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Abstract


Karst mining regions frequently encounter ecological and geological challenges during extraction, especially the increased water inflow into mine pits, water contamination, and karst collapse due to dewatering activities. These challenges not only threaten the safety of mineral resource extraction but also escalate operational expenses. To address these concerns, this study offers a detailed examination of the geohydrological conditions in a karst mining area. It integrates multiple data sources, such as the dynamics of groundwater, mine dewatering activities, and precipitation patterns, to identify the primary sources of water ingress into the mines. The result reveals that the primary water inflow of the mine pits is directly recharged by atmospheric precipitation through runoff zones. Additionally, the key factors leading to karst collapses are the decrease in groundwater levels due to dewatering and the stability of surrounding rock. Consequently, this paper presents a set of innovative methods for water hazard prevention and control. Utilizing the GMS (Groundwater Modeling System), the groundwater numerical model is built to estimate water consumption in mining operations, and also to validate the efficacy of these methods. The model reveals that application of these techniques can reduce groundwater inflow of the mine by 34.3%. The set of methods not only substantially lowers the risk of water inrush incidents but also avoids the contamination of groundwater. Consequently, it ensures the safety of mine production, especially in the wet season.
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1. Introduction


Water hazards in mining activities within karst regions have long been a significant research topic in the field of geological engineering [1,2,3]. During dewatering operations, challenges such as increased water inflow into mine workings, deterioration of water quality, and occurrences of karst collapse present substantial environmental threats and safety risks [4,5]. These issues not only impact the safe and efficient extraction of mineral resources but also substantially escalate economic expenses during mining processes [6,7]. Therefore, the implementation of effective mitigation measures and the prediction of their outcomes are important for hazard prevention during mining operations and treatments of mine wastewater [8,9].



In non-karst regions, mine water hazards typically behave as water inrush through porous aquifers, fissured zones, or minor faults [10,11]. In karst environments, the distinctive landforms like caverns and underground rivers frequently lead to intense and sudden water inrush. The interactions between groundwater and rocks are highly complex; the groundwater flow patterns influence both geological environments and ecosystems significantly [12,13]. The mines in the southwestern karst area studied in this paper face a greater risk of water inrush disasters and environmental pollution than non-karst areas.



In addressing the threat of extraordinarily large water inrush disasters, interventions are typically categorized into two primary strategies. The first strategy is source control and prevention [14,15,16,17]. Xu Chengyuan et al. established a mathematical model and carried out experimental verification for the leakage prevention and plugging technology of natural fractured reservoirs, which has theoretical guiding significance for the source control of mine water disasters [18]. The second strategy is engineering interception and plugging. Chengyuan Xu et al. first revealed the key influence mechanism of the friction coefficient on the plugging effect of fractured reservoirs, and proposed a material screening standard based on friction characteristics, which can guide the formulation design of plugging slurry and the setting of pump pressure parameters in field construction, and is very helpful for engineering interception and plugging of water inrush hazards [19]. However, the long-term water resistance of many materials is insufficient, which often has a great impact on the plugging effect. To deal with environmental pollution, physical, chemical, and biological methods are usually used for treatment [20,21,22]. Su Peidong offered a novel Fe-Zr bimetallic functionalized biochar made by ginkgo leaves, which effectively reduces SO42− concentrations in mine wastewater [23]. However, the consumption of these methods is often large, which directly increases the operating cost of the mining area.



Numerical simulation is a popular tool for predicting mine water inflow [24,25,26]. Through laboratory experiments, field tests, and PFC numerical simulation, Li, X et al. systematically studied the coal extraction parameters and top coal caving technology, providing technical support for on-site production [27]. Karki, R. employed the MODFLOW-NWT numerical simulation tool to conduct an assessment of the effects on groundwater levels and the interaction between streams and aquifers resulting from elevated rates of groundwater extraction in the Lower Apalachicola–Chattahoochee–Flint (ACF) River basin [28]. L. Surinaidu used MODFLOW 2005 numerical simulation software to estimate the groundwater flow in each development stage of an open-pit mine [29].



