollution Index Method

The Nemerow Pollution Index method constructs
a dynamic equilibrium model for environmental
quality assessment based on a dual-factor coupling
mechanism [19]. It overcomes the systematic limitations
of the Single-Factor Index method while maintaining
engineering practicality through algorithmic
refinement. Characterized by its concise computational
procedure and operational convenience, the NPI has
become one of the most widely used approaches for
evaluating groundwater quality both domestically and
internationally.

Expression of the Nemerow Integrated Index:

’Gl+(Gi)2
P = max
2 )

where P represents the Nemerow Composite Index,
Gi represents the mean of the individual indices, and
Gimax represents the maximum individual index.
Groundwater quality classification is determined based
on the value of P according to Table 2.

Fuzzy Comprehensive Evaluation Method

Fuzzy comprehensive evaluation is a methodology
rooted in the principles of fuzzy mathematics. By
incorporating weights and membership degrees, it
transforms multi-factor evaluation problems into
quantitative analyses. This approach is particularly
well-suited for water quality assessment scenarios
characterized by numerous indicators, significant non-
linearities, and high levels of uncertainty [20]. The core
procedural steps involve constructing the factor and
evaluation sets, determining single-factor membership
functions, establishing the fuzzy relation matrix,
defining the weight matrix, and performing the fuzzy
comprehensive evaluation.

Selection of the Factor Set and the Evaluation Set

Taking the Qingdong Coal Mine area as a case study,
six indicators — pH, total dissolved solids, Na*, CI,
SO 42*, and total hardness — were selected to constitute
the factor set. The evaluation set was categorized into
five grades (Class I, II, III, IV, and V) in accordance
with the “Groundwater Quality Standard” (GB/T 14848-

2017).
Establishment of Membership Functions

For Class I water (j=1), the membership function is
defined as:

1 x; <c,
¢, X
Zl.j = ¢, <x, <c,
C, X
0 X, ¢, ©)

For Class II-1V water (j=2, 3, 4), the membership
function is defined as:

0 X; 2 €y
X. —C., .
_ i i(j-1)
Z;= e ¢ Cijony S Xy S €
i~ Cin
C. . —X.
i(j+1) i
G SX; S GG
Cigyen ~C )

For Class V water (j=5), the membership function is
defined as:

0 x. <c,
1 Iy
'xi _014
Z,= ¢, SX, =S¢5
s _ci4
1 X, 2c¢; ®)
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Table 3. Statistical analysis of Qingdong Coal Mine.

Statistical item Na™+K* | Ca* | Mg* Cl | SO» | HCO, | TDS pH
Unit mg/L -
Maximum 566.04 553.18 192.99 282.98 2063.76 320.96 3644.73 9.17
Minimum 0.42 0.41 0.35 0.32 0.37 0.12 557.88 7.13
Average 289.73 265.58 107.06 165.57 1151.19 209.61 2601.47 7.93
Standard 180.2 170.6 66.38 102.05 684.97 105.95 777.61 0.43
deviation
Coefficient of 0.62 0.64 0.62 0.62 0.6 0.51 0.30 0.06
variation
where: x; is the measured value of the i-th evaluation Data Analysis Methods
factor. C, is the standard value of the j-th grade
corresponding to the i-th evaluation factor, and Z; is This study investigates the hydrochemical

the membership degree of the i-th evaluation factor to
the j-th grade of water quality. Subsequently, the nxm
fuzzy relation matrix B is established based on the
membership degrees of the evaluation factors.

Construction of Fuzzy Relation Matrix
Based on the membership degrees of the evaluation

factors for the water sample, the nxm fuzzy relation
matrix B is established as follows:

le le en Zlm
721 722 Z2m
Zn1 Zno Znm (9)

Construction of the Weight Matrix
for Evaluation Factors

Calculation of the weights and the weight matrix.
The weight calculation formula is given by:

C_ _Xi/Si
bEPxi/si (10)

where S, denotes the average value of the evaluation
standards for the i-th evaluation factor. Therefore, the
Ixn weight matrix A is obtained.

