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Drastic measures are required to meet the standards of the Paris Agreement and limit
the increase of global average temperatures well below 2°C compared to pre-industrial
levels. Mining activities are typically considered as unsustainable but, at the same time,
metals such as cobalt and lithium are essential to sustain the energy transition. Several
sustainability goals deﬁned by the United Nations (UN) require large quantities of raw
materials. Exploration and extractives activities are required in order to contribute to
meeting sustainability standards. Future sourcing of metals will need to implement
procedures that go well beyond current ecological, economic, and social requirements
and practices. In this paper we assess the usual sustainability criteria and how they
apply to the extractives sector. Sustainability can only be achieved if one accepts that
the natural capital can be substituted by other forms of capital (so called weak concept
of sustainability). Sourcing the raw materials increasingly demanded by our societies
will need transparent and inclusive stakeholder participation as well as a holistic
understanding of the impact of extractives activities to reach this weak sustainability
status. Our analysis shows that the sustainability of mining cannot be reached without
harmonized political instruments and investment policies that take the three pillars of
environmental, economic, and social sustainability as a major priority.
Keywords: sustainable mining operation, environmental impact analysis, socio-economic consequences of mining,
mining regulation, sustainability governance

INTRODUCTION
Ambitious measures are required to meet the standards and targets of the Paris Agreement, in
particular to keep the increase of global average temperatures well below 2°C compared to preindustrial levels (Bleischwitz, 2020). On the other hand, metals such as cobalt and lithium are
essential to sustain the energy transition (e.g., Junne et al., 2020) and several of the sustainability
goals deﬁned by the United Nations (UN) require large quantities of raw materials (Ali et al., 2017).
For example, copper remains a primordial metal to ensure electrical conduction and is the
cornerstone of power distribution. In addition, many other elements such as indium, gallium,
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2015). Problems of access to mineral resources as well as
several political crises have been subsumed under the term
“mineral criticality.” The degree of criticality depends not only
on geological abundance, but also on factors such as the
potential for substitution, the degree to which ore deposits
are geopolitically concentrated, the state of mining
technology, the amount of regulatory oversight, geopolitical
initiatives, governmental instability, and economic policy
(Poulton et al., 2013). There are now a few quantitative
assessments of mineral criticality (e.g. Graedel et al., 2015;
COM, 2020) that provide lists of mineral resources ranked by
demand and supply risk. While the demand is quite easily
determined, further research is required to assess supply risk
and current assessments of raw material criticality might not
be realistic (Frenzel et al., 2017). In fact, and contrary to
common views, global reserves for most metals have not
signiﬁcantly decreased relative to production over time
(Meinert et al., 2016; Jowitt et al., 2020). This is mainly due
to the extension of global reserves as mineral exploration
progresses. Despite the strong demand and increase in
production and consumption, the supply of mineral raw
materials has continued to meet the needs of industry and
society, and the assessment of global reserves seem to
remain constant (Arndt et al., 2017). It has become
apparent that socio-environmental parameters are
becoming the prime variables governing criticality (Mudd
and Jowitt, 2018; Jowitt et al., 2020). It implies that the
discovery and exploration of mineral resources, and their
sustainable extraction, will demand a careful selection of
potential exploration sites and will increasingly require
creative inputs from geoscientists (Herrington, 2013). It is
becoming more and more important to secure a diverse range
of acceptable sources for the needed raw materials using
innovative approaches (Herrington, 2021). It is also required
to assess the potential of mined wastes and also to refocus
exploration in areas where sustainability criteria are easier to
implement (e.g., Vidal et al., 2013). It also implies that a global
coordination is needed to ensure that minerals are produced
in the most ecologically and economically efﬁcient way (Ali
et al., 2017).

germanium or rare earths are required for wind turbines and
solar panels. Many of these materials can be recycled and
reused under certain conditions (e.g. concentration,
identiﬁcation) if the discarded end-product is systematically
collected. However, mineral processing and metallurgical
processes are getting technically and economically
challenging the more society demands to recycle increasingly
complex end-of-life products. Reuse and recycling are possible
under certain conditions if the discarded end-product is
collected but remain limited by technical factors and
organizational constraints (e.g., Korhonen et at., 2018). In
fact, it seems that extraction, mining, and processing of raw
materials currently remain a necessity to ensure the
transformations that could lead into a more sustainable future.
Mining is often described as ecologically destructive and
socially unacceptable. Local communities and representatives
of the civil society have been increasingly objecting to present
practices of mining and inﬂuenced political agendas (e.g.
Mercer-Mapstone, 2018). The main barrier to mining is
currently not the scarcity of material or the emergence of
economic monopolies but public acceptance (Weber and
Stuchtey, 2019).
There is no doubt that mineral resources have intrinsic
characteristics that make them difﬁcult to manage sustainably.
The popular notion that the extraction of mineral raw materials will
inevitably lead to a reduction of primary resources over time is,
however, misleading if all the waste management options that could
be pursued, including recycling, are considered and future
exploration is taken into account (Meinert et al., 2016). However,
there is no doubt that mining has and will have an impact on the
environment. A program for improving the sustainability
performance of mining is needed. Improved ecological
performance and an inclusive approach must govern the
transformation of the mining industry. The stakeholders need to
examine the main challenges, identify potential actions to address
the deﬁcits, develop strategies to create or regain trust and incite the
mining sector to commit to sustainable development by embracing
diversity for identifying problems and ﬁnding more environmentally
and socially friendly solutions (Littleboy et al., 2019).
The following article is an attempt to provide one of the ﬁrst
comprehensive analyses of the impact of mining on crucial
criteria of sustainability and outline the potential requirements
for more sustainable operations. The main argument is, that 1)
it should be possible to reduce the burden to the environment
by a substantial order of magnitude; 2) like any other industry,
the mineral sector can offset some of its negative impacts by
means of compensation and ensure an equitable sourcing; 3)
the mining industry can signiﬁcantly contribute to the
principles of a circular economy and, ﬁnally; 4) a more
sustainable extractive industry is a cornerstone to the
fulﬁlment of the UN Sustainable Development Goals.

