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Abstract

To evaluate the dynamic evolution of the groundwater chemical characteristics in multi-
layer aquifers under coal mining conditions, this study takes Qinglong Coal Mine as a
typical case for systematic analysis. A comprehensive research method combining hydro-
chemical analysis and numerical simulation is adopted, coupling MODFLOW, MT3D, and
PHREEQC modules to simulate the synergistic changes in the groundwater flow field and
hydrogeochemical reaction during coal mining. The results show that among the studied
aquifers, the coal seam aquifer (P3l) has the worst water quality and is most obviously dis-
turbed by mining activities, with its hydrochemical genesis mainly controlled by water-rock
interaction. After mining, groundwater depression cones are formed near pumping wells.
Fissure development-induced leakage recharge enhances hydraulic connectivity between
aquifers. The P31 aquifer undergoes slight acidification with a significant increase in SO42~
concentration, while the overlying roof aquifers (P3c and T;y) show gentle hydrochemical
changes, with ion concentration anomalies mainly occurring at fissure penetration zones.
Overall, coal mining not only alters the groundwater flow field but also transforms the
underground environment from a reducing to an oxidizing state. Thereby, it significantly
affects the groundwater chemical composition in the mining area. This study provides
a scientific basis for groundwater environment protection and rational development of
groundwater resources in coal mining areas.

Keywords: coal mining; groundwater chemical characteristics; hydrogeochemical effect;
numerical simulation; PHREEQC

1. Introduction

Global coal demand has hit a record high at present. Coal mining activities have moved
from Western countries, such as Australia and the United States, to emerging economies
in the East, including China, India, and Southeast Asia [1]. As the world’s largest coal
producer and consumer, China faces severe challenges in the coal industry. It needs to
balance resource development and environmental protection while guaranteeing energy
security, especially in the western regions. Underground pumping and drainage due to
coal mining have damaged aquifer structures and significantly altered the groundwater
flow field in mining areas [2,3]. These changes may trigger problems such as river dry-up
and spring depletion [4]. In addition, altered groundwater flow paths and mining-induced
fractures accelerate the oxidative dissolution of sulfides in coal seams [5], leading to long-
term groundwater pollution. Thus, studying the evolution of the groundwater flow field
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under mining impact and analyzing hydrochemical change trends can lay a foundation for
the prevention and control of mine water disasters [6].

Groundwater in western China is primarily of the karst fissure type [7-9]. Besides
variously sized karst caves and underground rivers, there is an extensive network of fis-
sures. These structures accelerate contaminant migration in groundwater and enhance
water—rock interactions [10-12]. Research data from southwestern China show that during
coal mining periods, the concentrations of sulfate and ammonia nitrogen in surface water
increase [13,14]. Acid mine drainage (AMD) is a prominent environmental issue [15,16].
When evaluating groundwater quality during coal mining, it is often classified as Class
IV water, which is unsuitable for direct drinking [17,18]. The complex groundwater sys-
tem, coupled with intensive coal extraction, makes the mining impact particularly pro-
nounced [19]. Li et al. [20] analyzed water sources near a coal mine area in western Guizhou
and found that their hydrochemical environment was affected by mining wastewater. Based
on the similarity in chemical composition between surface water and groundwater, they
inferred that most soluble sulfate in groundwater originates from the oxidation of pyrite in
coal. The coal seams in Guizhou Province contain relatively high levels of pyrite, which is
easily oxidized to form sulfate ions in mining groundwater. This process lowers the pH of
groundwater. In sulfur-containing coal mines, groundwater is typically characterized by
low pH, high sulfate, and high total dissolved solids [21,22].

Early research on coal mine groundwater primarily focused on analyzing water hy-
drochemical composition and assessing water quality [23,24]. By combining field sam-
pling with laboratory testing, studies analyzed the spatial distribution of hydrochemical
characteristics in mining areas [25,26]. As early as the 1980s, Oteri [27] conducted field
investigations and sampling on Kent aquifer pollution. Hydrochemical analysis was used
to quantitatively map the formation water salinity in the aquifer. This preliminary clarified
the internal relationship between coal mining and groundwater chemical characteristics,
laying a foundation for subsequent studies on the mine groundwater environment. As
research deepened, scholars began integrating statistical methods into the analysis of water
chemical characteristics. Feng et al. [28] used multivariate statistical analysis, principal
component analysis, and inverse distance weighting to analyze groundwater chemical data
from the Yellow River Basin between 2011 and 2022. They found that changes in groundwa-
ter composition in this area are mainly influenced by rock weathering and human activities.
Zhang et al. [29] used the analytic hierarchy process and principal component analysis
to study groundwater in the Linhuan mining area. They found that mining activities
destroyed the reducing environment of the aquifer, leading to an increase in groundwater
sulfate concentration. Since the 21st century, artificial intelligence methods have developed
rapidly. Yan et al. [30] used machine learning to quantify pollution sources and ground-
water drinking suitability in a coal mining area in western China. They identified mineral
pollution discharge and agricultural activities as primary sources, with nitrate being the
main influencing factor. However, relying solely on static data and models is insufficient
for analyzing the chemical characteristics of groundwater in coal mining areas [31,32]. This
approach neglects the real-time impact of dynamic groundwater flow field changes on
the hydrochemical environment during mine drainage. It also fails to reliably predict the
development trend of groundwater chemical characteristics. Thus, a key challenge lies
in accurately describing groundwater chemical characteristics in dynamic flow fields and
establishing predictive models capable of simultaneously simulating flow, transport, and
chemical reactions.

To solve the above problems, numerical simulation technology has been introduced
into coal mine groundwater systems. This approach quantitatively depicts changes in
both the groundwater flow field and chemical field. Surinaidu et al. [33] used the finite
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difference method to construct a complex groundwater flow model containing 20 aquifers
in the Godawali Valley mining area of Andhra Pradesh, India. The model predicted ground-
water inflows during the six mining periods to be 5877 m3/d, 12,818 m3/d, 12,910 m3/d,
20,428 m3/d, 22,617 m3/d, and 14,504 m3/d, respectively. It provided a basis for rationally
planning extraction methods and determining pumping well locations. Numerical models
can also predict the impact of coal mining on the groundwater environment [34]. Khan
et al. [35] established a groundwater model using the MODFLOW module to simulate
groundwater flow flux in the Dinajpur district of Northwest Bangladesh and evaluate
groundwater level trends. The results showed that coal mining has caused the ground-
water level in the study area to decline at a rate of 0.142 m per year. This work further
indicated that the groundwater shortage in the Dinajpur district would reach 246,375 t per
year by 2050. Based on groundwater flow field models, solute transport simulation can
be conducted to evaluate changes in the groundwater chemical field [36]. Guo et al. [37]
constructed a numerical groundwater model for the Shendong Coal Mine during its min-
ing period. Using hydrogeochemical numerical simulation and ion ratio analysis, they
studied factors influencing mine water quality and identified target aquifers suitable for
groundwater storage. Numerical simulation technology compensates for the limitations
of static water quality assessments based solely on statistical analysis. The simulation
results can predict the evolution of the groundwater flow field and chemical field in the
mining area [38], providing a decision-making basis for mining work. However, tradi-
tional solute transport simulation still faces some challenges. It typically considers only
simple adsorption—desorption effects and fails to account for the hydrogeochemical pro-
cesses of groundwater [39]. Most studies have also failed to achieve real-time coupling
simulation of the dynamic changes in the groundwater flow field and the evolution of
hydrogeochemical processes.