Fuzzy Comprehensive Evaluation

Fuzzy matrix composition operation. By multiplying
matrix A and matrix B, matrix D is obtained. The
calculation formula is: D=AB. Finally, the fuzzy
comprehensive evaluation result is determined based on
the principle of maximum membership.

characteristics of major ions within the aquifer using
statistical analysis and Piper trilinear diagrams.
Furthermore, Gibbs plots coupled with ionic ratio
methods are employed to identify the mechanisms
governing the hydrochemistry of limestone water.
Descriptive statistics were conducted in Excel. The
graphical representations, including Piper diagrams,
Gibbs plots, and ionic ratio analyses, were generated
using Origin 2025 and subsequently refined and
integrated using Core]DRAW 2024.

Results and Discussion
Hydrochemical Characteristics

A statistical analysis was performed on the major
ions, pH, and TDS wvalues of the limestone water
samples collected from the study area, with the results
summarized in Table 3.

Table 3 presents the statistical characteristics of the
hydrochemical parameters of the Taiyuan Formation
limestone water in the Qingdong Coal Mine. The pH
values range from 7.13 to 9.17, with a mean of 7.93,
indicating slightly alkaline water. The TDS values
vary from 557.88 to 3644.73 mg/L, suggesting poor
water quality characterized as brackish water [15].
The mean concentrations of cations follow the order:
Na™>Ca?*>Mg?* (289.73, 265.58, and 107.06 mg/L,
respectively), while the anions follow the order: SO,*
>CI>HCO, (115119, 260147, and 209.61 mg/L,
respectively). Consequently, Na*, Ca*, SO,*, and CI"
are identified as the dominant ions in the study area.
Furthermore, the low coefficients of variation (all<l)
for all ions suggest a relatively stable hydrochemical
environment with minimal external influence [21].
Based on the hydrochemical analysis, the limestone
water in the study area is classified as a Na+K-Ca-
SO,Cl type. The high concentration of SO,* likely
originates from gypsum dissolution and sulfide mineral
oxidation, whereas the enrichment of Na® is closely
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Fig. 2. Piper diagram of sandstone fissure water samples.

related to silicate weathering and cation exchange
adsorption. Spatially, the TDS values in the northwest
are significantly higher than those in the southeast,
which may be attributed to differences in aquifer runoff
conditions and resultant leaching intensity. The stable
hydrochemical environment (coefficient of wvariation,
0.06<CV<0.62) reveals a relatively closed hydrodynamic
system where water-rock interactions dominate the ionic
composition. The hydrochemical signature of this area
is developed within a relatively closed hydrodynamic
system, resulting from the combined effects of multiple
geochemical reactions, including gypsum dissolution,
sulfide oxidation, silicate weathering, and cation
exchange. In particular, the high salinity zone in the
northwest reflects the cumulative effects of long-term
water-rock interactions. These findings hold critical
implications for assessing mine water inrush sources
and predicting water quality evolution.

Water-Rock Interaction

The Piper diagram, a fundamental tool in
hydrogeochemical analysis, illustrates the relative
proportions of major ions in groundwater and
characterizes its general chemical features, enabling
the investigation of hydrochemical evolution patterns.
Divided into nine distinct zones, the diamond-shaped
Piper diagram allows for the classification of water
samples based on their unique chemical signatures. As
shown in Fig. 2, the Taiyuan Formation limestone water
samples predominantly fall within Zone 1 for cations
and Zone 4 for anions, with the majority clustering
in Zone 6 of the central diamond. Cation distribution

reveals that Ca®>" and Na'+K' are the dominant ions, with
alkali metals exceeding alkaline earth metals in Zone 1.
Anion analysis shows SO, as the predominant species,
accounting for 62%-85% of total anions and clearly
dominating Zone 4, where strong acid anions outweigh
weak acid anions. The concentration of samples in
Zone 6, characterized by non-carbonate hardness
exceeding 70%, confirms the prevalence of sulfate-
chloride type water with a Ca-Na+K-SO,-Cl chemical
classification. The hydrochemical characteristics
suggest that the enrichment of Na* and K' in Zone 1
likely originates from evaporite dissolution or silicate
weathering processes. The overwhelming dominance
of SO,> in Zone 4 indicates significant contributions
from gypsum dissolution and sulfide mineral oxidation.
The stable near-neutral pH conditions, combined
with the high non-carbonate hardness, reflect a
hydrogeochemical system controlled by sulfate-chloride
leaching processes under semi-confined hydrogeological
conditions. The Ca-Na+K-SO,-CI hydrochemical facies
of the Taiyuan Formation limestone water represents
a comprehensive manifestation of multiple coupled
geochemical processes, including evaporite dissolution,
sulfide oxidation, and potential cation exchange, acting
synergistically over a prolonged period within a deep,
semi-confined, and stagnant aquifer environment.

