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ABSTRACT: The WuMa River (WMR) watershed is located in
Renhuai City, Guizhou Province of China, which is a first-class
tributary of the Chishui River. The geochemical investigation
mainly included the determination of groundwater pH, total
hardness, total dissolution solid, major cationic and anionic, and
the geochemical groundwater modeling. The principal component
analysis (PCA) and Gibbs model were used to analyze the
pollution type and geochemical composition. The geochemical
investigation results show that the cations of groundwater are
dominated by Ca’* and the anions are dominated by HCO;;
therefore, two main hydrochemical types in the study area are
identified as Ca**—Mg**—HCO;~ and Ca®>*—Mg**—SO,*". The
chemical composition of groundwater in this area is mainly controlled by weathering of the carbonate rocks. The ion concentration
of groundwater in the study area exhibited significant spatial variability between dry and wet seasons, while temporal changes of
cationic and anionic concentrations exhibited irregularities. In PCA and FA analysis, PC1, PC2, and PC3 were extracted, which
could explain 51.92, 26.98, and 12.61% of the total information, respectively. F1 explained 67.44% of the total variance, among which
Ca’, Mg*, K', SO,*", and Cl™ contributed the most among the factors and were the main factors controlling the chemical
composition of groundwater. The relative error between the measured water level and the simulated water level is less than 2%,
which meets the requirements of simulation accuracy. During the simulation period of the model, a total recharge of 339.05 x 10*
m® was observed in the simulated area, primarily attributed to infiltration from rainfall. The total excretion amounted to 330.78 X
10* m?, primarily through evaporation, with a minor amount of lateral outflow. The migration pathway of pollutants in groundwater
primarily follows the direction of groundwater flow while diffusing vertically. The migration range of the pollutant is in accordance
with the direction of groundwater flow and extends along the larger hydraulic gradient, demonstrating consistency. The findings of
this study serve as a reminder that the closure of coal mines can constitute a significant source of water pollution. Simultaneously,
they offer empirical data and theoretical references for the simulation and prediction of groundwater contamination in enclosed coal
mines.

Simulation
prediction

Calibration and validation

1. INTRODUCTION coal mines. Closure of the coal mines, the local groundwater
level rises to the water-conducting fissure (or other water-
conducting channels) formed during mining, and a hydraulic
connection will occur with nearby aquifers, resulting in
interlayer pollution.”” Therefore, the identification of hydro-
geochemical processes and hydraulic connections within
aquifers in closed coal mines contaminated with pollutants can
facilitate an accurate prediction of potential water inrush sources
and enable appropriate preventive measures to be taken.

Groundwater is a crucial global resource.”” In regions and
nations where surface water is absent, groundwater serves as the
primary source of potable water.’~® According to statistical data,
approximately 61% of Chinese cities rely on groundwater as
their primary source of drinking water; however, approximately
40% (2.7 Gm®) of China’s groundwater has been impacted by
mining activities."””~® However, the closure of mines has been
on the rise year after year due to a variety of factors, including
further structural adjustments and resource integration within
the coal industry, elimination of excess energy capacity, and
safety and environmental protection restrictions.'’ The ground-
water environmental issues arising from coal mining have long
been a pivotal constraint on local socio-economic and ecological
sustainability.'~"* However, there are relatively few studies on
the heavy metal pollution of groundwater after the closure of
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The hydrogeochemical evolution of groundwater systems has
been extensively explored recently, and air—rock—water
interactions are the key mechanisms in most cases.'® Numerous
approaches such as statistical calculations, correlation analysis,
Gibbs model, and Piper diagrams are commonly employed for
the investigation of hydrogeochemical characteristics, while
hydrogeochemical diagrams serve as valuable tools in this
regard.”>'>'” For instance, Zhang et al. conducted a
comprehensive investigation of the hydrogeochemical processes
and assessed the water quality of mine water in karst collapse
columns using hydrochemical, multivariate statistical methods,
and stable isotope analyses." The hydrogeochemical compo-
nents undergo variations along the groundwater flow direction,
which is determined by the prevailing hydrogeochemical
processes such as mineral dissolution or precipitation, ion
exchange, and mixing effects.”’”'® Many hydrogeological
studies have been conducted to understand the interactions of
groundwater and predict the groundwater in an undamaged
groundwater system.”'” A combination of the geometry in the
karst aquifer, recharge, and mining exploitation are ignored in
current research despite their significance.

In these circumstances, numerical modeling plays a crucial
role in facilitating the construction of hydrogeological models
and evaluating numerous parameters related to groundwater
budgets.””~** The novel technologies of visualization, process-
ing, and modeling have been extensively employed in hydro-
geological investigations, such as SWAT, APEX, SEAWAT,
FEFLOW, and MODFLOW.>*"** MODFLOW is an easily
available software package in the public domain. Preziosi et al.
conducted a stepwise modelin% procedure for groundwater flow
simulation by MODFLOW.”” The analysis of these works
reveals the challenges associated with obtaining reliable data for
a more comprehensive assessment of the intricacies of
groundwater systems.

The mining history in most areas has raised significant
concerns regarding the availability and suitability of water
resources for other sectors. The impacts of mining activities are
in terms of both the quality and quantity of water and its flow
direction. During mining operations, the water table is artificially
lowered through the continuous pumping of water into the mine
shafts to maintain dry conditions.”® The recovery of the water
table in the mine shafts following mine closure, however, has also
had a detrimental effect on water quality. As mine cease and
pumping stops, they become filled with highly acidic and
mineralized water due to the contact between water and
overexposed unmined ore.”” The uncontrolled discharge of
contaminated water from abandoned mines, commonly referred
to as acid mine drainage (AMD), has resulted in a significant
water quality issue.””>" AMD is not only associated with surface
and groundwater pollution but is also responsible for the
degradation of soil quality and aquatic habitats and for allowing
heavy metals to seep into the environment.*>*’

The research primarily focuses on active coal mining
areas,”**° with less emphasis on the closure ones about
groundwater pollution and environmental risk. The research on
mine closures has also placed emphasis on groundwater
levels,*”® water conservation,””*”*° chemical composition of
groundwater,‘” and the air pollution of surrounding. Such as,
Kim et al. put forward a simplified model-based program for the
analysis and visualization of groundwater rebound in abandoned
mines to Erevent contamination of water and soils by acid mine
drainage.”” Jiang et al. conducted an investigation on the
geochemical reaction between karst water in the gob area and
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waste gangue with a static immersion experiment to discuss
variations in dissolution effects of different types of karst water
on gangue after the closure of coal mining.*” Zhou et al. found
that dual-source iron contributes to the water—solid—gas
interaction in abandoned coal mines and the release of iron at
different periods after mine closure, posing environmental risks
in groundwater and discharging acid mine drainage.'> Although
several studies have examined the impact of coal mine closure,
they primarily rely on hydrochemistry and laboratory simulation
methods to investigate groundwater flow effects while neglecting
the utilization of computer models for simulating and predicting
groundwater pollutants.