PROSPECT AND LIMITATIONS OF
SUSTAINABLE MINING
The term “sustainability” is understood here as a guiding
concept to ensure the long-term preservation of our
environmental foundations and to secure humane living
conditions for all people in all regions, in the present and
future. The pathway to reach such a state of sustainability
is called sustainable development. This term also indicates
that sustainability will remain a target that is never fully
reached but only approximated over time. It is the main task
of sustainability science and sustainability research to create
the necessary knowledge base for the implementation of this
normative concept and to test its validity, reliability and
practicability (Renn, 2022).

CRITICALITY OF MINERAL RAW MATERIALS
Our technological societies rely more and more on mineral
raw materials and with an expanding variety (Graedel et al.,
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FIGURE 1 | The 17 Sustainability Development Goals of the UN (courtesy of Research Gate).

Strong sustainability is currently an ideal, technically
impossible to accomplish for the mining industry and
cannot serve as a realistic goal in this domain. Weak
sustainability, however, can realistically be achieved when
the total stock of capital is at least sustained if not enriched
for future generations. Mining can meet this sustainability
criteria if it compensates the net capital loss. While a
quantiﬁcation of natural capital is difﬁcult, the concept of
net beneﬁt for sustainable transformations can serve as a
guideline for the mining industry. In this sense, the degree to
which mining contributes to sustainability can only be
evaluated when looking at the purpose of mining (Ali, 2013).
Many examples within the industry, private and public
leading institutions and academia show how the mining
sector has been working towards sustainability and this has
led to an important deployment of tools to conform a higher
degree of responsible mining protocols and frameworks to
take control of its social and environmental impacts
(Ruokonen, 2020; Salonen, 2020). Of course, there is a need
to differentiate metallic minerals from others, due to its
renewability for operational purposes, deﬁned by the design
products that can retrieve minerals in a usable form with
relatively low energy expenditure. This means that the
energy needed to balance the entropy generated during the
mineral’s use and its recycling is the main metric to evaluate
whether that material’s use is sustainable or not. In other
words, the ideal scenario would be to be able to recycle and
reuse all minerals and metals on the premise that the energy
utilized for recycling comes from renewable sources and land
use is compensated by rehabilitating otherwise dilapidated
landscapes. Supporting this idea of sustainability from an
economic perspective, proponents of weak sustainability
claim that the extraction process of a ﬁnite resource from
the Earth’s crust can still lead to overall sustainable
development so long as part of capital generated is
invested in building a diversiﬁed economy.
Even under weak sustainability, it is quite unlikely that all
negative impacts to the natural capital can be compensated or

