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Abstract

:

Abandoned well pollution is a critical component of global environmental issues and a historical legacy issue of national development. Despite this, the specific mechanisms by which abandoned wells pollute groundwater remain unclear, particularly in the karst regions of Northern China, where no scientifically effective remediation methods exist. To address this gap, this study focuses on Yangquan City in Shanxi Province and employs field investigations, the analytic hierarchy process, high-definition deep-well logging technology, and qualitative analysis to assess the pollution risk of all abandoned wells in the study area, identifying those with high pollution risk. Through the analysis of extensive image and video data for these high-risk wells, we propose a conceptual model of cross-strata channels in abandoned wells and elucidate the mechanisms by which they pollute groundwater. The results show that, from a single-well perspective, the pollution mechanism is cross-strata pollution. From a regional perspective, the pollution mechanisms are hydraulic connectivity and solute migration and transformation. Based on these findings, we present a scientifically effective remediation strategy tailored to the typical characteristics of abandoned wells in the study area, offering a viable solution to the abandoned well pollution problem in Yangquan City. This research not only augments the theoretical framework in the domain of groundwater pollution but also advances sustainable groundwater security and management strategies. Moreover, the study furnishes theoretical foundations and pragmatic solutions for the remediation of abandoned wells in Yangquan City, which are crucial for the sustainability of the groundwater ecosystem.
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1. Introduction


The sustainability of underground resources directly impacts economic and social development [1]. With rapid population growth, the exploration and exploitation of underground resources have accelerated [2,3,4], leading to the emergence of numerous wells, such as drilling wells, water extraction wells, coal field wells, oil wells, natural gas wells, and geothermal wells. After long-term usage, the structural integrity of these wells and their casings is compromised, or they must be closed due to reaching their lifespan [5]. This leads to an array of diverse abandoned wells, posing significant threats to the sustainability of the subterranean environment [6]. Pollution and remediation issues concerning abandoned wells have also become a critical environmental issue among global historical legacies [7].



Abandoned wells are wells that have been discontinued or are no longer usable for various reasons; these can include oil, gas, and water wells, among others. Abandoned well remediation involves using effective methods to prevent contamination of the underground environment. These methods aim to prevent pollution sources from seeping through abandoned wells. Several types of abandoned wells exist, including coal mine abandoned wells [8,9], oil field abandoned wells [10], coal mine gas (natural gas) abandoned wells [11,12,13], geothermal abandoned wells [14,15], and abandoned water wells [6,16,17]. The primary aim of remediation for abandoned coal mine wells is to sever the hydraulic link between acid mine drainage and other aquifers, thereby preventing cross-layer pollution [18]. The primary aim of remediation for abandoned oil field wells is to prevent accidents—such as leakage, wellhead loss of control, and blowouts—that could cause environmental pollution. The current main remediation method is to use cement slurry for plugging [19]. Research on these abandoned wells has focused on the fields of cementing technology, well control safety disposal technology, segmented well sealing technology, and numerical simulation technology [20,21]. On the other hand, abandoned natural gas wells slightly differ, with the majority being transformed from depleted oil wells [22]. Remediation methods for natural gas abandoned wells include the ultra-fine cement grouting method [22] and micro-gel water plugging technology [23]. Geothermal abandoned wells are also transformed from abandoned oil field wells [24], and research on the remediation of this type of abandoned well mainly focuses on the remodeling process and the process of water shut-off in abandoned wells [25].



Overall, research on cross-strata pollution issues related to abandoned wells is relatively scarce in the groundwater pollution field. Existing studies mainly focus on abandoned wells with clear sources of pollution, whereas research regarding groundwater pollution caused by abandoned water wells and the remediation of such pollution is comparatively limited. This is primarily because abandoned water wells often do not have clear sources of pollution, and thus tend to be overlooked in research. However, in karst regions with complex geological conditions and multiple sources of pollution, like Yangquan City in Shanxi Province, abandoned wells provide channels for cross-strata pollution, posing serious threats to groundwater safety. In such geological contexts, investigating the mechanisms of cross-strata pollution in abandoned wells becomes critically imperative to furnishing scientific foundations and technical support for the sustainable development of groundwater resources and the remediation of abandoned wells.