Effective monitoring after water hazard interventions is critical for evaluating long-term stability and pollution control. Geophysical methods enable non-invasive, real-time assessment of subsurface stability and water pathways in karst terrains. Electrical Resistivity Tomography (ERT) detects cavity development, water-bearing structures, and potential collapse risks by mapping resistivity anomalies [30]. The Complex Resistivity method (CR) is mainly used to study frequency domain parameter anomaly of the underground target body caused by near-field EM coupling effects and induced polarization effect. Using the Complex Resistivity method, Deng Juzhi et al. has mapped the two-dimensional pseudo-section of apparent resistivity and video divergence and the two-dimensional inversion section [31]. In addition to that, water quality downstream of the mine area should be monitored to assess the risk of pollution bought by mine water. Passive samplers capture time-weighted average contaminant concentrations, addressing episodic pollution in variable-flow karst systems. The pollution monitoring of karst mines should mainly adopt the passive sampling strategy to overcome the limitations of traditional sampling methods in karst landforms [32].



Different from the traditional mine water treatment method, this study comprehensively considers the conditions of the entire hydrogeological unit. Starting from the overall situation, a series of comprehensive schemes are proposed by combining the traditional methods (water diversion, surface anti-seepage, prevention of karst collapse) with the innovative methods (drainage tunnels). The drainage tunnels can not only reduce the recharge of the northwest runoff zone to the mine water from the source, but also avoid the risk of insufficient long-term water resistance of the material in the project interception. We evaluate these water control strategies through numerical simulation, and provide a framework of solution for the prevention and control of water disasters in similar mining areas.




2. Backgrounds and Methods


2.1. Overview of the Mining Region


Beishan mine is a large lead–zinc mine. The burial depth of the deposit is 60~500 m. The No. 1 ore body mined is layered and lenticular. It is 1050 m long from north to south, 100~600 m wide from east to west, and 1.4~46.3 m thick, with an average thickness of 20.5 m. The output elevation is mainly +110~+350 m, and a small part is below +110 m. In this article, the elevation is expressed by altitude (meters above the sea level). A total of 75% of the reserves of the mine are located below the erosion basis. The mine was built and put into operation in 1993. It has been mined for 30 years, and there is still a 10-year service period. The +120 m horizontal middle section currently mined is the lowest middle section of the mining design.



2.1.1. Meteorological and Hydrological Background


The mining region is in a subtropical monsoon climate zone, characterized by significant rainfall (1750 mm of average annual precipitation and 156 mm of maximum daily rainfall). The topography of the region includes peak clusters, karst depressions, and karst valleys. These are separated by ridges with substantial elevation changes. During the wet season, flash floods occur with discharge rates reaching up to 22 ± 5% m3/s. Conversely, during the dry season, the flow of the mountain river reduces significantly to mere trickles, sometimes as low as 0.2 ± 5% m3/s. The geographical location map of the mining area is shown in Figure 1.




2.1.2. Characteristics of Hydrogeology


The mining region is characterized by intricate geological formations. The exposed strata include the Middle Devonian Donggangling Formation, Upper Devonian Guilin Formation, Upper Devonian Rongxian Formation, and Lower Carboniferous Yaoyunling Formation. According to the hydrogeological survey, the mining area is an independent hydrogeological unit, which is bounded by watershed and impermeable faults (Figure 2 and Figure 3). The terrain of the mining area is characterized by karst peaks surrounded by mountains on three sides, with a catchment area of about 13.3 km2. In the northern part of Fault F6, extensive outcrops expose limestone, bioclastic limestone (D2d2−2(2)), early reef limestone (D2d12−2), and late reef limestone (D2d21) covering ~10.0 km2. The remaining 3.3 km2 area primarily consists of marlstone and mudstone formations (D2d22 and D2d12−1).



The aquifer, characterized by high productivity, consists of limestone, bioclastic limestone, dolomite, dolomitic limestone, and reef limestone (inclusive of stromatoporoid bioherms). This primarily correlates with the Devonian Rongxian Formation (D3r), Upper Dadongling Formation Bed D2d21, Lower Dadongling Formation Bed D2d12−2, and Lower Dadongling Formation Subbed D2d12−2(2). The aquifer, which is only weakly productive, is primarily composed of thin-bedded limestone, banded limestone, marlstone, and argillaceous limestone. It spans five stratigraphic units: Upper Guilin Formation Bed D3g21, Lower Guilin Formation Beds D3g11–D3g13, and Upper Dadongling Formation Bed D2d22.



