Multiple isotope identification of hydrogeochemical processes of aquifers in abandoned mining areas in southwest China
Cheng Chen1,2,4, Bo Li1,3,4, Mingtan Zhu1,4, Xuemei Wang1,4, Guo Liu 1,4*, Yinger Deng 1

1 Chengdu University of Technology, College of Environment Civil Engineering, Chengdu 610059, China
2 Chengdu Normal University, College of Chemistry and Life Science, Chengdu 611130, China
3 Southwest University of Science and Technology, School of Environment and Rosourse, Mianyang 621010, China
4 State Key Laboratory of Geohazard Prevention and Geoenvironment Protection, Chengdu 610059, China

Corresponding author: Guo Liu，Email： liuguo@cdut.cn

Abstract
The sources of the replenishment and hydrogeochemical evolution of acid mine drainage (AMD) from abandoned mines are issues of public concern around the world. To reveal the sources of groundwater replenishment and the nature of the hydrogeochemical processes that control the evolution of water quality in the multi-aquifer system of the abandoned Dashu pyrite mine in southwest China, the main control mechanisms of groundwater evolution are examined, based on hydrogeochemical analysis methods in combination with environmental isotope tracing methods, which in turn clarify the hydrogeochemical causes of groundwater pollution. According to the hydrogeochemical and stable and unstable isotope analyses, the diversity of groundwater hydrochemical types in the study area reflects the complexity of the groundwater hydrogeochemical environment, where groundwater is formed after the mixing of atmospheric precipitation and groundwater over multiple periods. The analysis of 2H, 18O, and T is used to identify the main sources of hydraulic connection between aquifers, groundwater, and mine water. The results show that there are close hydraulic connections between aquifers. Mine water and groundwater mainly come from the groundwater in the Quaternary accumulation platform. The results of the ion analysis and sulfur isotope tracing show that the main ions in the groundwater are derived from mineral dissolution/precipitation, cation exchange, pyrite oxidation, and other water-rock interaction processes. The sulfur in the groundwater mainly comes from the dissolution of gypsum, while the main source of sulfur in the mine water is the oxidation of pyrite, indicating that pyrite oxidation and cation exchange are the dominant processes in the mine water. The key hydrogeochemical processes were simulated using the reverse hydrogeochemical simulation method. The results show that the mining activities changed the water levels and flow conditions, strengthened the interaction between groundwater and aquifer lithology, which in turn affected the accompanying hydrogeochemical processes. After all of the mine was abandoned, it saw the cross-contamination between the aquifer and mine water. These results provide theoretical guidance for the identification of sources and key hydrogeochemical processes affecting groundwater and pollutants in the abandoned Dashu pyrite mines and similar abandoned mines with multiple aquifers, and can, therefore, provide technical support for the preparation of source prevention and control plans.
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1. Introduction
The contamination of groundwater and surface water by acid mine drainage (AMD) generated around operational as well as closed or abandoned mines has attracted worldwide attention (Ren et al., 2019; Omiyama, 2019). For example, in China alone, about 15% of surface water (2.2 Gm3) and 40% of groundwater (2.7 Gm3) are affected by mining activities and closed or abandoned mines (Liang et al., 2019; Zhang et al., 2020). Large-scale and high-intensity mining has caused a series of serious environmental pollution problems, such declining groundwater levels, groundwater acidification, and excessive iron and manganese ions (Wu and Li, 2017; Zhang et al., 2015). At the same time, with the gradual closure or abandonment of many mines and the integration of small and medium-sized mines, closed mines and abandoned mines have also become sources of groundwater pollution, which has brought huge difficulties in relation to the prevention and control of groundwater pollution in mining areas. By the end of 2019, the number of mines in Guizhou, Sichuan, Yunnan, and other areas of southwestern China had been reduced from more than 80,000 in the 1980s to about 5,700, leading to serious groundwater pollution problems. This is especially the case for surface water and groundwater pollution caused by the abandonment of coal mines and associated pyrite ores (Sun et al., 2019; Jiang et al., 2020).
The groundwater and surface water surrounding an abandoned mine may be seriously polluted by AMD, and especially once the groundwater has been polluted, it is difficult to undertake treatment activities. Groundwater systems usually consist of multiple aquifers with different degrees of hydraulic connection, where the hydrogeological conditions are frequently complex and changeable. Mining causes stress changes in the surrounding rock and damages the structure of the rock strata, resulting in changes in the storage environment and water cycle conditions of groundwater, which in turn triggers changes in the flow field of the groundwater and the chemical environment of the groundwater due to the influence of water and rock interactions (Yang et al., 2020; Chen et al., 2017). At present, methods such as main ions analysis, mathematical statistics, isotope analysis, and hydrogeochemical simulations are mainly used in assessing AMD (Yang et al., 2018; Park et al., 2019; Zhang et al., 2020). These methods have successfully revealed complex water-rock interactions and have been used to analyze the hydrochemical characteristics and evolution of groundwater (Chen et al., 2017; Sako et al., 2017). However, there are relatively few studies on the hydrogeochemical processes behind pollutant migration and transformation in relation to abandoned mines. Generally, the underground hydrodynamic conditions of abandoned and operational mines are different (Jeong et al., 2018; Tarasenko et al., 2016). It is therefore essential to clarify the hydrochemistry evolution process of groundwater in abandoned mines, the source of any pollutants, and the migration and transformation laws to conduct activities related to pollution prevention and the control of AMD.
Geochemical information related to the different aquifers can be obtained by the hydrochemical analysis of major ion composition and content changes, combined with isotope tracer methods, to assess hydrogeochemical processes and groundwater mobility (Dogramaci et al., 2017; Malov and Tokarev, 2019). Current hydrogeochemical analysis and multivariate statistical methods have been successfully applied to identify the source of water replenishment, hydrogeochemical processes, and chemical migration and transformation (Liu et al., 2019). For example, graphic techniques (Piper diagrams and Box diagrams) and correlation analysis have been widely used to analyze the hydrogeochemical characteristics and sources of major ions (Chandrasekar et al., 2019), while hierarchical cluster analysis (HCA) and principal component analysis (PCA) were used to identify groundwater connectivity (Shingo et al., 2019). In recent years, some researchers have employed that the use of environmental isotopes, including stable and non-stable isotopes, combined with geochemical reverse simulations, which can accurately identify potential reactions and reactants in geochemical processes, thereby elucidating the origin of water from different perspectives (Liu et al., 2017). Therefore, the simultaneous application of multiple methods to maximize the advantages of each method may provide reasonable explanations for the mechanisms behind hydrogeochemical evolution.
In this study, the main ion analysis, environmental isotope analysis, and mineral phase geochemical inversion methods were used to study the water sources and hydrological chemical processes and migration and transformation pathways of the multi-aquifer system associated with the abandoned Dashu pyrite mine in southwest China. This area is typical of the abandoned pyrite and coal mining area in this region. The study includes 4 coal-sulfur coal mining mouths. Groundwater in the Quaternary loose aquifers and karst aquifers is an important domestic water source for local populations (Li et al., 2021). Because this area is located in a remote mountainous region, there are relatively few reports about ground water available. In addition, there are no research reports on water pollution and hydrogeochemical evolution covering this area. The main environmental problem is the contamination of surface and groundwater by AMD generated after the mines’ closure, resulting in changes in groundwater and surface water quality.
To identify the main sources and hydrochemical processes of aquifer and mine water, the hydrochemistry of the goaf and roof and floor aquifers is studied from the perspective of hydrogeology, coupled with hydrogeochemical analysis, environmental isotope tracer techniques, and hydrogeochemical simulations. The aim is to reveal the hydrogeochemical control processes that affect the hydrochemical changes of groundwater in this mining area. First, stable isotopes such as 2H, 18O, 34S, and the radioactive isotope tritium (T) were used to determine the groundwater recharge sources of each aquifer in the mining area and the hydraulic connection between the aquifer and the goaf by hydrochemical analysis. The PHREEQC (version 3) modeling tool was used to establish the hydrogeochemical model, and reveal the main hydrogeochemical processes that control water quality through reverse simulations. These research results can, therefore, be used for the protection and management of groundwater resources in mining areas, while also providing theoretical descriptions of the groundwater pollution and its hydrogeochemical evolution in similar mining locations.
2. Study area
The abandoned Dashu pyrite mine in southwest China was selected as the research area for this study (Fig. 1). It used to be the largest pyrite mine in southwest China and was a typical coal and sulfur mine with a cumulative output of over 6000×104 t. It was forced to close in 2012 due to the introduced national policies. The Dashuhe River flows through the middle of the mining area, which can be divided into eastern and western parts. This study mainly takes the western part as the area of interest, which is located between 105°27 '14 "E and 105°29' 00" E, and 28°03 '57 "N and 28°05' 46" N, covering about 3.26 km2. The study area has large undulations, with elevation varying between 400 and 800 m. This region has a subtropical humid climate, with an annual average temperature of 18.0℃ and annual average atmospheric precipitation of 1512 mm. Atmospheric precipitation is mainly concentrated from May to September, accounting for about 80% of the total rainfall. The amount of evaporation is much smaller than the amount of atmospheric precipitation.
Similar to other areas in China, the strata in the study area are, from youngest to oldest, Quaternary (Q4), the Lower Triassic Feixianguan Formation (T1f), the Upper Permian Changxing Formation (P2c), the Middle Permian Longtan Formation (P2l), and the Lower Permian Maokou Formation (P2m). Coal and pyrite layers are distributed in the Longtan Formation. The main aquifers, from top to bottom, are the Quaternary pore aquifers (QPA), the Triassic System Feixianguan fractured aquifer (TFA), the Permian Changxing Karst aquifer (PCA), the Permian System Longtan fractured aquifer (PLA), and the Permian Maokou karst aquifer (PMA), as shown in Fig. 1, with the thicknesses and lithologies of the main aquifers listed in Table S1 (see Supporting Information). Under the influence of multiple periods of neotectonic uplift, the study area is located in the southwest wing of the anticline near the axis of the anticline. Although two NW-trending thrust faults have developed in the northwest of the study area, the hydraulic connection between the aquifers near the northern boundary of the mining area has increased.
Groundwater in the study area is mainly recharged from atmospheric precipitation. In the west of the study area, the large outlying Feixianguan Formation is the main recharge source of four of these aquifers, namely the QPA, TFA, PCA, and PLA, while the PMA is mainly supplied from the large exposed Maokou Formation limestone located northwest and east of the mining area. By observing the water level of the aquifers in the study area, the QPA, PLA, and PMA should be the main sources of abandoned mine water. Before mining, each aquifer was separated by a stable water-impermeable layer, and the hydraulic connection between them was not close. However, mining destroyed the original aquifer structure and caused most of the wells and springs in the study area to dry up. The Quaternary QPA and karst aquifers PCA and PMA are the main sources of drinking water and agricultural irrigation water for local communities. As shown in Fig.1, there were four abandoned mines with drainage adits (Fig. 1) in the study area, namely Xingfa No. 3 (W01), Xingfa No. 2 (W03), Xingfa No. 1 (W02), and Zhizihua Coal Mine (W04).
3. Materials and methods
[bookmark: OLE_LINK19]3.1 Geochemical sample collection and analysis
In order to achieve the above objectives, groundwater samples from around the Dashu pyrite mine were collected in November 2020 (see Fig. 1 for their locations), as well as 25 samples representing the different strata. The mine water samples were mainly collected from the four mine mouth (Fig.1), air shafts, and boreholes in the mined-out area, while the groundwater samples were mainly collected from springs and boreholes. With the boreholes, the sampling pump was first used for a sufficient time to ensure fresh samples. A portable water quality meter (HANNA HI98194, calibrated before use) was used on-site to measure pH, temperature (t), and total dissolved solids (TDS) in situ, with a test accuracy of 0.01. Before sample collection, the sampling bottles were rinsed with water in advance, and then the collected water samples were filtered through a 0.45 μm filter membrane, with the samples for routine water chemical analysis put into 550 mL polyethylene plastic bottles. Conventional hydrochemical analysis samples were collected at each sampling point, one of which was used for anion analysis and the other for cation analysis. To avoid cationic precipitation, HNO3 was added to the samples and acidified to pH ＜ 2 for cation analysis. All water samples were stored in a 4℃ refrigerator and protected from light, and immediately sent to the laboratory for testing. Conventional cationic analysis was completed at the State Key Laboratory of Collaborative Water and Soil Pollution Control, Chengdu University of Technology. Ion chromatography was used to determine the concentrations of major anions such as Cl-, SO42-, and HCO3- (Dionex 120, Thermo Fisher Scientific, USA). Concentrations of Ca2+, Mg2+, Na+, K+, and other cations were analyzed by inductively coupled plasma atomic emission spectrometry (Thermo Fisher Scientific, USA). The total iron ion concentration (TFe), Mn2+, Zn2+, Al3+, and other cations are inductively coupled measured by plasma emission spectrometry (Thermo Fisher Scientific, USA). The tests’ accuracy was 0.01 mg/L, and the analysis test results are shown in Table S2 (see Supporting Information).
At the same time, samples for the analysis of δ2H (D), δ18O, T, and δ34S were collected at each point. As above, the sampling bottles were rinsed with water, and then the collected samples were filtered through a 0.45 μm filter membrane, with the samples for δ2H (D), δ18O, and δ3H(T) analysis put into 550 mL polyethylene plastic bottles, while those δ34S analysis were acidified with HNO3 to a pH < 2, and placed in 4L plastic buckets. To prepare the δ34S-SO42- samples, BaSO4 precipitation was induced by adding BaCl2 solution to the 4L plastic buckets after acidification with HNO3 to a pH < 2 (Christopher et al., 2013). The precipitates were collected by passing the sample through a 0.45 μm microporous membrane filter and dried in an oven at 150°C for 3 h. All isotope samples were stored at a low temperature and then sent to the Institute of Hydroenvironmental Geology, Chinese Academy of Geological Sciences, for analysis. The stable isotopes of 2H and 18O were determined using an isotope water analyzer (IWA-35-EP, LosGatos Research, USA) with an accuracy of 0.1‰ (1σ) for δ18O and 0.3‰ (1σ) for δ2H. Radioisotopes were measured by an ultra-low background liquid scintillation instrument (Quantulus 1220, Perkinelmer, Singapore) at 25°C and 45% relative humidity with an accuracy of 0.1‰. The collected BaSO4 was mixed with excess V2O5 for online combustion, and the resulting SO2 was measured using a Thermo Scientific Delta V Plus IRMS and Flash Sulfur isotope Composition analyzer with an accuracy of 0.2‰. The test results from the isotope analysis are presented in Table S2 (Kun et al., 2021; Zheng et al., 2019).
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Fig. 1 Hydrogeological and sampling distribution map of the study area.