The Chishui River is a crucial, ecologically sensitive, and
fragile area, serving as both a source of drinking water and a
national nature reserve for rare and endemic fish in the upper
reaches of the Yangtze River. The Wuma River, as a significant
tributary of the Chishui River, poses a potential threat to both
the environment and society if untreated mine wastewater,
contaminated surface water, and groundwater are discharged
into the Chishui River subsequent to coal mine closure in the
Wuma River Basin. Therefore, it is of great significance to study
the risk of water pollution caused by mine closure in the WMR
Basin for the protection of the Chishui River. Meanwhile, it is
imperative to investigate the scope of groundwater impact and
evaluate the prospective pollution level of contaminants.

The closure of coal mines in the WMR watershed, a primary
tributary of the Chishui River located in the Renhuai area of
Guizhou Province, was considered. The primary concern in this
area pertains to the quality of groundwater in relation to closure
mining. The controlling processes governing the chemical
behavior of groundwater will be investigated from both
hydrogeological and hydrogeochemical perspectives. The
objectives of this study focus on three aspects:

(1) investigating the groundwater recharge, runoff, and
discharge modes, as well as the aquifer and drinking
wellspring with water supply significance, determined the
hydrological and geochemical background characteristics
of the regional natural karst groundwater system;

(2) analyzing the pollution forms and pollution ways of the
accumulated water in the goaf of the closed coal mine to
the regional karst groundwater;

(3) studying the migration and transformation law of
pollutants in the goaf of the closed coal mine in the
karst groundwater.

The results provide an accurate prediction of groundwater
pollution in the study area’s closed pit mine, thereby providing a
robust theoretical foundation for effective prevention measures
against groundwater contamination.

2. DATA AND METHODS

2.1. Study Area. The WMR is located in Renhuai City,
Guizhou Province, which is the first-class tributary of the upper
reaches of the Chishui River, China (Figure S1). The
geographical location of the study area is between 106°10'—
106°27" east longitude and 27°27'—27°47' north latitude.

2.1.1. Physiography. The study area is situated on the eastern
bank of the Chishui River and to the south of Renhuai City. The
topography in this region comprises undulating mountains,
vertical and horizontal valleys, and rugged terrain. The terrain
exhibits a concave shape with a low elevation at the center and
high elevations on both sides. The highest point, situated in the
southernmost Longjing Bay, boasts an elevation of 1299.3 m,
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while the lowest point is found at the base of the Chishui River in
the north, with an elevation of 435.5 m and a maximum relative
difference in elevation reaching 863.8 m. The landform of the
area is characterized by mountain plains as well as middle and
low mountain canyons. The typical landforms in this area consist
of three types: peak clusters with depressions, peak clusters with
gullies, and erosion valleys.

2.1.2. Climate and Rainfall. The study area belongs to the
subtropical warm and humid monsoon climate area, which has
the characteristics of drought in winter and spring, hot and dry in
summer, less sunshine in the whole year, rain in early summer
and late autumn, and three-dimensional climate and regional
differences. The dominant wind direction in the study area is
NW throughout the year, and the frequency of quiet wind is
high, with an average of 39% and an average wind speed of 1.5
m/s. The annual sunshine is 1266.7 h. The frost-free period is
generally 270 to 300 days. The annual average temperature is
18.1 °C, the maximum annual average temperature is 22.1 °C,
the extreme maximum temperature is 43 °C, the minimum
annual average temperature is 15.1 °C, and the extreme
minimum temperature is 1.9 °C below zero. The annual average
rainfall is 1235.6 mm, the annual maximum rainfall is 1339.6 mm
(2014), and the minimum rainfall is 881.7 mm (2013).

2.1.3. Drainage. In the western part of the study area,
Longjing, Jiucang, Yuanjiazhai, Firestone, Tianbazhai, Madong,
and other places take the Jiucang River as the drainage boundary.
The whole central and eastern regions are drained by the WMR.
The WMR flows from east to west in the study area, turns from
Wuma Town, and flows from south to north to the Chishui
River. It is fed at the border on both sides and dispersed into the
WMR through surface gullies or underground rivers. The main
recharge areas of the underground karst are Changgang town in
the east and Sanyandong in the middle.

2.1.4. Hydrogeology. According to the lithology, water-
bearing medium type, and groundwater occurrence conditions,
there are three types of groundwater in the study area: carbonate
karst water, bedrock fissure water, and loose rock pore water.

(1) Carbonate Karst Water. According to the occurrence
medium and hydrodynamic characteristics of karst water, it can
be divided into two subcategories: karst cave pipe water
dominated by limestone and cave fissure water dominated by
dolomite.

(1.1) Limestone Cave Pipe Water. The major aquifer
lithostratigraphic units comprise the Shizishan Formation
(T2sh), Jialingjiang Formation (T1-2j), second Member of
Yelang Formation (T1y2), Changxing Formation (P3c), Qixia
Maokou Formation (P2q + m), and Qingxudong Formation (€
1q).

The lithology consists of limestone and dolomitic limestone,
with a highly karstified aquifer system characterized by well-
developed surface karst features such as depressions, water
caves, underground river skylights, and karst hard wells that
occur in a linear pattern along the structural trend.

This subclass of karst water exhibits characteristics such as
concentrated runoff, high discharge rates, rapid flow velocities,
significant dynamic fluctuations, and strong cyclic alternations.
The water-rich grade index of the water-bearing rock group
indicates that this type exhibits a moderate to strong degree of
water richness, although its water content is highly heteroge-
neous.

(1.2) Dolomitic Fissure Water. The main water-bearing rock
groups include the Gaotai Formation (€ 2g), Loushanguan
Group (€ 01), and Tongzi Honghuayuan Formation (O1t-h).
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The lithology is thick-bedded dolomite, argillaceous dolomite,
and calcareous dolomite. In the geomorphology, it is mostly
formed in mild valleys and gullies, and the replenishment
conditions are good. The karst water in dolomite karst pores and
dissolved gaps has the characteristics of dispersed runoff, slow
velocity, uniform water richness, and little dynamic change.
According to the water-rich grade index of the water-rich rock
group, the water-rich rock group is medium to strong.

(2) Bedrock Fissure Water. 1t is mainly distributed in the
Jurassic (J), Upper Triassic Shaxujiahe Formation (T3xj), the
third member of Yelang Formation (Tly3) argillaceous
siltstone, silty mudstone, carbonaceous mudstone, mudstone,
local sandstone, limestone, and coal seam areas and is
weathering fissure and structural fissure water, with an obvious
topside supporting effect and many characteristics of topside
water retention. Aquifer water richness is weak—medium.