Fault F4 is located in the central part of the mining area, extending over 4.5 km in length. It is a regional, multiphase active principal tensional fault exhibiting relative impermeability. However, mining activities have compromised this sealing capacity within the mine section. Fault F6 trends northwestward and east-westward, dipping south at angles ranging from 52° to 88° with a vertical displacement exceeding 500 m. Its well-cemented conglomeratic zone is flanked by fractured damage zones characterized by abundant cavities and fissures, making it a water-conductive structure. During tunnel excavation, consistent inflow rates of 816 ± 5% m3/d were observed from this fault.




2.1.3. Intensive Runoff Belt


The northeastern groundwater runoff zone originates from karstic depressions at an elevation of +470 m and terminates at Pit No. 1. This subsurface runoff pathway, with a length of 1.4 km and widths varying between 100–300 m, drains a catchment area of approximately 1.4 km2 within the early reef limestone formation (D2d12−2). Summit elevations range from +550 m to +650 m above sea level, while the depression floor sits at +470 m. Surface sheet runoff formed by steep hydraulic gradients, supplemented by shallow karst infiltration. After converging at the +470 m depression, water seeps into the ground and follows the eastern boundary of the hydrogeological unit southward to Pit No. 1.



The northwestern groundwater runoff zone originates from a karstic depression at elevation +510 m in the northwestern part of the unit and terminates at the southern karst collapse area. Its northern boundary coincides with the F6 fault’s exposed karst zone, while the southern section is buried beneath marlstone and mudstone formations. This runoff belt, with a length of 4.4 km and a width of 250–1000 m, drains a catchment area of 11.9 km2. Groundwater flows from northwest toward southeast, crossing the F6 fault and contributing to mine water inrush. Three blue holes (Pond #1, #2, and #3) are developed along the runoff zone; under natural conditions, groundwater mainly discharges through the spillway of Pond #2 into reservoirs and then flows into mountain streams through Spring Group I during high-water seasons.





2.2. Water Hazards and Related Environmental Geological Issues


2.2.1. Water Hazards


Mining in the study area has significantly changed the groundwater flow and caused a series of hydrogeological problems. For example, after excavation, the water table in Pit No. 1 dropped from +280 m during high-flow seasons to +120 m and formed a large cone of depression. The formation of the cone of depression has changed the direction of natural subsurface flow and may affect the stability of the surrounding strata.



In addition, the original spillway of Pond #2 at elevation +320 m in the high-water seasons rose 17 m (to +337 m) during the construction of the tailings pond, which greatly reduced its discharge capacity and increased the water inflow into Pit No. 1. The maximum water levels of borehole ZK1, ZK2 (near the blue holes), and ZK3 in the three consecutive peak flow periods were +349.5 ± 0.05 m, +336.1 ± 0.05 m, and +313.2 ± 0.05 m, respectively. At the same time, the water level in Pit No. 1 rose to + 280 m, with the water level increasing 160 m compared with the original mining benchmark. As a result, the mine influx increased about 7.6 × 104 m3/d from 1.2 × 104 m3/d under the normal baseflow condition, and up to 2.16 × 105 m3/d during flood events, which led to the cessation of mine production. It not only harms mining operations economically, but also becomes a persistent risk to the adjacent environment.




2.2.2. Water Pollution


During the wet seasons, groundwater enters into the mine’s 280 m elevation gallery via subsurface runoff. Due to limited settling capacity in the mining system, the untreated water overflows directly into gully brooks. As the SO42−–Fe2+-rich groundwater traverses the 280 m level passageway, it converts to SO42−–Fe3+-rich groundwater due to oxidation, with a distinctive reddish-yellow color and pH from 7.5 to 3.1, creating highly acidic conditions [33]. The severe acidification of water and sediment directly indicates the existence of acid mine drainage (AMD) and potential hazard to the riverine ecosystem. The water quality of the monitoring wells near the mining area reaches the Class III groundwater standard in the national standard of the People’s Republic of China [34].




