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Abstract


Since ancient times, mining activities have been recognised as having a strong environmental impact. Due to the extraordinary amount of waste and impacts on the landscape, environmental concerns caused by mining can be found worldwide. The risks associated with mining waste are of great concern, especially when these residues come from metal mining and its associated potentially toxic elements that can be released into the environment. The reality of many of these metal mining areas is that, despite the extensive regulatory frameworks and remediation techniques applied, they continue to have high levels of contamination, posing a source of environmental and public health risk to their surroundings. The issues underlying this situation are details that can only be detected by experience in the management and thorough knowledge of the dynamics of these tailings in the long term. And in many cases, the key is in the details. For this purpose, the case of the former metal mining district of Cartagena-La Unión (SE Spain), one of the most affected areas in the European continent by these metal mining wastes, has been analyzed. In conclusion, it has been shown that the legal status of these waste and mining operations and the lack of control and effectiveness of rehabilitation activities are behind the worrying environmental situation of these areas. The interaction between the legal framework and the environmental and technical knowledge of these tailings and mining areas reveals practical issues beyond the scope of general analysis. This case study, conducted in the main Spanish metal mining area, concerns waste volume, and its findings offer the potential to improve the safety and environmental quality of metal mining regions elsewhere.
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1. Introduction


Due to the large number of tailings generated by mineral extraction, estimated at more than 100 billion tons annually [1], the environmental concerns caused by mining waste management are extremely relevant worldwide [2]. For a long time, it has been accepted that degraded and polluted landscapes were part of the price for minerals and metals needed for human activities. The first scientific treatise on the extraction of minerals and their processing, written in 1556 [3], recognised the strong environmental impact of mining.



Approximately 3500 mine waste facilities are active worldwide [4]. In Europe, the UK, Germany, Poland, Romania, and Sweden generate approximately 70% of the continent’s mining residues [5]. The European contribution globally decreased from about 23% in 1980 to 8% in 2013 [6]. In the European context, around 30% of all waste generated in 2012 was mining waste [7], while one decade later, in 2022, this percentage diminished to 23% [8]. Paradoxically, the fate of most of these waste materials is their disposal in mining ponds and landfills because of difficulties in reusing these residues in other activities [9].



The main types of solid residues from mineral extraction activities and ore processing are as follows [10]: overburden is the material extracted to access an ore body before open-pit mining, waste rock is the material removed from the ore in the mining process, and tailings that are the small particulate matter generated during the metallurgical processing of ore which produces millions of tons of waste that can pose a high environmental risk. These wastes are usually deposited in tailing ponds in the case of open-cast mining, while tailings from underground mines are deposited in or next to the mine exit.



Thus, mining activity produces millions and millions of tons of overburden, waste rock, and tailings, especially from open-pit mining, which has a higher waste disposal rate than surface mining [2]. An example of this is the case of copper; producing 1 ton of copper involves the production of 310 tons of waste, corresponding to 200 tons of overburden plus 110 tons of tailings [11].



Nevertheless, other types of residues, e.g., smelting slags, acid leachates, heap leach residues, etc., may be caused by other mining activities [12]. According to the legal framework, these wastes can be disposed of in different types of deposits, such as stockpiles, dams, or inside mining galleries [13]. A relevant point is that inadequate mining pond design can result in important stability and collapse problems of these waste deposits [14]. In some cases, these tailing ponds present inadequate conditions to properly perform the function they were designed for, which can cause major problems due to collapse and breakage that can lead to catastrophes with high environmental and economic impact [15,16].



Due to the large volume of mining waste, the environmental impacts can be very significant in the short and long term, and management strategies are needed to deal with them [17]. The factors determining the environmental damage caused by tailings, including acid mine drainage (AMD), are highly variable [4]. One determining factor is the type of ore body being mined, such that sulfide-poor orebodies produce less of the sulfur required to generate sulfuric acid than sulfide-rich orebodies, and high-grade orebodies will produce less waste per unit of recovered metal than low-grade orebodies. The type of extraction procedure and beneficiation techniques are important, such that gallery mining generates much lower volumes of residues per unit of metal than open-pit mining, and the recovery rate during beneficiation is also important, such that the higher the recovery rate, the lower the quantity of waste generated. In addition, waste management applied by mining operators, the regulations governing the management of these wastes, and subsequent monitoring are determining factors in reducing these impacts.



Pollution can occur from the exploration process to the extraction of ore, including its transport. In addition, the most persistent pollution is from waste dumps or tailings [18]. According to their properties, e.g., containing metallic sulfides, tailings can have the capacity to damage the environment through AMD, water, wind, and atmospheric erosion [19]. Climate determines the occurrence or not of acid mine drainage, as well as the vegetation cover of the tailings, both of which determine the degree to which nearby areas are affected by wind erosion, while the location closer or farther away from population centres determines the level of their impact on humans [20].



Abandoned mining areas, especially mining that generates potentially toxic elements such as metallic mining, are areas that are difficult to manage and can be considered as Critical Abandoned Mining Areas (CAMAs) [21], especially when there are deficiencies or even a lack of a defined legal framework that makes these areas can be considered as orphan areas [22]. Apart from environmental issues, the biggest problem with mining waste is its management, both because of its large volume and its chemical properties, which can vary considerably [15]. Although on-site waste minimisation practices are currently applied to reduce the quantities stored in mining waste dumps [23], the vast waste volume means the problem remains enormous. The enormous impact of mining waste on ecosystems, the economy, and society should force mining operators to reconsider tailings management [1]. Without proper management, mining waste can produce significant contamination [24].



During the 1960s and 1970s, most environmental legislation in developed countries was designed to address the industrial impact on water resources and the atmosphere without considering mining activity [10]. Many developing countries still lack such a legal, environmental framework today. However, a fundamental aspect of managing these wastes has not always been adequately addressed; namely, their legal consideration and permitted uses [4], but this is not the only legal aspect that should be reformed.



Handling of mining waste contributes significantly to operating expenses [25]. Consequently, reusing trash as a substitute mineral source can improve the sustainability of the entire process [26], including the rehabilitation process [27], especially when it is performed following the rehabilitation strategy [28]. Some concerns are associated with using waste as a substitute source of minerals and materials, especially when these mining materials may pose some risks in the medium to long term. Given that most countries are experiencing environmental and funding problems, it is appropriate to look for the linkages between environmental, economic, and regulatory frames [29].



Past mining experiences worldwide have shown that mining legislation must pay particular attention to the negative environmental consequences of mining activity to guarantee that it is managed in a way compatible with the sustainable handling of natural resources [29]. For this reason, numerous normative regulations have been made in different countries [30]. However, it should be kept in mind that implementing environmental improvement and impact reduction measures implies higher economic costs for the mining industry [31].



Some mining-related literature indicates that EU countries have a fairly comprehensive legal framework and correct utilisation of mining waste [29], but this is not always true. Specifically, in the case of waste from metal sulfide mining, some underlying legal and management issues are causing significant environmental problems, at least in some local settings. But what are the reasons why former mining areas represent an ecological and public health problem? To reveal these underlying causes, it must be considered that these problems stem from legal issues and waste management and rehabilitation matters not addressed in the established procedures. Through experience and detailed analysis of these unconventional issues, the root causes underlying the current problems in these areas, especially in the case of metal mining waste dumps, can be unveiled. Are the processes for the storage of metal mining waste being properly managed? Are mine waste deposit rehabilitation efforts focusing on some of the key processes that determine success in eliminating or minimizing the risk associated with potentially toxic elements in the medium to long term, or are other methods not as relevant to risk elimination being prioritised?