(3) Pore Water of the Unconsolidated Layer. 1t is scattered
in karst depressions, valleys, and river valleys, and the water-
bearing medium is the pores in the quaternary alluvial, residual
slope deposit clay, subclay, subsandy soil, and sand gravel layers,
containing pore water. The performance is relatively scattered,
seasonal, has no water in drought and has poor water richness.

2.1.5. Aquifer. The strata in the study area exhibit a generally
monoclinal structure, with a dip angle ranging from approx-
imately 6 to 15° and an inclination angle of 30 to 38°. However,
faults and folds are not prominently developed within this
region. According to the lithology combination, water-
containing and water-retaining layers, the main aquifers are
the middle Yelang Formation limestone (T1y2), Changxing
Formation limestone (P3c), and Maokou Formation (P2m).
Due to the influence of mining, the Upper Permian Longtan
Formation (P3l) formed goaf and a large number of crushing
areas. The water-isolated layer is the lower and upper member
mudstone (Tlyl, Tly3) of the Yelang Formation and the
nongoaf area of the Permian Longtan Formation (P31), as shown
in Figure S2.

2.2, Methodology. 2.2.1. Model Conceptualization and
Data Acquisition. The MODFLOW model is a physically
based, distributed finite difference that operates in three
dimensions and simulates variably saturated subsurface systems,
which has been used and tested in various practical cases."”**
Available processes to be simulated in MODFLOW include
groundwater recharge, vadose zone percolation evapotranspira-
tion, pumping, and discharge to subsurface drains and river—
aquifer interactions.””~*’ In addition, the model can effectively
simulate the movement of groundwater flow, ions, and
pollutants within the study area while also validating the
simulation results and adjusting parameters based on measured
data of relevant substances in the research site.***’ The
Modflow model is contingent on the resolution of the diffusivity
equation, represented by the following equation*®
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where H is the aquifer level, Hj, is the initial aquifer level, K is the
permeability coefficient, S, is the water yield of the aquifer
(dimensionless), W is the sink term, S, and S, are head boundary
and flow boundary, respectively, q is the second type of single-
width flow on the boundary, and ¢ is the time.

The selection of WMR as the research area was primarily
based on two key factors: first, the presence of a significant
number of decommissioned coal mines dispersed throughout
both sides of the basin; second, the topography of the Wuma
karst landform characteristics and rock layers. According to the
coal resource distribution in Renhuai City, there are a total of 41
pairs, with all 27 pairs in the upper reaches of the Maotai coal
mine situated within the Wuma River basin; notably, these
mines are categorized as small-scale operations.

2.2.2. Model Identification and Validation. The identi-
fication and verification of the model constitute a continuous
process of iteratively inverting and testing the numerical model,
which is also an indispensable component for successfully
establishing the numerical model. The model achieves a high
level of reliability and demonstrates excellent agreement with
the actual groundwater system through the continuous refine-
ment of hydrogeological parameters. The model calibration
should be conducted based on the following principles: for
instance, the dynamic groundwater process and the simulated
and actual groundwater systems’ flow field ought to exhibit
fundamental consistency, specifically in terms of resembling the
contour of the groundwater level. The simulated hydro-
geological parameters and changes in groundwater balance
should be essentially congruent with the actual conditions. The
identification and verification of the model constitute a
continuous process of iteratively inverting and testing the
numerical model, which is pivotal for successfully establishing
the numerical model. The model achieves a high level of
reliability and demonstrates excellent agreement with the actual
groundwater system through continuous refinement of hydro-
geological parameters.

In order to ensure the model’s compliance with the structural
and functional characteristics of the groundwater system, as well
as its accurate and reliable depiction of dynamic changes in the
system, January 2019—January 2020 has been chosen as the
identification and validation period for this simulation. This
selection aligns with the requirement of encompassing one
hydrological year. The duration of one stress period is defined as
one month, and within each stress period, there are three
calculation time steps. During the model identification and
verification stage, the 2019—2020 borehole water level
observation data from the mining area are utilized to assess
the goodness of fit between simulated and actual groundwater
levels, building upon previous data collection and investigation
findings. The month of January 2020 is designated as the
validation period for model identification.

2.2.3. Groundwater Extraction by Pumping. The perme-
ability coefficients of aquifers in the quaternary system and
Jialingjiang Formation range from 8.62 X 10~ to 5.23 X 10™* cra
s”!. The permeability coefficient of limestone solution fissure
aquifer ranges from 8.27 X 107> to 1.23 X 10™* cra s™". The
permeability coefficient of the ash solution fissure aquifer in the
Maokou Formation from previous work ranges from 3.74 X 10™*
t0 6.37 X 10~* crn s 7", In the process of model establishment, the
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final parameter values of each partition are determined
according to the initial parameter values obtained (Table S1),
and then, the final parameter values of each partition are
determined through the fitting and calibration of the model.

2.2.4. Boundary Conditions. According to the water level
geological map of Guizhou Province (Figure S3), the WMR is
divided from east to west in the study area (the red box in the
figure below is the study area, the blue line is the WMR),
Longtan Formation, Changxing Formation, Yelang Formation,
and Jialingjiang Formation. The Chaiyuan Coal Mine is located
in Chaiyuan Village, Changgang Town, south of Renhuai City,
Guizhou Province, north of Luban Town, west of Wuma Town,
50 km away from Renhuai City. The mine is about 1.8 km long
from east to west and 0.8 km wide from north to south, with a flat
mine area of 1.44 km” Its geographical coordinates are
106°23'54"—106°25'12" east longitude and 27°37'07"—
27°37'59" north latitude. The nearest horizontal distance
from the river on the northeast side of the closure area is
about 150 m, and the vertical distance is about 350 m.

Visual MODFLOW software was used to establish a 7000 m X
5800 m numerical simulation area. The simulation area was
divided into 100 m X 100 m grids on planes X and Y and the
mining area was encrypted near the mining area and divided into
50 m X 50 m grids for accurate calculation in the later stage. At
the same time, according to the division of boundary conditions
in the study area, the grid outside the simulation range was set as
inactive cells, that is, this part of the grid does not participate in
the calculation of the model, and its effective simulation area is
21.3 km”. The model grid is divided as shown in Figure S4.

The initial step in calibrating the model involved running it
without any modifications to identify areas of discrepancy. For
the subsequent step, namely, the calibration in steady state
conditions, the permeability values of each aquifer level were
modified through a trial-and-error approach while considering
the initial values obtained from the pumping test presented in
the conceptual model section. After conducting numerous
manual calibration tests, the observed and simulated water heads
exhibited a high degree of similarity.