2.2.3. Karst Collapse


In the mining area, intensive dewatering significantly lowered the groundwater levels, resulting in the drying up of several karst springs. Consequently, several karst collapses (with diameters of 2–3 m and visible depths of 1–2 m) have developed near the riverbed in the southern mining zone. The exposed karst voids establishing direct connection between surface water and groundwater, potentially serving as critical conduits for mine water inrush—posing immediate threats to mining operations [35]. Furthermore, fluctuations in groundwater regime destabilize underground cavities, particularly within the complex hydrogeological characteristics of karst terrain. Mine dewatering reduces the confining pressure of groundwater on rock masses, and increases the mechanical load stress, resulting in the voids being connected and expanded continuously, and finally forming collapse [36].





2.3. Sources of Mine Water Inrush


To comprehensively characterize groundwater dynamics and identify primary water sources for mine inundation during mining activities, three additional long-term observation points (ZK1, ZK2, and ZK3) were set up along the northeastern and northwestern runoff zones. The observation results are detailed in Figure 4 and Figure 5.



Figure 4 is the observation data of mine water level from March to June in 2022, which shows that during the normal season under active mining, the lowest water levels at observation points ZK1 and ZK3 were +274 ± 0.05 m and +208 ± 0.05 m, respectively, while the pit water level stood at 120.0 m. However, during the wet season, the highest water levels reached +349.5 ± 0.05 m (ZK1), +336.1 ± 0.05 m (ZK2), and +313.2 ± 0.05 m (ZK3), while Pit No. 1 had a water level of +280 m and groundwater overflow was discharged via storm drain channels. These observations indicate that the depression cone formed by intensive dewatering during production has expanded beyond ZK1, resulting in a much steeper hydraulic gradient from upstream ZK1 to the mine pit than that during the wet season. On May 18, as the wet season began, mining operations were suspended due to a dramatic surge of groundwater from northwestern runoff zone, and the pit water levels rose rapidly six hours later, indicating strong hydrogeological connectivity between the mine workings and the northwestern flow paths.



The data in Figure 5 are taken from 2020 to 2021. As illustrated, the resumption of mining operations from September to October required continuous dewatering at an intensity of approximately 7 × 104 ± 5% m3/d for nearly a month to attain the target level of +120 m mid-level drift. When the normal production is restored, the mine water inflow is generally kept at a low level of 1.2 × 104 ± 5% m3/d. However, as the daily precipitation exceeded 20 mm, there was a significant surge in mine water volume with minimal delay following the rainfall. This suggests a high sensitivity of pit inflow to rainfall events [37].



Figure 4 and Figure 5 demonstrate that water inrush occurs in Pit No. 1 when the water level exceeds the elevation benchmark of +280 m, and the mine water volume is directly related to groundwater levels. According to the hydrogeological ground survey results of the project, atmospheric precipitation will be recharged in the mine through two runoff zones in the northwest and northeast. In the scenario of extreme rainfall, the peak discharge rates range from 7.6 × 104 ± 5% m3/d (normal conditions) to 2.16 × 105 ± 5% m3/d (worst-case). As shown in Table 1, the recharge from precipitation into the northeastern and northwestern runoff zones during the wet season, as calculated using the five-year average precipitation, totals approximately 9.05 × 104 ± 5% m3/d. This recharge will directly overflow when the pit level is higher than +280 m, which indicates that precipitation is the main source of mine water supply along subsurface flow paths.




2.4. Integrated Water Hazard Management Plan


Groundwater system plays a key role in controlling the feasibility and cost of mining operations in the karst terrain, which features complex hydrogeological conditions. Human-induced engineering activities during ore extraction significantly disrupt natural groundwater flow. Consequently, comprehensive hydrogeological investigation is necessary throughout the life cycle of a mine to accurately characterize the post-disturbance groundwater environment. The water management strategies, including drainage control, sealing technologies, and resource conservation measures, not only help preserve subsurface water resources but also minimizes environmental impacts [38].



In order to ensure sustainable extraction of groundwater, reduce the rate of mine inflow, and allow for the segregated management of contaminated and pristine water streams, an integrated set of hydrological interventions is suggested. These include controlled diversion, strategic drainage systems, and the use of sealing technologies. Figure 6 provides a representation of the spatial configuration of this comprehensive management scheme. Up to now, the management plan is in the design stage, and has to be evaluated by numerical simulation. The actual effectiveness will be vertified after the management plan begins to be implemented.