In view of the above, it can be seen that this whole subject is broad and complex, which does not make it easy to find possible weaknesses or failures in the current metal mining waste management systems. Precisely to detect these shortcomings in an agile and practical way, this analysis has been proposed using the study of a specific case in which the whole set of related international and national legal norms are applied, as well as the available remediation techniques and their possible lack of effectiveness. To this end, a detailed analysis is necessary to know the comprehensive legal framework and the self-assessment of the effectiveness of these measures and the need for new remedies applicable to the European Union and, in greater detail, to the Spanish framework, which the competent bodies have carried out. In addition, and to be able to verify the effectiveness or real deficiencies that can occur when managing these wastes under field conditions, based on the analysis of this specific case, some contributions are made that could be of interest at a global level in the field of measures and techniques for rehabilitation and risk minimisation of metal mining waste.



Therefore, in order to answer all these questions, this study focuses on the detailed analysis of a case study of a significant historic metal mining zone in southeast Spain. More than a mere bibliographic review, this study initially aims to evaluate, based on this case study, the existing legal governance frameworks that apply to the management of metal mining waste to identify current shortcomings and challenges in the practical management of these wastes. The ultimate goal is to obtain findings and details with environmental implications that, from this particular case, may subsequently be transferred from this specific situation to a broader global scope.




2. The Case of the European Union: A Comprehensive Regulatory Framework on Mining Waste


One of the biggest waste sources in European nations is mining waste. It may include significant amounts of hazardous materials. EU regulations are designed to guarantee that mining waste is appropriately handled to prevent environmental damage. Some tailings are unlikely to harm ecosystems. Nevertheless, various hazardous materials, including heavy metals, can also be found in mining waste. The drainage from the extraction and processing of metals and metal compounds can be acidic or alkaline. Furthermore, tailing management is hazardous and frequently entails high metal levels and leftover processing chemicals. Tailings are typically kept in sizable ponds or heaps encircled by a dam. These ponds have the potential to collapse, with catastrophic results and long-term effects on the ecosystems, economic activities, and public health. Proper management of these mining wastes should also guarantee the long-term stability of the waste facilities, avoiding or reducing contamination brought on by heavy metal leaching and acid or alkaline drainage. EU legislation aims, therefore, to prevent and mitigate any negative impacts on the environment from mining waste management.



The 2006 Extractive Waste Directive (Directive 2006/21/EC) [32] is the main law regulating this waste. It oversees the conditions of authorisation, storage, monitoring, and control of mining waste to ensure environmental health and the valorisation of mining waste through recycling, reuse, and reclamation. It also requires EU member states to establish and regularly update a list of closed waste facilities that pose or are likely to represent a serious threat to public health or the ecosystems. This regulation is closely in line with the principles and priorities set out in previous regulations (Council Directive 75/442/EEC) [33], which in articles 3 and 4 require public administration to ensure that mining companies take measures to reduce the negative impacts associated with these residues. In addition, as established by the ‘European standard for the control and prevention of pollution’ (Council Directive 96/61/EC) [34], the measures to be applied must be founded on the concept of ‘best available techniques’. In any case, this European-wide regulation delegates to the member states the characterisation, management, and handling of these wastes, as well as the supervision of the activities and environmental control measures implemented by extractive companies.



Although Directive 2006/21/EC [32] establishes objectives and a general framework for waste from the extractive industries, it has been through a series of subsequent Decisions that the exact measures to be taken by EU state members to meet these objectives have been specified. This is because Directives usually establish a general framework, and Decisions are used to implement or specify further details within that framework. In the case of mining waste management, at least 6 Decisions delimit the concrete measures and procedures to be followed by the different state administrations (Table 1).



In addition, some other European laws and regulations affect mining waste management and, therefore, interact with Directive 2006/21/EC [32]. Thus, these regulations address more general aspects such as waste in general, chemicals, water, climate, chemical risks, greenhouse gas emissions and other industrial emissions or the environment, or more specific aspects such as safety conditions for mine workers, conditions for permits for prospecting and exploitation of mineral resources, among others. This legislation includes Directives, Decisions and Regulations (Table 2).



This broad legislative framework governs the situation of metal mining waste in the case study addressed in this research. Familiarity with this entire legal framework is necessary to understand many issues affecting this mining area’s past and present environmental status and concerns.




3. Effectiveness of EU’s Entire Regulatory Framework and the Need for New Resources


In 2016, the European Commission drafted a document [7] on the degree of implementation of the Mining Waste Directive (Directive 2006/21/EC) [32]. The primary finding is that most Member States have implemented the Directive through general means. Waste management plans, prevention and reporting of significant accidents and practical measures to ensure the flow of information have all been part of this.



In contrast, implementation has not been as good when identifying Category A installations and utilising the standards outlined in Decision 2009/337/EC [36]. The inspection regime and its frequency, nature and responsible authorities have also not been implemented with the same intensity across the EU, with some non-compliance, such as operating without authorisation, detected in a few countries [7]. Finally, this report indicates that the European Commission should create a standard set of rules and promote best practices in mining waste management plans to fulfil the commitment contracted with the EU action plan for the circular economy.



However, much remains to be achieved to minimise health and environmental impacts. Therefore, an important but not deeply addressed aspect of this report is information to enable future updates on pertinent Directive topics to guarantee the protection of human health and the environment, focusing on issues such as pollution prevention, hazardous waste management, and the safety of dams and mining ponds. In conclusion, these sustainability-related measures must comply with EU law and guarantee high social and environmental protection.



However, the new European and global situation regarding the need for raw materials for technological and social development has led the European Union to immediately implement a new Regulation (Regulation (EU) 2024/1252) [56], which implies a new approach to mining waste management. The need for raw materials, together with the commitment to sustainability and the circular economy, is also affecting the consideration and management of mining waste itself. In this sense, the current reality means that the demand for raw materials to sustain technological and social growth has increased while, at the same time, there is a shortage of new mining sources and deposits to support this demand. Because of this, Regulation (EU) 2024/1252 [56] proposes to consume 10% of its mineral resources, while resources from recycling should make up 25% of its needs, and its processing industries should generate 40% of the products demanded on the continent. This contrasts with the current situation of a direct economic competitor such as China, which has been accumulating reserves from African and American countries for decades, processing 40% of the copper, 60% of the lithium, 74% of the cobalt and 85% of the rare earths generated each year on the planet. It enables them to lead overwhelmingly in processing most of these critical substances, which they then sell to the rest of the world, such as hydrogen electrolysers and battery cells.



This new regulation will directly affect many regions of the European Union that have a tradition of extracting raw materials with significant volumes of extractive waste at closed sites. Because of the potential economic importance of these wastes, this new regulation now calls for an analysis of the potential of these wastes in terms of key commodities. Important raw materials from extractive waste facilities can be valorised to boost the Union’s capacity while generating jobs and economic value in former mining areas frequently impacted by decline and de-industrialisation. One major barrier to maximizing the potential of important raw materials from extractive waste is a lack of knowledge or focus on their content, particularly from closed tailings sites.



These factors suggest that the European States should encourage the recovery of valuable raw materials from extractive waste by increasing information accessibility and removing technological, financial, and legal obstacles. The reclamation of the relevant waste facilities should include remotion of such essential raw materials from the extractive waste facilities. High standards for protecting the environment and human health are imposed by Directive 2006/21/EC for extractive industries’ waste management [32]. Notwithstanding the need to enforce these stringent restrictions, further measures should be implemented to optimise the recovery of significant raw materials from extractive waste. A national database with the amounts and concentrations of important raw materials should incorporate these data into the potential of important raw materials from closed extractive waste operations. Regulation (EU) 2024/1252 [56] requires operators of new and existing extractive waste facilities to conduct an initial economic analysis of the recovery of significant raw materials from the extractive waste generated and present at the site. Key raw materials should be extracted from the extracted volume before they become waste to prevent the generation of waste containing them, according to the waste hierarchy outlined in the Waste Directive of the European Parliament and of the Council (Directive 2008/98/EC) [49]. Concerning environmental protection, certification systems still need to address hazards associated with waste management, biodiversity, soil, water and air quality. Since Spain has a long history of exploiting its metal mineral resources, all these legislative regulations would apply to their mining areas.