2.3. Geochemical Analysis and Multivariate Statistical
Approaches. 2.3.1. Sample Collection. Prior to sample
collection, the water sample is filtered on-site using a 0.45 ym
nylon filter. When collecting, the filtered water sample is packed
into two different volumes (30 and 250 mL). Polyethylene
bottles with different internal environments were tested for
different indicators, among which 250 mL polyethylene bottles
were cleaned with 6 mol/L nitric acid in advance, and their
internal environment was adjusted to pH < 2 for cationic test
analysis. The 30 mL polyethylene bottle is washed in pure water
and not acidified for anion analysis. In the process of pouring,
the bottle needs to be filled to achieve the purpose of draining
the air in the bottle. After collection, wrap a sealing film around
the mouth of the bottle and store the sample bottle at 4 °C until
the sample is tested.

The spatial samples were collected in different months in
different seasons. In August 2020, September 2021, December
2021, and February, April, May, June, July, and August 2022, a
total of 34 samples were collected each time, including S mine
water, 9 surface water, 19 wellspring water, and 1 karst cave
water (Figure S1).

All samples in the study area were tested at the State Key
Laboratory of Loess and Quaternary Geology (SKLLQG),
Institute of Earth Environment, Chinese Academy of Sciences.
The detection indexes include macroions (K*, Na*, Ca**, Mg**,
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Flood season

Figure 1. Analysis of major anion concentration distribution in groundwater.
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Figure 2. Percentage of ionic and anion concentrations in groundwater.
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CI7, SO,2>7, NO37, F7). General trace elements (Li, Be, B, Mn,
Fe, Co, Al, Cu, Zn, As, Se, Rb, Y, Cd, Ba, Ti, U). The cations
were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES), and the anions were determined by a
Dionex-600 ion chromatograph. The test accuracy of the
macroion index is 0.01 mg/L, and the test error is less than 29%.
Trace element testing uses inductively coupled plasma mass
spectrometry (ICP-MS). The standard sample is N9300723,
and the relative standard deviation (RSD) value should be less
than 1% during the test. The concentration of HCO;™ in water
samples within the study area was calculated by charge
conservation. In order to test the reliability of the data, 10
samples were randomly selected to titrate the concentration of
dissolved inorganic carbon (DIC) in the water samples by the
Meck alkalinity test, with an accuracy of 0.05 mM. Finally, the
relative deviation rate between DIC concentration and HCO5~
concentration was calculated. The results show that if the
relative deviation rate is less than 5%, the HCO;™ concentration
calculated by charge conservation is considered to be reliable.
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2.3.2. Data Processing. Principal component analysis and
factorial analysis are multivariate statistical techniques com-
monly performed to reduce the size of large data sets. These
methods are operated to explore variable proportionality and are
frequently employed in environmental studies with a high
degree of temporal or spatial variation.

The data processing and image rendering software involved in
this study are shown in Table S2.

3. RESULTS AND DISCUSSION

3.1. Hydrochemistry of Groundwater. The pH values of
the WMR watershed groundwater are 5.03 to 8.27. The pH
value of the groundwater varies from 5.03 to 8.61, indicating that
the water samples are weakly acidic to weakly alkaline in nature,
and the average pH value of the dry, normal, and wet periods is
7.69, 7.64, and 7.31, respectively. The results indicate that
dissolved carbonates in water samples mainly existed in the form
of HCO;™. The electrical conductivity (EC) value of ground-
water varies from 173 to 1221, with average values of 572.11,
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Figure 3. Piper chart of the chemical composition of groundwater.
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519.4, and 536.3 uS/cm in the dry season, normal season, and
wet season, respectively. The large variation range and standard
deviation indicate that the pH and EC of each water sample are
different in space, and the hydrochemical composition of the
study area is not uniform. This may be attributed to diverse
lithologies, geochemical processes, and hydrological conditions
within the mining region. The major cationic and anionic
concentrations and percentages in 19 groundwater samples were
illustrated during dry and wet periods in Figures 1 and 2. The
major cationic concentrations follow the order of Ca** > Mg** >
Na' > K*, with Ca’* being the predominant one, ranging from
29.52 to 249 mg/L. The average concentrations of Ca*" during
dry, normal, and wet periods were 87.36, 76.92, and 88.01 mg/L,
respectively. Second, Mg®* is the ion with a higher
concentration, ranging from 3.92 to 45.6 mg/L. The mean
values of Mg** during the dry season, normal season, and wet
season are 15.83, 14.03, and 14.76 mg/L, respectively. The
anion concentration in groundwater follows the order of
decreasing magnitude: SO,>~ > HCO;~ > NO;~ > CI".
HCO;™ and SO,>” are the primary anions, with a variation
range of 20.93—558.35 mg/L for SO,*~ and average values of
119.2,112.9, and 113 mg/L during dry, normal, and wet periods,
respectively. The concentration of HCO;™ ranged from 13.29 to
108.26 mg/L, with mean values of 52.78, 46.13, and 44.47 mg/L
during the dry, normal, and wet seasons, respectively.
Analytical results of groundwater analysis were plotted on a
trilinear diagram (Piper) (Figure 3). The Piper diagram depicts
the relative concentrations of various ions in each water sample
to demonstrate trends in different geochemical characteristics
and types of groundwater composition that are prevalent within
the study area. The Piper diagram reveals that the groundwater
composition types remain consistent between dry and wet
periods, with no significant variation in ion concentration
distribution across different sampling times or locations. The
majority of the samples exhibit a preponderance of Ca*" cations
and HCO;™ anions. In addition, the predominant anion found in
groundwater samples collected from sampling points S1 and S3
is sulfate (SO,>”). Based on the concentration of the major ions,
two predominant hydrochemical types were identified in the
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study areas Ca**—~Mg**—~HCO,;” and Ca**-Mg**—S0,>".
Similar hydrochemical types also were found in a closed coal
mine in Zibo City, Shandong Province.'> Large quantities of
Ca’, Mg**, HCO;~, and SO,*” in groundwater indicate that
calcite and gypsum are abundant during weathering. Higher
calcium concentrations in groundwater may result from the
weathering of minerals that form calcareous rocks, which release
more calcium ions into the groundwater.

The concentration range of some trace elements in ground-
water in the study area is as follows: Li ranges from 0.19 to 38.7
ug/L, B ranges from 3.17 to 71.2 ug/L, Al ranges from 0.6 to
2609.6 ug/L, Mn ranges from 0 to 2415.4 ug/L, Cu ranges from
0to 8.17 ug/L, Zn ranges from 0 to 500.1 g/L, As ranges from 0
to 1.62 pg/L. Se ranges from 0 to 9.17 ug/L, and Rb ranges from
0.02 to 28.98 ug/L. The order of trace element concentration
from high to low is Mn > Al > Zn > B > Li > Rb > Se > Cu > As.
The concentration of trace elements in the dry season was
significantly higher than that in the wet season. The
concentration of Mn exceeded the drinking water standard for
groundwater in China. The excessive concentration of Mn in
drinking water will cause health hazards to the human body.””"’
However, the concentrations of Fe in groundwater are almost
always below the detection limits. It can be observed from Figure
SS that the concentration of other trace elements in groundwater
is generally low and does not exceed the ideal limit for drinking
water. It can be observed from Figure S$ that the concentration
of trace elements in groundwater is generally low and does not
exceed the ideal limit for drinking water.