2.4.1. Water Diversion


Hydrogeological investigation reveals that the karst depression at elevation + 470 m acts as a regional catchment area, which collects overland flow and generates temporary ponded water during wet seasons. The infiltration estimated by recharge area calculations recharges through the NE-trending runoff belt into Mine No. 1, and contributes approximately 10% of total mine water inflow. To reduce this component, an engineering solution has been proposed, which consists of a pump station inside the depression to actively dewater the rainfall accumulation during the wet seasons, and a discharge pipeline cross the mountain spine with a hydraulic head differential of about 100 m (total length: 300 m), terminating in extraneous stream valleys northeast of the mining unit. Concurrently, high-elevation surface conduits adjacent to the depression will be geotechnically sealed, thereby reducing direct meteoric recharge to aquifer systems.




2.4.2. Drainage Tunnel


The northwest-oriented high-flow groundwater belt has been identified as the primary source of mine water inrush. To reduce groundwater recharge into mining excavations, it is recommended to construct a Drainage Tunnel No. 1 from Karst Pond #2 to surface drainage ditches, for diverting subsurface water from this location to the ground surface. This designed tunnel has a total length of approximately 370 m, with its invert elevation at +300 m.



It is essential to monitor the piezometric responses at borehole ZK1 after the completion of Tunnel No. 1. If a concurrent drawdown is not observed, Tunnel No. 2 from Pond #1 to Pond #2, which spans approximately 390 m, with its invert elevation consistently maintained at +300 m, becomes necessary. However, if the concurrent drawdown is observed, Tunnel No. 2 will not be considered.




2.4.3. Surface Anti-Seepage


The existing land reclamation drainage system within the region is utilized to redirect surface water into karst pond clusters and surface stream channels, thereby reducing the proportion of atmospheric precipitation infiltrating groundwater. Moreover, the previous drainage infrastructure in Gully No. 1 has been upgraded and extended into an open earthen channel measuring approximately 1.2 km in length. It intercepts groundwater discharged from Tunnel No. 1 and redirects it to mountainous river.




2.4.4. Prevention of Karst Collapse


The continuous dewatering during mining has formed an increasingly expanding cone of depression in the groundwater table, which extends laterally to the bank of mountain stream nearby. As a result, Spring No. 1 dried up and river water flowed back into the subsurface empty zone, and then widespread surface collapse occurred. To address this issue, a cement–bentonite slurry wall cutoff curtain was built at the junction of the mountain river and tributary channels. The length of the curtain is about 250 m along the river direction, and its location is shown in Figure 5. The function of the cutoff curtain is to cut off the preferential flow channel and prevent the river recharge from further karst development due to the effect of the seepage barrier.





2.5. Evaluation of Governance Effects Based on Numerical Models


2.5.1. Hydrogeological Conceptual Model


Based on the hydrogeological map (Figure 2) of the study area, a conceptual model was established. The hydrogeological unit is delineated by topographic divides and a southern impermeable fault zone. The mine is located in the southern part of the unit with an elevation of +120 m. The unit contains only one aquifer layer.



Before the treatments, the natural groundwater flows along two directions of NE→SW and NW→SW, and is primarily recharged by precipitation. The recharge rates in the two topography-controlled recharge zones were higher than those in other areas; one is the karst depression with an elevation of +510 m in the NW part, and the other is the runoff convergence area with an elevation of +470 m in the NE part. The discharge consists of three outlets, namely Spring Group I in the SW collapse zone, the overflow outlet at Pond No. 2 (elevation +337 m), and the mine tunnels (elevation +120 m).



After treatment, the regional water tables decreased, and the recharge volumes of the two depressions were greatly reduced. Two drainage tunnels were constructed, namely Tunnel No. 1 between Pond No. 1 and Pond No. 2 (elevation +300 m) and Tunnel No. 2 from Pond No. 2 to Gully No. 1. Curtain grouting was also performed at Spring Group I to block river backflow, so Spring Group I became an impermeable boundary. The overflow outlet at Pond No. 2 lost its discharge function, and the recharge contributions of the two depressions were thus reduced.