Nevertheless, despite all this regulatory framework, an important detail remains to be clarified: what happens and who will assess the thousands of already decommissioned mining facilities scattered across the continent for which no current company is responsible? These are the same mining facilities that provide essential elements while also posing environmental and population hazards.



All these considerations regarding the effectiveness of the applicable regulatory framework ensuring high social and environmental protection and the potential use of tailings to obtain more raw materials needed for social development are entirely relevant to the metal mining district under examination in the case study. All this could imply changes in this area in the future, including the re-exploitation of its waste deposits.




4. Tailings Remediation Techniques


The environmental problems associated with tailings are varied [57]. On the one hand, mining ponds are usually made up of very fine and dusty mining wastes, which are susceptible to heavy erosion through water, wind and atmospheric erosion, thus endangering the health of people and surrounding ecosystems. Additionally, as these wastes have a high specific surface area [58], the deposits in which they are stored can suffer strong structural problems. Due to the physical properties of these materials, these waste dumps can easily suffer from collapse and landslides due to excess water infiltration into them, as well as a lack of vegetation [59,60]. On the other hand, the significant presence of potentially toxic elements in metallic mining waste with the occurrence of sulfates can produce acids that leach and carry with them the heavy metals in the so-called acid mine drainage (AMD), generating a serious environmental problem [61]. Interestingly, the leaching and bioleaching capacity of these residues can be a tool for obtaining raw materials and waste remediation since it can remove potentially hazardous elements from the residues [62].



Rehabilitation techniques in metal mining areas are crucial for mitigating environmental impacts and restoring ecosystems and have demonstrated global applicability and adaptability [63]. These methods have demonstrated effectiveness globally, with case studies highlighting successful applications in regions ranging from the Arctic to tropical climates. The adoption of globally applicable standards for ecological restoration provides a robust framework for achieving best-practice outcomes in mine site rehabilitation [64]. However, their success hinges on tailoring methods to local environmental and climatic conditions, integrating scientific research, and involving local communities for sustainable outcomes [63].



Enhancing soil structure and vegetation community characteristics through appropriate ecological restoration might hasten vegetation restoration and boost ecosystem stability [60]. Natural processes can help tailings reduce the risks and length of time they are present. Biological strategies to reverse sulfide oxidation and bio-mineralisation processes in mining waste and possible biological controls on contaminant generation may offer pathways to less costly, more energy-efficient, and environmentally acceptable waste management techniques [65].



Several techniques have usually been used to address the environmental rehabilitation of these dumps [16]. Improving the condition of soils and mining waste is the first step in physically restoring them to mitigate adverse impacts or make them appropriate for plant development. A common and successful restoration technique is to cover or cap the waste area with a layer of soil from a nearby uncontaminated site [57]. This technique has been the one traditionally used in the area considered in this document for the case study.



Soil covers in mining rehabilitation are indeed more complex than just placing soil layers. They must meet specific criteria to effectively control water and oxygen flows, which are crucial for minimizing the mobility and hazards of toxic elements. In addition to eliminating trash and averting natural disasters, this will also foster the growth of plants. In addition to having a higher edaphic, nutritional, microbial, and hydric capacity than mine waste, this topsoil serves as a valuable seed bank for native species [66]. Before revegetation, native soil amendments have been utilised extensively to stabilise mining waste and hasten the development of soil biogeochemical functions [67]. Furthermore, soil capping led to energetic metabolic functional alterations in the metabolism of carbon, nitrogen, and sulfur, which facilitated the development of native microbial communities and, in turn, the restoration of native plant and biogeochemical processes [67]. In this respect, a crucial aspect would be the thickness of the added soil layer, both in terms of its effectiveness in terms of the vegetation cover it can support and the type of plants it can host depending on the size of their roots. In this context, it is evident that topsoil should be removed and stored before mining wherever feasible. It is then utilised to cover tailings generated during post-mining mineral processing.



In addition to the classic soil covering, there are several methods of soil cover, each with its advantages and limitations. Each of these technologies is tailored to meet the specific needs of the site and the type of contaminants present, ensuring effective long-term management of mining waste. A beneficial and promising option is ‘covers with capillary barrier effects’ (CCBE), engineered systems designed to limit water infiltration into underlying materials, such as waste rock or tailings, in mining and waste management [68]. Their effectiveness lies in using the principles of unsaturated soil mechanics to create a hydraulic barrier by leveraging differences in soil properties [68]. Covers with capillary barrier effects are a sustainable and effective method for managing infiltration and protecting the environment in mining and waste disposal sites. Their success depends on understanding soil–water dynamics, careful design, and adaptation to site-specific climatic conditions.



One more technology of this group is ‘hydraulic barriers’. These barriers, made of materials like clay (bentonite) and geomembranes, can help to control water flow and prevent water infiltration, which can reduce the leaching of contaminants [69] and can be key components in the rehabilitation of metal mining waste sites. They are designed to manage water infiltration and prevent the movement of contaminants from waste materials into the surrounding environment. These barriers function by reducing the hydraulic conductivity of waste deposits or by redirecting water flow.



‘Water cover’ is a widespread technique employed in coal tailings impoundments [70] and metal mining sites [71]. This method involves submerging waste material, such as tailings, under a water layer to minimise the environmental impacts of metal mining waste. This water cover acts as a barrier to oxygen, preventing the oxidation of sulfide minerals, which can lead to acid mine drainage [71]. By leveraging their ability to create an oxygen-poor environment, they significantly reduce the environmental impacts of tailings and other mining residues. However, their success depends on careful site-specific design, long-term maintenance, and monitoring to address challenges such as climate variability, water availability, and potential seepage. When implemented correctly, water covers not only mitigate risks but can also contribute to ecological restoration.



An innovative technique that seems especially promising in the realm of reclaiming sulfidic tailings ponds that may produce acid mine drainage (AMD) is the monolayer cover paired with an elevated water table (EWT) concept [72]. This technological approach’s premise is based on the tailings’ relatively high matric potential. Controlling the pond’s water table level allows one to keep the reactive material’s saturation level high enough to stop oxygen migration, hence limiting the oxidation of sulfide minerals and the development of AMD. The environmental impact can be decreased using desulfurised tailings, produced right at the treatment facility, in place of natural material to create a cover that can keep the sulfidic tailings near saturation. This integrated approach ensures the waste remains submerged or in an anoxic (low oxygen) environment, thereby limiting the oxidation of sulfide minerals and the release of contaminants [73]. Covers combined with an elevated water table are a rehabilitation strategy for metal mining waste sites that leverage physical covers and groundwater manipulation to minimise environmental impacts, such as contamination, erosion, and acid mine drainage (AMD).



In addition, one of the commonly utilised passive treatment technologies for the sustainable in situ remediation of acid mine drainage (AMD) from metal mining waste and for protecting groundwater quality is permeable reactive barriers (PRBs). These reactive barriers can also treat specific seepage plumes from mining waste contaminating shallow groundwater. Chemical interactions with AMD are given as the polluted water flows through these barriers. The kind of reactive material employed determines how well these barriers can remove pollutants [74]. While some reactive media eliminate contaminants by physical contact, others function by changing the biogeochemical processes in the treatment zone, creating a favourable environment for the immobilisation or (bio)degradation of contaminants. Heavy metals and other potentially toxic elements are among the pollutants that can be eliminated using a range of materials [74].



An additional problem with the old mining facilities is the shafts and mining galleries of all types of mining (coal, metal mining, etc.), which suffer flooding processes that affect both the ore and the residues. Miners already experienced this problem in Roman times, with ingenious solutions at the time to solve this issue. This process can lead to the generation of acid mine drainage, which could, eventually, generate some specific pollution problems [75] which are irrelevant to the mining district studied.