3.2 data analysis
The percentage error calculated by the PHREEQC software (Qian et al., 2018) was used to evaluate the reliability of the water chemical data. The results show that most samples maintain a perfect charge balance with a percentage error less than 3%, with only a few samples showing a greater error, but still less than 10%, which was considered acceptable (Qian et al., 2018). The AqQA hydrochemical analysis software was used to make the Durov Diagrams that allow the analysis of the hydrochemical types of groundwater. δ2H and δ18O are the components of the water molecules that can be used to track the movement of regional groundwater. The deuterium excess parameter (d) was calculated using 2H and δ18O as follows:
d=δ2H -δ18O                                                               (1)
The source of groundwater water can be traced by d and T values. δ2H, δ18O, and 34S isotopes provide a convenient method for studying the formation and evolution of local hydrogeochemistry. The main ion analysis was used to reveal the hydrochemical origin and main controlling factors. The saturation index (SI) of calcite, dolomite, and gypsum was calculated using the PHREEQC software. Modeling the hydrogeochemical processes along aquifer flow paths using reverse geochemical modeling to prove assumptions derived from the correlation analyses has been widely used to investigate hydrogeochemical evolution and water origin (Carira et al., 2014; Ye and Li, 2018). In this study, the PHREEQC program was used to simulate hydrogeochemical processes occurring along the flow path (Liu et al., 2017).
The δ2H and δ18O isotopes may be used to not only track the movement of regional groundwater but also to provide a convenient way of studying the formation and evolution of the hydrogeochemistry (Carira et al., 2014; Yeh, 2018). In addition, reverse geochemical modeling provides the possibility of validating hydrogeochemical processes in different ways and has been used to investigate hydrogeochemical evolution and the origin of local water (Liu et al., 2019; Moran-Ramirez et al., 2016). Therefore, the combination of environmental isotopes and geochemical inversion models can accurately identify the source of water, hydrogeochemical processes, and chemical transport and fate. Again, the PHREEQC program was used to simulate the relevant hydrogeochemical processes occurring along the flow path (Zhang et al., 2020).
4. Results and discussion
4.1 General hydrogeochemical characteristics
The statistical data of the geochemical parameters for the water samples collected from the study area are presented in Table S2 (See surporting information). The pH all of the sampling sites varied from 2.07 to 7.89, with an average of 5.04. The TDS of the samples are in the range 200 to 19400 mg/L. There were obvious differences between the mine water and groundwater water samples, with most of the mine water samples being strongly acidic. Their pH values ranged from 2.15 to 7.09 with an average of 3.28, TDS ranged from 833 to 19400 mg/L, and the main cations were TFe, Al3+, and Ca2+, with their concentrations varying between 0 and 1770 mg/L, 0 and 1455 mg/L, and 82 and 548 mg/L, respectively. The anions were mainly SO42- whose concentration was between 273 to 9200 mg/L.
The groundwater was mainly neutral and weakly alkaline, with the pH ranging between 3.32 and 7.89 and an average of 6.65. The TDS ranged from 249 mg/L to 3360 mg/L, which is less than for the mine water samples. The main cations were Ca2+, Mg2+, and Na+, which varied from 13.5 to 458 mg/L, 1.35 to 98 mg/L, and 1.9 to 11.6 mg/L, respectively. The main anions were HCO3- and SO42-, which varied from 0 to 247 mg/L and 28.7 to 8140 mg/L, respectively. Among the groundwater samples, the pH of the three groundwater sample collection from points W13, W15, and W18 were 3.45, 4.31, and 4.10, respectively. The water quality was acidic, mainly due to the influence of mine water leakage, which was formed by the mixture of groundwater and mine water.
The Durov Diagram was improved based on the Piper Diagram. The Durov Diagram for the study area is shown in Fig. 2. Similar to a Piper Diagram, two isosceles triangles represent the milligram equivalent percentage of the sample cations Ca2+, Mg2+, Na++K+, and anions SO42-, Cl-, and HCO3-. The middle square is a combination of the two triangles, which better shows the relationship between the main anions. The two rectangles represent the relationship between pH and TDS of the water samples and the main components of groundwater (Ramesh and Vanitha, 2021). As shown in Fig. 2, all samples from the study area are clustered in the middle and upper part of the square in the Durov Diagram, and the mine water and groundwater samples show obvious zoning. All mine water samples showed high TDS and SO42-, and all mine water samples showed low pH, except for the W04 and W13 samples, whose pH was close to neutral. According to the TDS, all water samples in the study area were divided into freshwater (TDS＜1000mg/ L) and saltwater (TDS≥1000mg/l) (Esmaeil et al., 2021; Qian et al., 2018). Most of the mine water and the spring water affected by mine water were saltwater, of which W13, W15, and W18 were spring water affected by mine water leakage. The hydrochemical type was Ca·Mg-SO42-, and the pH of W13, W15, and W18 were 3.45, 4.31, and 4.07, respectively. It is noted that the greater the impact of the mine water, the lower the pH, and the higher the TDS. These distribution characteristics can be interpreted as the chemical composition of groundwater becomes more complicated due to the continuous deterioration of the groundwater discharge conditions or prolonged residence time caused by the spilled mine water. Groundwater that was not affected by mine water has low TDS, low SO42-, high HCO3-, and high pH, with a hydrochemical type of HCO3--Ca·Mg or HCO3--Ca·Mg.
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Fig. 2 Durov Diagram of the groundwater and mine water samples collected from the study area (see Fig. 1 for locations).
[bookmark: _Hlk87543528]4.2 Hydrogen and oxygen isotope changes and water source analysis
δ2H and δ18O have been widely used to study the movement of groundwater, to trace the sources of groundwater recharge, and to analyze the hydrochemical characteristics of groundwater (He et al., 2005). As there is a lack of isotopic data for atmospheric precipitation in the study area, we consider how Xuyong and Zunyi are located in southwest China with similar altitudes and climates and are less than 130 km apart. The atmospheric precipitation line in the Zunyi area is given by δ2H=8.82δ18O+13.40 (Liu et al, 1997), which represents the local atmospheric precipitation line (LMWL), while the distribution of δ2H and δ18O is shown in Fig. 3(a). Meanwhile, the global precipitation line is given by δ2H=8×δ18O+10 (GMWL) (Craig, 1961) and is also plotted in Fig. 3(a). The distribution of all samples from the study area was very close to the LMWL and GMWL, indicating that both the mine water and groundwater were derived from atmospheric precipitation. In this study, δ2H and δ18O were used to analyze the hydrochemical evolution of the study area during the dry season, considering how the mine water mainly comes from the surrounding aquifers. The δ18O values of the groundwater samples were between -7.0‰ to 5.3‰, with an average value of -6.4‰. The 2H values were between -42.6‰ and 30.3‰, with an average value of -37.3‰. The δ18O values of the mine water samples were between -6.9‰ to 6.1‰, with an average value of -6.5‰. While the δ2H values were between -45.0‰ and-38.4‰, with an average -41.3‰. The isotopic compositions of the groundwater and mine water samples were relatively close, and there were no obvious differences, mainly because the mine water and groundwater are derived from the mixing effect of multi-period and multiple atmospheric precipitation events in the strata.
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Fig. 3. Hydrogen and oxygen isotope analysis results. (a) Stable isotope composition of δ2H and δ18O of the samples. (b) d and T distribution diagram of the samples (see Fig. 1 for the locations).

