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Abstract: Mining wastes, particularly in the form of waste rocks and tailings, can have major social
and environmental impacts. There is a need for comprehensive long-term strategies for transforming
the mining industry to move toward zero environmental footprint. “How can the mining industry
create new economic value, minimise its social and environmental impacts and diminish liability
from mining waste?” This would require cross-disciplinary skills, across the social, environmental,
technical, legal, regulatory, and economic domains, to produce innovative solutions. The aim of
this paper is to review the current knowledge across these domains and integrate them in a new
approach for exploiting or “re-thinking” mining wastes. This approach includes five key areas of
social dimensions, geoenvironmental aspects, geometallurgy specifications, economic drivers and
legal implications for improved environmental outcomes, and circular economy aspirations, which are
aligned with the 10 principles of the International Council on Mining and Metals (ICMM). Applying
circular economy thinking to mining waste presents a major opportunity to reduce the liability and
increase the value of waste materials arising from mining and processing operations.

Keywords: sustainable development; tailings management; industrial ecology; sustainable resource
management; mining waste; circular economy

1. Introduction

Each year, mining operations generate large volumes of mining waste. According to the Mining,
Minerals, and Sustainable Development Project (MMSD), there are approximately 3500 active mining
waste facilities worldwide, consisting of waste rock dumps and tailing dams. The estimated worldwide
generation of solid wastes from the primary production of mineral and metal commodities is over
100 billion tonnes per year and can range from several times the mass of the valuable element, such
as iron and aluminium ores, up to millions of times for some scarce elements such as gold ore [1].
This large amount of mining waste can have major environmental impacts and require appropriate
management strategies both in the short- and long-term [2]. In addition, increasing demand for essential
metals is leading to the extraction and development of complex finer-grained low-grade orebodies.
The mining of lower grade and/or complex ores will produce greater quantities of tailings per ton of
product and will also increase the fines content of the tailings [3]. If not managed properly, mining
waste can generate significant pollution, both through air pathways (dust and gas emissions) and
water leaching (acid mine drainage) [4]. Moreover, failure to manage can result in costly catastrophic
consequences. Recent events, such as the Brumadinho tailings dam failure in Brazil, have heightened
the attention of the industry and society to the catastrophic impacts of mining waste when failure of
tailings management systems occurs. One way to better manage mine waste is to reduce its generation
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from mining, such as transitioning from open-pit surface operations to underground mining by the
development of more powerful and efficient underground equipment [5].

The environmental, economic, and social impacts of mining waste indicate that the mining
industry needs to re-think waste management. This re-thinking will require expertise from many
disciplines to make a transformational change to how the mining industry and its stakeholders manage
and utilise mining waste in current operations and future projects. Potential solutions should draw on
existing approaches, such as cleaner production, by-products from waste, re-engineering of processes,
closed-loop systems, and product stewardship [1].

This paper aims to assess current management frameworks and the application of mining waste
management strategies, and to determine current gaps and challenges. It also highlights the benefits of
an integrative approach for exploiting mining waste across the social, environmental, technical, legal,
regulatory, and economic domains.

2. Sustainable Development of Mining Waste

Over the last few decades, several approaches have emerged that aim to include sustainability
aspects across the mining life cycle [6]. Several industry organisations and companies have implemented
sustainability principles and strategies for establishing commitment to resource development in a
socially and environmentally responsible manner. One such organisation, the International Council
on Mining and Metals (ICMM), has 10 principles for effective sustainable development, presented in
Table 1 [7].

Table 1. Sustainable development principles of ICMM.

1 Ethical business and sound governance

2 Integrate sustainable development in decision-making

3 Respect for human rights

4 Effective risk management strategies

5 Health and safety performance

6 Environmental performance

7 Conservation of biodiversity and land-use planning

8 Responsible design, use, reuse, recycling, and disposal of materials

9 Social contribution

10 Engagement, communication and independently-verified reporting

These principles are similar to international sustainable management standards, including the Rio
Declaration [8], Global Reporting Initiative [9], World Bank Operational Guidelines, the International
Labour Organization (ILO) Conventions, and the Voluntary Principles on Security and Human
Rights [7]. These 10 principles cover many topics associated with sustainability, although there is no
uniform approach that allows the industry to better integrate sustainability into the design process.
Ideally, a sustainability framework should connect corporate and operational level activities and
engage with technical professionals [10].