Deep excavation is another method. This involves tilling the soil to a point where deep tillage improves the physical characteristics of the infertile soil and favours plant development. Other restoration techniques are required since deep tillage has little influence on other detrimental limitations like pH and salt. One benefit of physical restoration is its broad applicability to various mining waste types and sites with diverse metal contamination. Improved soil quality supports plant development. Nevertheless, deep shovelling and topsoiling are ineffective in the long run since the toxins remain on the site and require ongoing conservation and care. However, this technique has several disadvantages due to the comparatively high workload and investment. Physical remediation has many disadvantages, although it may be the best method for high-contamination tailings and low-contamination sites, including residential neighbourhoods [76].



However, the above techniques have their limitations. Despite all these pros, these techniques also have their complications, most notably the capillary mobility of salts, some of which are metallic, especially when dealing with metal mining waste [77]. In this regard, a major drawback of this technique is that when applied to waste with potentially toxic elements capable of capillary mobility, its effectiveness is compromised in the medium and long term. Thus, over time, the surface soil layer becomes enriched in metallic salts, which can also be washed away by acid mine drainage, turning this mining deposit into a chemical bomb [78].



Chemical restoration approaches, based on chemical procedures to decrease the toxicity and migratory capacity of the metals, are another quite different category of techniques. When alternative restoration methods are not feasible, chemical tailings restoration approaches, which primarily consist of chemical extraction, electrokinetic remediation, and chemical stabilisation, provide the benefit of being applied to soils with a high concentration of heavy metals [79].



Finally, there are biological techniques, among which both phytoremediation and bioremediation stand out. In the case of phytoremediation, this is an effective, eco-friendly and low-cost technique that uses plants to eliminate or minimise the harmful effects of organic pollutants and heavy metals or even improve the physicochemical characteristics of the waste through plant roots, even though it presents strong limitations [80]. There are up to three main methods of this technique: phytoextraction, when plants accumulate potentially toxic elements in their tissues; phytostabilisation, when plants can immobilise metals in their roots or migrate them into the rhizosphere by adsorption or precipitation; and phytovolatilisation, which occurs when volatile contaminants ingested by plants can travel to the leaves and be expelled into the atmosphere through evaporation [81]. One of the most crucial aspects of the phytoremediation process is choosing the right plant species, so they must be selected depending on the type of technique to be applied by looking for either highly tolerant [82] or very fast-growing plants [81]. In addition, advances in genetic manipulation could help create plants with greater tolerance or accumulation of potentially toxic elements [83], which could enhance the effectiveness of these techniques.



Finally, microorganisms are utilised in bioremediation to address waste-related environmental issues [84]. Bioremediation of tailings focuses mainly on acid leachates (AMD) [85]. Sulfate-reducing bacteria (SRB) bioremediation of AMD is a cost-effective and sustainable technology [86]. Even ecological components installed on top of these mine tailings, such as biological soil crusts (BSCs) consisting of photoautotrophic organisms, heterotrophic organisms and soil particles, have been demonstrated to have an equally significant role in the restoration processes of metal tailings [87]. This technology has a low cost and almost no negative effects; although the genetic stability of the microorganisms is low and prone to variations, their ability to take in and collect contaminants is reduced, and they also suffer from the competition of indigenous strains in their installation process in soils or wastes located in field conditions. However, both phyto- and bioremediation techniques have strong limitations when rehabilitating large areas affected by high concentrations of potentially toxic elements and high capillary mobility.



Due to the characteristics of metallic mining areas, such as their large dimensions, their enormous volume of waste and the low yield obtained with the waste generated, these types of facilities cannot support all treatments and technologies, both because of the cost and the difficulty of application under field conditions. For this reason, many chemical and electrokinetic treatments are not, to date, feasible under the conditions of mining districts. Therefore, the most feasible techniques to date are possibly those derived from soil coverings with geochemical barriers as more durable treatments, and in a complementary way with treatments based on amendments that help to reduce the mobility of potentially toxic elements for environments where the barriers are not easy to apply. In these cases, phytoremediation techniques could act as an adjuvant treatment.



Therefore, considering all these techniques employed, it is observed that the major achievements of these technologies are focused on enabling, to some extent, the ecological factors and processes that trigger biological activity in these contaminated substrates. But what happens with the internal geochemical processes of these substrates, with all the mobilisation or immobilisation processes of elements and salts with capillary mobility? To what extent are capillary flows of potentially toxic elements favoured or minimised through the sealing or covering materials of metallic mining wastes? Finally, since an increase of water in the accumulated wastes would mean an increase in the mass of these wastes, which, when reached its limit, could lead to the collapse of the containment dikes of these mining deposits, another additional question to be asked with these restoration techniques carried out in mining deposits would be: to what extent is infiltration increased or decreased, and therefore the processes of water recharge of the wastes accumulated in the mining deposits using the restoration technique carried out? Given the uncertainty of the accuracy of all these techniques in the long term, it would be advisable to evaluate each of these technologies after several decades to have more reliable data concerning their effectiveness in the long term [78].




5. Shortcomings of the Regulatory Framework and Remediation Technologies: Resulting Environmental Concerns


Considering all this legislation and this wide range of remediation technologies, it would be expected that management and risk minimisation associated with mining waste, especially metal mining waste, would be highly effective. However, some underlying issues within this regulatory framework and rehabilitation techniques result in less efficient management of these potentially hazardous or toxic wastes. Regardless of the greater reuse of these wastes currently being promoted to obtain raw materials through more efficient recovery technologies, a series of cross-cutting aspects deserve to be highlighted. These include the inadequate classification and control of mining waste, which is eventually reused in certain activities that can spread pollutants throughout the territory. Another aspect also derived directly from the laws in force would be the undated delay in the rehabilitation of mining areas through the legal recourse of leaving them active but with temporary suspension of activities, which exempts them from the compulsory restoration work that would take place in the event of the mining operations being closed. Finally, another relevant case would be more technical, such as applying rehabilitation techniques that are not fully efficient in metallic mining sites due to the capillary mobility processes of potentially toxic elements such as Pb, As, Cd and Zn, among others.



A good example to study these three cases could be the former mining district of Cartagena-La Unión in SE Spain. Although Spain is a country which, according to the first reports on the matter [7], is complying with the prerequisites of the Mining Waste Directive (Directive 2006/21/EC) [32], there is nevertheless sufficient evidence of the risks and pollution processes derived from the deposits of metal mining waste [88]. More specifically, this would be the case in the mining district considered, which, according to official reports, has the highest quantity and density of potentially toxic mining waste deposits in the whole country [89,90].



According to the inventory of dams and tailing ponds from the extractive industry (mining and metallurgy) in Spain [89], of the 988 existing ponds in Spain, 344 corresponded to tailings from metal mining. Of these 344 metal mining waste deposits, only in the province of Murcia, a total of 84 tailing ponds and dams have been inventoried, most of them around the Cartagena-La Unión mining district [89,90], with the remaining 260 being distributed among the other 51 Spanish provinces. This makes Murcia the province with the largest number of these metal mining waste deposits in Spain and the district of Cartagena-La Unión probably among the regions in Europe with the highest density of tailings.



The former mining district of Cartagena-La Unión is situated at the southeastern end of the Cordilleras Béticas and is a part of the Region of Murcia (Southeastern Spain). It has been one of southern Europe’s largest Zn and Pb ore deposits [91]. During the second half of the 20th century, mineral extraction accelerated dramatically as mining shifted from gallery to open-cast mining. Thus, in only five decades, approximately one-third of the total mineral reserves of this enclave were extracted, applying differential flotation processes for the treatment of the ore [91]. Because of this extensive extraction and the in situ treatment of the extracted ore, a significant quantity of metal mining waste was generated and spread throughout the entire former mining district. In this way, around 84 large mining deposits were generated, accumulating around 23 million tons of the almost 200 million tons in this area due to mining extraction [89,90]. In addition, it also has the sinister honour of having the most polluted coastal area in the Mediterranean [92] due to around 70 million tons of metallic mining waste dumped in Portman Bay between 1957 and 1990 [93]. However, this dumping of mining waste also reached the neighbouring coastal lagoon of the Mar Menor, as several sedimentological studies have shown [94,95]. These investigations have revealed the influence of all these wastes on the geochemistry and mineralogy of the seabed itself, as tens of millions of tons were dragged into the lagoon over more than 2000 years through the channels of the mining wadis. It should be borne in mind that the wadies were used until 1956 as metal mining waste dumping areas, which has turned both the Mar Menor and the Mediterranean into large deposits for the accumulation of mining waste.



