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Abstract

The increasing need for metals announced for the next years as part of the energy transition effort
cannot be counterbalanced by the recycled metals only. Understanding the natural, anthropic and
environmental life cycles of metals must become a prerequisite to further extraction-to-manufacturing
development projects, as part of a global reflection and effort for developing a circular economy,
increasing low carbon energy production and protecting the biosphere.The full understanding of the
future evolutions of both needs and resources, and their impact on the planet and life, needs inter-
disciplinary research. Besides, developing an excellent analysis of environmental, social, and governance
factors related to mineral resource production will help make the right decisions at all levels.
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Introduction

World population growth, increasing urbanization and rapid technological change point
to the need to ensure the supply of raw materials, as our societies and industries embrace
their digital and ecological transitions. The significant consequence is the need for increasing
quantities of mineral resources of great diversity (base metals, rare earth elements, minor
metals, lithium). However, their supply has now been globally acknowledged as both
environmentally and geo-strategically challenging. Following the 2012 rare earths China-
Japan trade dispute, the concept of criticality was defined for a series of natural elements,
mostly imported, identified as not easily substitutable by others in specific industries like high
tech and energy transition [1]. Other recent crises, up to the current global pandemic, affect
the supply and price market of rare earths and other raw materials, repeatedly highlighting
the need to completely re-think our vision of the exploitation of the planet resources. The
2015 Paris climate agreement and call for action [2], the World Bank’s Climate Smart Mining
Facility (2020) [3], both support the transition to green technologies through a responsible
and sustainable extraction and processing of minerals and metals, by minimizing carbon and
materials footprints. In this general context, research initiatives and incentives at the national
level or the continental scale as in Europe, have emerged to mitigate better the transition
to low carbon energies, including the topic of the extraction of critical metals. Research
programs were developed at the scale of Europe like the European Institute of Innovation
and Technology (EIT) dedicated to Raw Materials, H2020, and national efforts such as those
organized by DERA in Germany, and Laboratories of Excellence “LabEx” in France funded by
the French National Agency for Research (ANR) such as Labex RESSOURCES21. This research
initiative fills the gaps between disciplines through cross-disciplinary approaches and covers
all aspects of the three life-cycles of metals: natural, industrial and environmental. The
objectives of this paper are to present the original ways chosen by RESSOURCES21 to depict
the metal life-cycles in their global context and to stimulate innovative research results and
recommendations.

A Three-Life-Cycle Vision of Metal Resources

As an analogy to the vision of a mine-life cycle, we argue that exploring the specificities of
some groups of critical metals from extraction to recycling through their “life-cycle” is a proper
way to look at metals. It enables, in particular, characterizing their geological concentrations
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up to their industrial extraction, processing and interaction with
the biosphere. It provides a clear vision of the natural to anthropic
effects through space and time. It will facilitate recommendations
for enhancing sustainability at every stage of their process for
the benefits of both industries and communities. The natural
geochemical life-cycle of metals extends to the industrial life-cycle,
both of them having an impact on the biosphere: three cycles are
thus used to illustrate the mutual interactions happening through
the lifetime of a metallic particle (Figure 1).

The first life-cycle of metallic elements: the natural
geochemical cycle (ore genesis)

The natural geochemical life-cycle of metals is a cycle that led
to the concentration of metals as ores. It was concluded in the past
and made up for the archives of the Earth. Understanding this
natural enrichment within the lithosphere is essential as it relates
to the prediction of the ore potentialities of the underground. This
cycle regulates the processes from pre-concentration (in the source
rocks), leaching by fluids and transport, deposition to accumulation
as ore deposits, which can then be further affected by degradation
and dispersion of their components, including metals (first circle of
Figure 1). Some recent works have highlighted the relative failure of
the mining industry’s overall strategy, of not focusing on renewing
reserves, as evidenced by the absence of recent discoveries of
significant size for certain base metals such as copper [4]. The level
of investment in prospection and exploration of brown or green
areas proves to be very heterogeneous. Prospecting is thus much
more sustained for refuge values such as gold rather than for metals
more useful to the humankind, such as base metals like copper or
the metals of the energy transition. The level of knowledge and
the global understanding of the natural geochemical life-cycle of
a given metal often remains too fragmented, in particular for the
less known of the critical metals such as Tellurium (Te), Selenium
(Se), Germanium (Ge), Indium (In), Rare Earth Elements (REEs),
and in some respects Nickel (Ni), Cobalt (Co), Manganese (Mn),
Niobium (Nb), Tantalum (Ta). For instance, how can we explain the
presence of localized germanium or cadmium anomalies in only a
small percentage of known zinc deposits? Or how does Tellurium
distribute in a Gold-Arsenic-Bismuth (Au-As-Bi) geological
province? In particular, what are the links between deposits and
geodynamic events at a larger scale such as rifting, convergence,
or paleoclimatic changes? Answering such questions would bring
a better understanding of how ore deposits form and lead to the
development of new useful geochemical exploration targets. New
uses of geochronology techniques are necessary to establish
correct temporal correlations, for instance, between ore processes
and geodynamics.