As shown in Fig. 3(b), there are obvious divisions between groundwater and mine water, indicating that there is a significant hydraulic connection between these waters in the study area. Before mining, atmospheric precipitation entered the PCA through the weathered fissures in the TFA and then entered the QPA along the karst fissures in the PCA, where it mixed with the groundwater in the QPA and was discharged in the form of springs in low-lying places on the surface. However, after the mining activities, the original aquifer structure was destroyed. The groundwater in the QPA leaked into the goaf through the mining fissures at the bottom, and finally, there was drainage from the mine mouth. Most of the wells and springs in the study area dried up after mining, which also proved that the groundwater in the QPA entered the goaf. At the same time, the isotopic tracer results showed that Xingfa No.1 (W02) and Xingfa No.2 (W03) have an obvious hydraulic connection, but no hydraulic connection with Xingfa No.3, while there is no obvious hydraulic connection between Zhizihua (W04) and the other mines. The main source for the Zhizihua coal mine is the water supply from weathered fissures of the Longtan Formation. Since the permeability of the aquifer is low, the groundwater supply source is limited, and the mine is in a state of waterlogging, the water-rock interaction is weak, and the pollution degree is relatively low compared with the other mines.
4.2 Hydrogeochemical processes and evidence
4.2.1 Analysis of main ion sources
The analysis of the differences in the ratios of the ions in groundwater is often used to define the source of groundwater and the hydrochemical evolution process. It can also be used to understand which mineral dissolution and hydrochemical evolution processes come from the various ions in the groundwater in the study area. Generally, the main anions and cations in groundwater come from the weathering of minerals and rocks, and the ratio of the main ions is relatively fixed. Therefore, the formation processes and dominant factors of the groundwater hydrochemical components can be analyzed through different ion combinations and ratios (Ledesma-Ruiz et al., 2015). In the process of groundwater flow, TDS will increase with the increasing solute content in the solution, so TDS is used to study the contribution of ions in groundwater and summarize the evolution of the hydrochemistry (Han et al. 2013; Sako et al. 2016). The relationship between TDS and the main anions in all samples is shown in Fig. 4(a). The concentrations of the main anions and cations increase with increasing TDS, while the concentration of the main anions and cations in mine water and groundwater affected by mine water are quite different, and vary between each other. The main reason is that pyrite oxidation causes the release of SO42- and a decrease in pH, which accelerates the dissolution of the surrounding minerals and cation exchange processes.
Generally, Ca2+, Mg2+, HCO3-, and SO42- in groundwater are mainly derived from the dissolution of carbonate and sulfate minerals. Figs. 4(b) and (c), respectively, show the correlation between the Ca2+, HCO3-, and calcite SI, and Ca2+, Mg2+, HCO3-, and the dolomite SI. Although the saturation index of each water sample in the study area varies greatly, the SI of the uncontaminated groundwater is positively correlated with HCO3- (for the SI of calcite, y=1.44x+1.21, y=0.36x+1.34). That is, the SI of high carbonate minerals is generally associated with high HCO3- concentrations. HCO3- in groundwater is mainly derived from the dissolution of carbonate minerals in groundwater, while Ca2+ and Mg2+ have other sources in addition to the dissolution of carbonate minerals. When the carbonate SI in the mine water is less than 0, large amounts of HCO3- ions are consumed, indicating that the carbonate is in a dissolved state, while Ca2+ and Mg2+ are significantly higher than the surrounding groundwater, which also proves that the dissolution of carbonate karst occurs. The SI of gypsum (SI_gypsum) for all samples is less than 0, indicating that the gypsum is in a dissolved state. Fig. 4(d) shows the relationship between Ca2+, SO42- and SI_gypsum. It can be seen that SI_gypsum is significantly correlated with Ca2+ and SO42- in groundwater, which proves that gypsum can dissolve and release Ca2+ and SO42-, while there should be other sources for Ca2+ and SO42- in mine water in addition to the dissolution and release of gypsum (Liu et al., 2019; Qian et al., 2018).
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Fig. 4 Scatter plots of TDS, carbonate saturation index (SI), sulfate SI, and corresponding ions. (a) Correlation of total anions and cations with TDS. (b) Correlation of Ca2+, HCO3- with SI_calcite. (c) Correlation of Ca2+, Mg2+, HCO3- with the SI of dolomite. (d) Correlation of Ca2+, SO42-, and the SI of gypsum.
4.2.2 Corresponding minerals dissolution
It is generally believed that Ca2+, Mg2+, and HCO3- are mainly derived from the dissolution of carbonate minerals in groundwater, as expressed by the following reactions:
Calcite: CaCO3 +CO2(g) + H2O → Ca2+ +2HCO3−          (2)
Dolomite: CaMg(CO3)2+2CO2+2H2O→Ca2++Mg2++2HCO3−      (3)
[bookmark: OLE_LINK11]The mass concentration ratio of HCO3- and Ca2+ can directly reflect a variety of hydrogeochemical processes, including the dissolution of carbonate rocks and cation exchange. Fig. 5(a) shows the scatter plot of Ca2+ and HCO3-, which are subdivided into three regions by two constant ratio lines with y=2x and y=4x, where x is Ca2+ concentration. . and y is HCO3-. concentration. If the dissolution of calcite and dolomite is the main source of Ca2+, Mg2+, and HCO3- in groundwater, the upper area (ρ(HCO3-)>4ρ(Ca2+)) can be involved in cation exchange. The lower area represents how SO42- has other sources (ρ(HCO3-)<2ρ(Ca2+)), with mine water in the study area mainly being distributed in this section. SO42- is produced by the oxidation of FeS2 pyrite in coal and pyrite layers. In the middle is the transition zone, which represents complex processes such as calcite dissolution, dolomite dissolution or calcite dissolution, and Ca2+ participating in cation exchange. As shown in Fig.5(a), the 6 samples of groundwater from the study area are all located in this area. Combined with the hydrogeological conditions and the location of the sampling points, it can be reasonably inferred that the six groundwater samples in the surface weathering fissures, the groundwater flow rate was fast, and the dissolution of carbonate rocks was the main hydrogeochemical process. The lower area (ρ(HCO3-)<2ρ(Ca2+)) shows a lack of HCO3-, indicating that Ca2+ may have other sources, such as the dissolution of gypsum and carbonate salts (Eqs. 2 and 3 above).
As mentioned in section 4.1.1, gypsum in the study area was in a dissolved state. According to Eq. (4) (see below), the ideal ratio of Ca2+ and SO42- in gypsum should be 1. In Fig. 6(b), the uncontaminated groundwater samples were all distributed on the line y=x, and the ion concentrations in these samples deviated from the gypsum line, which may be due to the participation of Na+ and Ca2+ in some hydrogeochemical processes, resulting in the deficiency of Ca2+ relative to SO42-. The concentration of SO42- in mine water samples is much higher than that of Ca2+, further confirming how the hydrogeochemical processes are affected by the oxidation of FeS2 pyrite in the coal and pyrite layers, resulting in cation exchange and carbonate dissolution.
4.3.3 Cation exchange
Generally, Cl- has high solubility and is not easy to precipitate. In groundwater, Cl- is a conserve ion that is not easily absorbed by plants, bacteria, and soil surface particles. Therefore, it can be used in the Molar ratio of ρ(Na++K+)/ρ(Cl-) to reflect the source of Na+ and Cl- in groundwater.
In general, Na+ and Cl- come from atmospheric precipitation and halite dissolution. When ρ(Na++K+)/ρ(Cl-) = 1, it indicates that Na++K+ mainly comes from halite dissolution, as described by Eq. (4).
Halite: Na+ (K+ )Cl→Na+ (K+) + Cl-            （4）
Fig. 6(c) shows that most of the samples from the study area are distributed below the ρ(Na++K+)/ρ(Cl-) = 1 line, indicating that cation exchange occurs in the process of water flow in the study area in addition to the dissolution of salt rock by acidification. It can be seen from Fig. 4(d) that the content of Na+ in most samples was higher than Cl-, indicating that cation exchange was another important process along with halite dissolution because if the two ions only come from rock dissolution, ρ(Na+)/(Cl-) should be equal to 1.
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Fig. 5 Main ion scatter diagrams. (a) Ca2+ and HCO3-. (b) Ca2+ and SO42-. (c) Na++K+ and Cl-. (d) Na+ and Cl-. (e) Na+-Cl- and Ca2++Mg2+-SO42--HCO3-. (f) Ca2++Mg2+ and SO42-+HCO3-. (g) Ca2++Mg2+ and SO42-+HCO3-. (h) Ca2++Mg2+ and 0.5HCO3-.