In groundwater numerical simulation, the PHREEQC module can be used to establish
hydrogeochemical models [40]. This module effectively describes changes in groundwa-
ter chemical composition under the influence of various reactions [41]. It can explain
the formation and evolution mechanism of groundwater chemical characteristics under
mining disturbance and serve as a tool to solve the problem of effectively integrating multi-
component chemical reaction processes into three-dimensional flow models. Zhou et al. [42]
considered the sources of groundwater acidification in abandoned sulfur-containing coal
mines, including natural pyrite oxidation and corrosion of abandoned underground struc-
tures. Using PHREEQC, they simulated long-term hydrogeochemical reactions involving
water—solid—gas interactions and found that the dominant acidification reaction is the
corrosion of underground structures by iron ions from two sources. In the arid areas of
northwest China, underground reservoirs are often constructed to protect water sources
and mitigate disasters such as land subsidence caused by mining. Jiang et al. [43] used
PHREEQC to simulate water—rock interactions along the reaction path defined by the
inlet and outlet of an underground reservoir within a target aquifer. They found that the
underground reservoir has water purification capacity.

PHREEQC can simulate the inversion of complex hydrogeochemical processes, pro-
viding an effective measure for monitoring and protecting groundwater quality in mining
areas. However, its application in three-dimensional space, especially under the complex
hydrogeological conditions of coal mining, is relatively limited, and application costs are
significantly higher [44]. The PHREEQC module alone is inadequate for capturing the com-
plex dynamic variability of groundwater systems. Although Cui et al. [45] used PHREEQC
to simulate water-rock interactions in a multi-layer aquifer in the Yuheng mining area.
They generalized each aquifer layer into a one-dimensional model. They comprehensively
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analyzed water quality changes using ion ratios and isotopes of each aquifer, but ignored
the response of hydrogeochemicals to dynamic changes in the groundwater flow field.

To address these research gaps, this study establishes a coupled MODFLOW-
PHREEQC numerical model. This framework simultaneously simulates transient
three-dimensional groundwater flow fields and complex hydrogeochemical reactions in
coal mining contexts, focusing on acid mine drainage (AMD) generation and evolution.
Qinglong Coal Mine is located in a southwestern China karst development area. Exten-
sively developed fault and fold systems provide typical geological conditions for karst
fissure water occurrence and migration. The mine has various aquifer types, with struc-
turally controlled hydrogeochemical characteristics, and weakly acidic groundwater in
some areas, making it a suitable research object. The core objective is to quantitatively
assess mining-induced groundwater hydrogeochemical environment alterations, focusing
on perturbations to the main coal seam and its overlying aquifers. Analyzing coal mining
impacts on the groundwater chemical field requires considering both flow and chemical
fields, as well as hydrogeochemical effects during groundwater flow. Thus, this study
takes the Guizhou Qinglong Coal Mine as a case study. Based on groundwater samples,
Piper trilinear diagrams, ion ratio analysis, and Gibbs diagrams are used to analyze coal
mine groundwater chemical composition and genetic types. A conceptual groundwater
model including Psl and roof aquifers is established based on mining area water quality
hydrogeochemical analysis results. The model couples Qinglong Coal Mine groundwater
chemical characteristics with aquifer convection and dispersion physical processes. MOD-
FLOW and MT3D modules simulate groundwater flow and chemical field evolution during
coal mining, while the coupled PHREEQC module considers complex hydrogeochemical
processes (e.g., cation exchange and pyrite oxidation) during groundwater convection and
dispersion to evaluate groundwater chemical environment impacts under dynamic coal
mining conditions. Based on Qinglong Coal Mine’s specific structural and hydrogeological
conditions, the conclusions apply mainly to coalfields with similar karst-fissure aquifer
systems and multi-stage structural superposition. Significant differences exist in strati-
graphic structure, tectonic evolution, and hydrogeochemical background among coalfields.
Therefore, extending these findings to geologically distinct coalfields requires verification
and adaptation to their specific contexts.

2. Study Area
2.1. Geology and Stratigraphic Lithology

The Qinglong Coal Mine is located in the eastern part of Qianxi County, Guizhou
Province, China, belonging to the Qianbei Coalfield in the hinterland of the “Qianzhong
Uplift”. The Qianbei Coalfield lies on the southern margin of the Yangtze Block, at the junc-
tion of the Tethys tectonic domain and the coastal Pacific tectonic domain, adjacent to the
Qiannan Depression on both its east and west sides [46,47]. Controlled by regional geologi-
cal structures and lithology, the mine features a plateau low-mountain landform and has a
subtropical warm and humid climate, with an average annual rainfall of 973.3 mm and an
average annual temperature of 14.0 °C. The mine area’s topography is generally higher in
the north and south and lower in the northwest. Exposed strata in the mine include carbon-
ate rocks, Maocaopu Formation limestone, Yulongshan Formation limestone, and partial
Changxing Formation limestone. Due to well-developed karst features (e.g., sinkholes,
underground karst conduits, slopes, and gullies), surface water and groundwater in the
mine have close hydraulic connectivity. The overall geological structure of the Qinglong
Coal Mine is shown in Figure 1.
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Figure 1. Schematic diagram of Qinglong Coal Mine.

The strata exposed in the coal mine from old to new are: Middle Permian Maokou For-
mation (P,m), Upper Emeishan Basalt Formation (P3(3), Longtan Formation (Psl), Changx-
ing Formation (Psc), Triassic Inferior Yelang Formation (T;y), and Maocaopu Formation
(Tym). The main coal-bearing stratum is P31, whose thickness is 158.50~188.30 m.