3.1.1. Statistical Analysis and Groundwater Mineralization
Processes. The statistical analysis was established for 8 variables
(K*, Ca’*, Na*, Mg**, CI~, NO,; ™, SO,*~, and HCO;") and 180
individuals (groundwater samples). The correlation matrix
between the study parameters is presented in Tables S3 and S4.
Tonic ratios have proven to be invaluable in providing profound
insights into the intricate chemical processes and phenomena
that govern the chemistry of water. The correlation coefficients
between cations and anions underwent changes during both the
wet and dry seasons, with particular emphasis on the interplay
between SO,*” and Ca’'. Ca® was positively correlated with
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Evaporate

Atmosphere

T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

(CIHNO,)(CIH+NO, +HCO; )

- Y

B p"
@ Carbonate . @
' ... Carbonate
‘.o‘ o o) e
1F O 10 b ® '
E: o 2 8
e Silicate °- @
= S ®
- Y
ai b il Silicate
o .- Evaporate o o1 Evaporate
"'0] 1 1 " 0.1 " L a1 g aal " i a2 a1 sl n " PO T T N W Y
0.1 Ca?*/Na* 10 100 0.1 1 Ca¥/Na® 10 100
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Mg** and SO,*", and the correlation coefficients were 0.727 and
0.897, respectively, indicating that they had a common origin,
and that was basically consistent with the early research.’” The
correlation coefficients between NO;~, K¥, and Cl™ were as high
as 0.926 and 0.905, indicating that the chemical composition of
groundwater in the study area may be disturbed by human
activities. Nevertheless, there was no significant correlation
between Na" and CI™ during the dry season; however, a strong
correlation was observed during the wet season. The source of
Na" ions could be the dissolution of the clayey sand layers, which
are quite common and easy to dissolve. Between water and
clayey sand minerals, there is usually an adsorption of Ca** and
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release of Na*.

The Gibbs model can qualitatively determine the sources of
groundwater chemical composition, including evaporation and
concentration, rock weathering, and atmospheric input. Figure 4
illustrates that the distribution of groundwater samples in the
study area is primarily concentrated in regions where rock
weathering dominates, indicating that rock weathering plays a
significant role in shaping the chemical composition of
groundwater within the study area. Using the ratio relationship
among Ca**/Na*, Mg**/Na*, and HCO; /Na" in groundwater,
the Na end-element map can be utilized to assess the impact of
different lithologies on the chemical composition of ground-
water in this area, including silicate rock, carbonate rock, and
evaporative rock (Figure 5). However, it is closer to the end
member of carbonate rock, indicating that the chemical
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composition of groundwater in this area is mainly controlled by
the weathering of carbonate rock, and some points fall in the
middle of silicate rock and carbonate rock, indicating that silicate
rock also has a certain influence on the hydrochemical
composition of this area. Similar kinds of phenomena have
also been reported.”** The rock weathering types of different
sampling sites are different, which may be related to the spatial
lithology differences in the study area.

3.1.2. Principal Component Analysis (PCA) and Factorial
Analysis (FA). Factor analysis is a crucial statistical tec}_mic7[ue for
elucidating the hydrochemistry of groundwater.”*"” The
method employs a multivariate statistical approach to establish
a general relationship among the measured chemical variables,
revealing multivariate patterns that facilitate the classification of
the raw data. The geochemical composition of groundwater is
influenced by two primary factors: weathering processes and
anthropogenic inputs. Principal component analysis (PCA)
utilizes Varimax rotation and Kaiser normalization to reduce
variables and dimensions, thereby elucidating the relationship
between cluster variables and calculating the contribution of
each factor to the chemical composition of groundwater.”® In
this study, three principal components, PC1, PC2, and PC3,
were extracted, which could explain 51.92,26.98, and 12.61% of
the total information, respectively (Table S5). PC1 is the most
influential factor, and the main indicators associated with this
factor were F~, SO,*~, Fe, Mn, Cu, Zn, and pH. Among them,
pH exhibited a strong negative correlation (—0.866) with the
factor, while other indicators such as SO,2~, Mn, Cu, and Zn
demonstrated significant positive correlations of 0.604, 0.948,
0.859, and 0.964, respectively. Given that the water samples
were collected exclusively from mines within the Wuma River
Basin, it can be inferred that a large number of sulphur-
containing coal seams and deposits (CuS, ZnS) were exposed to
the environment during mining operations, which continued
until the cessation of mining activities. Therefore, with the
assistance of air, water, and microorganisms, a series of physical
and chemical reactions including dissolution, hydrolysis, and
oxidation take place to generate acidic wastewater containing a
significant concentration of heavy metal elements (Mn, Cu, Zn)
and exhibiting a low pH level (2—4). The above analysis suggests
that the PC1 factor may potentially indicate the input of acid
mine wastewater. Paciuszkiewicz et al. demonstrated that the
closure and flooding triggered acid mine drainage that has
resulted in mildly acidic pH and higher concentrations of several
metals with the concentration of nickel (418 ug/L), zinc (1161
4g/L), and manganese (11,909 pug/L).”” The variables closely
associated with the PC2 factor are Na*, SO,*”, and total
hardness, with coefficients of 0.608, 0.702, and 0.859,
respectively. The strong correlation between them is consistent
with the chemical characteristics of groundwater. Based on the
Piper diagram above, it has been found that the predominant
chemical composition of the Wuma River Basin primarily
consists of Ca’*—Mg**—HCO,;", followed by Ca**—Mg**—
SO,*". Under the long-term dissolution of groundwater and the
surrounding parent rock, the hardness and salinity increase
continuously. Based on the above analysis, it is speculated that
the PC2 factor may represent the input of underground rock
weathering. The closely related variable in the PC3 factor is Na,
and the load coefficient is 0.754. According to the 2020 land use
monitoring data, the predominant land use types in the Wuma
River Basin comprise cultivated land (39.2%) and forest land
(38.5%), while anthropogenic activities potentially influence the
hydrochemical composition of mine water. Furthermore,
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occasional human activities within the enclosed mining area
will also exert a discernible influence on the composition of mine
water. Hence, it is plausible that PC3 may originate from an
anthropogenic source.