2.5.2. Mathematical Modeling of Groundwater Flow


According to the hydrogeological attributes of the research area, we conceptualize the groundwater system as a three-dimensional, heterogeneous flow model. The mathematical representation governing this model is expressed as follows:


          ∂  ∂ x       K  x x      ∂ H   ∂ x      +   ∂  ∂ y       K  y y      ∂ H   ∂ y      +   ∂  ∂ z       K  z z      ∂ H   ∂ z      + ω =  S s     ∂ H   ∂ t    , ( x , y , z ) ∈ Ω       H ( x , y , 0 ) =  H 0  ( x , y ) , ( x , y ) ∈ Ω       H ( x , y , t )   |   Γ 1     =  H 1  ( x , y , t ) , ( x , y ) ∈  Γ 1        K    ∂ H   ∂  n       |   Γ 2     = q ( x , y , t ) , ( x , y ) ∈  Γ 2         



(1)







In Equation (1), H is the groundwater head in meters; K denotes the hydraulic conductivity coefficient in meters per day (m/d); Ss is the specific storage coefficient per meter (m−1); ω is the source/sink term (d−1), with positive values indicating inflow and negative values denoting outflow; Γ1 is the head boundary; Γ2 is the flow boundary; Ω is the seepage simulation domain; H0 indicates the initial water level in meters; H1 signifies known head values in meters; q represents the unit width flow rate across boundaries in square meters per day (m2/d); spatial coordinates include x, y, z in meters; n defines the outward normal direction to boundaries; and time is measured in days (d).




2.5.3. Numerical Model of Groundwater Flow


	(1)

	
Domain’s Meshing and Boundary Conditions







This simulation utilized the MODFLOW module within the GMS v10 software for numerical modeling. The model domain was discretized into a grid system with 300 rows × 200 columns, yielding a total of 25,605 computational cells. The southeastern boundary was set as an impermeable fault zone, while all other boundaries were delineated based on topographic divides. Therefore, all model boundaries were treated as no-flow (zero flux) conditions.



	(2)

	
Hydrogeological Parameters







	I.

	
Recharge







The study area primarily receives atmospheric recharge. Due to widespread karst features, including depressions, sinkholes and collapse structures distributed across northern and western regions, intensive surface runoff convergence under heavy rainfall events significantly amplifies regional infiltration rates. The two large-scale depressions (Figure 7a) are representative of all topographic anomalies that lead to dramatic increases in recharge in the western and northern parts, where it is necessary to assign larger infiltration. After the treatment measures, the effective engineering control has decreased the regional infiltration, and the recharge of depressions gradually returned to normal.



	II.

	
Discharge







Before treatment measures, groundwater discharged via three pathways: (1) the spring group I in the southwestern collapse zone under fixed-head boundary conditions; (2) the overflow outlet of Pool No. 2 karst depression at an elevation of +337 m also configured as a fixed-head boundary; and (3) the +120 m mine gallery simulated using a DRAIN package in MODFLOW. After treatment measures, the water levels decreased and curtain grouting was implemented at the spring group I to cut off the river backflow and to eliminate the hydraulic connections between the + 337 m overflow outlet and the spring group I with the outside system. The construction of drainage tunnel from Pool No. 2 to Gully No. 1 and Tunnel No. 2 connecting Karst Basins No. 1 and No. 2 remain the groundwater levels at approximately +300 m within their influence ranges.



	III.

	
Hydrogeological Parameters







The study area exhibits complex spatial variability in hydraulic conductivity due to karst. For the purposes of numerical modeling, we categorized the domain into six distinct zones. These data are obtained through regional comprehensive analysis of stratigraphic lithology and hydrogeological survey (Figure 7b).






3. Results


3.1. Model Calibration


Based on the water levels at observation wells and regional recharge rates, model parameters were calibrated with the results summarized in Table 2.



The Nash–Sutcliffe Efficiency coefficient (NSE) was employed to determine the goodness-of-fit between simulated and observed values [39]. The mathematical expression of NSE is Equation (2).


  N S E = 1 −      ∑  i = 1  n     (  Q s i  −  Q 0  )  2        ∑  i = 1  n     (  Q 0 i  −    Q 0   ¯  )  2        



(2)




where Qs represents the corresponding simulated value; Q0 denotes the observed value; and n is the number of output stems. It evaluates the correspondence between model outputs and measurements.