This area is quite close to large towns and has impacts on protected ecological sites, agricultural areas, and important tourist attractions. Consequently, it has generated and continues to produce numerous effects on its immediate surroundings, such as the coastal lagoon of the Mar Menor [94,95], the Mediterranean Sea [96], agricultural soils [97], urban centres [98] and watercourses [99] surrounding the mining areas, as well as being heavily affected by wind and atmospheric pollution with materials from the mining area itself [20]. Due to its fragile physical and geochemical equilibrium, which poses a risk to ecosystems and human health, this territory satisfies the criteria to be designated as a critical area [88]. These risks are mainly due to the high presence and availability of potentially toxic elements (PTE) such as Pb, Cd, Zn, As, Cu and Mn, both in soil, water and air, as well as in fauna and flora [88].



Apart from the main metallic element found in these tailings, Fe, with a mean concentration that ranged from 10–96%, the most characteristic contaminants of this former metal mining area found in heaps, tailings ponds, waste deposits and watercourses were Zn, Pb, As, Cd and, to a lesser extent, Cu [88]. The mean concentration of these potentially toxic elements, expressed in mg/kg and indicated in parentheses, the ranges of variation are as follows: Zn 13,451 (12–54,366), Pb 3819 (8–8317), As 1143 (0–4610), Cd 29 (1–74), and Cu 229 (35–645) [88,100,101,102,103,104,105,106]. In addition, although Cr has not been commonly studied in this area, some research indicates that it can be found in some tailings with an average concentration of 460 mg/kg [107].



All this pollution can be reflected in public health problems. Thus, according to the ‘Municipal Atlas of Cancer Mortality in Spain’ in a study carried out in 2007, the area around the Sierra Minera showed a higher risk of various types of cancer [108]. In epidemiological research conducted among the residents of this mining area, average blood lead levels in the child population were higher than expected [109].



Legally speaking, mining waste is regulated by Royal Decree 975/2009 [110] and its revision, Royal Decree 777/2012 [111], and Directive 2006/21/EC on managing waste from extractive industries [32]. The supplementary nature of the specific regulations on mining waste concerning the sectorial regulation on waste and contaminated soils, i.e., both Law 7/2022 on waste and contaminated land [112] and Royal Decree 9/2005 and its latest update in 2023 [113], is decisive. This supplementary character of the mining regulations, which focuses mainly on technical aspects relating to the characteristics and hazardousness of the different types of waste, does not solve the limitations and gaps concerning the current scientific and technical knowledge of the specific mining regulations. Interestingly, these contaminated soils and mining wastes are expressly excluded from the Seveso III Directive (Directive 2012/18/EU) [54] on serious accidents caused by hazardous substances, which does not help intervention in these mining sites.



The regulation of these mining areas, with all their problems, is mostly based on European regulations and national transpositions of various categories linked to waste (Directive 2008/98/EC) [49], mining waste (Directive 2006/21/EC) [32], water (Directive 2000/60/EC; Directive 2006/118/EC) [44,47] and the Natura Network (Council Directive 92/43/EEC) [114]. In turn, Directive 2006/21/EC on mining waste was transposed into Spanish law by Royal Decree 975/2009 [110], establishing that a list of abandoned mining waste sites had to be drawn up within four years. Other national regulations governing mining activities and waste are Law 22/1973 on mining [115], Law 54/1980 [116] modifying the mining legislation with a focus on energy-related mineral resources, Royal Decree 863/1985 authorising the general rules on basic mining safety requirements [117] and the Royal Decree 2857/1978 approving the General Regulation for the mining regime [118].



This entire normative framework aimed to identify mining deposits and facilities that could negatively impact the environment and its environmental quality, but without any methodology. It should be borne in mind that mining activities were not included in the previous regulation governing potentially polluting activities (Real Decreto 9/2005), so the only application of this regulation to mining areas was possible through polluting activities involving a toxic risk to human health and ecosystems [113]. Further adding to this limbo, the current Seveso III Directive (Directive 2012/18/EU) [54] on controlling significant mishap risks involving harmful substances directly excludes these contaminated soils and mining wastes. Part of these regulatory shortcomings were corrected three years later by Royal Decree 777/2012 [111], insofar as this regulation partially modified Royal Decree 975/2009 in the sense of indicating that in those matters not regulated by this new decree, the law regulating contaminated soils would be applied in a supplementary manner, which currently corresponds to Law 7/2022 on waste and contaminated soils for a circular economy [112]. To this must be added other regional regulations, such as Law 3/2020 on the protection of the Mar Menor [119], which addresses the problem of the transfer of pollutants from abandoned mining regions to this coastal lagoon, including the requirement to perform activities for the rehabilitation of tailings.



Despite all this regulatory framework, the degree of contamination and risk associated with these mining areas is still very high, which seems to indicate that regulatory, management or technical issues at the time of rehabilitation are not working properly. These are, therefore, very subtle issues that go largely unnoticed when general regulatory frameworks are developed, but from experience and evidence generated by numerous recent studies, they are clear factors that distort the proper management of these potentially toxic mining wastes. These are, therefore, factors to be considered in the management processes of metallic mining sites to develop more efficient legislation and managing practices for these metal mining wastes. The following case studies are presented in support of the argument for regulation or guidance specifically aimed at improving the management of these materials.



5.1. Case 1: Use of Mining Waste in Civil Engineering Works Outside the Former Mining District of Cartagena-La Unión (Murcia, SE Spain)


The MAM Order MAM/304/2002 [120], which transposes the European Directive on waste (Directive 2008/98/EC) [49], indicates when a waste is or is not hazardous. In this sense, the materials and tailings from Sierra Minera de Cartagena-La Unión used in civil works have traditionally been considered inert and non-hazardous. However, this is not exactly the case, as they can react with air and water, oxidise the sulfides they contain and generate Acid Mine Drainage (AMD), as well as generate secondary phases that may involve the risk of releasing potentially toxic elements, as in the case of smelting slag [121].



Based on all the legislation and regulations outlined above, the management of metal mining waste should prevent inappropriate use of such waste. However, due to this consideration of non-hazardous waste, according to the MAM Order, these residual materials, together with smelting slag and other ‘no inert’ wastes, have traditionally been used for civil works such as the urbanisation of the coastal strip of La Manga del Mar Menor and other civil engineering projects. However, the reality is that there have been, and possibly will continue to be, if no measures are taken, uses that spread the risk of contamination throughout the territory. In any case, this inappropriate management is likely more widespread than could at first be thought. Therefore, using metal mining waste, mainly tailings, smelter slag and overburden, together with other associated wastes, for civil works could be very common in many countries. This would, therefore, be a way of actively spreading mining pollutants because of the lack of adaptation of regulations to the reality of these residues.



An example of this situation could be the sand strip that separates this coastal lagoon from the Mediterranean (province of Murcia, SE Spain). This 22 km long sandy coastline, untouched until the middle of the last century, was developed through the so-called ‘Plan Bonet’, or ‘Plan Norte’, which was proposed in 1961 and executed between 1963 and 1975 [122]. This ‘Bonet’ plan involved the transformation of a natural territory that was ‘unsuitable for building’, as it lacked the geophysical properties to accommodate the proposed urban development. To this end, it was necessary to reinforce the foundations and fillings of more than 6 km2 to house the ‘Gran Vía’ or axial road that communicated the whole area, as well as the necessary urbanisation through foundations to solidly install the paving and road services, as well as the main and secondary buildings and the conditioning of breakwaters, promenades and beaches [123]. More than 700,000 m2 also needed to be reclaimed from the sea to accommodate the infrastructures and housing planned for tourism, as defined at the time by this ambitious plan. Filling in a global construction like La Manga was necessary for everything, from the road and sewage system to the foundations of buildings or the construction of dykes or breakwaters. Concurrently, in the 1960s, the most effective, cheapest and longest-lasting fill, and above all, the closest to La Manga, came from the dumps and mining deposits of the Cartagena-La Unión area [123]. These wastes used as backfill included tailings, overburden rocks weighing up to 4000 kg, flotation sludges and mining tailings from the gravimetric processes and sands from the rejection processes of the metallurgical processes of differential flotation, most of them with a high associated environmental risk due to their high content of potentially toxic metallic elements, being located around 50% below the construction water table [123]. Given the large volume of sandy and marshy areas to be filled, some authors estimate that around 20–30 Mt of mining waste from the nearby Cartagena-La Unión metal mining area were used [123].