Two principal components (F1 and F2) were extracted with
eigenvalues greater than 1, indicating their significant con-
tribution to the overall variance of the data (Table S6). The F1
factor explains 67.44% of the total variance, with Ca*, Mg2+, K,
SO,>7, and CI~ being the major contributors. Contributing the
most among the factors, factor 1 represents the natural
hydrogeochemical evolution resulting from the groundwater—
rock interaction. The result of F1 is consistent with the result of
PCA, which is derived from the hydrochemistry of the earth.
This phenomenon can be attributed to chemical weathering,
which leads to the dissolution of rocks and minerals in
sediments. The process of groundwater—rock interaction is
characterized by the enrichment of groundwater through the
presence of sulfate, calcium, potassium, chloride, and
magnesium." This study is similar to other studies.””®" And
the statement suggests that karst processes exert a dominant
influence on groundwater in this region. F2 displays a relatively
high concentration of Na* and HCO;~, accounting for 18.72%
of the total variance, indicating that the halite dissolves in
groundwater enrichment by sodium and carbonate.'®>* The F2
result is in accordance with that of PCA2 and is obtained from
rock weathering.

Based on the temporal and spatial distribution of groundwater
chemical composition, a spatial interpolation diagram was
generated for the concentrations of SO,*” in groundwater
(Figure S6). The results indicate that the water samples from S1,
S9, and S45 are not contaminated with sulfate except for
exceeding the class III water quality standard in terms of sulfate
content. The chemical properties of groundwater in mining
areas are subject to variations depending on the geographical
location and hydrological conditions. Under acidic conditions,
the dissolution of pyrite in coal-measuring formations with a
specific composition can result in sulfide dissolving into
groundwater and causing high levels of sulfate pollution.
However, the absence of Fe in groundwater within the study
area suggests that the impact of pyrite oxidation on sulfate may
be limited.” The presence of Mg?* and Ca* in groundwater
exhibits a significant correlation with SO,*~ (as shown in Tables
S3, S4). Both the Gibbs diagram and Na end-element diagram
indicate that rock weathering and dissolution dominate the
chemical composition of groundwater."*>* Therefore, the high
sulfate content observed in this study area may be attributed to a
substantial amount of calcareous shale or limestone components
present within the coal-bearing strata.

3.1.3. Spatial Variations of Main lons. (1) Spatial
Distribution Characteristics of Main lons. The spatial
distribution of Ca** and Mg** in groundwater during dry and
wet seasons in the study area is illustrated in Figure S7. The ion
concentrations varied significantly across various sampling
points. The highest concentrations of Ca®* and Mg** were
observed at S1 and S9, followed by those at S43, S45, S47, and
$50. Groundwater Ca®* and Mg** may originate from the
dissolution of carbonate rocks (e.g, calcite and dolomite) as well
as the oxidation of sulfide-rich coal seams and deposits. Figure
S8 illustrates the spatial distribution of SO,2~ and NO;” in
groundwater during both dry and wet seasons within the study
area, with most water samples exhibiting concentrations well
below the limit values outlined by class III groundwater quality
standards (SO,*” limit value is 250 mg/L; NO;~ limit value is 20
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mg/L). The concentrations of SO,*” in water samples at
sampling points S1, S9, and S45 during the dry season were
558.35, 324.38, and 392.18 mg/L, respectively. The concen-
tration of NO;™ in water samples at sampling points S1 and S45
was 36.18 and 79 mg/L, respectively. The concentration of
SO,>” in water samples at sampling points S1, S9, and $45 was
417.86, 246.52, and 413.52 mg/L, respectively. The concen-
tration of NO;™ in water samples at sampling points S1 and S45
was 48.74 and 92.38 mg/L, respectively. The concentration of
ions in groundwater samples at these three points is much higher
than that at other points, and the concentration exceeds the limit
of the class III groundwater quality standard. The groundwater
at this point may be polluted by sulfate. Feng et al. observed a
significant increase in TH, salinity, CI”, and SO,*~ concen-
trations from 1996 to 2014 in the Hongshan coal mine,
indicating that contamination primarily occurred after the
closure of the mine.'> A similar study also revealed that the
concentration of SO,>” in wastewater from numerous wells at a
closed coal mine in Shandong Province (closed in 1994)
exceeded the drinking water standards.®* In addition, the
locations of water samples with high ion concentrations in the
dry season are consistent with those of water samples with high
ion concentrations in the wet season. The increase in rainfall and
surface water recharge in the monsoon season results in the
SO,>” concentration of water samples at the same sampling
point in the wet season being slightly lower than that in the dry
season. It is worth noting that the concentration of NO;™ in
water samples S1 and S45 in the wet season is higher than that in
the dry season.

(2) Spatial Distribution Characteristics of Main Trace
Elements. Figure S9 shows the spatial distribution of Mn and Al
elements in groundwater during the dry season and wet season
in the study area. The concentration of trace elements in
groundwater samples at sampling points distributed along the
mainstream of the WMR is generally lower than that of
groundwater samples distributed along tributaries and near the
mining area. The average content of Mn and Al is lower than that
of the class I1I groundwater quality standard (100 pg/L for Mn
and 200 ug/L for Al). The concentrations of Mn and Al at
sampling points S1 and S45 during the dry season were 2415.42,
1809.53, 17.58, and 2609.61 ug/L, respectively. The concen-
trations of Mn and Al at S1 and S45 were 1841.84, 1683.55,
24.97, and 2553.29 ug/L, respectively. The average Mn
concentration of S1 and S$45 is 20.29 times and 16.47 times
higher than the limit value of groundwater class III water quality
standards, respectively. The average Al concentration of S45 is
11.91 times higher than the limit value of the groundwater class
III water quality standard, which indicates that the two
groundwater samples of S1 and S45 were seriously polluted.
Although the manganese ion concentration found in this study is
lower than the concentration of Wright” study in the closure of
coal mines in Australian manganese (11909 pug/L), it is still a
huge hazard to the water environment over time.”

3.1.4. Temporal Variation of Main lons. In order to further
understand the temporal variation of groundwater chemical
components, groundwater samples from S1, S3, S54, and S61
sampling points were selected in the study area. The temporal
variation curve diagram of major cations in groundwater was
drawn in Figure S10. The peak concentrations of Ca, Mg2+,
Na', and K" in water samples from sampling points S1 and S3 all
occurred in December 2021, during the dry season. The peak
cation concentration of the S61 sampling site appeared in July
2022, the wet season. The peaks of Ca** and Na' in water
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samples from S54 sampling points appeared in July 2022, while
the peaks of Mg** and K" appeared in May 2022. The temporal
variation of the anion concentration in groundwater is shown in
Figure S11. The lowest NO;™ and CI™ concentrations in water
samples from S1, S3, and S54 sampling points appeared in
December 2021, and the peaks appeared in February 2022, July
2022, and April 2022, respectively. Similarly, the SO,*~
concentration at these four sampling points showed a rapid
decline trend and reached the lowest value in May 2022, but the
peak appeared in December 2021, July 2022, and June 2022,
respectively. The irregularity of the temporal changes of cations
and ions in groundwater samples at different sampling points
may be related to the combined sources of natural contribution
and anthropogenic input. Considering that the chemical
composition of groundwater in the study area is mainly affected
by rock weathering, the difference in the lithology distribution in
space may be the main reason for this phenomenon. Second, a
large number of cultivated lands is distributed in the study area,
and agricultural activities such as fertilization may also have a
certain impact on the groundwater’s chemical composition.'***