When considering the improvements brought by the use of
numerical modelling in the understanding of reactive transport
and deposition at different scales, models still need to incorporate
factors such as the complexity of the porous or fractured media and
the cause of fluid migration (deep heat flow, intrusions). Numerical
modelling development models remains rather heterogenous
worldwide, and the use of such models to assess prospection

objectives remains in its infancy. There do exist, therefore, several
domains in which geoscientists can still bring new ideas for a better
understanding of ore metallogenesis, and prompt new approaches
and analytical tools such as non-invasive tools (drones, satellite).
The development of IA, big data challenges could help better process
the increasingly broad sets of data obtained with prospection tools
and therefore facilitate future discoveries.

The second life-cycle of metals: The industrial life-cycle

Geometallurgy as the missinglink between geology and process
engineering?: A vast industrial domain develops from metal
extraction to metal recycling, including mining, ore processing,
refining, manufacturing. Connectedness between Geosciences,
Engineering Sciences and Chemistry is critical to the optimization
of processes in bringing solutions to emblematic issues of
extraction and separation, as much as in contributing to reducing
environmental impacts such as energy and water consumption,
greenhouse gas emissions (Figure 1, circle 2). Moreover, the key
to an optimized extraction would be to understand better the
ore variability in deposits at the grain scale, as it would enable
effective monitoring of ore processing throughout the plant. As the
distribution of minerals may vary in the mill, flexibility to adapt
processes to these variations is an already well-known challenge.
Geometallurgy has progressively integrated a broad range of
techniques and data management, including high-level mineralogy
and petrology to further better consider the variability of ores.
Recent research works attest of the dynamics of this new discipline
in particular in Sweden, Germany and France [5-7].

Modern geostatistical approaches coupled to 3D geo-modelling
also contribute to the renewal of approaches, in allowing routine
three-dimensional characterization of ores but also predictive 3D
models at the regional scale [8]. This “Novel Geometallurgy” proves
to be efficient in the analysis of mineral grades and textures by the
use of combined techniques [9-11]. It also contributes to improving
the accuracy and understanding of spatial models with machine
learning throughout ore processing procedures [12]. These novel
coupled technologies embody the call for creating new synergies
between disciplines previously kept through the traditional “mining
silos” of geology, mining and mineral processing [13]. Overcoming
such difficulties in a near-future will be critical to the production of
the new emerging critical metals, which are often by-products of the
main base metals, and for which developing co-beneficiation will
then be essential. Creating an efficient and effective co-beneficiation
in the mill will require excellent knowledge of speciation in mineral
carriers, as well as to understand the relative distribution of the
different metals occurring in the deposits. Up to today, most
mining sites are still currently devoted to only one metal due to the
difficulties and costs of integrating into the plant new separation
processes for the accompanying metals. Extensive planning
will, therefore, be required for implementing more responsible
sustainable practices such as co-beneficiation. It seems necessary
to optimize flow sheets (applied mathematics, geostatistics,
artificial intelligence) and integrate the essential concepts of
reduction of water and energy use, as well as waste reduction, to
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achieve a significant drop in mines’ footprint in an overall goal of
environment and biodiversity protection. Diversification in the
production modes of mining plants could turn into one of the most
significant challenges mining companies will have to face in a near-
future. Recycling end-of-life products and recovering residues
containing recoverable elements can help limit supply risks, as
secondary resources cannot by themselves supply a country in full
economic growth [14]. The increase in demand and consumption
leads to increasingly large flows of metals but does not change the
ratio between primary and secondary resource supplies, and even
accentuates the imbalance between the number of raw materials
produced to the mass of materials recycled.