This study focuses on Yangquan City as the study area and analyzes the video and image data of abandoned wells with high pollution risks. It identifies the cross-strata pollution channels of abandoned wells and uncovers the pollution mechanisms of abandoned wells affecting groundwater. Based on these findings, a remediation method is proposed for different types of abandoned wells in the study area, effectively addressing the abandoned well pollution problem in Yangquan City. This study carries significant practical value for enhancing the sustainable exploitation and utilization of groundwater, as well as for the mitigation and management of groundwater pollution in Yangquan City. Furthermore, it acts as an exemplar and guideline for the remediation of abandoned wells in other similar areas within Shanxi Province and globally.




2. Materials and Methods


2.1. Study Area


Yangquan City is an emerging industrial city located on the eastern side of central Shanxi Province. Geographically, it lies between 37°40′ N to 38°31′ N latitude and 112°54′ E to 114°03′ E longitude (Figure 1). The city stretches approximately 106 km from north to south and is about 42 km wide from east to west. Yangquan City has a total area of 4558.93 km2, accounting for 3% of the total area of Shanxi Province [26]. The city is divided into two counties and three districts: Pingding County, Yu County, the urban area, the mining area, and the suburban area, with respective areas of 1390.94 km2, 2514.38 km2, 14.77 km2, 11.83 km2, and 627.01 km2. Yangquan City has a warm temperate continental monsoon climate with four distinct seasons. The multi-year average temperature is 11.3 °C, and the multi-year average rainfall is 513.46 mm.



The topography of Yangquan City is predominantly mountainous and belongs to a typical mid-low mountainous region. Its area is 3362.1 km2, accounting for 73.75% of the city’s total area. The overall terrain is higher in the northwest and lower in the southeast, with DEM (Digital Elevation Model) values ranging between 341 and 1985 m. The hydrogeological conditions in the study area are relatively complex. Considering the lithological properties of aquifer media and groundwater occurrence characteristics, the aquifers in the study area can be categorized into five primary types: unconsolidated rock porous aquifers, clastic rock fissure aquifers, clastic rock intercalated with carbonate rock karst-fissure aquifers, carbonate rock karst aquifers, and metamorphic rock basalt fissure aquifers (Supplementary Figure S1). The primary water supply for industrial activities and urban life in Yangquan City comes from the karst groundwater in the Niangziguan spring area [27], making up 70% of the city’s total water usage [28]. However, due to climate change (such as reduced rainfall, increased temperature, and enhanced evaporation) and human activities (like extensive groundwater extraction and coal mining drainage), the spring flow is gradually declining [29,30,31].



Abandoned Wells


In 2021, a comprehensive survey was conducted on abandoned wells in Yangquan City. The survey revealed that there are a total of 165 abandoned water wells in the city, of which 28 have been sealed or occupied due to road construction or factory buildings, leaving 137 remaining abandoned water wells. Among these, 10 are in the urban area, 5 in the suburban area, 18 in the mining area, 80 in Yu County, and 24 in Pingding County, with respective proportions of 7%, 4%, 13%, 58%, and 18% (Figure 2). The survey found that Yangquan City had not implemented unified management for abandoned wells, and no actions had been taken after the wells were decommissioned. This poses a serious threat to groundwater safety.





2.2. Research Methodology


2.2.1. Field Investigation and Site Inspection


Field investigations and site inspections are common field research methods primarily used in the fields of geology, hydrogeology, and environmental science. This approach requires researchers to personally visit the study area for on-site investigations and surveys to obtain accurate and detailed data and information. In this study, such data mainly include the specific locations of abandoned wells, well diameters, abandonment times, and reasons for abandonment, as well as surrounding traffic conditions and environmental pollution status. This research method gathers first-hand data through inquiries, observations, measurements, and recordings, helping researchers gain a deep understanding of the actual conditions in the study area and providing a data foundation for subsequent research work.