Figure S12 depicts the temporal evolution of select trace
elements in groundwater samples S1, S3, S54, and S61. The
concentration values of Li and B elements in the same
groundwater sample exhibit similar temporal trends, as
illustrated in Figure S12 for S1, S54, and S61. The concentration
levels of the Mn and Al elements exhibit similar variations across
the time series (S54 and S61). However, notable dissimilarities
exist in the temporal variability of trace elements across diverse
groundwater samples. For instance, the peak concentrations of
lithium (Li) and boron (B) elements in S1 were observed in
December 2021 during the dry season, whereas the highest
concentrations of Li and B elements in S61 were recorded in July
2022 during the wet season. The highest concentrations of Mn
and Al in water sample S54 were observed in December 2021
during the dry season, whereas the peak concentrations of Mn
and Al in water sample S61 occurred in April 2022 during the
normal season. The primary rock undergoes weathering-
induced decomposition, resulting in the precipitation of a
fraction of Li from the mineral lattice. Subsequently, Li
undergoes migration in an aqueous solution through its
combination with halogen elements to generate soluble salts
such as LiCl. Therefore, the concentration of Li* in groundwater
is intricately connected to that present in the surrounding soil.
Furthermore, the weathering and dissolution of silicate rock
minerals in the study area constitute one of the primary sources
of Li found in groundwater. In nature, the boron ion is B*",
possessing weak deformation ability but a strong main
polarization ability. It has the capability to form complex ions
such as (BO;)*>” and (BO,)*”, which coexist in rock-forming
minerals. These minerals that form rocks and contain boron
release a significant amount of boron ions into groundwater. The
concentrations of Mn and Al in groundwater are primarily
determined by the hydrogeochemical interactions with soil or
rock formations.'” However, these levels generally remain low
enough to not present any significant risks to human health.
However, the discharge of untreated industrial and mining
wastewater, as well as domestic sewage, can result in soil
pollution, while waste dumps contribute to an elevation in the
heavy metal concentration in groundwater via runoft.

3.2. Hydrodynamic Modeling and Water Budget of the
WMR Watershed. 3.2.1. Calibration and Validation of the
Groundwater Flow Model. (1) Water Level Fitting Verifica-
tion. During the stage of model identification and verification,
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Figure 6. Fitting results of observed and calculated water level values.

Figure 7. Pollution distribution of Fe in the Longtan Formation.
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Figure 8. Pollution Distribution of Fe in the Changxing Formation.

the conformity between simulated and actual groundwater levels
was evaluated by utilizing borehole water level observation data
from 2019 to 2020 in the mining area based on previous data
collection and investigation results. With the data of January
2020 as the identification and verification period of the model, it
can be seen from Table S7 that the relative error between the
measured drilling water level and the simulated calculated water
level selected in this study is less than 2%, which basically meets
the requirements of simulation accuracy. Additionally, the
groundwater level values depicted in Figure 6 exhibit close
proximity to their simulated counterparts, indicating an
acceptable degree of fit between the two data sets. In summary,
the established groundwater flow model has been identified and
verified to demonstrate a good simulation effect. This better
reflects the groundwater system in the study area and can be
utilized for studying and analyzing the migration of groundwater
pollutants, as well as managing prevention and control measures.

(2) Water Balance Analysis. In order to ensure consistency
between the simulated groundwater system and the actual
groundwater system, it is necessary to satisfy the water balance
conditions while fitting the water level. The verification of the
water balance component in the model primarily involves
analyzing whether the groundwater recharge rate in the study
area satisfles the balance requirement and subsequently
assessing the accuracy and reliability of the model. During the
simulation period of the model, as illustrated in Table S8, a total
recharge of 339.05 X 10* m® was observed within the simulated
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area, predominantly resulting from rainfall infiltration recharge.
The overall excretion amounted to 330.78 X 10* m?, primarily
attributed to evaporation with a minor contribution from lateral
outflow. Therefore, according to the amount of recharge and
excretion during the simulation period of the model, the
calculated equilibrium difference is 59.72 X 10* m? which
basically belongs to the equilibrium state.

3.2.2. Simulation and Prediction of Pollutant Transport.
Based on the numerical model of groundwater flow in the closed
mine, the MT3D module of Visual MODFLOW software is
applied to establish a numerical model for solute transport in the
study area’s groundwater system, facilitating simulation and
prediction of pollutant migration patterns.’® According to the
aforementioned, in conjunction with a numerical model of
groundwater flow, the characteristics of Fe migration within
natural groundwater environments by adjusting parameters such
as migration direction, range, and concentration changes of Fe
pollution were simulated. The polluted layer is located in the
coal mining area of Longtan Formation, surrounded by
overlying strata of Changxing Formation limestone, middle
Yelang Formation limestone, lower Yelang Formation mud-
stone, and Jialingjiang Formation, as well as underlying strata of
Maokou Formation limestone and Qixia Formation limestone.

3.2.3. Horizontal Interlayer Pollution Process of Ground-
water. (1) Horizontal Interlayer Pollution in Longtan
Formation. The pollution layer is situated within the Longtan
Formation, where coal seams incline at angles ranging from

https://doi.org/10.1021/acsomega.3c05631
ACS Omega 2024, 9, 520—537


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05631/suppl_file/ao3c05631_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05631/suppl_file/ao3c05631_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05631?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05631?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05631?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05631?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05631?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 9. Pollution dispersion diagram of the Yelang group.

approximately 6 to 15°, with an overall inclination of 30°. This
formation comprises sandstone, shale, a small amount of
limestone, and coal seams. There are seven to 13 layers of coal
present, among which three recoverable coal seams exist.
Measuring between 80 and 105 m in thickness and exhibiting a
zonal distribution pattern, this group displays limited perme-
ability.

The initial concentration of Fe in the adit water postpit
closure is approximately 800 mg/L, with a pollution range that
spans the entirety of the mining area. The specific spatial
positioning and profile morphology are depicted in Figure 7.
Numerical simulation software was utilized to model the
migration and diffusion of Fe between layers over a period of
1,2, 5,10, 15, and 20 years into the future. The layer exhibits low
permeability, indicating a relatively impermeable nature.
Pollutant diffusion in the horizontal direction is sluggish within
this stratum, with a maximum range of 172 m after two decades.

(2) Horizontal Interlayer Pollution in the Overlying
Changxing Formation. The integration of the Changxing
Formation limestone in contact with the polluted layer Longtan
Formation is a gray and dark gray giant thick limestone with a
thickness of about 50—65 m. Due to the destruction of the
Longtan Formation by mining, pollutants were in direct contact
with the ground of the Changxing Formation. The bottom
erosion surface of a part of the WMR is located in this group, and
pollutants enter the WMR through the Changxing Formation.
As depicted in Figure 8, the concentration of pollutants in this
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group gradually approaches that of WMR at a level of 0.5 mg/L
after a period of 5 years.

