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Non-technical summary. As we consider a transition to a low-carbon future, there is a need
to examine the mineral needs for this transformation at a scale reminiscent of the Green
Revolution. The efficiency gains of the agrarian transition came at ecological and social
costs that should provide important lessons about future metal sourcing. We present three
options for a Mineral Revolution: status quo, incremental adaption and revolutionary
change. We argue that a sustainable Mineral Revolution requires a paradigm shift that con-
siders wellbeing as a purpose and focuses on preserving natural capital.
Technical summary. As we consider a transition to a low-carbon future, there is a need to
examine the mineral needs for this transformation at a scale reminiscent of the Green
Revolution. The efficiency gains of the agrarian transition came at ecological and social
costs that can also provide important lessons about the Mineral Revolution. We lay out
some of the key ways in which such a mineral revolution can be delineated over temporal
scales in a paradigm shift that considers wellbeing as a purpose and focuses on preserving nat-
ural capital. These prospects are conceptually presented as three pathways that consider the
status quo, incremental adaption and revolutionary change as a means of planning more
effectively for a low-carbon transition.
Social media summary. Sourcing metals sustainably will require to consider wellbeing as a
purpose and to preserve natural capital.

Given firm political commitments to deliver net zero carbon by 2050, there is indisputable evi-
dence regarding the need for minerals to construct and service climate neutral infrastructure.
Technology commodities such as lithium, cobalt and graphite could face demand increases in
mining of more than 500% (World Bank, 2020). To achieve the 2050 goal, new renewable
energy networks such as wind, solar and geothermal power will require substantial amounts
of minerals and base metals including copper, aluminium, steel and cementitious minerals,
perhaps up to 3 billion tonnes (Vidal et al., 2016). Mining could directly influence 49.9 million
km2 of Earth’s land area, assuming impacts extend 50 km from mine sites (Sonter et al., 2020)
but indirect negative repercussions (e.g. pollution, downstream processing) have yet to be
quantified. The sum of extracted materials (Baninla et al., 2019) is now of the same magnitude
as the global land–ocean sediment flux (Mouyen et al., 2018). There are enormous challenges
to reducing the carbon and environmental footprint of mining activities (Rötzer & Schmidt,
2020). With the increased mineralogical complexity of ores and increasing depths from
which they are recovered and even with the introduction of new technologies, including metal-
lurgical advances and extensive use of electricity from renewable energies, it will be difficult to
ensure that human impacts on nature do not exceed the natural capital (Dasgupta, 2021).

The conundrum for society is that mining seems to be an essential but socially unpalatable
part of our greener, low-carbon future. In a project recently funded by the Norwegian Research
Council, this phenomenon was labelled ‘the green curse’ (Herrington, 2021). The acceptance
of mining activities is particularly low because the negative impacts on land use, environment
and health occur at the local level, but the positive income and employment effects is only
measured at a national level (Mancini et al., 2018) or beyond borders. Where mining under-
pins national economies, such as in Australia, public support for the extractive industry
remains broadly positive, but at the local level, even in many traditional mining heartlands,
opportunities to establish new mines typically face critical public reactions and community
opposition (Temper et al., 2018). Across the European Union, despite the mineral-rich future
implicit in delivering its new ‘Green Deal’ (GD), the extractive sector has the lowest rates of
public acceptance of all industrial sectors (Pellegrini, 2016). The apparent growing disenchant-
ment with mining seems rooted in the wider socio-ecological unrest linked to the global
climatic and ecological crises and the associated contention that an industry based on the
extractive removal of a finite resource cannot be sustainable or environmentally benign,
even if these minerals are needed to deliver the GD. For that reason, citizens of developed
countries seem equally reluctant to embrace the sourcing of its raw materials locally or even
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from the backyards of other jurisdictions, particularly developing
nations. Addressing these legitimate societal concerns will require
the extractive sector to meaningfully align with the emergent glo-
bal sustainability mission of long-term wellbeing for all (O’Neill
et al., 2018). It also requires concerted policy changes from appro-
priate governments to ensure that the mineral demands of deliver-
ing the GD are sourced in net positive ways for people and the
planet. This ambition should be shared by industry if the success-
ful financing, permitting and development of profitable mining
operations is obliged to comply with internationally respected
policies that will deliver net positive outcomes for all stakeholders.
To grapple with this perplexing challenge, geoscientists and pol-
icymakers need to couch discussions of the Anthropocene in
the context of a new Mineral Revolution (MR), in many ways
like how the ‘Green Revolution’ (GR) in the 1960s was charac-
terised for agriculture. Whilst the benefits of the GR may have
outweighed the costs in terms of its overall value for meeting
food security challenges of the planet (Evenson & Gollin, 2003),
it is clear that the MR should avoid some of the negative aspects
that the GR brought and develop strong positive environmental,
social and governance (ESG) credentials (Benton & Bailey, 2019).