The Gibbs diagram serves as a diagnostic tool
to identify the principal mechanisms governing
hydrochemical evolution and to elucidate the
relationship between water chemistry and climatic or
lithological characteristics [22]. By analyzing major
ion concentrations in global water bodies, including
rivers, lakes, and seawater, Gibbs established plots of
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Fig. 3. Gibbs diagram of limestone water.

TDS versus Na/(Na“+Ca*") and CI/(CI +HCO,"). These
plots demarcate the natural factors controlling solute
sources into three distinct domains: mineralization
concentration, atmospheric precipitation, and rock
weathering [23]. This method facilitates a visual
interpretation of the dominant controlling factors. As
illustrated in Fig. 3, the Gibbs plots for the Taiyuan
Formation limestone water reveal TDS values ranging
from 557.88 to 3644.73 mg/L. The Na/(Na'+Ca?")
molar ratios vary between 0.01 and 0.72, while the Cl/
(CI'+HCO,") ratios range from 0.06 to 0.54. Notably, all
data points are clustered in the upper section of both
diagrams, falling squarely within the mineralization
concentration field. This distribution suggests that
evaporation is the primary process influencing the
hydrochemical composition of the limestone water
[24]. A significant positive correlation is observed
between TDS and both the cation ratio (Na*/(Na'+Ca>"))
and the anion ratio (CI'/(CI+HCO;)), with samples
concentrated in the upper-right quadrant indicative of
mineralization concentration. The 6.5-fold variation in
TDS values indicates varying degrees of mineralization
concentration of dissolved salts. Furthermore, the high
proportions of Na* (up to 72%) and CI- (up to 54%) imply
the preferential enrichment of highly soluble salts, such
as halite, under the prevailing evaporation regime. This
hydrochemical signature is likely attributable to intense
evapotranspiration driven by the local semi-arid climate.
Concurrently, the stagnant groundwater flow within
the limestone fracture systems provides favorable
hydrogeological conditions for the accumulation of
dissolved salts.

Ion Source Analysis

The Pearson correlation coefficient is a statistical
metric used to quantify the strength and direction of the
linear relationship between two continuous variables
[25]. With values ranging from —1 to +1, r = 1 indicates

TDS(mg/1)

100000
6
Mineralization
10000 - concentration
woo
Rocm ]
dominance N
100 e
< Precipitation
10 F - dominance
1 I I I L
0.0 0.2 0.4 0.6 0.8 1.0
CI/(CIHHCO;)

a perfect positive correlation, r = —1 a perfect negative
correlation, and r = 0 the absence of a linear relationship.

In hydrogeochemical studies, a significant positive
correlation between ions typically indicates a common
source, such as the synergistic dissolution of the same
rock-forming mineral. Conversely, a negative correlation
often reflects competitive geochemical mechanisms,
such as cation exchange or mineral precipitation.
Consequently, correlation analysis provides a critical
statistical basis for quantitatively interpreting the origins
and evolutionary pathways of groundwater chemical
components.

Fig. 4 presents the results of the correlation analysis
for major ions in the groundwater of the study area,
based on the Pearson correlation coefficient method.

As shown in Fig. 4, TDS exhibits a highly significant
positive correlation with Cl"and SO, while a strong
positive correlation is also observed between SO,* and
Cl". Furthermore, the correlation coefficients between
Na"+K’, Ca?, and Mg?* with TDS are 0.78, 0.77, and
0.71, respectively, indicating strong positive correlations.
These results suggest that the groundwater salinity in
the study area is primarily controlled by Cl" and SO,*.
The high correlation between SO, and CI implies
a common origin or control mechanism, most likely
intense evaporation and concentration, which leads to
the synchronous enrichment of salts in the groundwater.

Positive correlations are generally observed among
the ions, particularly between Ca?" and Mg*, as well
as between Mg? and Na'+K'". The significant positive
correlation between Ca?" and Mg?" typically indicates a
common origin, most likely attributed to the dissolution
of dolomite [CaMg(CO,),] in the aquifer. Meanwhile,
the positive correlations of Na'+K" with Ca?" and
Mg?*, combined with the aforementioned dominance
of evaporation and concentration, suggest that the
dissolution of halite and sulfate minerals constitutes the
primary source of these ions in this environment.