If Ca2+, Mg2+, and Na+ were directly derived from mineral dissolution, the molar ratio of ρ(Na+-Cl-)/ρ(Ca2++Mg2+-SO42-) should be equal to 1 (Argamasilla et al., 2017; Sako et al., 2016; Voutsis et al., 2015). The scatter distribution presented in Fig. 5(e) confirms the presence of cation exchange in these samples, and the difference in the groundwater distribution indicates how the cationic exchange degree of the mine water samples is stronger. As shown in Fig. 5(f), ρ(Ca2++Mg2+) was deficient compared with ρ(SO42-+ 0.5HCO3-), while Fig. 6(h) and Fig. 6(i) also illustrate the existence of cation exchange. Considering the general order of affinities between the different cations, Ca2+ was generally superior to Mg2+ in most cases (Liu et al., 2017). Therefore, Ca2+ was the main ion involved in cation exchange, while Mg2+ was the secondary ion, as described in Eqs. (5) and (6).
[bookmark: OLE_LINK25]2NaX + Ca2+ → CaX2+2Na+              （5）
2NaX + Mg2+→ MgX2 +2Na+             （6）
4.4 Sulfur isotope variation and sources of sulfur
In the study area and other coal or pyrite mining areas, the sources of SO42- include atmospheric precipitation, the dissolution of gypsum, and sulfides such as coal or pyrite mining that lead to pyrite oxidation (Banks et al., 2020; Seibert et al., 2017; Sparks et al., 2019; Sun et al., 2017; Zheng et al., 2019; Zhou et al., 2016). The δ34S value of SO42- in the water samples in the study area is between 2.0 and 18.8‰. The δ34S values of the mine water samples are between 2.0 and 3.7‰, and the δ34S values of the groundwater samples are between 4.8 and 18.8‰. The δ34S values of the groundwater were greater than 10.0‰, except for W13, W15, and W18, which are affected by the leakage of mine water. According to Eqs. (2) and (3), the molar ratio of ρ(Ca2++Mg2+)/ρ(HCO3-) was theoretically 1. Fig. 5(g) and 5(h) show the scatter plots of ρ(Ca2++Mg2+) and ρ(SO42-), and ρ(Ca2++Mg2+) and ρ(0.5HCO3-), respectively. As seen in Fig. 5(h), most of the groundwater samples are distributed on the left side of the 1:1 line, indicating that the extra solute dissolved by carbonate minerals needs to be considered with respect to the excess Ca2+ and Mg2+ of HCO3-. SO42- was another major anion in the groundwater in the study area, with Fig. 5(f) showing that the molar ratio of ρ(Ca2++Mg2+)/ρ(0.5HCO3-+SO42-) was close to the 1:1 line in most groundwater samples, indicating that the groundwater SO42- was obviously dominated by dissolved SO42-. In the mine water samples, the molar ratio of ρ(Ca2++Mg2+)/ρ(0.5HCO3-+SO42-) was much less than 1:1, indicating that the sulfate has other sources. Fig. 5(g) shows that the molar ratio of ρ(Ca2++Mg2+)/ρ(SO42-) is also far less than 1:1, which also proves that there are other sources of sulfate.


[image: ]
Fig. 6 Scatter plots of sulfate, sulfur isotopes, and related ions. (a) (SO42-+HCO3-)-(Ca2++Mg2+) and TFe. (b) Al3+ and TFe. (c) 1/SO42- and δ34S-SO42-. (d) d and SO42-. (e) T and SO42-. (f) T and 34S.

Assuming that pyrite oxidation was the main source of SO42- in the mine water and the contaminated groundwater in the study area, there should be a significant positive correlation between SO42- and TFe ion according to Eqs (5) and (6) (Jing et al., 2019). Since the content of SO42- in atmospheric precipitation is very small, SO42- generated by pyrite oxidation in groundwater should be equal to (SO42-+HCO3-) -(Ca2++Mg2+). Fig. 7(a) shows the scatter plot of TFe and (SO42-+HCO3-)-(Ca2++Mg2+). Although TFe and (SO42-+HCO3-)-(Ca2++Mg2+) were significantly positively correlated, ρ(TFe)/ρ((SO42-+HCO3-)-(Ca2++Mg2+)) was less than 2:1. According to drilling data, pyrite is mainly distributed in the coal seams and pyrite layers, and the content of pyrite in other strata is extremely rare. Pyrite in this region is located in aluminum clay, and the chemical composition of pyrite ore is mainly SiO2, FeS2, and Al2O3, which constitute about 85% of the total amount (Li et al., 2020). According to Eqs (7), (8), (9), and (10):
Pyrite oxidation: 2FeS2+7O2+2H2O →2Fe2++4SO42- +4H+                    (8)
Metal sulfide oxidation: 2MeS+4Fe3++2H2O+3O2→2Me2++4Fe2++4H++2SO42-      (9)
Aluminum oxide：Al2O3+H+→Al3++H2O                            (10)
the pyrite oxidation process will cause the oxidation of symbiosis or associated other metal sulfide minerals (MeS), and the dissolution and release of Al2O3 will produce high levels of H+ consumption, resulting in high iron and aluminum concentrations in the mine water. When groundwater is mixed with mine water, the HCO3- of the mixed water is diluted and consumed by the acid in the locations where Fe3+ and Al3+ were hydrolyzed. The mixed mine water will also cause the dissolution of carbonate and promote the precipitation of Fe3+ and Al3+. Therefore, the HCO3- levels of most mine water and groundwater affected by mine water were below the detection limit (Gammons et al., 2013; Migaszewski et al., 2008). Fig. 7(b) shows the correlation between TFe and Al3+. Although TFe and Al3+ vary greatly in the study area, they were also distributed in y=1.50x (R2=0.75), that is, TFe and Al3+ are significantly positively correlated.
[bookmark: OLE_LINK28]Carbonate minerals are dissolved in sulfuric acid:
2(Ca1−xMgx)CO3+4H+→ 2(1−x)Ca2++2xMg2++2HCO3-                 (11)
2HCO3-+H+→H2O+CO2(s)                                        (12)
Fe3++3H2O→Fe(OH)3(s)+3H+                                     (13)
Al3++3H2O→Al(OH)3(s)+3H+                                    (14)