In recent years, the prevailing Anthropocene economic logic of
profit maximisation as the key way for business to generate wealth
and deliver wellbeing for wider society has been challenged as the
socio-ecological costs of accelerating economic growth and mater-
ial consumption become ever more apparent (Wiedmann et al.,
2020). Concerns about the sustainability and social responsibility
of businesses have become an increasingly high-profile issue,
none more so than in the mining sector (Jenkins & Yakovleva,
2006). An alternative economic paradigm characterised by the
pursuit of human and ecological wellbeing rather than material
growth has recently emerged: a wellbeing economy (WE)
(Llena-Nozal et al., 2019). At the vanguard is a small but influen-
tial group of governments (Finland, New Zealand, Iceland, Wales
and Scotland) who are declaring that their countries are to be gov-
erned with wellbeing and economic outcomes as priorities
(Wellbeing Alliance, 2021). The economic logic of the wellbeing
framework is building momentum, offering a powerful and adapt-
able cultural and socio-economic narrative that can be extended
globally (Fioramonti et al., 2022).

How that narrative is framed in terms of the mining sector is
critical, and different potential development pathways are shown
in Figure 1 using the Three Horizons illustrating this framework
(Sharpe et al., 2016). In the first pathway, business as usual, exter-
nal forces (financial and regulatory) accelerate the decline and
demise of the current sector behaviours, norms and drivers
(grey). In response, the second ‘innovation’ pathway impels the
mining industry towards a profound change of business model
and leads the transition to a circular economy (blue), but falls
short of the broader demands of a genuine wellbeing-based econ-
omy. But ‘in the wings’ lurks a third ‘visionary’ pathway, in which
the extractive industry is part of a paradigm shift in our society,
and a pillar of well-being and environment (green). A fundamen-
tal pillar of this more radical approach is a sector-wide focus on
ensuring the wellbeing of the natural capital resource – reducing
the environmental footprint of mining activities, greening extract-
ive operations and making efficiency gains, and practices that
pursue ‘no net loss’ (Sonter et al., 2014) or ‘net positive impact’
(Teck, 2017).

Although there is little evidence that the mining sector is setting
course for a radical well-being oriented development pathway, there
are clearer signs of an impetus towards innovation-led change.