Primary reserves can be renewed through two complementary
mechanisms: first, the discovery of new large high-grade deposits,
however more complex to exploit are more profound and more
hidden, and their exploration requires advanced or breakthrough
technologies; and secondly, the exploitation of existing deposits
at much lower grades, less problematic in terms of exploitation
constraints. These deposits benefit from an already existing
territorial integration and tolerance by both authorities and local
communities, and in terms of investment, from heavy infrastructures
(underground or open-pit mining, processing plant) already
profitable. Reserves usually presented in depletion calculations
are calculated at the current market cut-off grade. However, if
prices rise, it then becomes possible to mine at lower grades, but
at tenfold higher energy costs [15]. The generalization of depletion
calculations, therefore, comes up against the heterogeneity of cut-
off grades for the same metal, and on the validity of the Skinner’s
concept of mineralogical barrier [16] which considers that metals
cannot be exploited below a threshold.

The third life-cycle of metallic elements depicts the
interactions between metals, biosphere and atmosphere

This cycle impacts the biosphere and atmosphere through the
dispersion and accumulation of metals in the environment, whether
they be of natural (1% life-cycle) or industrial/anthropogenic (2™
life-cycle) origin. Estimating the environmental impact of metals’
natural and anthropic dissemination on ecosystems, finding new
methods for remediating disturbed environments (agromining,
re-use of anthropized areas) and monitoring them (use of
biogeochemical environmental sensors, ecotoxicology, genomics)
have become strongly advised prerequisites to any mining project
(Figure 1, circle 3). The latter include the reinforcement of laws
and regulations, global improvement of impact assessment
practices along the mine-life cycle, and an increasing tendency
to work towards corporate image improvement through better
environmental practices. However, too few mining areas have
truly been the object of integrated environmental studies from
geochemistry up to ecotoxicological reviews, as it has been the case
during monitoring campaigns on polluted fields by radionuclide
such as Chernobyl or uranium mine areas.

One example from our research group Labex RESSOURCES21
may be cited as it has developed an extended programme on the
Rare-Earths geochemical cycles with a particular focus on the

remediation and environmental issues of rare-earths extraction.
The objective of the overall rare-earths project was to develop
a complementary series of cross-functional multidisciplinary
projects, which would encompass the life-cycle of Rare-Earths
within the Earth’s critical zone. One of the main workshop sites
occurred in the second largest deposit of Rare-Earths in China,
in a post-exploitation stage. There, the remediation initiative
benefited from the humid-warm sub-tropical climate with original
cultivation of Rare-Earths hyper-accumulating plants allowing
Rare Earths to be extracted from polluted soils [17]. Specific efforts
focused on understanding the speciation of trivalent elements in
complex solution, their occurrence in contaminated soils and how
to remediate them. Overall estimation of Lanthanide ecotoxicity
was estimated from laboratory experiments [18]. Experiments in
the lab led to evaluate Rare Earths tolerance and to the discovery
that at the cell scale, the role of the plasma membrane appears as a
hotspot for Rare-Earths toxicity [19,20]. These overall results give
a better understanding of the impact of Rare-Earths mining on the
environment and biosphere and have led to propose new ways for
rare-earths remediation [21].

Mining in a Global Economy

Crises and metal price fluctuations

Metals of a changing world submitted to uncertainties, and
financial fluctuation will still be, in the future, the attention of
research, industry, political and public audience. The 2008 financial
crisis, followed four years later by a more specific Rare Earths crisis,
brought to the forefront of the media and of political discussions
the topic of national independence in accessing mineral and energy
resources. However, the interest fell back as soon as metal prices
returned to more normal levels. The current pandemic seems to
be turning this topic into a permanent interest, alongside the push
towards renewable energies thanks to the Paris agreement of 2015
and this year’s World Bank’s Climate Smart Mining Facility initiative.
Yet, how to turn global recommendations into real changes when
a recurrent difficulty lies in applying innovative research results,
as modifying existing plants has a cost that remains difficult to
mitigate in the permanent fluctuation of metal prices. Another great
difficulty lies here in the prediction of raw material markets as they
much depend on speculation, unpredictable geopolitical events
and an unregulated supply-demand system [22,23]. Such difficulty
is enhanced in the case of precious metals (Au, Ag, Pt, Pd) which
become more valuable in response to economic crises. For other
metals, in particular minor metals, their prices and volatility are
primarily dictated by shifting demand patterns and much less by
supply constraints (Renner and Friedrich, 2019). Besides, as future
demands will essentially be controlled by increasing urbanization
alongside a rise in the total number of consumers, metal prices will
also remain dependent on the evolution of technologies, yielding to
volatility. For all these reasons, equilibriums are fragile, and even
more, as the custom of keeping metal stocks seems to have been
lost (Report on Stockpile Requirements, USA Sec. Dep. of Defense,
2015 [24]), thus removing a shock absorber for price fluctuations.
The industry, nowadays essentially managed by financial experts,
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has found it very convenient in recent decades to buy on spot
markets, thus breaking free from constraints about the security
of supply or the constitution of strategic stocks. Unfortunately,
one can ask themselves if a certain number of industry leaders
have lost an awareness about managing their resilience, of if it
has turned into a fashion of breaking free from a specific type of
business responsibilities towards their employees and shareholder.
Stockpiling does not seem to be in fashion anymore in the industry,
and most analyses have shifted to the recommendations of Defence
experts of each country.