Based on the above discussion, it can be reasonably inferred that SO42- in mine water and contaminated groundwater in the study area comes mainly from pyrite oxidation. Fig. 6(c) shows the scatter diagram of δ34S-SO42- and 1/SO42-. Groundwater and mine water samples show obvious divisions, most of which were distributed in the middle and upper part of the figure, while mine water and mine water contaminated groundwater samples are distributed in the lower left part of the figure, indicating that the sources of SO42- were different. The SO42- in the mine water samples and groundwater contaminated by mine water mainly comes from the oxidation of pyrite, while the SO42- in other groundwater samples mainly comes from the dissolution of gypsum. In fact, pyrite oxidation in groundwater is caused by water-rock interactions, which requires a certain intensity of water-rock interaction and contact time. Generally, the greater the water-rock interaction intensity and/or the longer the contact time, the higher the concentration of SO42- generated by pyrite oxidation (Dogramaci et al., 2017). As part of this, d and T were used to judge the intensity of water-rock interaction and the residence time of groundwater. The lower the value of d, the greater the intensity of water-rock interaction, otherwise the greater the intensity of water-rock interaction. Similarly, the smaller the value of T, the longer the groundwater retention time, and vice versa, the longer the groundwater retention time (Li et al., 2020). It can be seen from Figs. 7(d) and (e) that the SO42- concentration is significantly negatively correlated with the d and T values, and that the high sulfate concentrations are generally related to the low d and T values, with obvious divisions. Further analysis of the relationship between T and 34S shows divisions as indicated in Fig. 7(f). Mine water and groundwater contaminated by mine water are mainly distributed in the lower-left corner, while other ground water samples are distributed in the upper right corner. This also demonstrates that the longer the retention time of the groundwater, the higher the sulfate content, as well as the sulfur sources for groundwater and mine water being different.
[bookmark: OLE_LINK30]4.5 Hydrogeochemical pathway analysis
In this study, the main ion analysis was used to analyze conventional ions such as Na+, K+, Ca2+, Mg2+, Cl-, and HCO3- in groundwater and characteristic ions such as TFe, Al3+, and SO42- related to mine water. According to the stable isotope analysis results of 2H, 18O, and 34S, representative initial and final water samples were selected for geochemical inversion simulation. Based on the isotopic and hydrochemical analysis results, the reactants and reactions involved in the main geochemical processes are presented in Table S3.
[bookmark: OLE_LINK32]4.5.1 Original of abandoned mine water
When a mine in the study area is closed, the pumping of groundwater is stopped. The groundwater that enters the mine decline roadway and goaf area, forming a pressure drop funnel centered on the mined-out area, which flows along the declined roadway and drains through the mine mouth. The results of isotope tracing show that the mine water source may mainly come from the QPA, except for a small amount from the PMA and PLA. The PHREEQC geochemical model was used to simulate the hydrochemical processes associated with strongly acidic and near-neutral mine waters. Based on the results of the hydrogeological survey and isotopic analysis, samples from W01, W02, and W03 were used as the final water bodies, and those from W21, W22, and W24 were used as the initial water bodies to simulate strong acid mine water. A total of 6 models with 0.05 uncertainty were found, with the specific models shown in Tables S4, S5, and S6 (see Support Information). It can be seen from these tables that the mine water mainly comes from the QPA and PLA, and less from the PMA, which is consistent with the results of the isotope tracing. The hydrogeochemical inversion results of the final water body of W01 show that the sum of the fractions of the two models is close to 1, and the proportion of the PMA in both models is more than 50%, indicating that W01 water mainly comes from the PMA. Sample points W19, W22, and W24 were taken as the initial water body and W04 as the final water body to simulate near-neutral mine water. Two models with an uncertainty of 0.07 were found, with the results shown in Table S7 (see Support Information). It can be seen from Table S7 that the mine water mainly comes from the PLA, with a small amount from the QPA and PMA, which is also consistent with isotope tracer results.
It can be seen from Tables S4 to 7 that the samples from W01, W02, W03, and W04 are all affected by cation exchange, mineral dissolution/precipitation, and the oxidation of pyrite, which is consistent with the main ion analysis results. These models can reasonably explain the high concentrations of Na++K+, Ca2+, Mg2+, TFe, Al3+, and SO42-, and the low concentration of HCO3- in the mine water. They can also reasonably explain the high concentrations of Na++K+, Ca2+, Mg2+, TFe, Al3+, and SO42-, and the low concentration of HCO3- in the closed mine water. The hydrogeochemical inversion processes of the neutral mine water represented by W04 were different from the evolution processes of other strongly acidic mine waters. Since the water level in the mine is higher than that in the mine roadway after W04 was abandoned, pyrite oxidation was inhibited. Compared with other mine water evolution processes, not only dolomite, calcite, and aluminum clay dissolved, but also iron-aluminum coprecipitation occurred. Most of the metal ions in the W04 mine water were retained in the mine. The main reason was that the dissolution of carbonate and aluminum clay consumes a large amount of H+ and releases a large amount of CO2, which leads to an increase in pH and directly promotes the occurrence of iron-aluminum co-precipitation. Therefore, the mine drainage from W04 shows high pH values and low concentrations of metal ions, which was consistent with the results of the analysis presented in section 4.4.
4.5.2 Origin of groundwater in the aquifers
Groundwater in the study area is not only the main source of abandoned mine water, but it also forms the main source of domestic water exploited by the local population. According to the hydrogeology and isotope analysis results, the study area can be divided into upper and lower hydrogeology units of the Longtan Formation. The hydraulic connection analysis results of these two hydrogeological units are as follows:
Case A: Original of aquifer groundwater in the upper hydrogeological unit of the Longtan Formation
According to the results of the isotope tracing and hydrogeological survey, the groundwater in the QPA was derived from the mixed water obtained from W14 found in the argillaceous limestone outcrop in the TFA and the mixed water from W25 from the meteoric water at the top of the TFA. The PHREEQC tool found one model with an uncertainty of 0.06. Table S8 shows the hydraulic connection relationship between the QPA and TFA. The total summation of the fractions of the initial water samples (W14 and W25) of the model is equal to 1, suggesting that the QPA may only be related to the W14 and W25 locations. Taking the locations W14, W24, and W25 as the initial water body and W21 as the final water body, PHREEQC found two models (Table S8) with an uncertainty of 0.06 and fractions close to 1, indicating that the PLA was mainly related to W14 and W25. With W14, W24, and W25 as the initial water body and W17 as the final water body, two models with an uncertainty of 0.05 were found (Table S10), and the total summation of the fractions of the initial water samples (W14, W24, and W25) of the model is ＜1, indicating that W17 had other sources besides W14, W24, and W25. The results of the hydrogeology survey also confirm that W17 may have other sources, since it is located near the fractured zone of the fault, and has a hydraulic connection with the QPA aquifer through the fault fracture zone. In other words, there could be other sources of water supply. In addition, W17 may have hydraulically connections with other aquifers through the fault fracture zone, and there may be other sources of replenishment. The above results, therefore, show that there is a strong hydraulic connection between the four aquifers (TFA, PCA, PLA, and QPA) in the upper Longtan Formation. Tables S8 to S10 present the hydrogeochemical processes, including the dissolution of halite, gypsum, and carbonate, which reasonably explains the increase of major cations such as Na++K+, Ca2+, and Mg2+, and major anions such as Cl-, HCO3- and SO42-.
Case B: Original of aquifer groundwater in the lower hydrogeological unit of the Longtan Formation
[bookmark: OLE_LINK2]From the spatial distribution of the water samples and isotope composition analysis results, the water from W20 probably comes from locations W16, W21, and W25, where W20 probably comes from the water related to the limestone outcrop of the eastern PMA aquifer, W25 from atmospheric precipitation, and W21 from the central PCA. With W16, W25, and W21 forming the initial water body and W20 the final water body, the PHREEQC tool was used to conduct hydrogeochemical inversion and one model was found, with the total summation of the fractions of the initial water samples (W21 and W25) approaching 1 (Table S9, see Supporting Information). Combining the distribution of sampling points and hydrogeological conditions, W20 may only be related to W25 and W21. Taking W25, W21, and W20 as the initial water sample and W22 as the final water body, two models were then found (Table S10, see Supporting Information) which may be mainly related to locations W20, W25, and W21. The total summation of the fractions of the initial water samples (W21 and W25) was＜1. According to the hydrogeological analysis and sampling point distribution, W22 was likely to come from other sources of supply. From Tables S9 and S10, both samples include salt dissolution, cation exchange, and carbonate dissolution and consumption. Differently from the QPA, PLA, and TFA hydrogeological evolution, the amount of dissolved calcite is much greater than that of dolomite, the main reason being that the lithology of the PAC and PMA aquifers was mainly calcite, and the content of dolomite was relatively small.
4.4.3 Original of groundwater pollutants in the aquifers
Fault and mined goaf areas were the main reasons for the hydraulic connections between aquifers in the study area. Underground mining destroys the original aquifer and waterproof layer structure. The upper and the lower hydrogeological units of the Longtan Formation have hydraulic connections through the mine decline roadway or mined-out area, resulting in groundwater pollution in the upper and lower aquifers of mined goaf. According to the results of the hydrogeological survey and isotope tracking, the waters at W13 may be formed by the mixture of mine water at W03, atmospheric precipitation at W25, and groundwater at W21 in the PLA. The PHREEQC tool found a model with an uncertainty of 0.05. Table S11 presents the hydraulic connection between the mine water and the PLA. The total summation of the fractions of the initial water samples (W03, W21, and W25) is equal to 1, indicating that W13 was only related to W03, W21, and W25. Similar to W13, water at W18 may be formed from the mixture of mine water W03, groundwater W21 in the PLA, and groundwater W20 in the PMA. The PHREEQC found two models with an uncertainty of 0.05 (Table S12, see Supporting Information), and the total summation of the fractions of the initial water samples (W03, W20, and W21) was close to 1. This shows that the water at W18 is mainly related to that at W03, W20, and W21, which is consistent with the hydrogeochemical and isotopic analysis results, suggesting that the water at W18 is mainly related to that at W03, W20, and W21, which is consistent with the hydrogeochemical and isotopic analysis results. Taking W03, W17, and W20 as the initial water body, and W15 as the final water body, PHREEQC found two models with an uncertainty of 0.06 (Table S13, see Supporting Information), whose total summation of the fractions of the initial water samples was less than 1, indicating that W15 may have other groundwater sources in addition to W03, W17, and W20. According to the hydrogeological survey and isotope tracer results, W15 may have a hydraulic connection with the W03 mine roadway through faults and karst pipelines, with W15 itself being located near the fault, which may have hydraulic connections with other aquifers through the fault fracture zone, hence, there are potentially other recharge sources.
The analysis results presented in Tables S12 to S14 and the hydrogeochemical analysis results show that the water at W13, W15, and W18 results from the mixing of the abandoned mine water and groundwater, and there is halite dissolution, cation exchange, calcite dissolution, dolomite dissolution, and iron-aluminum precipitation. The difference is that strong dissolution of calcite occurs at W15 and W18. This was mainly because W15 and W18 are located in the PMA aquifer, whose lithology is mainly calcite, which explains why the pH of the samples from W13, W15, W18, and W13 was close, while the concentrations of Ca2+ from calcite dissolves were much higher than that for W13. Therefore, the inverse geochemical simulation results show that the three main aquifers in the study area, PCA, PLA, and PMA, may be connected through mining cracks and faults formed by mining and that the hydrochemical type of the groundwater changes from Ca-HCO3- to Ca-SO42- between ground water and contaminated ground water. 
4.5 Conceptual model of hydrogeochemistry
Four major hydrogeochemical processes and transport paths were identified, as shown in Fig. 7. In abandoned mines, hydrogeochemical processes not only occur in the study area but also run through the whole multi-aquifer hydrogeological system.
Path 1 shows the hydraulic connections and groundwater sources of the three aquifers TFA, PCA, and QPA. According to the isotope tracer and geochemical inversion model results, the groundwater in the QPA mainly comes from the TFA (>93%). The TFA is directly recharged by atmospheric rainfall, which enters the PCA along the terrain slope and surface weathering fissures, and enters the QPA through the karst fissures in the PCA. Accompanied by cation exchange, halite, calcite, dolomite dissolves, and gypsum dissolves, which increases Na++K+, HCO3-, SO42-, Ca2+, and Mg2+. According to observations, the groundwater in the QPA reaches a dynamic balance, and part of the water enters the goaf through the bottom of the platform, while the other part of the Quaternary accumulation platform boundary directly comes out of the surface in the form of springs or enters the PCA through faults, and is finally discharged by way of springs.
Path 2 shows the main sources of mine water. According to the isotopic tracer and geochemical inversion model results, the mine water in the study area mainly comes from the QPA (87.43%) and the PMA (12.57%). With the oxidation of pyrite, the dissolution of halite, calcite, dolomite, gypsum, and Al2O3 is intensified, and the mixing of groundwater and mine water leads to an increase in pH, leading to the co-precipitation of iron and aluminum. As a result, the concentration of sulfate ions increases much faster than that of TFe, Al3+, and Mn2+ metal ions. It was worth noting that the groundwater level did not rise as a whole after the mine’s abandonment, and the mine water mainly flowed from the inclined roadway to mine mouth. However, the water level of some goaf affected by collapsing is higher than that of the roof mine water replenishing the PLA or entering the PMA through mining cracks in the floor, which has led to pollution in some areas of the PLA and PMA. Therefore, drainage measures should be taken for the polluted areas to reduce the supply of mine water, including measures such as the installation of barrier walls which should be taken to prevent the expansion of the extent of the pollution.
Path 3 shows the hydraulic connection between the mine water and the PLA aquifer. There are interactions between the PLA and the mine water. The PLA replenishes the mine at higher elevations, drains it through the mine mouth, or enters the mine water at lower elevations to replenish the PLA. It is exposed by way of springs, hence, there is cross-contamination. This process is accompanied by dissolution, mixing, precipitation, and other processes. However, because the PLA is mainly sand and mudstone, the formation permeability is low, the groundwater flow velocity is low, and the overall impact is small, while only occurring near the surface.
Path 4 shows the hydraulic connection between mine water and the PMA aquifer. Similar to path 3, there are also obvious interaction phenomena. Because the karst in the mine roadway or goaf is buried karst, the karst channels are relatively undeveloped, and the mine is opposite to, or the goaf is located in the opposite direction of the PMA discharge area, hence, the contribution of the PMA to mine water is generally small.
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Fig. 7 Main hydrogeochemical paths and connections identified in the study area.