2.2. Hydrogeological Profile

The largest water system in the coal mine is the Tuomei River on the northwest side,
a tributary of the Wujiang River in the Yangtze River system, flowing from southwest to
northeast. The average upstream flow rate is 3.35 m3/s, and the average downstream flow
rate is 5.05 m3/s. The lowest erosion base level is in the Zhongzhai area, with an elevation
of 1155 m [46].

As shown in Table 1, there are six aquifers in the Qinglong Coal Mine. From top to
bottom, they are the Tym karst fissure aquifer, T1y karst fissure aquifer, P5c karst fissure
aquifer, P5l fissure aquifer, P33 fissure aquifer, and Pom karst fissure aquifer.

The main coal mining layer is located within P31, which serves as the direct water-filled
source of the deposit. Subsequent research focuses on P3l, investigating the influence of
its overlying aquifer. In addition, P3¢ and Ty are the direct aquifers of the coal mine roof
and the direct water inrush source of the roof. For safety, groundwater in P31 has been
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drained during mining. This paper first describes the groundwater hydrogeochemical
characteristics of the entire Qinglong Coal Mine aquifer system.

Table 1. Part of the strata column of Qinglong Coal Mine [46].

Stratigraphy Fioure Depth
1-2§ 200 Min Lithology
System Formation e Max
189
Q
7 Dolomite
= Maocaopu Formation (T;m) and
= limestone
757
. [ 247
— D — D Limestone
Yelang Formation (T1y) intercalated
mustone
| | | 420
.g | | Limestone
& Changxing Formation (P3c) 25-43 with chert
E h h_ lump
e e 0o o0 ® © o o0 ® o o
. — = : 136 Silstone, mudstone
Longtan Formation (P31) . .
e o o0 * oo o with coal line
= 0 —— C— 276
. . x x x x % x Basalt contains
Emeishan Basalt Formation (P3(3) < 56-60 .
X X X X x | limestone

2.3. Data Collection

Based on the water filling situation of coal seam mining, three samples in Tyy, three
samples in P3¢, six samples in P3l, two samples in P,m, and two Tuomei River samples were
collected in the early stage of mine mining in 2014. A total of 16 hydrochemical samples
were taken from hydrogeological boreholes, with sampling points shown in Figure 1.
The sampling, preservation methods, and procedures of water chemical samples follow
the national standard “Standard examination methods for drinking water—Collection
and preservation of water samples” (GB/T5750.2-2006) [48]. For long-unused boreholes,
groundwater was pumped first, and pH and electrical conductivity (EC) were monitored
on-site until values stabilized before sampling to eliminate the influence of stagnant water.
Samples were collected in 1000 mL polyethylene bottles as undisturbed groundwater for
routine chemical analysis. All containers were rinsed with ultrapure water before use,
and then rinsed three times with the target water samples. After collection, samples were
immediately refrigerated at 4 °C and delivered to the laboratory for analysis on the same
day. HCO3;~ was determined by titration, and Na*, Ca*, and Mg?* were determined by
an inductively coupled plasma emission spectrometer. The anions C1~ and SO4>~ were
determined by ion chromatograph [49].

Sixteen groundwater samples are collected from five aquifers. As shown in Figure 1,
Y1~Y3 were sampled from the Tyy aquifer, C1~C3 from the Psc aquifer, L1~L6 from the P51
aquifer, M1~M2 from the Pym aquifer, and R1~R2 were sampled from the Tuomei river.
Table 2 shows little difference in the ion content of different aquifer water samples. The
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dominant cations are CaZ*, Na®, Mg2+, while the dominant anions are HCO5~, SO42~, Cl .
For all samples, the average concentration of Ca?* is 104.68 mg/L, while the maximum
concentration was collected from the P31 aquifer. The concentration of Na* ranges from
2.22 mg/L to 252.27 mg/L, with relatively high content in the fissure water of coal clastic
rocks. The HCO3; ™~ concentration ranges from 100.05 mg/L to 388.01 mg/L, with an average
of 187.82 mg/L. The average concentration of SO, is 269.52 mg/L, with a steep increase
near the main mine entrance in P3l. According to the Groundwater Quality Standard
(GB/T14848-93) [50], SO42~ concentrations exceeding 350 mg/L are classified as Class V
that is unfit for drinking. So, groundwater in P3l is very likely to threaten the health of
surrounding residents. The coal mine strata of Qinglong Coal Mine contain pyrite. It is
inferred that the excessive SO42~ concentration may be related to the oxidative dissolution
of pyrite under the open conditions after mining.

Table 2. Test results of groundwater samples from Qinglong Coal Mine. (mg/L).

Sample S0,2~ Cl- HCO3~ Ca?* Mg?* Na*
Y1 162.30 2.66 218.78 119.74 13.69 3.15
Y2 30.40 3.76 243.86 87.71 4.06 243
Y3 765.00 2.16 156.02 254.64 59.14 8.59
C1 60.00 5.52 191.78 85.10 4.98 3.33
C2 70.83 22.51 212.22 63.81 11.61 40.09
C3 16.64 21.56 231.68 33.37 8.92 49.66
L1 855.00 9.70 16.72 150.43 65.49 6.47
L2 1040.00 2.25 286.12 388.58 65.92 12.57
L3 50.00 10.08 360.41 6.70 1.84 158.35
L4 33.99 25.01 32.57 46.27 10.21 252.27
L5 183.57 14.64 163.28 72.04 10.93 56.00
L6 115.66 7.98 195.56 95.89 8.41 791
M1 16.05 11.07 125.79 36.19 9.08 5.15
M2 23.67 9.01 126.03 34.91 12.63 2.22
R1 72.75 4.42 201.69 73.26 14.40 3.80
R2 73.89 3.94 201.70 73.03 14.66 3.32

However, the above sampling points are sparse, and the data are limited. Only
six samples were collected from the main aquifer P31, and three samples each from T;y and
P3c. This may lead to deviations in the simulated pollution migration scope when charac-
terizing the spatial heterogeneity of aquifer hydrogeochemical parameters. Moreover, the
lack of time-series monitoring data may introduce deviations in the initial simulation time,
affecting the reliability of long-term hydrogeochemical effect predictions. Therefore, the
current numerical model is more suitable as a preliminary tool for mechanistic discussion.
For quantitative prediction and engineering decision-making, it is necessary to supplement
monitoring data and quantify uncertainties. The technical route of this study is shown in
Figure 2.
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Figure 2. Technical roadmap of groundwater chemical characteristics research in Qinglong
Coal Mine.