In this regard, we have identified five key areas, which are aligned with the 10 ICMM principles,
that will cover the most important aspects for improved environmental outcomes, and circular economy
aspirations. We believe that a dynamic interaction across these five areas will drive the mindset
change for re-thinking mining wastes. It includes social dimensions, geoenvironmental aspects,
geometallurgy specifications, economic drivers, and legal implications (Figure 1). At its core is the
overarching question: “How can the mining industry create new economic value, minimise its social
and environmental impacts and diminish liability from mining waste?” To find potential solutions to
this question, the following guiding questions should be addressed in the following order:
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• Social dimensions: What are the local, regional, and global societal dimensions related to managing
mining waste?

• Geoenvironmental aspects: What are the spatial and temporal geoenvironmental impacts resulting
from mining waste, and how can potential liabilities be prevented or substantially mitigated?

• Geometallurgy specifications: What are the geometallurgical properties to create additional value
and improve environmental outcomes in waste from mining and mineral processing?

• Economic drivers and legal implications: How and what economic drivers should lead the changes
in regulatory systems, to transform business approaches for creating value, diminishing risk and
drastically mitigating liabilities from mining waste?

• Circular economy aspirations: How can the mining industry assess and quantify their contribution
to the circular economy?
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By taking this approach there will be a far greater chance that social dimensions and expectations
will be achieved within the technical, regulatory, and economic constraints, while ensuring potential
outcomes meet the aims and desires of the circular economy. If all of this is achieved, then the
social expectations, which are closely aligned with the aspirations of the circular economy, should be
broadly met.

3. Five Areas of Integrative Approach

In this section, the key aspects of practice in the five areas of an integrative approach are reviewed.
These reviews provide a basis for developing the connections across the five areas.

3.1. Social Dimensions

Mining companies have had a long reputation for social responsibility [11], however, the costs of
community conflict remain poorly understood. A recent study investigated the cost of conflict between
the community and companies in the extractive sector, and found that the majority of mining and
gas companies do not identify the full range of costs of conflict with local communities [12]. Conflict
between an extractive company and the community is often triggered by the environmental impacts of
company operations [12]. Conflict therefore acts as a means by which environmental and social risks
are translated into actual business cost [13].



Minerals 2019, 9, 286 4 of 13

Esteves et al. [14] noted the importance of social impact assessment (SIA) in managing issues
associated with mining and development, and described a mechanism for identifying, assessing,
and managing the social impacts of mining in a systematic manner. SIAs can be used not just for
understanding and resolving existing conflicts, but also for preventing conflicts [15], particularly by
tracking changes in economic and social conditions over time [16].

Kemp and Vanclay [17] examined the inclusion of human rights in impact assessments and noted
that the discourse surrounding a company’s human rights related responsibilities is framed around
avoiding or minimising harm, and does not extend to the development of benefits or shared value.
Similarly, within the mining industry, the concept of “social license to operate” is viewed and applied
as a way of reducing opposition to industry, rather than an opportunity for a company to collaborate
with community to create an agenda that would satisfy the community’s desire for development and
the company’s desire for a profitable and sustainable business [18].

One area that poses a substantial risk to the environment, human rights, and a company’s social
licence to operate is the disposal of mining and mineral processing wastes. Franks et al. [19] developed
a set of seven principles based on sustainable development to guide decision making in regard to
mining waste disposal, including: (1) Mining and mineral processing wastes should be managed in a
way that is physically and chemically stable; (2) the waste that interacts with the environment should
be inert; (3) waste that is not inert should be isolated in a form that limits interaction and subsequent
mobilisation; (4) the waste should be contained, i.e., geographically bounded and managed with a
minimal footprint that limits interaction with the surrounding environment; (5) the waste should be
managed in a manner that considers local environmental and social conditions of each location; (6)
the waste should be managed in a way that minimises water and energy use and the need to actively
manage wastes after mine closure; and (7) preference should be given to technologies that improve the
impacts of waste disposal on society and the environment and provide opportunities for re-use should
they be pursued [19].

3.2. Geoenvironmental Aspects

Mine waste facilities mainly consist of waste rocks dumps and tailings dams, requiring appropriate
management both in the short- and long-term.