Society faced with paradoxical ambitions

To reduce environmental impact and general consumption
along with global development of new technologies for the
greatest number, represent one of the main challenges our society
has and will continue to face all along the implementation of its
energy transition. As the greater community largely relies on
communication technologies, it is brought to facing conflicting
wills between, on the one hand, the desire for a cleaner planet
through greener sources of energy and, on the other hand, the
offer of a continued and even increased consumption. As exposed
earlier, both of these conflicting prospects will inevitably imply the
consumption of metals, and especially a 5 to 18% annual increase
in the consumption of base metals over an estimated 30 more years
throughout the implementation of infrastructures for renewable
energy and public and individual transportation [4]. Under the
current 2020 pandemic, a more critical call from civil society for
more local and traceable medical drugs production chains has
surfaced, rendered evident by the current situation. This strong
call is already extending its application to all industry in general,
including primary resources.

Mining industry and civil society: The challenges of complex
interactions and the opportunity of sustainability

The mining industry and civil society at large, mining
communities, in particular, have been facing growing challenges
over the years. Firstly mining, with its high production pressure,
remains one of the most hazardous occupations worldwide. Safety
and health measures have been significantly improved. Although
the industry itself is continually looking for improvement, mining
remains the “béte noire” of the general public’s perceptions, given
the pressure and risks it poses to the environment. Secondly,
potential impacts of large-scale mining projects to people have
widely been reported through academic literature over the years
and have also been pointed out by civil society organizations (CSOs)
such as Oxfam, Amnesty International, Human Rights Watch,
Mining Watch Canada [25]. Potential impacts include issues related
to indigenous peoples, their cultural heritage, their employment,
human rights, gender and development, equitable distribution of
benefits, community development ([25] and references therein).
In the last five years, two large-scale catastrophic mine waste dam
failures have pointed out the vulnerability of communities and
their environment to poor mining risk management. These events
motivated the creation of international research consortiums to
facilitate dialogue and research translation to industry, government,

and civil society (e. g. Global research consortium on tailings, [26]).
Such topics remain at the core of ongoing conflicts within existing
mining communities or around mining exploitations to-be. Because
socially-based conflicts can lead to the cessation of mining project
development, difficulties during exploitation and decrease in
productivity, conflicts pose a risk to the business in terms of costs.
As outlined by [25], it can be considered that “the industry has a
stated awareness of its potential to generate adverse social impacts,
as the industry has been shown to prioritize risk when the cost to
the business is obvious or high.”