3. Groundwater Chemical Characteristics of Aquifer in Qinglong
Coal Mine

3.1. Hydrochemical Types Analysis

The characterization of groundwater chemical composition primarily relies on
three hydrochemical diagrams. They are the piper trilinear diagram [51] for classifica-
tion, the Durov diagram [52] for analyzing anion—cation relationship, and the Schoeller
diagram [53] for examining ion trend and anomaly analysis. As shown in Figure 3, Ca?*
is the dominant cation in the Ty aquifer, Pm aquifer, and Tuomei River, while Na* and
Ca?* dominate the P3c and Psl aquifers. HCO3™ is the primary anion in the Psc, Pom
aquifers and Tuomei River, with similar concentrations of the three major anions in other
aquifers. Piper trilinear diagram (Figure 3a) shows Psl aquifer samples distributed across
all partitions, indicating high variability in its chemical composition and vulnerability to
external influences. Overall, Qinglong Coal Mine groundwater is characterized by alkaline
earth metals and weak acids [54]. Durov diagram (Figure 3b) reveals decreasing Ca?* and
increasing Na*t concentrations in P3¢ and P3l aquifers, suggesting a potential hydraulic
connection. The high SO42~ concentrations in some T1y and P31 samples are likely from
coal mining. Schoeller diagram (Figure 3c) confirms these characteristics, particularly the
increase in Na*, SO4%~, and decrease in Ca®* in the Psl aquifer.
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Figure 3. (a) Piper, (b) Durov, and (c) Schoeller diagrams of Qinglong Coal Mine groundwater.
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3.2. The Ion Ratio Analysis
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Ion ratio analysis assesses hydrochemical processes during groundwater formation
and evolution to identify ion sources [55]. In Figure 4a, the milligram equivalents of
Ca?*+Mg?* and (HCO;~+S0O42") in all aquifers except P3l fits line 1:1 line, indicating their
origin from carbonate and sulfate mineral dissolution [56]. The P3l aquifer likely has an
additional SO42~ source, e.g., the pyrite oxidative dissolution. For the relationship of Ca?*
and HCO; ™ in Figure 4b, most samples lie between the 1:1 and 2:1 lines, indicating the
calcite dissolution [56]. The low HCO3 ™ in P3l and Ty aquifers are possibly from carbonate
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precipitation or CO, overflow. In Figure 4c, a 1:1 line means the source of SO42~ and Ca?*
is gypsum dissolution [57]. But most of the samples are below the 1:1 line, suggesting
cation exchange or desulfurization. Cation exchange is confirmed by Figure 4e. If the ratio
of Ca?*+Na*—HCO;~ —S042~ to Nat—Cl~ is close to —1, Na* released from the rock can
remove Ca®* and Mg?* dissolved in groundwater [58]. In Qinglong Coal Mine, the cation
exchange occurs in groundwater with high Na*. Figure 4f indicates weak desulfurization

because most samples are above the 1:1 line [59].
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Figure 4. The ion ratio diagram of Qinglong Coal Mine groundwater: (a) p(HCO3_—SO42_) /

p(Ca**+Mg™); (b) p(HCO3)/p(Ca™); (¢) p(SO4*")/p(Ca®); (@) p(CI™)/p(Na"); (e) p(Ca®*+Na®

—HCO;~ —50427)/ p(Na*—Cl17); and (f) p(SO42*) /p(C17). (p is the ion milligram equivalent).
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3.3. Gibbs Plot

The Gibbs graphical method visually distinguishes dominant controlling processes
of groundwater chemistry [60], with main factors including evaporation, atmospheric
precipitation, and water—rock reactions. Figure 5 shows that Tyy, P3¢, and Pom are all
controlled by water-rock reactions, where Cl1~ /(Cl~+HCO3 ™) values are all below 0.5. In
the Ty aquifer, the average value of Na*/(Na*+Ca?") is 0.028. The TDS of individual
sample points exceeds 1000 mg/L. Average value from the Psc aquifer of Na* /(Na*+Ca?*)
is 0.312, and TDS ranges from 100 to 500 mg/L. In the Pym aquifer, the average value of
Na*/(Na*+Ca?") is 0.092, and TDS ranges from 100 to 300 mg/L. P31 aquifer samples are
mainly in the water—rock reaction, with scattered samples migrating to the evaporation zone.
The TDS near the pumping well exceeds 1000 mg/L, with scattered samples migrating to
the evaporation zone.

| Ty
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Figure 5. Gibbs plot of Qinglong Coal Mine.

4. Groundwater Numerical Model of Qinglong Coal Mine

Groundwater chemical analysis reveals anomalous compositional changes in P3l. Min-
ing activities have degraded the groundwater environment in the mine area. Considering
the distribution of strata and aquifers in the study area, P3l is the direct host layer of the
main coal seam and the core research target for the numerical model. Psc acts as the direct
aquifer above the coal seam roof. The water-conducting fissure zone here is breached,
serving as the primary channel for roof water inrush, with its hydrochemical response
closely tied to mining operations. Although locally confined by aquicludes, sufficient
fault displacement allows P3c and Tyy to form hydraulic connections with Psl via faults.
Tim is distant from the main coal seam, separated by two major aquicludes within Tyy,
leading to weak hydraulic connectivity with the underlying aquifers. Beneath P3l, both
P33 and P,m are deeply buried. Mine pumping data show weak hydraulic connectivity
with P31, and mining has little impact on their hydrochemical fields. Therefore, to investi-
gate groundwater chemistry evolution under mining conditions, numerical simulations of
groundwater flow and hydrochemical fields were performed for the main mining layer P3l
and its overlying aquifers P3c and T;y. The simulations focus on mining-induced flow field
changes and analyze the evolution patterns and hydrogeochemical effects of six major ions.
This study employs the MODFLOW [61], MT3D [62], and PHREEQC [63] modules to solve
the model.
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4.1. Numerical Method

To couple the three modules, MODFLOW is used to solve the groundwater flow
equation. The outputs are the groundwater velocity and groundwater head distributions.
The physical dynamic field of groundwater transport is constructed. Based on the flow field,
MT3D is applied to solve the physical transport process of solutes through the convection—
dispersion equation. It obtains the solute concentration only considering the physical
transport effect. PHREEQC takes the transport concentration as the initial condition to
calculate the concentration change caused by equilibrium reaction (e.g., mineral dissolution,
ion exchange) and kinetic reaction (e.g., biodegradation). Finally, the concentration after
reaction is fed back to MT3D as the initial concentration of the next time step.