Apart from this enormous figure, what has been verified in recent studies has been the use of at least hundreds of thousands of tons, if not millions, of this mining waste in the filling and urbanisation of two specific areas in this zone [95]. On the one hand, there is the southern part of La Manga del Mar Menor, specifically in the area known as ‘El Vivero’, which was a former spawning ground for fish and prawns in the south of the Mar Menor and which was filled with mining waste from the Celdrán mining family in the 1960s. In addition, in the 1970s, the old salt marshes of ‘Córcolas’ or ‘Pudrimel’, to the north of this tongue of sand, were modified to build a system of canals and luxury housing next to them, now known as ‘Veneziola’ because of its similarity to Venice, the famous Italian ‘City of Canals’. Unfortunately, these mining wastes and materials contained an average of 0.2% to 1% residues of Pb, Zn, Cd and other potentially toxic elements present in these residues [123]. This inappropriate use of mining waste has resulted in evident contamination of marine sediments in the nearby coastal lagoon of the Mar Menor (Figure 1) and in the Mediterranean Sea, which has been confirmed in studies that have detected abnormally high levels of minerals and metals from mining waste close to these two areas [95].



Another spreading of metal mining waste from the Cartagena-La Unión mining district in neighbouring areas has involved smelting slags. For instance, the foundations of all the roads in the region where the mining area is located, i.e., the Mar Menor-Campo de Cartagena region, were built during the 20th century, using slags or smelting slags for road foundations. Smelting slags are glassy materials highly enriched in potentially toxic elements such as Pb, As and Zn and formed by minerals such as galena, magnetite, quartz and Zn-Pb-Fe alloys, among others, which, due to their glassy character, are unlikely to release toxic elements [121]. However, no glassy phases have been detected in these slags, as secondary phases related to weathering, with minerals such as goethite, copiapite, cerussite, jarosite-natrojarosite and halotrichite, among others. Weathering of these secondary phases can contaminate the soil and groundwater [121], making them a potential risk in the future. In other words, these potentially hazardous materials were dispersed throughout the entire county via its road network. Therefore, this is an issue to be considered in the case of occasional pollution events associated with these slags.



Although these uses were made when mining legislation was not as developed in the EU, neither in Spain nor in the Region of Murcia, other more recent uses of these wastes have been made under the umbrella of this new legislation. This is the case of the construction of the Cartagena–Vera motorway, between the city of Cartagena and Vera (Almeria province), around 2004–2005, for the foundations of which this type of mining waste extracted from the so-called ‘El Hueco de Armengol’ in the Cartagena-La Unión mining area was used. Afterwards, around 2012, access was built to housing developments in the southern part of the Mar Menor coastal lagoon, which are included in international (RAMSAR, Natura 2000 network, etc.), national and regional protection figures, which also used this type of material extracted from the adjacent mining area for the backfill and foundations of both the roads and the access roundabouts.



Various studies and projects have investigated and implemented the recycling of mine tailings in cement and concrete production throughout the last few decades. Mining tailings can be utilised as alternatives for conventional raw materials in buildings, specifically concrete [124,125]. This approach aims to promote sustainability by reducing the demand for natural resources and minimizing waste.



However, there are some environmental risks associated with recycling mining tailings. Tailings often contain heavy metals and other contaminants that can pose environmental and health hazards if not properly managed. These substances can leach into the environment, potentially contaminating soil and water sources [126]. In addition, some tailings contain sulfide minerals, which can lead to acid mine drainage when exposed to water and oxygen. This process can release harmful acids and metals into the environment [126]. The incorporation of tailings into concrete can affect its durability and performance. For example, certain minerals present in tailings can hinder the cement hydration process, reducing the strength of the concrete [125].



Consequently, because regulatory adaptation to these residues’ geochemical and environmental reality has been lacking, civil engineering uses have become an active but unconscious route for the dispersion of pollutants associated with these metallic mining wastes. It is essential to thoroughly analyze the tailings properties and implement measures to mitigate potential environmental impacts [124,127]. Improvements in these uses of tailings and other mining materials are necessary to avoid inappropriate uses and further environmental problems.




5.2. Case 2: Mining Facilities in a State of Temporary Suspension of Activities with a Lack of Management of Their Tailings


In this mining area, there was a significant environmental problem related to a huge amount of mining waste before the current mining waste management laws came into force. All this waste is a source of pollution and environmental risk, and in general, there is no contingency or action plan in place by the former mining companies to reduce the associated risks. Faced with serious environmental, safety, and public health problems, the various national and local administrations have undertaken programs to revegetate, seal, and stabilise certain mining sites at environmental or structural risk [128,129].



A unique feature of mining concessions is that in addition to the usual status of active or closed, the corresponding regulations also allow for a third type, an active mining concession, but with a temporary suspension of activities [115]. To reach this status, after a period of exploitation, the concession holder requests a temporary suspension of work, which implies a cessation of activity but maintaining the mining character of the geographical area affected by the concession. This entails a series of implications concerning the regulatory framework for this area and its materials (soils, waste, etc.), such that, if necessary, maintenance, monitoring, ventilation, and drainage of waste will be required, but not rehabilitation.



This is a curious status insofar as it exempts the operation from carrying out the restoration and rehabilitation of the mining environment, as required by Article 35 of Royal Decree 975/2009 [110], and exempts it from the annual inspections set out in Article 44 of this decree. Therefore, it is a kind of legal limbo in which the waste and its deposits are not subject to special environmental mitigation measures nor to monitoring by the operating company or the competent administration. This creates a legal vacuum that results in the absence of effective adaptation of handling and management practices of these hazardous wastes in mining operations. This ambiguity contrasts with the clarity with which the regulation on waste and contaminated land (Ley 7/2022) regulates the management of hazardous waste of non-mining origin [112].



To remain in this situation and thus avoid all the expenses and tasks involved in the rehabilitation work required to close down a mining operation, the owners of many of these mining concessions resort to a legal ruse. This consists of periodically requesting the suspension of operations to avoid expiry, even if the activity is no longer in use, to avoid expiry until the deadlines to which they are subject have been met. Thus, even if a mining area appears to be abandoned, the mining activity continues to operate administratively if the corresponding mining suspension plans are submitted year after year. In this way, authorisation must be requested for the temporary suspension of workings and approval of the corresponding suspension project, according to a standardised model, indicating the reasons and period for which the suspension is. The authorisation for the temporary suspension of work for a period not exceeding one year is obtained, as well as the corresponding approval of the temporary suspension project. Hundreds of extractive concessions in the former mining district of Cartagena-La Unión have been in this state for decades (Figure 2).



The last census of mines in the Sierra de Cartagena-La Unión was drawn up by Carlos Lanzarote in 1907, and at that time, 1151 concessions were recorded, with new concessions being registered until 1961, so that eventually, these may have exceeded 1200 concessions over the 20th century [130]. From 1961 until the end of mining activity in 1991–1992, the census did not change, and the number of concessions remained constant. In 2020, the number of concessions that had not yet expired was over 71%, even though many efforts are currently being made by the competent administration, which is the Directorate General of Mines of the Autonomous Community of the Region of Murcia, to accelerate the process of extinguishing all these ‘ghost’ concessions.