Mine water enters the PMA through mining fissures at the bottom and is mixed with karst water in the PMA. This is accompanied by strong dissolution, mixing, neutralization, precipitation, and other processes, and is then exposed by springs in the low-lying Dashu Valley. Compared with path 3, the pollution extent and affected water volumes are greater, so effective measures should be taken to prevent and reduce the pollution discharge and the affected area.
5 Conclusions
Taking the abandoned Dashu-pyrite mines in southwest China as an example, hydrogeochemical, and stable and unstable isotope methods were used to study the local hydrogeochemical processes and migration paths. The main conclusions are as follows:
(1) The abandoned mine water and groundwater affected by mine water are mainly characterized by high TDS, SO42-, high TFe and Al3+, and low pH, while the unaffected groundwater showed the opposite effects.
(2) The results of the 2H, 18O, and T isotope tracer and hydrochemical analyses show that mine water mainly comes from the groundwater of the QPA aquifer, and a small amount comes from the PMA. There are obvious hydraulic connections between the aquifers in the study area, and obvious interactions between the PCA, PLA, PMA, and QPA.
(3) Calcite, dolomite, gypsum, rock salt, FeS2, and Al2O3 are considered to be the main reactants in the closed mine, while mineral dissolution/precipitation, cation exchange, oxidation of pyrite, and Fe-Al co-precipitation are the main potential reactions.
(4) The sulfur isotope tracer results show that there are significant differences in the sources of SO42- in the mine water and groundwater in the study area. The sulfur in the mine water mainly comes from FeS2 oxidation and is characterized by low sulfur isotope ratio and high sulfate concentrations. The sulfur in groundwater was mainly from dissolved of gypsum showing high sulfur isotope ratio and low sulfate concentrations.
(5) The aquifers in the study area generate hydraulic connections through the main mine roadways or mined-out areas and faults. The TFA, QPA, and PMA are the main sources of mine water, and groundwater enters the mine decline roadway or goaf, accompanied by pyrite oxidation, dissolution, precipitation, and cation exchange. There is an obvious interaction between mine water and the PMA and PLA aquifers, and cross-pollution occurs. Effective measures should, therefore, be taken to reduce the impact of pollution and prevent the expansion of the pollution scope.
In this study, stable isotope and unstable isotope analysis methods were used to trace the sources of groundwater and sulfur. Main ion analysis was used to identify the main hydrochemical processes, and the PHREEQC inversion tool was employed to simulate the key hydrochemical processes Our results can, therefore, provide important guidance for groundwater pollution prevention and mine treatment. They can also provide a reference for the identification of hydrogeochemical processes and migration paths in similar mining areas.
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Supporting Information
Table S1 Main aquifer thicknesses, lithologic characteristics, and water abundance.
	No.
	Aquifer
	Thickness（m）
	The main lithology
	water yield property

	1
	QPA
	0~100
	Clay, rock, and debris
	Rich in water, mainly pore water

	2
	TFA
	460~500
	Medium - fine sandstone, mudstone
	It is rich in water and poor in water, mainly in surface weathered fissure water

	3
	PCA
	40~45
	Thin bedded or medium thick-bedded limestone
	Water-rich medium, mainly karst fissure water

	4
	PLA
	80~100
	Mudstone, sandstone sandwiched thin seam, pyrite layer at the bottom
	Most of them have poor water richness, and local weathered fissures are developed, mainly fissure water

	5
	PMA
	243
	Thick bedded or extremely thick-bedded limestone
	There is a large difference in water content, and buried karst is not developed at the bottom of the ore bed, mainly karst fissure water.


 


Table S2 Results of conventional water quality and isotope analyses.
	[bookmark: OLE_LINK18]No.
	Sample
	Aquifer
	pH
	TDS
(mg/l)
	Main ion concentration (mg/ L)
	Stable isotope ratios (‰)
	T
(TU)
	Notes

	
	
	
	
	
	K
	Na
	Ca
	Mg
	Cl-
	HCO3-
	SO42-
	Al3+
	TFe
	Mn2+
	δ2H
	δ18O
	δ18O
	34S
	
	