The groundwater flow obeys Darcy’s law. In MODFLOW, the formula is [61]

*
V(KVh) = Sﬁ% —qs (1)

Here, V is the gradient. K (m/d) is the permeability coefficient. 1 (m) is groundwater
head. S’ is the storativity coefficient. M (m) is the thickness of the aquifer. ¢ (d) is the time.
gs (d~1) is the volumetric flow rate per unit volume of aquifer representing fluid sources
(positive) and sinks (negative).

The solute transport refers to Ficken’s law. In the MT3D module, it is as follows [62]:

0% —

o V(6DVC) — V(0vC) + 0g5(C° — C) + or ()

Here, 0 is the porosity. C (mg/L) is the total concentration of solute in the aquifer.
D (m?/d) is dispersion. v (m/d) is the flow velocity that v = KVh. C° (mg/L) is the
concentration of solute in the source and sink. r (mg/(L-d)) is the source and sink term of
hydrochemical reaction, which is the key to the PHREEQC module. The r can be expressed
as [63]

t
y= /O k. f(C,T, pH)dt 3)

Here, k; is the reaction rate constant whose unit depends on the specific reaction types.
f(C, T, pH) is the rate influence function, which reflects the regulation of concentration,
temperature, and pH on the reaction rate.

In order to couple MODFLOW, MT3D, and PHREEQC modules, it should calculate
the physical transport concentration of the solute C" [62]:

ctrans _ Cr + L(C)k+%At 4)

Here, Cy (mg/L) is the initial concentration of solute at the kth time step. L (mg/L)
is the spatial differential operator of solute at the time step k + 1/2. At (d) is the time
step length. Then, the solute concentration would be modified by the hydrochemical
reaction [63]:

Ck+l — Ctrans Ly (5)

The solute concentration coupled with PHREEQC is finally presented as Cy.1, which
means that the concentration at the k + 1th time step is based on the physical transport con-
centration at the kth time step and the concentration change caused by the hydrochemical
reaction. Finally, it should obey the mass conservation [63]:

JasCidt= [g.Cat+ Y, 0vCT Ly ovr (6)

Here, V (L) is the grid volume. } 4 is the sum of all grid internal terms.
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The Newton-Raphson iteration method is used to solve Formula (6). All three modules
have the same stress period. Traditionally, the time step length of PHREEQC is set to
be consistent with that of MT3D. It means that PHREEQC calculations are performed
immediately after each MT3D step. While it reduces the operator splitting error, it results
in excessive computational load. Hence, the time step length of PHREEQC is set to the
product of the number of time steps and the time step length of MT3D. For example, MT3D
completes N time steps to calculate C"™"* at the Nth time step. PHREEQC then performs
one reaction modification to improve the computational efficiency. The coupling steps are

[ Simulate MODFLOW to print v ]

|
[ Read the flow field to MT3D ]

shown in Figure 6.

Print the final solute concentration
with hydrochemical reaction

Whether to complete
the stress period

[ Divide MT3D simulation to N time steps ] End

l

[ Calculate the next time step 7, for i =i + 1 ]<—

l

[ Simulate MT3D to print C"9" ]

No

Yes
[ Read the N time step C"" to PHREEQC ]

[ Simulate PHREEQC to print » ]

Modify the solute concentration by the hydrochemical
reaction: Cp,, = C"@™s +

}

Calculate the mass conservation ]

Figure 6. The flow chart of coupled MODFLOW, MT3D, and PHREEQC.

4.2. Groundwater Flow Field Simulation
4.2.1. Conceptual Model

The hydrogeological conditions of Qinglong Coal Mine are complex, with numerous
faults and folds and well-developed karst fissures. Combined with the mining area condi-
tions, a conceptual model is established as shown in Figure 7. The southeast of the coal
mine is the core of the Gelaozhai anticline, which is defined as an impervious boundary.
The F1 fault in the northeast penetrates the three layers and is treated as a constant flow
boundary. The northern section of Ty is influenced by multiple faults and the lowest
erosion surface of the Tuomei River. The portion within the Tuomei River basin is defined
as a constant head boundary with an elevation range of 1158 m to 1220 m. The northwest
side is set as a constant flow boundary. Additionally, the F3 fault on the western side of the
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mine penetrates P3c and P3l, so the western boundaries of these two aquifers are defined as
constant flow boundaries. Based on drilling data, the boundary outflow is set to 0.1 m3/d
per cell. The Ty aquifer is partially exposed and receives recharge from atmospheric precip-
itation. Pumping wells are arranged in P3c Mining Area 2 and Mining Area 4, respectively.
Since the aquifer is of karst fissure type, the numerical model adopts an equivalent porous
medium approach, which may not fully resolve individual karst conduits. The model,
therefore, generalizes eight fissures through the aquifer. The permeability coefficient K is
set to 100 m/d to simulate the main fissures and water-conducting channels.

N

A

=1 Pumping well
® Sample
—— Fault confining
Constant head

Constant flow

Confined
[ ] Recharge area

Figure 7. Conceptual hydrogeological model of Qinglong Coal Mine: (a) T1y aquifer; (b) P3c aquifer;
and (c) P31 aquifer.

The hydrogeological parameters of the coal mine refer to [19] as shown in Table 3.
Here, T (m?/d) is transmissivity. R is the recharge rate. Other parameters are the same in
Formulas (1) and (2).

Table 3. The parameters in the groundwater numerical model.

Aquifer T [m?/d] S’ 0 R D [m?/d]
T1y 11.4 421 x 1073 0.3 12 x 1074 35
Psc 2.18 0.95 x 1073 0.22 / 1.5
Pl 0.95 0.62 x 1073 0.2 / 0.8
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4.2.2. The Original Groundwater Flow Field

The aquifer system is defined as a three-dimensional, isotropic, steady-flow confined
aquifer system with local water-conducting fissures. The model is divided into 173 rows
and 208 columns. A groundwater flow field model is established using 40 groundwater
head observation points. Fourteen of these points are used for model validation, and
26 for model calibration. The MODFLOW module is used to solve the mathematical
model and obtain the original groundwater flow field in the mining area before mining.
Three indicators, Root Mean Squared Error (RMSE), Mean Relative Error (MRE), and
Coefficient of Determination (R?), are employed to evaluate the prediction performance of
the model. The RMSE and R? of the model are 9.88 and 0.807, respectively. The MREs of
all validation observation points are less than 1.5%, as shown in Figure 8. Therefore, the
model has good prediction performance.