2.2.2. High-Definition Deep Well Logging Technology (HDWLT)


HDWLT is a high-precision measurement technology that directly obtains underground images and video data [32,33]. It has the advantages of intuitiveness, accuracy, and real-time capabilities and has broad application prospects in the detection of abandoned wells [34]. The equipment mainly consists of three parts: the underground system, logging cable, and ground control platform [32]. Through a 360-degree rotatable high-definition camera, the internal structure and damage conditions of abandoned wells can be clearly and accurately observed. This includes the material of the well casing, the degree and location of corrosion and damage to the well casing, the diameter of the well casing, leakage conditions, the location of the filter pipe, the well depth, and the fill material at the bottom of the well. By conducting these inspections, quantitative baseline data on abandoned wells in the study area can be obtained, providing a scientific basis for subsequent assessment and remediation work on abandoned wells.




2.2.3. Analytic Hierarchy Process


The Analytic Hierarchy Process (AHP), proposed by Saaty [35], is a method used to solve complex decision-making problems. AHP is a structured technique [36], the core idea of which is to break down a complex problem into multiple hierarchical sub-problems and make the best decision using a combination of quantitative and qualitative methods [37,38]. This method has the advantages of a clear structure, easy operation, and wide applicability [39]. It has been extensively applied in the fields of ecology, environment, and groundwater [40,41,42], such as environmental risk assessment [43,44,45], groundwater pollution risk assessment [38], groundwater potential assessment [46,47,48], and groundwater vulnerability assessment [49,50,51].



The primary steps of AHP are as follows [52,53]:




	(1)

	
Construct a hierarchical structural model. Decompose the complex problem into the objective layer, criteria layer, sub-criteria layer, and assessment layer.




	(2)

	
Establish a pairwise comparison matrix. Create a pairwise comparison matrix by comparing the importance of two factors. The 1–9 scale method is generally used (Table 1).














	(3)

	
Calculate the consistency rate (CR) [55]. Primarily for the purpose of testing the rationality of the comparison matrix. The calculation formula is as follows:











  C I =     λ   m a x   − n   n − 1    



(1)






  C R =   C I   R I    



(2)




where CI is the consistency index [56]. The larger the CI value, the worse the consistency of the comparison matrix, and vice versa [57]. When the CI value is 0, the comparison matrix has complete consistency. λmax is the maximum eigenvalue, n is the order, RI is the average random consistency index (Table 2), and CR is the consistency ratio of the comparison matrix. When CR < 0.1, it indicates that the comparison matrix has good consistency. Otherwise, the matrix needs to be readjusted.




	(4)

	
Weight Calculation. In this work, Python was used to calculate the index weight in the AHP.




	(5)

	
Calculate the synthesis score. The comprehensive score for each evaluation object was calculated using the weight and score values of each indicator, based on which an assessment was made. The calculation formula is as follows:











  Q =   ∑  i = 1   n        W   i   ×   R   i            



(3)




where Q is the comprehensive evaluation index, Wi represents the weight of each indicator, Ri represents the score of each indicator, and i is the number of indicators.






3. Results and Discussion


3.1. Abandoned Well Pollution Risk Assessment


3.1.1. Abandoned Well Pollution Risk Hierarchical Model


Through literature analysis, field investigations, and consultations with experts, criteria and sub-criteria layers for the risk assessment of abandoned well pollution are determined, and a hierarchical model is constructed. In this work, the hierarchical model consists of 4 layers, including the objective layer, criteria layer, sub-criteria layer, and evaluation layer (Figure 3).