The reasons why mining concessions remain active are diverse and depend on each company, but the most powerful seems to be the costly decommissioning. The administration requires a series of documentation and the establishment of certain safety measures, such as the closing of mine shafts, more than two thousand in the entire range, considering that there were concessions with two, three and even four open shafts, which means that many companies prefer to continue paying the concession fee. In other cases, the companies let time go by until the concession expires, and the Administration terminates it ex officio. In 2019, the Directorate General of Energy and Industrial and Mining Activity of Murcia stated that it has been declaring the ex officio cancellation of extractive concessions in the Sierra de Cartagena and La Unión, at least since 1996. So far, it has declared mining concessions to have expired at 620 sites in these municipalities and estimates that some 680 concessions are still in the process of lapsing, generally due to inactivity, throughout the Region, mainly in the former mining districts of Cartagena-La Unión. The Autonomous Community warns that declaring the cancellation is a complex and time-consuming procedure from an administrative point of view, as it involves checking whether the company exists, whether it can be traced, whether it has been dissolved and whether those responsible for it have died.



In addition, it is necessary to try to notify the resolutions, when sometimes there is no name, contact or company to notify because they are old handwritten documents. However, the Department of the Environment maintains that regardless of the existence of a mining concession in force or not, the polluter and those secondarily responsible must face the elimination of risks, depending on existing and future uses, although it is not clear how this can be performed so many years after the actual cessation of mining activity. On the other hand, the Autonomous Community of the Region of Murcia is forcing the sealing of mining shafts in Cartagena to avoid accidents. In this sense, in 2021, 99 files were processed for the definitive abandonment of workings, which included checking galleries and fencing off properties to protect hikers and cyclists.



This scenario of fictitious abandonment has generated situations of high environmental risk by not applying, for decades, any measure for the rehabilitation or minimisation of environmental impacts of these mining facilities and waste deposits, with the excuse of still being in operation. This situation must be corrected in the regulatory and management framework of these mining areas, both by the owners and the competent public administration.




5.3. Case 3: False, or ‘Fake’, Rehabilitations: Ineffective Technologies That Postpone and Camouflage Risk


There is a widespread misconception when treating metal mining areas, which is to treat soils and tailings affected by potentially toxic elements characteristic of metal mining as if they were normal soils and wastes. This entails the risk of not addressing key aspects for the immobilisation and neutralisation of the elements that may pose a risk, such as their high capillary mobility, which makes them highly available, both on the surface and at depth, depending on the water and climate regime of the area. This is probably one of the main reasons for the poor effectiveness of many restoration measures implemented in these metal mining environments [78].



After reviewing the techniques used in rehabilitating metal mining sites, in most cases, they focus on improving the ecological factors and processes that trigger biological activity in these contaminated substrates, as well as the physical-chemical improvements necessary for these biological and environmental processes [60]. There is, however, a differentiating factor between these metal mining areas and other degraded areas, namely the existence of potentially harmful substances, including heavy metals and other hazardous components, which have a high capillary mobility.



It is also crucial to be aware of their recalcitrant nature, which indicates that these elements cannot be degraded in any way, so they cannot be readily and innocuously removed from the system. In addition, many of the restoration processes applied generate an increase in water infiltrated into the mining waste, producing a considerable increase in the mass of the accumulated waste, which could lead to a significant risk of collapse of the containment dikes of these mining deposits.



Following Article 35 of the Decree regulating the management of waste from extractive industries and the rehabilitation of mining areas in Spain (Real Decreto 975/2009) [110], once a mining installation has been closed, the operator will oversee maintenance, control and corrective actions for approximately 30 years, during the post-close and closing phase in the case of category A installations, such as metal mining waste deposits.



In addition, in the third additional provision of this Decree, this restoration should be complemented with evaluation and monitoring actions throughout this period of the emission’s level of polluting elements by the areas on which action has been taken to minimise risks. Complementarily to this third additional provision of Royal Decree 975/2009, it includes a section on ‘Best Available Techniques’, which states that ‘the competent authority shall monitor the evolution of the best available techniques for the management of mining waste and the facilities in which they are deposited, even after their closure’ [110]. Experience in this field, however, shows that these recommendations are far from being truly effective insofar as the environmental risks associated with these mining sites have not been efficiently addressed.



The low effectiveness of many of these sealing and restoration technologies applied to metallic mining waste deposits results in the diffusion of metals and other contaminants along the profiles of the technosols and sealing materials in an almost free-form manner. An example of this could be the mining facilities, apparently restored more than 40 years ago in this mining area [78]. In this case, it was found that the different layers of the technosol with which the sealing was performed underwent a progressive and continuous enrichment of potentially toxic elements present in the underlying waste (Figure 3), which also bioaccumulated in the vegetation installed there [78]. As a result, these technosols have become chemical bombs that contribute to the environmental dispersion of these pollutants.



This leads, on the one hand, to the contamination of the food chain and, on the other, to the availability of the agents of erosion (atmosphere, wind, and water) of many toxic elements that are dispersed and end up affecting large areas and populations located in the surroundings of these mining areas [78].



The social, geoenvironmental, metallurgical, engineering, economic, and legal/regulatory domains must all work together to face these challenges [4]. Therefore, it is becoming increasingly necessary to develop and implement more efficient technologies that help to solve this problem, following ecological criteria and with acceptable costs by the third additional provision of Royal Decree 975/2009 [110].



In the mining district studied, different treatments have been carried out to improve the conditions of these metal waste deposits, the traditional ones using a conventional soil cover [78], and in more recent periods, others in which a mixture of marble waste, pig manure and sewage sludge was added to the substrate [131] in order to produce an assisted phytostabilisation, while in others municipal waste biosolid and tree biochar have been used [132]. The first type of mulch has already proven to be so inefficient that it has become a source of pollutants in its environment [78], while the other two types of more modern restoration require a longer period to prove their efficiency in the long term. It is possible that these new techniques, such as the application of organic and inorganic amendments or the use of biochar in combination with specific phytoremediation programmes, could at least temporarily attenuate the risks associated with these mining waste deposits. However, it would be necessary to look for techniques to ensure a more permanent immobilisation of potentially toxic elements in the long term. In this sense, the results that point to covers with capillary barrier effects are promising, as well as hydraulic or even permeable reactive barriers, which would be applicable depending on the case. In this regard, a basic question to address would be that these technologies should be more efficient in reducing the mobility of trace elements through the sealing installed on mining waste, and some technology that takes these factors into account following the principles of the ‘covers with capillary barrier effects’ [133] is already available, even though more research in this field is needed. The final step would be for the competent public administration, following the additional provisions of Royal Decree 975/2009 [110], to require the implementation of these technical innovations, which would help businesses to reduce their potential harmful ecological impacts and costs, as well as improve their waste management [134,135].





6. Concluding Remarks


General knowledge of any given subject often advances based on theories that are then surpassed by new theories that can better explain the empirical data. Similarly, an extensive knowledge of the legal, management and, above all, geochemical and mineralogical processes that affect a particular metal mining area may eventually reveal important issues critical to better management of these mining wastes. These range from the actual use of these wastes to the regulatory framework itself and its real effects on tailings, as well as the effectiveness and results of the remediation and hazardous mining waste management techniques applied in specific areas.



Despite all efforts in terms of policy, regulation and improved rehabilitation techniques, pollution and environmental risk problems are a reality in many metal mining districts, as is the case in the considered mining area. Although these risks cannot be evident in the short term, in the medium and especially in the long term, these problems can become a nightmare for these mining areas and their environments. And behind this situation are details as basic as the uses made of these wastes, the environmental regulation of these mining concessions or the effectiveness of the remediation techniques used. Therefore, as a proverb says, ‘The devil is in the details’.