Sustainable development (WCED 1987) allows humankind
to meet the needs of the present without compromising the
ability of future generations to meet their own needs. This goal
of sustainable development has inspired the United Nations
2020 Agenda for Sustainable Development and its Sustainable
Development Goals (SDGs) (United Nations 2020). The 17
goals are illustrated in Figure 1.
Sustainable development promises to integrate economic
activity and environmental integrity, include social concerns
and implement effective and transparent governance systems.
In the debate about sustainable development, a relevant issue
for the mining sector is the distinction between “weak” and
“strong” sustainability. It highlights that the key question
regarding sustainable development is whether Natural
Capital (diverse natural resources such as water, air, mineral
resources, but also ecosystem services) can be substituted by
other forms of capital (technical, human, social or ﬁnancial
capital). While proponents of “weak sustainability” maintain
that manufactured or human-made and natural capital may be
substitutable in the long term, those in favour of strong
sustainability believe they are not, and that scarce resources
belong to the natural capital should be preserved because they
cannot be replaced by other (human-made) alternatives.
In the ﬁrst case (“substitutability paradigm” or “weak
sustainability”), sustainability is achieved when the total
stock of capital is grown or at least sustained for future
generations; in opposition to this, in the “strong
sustainability concept,” human-made capital is not
completely interchangeable with, but limited by natural
capital, introducing environmental limits that have to be
observed in order to ensure environmental sustainability
(“non-substitutability paradigm”). In this perspective, the loss
of certain forms of natural capital can threaten the survival of
humanity as they provide basic life-support functions
(Neumayer, 2003). In this debate, the concepts of resource
renewability and the occurrence of irreversible processes are
fundamental, as well as the concept of planetary boundaries
(O’Neill, et al., 2018; Röckström et al., 2013).
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type of mining activity conducted. A mining area usually
consists of either underground or open-pit mine, side-stone
heaps and soil removal masses, tailing area, concentrator,
other buildings, and infrastructure (roads, water and
electricity lines, maintenance buildings), machinery and
equipment, landﬁll sites and wastes. The dimension of the
direct impacts relies on the geochemistry, ore position,
selected mining method, using local water sources, and
chemicals used in mineral processing and management of
wastes as well as the sensitivity of the environment (e.g., Spitz
and Trudinger, 2009). Direct impacts include, for example,
wastewater discharges from mine affecting the quality of
the surrounding water as well as changes in relief and
landforms, erosion, and dust emissions. Increasing the
extent and density of mining areas will cause additional
threats to biodiversity as already now 8% of the global
mining areas coincide with nature protection areas, 7% with
key biodiversity areas and 16% with remaining wilderness
reserves (Sonter et al., 2020). These direct impacts can be
numerically assessed and modelled.
Quantiﬁcation is much more difﬁcult and often even
impossible for indirect impacts. They are often insidious
and difﬁcult to identify and measure. Environmental risks
need to be evaluated separately at each site and stage of
the mine life cycle, from exploration to exploitation and mine
closure and reclamation. For example, the operational phases
of a mine have an impact on water (mineral processing and gas
emissions), air (emissions), soil (land use and possible
contamination), biota (destruction of habitats and
displacement of fauna) and climate (energy consumption).
While mining infrastructure impacts the habitats and
biodiversity by environmental fragmentation, the unused
elements and substances, left in tailings and other sideproducts of the ore processing can notably affect the
ecological systems. The re-naturalisation of the mined areas
also needs to be considered at the very beginning of the project
with the introduction of a sound and justiﬁable ecological
compensation plan. Environmental accidents have a wider
impact that spreads across the ecology domain and the
indirect impacts are usually much more profound than the
direct ecological effects. Decarbonization requires the use of
innovative technologies to reduce consumption of fossil fuels.
This, in turn, requires securing additional raw material supply
which introduces an apparent contradiction with
dematerialisation (McKinsey Company et al., 2020).
However, under the interpretation of weak sustainability, the
contribution of mineral extraction to decarbonization can
outweigh its negative impacts.
Ecological sustainability thus must include three major
objectives: 1) to drastically reduce the amount of carbon in
the atmosphere (climate protection), 2) to signiﬁcantly reduce
the amount of material that is used for production thus limiting
emissions and waste and 3) develop land-use practices that
ensure high biodiversity and the preservation of natural
landscapes.
To ensure these targets, companies need to create funds
during the operation of the mine for this purpose and be

FIGURE 2 | Sustainability objectives illustrated by Renn et al.
(2021).

substituted. Yet, the mining sector needs to adapt and
consolidate good practices designed for responsible mining.
The classiﬁcation developed by Renn et al. (2021; cf.
Figure 2) provides a framework to establish sustainability
objectives. 1) The environmental pillar includes the notions
of decarbonisation, dematerialisation and rehabilitation of
used land (re-naturalisation). 2) The economic pillar includes
circular economy and sustainable welfare. 3) The social pillar
considers a fair distribution of risks and beneﬁts, personal and
social opportunities for co-determination of decisions and
social well-being, including health. These three classic pillars
of sustainability are further diversiﬁed in the UN Sustainable
Development Goals (SDG) (UNDP, 2016). Mines supply key raw
materials for building infrastructure (SDG 9) and the
manufacturing of wind and solar PV technologies (SDG 7;
Carrara et al., 2020). Mineral exploration and mining can be
made safer and more energy-efﬁcient (SDG 7), produce less
waste and greenhouse emissions (SDG 13), improve
wastewater treatment (SDG 6) and reduce land consumption
for mining waste as well increase well-being of local
communities and improve environment (SDG 15). Mining
operations spur economic growth and lower the
unemployment rate (SDG 8) and, when properly governed,
can contribute to mitigate inequalities and discrimination
(SDG 1, 5, 10). Mining companies are called upon a
responsible supply of raw materials, promoting peace,
justice, and strong institutions (SDG 16) and should
contribute to territorial development and to creating a longterm diversiﬁed economy based on the local endogenous
resources (Polo, 2006).