The criteria layer mainly includes:




	(1)

	
Vadose zone media, which determines the infiltration potential of surface water and the vertical migration ability of pollutants, as well as possible chemical reactions that may occur [46,58,59]. Pollutants infiltrating the vadose zone can enter underground through abandoned well channels and cause groundwater pollution.




	(2)

	
Abandoned wells penetrate aquifers, and the wellbore penetrates through various geological layers and aquifers. The pollution risk is different for different aquifers. It can also be determined whether the abandoned wells penetrate a single water layer or multiple water layers and whether there is a risk of cross-layer contamination.




	(3)

	
Abandoned well depth is an important parameter determining the ability of pollutants to reach specific aquifers [38,60]. Abandoned wells serve as channels communicating pollutants between the source and the groundwater bodies; the deeper the well, the more aquifer layers it communicates with, and the higher the risk of cross-layer contamination.




	(4)

	
Pollution sources around the abandoned wells and the environmental surroundings of the abandoned wells have a significant impact on groundwater pollution. Pollutants can enter the ground directly through the channels of abandoned wells, causing groundwater contamination.




	(5)

	
Mining pollution: Yangquan City is rich in mineral resources, and pollutants generated during mining, as well as mine pit wastewater formed after mine closure and filled by groundwater, can enter the ground through the channels of abandoned wells, polluting the groundwater environment.









Other layers are shown in Figure 3.




3.1.2. Pairwise Comparison Matrix and Weight Calculation


In this work, according to the preferences and importance of pairwise factors in the hierarchical model, pairwise comparison matrices are constructed, and weight values are calculated. The pairwise comparison matrices and weight results of the criteria layer and sub-criteria layer are as follows (Table 3, Table 4, Table 5, Table 6, Table 7 and Table 8):



In summary, the consistency ratio values of all pairwise comparison matrices are less than 0.1, showing good consistency test results [55].



Based on the weights of criteria and sub-criteria, along with the scores of sub-criteria, the comprehensive scores are calculated for individual abandoned wells, as detailed in Table 9 and Supplementary Table S1. A higher comprehensive score signifies a greater risk of groundwater pollution attributed to a given abandoned well. The abandoned wells are categorized as posing a low pollution risk with a comprehensive score within the 0–1 range; those are considered to present medium pollution risk with scores between 1 and 2, while those are classified as high pollution risk with scores exceeding 2.




3.1.3. Abandoned Well Pollution Risk Assessment


Figure 4 delineates the spatial distribution of abandoned wells categorized by risk levels within Yangquan City. A total of 44 low-risk wells, constituting 32.12% of the overall count, are predominantly located in the northern sector of the city. These wells are relatively shallow, with depths generally ranging from several tens to over a hundred meters, and they are primarily utilized for the extraction of Quaternary porous water. And these wells are located in agricultural zones with low population density and minimal anthropogenic pollution sources. In addition, these abandoned wells penetrate only a single aquifer and do not contact deeper aquifers, so the risk of groundwater pollution from abandoned wells in this area is low.



A total of 20 medium-risk abandoned wells, constituting 14.6% of the overall count, are predominantly located in the eastern region of Yangquan City, characterized by exposure to Ordovician limestone. The depths of these wells are approximately 200–600 m and are primarily used for extracting Ordovician karst water. The upper Ordovician Fengfeng Formation has limited water content and serves as a weakly permeable layer, with gypsum present at the bottom. The primary sources of pollution in this area stem from the infiltration of domestic wastewater and surface water. These wells penetrate the gypsum layer, presenting a risk of contaminant migration through the well channels into underground aquifers.



A total of 73 high-risk abandoned wells, constituting 53.28% of the overall count, are predominantly located in the central region of Yangquan City. The geological strata in this area are complex, encompassing Quaternary, Permian, Carboniferous, and Ordovician formations. Additionally, the Shanxi and Taiyuan formations are rich in coal seams. The depths of these abandoned wells generally exceed 600 m and are mainly used for extracting subterranean karst water. These wells penetrate multiple geological layers and aquifers, thereby posing a high risk of cross-strata pollution. The area is densely populated and hosts a wide range of industrial and mining enterprises, contributing to multiple sources of pollution. Moreover, this region is upstream in the groundwater flow, allowing various pollutants to enter the aquifers through the abandoned well channels, thereby elevating the risk of groundwater pollution.