There is general consensus that we need to decrease our environ-
mental footprint by wasting less, reusing and recycling more and
perhaps more controversially lower developed societies ‘mineral
metabolism’ (e.g. Marín-Beltrán et al., 2022). But achieving the
ambition of a truly circular economy by 2050 is challenging even
though there are key efforts in that regard (e.g. Korhonen et al.,
2018). Better tracking of stocks and flows and shifts towards produ-
cer ownership models might help to increase this circularity.
Currently the levels of recycling for a range of minor metals are
low (e.g. rare-earth elements) largely because the cost of recycled
product is higher than mined raw materials (e.g. Babbitt et al.,
2021). Increasing costs for raw materials could perhaps act as a
financial stimulus for change. For other metals there is an insuffi-
cient mined stock in the system that can be recycled (e.g. lithium,
cobalt). In fact, for many metals even increased recycling rates will
not be enough to satisfy demand (World Bank, 2020) and future
technologies may demand the use of metals not currently recovered
(e.g. scandium). An audit and complete inventory of mining wastes
and stocks may help, particularly for companion metals (e.g. Co,
Re, Ga, Ge), as well as a requirement for this to be a mandatory,
ongoing venture. In many cases, cleaning up mine wastes can
have the benefit of yielding useful metals (Hudson-Edwards
et al., 2011) and construction materials. Designing the global infra-
structure for its reuse potential (the urban mine) should also be an
integral part of that plan (Heisel & Hebel, 2021). In the aftermath
of the COVID-19 pandemic, the transition for a ‘green reset’
towards a low-carbon energy future is gathering momentum. On
24th February 2021, President Biden issued a new Executive
Order on securing responsibly sourced supply chains of critical
materials, including metals (White House, 2021). Coordinating
mineral supply to build the infrastructure required for wind,
solar and hydrogen energy delivery as well as storage is more urgent
if we are to meet the renewed ambitions for meeting the Paris
Agreement targets (Ali et al., 2017). Criticality of the supply
chain also affects construction raw materials and base metals.
The United Nations Environment Assembly commissioned an
international consultative process towards improved mineral gov-
ernance in 2019 and the findings are now being assembled.
Among the suggestions that have emerged from the consultations
is the creation of an International Minerals Agency which would
be able to monitor prices, look at material stocks and flows, stream-
line the environmental and social performance of the mining sec-
tor, while also eventually aspiring for a circular economy
(International Resource Panel, 2020).

Such efforts are important to transcend parochialism and need
global coordination, but such resource governance changes ought
to be seen as part of a more holistic and purposeful approach to
extractives. To date, the social purpose of mining companies has
been largely restricted to corporate social responsibility initiatives
which – like many other parts of the corporate world – has gen-
erally been seen as a bolt-on activity rather than core business.
But in the WE, ‘the purpose of business is to solve the problems
of people and planet profitably, and not profit from causing pro-
blems’ (British Academy, 2021). The concepts of WE can be
adapted to different social and economic situations, allowing an
easier implementation in policy processes and encompassing cul-
tural idiosyncrasies, suitable to advanced economies and less
industrialised societies. In that context – reflecting a growing
purpose-led shift within the wider business culture (Hurth &
Vrettos, 2021) – mining companies ought to re-define themselves
as ‘purpose-driven organisations’, reframing mining as an endeav-
our in which profit becomes a vital means to achieving a more
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ambitious, enduring, motivating and meaningful contribution to
global society. Also, instead of focusing on stakeholder engage-
ment, the extractive sector should favour collaborative approaches
(Fraser, 2018) and go beyond simply complying with ESG criteria
and standards. The life of any mine is finite, and community par-
ticipation is vital in designing post-mining legacies and compen-
satory actions for repurposing the land for next use (e.g. natural
capital compensation schemes or nature-based solutions).
Mining companies should move from being ‘socially-engaged’
to being ‘socially-embedded’ organisations that, before any ven-
ture is sanctioned, fully recognise and account for the value of
not just the ‘mineral play’ but the ‘community play’ they operate
in and the wider environment they impact (Braungart &
McDonough, 2002; Rötzer & Schmidt, 2020).

This cultural shift will require adaptive change in mindsets and
skillsets within the industry. Delivering against a people-centred,
wellbeing-aligned ‘purpose’ will demand a greater integration of
geoscientists and engineers involved in mineral production with
experts in, social sciences, biodiversity and economics. With
exploration being the first step of any mining project, geoscientists
are generally the first ‘boots on the ground’ and so need to be bet-
ter skilled in a strong and authentic approach to ESG from the
outset. Communication will become a critical skillset as society
at large needs to understand the entire value chain of minerals,
the stocks and flows, their impact on society (including on indi-
genous cultures), and the potential for application of more sus-
tainable practices in their recovery and use.