THE ENVIRONMENTAL DIMENSION OF
SUSTAINABLE MINING
The environmental impacts of mining depend on the attributes
of the local environment and on the type of mining activity
conducted (Spitz and Trudinger, 2009). They can be quantiﬁed
and are often even predictable. These impacts depend, ﬁrstly,
on the attributes of the local environment and, secondly, on the
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material recycling (e.g.,Liu et al., 2019). McLellan et al.
(2009) demonstrated that the biggest opportunity for impact
reduction of mining operations lies in the design phase, rather
than in operation or post-closure. Based on new technological
advancement in manufacturing and waste treatments, more
efﬁcient and environmentally friendly operations of the mining
industry have been introduced and demonstrate often
economic advantages in conjunction with energy savings
and less material use (Kagermann et al., 2013). These new
technologies will transform the operational mining business
towards smarter and sustainable exploration procedures
(Kesselring et al., 2020), autonomous mining (Roberts and
Duff., 2002; Gao et al., 2020) and a more effective
remediation of mining areas. Technology-driven and
recycling-oriented business models will also change
operations on and off-site (Tayebi-Khorami et al., 2019). At
the same time, the implementation of novel procedures
requires high investments (Pimentel et al., 2016). This is
even more pronounced for new technologies that increase
environmental performance without decreasing production
costs. For promoting the use of innovations that minimize
environmental damage, it seems wise to pursue a program
based on the obtainment of a social license to operate (SLO)
(Hilson and Nayee, 2002; Nikolaou and Evangelinos, 2010).
This business model could be developed either by the global
mining industry as a whole or by a coalition of governments
granting operational permits which would include
prescriptions for mining operations. This model may be
attractive for commercial investors, in particular for those,
who favour sustainability-oriented ﬁnancial investments
(Azapagic, 2004), or banks that are eager to improve their
image (Baumgartner and Rauter, 2017).

accountable. Independent environmental monitoring during
the whole mine life cycle and during a sufﬁciently long
period after the mine closure is a required instrument to
keep the mining activities under control, reduce the impact
to the environment and improve mining reputation.
Responsible mining activities inspired by a concept of weak
sustainability could drastically reduce greenhouse gases and
wastes and offset natural capital deﬁcits. Mines will develop
land use patterns that ensure high biodiversity and territorial
integration.
The development of innovative recycling processes is an
opportunity for mining companies since the technology is
similar to recovery. From a legislative/system perspective,
opportunities lie in the domain of stimulating the mining
industry in countries that have strict mining and
environmental legislation (that is actually implemented and
controlled) and transfer those good-practice cases into areas
where this has not been a current practice. Operating a mine
creates greenhouse gas emissions, but also provides materials
for providing carbon-neutral energy.

THE ECONOMIC DIMENSION OF
SUSTAINABLE MINING
The current business model is designed to maximise proﬁts for
the company and its shareholders. There is little incentive for
the company to invest in sustainable performance beyond the
minimum that is required. It is the state’s responsibility to
ensure that taxes and royalties are fairly distributed to society
(Franks 2020). There is no guarantee of beneﬁts to the
community, other than an expectation that the mining
company will do so. Beneﬁts that are delivered to the
community are often localised. There is also the risk that
monetary as well as non-monetary beneﬁts received by the
state from the mining company are not distributed
appropriately or fairly or are not perceived to be. By
investigating the interactions between environmental,
economic, and social impacts of mining instruments and
tools developed for accounting, assessing and balancing
beneﬁts and risks may serve as guidance to analyse
investments and quantify overall impacts to the natural and
social environment. The main objective of the economic
dimension of sustainability is to create a circular economy
in which economic incentives are present and effective to
reduce material and energy input, promote recycling and
minimize emissions. These goals need to be internalized
into the pricing system as an obligation for all direct
investments into sustainable pathways.
What are the immediate requirements for meeting the goals
of economic sustainability? 1) life cycle assessments
providing a numerical estimate of all environmental costs
from cradle to grave (Pelletier et al., 2019); 2) environmental
management accounting studies that assess the accumulated
costs of resource mining, use and disposal (Latan et al., 2018);
3) eco-efﬁciency assessments of circular economy
highlighting the most efﬁcient operations for mining and
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THE SOCIAL DIMENSION OF SUSTAINABLE
MINING
The failed relationships between communities and mining
corporations represent one of the single biggest market
risks to the extraction sector in 2020 (Ernst and Young,
2020). A sharp rise in conﬂict between communities and
companies has been observed between 2000 and 2013
(Andrews et al., 2017). In that respect, accidents are seen
as “focusing events” that attract the attention of the public and
lead to changes in public opinion but also public policy
(Birkland, 1997). Conﬂicts around mining touch upon
competing concepts of space. All of the critical actors need
to share the same vision of sustainability if mining is going to
be accepted. The Social Licence to Operate (Cooney, 2017) is
only attained when a mine gets or retains community
acceptance. Contextual social sustainability as deﬁned by
Suopajärvi et al. (2016) refers to the positive conditions for
communities, deﬁned as social coherence (Littig and Griessler,
2005), creation of social capital, preservation of socio-cultural
characteristics (Vallance et al., 2011) or valued and protected
local cultures (McKenzie, 2004) and quality of life (e.g., Littig
and Griessler, 2005; Partridge, 2005). The objective of social
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to a shared vision of sustainability. This goal oblieges those
with resources to support the engagement of those without,
namely the host community. Mining needs to look at the social
contract around mining. Due to the increasing concern about
access to and the governance of the extraction of raw
materials and the need to decarbonize and dematerialize
production, European actors may take the lead in becoming
powerful change agents. Europe could promote the initiative
for developing improved operational guidelines, promulgating
effective concepts of social licences to operate and generate
new and fair models for citizen involvement in local operations.
There are also other issues within social sustainability
beyond fairness and shared vision that need to be
addressed. Of special importance is the notion of
procedural fairness. This refers to political participation,
participatory processes, equity, justice, inclusion, access and
sense of common ownership (Partridge, 2005). The key issues
are related to the availability of open information, transparency
and participation in the different decision-making processes
that occur before and after the mine has been established.
What is perceived as socially sustainable in one place might
differ in another. This is strictly related to the expectations and
needs that the local people have for mining instead of the
concrete impacts (Suopajärvi et al., 2016). The local
communities set their own standards for that and stay in
the area after the mine is gone, which highlights the need
for them to participate in the governance of their own lands.
These frameworks provide a way to link what might be called,
established views of sustainability. The challenge in relation to
the procedure, is the temporal aspect. It is useless talking to
communities about a mine once plans have already been
ﬁnalised and the ﬁnances raised. How long does it take and
what mechanisms could be used to enable citizens’ capacity to
challenge and negotiate with a mine corporation? How long
would this up-front and ongoing investment need to be assured
for? If the ﬁnancial investment is from the EU how does it
recoup that investment and what about sovereign wealth
rules? There are no easy answers, but it does point to a
restructuring of the current mining business model given
that mine operators can sell and transfer ownership,
potentially collapse and dissolve and it is unlikely they want
to commit to 10 years investment up front, without a
guaranteed return. Currently, the present coalescence of
groups opposing mining in their own locality, offers an
opportunity to engage with and to explore what are the
pivotal factors driving both their opposition and their coming
together. There will be no sustainability for mining without
citizens’ consent. A new social contract for mining and wider
public dialogue is essential.