	1
	W01
	PLA
	2.15
	19400
	3.9
	21.5
	114
	31.2
	9.2
	-
	6100
	968
	1770
	11.5
	-38.4
	-6.1
	-6.1
	2.7
	9.2
	Mine water

	2
	W02
	PLA
	2.75
	15100
	1.7
	15.6
	82
	13.9
	5.3
	-
	9200
	316
	675
	13.1
	-45.0
	-6.8
	-6.8
	3.6
	7.3
	Mine water

	3
	W03
	PLA
	2.40
	16800
	2.1
	27.1
	90
	36
	19.5
	-
	8900
	850
	936
	11.3
	-41.7
	-6.4
	-6.4
	2.9
	7.1
	Mine water

	4
	W04
	PLA
	6.50
	2090
	3.3
	29.1
	262
	70.4
	8.7
	66
	1500
	＜1
	＜1
	2.0
	-43.2
	-6.9
	-6.9
	3.2
	7.7
	Mine water

	5
	W05
	PLA
	2.65
	14150
	3.6
	19.2
	103
	24.7
	14.3
	-
	7100
	404
	335
	4.4
	-38.8
	-6.2
	-6.2
	2.3
	9.5
	Mine water

	6
	W06
	PLA
	2.34
	14100
	2.2
	33.4
	274
	42.2
	6.3
	-
	7600
	737
	709
	14
	-41.2
	-6.5
	-6.5
	2.9
	8.1
	Mine water

	7
	W07
	PLA
	2.07
	17640
	2.9
	24.5
	537
	40.4
	19.0
	-
	7100
	1455
	1567
	19.3
	-41.7
	-6.5
	-6.5
	2.0
	7.9
	Mine water

	8
	W08
	PLA
	2.24
	12438
	2.6
	16.2
	548
	33.9
	11.6
	-
	6600
	1143
	1310
	11.6
	-42.1
	-6.6
	-6.6
	2.4
	8.6
	Mine water

	9
	W09
	PLA
	2.74
	7586
	1.5
	21.5
	489
	57.6
	8.3
	-
	4740
	336
	927
	11.5
	-39.6
	-6.3
	-6.3
	2.9
	9.4
	Mine water

	10
	W10
	PLA
	3.13
	3867
	1.2
	35.4
	174
	17.9
	9.7
	-
	2103
	92
	591
	1.8
	-40.9
	-6.5
	-6.5
	3.2
	8.7
	Mine water

	11
	W11
	PLA
	7.09
	833
	2.6
	42.1
	151
	76.6
	13.5
	373
	273
	＜1
	＜1
	＜0.1
	-42.7
	-6.8
	-6.8
	3.7
	7.9
	Mine water

	12
	W12
	PLA
	3.32
	10082
	1.3
	17.6
	297
	91
	13.7
	-
	4650
	547
	643
	9.5
	-40.3
	-6.3
	-6.3
	3.4
	8.2
	Mine water

	13
	W13
	PLA
	3.45
	2920
	1.2
	57.8
	79
	27
	11.3
	92
	2690
	52
	8
	2.3
	-40.6
	-6.4
	-6.4
	4.8
	7.3
	Spring water

	14
	W14
	TFA
	7.66
	377
	0.7
	1.9
	14
	1.35
	0.7
	95
	28.7
	＜1
	＜1
	＜0.1
	-37.9
	-6.8
	-6.8
	15.3
	12.6
	Spring water

	15
	W15
	PMA
	4.31
	3520
	1.2
	10.7
	458
	79.6
	7.2
	＜1
	1590
	72
	40
	3.6
	-30.3
	-5.3
	-5.3
	5.5
	9.4
	Spring water

	16
	W16
	QPA
	7.89
	200
	0.4
	4.0
	49
	6.37
	1.8
	77
	66
	＜1
	＜1
	＜0.1
	-41.7
	-7.0
	-7.0
	11.4
	11.1
	Spring water

	17
	W17
	PCA
	7.78
	367
	0.1
	7.2
	79
	22.1
	3.6
	209
	55
	＜1
	＜1
	＜0.1
	-40.5
	-6.8
	-6.8
	11.3
	11.4
	Spring water

	18
	W18
	PMA
	4.01
	3360
	1.2
	10.3
	467
	98
	4.7
	＜1
	3140
	55.7
	25
	3.6
	-42.6
	-6.7
	-6.7
	5.3
	8.1
	Spring water

	[bookmark: _Hlk88734748]19
	W19
	PLA
	7.55
	275
	1.2
	6.9
	73
	13.5
	4.1
	177
	109
	＜1
	＜1
	＜0.1
	-42.2
	-6.9
	-6.9
	11.6
	7.9
	Borehole water

	20
	W20
	PMA
	7.85
	418
	1.2
	6.7
	87
	30.6
	2.2
	152
	85
	＜1
	＜1
	＜0.1
	-34.5
	-6.0
	-6.0
	11.6
	11.3
	Borehole water

	21
	W21
	PLA
	7.15
	464
	1.9
	8.7
	74
	39.2
	4.8
	247
	146
	＜1
	＜1
	＜0.1
	-30.5
	-5.4
	-5.4
	12.0
	10.3
	Borehole water

	22
	W22
	PMA
	7.18
	388
	1.9
	8.3
	71
	30.0
	7.0
	212
	159
	＜1
	＜1
	＜0.1
	-31.7
	-5.5
	-5.5
	12.4
	10.4
	Borehole water

	23
	W23
	QPA
	7.09
	249
	0.9
	10.8
	42
	3.3
	4.5
	149
	75
	＜1
	＜1
	＜0.1
	-40.9
	-6.9
	-6.9
	12.8
	10.6
	Borehole water

	24
	W24
	QPA
	7.12
	256
	1.0
	11.2
	47
	4.5
	4.7
	161
	78
	＜1
	＜1
	＜0.1
	-41.2
	-7.0
	-7.0
	12.5
	12.2
	Borehole water

	25
	W25
	
	7.46
	104
	1.2
	1.2
	5.3
	0.6
	0.5
	58
	27
	＜1
	＜1
	＜0.1
	-33.7
	-6.4
	-6.4
	18.8
	12.9
	meteoric waters







Table S3 Mole equilibrium geochemical inversion considering hydrogeochemical phases.
	Phase
	Formula
	Reaction

	Calcite
	CaCO3
	CaCO3→Ca2++CO32-

	Dolomite
	CaMg(CO3)2
	CaMg(CO3)2→Ca2++Mg2++CO32-

	Gypsum
	CaSO4·2H2O
	CaSO4 → Ca2++SO42-

	Halite
	(Na+K)Cl
	(Na+K)Cl→(Na+Cl)++Cl-

	Quartz
	SiO2
	SiO2+2H2O→ H4SiO4

	Pyrite
	FeS2
	2FeS2+7O2+2H2O→2Fe2++4SO42- +4H+
Fe3++3H2O→Fe(OH)3(s)+3H+

	Al2O3
	Al2O3
	Al2O3+6H+→2Al3++3H2O
Al3++3H2O→Al(OH)3(s)+3H+

	CO32-
	CO32-
	CO32-+H+→HCO3-
2HCO3-+H+→H2O+CO2(g)

	MnO2
	MnO2
	MnO+H+→Mn2++H2O

	O2(g)
	O2(g)
	O2(g) → O2(a)



Table S4 Geochemical inversion simulation results for the W01 abandoned mine water source.
	Water Sample & Formula
	Flow & mixing path:  W21/W22/W24→ W01 Fractions & mole transfer (mol/L)
	Indications

	
	Model A
	Model B
	

	W21
	0.1309
	0.1539
	PLA

	W22
	0.5725
	0.6581
	PMA

	W24
	0.2846
	0.1713
	QPA

	W01 (Final)
	-
	1
	1
	Mixed water

	Halite
	NaCl
	6.31e-04
	3.08e-04
	Dissolution

	Calcite
	CaCO3
	2.85e-03
	5.16e-03
	Dissolution

	Dolomite
	CaMg(CO3)2
	5.56e-03
	2.51e-04
	Dissolution

	Gypsum
	CaSO4
	-1.28e-06
	-8.08e-05
	Precipitation

	(Na+K)X
	(Na+K)X
	2.36e-03
	3.07e-03
	Dissolution

	Pyrite
	FeS2
	0.31
	0.30
	Oxidation

	Al2O3
	Al2O3
	0.18
	0.17
	Al3+ Release and precipitation

	MnO
	MnO
	1.04e-03
	1.04e-03
	Mn2+ Release

	CO2(g)
	CO2(g)
	1.22e-02
	1.32e-02
	CO2 released



Table S5 Geochemical inversion simulation results for the W02 abandoned mine water source.
	Water Sample & Formula
	Flow & mixing path:  W21/W22/W24→ W02 Fractions & mole transfer (mol/L)
	Indications

	
	Model A
	Model B
	W24

	W24
	-
	0.4305
	0.6485
	QPA

	W21
	
	0.4529
	0.2731
	PLA

	W22
	-
	0.1037
	0.0624
	PMA

	W02 (Final)
	-
	1
	1
	Mixed water

	Halite
	NaCl
	8.45e-05
	1.18e-04
	Dissolution

	Calcite
	CaCO3
	2.43e-03
	2.74e-03
	Dissolution

	Dolomite
	CaMg(CO3)2
	1.96e-04
	8.33e-05
	Dissolution

	Gypsum
	CaSO4
	4.37e-05
	6.05e-05
	Precipitation

	(Na+K)X
	(Na+K)X
	9.08e-04
	1.14e-03
	Dissolution

	Pyrite
	FeS2
	0.38
	5.79e-02
	oxidation

	Al2O3
	Al2O3
	0.21
	1.17e-02
	Al3+ Release and precipitation

	MnO
	MnO
	1.19e-04
	6.91e-05
	Mn2+ Release

	CO2(g)
	CO2(g)
	1.31e-03
	1.22e-03
	CO2 released



Table S6 Geochemical inversion simulation results for the W03 abandoned mine water source.
	Water Sample & Formula
	Flow & mixing path:  W21/W22/W24→ W03 Fractions & mole transfer (mol/L)
	Indications

	
	Model A
	Model B
	W24

	W21
	0.4284
	0.3538
	PLA

	W22
	0
	0
	PMA

	W24
	0.5563
	0.6277
	QPA

	W03 (Final)
	1
	1
	Mixed water

	Halite
	NaCl
	1.76e-04
	2.06e-04
	Dissolution

	Calcite
	CaCO3
	1.10e-03
	7.78e-03
	Dissolution

	Dolomite
	CaMg(CO3)2
	1.25e-04
	1.45e-04
	Dissolution

	Gypsum
	CaSO4
	-1.91e-04
	-7.71e-04
	Precipitation

	(Na+K)X
	(Na+K)X
	1.54e-03
	1.65e-03
	Dissolution

	Pyrite
	FeS2
	0.46
	0.22
	oxidation

	Al2O3
	Al2O3
	0.22
	0.16
	Al3+ Release and precipitation

	MnO
	MnO
	1.02e-03
	1.03e-03
	Dissolution

	CO2(g)
	CO2(g)
	1.32e-03
	1.30e-03
	CO2 released



Table S7 Geochemical inversion simulation results for the W04 abandoned mine water source.
	Water Sample & Formula
	Flow & mixing path:  W21/W22/W24→ W04 Fractions & mole transfer (mol/L)
	Indications