The spatial distribution of these three risk categories of abandoned wells demonstrates significant independence and regional characteristics without any overlapping occurrences. This distribution pattern is largely driven by the specific geological conditions and characteristics of the abandoned wells in Yangquan City. Although the subjectivity of the Analytic Hierarchy Process (AHP) may have some influence, the evaluation results are consistent with the actual conditions in Yangquan City [61]. The results of the risk assessment of abandoned wells have laid the foundation for the study of the mechanisms and remediation of abandoned well pollution.





3.2. Abandoned Well Pollution Channel and Mechanism


All high-pollution-risk abandoned wells were detected using HDWLT. It was found that the well casing wall of the abandoned wells had undergone severe corrosion (Figure 5a), and the well casing perforation was significant (Figure 5b). Additionally, it was also clearly observed that groundwater cross-strata occurred in the abandoned wells (Figure 5c,d).



3.2.1. Single-Well Cross-Strata Pollution Channel


In the present study, we employed HDWLT to acquire extensive multimedia data, encompassing images and videos, from high-risk abandoned wells. Through an integrative analysis of these fundamental data sets, the principal pollution channels were identified within Yangquan City’s abandoned wells. Based on the above analysis and the characteristics of high-risk abandoned wells, a “conceptual model for a single-well cross-strata channel” is introduced (Figure 6a). This conceptual model is composed of three key channels.



	(1)

	
Wellhead Channel: The wellhead is the direct pollution channel for abandoned wells [62]. Owing to its exposure to surface conditions, it facilitates the unimpeded entry of pollutants into the subsurface aquifer, thereby compromising groundwater quality. This is a critical pollution channel for abandoned wells.




	(2)

	
Well Casing Wall Channel: These channels were formed due to the corrosion and deterioration of the wellbore walls and belong to internal channels. Such channels emerge due to complex interactions between the wellbore and the surrounding geochemical environment, including groundwater chemistry and the chemical properties of adjacent rock formations. The formation of these channels is influenced by factors like the well’s operational lifespan, the quality of wellbore materials, and the chemical properties of the groundwater. The location, number, and size of these channels exhibit significant uncertainty. However, over time, the number of channels increases, and the corrosion pores enlarge, facilitating the ingress of pollutants from the surface or upper aquifers, thereby accelerating the groundwater pollution process.




	(3)

	
Annular Space Channel: These channels were formed by the gap between the wellbore wall and the adjacent strata. This is a unique type of pollution channel primarily associated with well-constructed construction techniques and quality. These channels mainly form due to outdated drilling technology that did not include wellbore stabilization, creating an annular space between the wellbore wall and the native rock strata. This space may expand due to improper well use and maintenance, such as excessive water extraction and corrosion of wellbore materials, thereby evolving into significant channels for groundwater pollution. These channels are highly concealed and often overlooked in the general remediation processes for abandoned wells.







The three channels establish hydraulic connectivity between the upper and lower aquifers, as well as surface water bodies, thereby causing cross-strata pollution between different aquifers. Therefore, these channels can also be designated as abandoned well cross-strata pollution channels. Meanwhile, these channels also alter the recharge and discharge conditions of surface water and upper aquifers, intensifying local recharge where abandoned wells are present, increasing runoff velocity, and reducing discharge. This results in deep karst aquifers receiving water replenishment while also becoming polluted by external water sources [63].