The scale of the challenge ahead should not be underestimated.
Mining is a truly global venture. Minerals are often sourced and
mined in countries that are not the main consumers of the min-
eral product. Consuming countries benefit from the greater finan-
cial opportunities at the service and product levels, versus the raw

material itself. The financial sector has already started to include
sustainability indicators to assess investments and rating agencies
could assign ESG grades to the performance indicators of com-
panies (Renn et al., 2022). Europe for example, has a challenge
with respect to sustaining its needs for raw materials, producing
far less than it needs to sustain greener technologies (Smol
et al., 2020). Some in the mining sector favour a renewed local
mineral extraction in Europe, given the good mineral exploration
potential on the continent (Vidal et al., 2016) and already sub-
stantial ESG standards. In this context, the European mining sec-
tor could be a driver of a truly transformative agenda for positive
change, especially for standards in responsibly sourced raw
minerals and zero waste production. At the same time, mining
is a key industry in many emerging economies and benefit-
sharing instruments should be developed to generate a more
inclusive development. Small-scale mining can play a pivotal
role in alleviating poverty in the developing world and contributes
significantly to national revenues and foreign exchange earnings.
In any case, regional and national regulations should be harmo-
nised at a global scale to bind extractive operations to the same
sustainability criteria and rules regardless of where they operate
(Renn et al., 2022). Attention should also be directed on the dis-
proportionately negative impacts on women, women’s changing
roles and identities in communities affected by mining, gendered
inequalities in relation to the benefits of mining (Jenkins, 2014)
but also on minorities such as indigenous communities. The
21st century mining needs a ‘moonshot’ mission and delivering
genuine wellbeing improvement across society would seem to be
a purpose that the extractive sector could meaningfully rise to.

Acknowledgements. This paper resulted from discussion at the 2-day vir-
tual debate event ‘Can Mining Make the World a Greener Place?’ (https://

Figure 1. Future of mining as viewed through the ‘Three Horizons’ foresight tool of Sharpe et al. (2016). The first horizon (black line) is the current ‘business as
usual’ pathway of behaviours, norms and drivers, which are expected to decline in influence as the wider landscape changes (e.g. due to climate change, shifting
markets or changes in digital technology). The third horizon (green line) represents a radical visionary pathway that would deliver outcomes viable in the future.
The second horizon (blue line) is the intermediary transition space where disruptive innovations and actions help create space for the third horizon pattern to grow.
In this heuristic approach, all Three Horizons exist simultaneously – in the present, medium and longer term – albeit to greater or lesser extent. Each path is
described by key features (circles) that illustrate the choices, goals or consequences that define a given alternative. ESG, environmental, social, governance,
SDG, sustainability development goals.

Global Sustainability 3

https://doi.org/10.1017/sus.2022.13 Published online by Cambridge University Press

https://bit.ly/3mqF1Fu
https://bit.ly/3mqF1Fu
https://doi.org/10.1017/sus.2022.13


bit.ly/3mqF1Fu) co-convened by the Natural History Museum and the
INFACT and PACIFIC Horizon 2020 projects in December 2020.
Figure inspired by John Elkington with our many thanks. Part of this research
has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement no. 776487 (INFACT).

References

Ali, S., Giurco, D., Arndt, N., Nickless, E., Brown, G., Demetriades, A.,
Durrheim, R., Enriquez, M.A., Kinnaird, J., Littleboy, A., Meinert, L.D.,
Oberhänsli, R., Salem, J., Schodde, R., Schneider, G., Vidal, O., &
Yakovleva, N. (2017). Mineral supply for sustainable development requires
resource governance. Nature, 543, 367–372.

Babbitt, C. W., Althaf, S., Rios, F. C., Bilec, M. M., & Graedel, T. E. (2021). The
role of design in circular economy solutions for critical materials. One
Earth, 4(3), 353–362.

Baninla, Y., Zhang, M., Lu, Y., Liang, R., Zhang, Q., Zhou, Y., & Khan, K.
(2019). A transitional perspective of global and regional mineral material
flows. Resources, Conservation and Recycling, 140, 91–101.

Benton, T. G., & Bailey, R. (2019). The paradox of productivity: Agricultural
productivity promotes food system inefficiency. Global Sustainability,
2(E6). https://doi.org/10.1017/sus.2019.3.

Braungart, M., & McDonough, W. (2002). Cradle to cradle: Remaking the way
we make things. North Point Press.

British Academy (2021). Policy & Practice for Purposeful Business. Available
online at https://www.thebritishacademy.ac.uk/publications/policy-and-
practicefor-purposeful-business/ (accessed December 8, 2021).