sustainability is achieved when the negative impacts of mining
are mitigated and the compensatory schemes for impacted
communities are equitable. The main goal is to achieve a fair
distribution of beneﬁts and risks within an overall framework of
minimizing impacts.
The reality is, however, different. Sustainability accounting
is still dominated by the belief in ﬁnancialization or
commodiﬁcation of social and environmental impacts based
on purely economic thinking. This is then often accentuated by
the physical and economic displacement of a host community,
resulting in a shift from a traditional economy to a purely cashbased economy and the rupturing of community (MacCallum,
2016; Proctor and MacCallum, 2019). There are signiﬁcant
failures embedded within this and similar approaches, not
least in that it designates value on identiﬁable “things”- so it
works better with rivers, trees and tangible assets. It does not
work at all for cultural artefacts, because they are difﬁcult or
impossible to be translated into monetary values. How can one
place a value on losing a family farm which has been in the
family for 400 years and all the social connection that entails?
Is it 10% over the land value as set by a surveyor?
Sustainable development practice focuses on the assets and
strengths within a community that can be built on to reduce
poverty, instead of focusing on perceived needs. The mining
sector is well placed, as a strategic investor, to beneﬁt from the
lessons learned in the development sector and to combine
responsible practice with effective relationships (Franks,
2020). What either the mining sector or the regulators must
do, is both engage with those that are opposed or might be
opposed in the future to mining operations in their locality.
Knowing where the ore is enables all actors to conceptualize
a proactive approach to engagement. Dealing with issues such
as concerns, fears, poor information, the need for host
communities’ economic gain from the extraction process and
scoping whether it is a 10-year project or a 50-year project as
well as closure issues, can be and need to be addressed.
Building the societal capacity to undertake such a far
reaching and complex set of engagement requires signiﬁcant
time and investment. In analysing the future of mining, all actors
involved need to move beyond the traditional twentieth century
business model of economic growth, with taxes and royalties
through mining carved up with spin-off opportunities for states,
regional governments, and certain businesses. If the COVID-19
pandemic has taught society anything, it is that if we do not
address our problems strategically and collectively as early as
possible, it can be very costly. Ignoring the EU’s need for access
to strategic minerals, to decarbonize our economy, will leave
everyone vulnerable in dealing with climate change and, also, at
the mercy of those controlling critical minerals in jurisdictions
where the human and environmental costs are less regulated,
much higher and outside of society’s control. Furthermore,
leaving the issue of fairness and just distribution unresolved
will result in a major withdrawal of support and loss of
acceptance by the local and regional communities. Changes
are urgently needed.
In conceptualizing sustainability to investigate barriers to
mining, we need to assure that all critical actors can be brought
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BALANCING THE RELATIVE CONTRIBUTIONS
OF MINING FOR SUSTAINABILITY
The three objectives of environmental sustainability can be
met by the mining industry if all actors involved actively pursue
this goal. Starting with the objective of decarbonization, the
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but also a task for all manufacturers that use minerals or
metals in their products.
When we turn to the social aspects of sustainability it has
become obvious that societies face an increase in awareness
of the importance of social aspects of mining. Based on the
survey done by Ernst and Young (2020) for the executives in
mining, social license to operate is seen as the top challenge/
risk related to the mining projects. This means that the
companies, from small junior exploration to larger mining
companies, must put effort and increased resources into the
social engagement in the very early stages of the project. This
means hiring a professional in the ﬁelds of social sciences
into the companies. Furthermore, the role of the miningrelated professional, in particular the geologist, miningrelated engineers and other “technical” staff, is an
important crucial asset to the company and can act as
“billboard” of the company to the local stakeholders.
Especially, the geologists, who are among the ﬁrst with
their boots on the ground in greenﬁeld exploration projects,
have the opportunity to “make or break” and be sensitive to
the needs and concerns of the local population depending on
how they engage with the locals (e.g., Mckenzie., 2004; Moffat
and Zhang, 2014). This responsibility means that
communication skills and social concern assessment
(Florin and Bürkler, 2017) are important educational
components for technical higher education (universities)
and continuing life-long-learning for the mining-related
professionals (e.g. Mckenzie., 2004). This type of evolution
in the education has already begun in Europe and is led by
European Union-funded projects such as INFACT (Horizon
2020) and EXplORE (EIT RawMaterials Academy; see
Jansson et al., 2020).
One major social concern of communities and affected
citizens is perceived fairness, in particular between local,
regional, national and global interests. Robertson (1992,
1996) deﬁned the term “glocal” to describe this difﬁcult
relationship. Mining operations should have shared
beneﬁts not only for the shareholders but also for the
stakeholders, including communities with their prior
approval (Littleboy et al., 2019). In addition to the positive
engagement of the company personnel and local
stakeholders, Moffat and Zhang (2014) pointed out that
procedural fairness is an important aspect of gaining
public trust and acceptance. This includes empowerment
of local actors to have a voice in the decision-making
process. When individuals feel that they are actively
participating in the decision-making process, they regard
the whole procedure as fair and are more likely to develop
a sense of afﬁliation with the mining operations.