Validation point
03 04 05 06 07 08 09 Ol0 Oll 012 OI3 Ol4

1310
1285
1260
0.7
1235

1210

1185

0.94%

1160

.63%

0.84% 0.79% 0.28%

0.33% 0.47% 0.58%

1.20%

—@-—"True observation Model resulrs

Figure 8. Validation of groundwater flow field model.

Perturbation analysis was used to evaluate the sensitivity of key hydrogeological
parameters in the model, as shown in Figure 9. Model parameters were taken as baseline
values with a variation range of £80% [64,65]. The permeability coefficient and stora-
tivity coefficient of three aquifers, as well as the recharge rate in the T;y aquifer, a total
of seven parameters were adjusted by +20%, +40%, £60% and £80% from the baseline
values. The subscripts y, c, and [ represent T1y, P3¢, and Psl, respectively. The MODFLOW
numerical simulation program was used to calculate the groundwater flow, and the cu-
mulative number of runs of the model was 7 x 8 = 56. The simulation was on a personal
computer with a 12th Gen Intel(R) Core(TM) i7-12700H, 2.30 GHz processor. MODFLOW
executed one flow model, approximately requiring 68 s. The results indicate that the perme-
ability coefficient K of the P31 aquifer has the highest sensitivity. The storativity coefficient
obtains the lowest sensitivity. Moreover, the recharge rate in the Tyy aquifer has a slightly
higher sensitivity than the storativity coefficient.
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Figure 9. Sensitivity analysis of groundwater flow model parameters.

The initial groundwater flow field of the coal mine is shown in the first column of
Figure 10. Before mining, groundwater flows from east to northwest, consistent with the
coal mine’s topographic and tectonic controls. The highest groundwater head occurs near
the anticline, while the lowest head is observed near the Tuomei River. A small watershed
exists in the middle of the coal mine, directing groundwater flow to the northwest and
north, respectively. Local groundwater head mutation points appear due to the connection
of some fissures, as shown in Figure 10(A1). The flow fields of T;y and P3c are similar. The
head mutation in the eastern part of P31 is more obvious than that in the overlying aquifers,
as shown in Figure 10(B1).

Head(m)
| B

1248.5
1219.1
1189.7
1175.0

Figure 10. Comparison of groundwater flow field before and after mining in Qinglong Coal Mine:
(a1) the original flow field of T1y; (a2) the flow field of T1y after pumping; (A1) the original mutation
flow of T1y; (A2) the mutation flow of T1y after pumping; (b1) the original flow field of Psc; (b2) the
flow field of P3c after pumping; (B1) the original mutation flow of P3c; (B2) the mutation flow of P3¢
after pumping; (c1) the original flow field of P3l; (¢2) the flow field of P3l after pumping and S1, 52
are two pumping wells.
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4.2.3. The Analysis of Groundwater Flow Field Evolution

The calibrated and validated results confirm that the groundwater flow model can
be used to simulate the groundwater flow field changes during the mining process with
pumping. Based on the initial flow field, two pumping wells are operated at 800 m>/d to
simulate the mining conditions.

The groundwater flow field after pumping is shown in the second column of Figure 10.
The groundwater heads of the three aquifers decrease significantly, with the P31 aquifer
showing the most obvious decline. The hydraulic gradient along the southwestern bound-
ary of P31 decreases from 0.024 to 0.020. The highest groundwater head on the southeastern
boundary drops to 1278.1 m. It enhanced river recharge from pumping limits head decline
along the northwestern boundary, where the average hydraulic gradient change is only
0.00024. Potential leakage recharge may occur through numerous fissures in this zone.
Pumping also creates a local groundwater divide in central P3l. The eastern boundary
experiences reduced flow velocity with an increased hydraulic gradient of 0.0015, and head
drops exceeding 30 m. The O14 well in the study area has the largest drawdown at 19.24 m,
while the O16 well has the smallest at 7.11 m. Drawdown of the remaining observation
wells ranges from 8.89 m to 17.2 m, with an average of 13.62 m. Additionally, depression
cones form around both pumping wells as shown in Figure 10(c2). The average ground-
water head decrease within these cones is 60.31 m, and the maximum influence radius of
P;3lis about 1100 m, as shown in the black circle of Figure 10(c2). The central head within
the depression cone drops more than 75 m. The overlying P3c and Ty aquifers are less
affected by pumping, though drawdown occurs at fissure-connected locations, particularly
near the eastern anticline. Influenced by river recharge and atmospheric precipitation, T1y
is less affected by pumping and maintains a relatively stable groundwater flow field. Local
head anomalies in T1y and P3c between the pumping wells also diminish or disappear, as
shown in Figure 10(A2,B2).

The results show that the mining-induced pumping alters groundwater flow directions.
Combined with Fick’s law, it will also affect the distribution of ions in groundwater. It is
easy to cause groundwater pollution and affect the groundwater environment of coal mines.

4.3. Groundwater Chemical Field Simulation
4.3.1. The Initial Groundwater Chemical Field

Based on the groundwater flow model and Table 2 data, Kriging interpolation is
conducted on the main ion concentrations of the three aquifers. Concentration values for
each region and boundary are defined using the interpolation results. The boundaries are
free boundaries, allowing ions to enter and exit per the convection—dispersion equation. A
groundwater solute transport model for Qinglong Coal Mine is established with 12 hydro-
chemical samples. Eight samples are used for model calibration and four for validation,
with the simulation period consistent with that of the flow model.

Figure 11 depicts the migration of main anions (HCO3;~, SO42~, and Cl~) and cations
(Ca?*,Na*, and Mg?*) in groundwater. The ion distribution of the T;y aquifer (first column
of Figure 11) is strongly correlated. All ions except C1™ increase in concentration from
southwest to northeast, while C1~ shows the opposite distribution. Among the six ions,
Na* concentration is extremely low. The concentration of S042~ in the Psc is lower than
that in the roof and floor aquifers. All ions except Ca2* exhibit high concentrations in the
northwest and low concentrations in the southeast, with Ca%* showing the reverse trend.
Ton concentrations in P31 are significantly higher than in the other two aquifers, with SO42~
increasing most prominently. This may be associated with coal mining disturbance of
pyrite-containing strata.
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Figure 11. The ion distribution of Qinglong Coal Mine: (a) Tyy aquifer; (b) P3c aquifer; and
(c) P3l aquifer.

4.3.2. The Analysis of Groundwater Chemical Field Evolution

Ion concentration distribution is closely related to the groundwater flow field [64].
Slow groundwater circulation leads to ion enrichment in low-velocity areas. Rapid flow di-
lutes ion concentrations. The groundwater solute transport model for Qinglong Coal Mine
is established based on the groundwater flow model. The spatial distribution of six major
ions (HCO;3~, SO4%~, Cl—, Ca2*, Na™*, and Mg2+) is used as the initial concentration.