From the analysis of pollution concentration and range, it is
evident that after a period of five years, the total area affected by
pollution has expanded to 1.52 km?, with an estimated 1.05 km?
being attributed to concentrations exceeding 100 mg/L. After 10
years, the cumulative area of pollution has expanded to 2.03 km?,
with a contamination extent exceeding 100 mg/L covering an
area of 1.42 km”. After 20 years, the pollution area had expanded
to 3.12 km?, and the highest concentration of pollutants reached
700 mg/L.

(3) Horizontal Interlayer Pollution of Middle Yelang
Formation Limestone. The middle limestone of the Yelang
Formation constitutes a karstic fissure aquifer composed of marl
and argillaceous limestone, with an approximate thickness of
128 m. Through simulation, it can be observed that the pollution
layer will overflow and contaminate this stratum within one year
(Figure 9). After 10 years, the area of contamination, with
pollution concentrations ranging from 0.5 to 100 mg/L, covered
a total of 1.44 m? After 15 years, the area with a pollutant
concentration exceeding 100 mg/L measured 0.20 m* which
increased to 0.75 m” after 20 years.

(4) Horizontal Interlayer Pollution of Limestone in the
Lower Overlying Maokou Formation and Qixia Formation.
The overlying strata of the pollution layer in the Longtan
Formation are Maokou Formation and Qixia Formation
limestone; the total thickness of the two groups is about 135
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Figure 10. Pollution range map of limestone in the Maokou Formation and Qixia Formation.

m (Figure 10). The pollutants infiltrate the stratum after a year,
and their spread expands with time. However, it remaine
confined within a smaller area compared to that of the overlying
Changxing limestone and Yelang limestone.

3.2.4. Vertical Overflow Recharge Pollution Process. To
investigate the formation of overflow recharge in the polluted
layer of the Longtan Formation, sections A—A’ and B—B’ were
established above the goaf, as illustrated in Figure S13.

The anticipated levels of pollutants in sections A—A’ and B—
B’ of the Longtan Formation subsequent to the cessation of
mining activities were illustrated in Figures 11 and 12. After the
closure of the mine, the water level within it rose, leading to a
rapid spread of pollutants into the surrounding areas. Within one
year, these contaminants had infiltrated the aquifer of the
overlying Changxing Formation and some have even penetrated
into the limestone waters of both Maokou and Qixia Formations
below. After 2 years, the pollutants completely entered the lower
limestone layer, and the initial concentration was small, basically
0.1-1.5 mg/L. Five years later, the pollutants breached the
mudstone barrier in the lower section of the overlying Yelang
Formation and infiltrated into the surface water. Subsequently,
their concentration gradually escalated until 20 years later when
some surface water reached a concentration of 100 mg/L. Due
to the obstruction of the mudstone barrier in the lower part of
the Yelang Formation, certain pollutants infiltrate into the
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Jialingjiang Formation and subsequently migrate horizontally,
ultimately recharging WMR and causing its pollution.

According to our prediction, even 20 years after the closure of
the coal mine, the pollution resulting from alterations in the
earth’s water chemistry will persist at a significant level. Belmer
et al. found that zinc and nickel concentrations were highest
downstream of two closed mines, particularly from the Canyon
mine that closed 20 years earlier.’” These studies demonstrated
that ecologically hazardous water pollution may occur for years
after underground coal mines ceased mining.é4

3.2.5. Pollution Process of WMR. The WMR is successively
cut from east to west in the study area, namely, Longtan,
Changxing, Yelang, and Jialingjiang formations. The Longtan
Formation, Changxing Formation, Yelang Formation, and
Jialingjiang Formation are located at a horizontal distance of
150 m and a vertical distance of 350 m from the river in the
northeast of the closure area. The WMR watershed is mainly
affected by the limestone water of the Changxing Formation and
a small amount of Yelang Formation limestone. According to the
pollution prediction of Yelang Formation, it is projected that
within $ years, pollutants will infiltrate into the underlying strata
of WMR from Changxing Formation. Ten years later, pollutants
infiltrated the WMR via the Yelang Formation. As depicted in
Figure 13, the peak concentration of pollutants entering the river
reached 100 mg/L after two decades. The predicted results show
that pollutants can produce cross-rock pollution. Research at the
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(d)One year

Figure 11. Scope of contaminant pollution in the A—A profile.

(a) Two years

(b)Five years

(e) Ten years

(f) Fifteen years

Hongshan coal mine in north China confirmed the Ordovician
limestone water contamination after closure was owing to cross-
strata pollution from mine water, mainly through water
conduction fissures, fault structures, and wells with a poor
water sealing effect.'’

Through hydrochemical analysis, this study successfully
identified and characterized the primary hydrochemical
composition within the Wuma River basin, thereby offering
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valuable theoretical guidance for future research on coal mine
closure. The results obtained from the previous hydrochemical
method were further validated through principal component
analysis and the factor molecule method. More importantly, the
model’s prediction enables the definition of hydrological
characteristics of pollution in complex underground structures
with greater precision and accuracy.
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4. CONCLUSIONS

This study demonstrates the effectiveness of a combined
approach (geochemical characterization and modeling) on the
assessment of groundwater and prediction of pollutants in the
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WMR watershed. A geochemical analysis was conducted of the
groundwater in WMR. The statistical analysis reveals that the
concentrations of the cationic and anionic of groundwater are in
the order: Ca®* > Mg** > Na* > K*, SO~ > HCO;™ > NO;™ >
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Figure 13. Concentration of pollutants from the Changxing Formation
flowing into WMR after 20 years.

CI". The predominant hydrochemical facies are Ca**—Mg*'—
HCO;™ and Ca**—Mg**—S0,>". Principal correlation analysis
was used to gain insight into water—rock interactions taking
place in the closure mining regional groundwater. It was
demonstrated that the process of the groundwater—rock
interaction is characterized by the enrichment of groundwater
through the presence of sulfate, calcium, potassium, chloride,
and magnesium. The major ion composition in the WMR
watershed is a result of mineral weathering and dissolution,
which are influenced by ion exchange processes. These two
processes are the most significant factors that govern ground-
water chemistry. The ion concentration levels at different
sampling points are different in both time and space.
Subsequently, a hydrogeological Modflow model was calibrated
and validated for the mine closure of the WMR watershed, which
shows good robustness. Furthermore, the pollution of Fe in
different formations was predicted in the future. Over time,
various formations generate varying levels of pollution at
different rates. The migration direction of pollutants in
groundwater mainly migrates along the direction of ground-
water flow and diffuses to the direction of vertical flow. Its
migration range is consistent with the groundwater flow
direction and extends along the larger hydraulic gradient.
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