mining industry is still far away from being carbon-neutral.
Mining is currently responsible for 4–7 percent of greenhouse
gas (GHG) emissions globally but could fully decarbonise
(excluding fugitive methane) through operational efﬁciency,
electriﬁcation,
and
renewable-energy
use.
Capital
investments are required to achieve most of the
decarbonisation potential, but certain measures, such as the
adoption of renewables, electriﬁcation, and operational
efﬁciency, do pay off for many mines within a reasonable
time span.
The second objective of dematerialisation is a basic
approach to reduce the pressure on the resources and
environment and to realise sustainable development (Qiu
et al., 2020). Even if dematerialisation is hardly consensual,
its narrative - the over-use of the natural resources of the Earth
and achieving or already transcending planetary boundaries receives increasing approval (Müller et al., 2017). Sustainability
in a material-economical system needs to be designed that the
most efﬁcient methods for energy use and the most effective
methods for material reduction are chosen as main targets of
operation.
The third objective, renaturalization, is particularly
challenging for the mining industry. Changes in land use
are inevitable in mining. The direct changes in the
landscape and the footprint of mining and exploration
activities expands during the life cycle of a mine.
Therefore, the closure plans are most essential and need
to be addressed before the mine starts operation. It is not
possible to restore a mining site to a situation comparable
pre-mining state, especially in cases of open pits. However,
re-naturalization is an important part of the closure of a mine.
By specifying the closure measures and procedures in
advance, the former mine site can be recultivated for safe
and environmentally benign use in the future and new land
use options (Sonter et al., 2020). The rehabilitation of, for
example, an acid generating mining site and tailings bonds
depends on a thorough understanding of the geo-chemistry at
the site. Passive treatments are needed to avoid oxidation
and acid generation of the tailings or open pits. It is essential
to forward the knowledge of chemistry of the site, directions
of water ﬂows and methods of closure to the following land
users along with the site-speciﬁc restrictions for the use of
the site (Räisänen and Juntunen, 2004). The concept of
ecosystem services may offer an application for landscape
planning at the post-mining site, but improved indicators are
needed to describe the optimal future uses of a mine site
(Larondelle and Haase, 2012). The choice of accounting
methodology and the setting of targets should be guided
by policy objectives (Mancini et al., 2015).
Turning to the economic aspects of sustainability, in
particular circular economy, is closely related to the
ecological objectives described above. The most important
instrument for circular economy in the mining industry is the
capacity building for reuse and recycling. Although metals
cannot be recycled for ever, the average period of metals
and minerals in us can be expanded for decades if properly
recycled. This is not only a task directed to the mining industry
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FIGURE 3 | Beneﬁcial governance structure for responsible mining (SDG, Sustainability Development Goals as deﬁned by the United
Nations).