To comprehensively validate the applicability of the model across the entire study area, the monitoring data at ZK1, ZK2, and ZK3, as well as pit water levels and the pit inflow rate are set to be output stems. The NSE of this model reached 0.99, indicating excellent model performance. The specific values of these data are presented in Table 3.




3.2. Model Prediction


The model employed DRAIN package to simulate the mine water inrush effects. Post-remediation conditions were represented by the following: (1) removing the fixed-head boundary at +337 m, suggesting water levels had dropped and the overflow outlet no longer acted as a drain; (2) removing the southern fixed-head boundaries to simulate curtain grouting isolation; (3) reducing recharge rates in depressions to replicate diversion and surface drainage measures; and (4) adding a new fixed-head condition at + 300 m to simulate constructed drainage tunnels.



The model simulation results showed that the maximum discharge of the spring before treatment in the high-flow period was 78,738 m3/d, and after treatment was 51,128 m3/d, with a reduction of 34.3%. The water level simulated by the pre-treatment model was basically consistent with the observed data, and the water level simulated by the post-treatment model gradually stabilized at about +300 m around ZK1 and ZK2 blue holes (Figure 8). The simulation results show that the engineering control measures effectively reduced the mine inflow in the study area.





4. Discussions


It is also necessary to optimize the monitoring framework for mine environmental governance after the implementation of the water hazard intervention measures. For the assessment of the effects of water diversion and surface anti-seepage, high-precision flow meters installed at pumping station outlets and open channels enable real-time drainage volume recording. Combining these measurements with meteorological data (rainfall intensity/duration) allows calculation of actual interception efficiency. For drainage tunnels, automated water level loggers (sampling frequency ≥1/h) deployed in existing observation wells continuously monitor groundwater dynamics. Comparative analysis of pre/post-operation water level drawdown and flow field stability directly demonstrates tunnel drainage efficiency.



Furthermore, the geophysical method can be used for karst structure safety assessment. Periodic electrode array deployments along the treatment perimeter detect resistivity variations in karst development zones. When resistivity fluctuations exceed 15%, ground-penetrating radar re-evaluation is triggered to assess structural instability risks. Because the area where the groundwater level changes greatly is concentrated near the mine, the geophysical exploration work is mainly concentrated near the mine. Water injection experiments can be used to evaluate the grouting effect.



It is also necessary to monitor the water quality. Before the implementation of governance measures, the water quality of monitoring wells near the mine met Class III groundwater standard [34], can be discharged directly. After treatment, the amount of contaminated groundwater is greatly reduced, and the impact on the environment and biodiversity will become smaller. For the water quality monitoring of mine water, especially for the characteristics of sulfate-rich (SO42−), iron ions (Fe2+/Fe3+), strong acidity (pH value fluctuates greatly), and potential heavy metal pollution, a high-precision online pH meter and conductivity meter can be used for real-time continuous monitoring to capture the dynamic change trend (such as sudden decline suggesting that the oxidation reaction is intensified).



While MODFLOW was employed in this study to predict mine water inflow and met the requirements for mine water hazard management, the approach exhibits limitations due to the intense karst development within the hydrogeological unit of the mining area. This geological setting results in pronounced heterogeneity and anisotropy. Future research should focus on achieving more precise characterization of the karst media structure in the mining area and incorporate models such as discrete fracture networks (DFNs) to enable more accurate predictions of groundwater levels and inflow rates.




5. Conclusions


This study presents a comprehensive analysis of the hydrogeological conditions and water hazard sources within a mining area, proposing an innovative set of treatments for the prevention and control of water hazards. Specialized hydrogeological investigation is essential for uncharted mining territories to assess dramatic surges in mine water inrush.



The strategy of water control in karst mining is “divergence rather than sealing”. The comprehensive prevention and control measures mainly include the following: the construction of diversion tunnels, surface drainage measures, grouting curtains, and controlled discharge channels, aiming to reduce the inflow amount and achieve the separation of clean and polluted water. The effectiveness of this set of treatments was evaluated via numerical simulation. The employed methods not only significantly mitigate the risk of water inrush within the mine but also prevent groundwater pollution and ensure the safety of mine production, particularly during the rainy season. Compared to conventional approaches, the proposed method effectively reduces groundwater inflow into the mine pit from both northwestern and southeastern runoff zones at its source. This significantly decreases contaminated groundwater volume, ensuring construction safety while substantially lowering wastewater treatment complexity.