3.2.2. Group-Well Cross-Strata Pollution Channel


To study the implications of abandoned wells on regional groundwater pollution, a “conceptual model for group-well cross-strata channel” is introduced. This model not only retains the salient features of the existing “conceptual model for a single-well cross-strata channel” but also considers the cumulative impact of low-risk and medium-risk abandoned wells, as well as other high-risk abandoned wells. As illustrated in Figure 6b, ‘Type A’ denotes low-risk abandoned wells that predominantly penetrate Quaternary unconsolidated porous aquifers. ‘Type B’ signifies medium-risk abandoned wells that primarily penetrate Permian-Carboniferous clastic fractured aquifers. ‘Type C’ designates high-risk abandoned wells that mainly penetrate the lower Ordovician carbonate aquifers.



Within a region, abandoned wells of different risk levels are interconnected through cross-strata channels, aquifers, and well screens, thereby establishing a complex, interconnected three-dimensional network system of group-well cross-strata channels. This network system not only connects abandoned wells of different risk levels but also links aquifers of different types. In this network system, the well screens and aquifers serve as bridges connecting different abandoned well channels, tightly linking all abandoned wells together. This leads to the issue of cross-strata in the groundwater flow process among different aquifers, thereby increasing the risk of groundwater pollution.



In accordance with the theory of groundwater flow systems (Figure 6b), groundwater in porous aquifers flows into Type A wells through the well screen and into Type B and C wells via the well casing wall channel and annular space channel. Subsequently, the groundwater in porous aquifers passes through the well screens of Type B and C wells to enter the fractured and karst aquifers. Similarly, groundwater in fractured aquifers can flow into other Type B and C wells in a similar manner, thereby entering the karst aquifers and resulting in the issue of groundwater cross-strata. This intricate three-dimensional group-well cross-strata channel network system significantly enhances the risk and complexity of regional groundwater pollution. Once a pollutant source is introduced, it inevitably imposes long-term and extensive impacts on the groundwater system.




3.2.3. Abandoned Well Pollution Mechanism


Investigations have revealed that abandoned wells have caused pollution in the karst aquifer. The main manifestations are: (1) Well casing wall corrosion, as illustrated in Figure 5a, has led to a significant exceedance of iron ions in groundwater. (2) In the study area, the Carboniferous strata, which encompass coal seams, pyrite, and gypsum, contribute to the deterioration of water quality. These inferior waters can infiltrate the karst aquifer through the channels of abandoned wells, resulting in pollution (Figure 5c,d). (3) Mining activities in the Shandi River basin of Yangquan city have led to the discharge of abandoned mine water. A portion of this water emerges, causing river contamination, while the remainder can infiltrate the karst aquifer through abandoned wells, leading to further pollution. (4) Pollution of surface water caused by industrial, agricultural, and domestic activities, wherein these wastewaters penetrate the subsurface and directly contaminate the karst water via the wellhead channels and annular space of abandoned wells. Therefore, identifying the pollution mechanisms of abandoned wells in groundwater is of paramount importance.



From a single-well perspective, the mechanism of groundwater pollution through abandoned wells is as follows: abandoned wells provide a cross-strata channel for pollutants across different aquifers, thereby establishing hydraulic connections between upper and lower aquifers, as well as surface water bodies, thus leading to cross-strata pollution. The primary reason abandoned wells become cross-strata channels is attributed to their poor water sealing effect. This problem can be attributed to two key factors: firstly, during the initial well construction, inadequate sealing treatment occurred due to outdated technology; secondly, during prolonged usage, the well casing becomes corroded, leading to a decline or loss in sealing functionality.



From a regional perspective, the problem of cross-strata pollution caused by a single abandoned well will be amplified, becoming more severe and complex. Multiple abandoned wells interact with various aquifers to form an interconnected three-dimensional group-well network system. Within this system, strong hydraulic connections exist between different aquifers. Once a pollutant enters the system, cross-strata pollution occurs. As a result, the pollution mechanisms of regional groundwater due to abandoned group wells can be attributed to hydraulic connectivity and solute migration and transformation. Hydraulic connectivity determines the flow relationships between different groundwater bodies and the extent to which pollutants can reach them [64]. On the other hand, solute migration and transformation determine the chemical attributes and concentrations of pollutants during their transport. These findings offer significant theoretical implications for understanding the impact of abandoned wells on the groundwater environment and for enhancing the efficacy of their remediation measures.