3.2.1. Waste Rocks Dumps

Mining operations produce large quantities of waste rocks, which often has little or no valuable
minerals. Waste rocks contain coarse, crushed, or blocky material covering a range of sizes, from very
large rocks to fine particles. The current practices of dumping waste rocks by trucks, or draglines in
the case of coal mines, create very large layered structures with preferential flow paths, which are
conducive for the generation of acid and metalliferous drainage (AMD)—a significant challenge to
mine owners, regulators, and other stakeholders. AMD, generated through the oxidation of sulphide
minerals (mainly pyrite) in waste rocks, comprises poor-quality leachate typically characterised by
acidic pH and high concentrations of sulphate, iron, and heavy metals.

Sometimes, due to the presence of carbonates or other gangue minerals, reactions do not lead to
acidic conditions, however, they can still result in poor-quality drainage with high concentrations of
sulphate, metals and metalloids (e.g., arsenic), and salts referred to as neutral or saline drainage. AMD
can be detrimental to aquatic ecosystems and possibly human health, impact groundwater quality
and limit the downstream water use, and results in long-term environmental liabilities. The measures
to counter this, often only partially, include mined land rehabilitation programs and the installation
of expensive water treatment systems, and require long-term monitoring of the impacted area and
surrounding environment.

Remediation of acid producing mine waste and treatment of mine water can be costly. Management
costs for AMD have been estimated globally at approximately US$ 1.5 billion per year [20], while the
overall environmental liabilities are estimated to be in excess of US$ 100 billion [21]. Integration of an
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AMD management plan, from the early phases of exploration until final closure, can help to decrease
the environmental impacts. This requires the commitment of the whole operation from mine planners
to the sustainability managers, and it must be incorporated into the mine’s financial models.

With detailed geological, mineralogical, and geochemical assessments at an early stage in the
development of ore deposits, it is possible to develop a resource block model for waste rocks to allow
selective handling of waste. This will substantially reduce the overall cost of the monitoring and disposal
of AMD generating waste. The common practices used in integrating the AMD management plan into
mine operations include, for example, selective mining and placement of sulphide waste, encapsulation
of potentially acid-producing (PAF) materials, potential layering and blending during the construction
of waste rocks dumps, dispose of PAF materials in the backfills, isolating the acid-producing pit floor
using barriers, and preventing the interaction of groundwater with the pit floor [22].

Various low cost waste products have been used to manage AMD [23]. Fly ash has been used to
help neutralise AMD, improve the quality of degraded soils, and as a part of a cover system designed
to isolate potentially hazardous mining waste. However, a lack of information on the practical use
of coal combustion by-products (including fly ash) and a lack of guidelines and regulations for their
use has limited their application in mine site rehabilitation and backfilling [24]. Waste rocks can also
be a resource of minerals and metals, or have other applications at the mine site or elsewhere, such
as backfill for open voids and underground mines, landscaping, capping for waste facilities, soil
components and soil additives (e.g., for neutralizing infertile alkaline agricultural soils), aggregate and
construction materials, and alternative raw materials for cement and concrete [20].

3.2.2. Tailings Dams

Volumetrically, mine tailings impoundments are among the largest man-made structures in the
world [25]. Furthermore, tailings dam failures account for the major mining-related environmental
disasters [26]. A major recent failure happened in January 2019 when Vale’s iron ore tailings dam in
Brumadinho, Brazil collapsed and killed at least 206 people. Another catastrophic event happened
in November 2015 when a tailings dam at the Samarco Mine, Brazil, collapsed, releasing more than
43.7 million cubic meters of water and mine waste, and the resulting mudflow reached the Atlantic
coast through the Doce River, along more than 500 km of the river course. In September 2008, 277
people died in an accident caused by iron ore tailings release from a dam break in Shanxi Province,
China [27].

Similar to waste rocks dumps, tailings may generate AMD and, apart from the catastrophic failure
of dam walls, may pose chronic environmental and human health issues due to the dispersion of
contaminants by dust and seepage. Tailings may also contain mineral processing reagents, including
salts and cyanide.

Reactive strategies, such as remediation of tailings solids or tailings seepage water, can pose
long-term legacies for companies, governments, and society after mine closure, and do not meet
community expectations. Edraki et al. [28] compared different tailings disposal methods, including
conventional disposal; paste and thickened tailings; tailings reuse, recycling, and reprocessing; and
proactive management. The review of different tailings disposal methods indicated that an integrative,
proactive approach to tailings management is needed for improved, environmental, social, and
economic outcomes. Such an approach would involve using geo-metallurgical data from the orebody
to predict the composition of tailings produced by different processing scenarios. The implications for
environmental management and closure can then be predicted earlier and considered as part of the
mine plan. The tailings revegetation and capping strategies for two Australian tailings storage facilities
which had failed to prevent tailings seepage for several years after mine closure were discussed in [29]
and [30].