The MODFLOW numerical model effectively evaluates mine water damage control measures. Its DRAIN package simulates mine drainage operations. By calibrating the model with implemented controls, predictive simulations quantified water inrush volumes both before and after remediation. These numerical results quantitatively demonstrate the substantial effectiveness of the engineering in reducing water hazards. This approach provides a quantitative tool for preventing and controlling water damage in similar mining areas.



Post-intervention mine environmental monitoring requires an optimized framework: High-precision flow meters at pumping stations and open channels track drainage volume, combining with rainfall data to calculate interception efficiency. Automated water level loggers in wells continuously monitor tunnel drainage impacts. Resistivity detected via electrode arrays trigger ground-penetrating radar re-evaluations for karst safety, alongside water injection tests to verify grouting. Water quality must be tracked for real-time sulfate-, iron-, acidity- (pH fluctuations), and heavy metal-related trends, leveraging reduced contamination post-treatment to mitigate environmental impacts. In the future, we will also use other models to study the project according to the needs of the project.
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Figure 1. Geographical location of Baishan Mine. 
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Figure 2. Hydrogeological map of Baishan Mine. 
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Figure 3. Hydrogeological cross-section along line A–A′. 
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Figure 4. Water level fluctuation in the NW runoff zone and water level restoration of No. 1 mine pit in 2022. 
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Figure 5. Daily rainfall and inflow rate of No. 1 mine pit from 2020 to 2021. 
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Figure 6. Schematic diagram of water management strategies. 
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Figure 7. Hydrogeological zonation map: (a) recharge; (b) hydraulic conductivity. 
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Figure 8. Water level contour map before and after treatment in the study area. 
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Table 1. Calculation of Groundwater Recharge by Rainfall.






Table 1. Calculation of Groundwater Recharge by Rainfall.





	
High Runoff Belt

	
Infiltration

Area (km2)

	
Average Precipitation

from 2017 to 2021 (mm)

	
Average Groundwater Recharge

During High-Flow Periods

	
Average Groundwater Recharge

During Normal Flow Periods

	
Average Groundwater Recharge

During Low-Flow Periods




	
Wet

Season

	
Normal

Season

	
Dry

Season

	
Infiltration

Coefficient

	
Recharge

Rate (m3/d)

	
Infiltration

Coefficient

	
Recharge

Rate (m3/d)

	
Infiltration

Coefficient

	
Recharge

Rate (m3/d)






	
Northeast Runoff Belt

	
1.4

	
1273.9

	
357.7

	
107.8

	
0.8

	
9620.5 ± 5%

	
0.73

	
3081.2 ± 5%

	
0.73

	
1238.1 ± 5%




	
Northwest Runoff Belt

	
11.9

	
1273.9

	
357.7

	
107.8

	
0.8

	
80,850.2 ± 5%

	
0.73

	
20,715.6 ± 5%

	
0.73

	
6243.1 ± 5%











 





Table 2. Calibrated Parameters.
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Parameters

	
Region

	
Before Treatment

	
After Treatment






	
Recharge rate

(m/d)

	
+510 m karst depression

	
0.544

	
0.004




	
+470 m depression

	
0.454




	
Other area

	
0.004




	
Hydraulic conductivity

(m/d)

	
Zone 1

	
3.82




	
Zone 2

	
1.68




	
Zone 3

	
8.64




	
Zone 4

	
20.00




	
Zone 5

	
20.00




	
Zone 6

	
1.68











 





Table 3. Comparison Table of Observed vs. Simulated Water Levels.
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	Observation Points
	Observed Value
	Simulated Value





	ZK1
	349.5 ± 0.05 m
	346.04 m



	ZK2
	336.1 ± 0.05 m
	338.32 m



	ZK3
	313.2 ± 0.05 m
	316.75 m



	Pit inflow rate
	76 × 103 ± 5% m3/d
	78.7 × 103 m3/d



	Pit water level
	279 ± 0.05 m
	284.38 m
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