	
	Model A
	Model B
	W24

	W19
	-
	0.5682
	0.6351
	PLA

	W22
	
	0.3129
	0.2093
	PMA

	W24
	
	0.1072
	0.1367
	QPA

	W04 (Final)
	-
	1
	1
	Mixed water

	Halite
	NaCl
	2.45e-04
	3.48e-04
	Dissolution

	Calcite
	CaCO3
	1.26e-03
	1.36e-03
	Dissolution

	Dolomite
	CaMg(CO3)2
	6.51e-04
	7.60e-04
	Dissolution

	Gypsum
	CaSO4
	-1.65e-03
	-1.52e-03
	Precipitation

	(Na+K)X
	(Na+K)X
	3.92e-03
	4.01e-03
	Dissolution

	Pyrite
	FeS2
	3.91e-02
	3.49e-03
	oxidation

	Al2O3
	Al2O3
	1.96e-02
	1.75e-03
	Al3+ Release and precipitation

	MnO
	MnO
	3.48e-04
	3.29e-04
	Dissolution

	CO2(g)
	CO2(g)
	-6.80e-03
	-5.41e-03
	CO2 released



Table S8 Geochemical inversion simulation results for the QPA abandoned mine water source.
	Water Sample & Formula
	Flow & mixing path: W14/W25→W24 Fractions & mole transfer (mol/L)
	Indications

	[bookmark: _Hlk89271466]W14
	
	0.7687
	TFA

	W25
	
	0.2313
	Atmospheric precipitation

	W24 (Final)
	-
	1
	QPA

	Halite
	NaCl
	3.24e-05
	Dissolution

	Calcite
	CaCO3
	4.36e-04
	Dissolution

	Dolomite
	CaMg(CO3)2
	1.58e-04
	Dissolution

	Gypsum
	CaSO4
	2.64e-04
	Dissolution

	(Na+K)X
	(Na+K)X
	1.54e-04
	Dissolution

	MnO
	MnO
	5.43e-06
	Dissolution

	CO2(g)
	CO2(g)
	8.43e-03
	CO2 Consume



Table S9 Geochemical inversion simulation results for PLA.
	Water Sample & Formula
	Flow & mixing path:  W21/W24/W25→W24 Fractions & mole transfer (mol/L)
	Indications

	W14
	
	0.0895
	TFA

	W25
	
	0.2628
	Atmospheric precipitation

	W24
	
	0.6424
	QPA

	W21 (Final)
	-
	1
	PLA

	Halite
	NaCl
	-9.01e-05
	Precipitation

	Calcite
	CaCO3
	1.37e-04
	Dissolution

	Dolomite
	CaMg(CO3)2
	1.88e-05
	Dissolution

	Gypsum
	CaSO4
	1.61e-04
	Dissolution

	(Na+K)X
	(Na+K)X
	-7.98e-04
	Precipitation

	MnO
	MnO
	-2.80e-06
	Precipitation

	CO2(g)
	CO2(g)
	1.31e-03
	CO2 Consume



Table S10 Geochemical inversion simulation results for the PCA underground water.
	Water Sample & Formula
	Flow & mixing path: W14/W24/W25→W17 Fractions & mole transfer (mol/L)
	Indications

	
	
	Model A
	Model B
	

	W25
	
	0.0104
	0
	Atmospheric precipitation

	W14
	
	0.2307
	0.2806
	TFA

	W24
	
	0.7589
	0.7194
	QPA

	W17(Final)
	-
	1
	1
	PCA

	Halite
	NaCl
	-1.51e-04
	-1.17e-04
	Precipitation

	Calcite
	CaCO3
	4.02e-03
	4.54e-03
	Dissolution

	Dolomite
	CaMg(CO3)2
	3.67e-04
	3.91e-04
	Dissolution

	Gypsum
	CaSO4
	3.34e-04
	6.21e-04
	Dissolution

	(Na+K)X
	(Na+K)X
	-9.62e-04
	-8.75e-04
	Precipitation

	MnO
	MnO
	-2.70e-06
	-2.63e-06
	Precipitation

	CO2(g)
	CO2(g)
	3.93e-03
	4.91e-03
	CO2 Consume



Table S11 Geochemical inversion simulation results for the PMA spring water.
	Water Sample & Formula
	Flow & mixing path: W16/W21/W25→W20 Fractions & mole transfer (mol/L)
	Indications

	W25
	
	0.6589
	Atmospheric precipitation

	W16
	
	0.0501
	QPA

	W21
	
	0.2762
	PLA

	W20(Final)
	
	1
	PMA

	Halite
	NaCl
	2.42e-04
	Dissolution

	Calcite
	CaCO3
	3.93e-03
	Dissolution

	Dolomite
	CaMg(CO3)2
	6.25e-04
	Dissolution

	Gypsum
	CaSO4
	1.51e-03
	Dissolution

	(Na+K)X
	(Na+K)X
	1.20e-03
	Dissolution

	MnO
	MnO
	2.08e-05
	Dissolution

	CO2(g)
	CO2(g)
	7.70e-03
	CO2 Consume



Table S12 Geochemical inversion simulation results for the PMA underground water.
	Water Sample & Formula
	Flow & mixing path: W03/W21/W24→W13 Fractions & mole transfer (mol/L)
	Indications

	
	
	Model A
	Model B
	

	W21
	
	0.0954
	0.1175
	PLA

	W24
	
	0.1531
	0.0852
	QPA

	W25
	
	0.7370
	0.6763
	Atmospheric precipitation

	W22(Final)
	
	1
	1
	

	Halite
	NaCl
	3.03e-04
	6.75e-04
	Dissolution

	Calcite
	CaCO3
	1.54e-03
	2.04e-03
	Dissolution

	Dolomite
	CaMg(CO3)2
	1.25e-04
	6.25e-04
	Dissolution

	Gypsum
	CaSO4
	3.39e-04
	6.74e-04
	Dissolution

	(Na+K)X
	(Na+K)X
	-7.11e-05
	-1.48e-04
	Dissolution

	MnO
	MnO
	2.50e-06
	6.00e-03
	Dissolution

	CO2(g)
	CO2(g)
	4.92e-03
	4.18e-03
	CO2 Consume




Table 13 Hydrogeochemical inversion results for the PLA and mine roadway hydraulic connection.
	Water Sample & Formula
	Flow & mixing path: W14/W24/W25→W13 Fractions & mole transfer (mol/L)
	Indications

	W03
	-
	0.2607
	Mine water

	W25
	-
	0.4532
	Atmospheric precipitation

	W21
	-
	0.2801
	PLA

	W13 (Final)
	-
	1
	Mixed water

	Halite
	NaCl
	9.30e-04
	Dissolution

	Calcite
	CaCO3
	4.21e-03
	Dissolution

	Dolomite
	CaMg(CO3)2
	4.68e-03
	Dissolution

	Gypsum
	CaSO4
	-3.45e-04
	Precipitation

	(Na+K)X
	(Na+K)X
	9.42e-03
	Dissolution

	Pyrite
	FeS2
	6.80e-02
	Dissolution

	Al2O3
	Al2O3
	9.70e-03
	Dissolution

	MnO
	MnO
	2.09e-04
	Dissolution

	CO2(g)
	CO2(g)
	1.32e-03
	CO2 Consume


Table 14 Hydraulic connection analysis results for the hydrogeochemical inversion between the PMA and mine roadway (affected by faults).
	Water Sample & Formula
	Flow & mixing path:W03/W20/W21→W18 Fractions & mole transfer (mol/L)
	Indications

	
	Model A
	Model B
	

	W03
	-
	0.3181
	0.3223
	Mine water

	W20
	-
	0.5532
	0.4035
	PMA

	W21
	-
	0.1037
	0.2642
	PLA

	W18(Final)
	
	1
	1
	Mixed water

	Halite
	NaCl
	4.03e-04
	3.49e-04
	Dissolution

	Calcite
	CaCO3
	3.23e-02
	3.32e-02
	Dissolution

	Dolomite
	CaMg(CO3)2
	1.09e-03
	2.04e-03
	Dissolution

	Gypsum
	CaSO4
	4.75e-03
	5.23e-03
	Dissolution

	(Na+K)X
	(Na+K)X
	1.18e-03
	4.26e-03
	Dissolution

	Pyrite
	FeS2
	7.78e-02
	7.73e-02
	Dissolution

	Al2O3
	Al2O3
	1.02e-02
	1.03e-02
	Dissolution

	MnO
	MnO
	3.37e-04
	3.24e-04
	Dissolution

	CO2(g)
	CO2(g)
	-6.31e-03
	-1.25e-04
	CO2 Release



Table 15 Hydrogeochemical inversion and hydraulic connection analysis results for the PMA and mine roadway (not affected by faults).
	Water Sample & Formula
	Flow & mixing path: W03、W17/W20/W23→W15 Fractions & mole transfer (mol/L)
	Indications

	
	
	Model A
	Model B
	

	W03
	
	0.2536
	0.3903
	矿井水

	W17
	
	0.0869
	0
	PCA

	W20
	
	0.4807
	0.3181
	PMA

	W15(Final)
	
	1
	1
	Mixed water

	Halite
	NaCl
	1.28e-03
	1.07e-03
	Dissolution

	Calcite
	CaCO3
	3.62e-02
	3.54e-02
	Dissolution

	Dolomite
	CaMg(CO3)2
	1.02e-03
	1.19e-03
	Dissolution

	Gypsum
	CaSO4
	1.65e-03
	1.52e-03
	Dissolution

	(Na+K)X
	(Na+K)X
	1.59e-04
	2.48e-04
	Dissolution

	Pyrite
	FeS2
	3.92e-02
	3.99e-02
	Dissolution

	Al2O3
	Al2O3
	1.33e-02
	1.33e-02
	Dissolution

	MnO
	MnO
	3.18e-04
	3.24e-04
	Dissolution

	CO2(g)
	CO2(g)
	-1.25e-03
	-1.71e-03
	CO2 Consume
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