There is also an increasing interest in new technologies to recycle and utilize mine tailings more
effectively. For example, the alkali-activation of some mine tailings allows binders with sufficient
compressive strength to be used as a mine backfill or raw material in the construction industry.
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The application of untreated tailings that contain trace elements in civil engineering projects is
hindered by the potential leaching of some toxic elements. However, such materials can be used with
cementitious binders, such as Portland cement, slag, lime, and gypsum [31–34]. Kim et al. [35] studied
the feasibility of tailings with no pre-treatment in cement based low-strength materials. Liu et al. [36]
fabricated a new type of porous ceramics by a conventional ceramic sintering process using lead-zinc
mine tailings and fly ash as the raw material. Taha et al. [37] present a feasible approach of reusing the
tailings from waste rock residual coal to produce ecofriendly fired bricks. An advantage associated
with the re-use of tailings is that, as they have already undergone industrial processes, they usually
exhibit good homogeneity and fine particle sizes. Other efforts to recycle mining waste have been
described elsewhere [38].

Desulphurisation has been considered as an alternative method to avoid formation of AMD [39].
Depyritised tailings have low sulphide content so that they are not acid generating. The iron
sulphide (pyrite) particles could be concentrated, and then back-filled in mines or deposited separately.
Depyritised tailings could also potentially be used as cover on mine waste storage facilities. An
approach where conventional tailings are separated by flotation into a sulphide-rich and a largely
benign fraction of tailings has also been proposed [40].

3.3. Geometallurgy Specifications

The traditional approach for ore body evaluation focuses on the in-situ tonnes and grade as well as
testwork to estimate recovery. However, with more complex and refractory ore bodies being exploited,
there is an increasing emphasis on risk management and cost efficiency. The geometallurgical approach
directly addresses this by using 3D block models that display the distribution of key metallurgical
parameters through the orebody [41]. An effective geometallurgical model integrates the important
geological information, including geological, geotechnical, geochemical, and mineralogical data, with
metallurgical test work results.

Geometallurgy not only involves the integration of geological, mining, and metallurgical fields, but
it can also be expanded to include environmental and economic information to produce a block model
that can be used to obtain the best outcome in terms of plant response and plant sustainability [42].
There are several benefits in applying geometallurgical theory to reduce the technological and financial
risk of a project. This can be through plant design, production forecasting, optimisation of the water
balance, as well as modelling of tailings storage facilities and predicting the settlement behaviour
and stability of different mine waste types under different conditions. Geometallurgy is also a useful
method to better understand mining waste and the potential hazards from acid rock drainage [43].

Dunham and Vann [44] and Vann, et al. [45] outline a broad “whole-of-value-chain” view
through integration of geology, mine planning, operational design, metallurgy, marketing, and
environmental management to improve or maximise the economic value of mining projects and
operations. Bye [46] discussed some industry case studies that demonstrate strategies for gaining value
from geometallurgical initiatives. This highlighted that the geometallurgical approach is moving away
from factored ore reserves to data-rich block models and in doing so provides reliable information for
mining, metallurgical, and environmental considerations. Louwrens et al. [47] and Louwrens et al. [47]
studied the usage of geometallurgical principles and methodologies for reprocessing of the Ernest
Henry (Cu-Au) tailings storage facility in North-West Queensland, Australia. They established a
new standard method of economic evaluation of the potential of reprocessing the tailings material.
Edraki et al. [48] produced new tailings management models to predict the properties of tailings
generated under various processing scenarios. These results were used to determine the implications
for environmental management. Tungpalan et al. [49] developed a method to assess the variability of an
ore deposit and its influence on metallurgical performance. Effective sample selection for mineralogical
characterisation was used to link geometallurgy to circuit simulation. The drill core samples were
classified according to the geological and mineralogical factors. Results of the classification were used
to decide where more samples were needed, and which samples should undergo a more detailed
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analysis by a geologist. The improved characterisation of the ore body was used in a circuit simulation
to predict the characteristics of the final concentrate and tailings. The knowledge of the characteristics
of the concentrate and tailings can be used in mine planning so that parts of the ore body can be
targeted for extraction that balance revenue from mineral recovery with tailings management costs.