Dasgupta, P. (2021). The economics of biodiversity: The Dasgupta review. HM
Treasury.

Evenson, R. E., & Gollin, D. (2003). Assessing the impact of the green revolu-
tion, 1960 to 2000. Science, 300(5620), 758–762.

Fioramonti, L., Coscieme, L., Costanza, R., Kubiszewski, I., Trebeck, K., &
Wallis, S. (2022). Wellbeing economy: An effective paradigm to mainstream
postgrowth policies? Ecological Economics, 192, 107261. https://doi.org/10.
1016/j.ecolecon.2021.107261.

Fraser, J. (2018). Mining companies and communities: Collaborative
approaches to reduce social risk and advance sustainable development.
Resources Policy, 101144.

Heisel, F., & Hebel, D. (eds) (2021). Urban mining und kreislaufgerechtes
Bauen. Fraunhofer IRB Verlag.

Herrington, R. (2021). Mining our green future. Nature Reviews Materials,
6(6), 456–458.

Hudson-Edwards, K. A., Jamieson, H. E., & Lottermoser, B. G. (2011). Mine
wastes: Past, present, Future. Elements, 7, 375–380.

Hurth, V., & Vrettos, A. (2021). Unleashing the sustainable business: How pur-
poseful organisations can break free of business-as-usual. University of
Cambridge Institute for Sustainability Leadership.

International Resource Panel (2020). Mineral Resource Governance in the 21st
Century: Gearing extractive industries towards sustainable development.
United Nations Environment Programme.

Jenkins, H., & Yakovleva, N. (2006). Corporate social responsibility in the min-
ing industry: Exploring trends in social and environmental disclosure.
Journal of Cleaner Production, 14, 271–284.

Jenkins, K. (2014). Women, mining and development: An emerging research
agenda. The Extractive Industries and Society, 2, 329–339.

Korhonen, J., Honkasalo, A., & Seppälä, J. (2018). Circular economy: The con-
cept and its limitations. Ecological Economics, 143, 37–46.

Llena-Nozal, A., Martin, N., & Murtin, F. (2019). The economy of wellbeing:
Creating opportunities for people’s wellbeing and economic growth, in
OECD Statistics Working Papers, No. 2019/02 (Paris: OECD Publishing).

Mancini, L., Eynard, U., Eisfeldt, F., Ciroth, A., Blengini, G., & Pennington, D.
(2018). Social assessment of raw materials supply chains. A life-cycle-based
analysis, EUR 29632 EN, Publications Office of the European Union,
Luxembourg. ISBN 978-92-79-99074-8, https://doi.org/10.2760/470881,
JRC112626.

Marín-Beltrán, I., Demaria, F., Ofelio, C., Serra, L. M., Turiel, A., Ripple, W. J.,
Mukul, S. A., & Costa, M. C. (2022). Scientists’ warning against the society
of waste. Science of the Total Environment, 811, 151359.

Mouyen, M., Longuevergne, L., Steer, P., Crave, A., Lemoine, J.-M., Save, H., &
Robin, C. (2018). Assessing modern river sediment discharge to the ocean
using satellite gravimetry. Nature Communications, 9, 3384.

O’Neill, D. W., Fanning, A. L., Lamb, W. F., & Steinberger, J.K. (2018). A good
life for all within planetary boundaries. Nature Sustainability, 1, 88–95.
https://doi.org/10.1038/s41893-018-0021-4.

Pellegrini, M. (2016). Fostering the mining potential of the European Union.
European Geologist, 42, 10–14.

Renn, O., Gloaguen, R., Benighaus, C., Ajjabou, L., Benighaus, L., Del Rio, V.,
& Wagner, F. (2022). Metal sourcing for a sustainable future. Earth Science,
Systems and Society, 5. https://doi.org/10.3389/esss.2022.10049

Rötzer, N., & Schmidt, M. (2020). Historical, current, and future energy
demand from global copper production and its impact on climate change.
Resources, 9, 44.