increasingly been accompanied by new policy instruments
such as economic instruments (taxes, fees, subsidies) and
performance standards. These types of instruments can be
beneﬁcial
in
promoting
innovative,
cost-effective
environmental technologies. Such advances have been
made in managing water and waste metal toxicity, mine
closure, land rehabilitation and biodiversity protection (UNDP
and UN Environment, 2018). Furthermore, programs that
integrate
environmental,
geo-technical
and
social
sustainability objectives are also envisioned but need further
reﬁnement.
Preliminary steps towards such goals were proposed for
exploration (Figure 4). A Theory of Change was produced in
2019 and then reﬁned by INFACT partners based on
subsequent research and developments within the project to
produce a Discovery Roadmap. This is the ﬁrst attempt to our
knowledge to propose a process of strategic engagement
across all stakeholders. The roadmap was intended for
exploration activities and only covers the preliminary stages
of a mining project.
The greater recognition of social impacts has led to the
increasing adoption of community consultation revolving
around the concept of free, prior, and informed consent
(FPIC), with large players in the mining industry
increasingly involved (UNDP and UN Environment, 2018).
National regulatory instruments may include instruments
such as taxes, waste charges, and establishing new
protected areas (Sterner et al., 2019). Globally, the policy
scope for mining remains somewhat divided. Leading
companies play a large role, setting examples beyond
geographically deﬁned jurisdictions. In the policy domain, it
implies that one set of policy instruments does not ﬁt all
jurisdictions equally. For instance, the utilization of new
market and performance-based instruments set high
knowledge requirements for both mining companies and
regulatory agencies. In countries where mining operators
are relatively small and inexperienced, setting clear,

mechanisms. Societal and political demands for such
instruments have grown since the 1980s, when the
liberalization of the mining industry coincided with the rise
in global environmental awareness (Warhurst, 1999). The
global climate movement urging climate action has caused
both proactive and defensive reactions from governments and
industries alike (Rosewarne et al., 2013). Actual policy design
and implementation are characterized by complexities such as
market structure, lobbying power, asymmetric information,
risks and uncertainties (Sterner et al., 2019) are hardly
visible (Venghaus et al., 2019) driven by vested interests
(Obersteiner et al., 2016). Overcoming opposing interests
often requires integrative policies that internalise societal
and environmental costs (Pizzol et al., 2014). A notable
change is expected when the incorporation of negative
external effects will affect the budgets of both private and
public households.
Figure 3 is an attempt to visualize the linkages between
actors and impacts. It provides a systematic compilation of
potential consequences of mining operations and
distinguishes between monitoring, assessment, and
implementation. Whenever possible, impacts that are
monitored, assessed, and managed should be quantiﬁed.
Impacts that can only be qualitatively characterized should
be included in a balanced assessment of opportunities
and risks.
As corporate environmental responsibility is more driven by
“internal pressure” (Annandale and Taplin, 2003a; Annandale
and Taplin, 2003b), the improved environmental performance
relies on leadership, organisational learning and capacity
building. Over the past decades, the polluter pays principle
has been widely accepted as a basis for shifting the burden of
pollution prevention to industries, including mining companies.
This shift has occurred at a differing pace in different countries,
with the globally active mining companies, operating across
jurisdictions, leading the way. Simultaneously, the growth in
traditional forms of top-down, prescriptive regulation has
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FIGURE 4 | INFACT discovery map based on the recognized need to include all stakeholders at an early stage. It assumes that Europe’s
exploration and mining sector should become fully acceptable by focussing on three long term goals: 1) The European Commission develops a
legislative framework for improved social performance. 2) International Finance Institutions, banks and private equity consider investment
opportunities for critical raw material exploration, with companies that actively consider the ESG risk proﬁle of their proposed activities. 3)
Achieving and /or maintaining a SLO is considered from the outset of a project with effective engagement of potentially affected communities to
improve awareness and trust, understanding of the local context and values and socio-economic shared value through collaborative planning.

handling these data. Mineral-rich African countries must
optimise beneﬁts derivable from emerging Earth Observation
technologies and associated spatial data for measuring
contributions of the mining sector to speciﬁc SDGs
(Moomen et al., 2019).
Urged by new policies such as the Green Deal of the
European Union, the United Nations Guiding Principles on
Business and Human Rights, the Extractive Industry
Transparency Initiative (EITI), the Dodd-Frank Act and
others, a transition of the mining industry towards a lowcarbon and circular economy has started and gains
momentum. However, their implementation may be
hampered by corruption and limited transparency in
governmental oversight (Sturesson et al., 2015). In recent
years green bonds, e.g. ﬁnance schemes that are linked to
good environmental performance, received growing attention
(Ehlers and Packer, 2017) and might have effects on
sustainability gains (Maltais and Nykvist, 2020). Green
bonds enable capital-raising and investment for projects
with proven environmental beneﬁts. The green bond
principles support environmentally sound and sustainable
projects that foster a net-zero emissions economy and
protect the environment. By recommending that issuers

unambiguous technology standards might achieve better
outcomes (UNDP and UN Environment, 2018). Also, gaps
and loopholes between nationally deﬁned regulatory
systems, such as mining in sea-bed areas need to be
closed (Van Dover, 2011). Voluntary initiatives such as
company disclosure (Christopher et al., 1997; Mudd, 2010),
or consortia (e.g., IRMA - Initiative for Responsible Mining
Assurance) and hybrid forms that merge top-down regulation
and voluntary measures, such as the African mining vision,
attempt to connect mineral resources policies with inclusive
development. At the same time, however, only few countries
have expressed a need for geoinformation in mining policies
or set parameters to buffer environmental and social
variables.
The lack of geospatial data infrastructures and their use in
mining projects act as impediments to implementing
sustainable mining policies. The lack of geoinformation may
result in poor beneﬁt-sharing, poor understanding of
environmental risks, and a lack of integrated land use
planning in resource-rich African countries. There is a need
to expand awareness on the value of and to enhance access to
geoinformation, establishing a space for geoinformation in
Country Mining Visions, and to strengthen local capacity for

Earth Science, Systems and Society | The Geological Society of London

9

April 2022 | Volume 2 | Article 10049

Renn et al.