The pH value exhibits generally weak correlations
with other chemical parameters. For instance, the
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correlation coefficient between pH and HCO,™ is only
—0.66, and that with TDS is merely 0.23, while pH
shows almost no correlation with Ca*". This indicates
that the groundwater pH in the study area is primarily
governed by its intrinsic acid-base buffering system
and is less affected by evaporation concentration or salt
accumulation.

lon Ratio Analysis

Ion ratio analysis is employed to investigate the
chemical composition and concentration characteristics
of groundwater. By examining the molar or mass ratios
between various hydrochemical parameters, specific
hydrogeochemical processes can be elucidated [26].
The ion ratio plots for the Taiyuan Formation limestone
water are presented in Fig. 5.

The Na'/Cl ratio serves as a crucial indicator for
tracing the source of sodium in groundwater, helping
to distinguish between halite dissolution, silicate
weathering, and cation exchange processes. In Fig. 5a),
although the data points generally cluster around the 1:1
stoichiometric line, suggesting a primary influence from
halite dissolution, most samples plot slightly below it.
This deviation indicates that Na*is derived from sources
other than halite alone. Specifically, the lower Na*/Cl-
ratios suggest either the dissolution of sodium-bearing
silicate minerals or, more significantly, active cation
exchange within the aquifer. During cation exchange,
Na* is preferentially desorbed into the aqueous phase,
while Ca* or Mg?" ions are adsorbed onto mineral
surfaces. This base-exchange process typically results
in a relative enrichment of Na' compared to CI.
Additionally, localized evaporation may concentrate
both ions; however, given the high solubility and
conservative nature of Cl-, the observed Na* enrichment
is predominantly attributed to water-rock interactions
and ion exchange rather than evaporative effects.

The molar ratio of Mg* to SO,* provides insights
into the dissolution of sulfate minerals, potential
anthropogenic contamination, specific hydrogeological
settings, or natural mineralization processes [26]. As
shown in Fig. 5b), the Mg*-SO,* ion plot indicates
that these ions in the coal-measure water are primarily
derived from sulfate mineral dissolution. However, the
data points plot predominantly above the 1:1 reference
line, suggesting that the concentration of SO
significantly exceeds that of Mg?*. This deviation implies
the presence of sulfide minerals within the limestone
strata. As groundwater migrates through sulfate-rich
geological layers, the oxidation of these sulfide minerals
generates sulfuric acid, leading to enhanced dissolution
of sulfate minerals and a consequent increase in SO,*
concentration. Furthermore, prolonged flow paths and
extended residence times facilitate extensive water-rock
interactions, allowing for greater dissolution of minerals
and the accumulation of solutes. Other ratios fall below
the 1:1 line. The high concentration of Ca®" in the water
suggests that SO,> may combine with Ca*" to form a

gypsum precipitate. This leads to a decrease in SO,
concentration, while Mg* does not participate in the
precipitation, resulting in a relative depletion of SO,*".

Ca® and HCO, are the predominant ions in
limestone water. The stoichiometric plot of Ca® versus
HCO;," is shown in Fig. 5c). Although the dissolution of
calcite, the primary constituent of limestone, typically
produces equimolar amounts of Ca’* and HCO,, the
molar ratio of Ca*/HCO, in the samples is generally
greater than 1 [27]. This indicates that Ca** originates
not only from carbonate dissolution but also from the
weathering of other calcium-bearing minerals, such as
silicates or gypsum, without a corresponding increase in
HCO," concentration. Furthermore, it is geochemically
characteristic that calcium concentrations in limestone
aquifers typically exceed magnesium concentrations,
reflecting the relative abundance of calcite compared to
dolomite in the formation.

Fig. 5d) presents the molar plot of Mg* versus
Ca?". The data points predominantly plot below the
1:1 reference line, indicating that the concentration
of Ca? significantly exceeds that of Mg?" [28] This
geochemical signature is consistent with the petrological
characteristics of the limestone formation. Limestone
is primarily composed of calcite, a mineral structurally
dominated by calcium with low magnesium content
[29]. Consequently, when limestone interacts with
groundwater, the preferential dissolution of calcite
results in the release of Ca?' into the aqueous phase,
leading to higher Ca®* concentrations relative to Mg?*.