A treatment methodology to improve the selectivity of enargite removal from a copper-gold
ore and reduce arsenic content in the tailings using process mineralogy was proposed by
Tayebi-Khorami et al. [50]. This methodology involved two steps:

• A de-sliming stage prior to the flotation process, where fine liberated enargite can be separated
from the flotation feed; and

• A fine treatment stage, where the fine gangue minerals can be separated, the copper can be
recovered, and the arsenic can be safely stored.

The separation of the fine enargite results in the exclusion of arsenic from the tailings.

3.4. Economic Drivers and Legal Implications

Economic drivers and legal implications play an important, if not critical, role in establishing new
paradigms and allowing innovative approaches to be implemented. Without a proper understanding
of the economics as well as the legislative and regulatory context, technically feasible solutions that
deliver better outcomes can fail.

A pivotal report 30 years ago was “Our Common Future” by the World Commission on
Environment and Development [51], which defined sustainable development as “development
that meets the needs of the present without compromising the ability of future generations to meet
their own needs”. This highlights the concept of inter-generational equity relevant to mining legacies
as well as economic development and legal requirements. While mineral and energy resources are
obviously extracted without being replaced, it is possible to mitigate impacts and generate wealth
for governments and communities from mining. Such examples include investing in community
development and the regeneration of mined landscapes to create positive legacies.

The drive toward a more sustainable society will result in better worldwide standards and global
regulatory and governance bodies. These will cover the spectrum of industrial and environmental
impacts of all stages of a product’s life cycle [52]. Better life-of-mine planning can reduce the amount
of waste generated and help prevent acid mine drainage containing high concentrations of metals, and
most likely reduce overall project costs [53].

With increasing reuse and recycling, resources will last longer and deliver on the aims of the
circular economy. This transition requires fundamental changes, including appropriate infrastructure,
regulation and legislation, and competitive economics. Recycling could be made mandatory for private
and commercial companies, while product design should allow for easy dismantling and metals
extraction, e.g., from computers and other electronic products [52].

Aspects related to licence to operate, social factors, and the regulatory environment depend
heavily on the project jurisdiction. As a result, there is a strong contextual component in developing
a new mining project that does not directly relate to technical aspects, but can affect the financial
aspects [54].

3.5. Circular Economy Aspirations

The mining sector is represented mainly by linear activities, being the major supplier of resources
to modern society, nevertheless the concept of circular economy can help to improve the sector’s
sustainability performance [55]. The aim would be to optimise the total material cycle from mining
to manufacturing and to extend the product use phase, including the reuse and recycling of any
waste streams arising in industrial and consumer activities to ensure overall resource efficiency and
resilience [56]. Eco-efficiency and resilience have been identified as key characteristics of a sustainable
mining operation, where optimising extraction and minimising the amount of valuable material in the



Minerals 2019, 9, 286 8 of 13

waste would help to address problems, such as a declining ore grade, decreasing economic viability,
and increasing mining legacies [4].

Under the conventional linear economy model, the current trends in mining, such as decreasing
ore grades and higher tonnage rates, would continue escalating the problem with mining waste, and
its associated inherent risks. Where feasible, replacing open cut mining with underground mining
will make a significant reduction in waste generation. Alternative approaches, whether they relate to
better waste disposal techniques, such as paste and thickened tailings, better mined land rehabilitation
practices, or waste rocks and tailings reuse, recycling, and reprocessing, are urgently needed. In fact,
the industry will need to move progressively to “closing the loop” strategies, which will dramatically
reduce the quantities of wastes [1].

The circular economy articulates the importance of closed loop systems which reduce the need for
the extraction and processing of new resources. This can be extended further to the overall impact from
mining activities, with a particular focus on “getting more from less”. As such, within the mining and
metals sector, following the 3R waste reducing principle (reduce, reuse, recycle) can make a significant
contribution [57]. This includes examples across two categories:

(a) Circular economy sensu stricto:

• Improving water and material reuse through cyclic systems and innovative technologies;
• Maximizing reuse of waste and by-products;
• Collaborating with the manufacturing sector to design adaptable and easy-to-repair products;
• Better marking of materials and alloys to aid identification at end-of-life and allow subsequent

reuse and recycling.

(b) Efficiency measures as part of the circular economy in a wider sense:

• limiting the use of raw materials and balancing supply and demand;
• Improving recovery rates in mining and mineral processing;
• Minimizing waste generation such as tailings, gas emissions, and waste water;
• Developing feasible options for lower grade ores;
• Extending the life of a resource, material, product, or service through better planning for

future applications and reuse [52].