The introduction of the conceptual model and the associated pollution mechanisms for abandoned wells effectively elucidate how these wells contribute to groundwater pollution. This will facilitate a deeper understanding among readers regarding the hazards caused by abandoned wells to groundwater, as well as the imperativeness and urgency of abandoned well remediation. Furthermore, it lays a critical theoretical groundwork for the remediation of abandoned wells, which holds substantial significance for the sustainable management of groundwater resources.





3.3. Abandoned Well Remediation Methodologies


The conceptual model and pollution mechanisms for abandoned wells have revealed the essential problems related to groundwater pollution. Based on these foundational understandings, remediation efforts may be strategically concentrated on cross-strata pollution channels, thereby improving remediation efficiency while optimizing both temporal and fiscal resources. This study integrates the aforementioned analyses with the actual conditions of abandoned wells, focusing on the sealing and remediation of cross-strata channels. A high-pollution-risk abandoned well extracting Ordovician karst aquifers was selected as an example, and the primary objective of the remedial action is to cut off the hydraulic connection between the Ordovician karst aquifer and the overlying Carboniferous fracture water, Quaternary pore water, and surface water. Before initiating the remediation of abandoned wells, it is imperative to complete preliminary preparations, which include the removal of debris from the wellbore and conducting well-logging activities. The detailed methodologies for such remediation are elaborated upon subsequently.



	(1)

	
Remediating Annular Space Channel: The specific procedure involves cutting and removing a section of the casing at the location of the bottom aquiclude in the Benxi Formation of the Carboniferous System. Then, a conical wooden plug of a specific diameter is placed at the spot where the casing is removed, serving to block the connection between the upper and lower wellbore. Finally, near the wooden plug, some small holes are cut into the casing through which the cement slurry is injected (Figure 7b).




	(2)

	
Remediating the Well Casing Wall Channel: Two methods are employed for the remediation of abandoned wells, contingent upon their post-treatment usability. For wells deemed unusable following remediation, the wellbore is completely sealed using cement slurry (Figure 7c). In contrast, wells assessed as reusable undergo a more nuanced remediation. This involves inserting a new casing, followed by cutting some small holes into the casing around the vicinity of the wooden plug. Then, cement slurry is injected between the old and new casings (Figure 7d). This intervention aims to forestall further corrosion of the original casing. Once remediated in this manner, they can be utilized as potable water sources for local residents or as long-term monitoring wells for governmental oversight.




	(3)

	
Wellhead disposals.







Through practical construction verification, this set of remediation methods has demonstrated strong feasibility and effectiveness in solving the abandoned well pollution problem in Yangquan City.





4. Conclusions


This study proposes a conceptual model of cross-strata channels in abandoned wells. From a single-well perspective, the abandoned well channel model consists of wellhead channels, well casing wall channels, and annular space channels, which together form the cross-strata pollution channels of abandoned wells. From a regional perspective, the cross-strata channels among all abandoned wells, in conjunction with all aquifers, constitute a three-dimensional underground network system of cross-strata channels. This network system tightly links all abandoned wells and aquifers, increasing the complexity and risk of regional groundwater pollution. This conclusion lays the theoretical foundation for the formulation of targeted remediation methods for abandoned wells.



This study has elucidated the pollution mechanisms of abandoned wells in groundwater. From a single-well perspective, the pollution mechanism is cross-strata pollution. Abandoned wells provide cross-strata channels that establish hydraulic connectivity between different aquifers, thereby leading to groundwater pollution. From a regional perspective, the pollution mechanisms of abandoned wells are hydraulic connectivity and solute migration and transformation. These findings not only establish a robust scientific basis for the formulation of abandoned well remediation methods but also play a pivotal role in the sustainable extraction and utilization of groundwater and the sustainable evolution of the ecological environment.