Water Quality Assessment
Evaluation Results

The results obtained using the single-factor
evaluation method, the Nemerow index method, and the
fuzzy comprehensive evaluation method are presented
in Tables 4, 5, and 6, respectively.

As shown in Table 4 and Fig. 6, twenty samples
were evaluated for each parameter. All 20 samples for
pH fall within Class I, indicating minimal pollution. In
stark contrast, the total hardness results reveal severe
degradation: only 5 samples meet Class I standards,
while the remaining 15 are classified as Class V,
yielding a compliance rate of merely 25%. Similarly,
the TDS levels are predominantly poor, with 17 out of
20 samples categorized as Class IV, alongside 2 Class
I samples and 1 Class V sample. Regarding specific
ionic composition, chloride concentrations vary from
Class 1 to Class IV, though the majority fall within
Class III. Sulfate pollution is particularly severe; with
the exception of one sample in Class I and one in Class
II, all others are classified as Class V. In summary,
although pH complies with the standard, total hardness
and sulfate exhibit severe exceedances. Furthermore,
TDS and chloride show widespread contamination,
rendering the groundwater unsuitable for drinking by
the local population.
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Table 4. Evaluation results of Groundwater Quality (Single-Factor Evaluation Method).

10

water sample

Fig. 6. Evaluation results of Groundwater Quality (Single-Factor Evaluation Method).

Sample pH Total hardness TDS Chloride Sulfate
G, Type G, Type G, Type G, Type G, Type
1 1.00 1 0.13 I 2.88 v 0.95 11 6.38 v
2 0.47 I 0.11 I 2.64 v 0.82 111 5.57 v
3 0.43 I 0.12 I 2.69 v 0.82 11 5.59 v
4 0.40 I 0.05 I 0.56 I 0.31 I 0.13 I
5 0.27 I 0.04 I 0.58 I 0.08 I 0.30 I
6 0.16 1 4.28 v 3.64 v 1.13 v 8.26 v
7 0.55 1 3.74 v 3.15 v 1.00 v 7.07 v
8 0.60 I 3.79 v 3.21 v 1.03 v 7.21 v
9 0.59 I 2.87 A% 3.34 v 0.98 I 7.32 A%
10 0.43 I 3.20 v 3.02 v 0.99 I 6.42 A%
11 0.73 I 3.12 v 2.79 v 0.92 I 6.19 A%
12 0.64 I 2.87 v 2.68 v 0.96 I 5.78 \Y%
13 0.29 I 2.92 v 2.72 v 0.93 I 5.87 \Y%
14 0.09 I 2.94 v 2.52 v 0.93 I 5.09 \Y%
15 0.21 I 2.69 A% 2.61 v 0.93 I 5.43 \Y
16 0.53 I 431 v 3.37 v 1.10 v 7.23 A%
17 0.22 I 2.69 v 2.61 v 0.89 I 5.44 \Y%
18 0.53 I 1.81 A% 2.66 v 0.93 I 5.56 \Y%
19 0.47 I 2.93 A% 2.55 v 0.43 I 6.07 \%
20 0.53 I 3.10 A% 2.80 v 0.88 I 5.96 \%
Average 0.457 2.39 2.65 0.85 5.64
Maximum 1 431 3.64 1.13 8.26
: lt)gtal hardness
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‘ P @ sulphate
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Table 5. Evaluation results of Groundwater Quality (Nemerow Index Method).

Sample pH Total hardness TDS Chloride Sulfate
Nemerow Composite Index 0.78 3.49 3.18 1 7.07
Type I v v 1I \%
Table 6. Fuzzy comprehensive evaluation results.
Fuzzy comprehensive evaluation results
Number I I 111 v \Y% Grade