Figure 12 shows the concentration differences in three anions (HCO;~, SO4%, and
Cl™) and three cations (Ca?*, Na*, and Mg?*) under pumping. During pumping, all
six ions migrate toward the pumping wells. Groundwater flow increases the hydraulic
gradient near the wells. This also raises the concentration gradient of these ions. Thus, ion
distribution across the aquifers shows consistent spatial evolution patterns.
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Figure 12. The ion concentration difference distribution of the groundwater MT3D model under the
influence of pumping in Qinglong Coal Mine: (a) SO42~; (b) HCO3~; (c) C1~; (d) Ca*; (e) Na*; and

(f) Mg2*.
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In the P3l aquifer, C1~, Na*, and HCO3;~ concentrations decrease near the pumping
wells. In contrast, Ca2*, Mg2+, and SO,4%~ concentrations increase. SO42~ increases by
more than 69 mg/L. In the P3c aquifer, HCO3; ™ concentration decreases significantly. Initial
Cl™ concentration (15~22.5 mg/L) is higher than in other aquifers and decreases over time.
Na* and Mg?* concentrations change gently. Other ions remain relatively stable. The F1
fault penetrates both P3c and Psl aquifers, creating local hydraulic connectivity between
them and causing abnormal changes in HCO3 ™ concentration. All ions in the T;y aquifer
show a decreasing trend, with SO42~ decreasing most notably. Mg?* has an initial local
high-concentration region (50~59.4 mg/L) that expands slightly over time. CI~ and Na*
show limited changes.

Overall, ion distribution in the three aquifers is influenced by the constant head
boundary on the southwest side. Pumping increases hydraulic gradient and flow velocity,
accelerating the groundwater renewal cycle and reducing most ion concentrations. The
southeast boundary of the three aquifers is impervious. During pumping, ion concen-
trations here decrease with falling groundwater heads. A key exception is SO4%~. Its
concentration increases due to mining activities, which change the underground environ-
ment from reductive to oxidative and release SO4%~ from sulfur-containing coal strata.

4.4. Groundwater Hydrogeochemical Reaction Simulation
4.4.1. The Settings of the PHREEQC Model

The PHREEQC module is coupled with the MT3D model to simulate hydrogeochemi-
cal reactions under pumping. In the simulation, the southeast anticline is set as an inflow
boundary, following the groundwater flow direction. The western and northeastern sides
are treated as outflow boundaries. Possible mineral phases and hydrogeochemical reac-
tions include calcite, cation exchange, and pyrite oxidation. Parameters of water samples
involved in the hydrochemical simulation are input into the model. Simulation results of
coupled reaction transport are combined with those of pure solute transport (MT3D).

4.4.2. The Analysis of Groundwater Hydrogeochemical Characteristics Evolution

Comparison of simulation results shows ion concentrations in the three aquifers are
higher than those from MT3D simulations. All ions in P3l accumulate near the pumping
wells. In P3¢, HCO3™ concentrations decrease near the pumping wells. Both T;y and P3c
aquifers show local concentration anomalies due to fissure influence. The results indicate
ion impacts around pumping wells are more pronounced when hydrogeochemical reac-
tions are considered. Coal mining changes the underground environment from reducing
to oxidizing [22]. This causes pyrite oxidation [15], leading to increased SO42~ concen-
tration as shown in Figure 13a. This difference confirms that hydrogeochemical reactions
significantly affect ion distribution, which MT3D fails to capture.

Our findings align with those of Zhan et al. [4]. Focusing on deep coal mining in
western China, Zhan et al. [4] integrated 218 water sample data points and long-term
hydrodynamic monitoring records. Hierarchical clustering, ion ratio analysis, and wavelet
analysis were employed. The hydrochemical evolution mechanisms of multilayer aquifer
systems under mining influence were systematically investigated. Zhan et al. [4] revealed
that mining activities promote the development of water-conducting fissure zones and
changes in the redox environment. These are the main reasons for the significant increase
in SO42~ concentration, which is consistent with our coupled simulation results. Therefore,
we hypothesize that pumping enhances groundwater circulation, which promotes oxygen
transport. This further aggravates pyrite oxidation in the P31 aquifer. The specific chemical
reaction formula is as follows:

FeSy(s) + HyO + Oy — Fe*t +2S03™ +2H ™" 7)
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Figure 13. The ion concentration difference distribution of the PHREEQC model under the influence
of pumping in Qinglong Coal Mine: (a) 5042; (b) HCO;~; (c) C1—; (d) Ca%*; (e) Nat; and (f) Mg2+.
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Zhan et al. [4] revealed the spatiotemporal variations in hydrodynamic information
using wavelet analysis. It further quantifies the hydrochemical response process triggered
by hydrodynamic changes through a coupled model. It is found that altered hydrodynamic
conditions serve as the premise for hydrochemical evolution. The shift in redox conditions
is responsible for the water quality deterioration. Pyrite undergoes continuous oxidation,
driving the reaction forward. This increases SO42~ concentration in groundwater. It also
raises H* content in the water, which is another key reaction captured by PHREEQC.
Zhou et al. [42] supplemented this finding by studying SO4%~ increases from artificial
iron sources, such as mine steel components (e.g., anchor bolts). They noted that a dual
source system of pyrite and steel equipment promotes mutual enhancement. This further
aggravates acid and sulfate release. It also indicates the actual SO42~ concentration in P31
may be higher than our coupled simulation predicts, which only considers pyrite oxidation.
Subsequently, groundwater acidity increases and pH decreases as shown in Figure 14,
leading to groundwater acidification.
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Figure 14. The pH difference distribution of the groundwater PHREEQC model in Qinglong Coal
Mine: (a) T1y aquifer; (b) P3c aquifer; and (c) P31 aquifer.

The aquifer lithology in Qinglong Coal Mine is dominated by calcite and dolomite,
which dissolve naturally. Ca?* and Mg?* are mainly derived from these carbonate rocks. Mi-
nor disturbances (e.g., roadway excavation) rarely alter this balance. Lv et al. [10] confirmed
that shallow underground engineering excavation only causes slight groundwater distur-
bance, concentrated in local fissures. It does not change mineral dissolution-precipitation
equilibrium or trigger large-scale water flow alternation. However, the H* released from
pyrite oxidation strengthens lixiviation. Pumping accelerates groundwater flow, increasing
the hydraulic gradient. This promotes limestone dissolution in the aquifer, triggering karst
reactions, as shown in Figure 15.
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Figure 15. The calcite difference distribution of the groundwater PHREEQC model in Qinglong Coal
Mine: (a) Tyy aquifer; (b) P3c aquifer; and (c) P31 aquifer.