Several different strategies for limiting mining waste and/or the associated environmental impacts
have been classified by their ability to generate additional economic value and potentially decrease the
environmental legacy of mining operations [58]. However, the best outcomes can be achieved with
proactive waste management, which would combine ore body characterisation, mine planning, ore
processing, waste disposal, re-processing, recycling and reuse, and finally land rehabilitation in one
integrative approach [59]. This would be a crucial contribution that the mining industry can make
towards the circular economy.

Another important and inherent part of the circular economy approach is the introduction of
disruptive innovations [60]. In mining these can include, for example, the integration of tailings
reprocessing with mined land rehabilitation, and using the post-mine landscape for new economic
activities and development. Two recent examples of such innovative thinking originate from North
Queensland in Australia. Kidston Renewable (solar and hydro) Energy Hub has been developed
on the historic gold mine site, with the reuse of two open pits at different elevation levels as part of
energy generation and storage [61]. The New Century mine project involves reviving zinc concentrate
production after mine closure, based on the reprocessing of historic tailings and taking responsibility
for the final rehabilitation of the mine site [62].
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4. Re-Thinking Mining Waste

The mining industry is essential to global economic and social development, and it will continue
to be the major resource supplier to our society for the foreseeable future [63]. A strong transition
towards recycling and circularity is necessary, but requires some fundamental changes, including
appropriate infrastructure, legislation, and favourable economics.

Despite the advancements in tailings management in the last few decades, there is a lack of optimal
scenarios for mining waste that deliver overall sustainable societal benefits. Novel initiatives for
dealing with mining waste and evidence-based best-practice guidelines for minimising environmental
and human health risks are essential to reverse this trend. A transformational perspective to mining
waste is necessary and should include a multidisciplinary and integrative approach for exploiting
mining waste to create new economic value and move toward a zero environmental footprint. These
elements speak to the aspirations of the circular economy and drive down impacts with residual
waste management.

Applying circular economy thinking to mining waste presents a major opportunity to reduce
the liability and increase the value of mining waste. However, many obstacles exist, such as current
regulatory regimes and societal acceptance of products made from mining waste. Solutions to these
obstacles are required across and between social, geoenvironmental, geometallurgical, engineering,
economic, and legal/regulatory fields. By following the circular economy aspirations, the mining
industry and regulators will engage in the full life cycle of projects, including final residual wastes,
utilising natural cycles and transformations of metals in the environment, and, importantly, creating
resilience to resources cycles (i.e., better responses to changes in the global supply and demand for
different resources).

Knowledge of the industries that would use the products created with mining waste and what
is required to connect the mining industry with downstream users is, however, far less developed.
A greater understanding of the impact of companies that are likely to produce or use products from
mining waste as well as the social perception and acceptability of those products is important and can
only be properly determined by applying a multidisciplinary approach.

Human health and environmental impacts of metal toxicity will also be critical in determining
whether products made from mining waste (e.g., construction materials) are safe. Effective regulation
will be relevant to the design of new regulatory regimes that promote circular economy thinking and
the management of mining waste in a way that increases its value and reduces risk posed by the waste.

A new approach driven by circular economy aspirations and sustainable development ideals,
adhering to the highest available resource value principles, will help increase the value of mining
waste. Specifically, it would help determine optimal scenarios for mining waste that would deliver
overall societal benefits, notably including economic benefits for the industry and reducing the
liabilities from mining legacies. These optimal scenarios are the catalyst for developing innovative
processes, underpinned by rigorous, integrated analysis across the geometallurgical, geoenvironmental,
engineering, social, legal, regulatory, and economic disciplines. The success would be measured by the
delivery of transformational outcomes for the industry and government, including novel initiatives for
dealing with mining waste and evidence-based best practice guidelines for minimising environmental
and health risks.

5. Conclusions

In this paper, we identified and reviewed five key areas, which can form an integrative approach
for exploiting or “re-thinking” mining wastes, framed around the circular economy. These include
social dimensions, geoenvironmental aspects, geometallurgy specifications, economic drivers, and
legal implications. While this dynamic and conceptual approach will be helpful for re-thinking mining
waste, much work is still necessary in the research and development phases to identify efficient and
effective solutions in each key area. Importantly, feasible solutions, like any credible sustainable
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development outcome, will require contextual knowledge for each mining operation and/or mining
project under consideration.
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