The study establishes that the primary reason abandoned wells serve as pollution channels for groundwater is the inadequacy of their water-sealing capabilities. The causes of this issue are mainly manifested in two aspects: firstly, due to technical issues, proper water-sealing treatment was not conducted during well drilling; secondly, natural wear and tear of the well casing led to a reduction or loss of water-sealing functionality.



The remediation methods for abandoned wells proposed in this study currently lack comprehensive long-term monitoring and evaluation, as well as verification of adaptability and universality across various conditions and regions. Therefore, it is essential to intensify continuous monitoring of the effectiveness of abandoned well remediation in Yangquan City. Meanwhile, it is crucial to actively promote these methods in other regions throughout the nation, offering reference experiences for abandoned well remediation in other areas and assessing their applicability, thereby progressively enhancing and raising the standard of abandoned well remediation in China and globally in harmony with the ethos of sustainable development.
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Figure 1. Location of the study area. 
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Figure 2. Distribution of Abandoned Wells. 
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Figure 3. The flowchart of the AHP abandoned well pollution risk assessment. C1 Quaternary loose rock, C2 Carboniferous-Permian clastic rock, C3 Ordovician karst rock, C4 Pore water, C5 Fissure water, C6 Karst water, C7 Pore water and fissure water, C8 Fissure water and karst water, C9 Pore water and both fissure and karst water, C10 Shallow well, C11 Middle layer well, C12 Deep well, C13 Agricultural pollution, C14 Industrial pollution, C15 Domestic pollution, C16 Surface water infiltration, C17 Coal mine pollution, C18 Pyrrhotite pollution, C19 Bauxite pollution. 
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Figure 4. Distribution of pollution risk assessment for abandoned wells. 
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Figure 5. Abandoned well-detection results. (a) Well casing wall corrosion, (b) well casing perforation, (c,d) groundwater cross-strata. 
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Figure 6. Conceptual modeling of abandoned well cross-strata channels. (a) Conceptual modeling of single-well cross-strata channel; (b) Conceptual modeling of group-well cross-strata channel. 
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Figure 7. Overview of the Abandoned Well Remediation Process. It includes (a) a schematic diagram of pollution in abandoned wells, (b) the remediation process of annular space channels, (c) the sealing process of a full well hole, and (d) the remediation process of well casing wall channels. The blue and green lines signify the old and new well casings, respectively. 
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Table 1. Scale method and meaning [54].
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	Relative Importance
	Definition





	1
	Both factors share equal importance



	3
	One factor is slightly more important than the other



	5
	One factor is significantly more important than the other



	7
	One factor is strongly more important than the other



	9
	One factor is extremely more important than the other



	2, 4, 6, 8
	Intermediate state between the above two judgments










 





Table 2. Inconsistency Index of Random Matrix (RI) [36].
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	n
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12





	RI
	0
	0
	0.58
	0.89
	1.12
	1.26
	1.32
	1.41
	1.45
	1.45
	1.51
	1.52










 





Table 3. Pairwise comparison matrix and weight for the criteria.
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	Criteria
	B1
	B2
	B3
	B4
	B5
	Weight





	B1
	1
	1/3
	1/3
	1/4
	1/5
	0.0594



	B2
	3
	1
	1
	1/2
	1/3
	0.1445



	B3
	3
	1
	1
	1/2
	1/3
	0.1445



	B4
	4
	2
	2
	1
	2/3
	0.2654



	B5
	5
	3
	3
	3/2
	1
	0.3862



	CR
	
	
	
	
	
	0.0095







B1 Vadose zone media, B2 Abandoned wells penetrate groundwater types, B3 Abandoned well depth, B4 Pollution sources around the abandoned wells, B5 Mining pollution, CR Consistency ratio.













 





Table 4. Pairwise comparison matrix and weight for sub-criteria under criterion B1.
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