This paper evaluates the existing legal governance frameworks and identifies current shortcomings and challenges concerning metal mining waste. Also noteworthy are the advantages of a regulatory strategy that is in line with current scientific knowledge as a basis for avoiding inappropriate uses of these wastes that could generate environmental impacts on other ecosystems and populations. In the considered case, this issue would require a series of improvements in both the national and European regulatory framework, starting with the concepts of toxicity and environmental risk or public health and drafting specific regulatory standards for soils and mining waste. In this way, it would be advisable to base the characterisation of the risk associated with these tailings not so much on their absolute values but rather on the values of the different phases arising from the analysis of the fractionation, or speciation, of their metallic phases, with special emphasis on those with a more direct environmental impact.



The applicable standard (Directive 2006/21/EC; Real Decreto 975/2009) [32, 110] requires multiple geochemical tests to assess the risk for contamination in mining waste and define its character as inert waste. These tests include leachability tests under normal conditions and with waters with different pH, acid generation potential (ABA) tests, and kinetic tests for assessing the acid generation potential in drainage waters. However, most current laws for determining contamination and risk levels and characterizing mining waste are centred on measuring the total concentration of potentially harmful components.



In contrast, in the scientific field, these risk assessments rely more on speciation or fractionation studies as a way to identify the chemical forms of metals and their potential mobility, bioavailability, and toxicity [136,137,138]. These studies rely on key aspects such as sequential extraction protocols to determine the different chemical forms in which the elements of interest are found, geochemical modelling to evaluate the long-term stability and possible release of these elements from the tailings, bioassays to assess toxicity on living beings, and finally field studies to verify the real environmental impact of mining activities and their tailings. Because of this situation, it would be advisable to update the procedures corresponding to the evaluation and characterisation of waste in the current regulations (Directive 2006/21/EC; Real Decreto 975/2009) [32, 110] to the current scientific knowledge and procedures indicated to improve the assessment of the risk associated with metal mining waste.



Following the definition of ‘Inert mining waste’ contained in Article 3.3 of Directive 2006/21/EC [32] and in Article 3.7.e of Royal Decree 975/2009 [110], as well as Section 1. 1 ‘Definition of inert waste from extractive industries’ of Annex I of the latter decree, the hazardousness due to possible release of potentially toxic elements, such as As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, V and Zn, is limited to their content in fine particles isolated in the waste. Therefore, coarser particles, as well as small gravels and aggregate materials, could release these potentially toxic elements after being exposed to weathering processes or to processes of changes in the environmental conditions of their surroundings, such as the redox potential of soils or bodies of water in which these materials could be dragged, are excluded from this standard. Precisely, this lack of risk assessment of these materials of larger particle size would be behind the consideration as inert materials, and therefore their use for certain uses in engineering works, of some wastes that under certain environmental conditions could act as a source of potentially toxic elements.



A real case that illustrates this situation is the one that occurred in the coastal lagoon of the Mar Menor, as described in case 1 (Section 5.1) of this document. This inappropriate use of tailings in civil works carried out on land has resulted in evident metal contamination of the sediments of this coastal lagoon [95]. For this reason, these sections of the regulations mentioned above should be revised in the sense of requiring stricter criteria when it comes to legally considering as inert some materials that, structurally, present potentially toxic components that could eventually be released in the long term and under a change in the environmental conditions to which they are exposed. To this end, a series of permitted uses and/or restrictions of these mining areas and residues should be established according to their characteristics to make these regulations more practical and effective in the proper mining environments and waste management and handling, particularly those from metal mining.



In summary, it would be advisable to establish more restrictive criteria in future revisions of metal mining waste regulations in order to prevent environmental problems in the long term. These problems could arise from considering as inert or allowing certain uses for wastes that are not subject to stricter controls due to their granulometry but which could be a source of environmental pollution after a weathering process or be subjected to different environmental conditions, such as low redox potentials as a result of being submerged in waters with low oxygen content, as could be the case of lagoons subjected to eutrophic processes, as has occurred recently in the coastal lagoon of the Mar Menor already mentioned in this study [139].



A series of diffuse spaces in the applicable regulations creates a legal limbo around these soils and mining waste. Thus, for example, the environmental and risk control legislation associated with metal mining waste does not apply equally while mining operations are active or temporarily suspended. To this end, facilities under the temporary cessation of activity regime should be included in Article 35 of Royal Decree 975/2009 so that the obligation to subject mining deposits within their concession to rehabilitation and risk minimisation measures also applies to them during this transitional period of temporary suspension of mining operations [110]. This senseless situation, which continues to exist and is a source of environmental risks in the case studied in the former mining district of Cartagena-La Unión (Section 5.2), should be fully corrected.



Finally, it would be important to establish and standardise methodologies, observing the present level of technical and scientific understanding to delimit the risks and toxicity associated with these soils and metal mining wastes and the rehabilitation techniques to use in these cases. These risks should also include the risks associated with the dispersion of toxic trace elements through acid mine drainage, leaching, wind dispersion, water erosion, etc. The stability of mining deposits and the steps to be made to guarantee the immobilisation of pollutants and their medium and long-term follow-up and monitoring should also be clarified and improved to reduce the impacts and hazards on the environmental health of the surrounding area, but also normalised by the legal framework and management of these tailings. All these issues, but especially the disruption of mobility and capillary flows, should be considered when assessing the effectiveness of rehabilitation techniques for these metal mining tailings dumps to avoid situations such as the one described in case 3 (Section 5.3) of this study [78]. Given the recalcitrant nature of metal contaminants, the risk of collapse of the tailing ponds, and the potential ineffectiveness or failure of remediation processes over time, the monitoring of rehabilitated metal mining waste deposits should, in addition to being mandatory, verify the effectiveness of these restorative measures in the long term to avoid environmental and health hazards arising from ineffective rehabilitation in the long term. Because of the above, although Article 35 of the decree regulating the management of mining waste (Real Decreto 975/2009) establishes that the monitoring of these post-mining areas must last for 30 years, in the case of metallic mining operations, it could be of interest to introduce a slight modification in said article in the sense of maintaining an indefinite and periodic control by the competent administration to ensure that no event occurs that could affect the stability of these mining structures and their surroundings with the passing of the decades [110].



Rather than a mere literature review, this holistic analysis or an in-depth review of a case study focused on a specific mining district concludes some technical issues of general interest and application. Metal tailings peculiarities, such as their recalcitrant nature and the capillary mobility of their potentially toxic elements, require specific regulations and practices to reduce their associated risks. Indeed, legal and technical development and innovation have resulted in significant breakthroughs in waste characterisation, permitted uses, and management. Nevertheless, details such as those extracted from the mining area considered in this study show that some issues can and should be improved. The transposition of this set of recommendations into the different national and international legal frameworks could enhance a more environmentally effective management of metal mining waste.
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Figure 1. Affection on the Mar Menor of metal mining wastes from the old mining district of Cartagena-La Unión: (a) General view of the dikes and canals of the tourist development known as ‘Veneziola’, in La Manga del Mar Menor, built with rocks and metal mining waste from the nearby Cartagena-La Unión area; (b) pile of smelting slags in the Cartagena-La Unión mining area; this waste has traditionally been used to build the foundations of the roads in the region where this mining area is located. 
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Figure 2. A general view of a mining valley of the former Cartagena-La Unión metalliferous mining district, where several mining concessions can be seen with their mining facilities and tailings, some of which are still active but with temporary suspension of activities. 
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Figure 3. Example of a false, or ‘fake’, rehabilitation: (a) A general image of the metal tailings dump undergoing an ineffective rehabilitation, in which the restoration appears to have been a success; (b) total potentially toxic elements (Zn, Pb, As, and Cd) in the soil profile of the same restored dump, where there has been a very high enrichment of the cover soils used for restoration, that should be almost free of these elements, due to capillary rise of these elements from the underlying metal mining waste layers; adapted from [78] (unpublished graphic). 
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Table 1. Implementing measures related to the Extractive Waste Directive 2006/21/EC.
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	UE Implementing Measures for Mining Waste Management





	Commission Decision 2009/335/EC on 