Metal Sourcing for Sustainable Future

associations but also by large standardization
organizations such as the ISO. The main goal is to
include the objectives of ecological, economic, and
social sustainability as major benchmarks for
operation with clear provisions for measurement,
monitoring, and compliance management.
4) Global governance structures: It would be a major step
forward if regional and national regulations were to be
harmonized world-wide so that all mining operations are
bound to the same sustainability criteria and rules
regardless of where they operate. Such a global
agreement could still include adjustments for considering
regional conditions. Yet, as long as such a global accord is
missing, it is important that all nations that are willing to
cooperate promulgate legislation that provides incentives
for sustainable practice. It may be worth-while creating a UN
secretariat or even a new unit at the UN for governing worldwide mining operations. The more sustainability evolves into
a key driver for change the more the global community
needs a forum where rules for mining can be developed,
negotiated, and implemented.
5) Financial instruments (green investment funds): As part of
the triangulation of measure to ensure the compliance with
sustainability goals the ﬁnancial sectors could include
sustainability indicators when banks make decisions about
loans or when rating agencies assign grades to the
performance of companies.

report on the use of green bonds it triggers a transparency
that facilitates the tracking of funds to environmental projects
and their estimated impact. Green bonds have a relatively
large share in sectors related to environmentally induced
credit risks, but mining is hardly recognized in green bond
investment portfolios. The effectiveness of private and public
ﬁnancial instruments and green investment strategies are
therefore still controversial. While structural challenges on
the public level (e.g., corruption) are often hard to counteract,
the emergence of sustainable investment and voluntary
schemes are a leverage to impact supplier and consumer
side. Sustainable governance will need to rely partly on the
active role of the industry and especially international
companies.

CONCLUSION
Sustainable exploration and mining must reach environmental,
economic,
and
social
development
goals;
the
alternative–mining is never sustainable–would result in
intolerable negative environmental and social impacts. The
sector needs transparent and inclusive stakeholder
participation as well as a holistic understanding of the
impact of their activities to meet the principle(s) of weak
sustainability.
There is a plethora of domestic, regional, and international
legal and regulatory frameworks, as well as formal and
informal initiatives and instruments (including at company
level), which are all aimed at improving governance of the
extractive industry for increased economic prosperity and
environmental protection. Based on our analysis, we would
recommend the following concrete steps towards a more
sustainable mining governance:

In addition, new policy instruments and approaches, e.g.,
hybrid forms of governance and consumer-oriented measures
(demand management) may play a role in the governance of
mining and mineral extraction. In addition, customary law and
land tenure are important regulatory mechanisms, especially in
indigenous territories.
Regardless which governance measures are introduced
there will always be trade-offs between opportunities such
as facilitating the energy transition, innovative battery
design and e-mobility on the one side and risks for
ecosystem and social communities on the other side. It is
important to ﬁnd the right balance that ensures shared
beneﬁts and reduces the risks. But there is no zero-risk
solution, and one can only speak about risk reduction, not
elimination. As political pressure on industry will increase
due to the climate crisis, the economic risks for energyconsuming industrial sectors will increase respectively. This
pressure on the mining industry might be ampliﬁed because
of existing mutual interaction between the natural
environment, mining industry, society, and economy.
Decision making authorities need to balance public
opinion, objective information about real consequences of
mining activities, sustainable development goals, a
necessity for climate change mitigation and economic
development.
Our analysis shows that the sustainability of mining
cannot be reached without harmonized political
instruments and investment policies that take the three
pillars of sustainability as a major priority. There is no

1) Planning and management at organizational level: here the
companies and the investors that provide capital to these
companies have prime responsibility to place sustainability
indicators into their decision-making and controlling activities.
If sustainability is not part of the accounting system, it will not
be advanced.
2) Regional and national regulations (legal instruments,
permitting); All mining operations are embedded in a
context of regional and national regulations and
requirements. These regulations should be guided by the
three dimensions of sustainability. In particular, they
should provide incentives (tax reductions for excellent
sustainability performance or penalties for violations of
sustainability goals) that may offset the ﬁnancial burden
for investing in sustainable operations. Furthermore,
regional regulation should ensure the empowerment and
involvement of local communities and actors in shaping the
operating conditions (as for example speciﬁed in the
license for operation).
3) Voluntary agreements and certiﬁcation systems in the
industries: The most important instrument here is the
license to operate. This could be facilitated by mining
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FUNDING

one-size-ﬁts-all single innovation concept that will resolve
the challenges of the mining industry, let alone provide
positive contributions to the sustainable development
goals of the UN (SDGs). Societal innovations are mainly
positive for advancing the goals of sustainability, but they
are often accompanied by negative implications on the
direct economic viability of mining operations. However,
in the long-term, these innovations and reforms are
absolutely necessary for making mining a future-proof
activity.
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