Sharpe, B., Hodgson, A., Leicester, G., Lyon, A., & Fazey, I. (2016). Three hor-
izons: A pathways practice for transformation. Ecology and Society, 21, 47.
https://doi.org/10.5751/ES-08388-210247

Smol, M., Marcinek, P., Duda, J., & Szołdrowska, D. (2020). Importance of
sustainable mineral resource management in implementing the circular
economy (CE) model and the European green deal strategy. Resources,
9, 55.

Sonter, L., Moran, C. J., Barrett, D. J., & Soares-Filho, B. (2014). Processes
of land use change in mining regions. Journal of Cleaner Production, 84,
494–501.

Sonter, L. J., Dade, M. C., Watson, J. E. M., & Valenta, R.K. (2020). Renewable
energy production will exacerbate mining threats to biodiversity. Nature
Communications, 11, 4174.

Teck (2017). Biodiversity Balance: Measuring our Net Positive Impact. https://
www.teck.com/news/stories/2017/biodiversity-balance--measuring-our-net-
positive-impact.

Temper, L., Walter, M., Rodriguez, I., Kothari, A., & Turhan, E. (2018). A per-
spective on radical transformations to sustainability: Resistances, move-
ments and alternatives. Sustainability Science, 13(3), 747–764.

Vidal, O., Herrington, R., & Arndt, N. (2016). Metalle für Europas Industrie –
ob die Öffentlichkeit sie will oder nicht? (English: Metal needs for European
industry – whether the public wants it or not?). In Peter Kausch,
Jörg Matschullat, Martin Bertau, & Helmut Mischo (Eds.),
Rohstoffwirtschaft und gesellschaftliche Entwicklung (pp. 3–18). Springer
Spektrum.

Wellbeing Alliance (2021). https://weall.org/wego (accessed 20.02.2022).
White House (2021). https://www.whitehouse.gov/briefing-room/presidential-

actions/2021/02/24/executive-order-on-americas-supply-chains/.
Wiedmann, T., Lenzen, M., Keyßer, L. T., & Steinberger, L. (2020). Scientists’

warning on affluence. Nature Communications 11, 3107. https://doi.org/10.
1038/s41467-020-16941-y.

World Development Report (2020). Trading for development in the age of glo-
bal value chains. World Bank.

4 Richard Gloaguen et al.

https://doi.org/10.1017/sus.2022.13 Published online by Cambridge University Press

https://bit.ly/3mqF1Fu
https://doi.org/10.1017/sus.2019.3
https://www.thebritishacademy.ac.uk/publications/policy-and-practicefor-purposeful-business/
https://www.thebritishacademy.ac.uk/publications/policy-and-practicefor-purposeful-business/
https://www.thebritishacademy.ac.uk/publications/policy-and-practicefor-purposeful-business/
https://doi.org/10.1016/j.ecolecon.2021.107261
https://doi.org/10.1016/j.ecolecon.2021.107261
https://doi.org/10.2760/470881
https://doi.org/10.1038/s41893-018-0021-4
https://doi.org/10.1038/s41893-018-0021-4
https://doi.org/10.3389/esss.2022.10049
https://doi.org/10.5751/ES-08388-210247
https://doi.org/10.5751/ES-08388-210247
https://doi.org/10.5751/ES-08388-210247
https://www.teck.com/news/stories/2017/biodiversity-balance--measuring-our-net-positive-impact
https://www.teck.com/news/stories/2017/biodiversity-balance--measuring-our-net-positive-impact
https://www.teck.com/news/stories/2017/biodiversity-balance--measuring-our-net-positive-impact
https://www.teck.com/news/stories/2017/biodiversity-balance--measuring-our-net-positive-impact
https://weall.org/wego
https://weall.org/wego
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/02/24/executive-order-on-americas-supply-chains/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/02/24/executive-order-on-americas-supply-chains/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/02/24/executive-order-on-americas-supply-chains/
https://doi.org/10.1038/s41467-020-16941-y
https://doi.org/10.1038/s41467-020-16941-y
https://doi.org/10.1038/s41467-020-16941-y
https://doi.org/10.1017/sus.2022.13

	Mineral revolution for the wellbeing economy
	Acknowledgements
	References