Tian et al. [7] corroborated this mechanism in the Tengxian Coalfield. Through multi-
hole aquifer tests, it was found that groundwater runoff in the Ordovician aquifer is
sluggish under normal conditions. However, hydrodynamic changes were triggered under
mining conditions. Their research indicated that hydrochemical evolution under mining
disturbance is mainly controlled by cation exchange. This finding aligns with the results of
the coupled simulation in this study. It illustrates that mining disrupts hydrogeological
structures, enlarges aquifer fissures, and accelerates groundwater runoff. Combined with
pyrite oxidation, this enhances short-term carbonate rock dissolution. It explains why
reactions (8) and (9) proceed forward in Qinglong Coal Mine.

CaCOs +H" — Ca*t + HCO; (8)

CaMg(CO3), +2H" — Ca*" + Mg*" +2HCO; ©9)

As aresult, H* in groundwater is consumed and a large amount of Ca?*, Mg?*, and
HCO3™ is generated.

Local HCO3;™ changes correspond to pH changes, especially in P3c. Near pumping
wells, HCO; ™ first increases then decreases as shown in Figure 13b. This likely stems
from neutralization between H* (from pyrite oxidation) and HCO3;™~ (from carbonate
equilibrium), as shown in reaction (10):

H" + HCO; = H,CO3 = CO1(g) + H,O (10)

Increased HCO3 ™~ and H* drive the reaction rightward. Generated HCO3 ™~ is continu-
ously consumed, and CO, escapes via the wellhead, sustaining the reaction. Thus, HCO3;~
is simultaneously generated and consumed. Under the influence of no mining activities,
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HCO;™ is influenced by atmospheric precipitation and natural karstification [41]. Without
mining, HCO3™ is influenced by atmospheric precipitation and natural karstification [41].
After mining, it is mainly controlled by groundwater carbonate balance, especially near
pumping wells, where oxidation and pumping strongly affect carbonic acid balance. It
significantly reduces HCO3; ™ [19]. In other regions, lixiviation outweighs carbonate balance,
increasing HCO;3 ™.

Additionally, the total change in Ca?* and Mg?* exceeds that of HCO; ™. As lixiviation
progresses, the Ca?* and Mg?* concentrations rise, as shown in Figure 13d.£, respectively.
Coal mining induces water-level decline and enhances water-rock interaction, which pro-
motes strong Ca?*-Na* cation exchange [7,19]. During long-term pumping, groundwater
undergoes cation exchange adsorption with argillaceous bands in the formation. The
specific reaction is as follows:

Ca®M) (1) +2Na* (s) — 2Na* (1) + Ca®+)(s) (11)

Ca?* in groundwater replaces Na* adsorbed by rock and soil, theoretically increas-
ing Na* content and decreasing Ca?* in groundwater, as shown in Figure 13d,e. How-
ever, the increased hydraulic gradient from pumping reduces water-rock contact time,
potentially preventing full ion exchange equilibrium [66]. Additionally, limited exchange-
able Na* in aqueous media also constrains Na* changes. These factors explain why
PHREEQC simulations show insignificant Na* concentration changes, with variations only
in individual areas.

Cl™ is a conservative ion, rarely participating in hydrogeochemical reactions [41]. Its
concentration is mainly controlled by hydraulic convection—dispersion. Zhan et al. [4]
confirmed Cl~ concentrations remain stable, as mining barely affects its sources and
dissolution. The enhanced water-rock interaction primarily alters SO,2~ rather than
CI™. Thus, CI~ shows little change when hydrogeochemical reactions are considered in
Figure 13c. Solute transport results are similar in P3c and Psl aquifers. Ty, however, is
noticeably influenced by river recharge, leading to increased Cl~ concentrations.

5. Conclusions
5.1. Main Research Conclusions

This study analyzes the evolution of the groundwater chemical field under coal mining
conditions, considering the distribution characteristics and driving mechanisms of ground-
water chemical components. Combined with the actual conditions of Qinglong Coal Mine,
by coupling hydrogeochemical reaction simulations (PHREEQC module) with solute trans-
port simulations (MT3D module), the study quantitatively analyzes the evolution trend of
groundwater chemical characteristics affected by mining in the main coal seam aquifer (P3])
and its roof aquifers (P3c and T1y). The main conclusions are summarized as follows:

1. The three aquifers in Qinglong Coal Mine exhibit distinct hydrochemical characteris-
tics, with coal mining disturbance serving as the primary driver of local anomalies.
The coupled model effectively captures the dynamic flow chemistry response.

2. Mining induces pronounced local hydrodynamic changes in the groundwater flow
field, establishing hydraulic connectivity between the coal seam aquifer and roof
aquifer at fissure-connected locations. These hydrodynamic alterations are the key
drivers of hydrochemical evolution in the mining area.

3. Groundwater chemistry in fissure aquifers within coalfields is primarily controlled by
lixiviation. Mining disturbs the coal seam aquifer, shifting it from reducing to oxidizing
conditions. This triggers pyrite oxidation, leading to slight acidification. Local ion
enrichment in roof aquifers mainly results from pumping effects at fracture zones.
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The above conclusions provide valuable references for similar fissure aquifers and
coalfields with multiple superimposed structures.

5.2. Research Limitations and Future Prospects

The karst-fissure groundwater is simulated based on an equivalent porous medium
model. It focuses on the influence of major fissures but neglects aquifer heterogeneity. For
areas with well-defined, easily characterizable, and large-scale fissures, the aforementioned
methods can effectively capture the overall evolutionary trends. However, for localized
changes within the mining area, such as variations in the hydrochemical composition
around a specific mine shaft, the model’s predictive accuracy is insufficient. Due to limited
available data, the existing data are used for exploration. Some abnormal data are adjusted
during interpolation. Insufficient data may lead to inaccurate concentration characteri-
zation. If regional data are sufficient, the aforementioned methods can be employed for
more accurate characterization. In this study, only the pumping under mining condi-
tions was simulated. Two pumping wells were set up in the model. If other pollutant
ions are discharged, they can be drained through wells, and additional contaminants can
be incorporated.

In the future, the heterogeneity of the karst fissure aquifer will be described by combin-
ing relevant geological data. Uncertainty will also be introduced into the model to improve
the accuracy of model characterization. This will further explore the groundwater chemical
environment under the influence of coal mining.
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