1 0.01 0.005 0.04 0.05 0.92 A%

2 0.0128 0.0062 0.1262 0.0598 0.5203 \Y%

3 0.0127 0.0063 0.1281 0.0549 0.5285 \%

4 0.2384 0.2751 0.4865 0.0000 0.0000 I

5 0.2237 0.7461 0.0302 0.0000 0.0000 II

6 0.0340 0.0120 0.0211 0.1181 0.7951 \Y%

7 0.0000 0.0000 0.0387 0.1165 0.7979 \Y%

8 0.0000 0.0000 0.0392 0.1115 0.8058 \%

9 0.0000 0.0000 0.0378 0.0832 0.7549 A%

10 0.0000 0.0000 0.0522 0.0759 0.7082 \%

11 0.0000 0.0000 0.0399 0.1311 0.7632 \%

12 0.0000 0.0000 0.0455 0.1406 0.7389 \%

13 0.0000 0.0038 0.0719 0.1004 0.7517 \Y

14 0.0410 0.0241 0.0124 0.1152 0.7243 \%

15 0.0535 0.0125 0.0135 0.0930 0.7482 \%

16 0.0000 0.0000 0.0531 0.0878 0.8248 \%

17 0.0556 0.0114 0.0202 0.0838 0.7499 \%

18 0.0000 0.0000 0.0648 0.0882 0.6415 \%

19 0.0000 0.0144 0.0756 0.0671 0.7625 \%
20 0.0000 0.0000 0.0645 0.0962 0.7724 \%

The calculated Nemerow index values are factor method adheres to a “one-vote veto” principle,

shown in Table 5: pH 0.78, total hardness 3.49, total
dissolved solids 3.18, chloride 1.00, and sulfate 7.07.
Corresponding groundwater quality classifications are
excellent, poor, poor, good, and very poor, respectively.

As shown in Table 6, the evaluation results indicate
that 16 sampling sites are classified as Class V water,
with only a few sites meeting the standards for Class 111
or Class II. The overall water quality status of the study
area is concerning; the majority of the water bodies fall
into the inferior Class V category, indicating that the
water quality is predominantly poor.

Comparative Analysis

The three methods yield distinct evaluation results
due to their differing theoretical orientations. The single-

determining the overall water quality grade solely based
on the single most polluted indicator [29]. In contrast,
the Nemerow index method employs a mathematical
weighting model that incorporates both peak pollution
levels and average values; this approach highlights the
risks posed by high-concentration pollutants while
accounting for the overall pollution status [30]. The fuzzy
comprehensive evaluation method is particularly suitable
for scenarios characterized by numerous indicators,
significant non-linearity, and high uncertainty [31].
Conceptually, the single-factor method “amplifies the
weakest link”, whereas the Nemerow method “balances
the global perspective”, and the fuzzy method addresses
complexity; combining the three allows for a balance
between risk control and systematic management. A
comparison of the three methods reveals consistent
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results for pH and chloride, indicating good water
quality. However, discrepancies arise regarding total
hardness, total dissolved solids, and sulfate. While the
single-factor method focuses on individual exceedances,
the Nemerow index method comprehensively considers
the influence of multiple indicators. Consequently, for
parameters with severe exceedances like total hardness
and sulfate, the Nemerow method assigns a lower
water quality category, better reflecting the integrated
pollution status. The fuzzy comprehensive evaluation
classifies the overall water quality as Class V. These
results collectively indicate that the Taiyuan Formation
limestone water in the Qingdong Coal Mine is of poor
quality [32].

Conclusions

Based on data collected from the Taiyuan
Formation limestone water in Qingdong Coal Mine,
hydrochemical characteristics were analyzed using
statistical analysis, the Piper diagram, Gibbs plots, and
ion correlation diagrams. The following conclusions and
recommendations were drawn:

(I) Groundwater in the study area is slightly alkaline
brackish water, with a dominant hydrochemical facies
of CaNatK-SO,-Cl. Comprehensive assessments
consistently classify the water quality as predominantly
Class IV and V. Sulfate is identified as the primary
pollutant, exceeding regulatory standards in the majority
of samples. This contamination poses a direct threat to
safe mining operations and renders the water unsuitable
for drinking or agricultural purposes.

(2) Ion ratio analysis suggests that Mg** and SO,* in
the coal-measure water samples are primarily derived
from sulfate dissolution, while Na" and CI= originate
from the dissolution of sodium salts and halite, along
with the influence of evaporation and concentration. Ca?*
is mainly sourced from the dissolution of carbonates and
other calcium-bearing minerals.

(3) Targeted control of sulfate pollution is urgently
needed given the pervasive sulfate enrichment (majority
of samples exceeding Class V), which requires a multi-
pronged strategy including grouting to seal gypsum
dissolution pathways, real-time sulfate monitoring with
tiered water management, and the application of sulfate-
resistant materials for corrosion protection.

(4) This study provides a critical scientific foundation
for the sustainable development of groundwater
resources by identifying the evaporation-driven
mechanisms and sulfate pollution sources in the Taiyuan
Formation limestone aquifer, thereby informing targeted
water management and protection strategies.
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