Therefore, industry’s focus has remained intensively on the
perception of the public towards mining activities and the risk
they pose to their businesses, revealing the firm belief that public
perception would be the main obstacle to contentious mining
projects, and the key to a “social license to operate” (SLO) [27].
However, as outlined by [25], the mining industry considers
social acceptability risk as equal to social risk, although social
acceptability covers only partially the procedure of social risk
assessment as it concerns people’s perception about the riskiness
of a project. SLO has now become itself a fierce topic of debate
amongst stakeholders, which narratives have to be deciphered
[28,29]. Following the goal of SLO, numerous studies and tools have
emerged in the very recent years to identify, analyze, characterize
and quantify better social risk, for all stakeholders. For example,
based on the analysis of a significant number of mining projects,
social risk indexes have been built in Quebec, Canada [30], on a
global scale [31] or around the central theme of sustainability [32].
[33] conducted a further analysis of social risk indexes in Canada,
by identifying the different characteristics of a project (open-pit or
underground, distance to the community, unemployment rate) and
by classifying them within three subsets relevant to stakeholders
and their concerns (community, mining company, mining projects
and their natural environment). Then, by considering those
characteristics as factors that may affect the social risk of a mining
project, they calculated an overall social risk score. Such social risk
scores would bring further indications about the degree of social
risk surrounding a designated project, to all stakeholders such
as investors, mining companies, governments and communities.
However, [33] concludes that “none of the characteristics part of
the Social Risk Index can be considered as a definite indicator thata
project has low or high social risk”. Instead, the authors recommend
a broader consideration of mining projects through the social
patterns of the mining territory where they are set or planned to be,
and advocate for looking at the general “socio-geological potential”
of the mining territory as a whole [34].

Better territorial integration is also the approach developed by
[35] for the gold mining sector in French Guiana. They propose a
multi-criteria classification of all risks to systematically incorporate
them into risk and impact assessments at the scale of the mining
territory. The authors recommend a detailed preliminary analysis of
mining projects up to their technical and operational characteristics,
taken as decisive factors that will influence the nature and intensity
of the potential impacts at various scales, and thus help make
decisions at the territorial level, [36] also advocate for a broader
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vision to be integrated into future scenario planning about the
transition to a low carbon future, by systematically considering
in risk quantification, the environmental, social and governance
(ESG) pressures surrounding the point of extraction (i. e. mining
territories at large). The study presents a global assessment of ESG
complexities associated with the extraction of Energy Transition
Metals (ETM). By defining ETMs as 20 metal commodities including
major metals such as copper, iron, aluminum, and critical elements
such as nickel, cobalt, lithium, rare-earths and platinum, firstly
they take into consideration the diversity of mineral resources
needed for the energy transition, and secondly their complex
extraction settings through seven dimensions of ESG risks (Waste,
Water, Conservation, Land uses, Communities, Social vulnerability,
Governance). The risk distribution across commodities worldwide
points out the geographical areas of extraction that may be
concentrating ESG risks in the race for future ETM supplies and
outlines them as “Hot spots”. In their analysis, “Cold spots” would
representextraction places oflow ESG risks, hence countries, mining
territories, jurisdictions with the ability to develop and maintain
safeguards against ESG risks. In the various efforts of mapping all
of the potential risks posed by a mining project in its immediate
environment hence at the mining territory scale, some risks do not
appear right at the beginning of a mining extraction but can also
be “hidden” and only triggered when several other factors concur.

[25] name such dynamics of delays and potential interactions,
“rebound”. We have chosen to represent this rebound dynamics
on (Figure 1) within a zone of interaction between society at large
and the three mining cycles (ore genesis, impact on the biosphere,
Industrial cycle). The size and shape of this area in (Figure 1) are
shown to vary as a way of representation of this dynamic zone of
interactions and interferences. Endl et al. [37] analyze the United
Nations Sustainable Development Goals (SDGs) in the European
context. Following the UN guidelines of SDGs, sustainability should
be introduced at all scales and levels of the mining industry, with
Innovation as one of the primary responses to mining challenges.
Endl et al. [37] observe a two-direction drive that would be
beneficial to a successful implementation of sustainability. The
“inside-out” approach sees geology and economic viability as keys
to success where safety, legislation and the environment are seen
as the major constraints to the mining industry to be considered.
The “outside-in” approach looks at mining within a broader,
sustainability-driven, and societal perspective. The “outside-in”
approach promotes innovations not only on technological levels
but also societal, both aspects seen as critical drivers for enhancing
sustainability in mining. We have also chosen to represent on
(Figure 1) the areas of development and growth for sustainability
within the space created by the public debate, through the inside-
out and outside-in approaches.
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Conclusion

The increasing needs of metals announced for the next 30 years
as part of the energy transition effort cannot be counterbalanced
by the recycled metals only. Highlighting the need to completely
re-think our vision of the exploitation of the planet resources, the
2015 Paris climate agreement and call for action, and the World
Bank’s Climate Smart Mining Facility (2020) support the transition
to green technologies through a responsible and sustainable

extraction and processing of minerals and metals, which minimizes
carbon and materials footprints. UN guidelines [38] and Europe’s
reflexion paper [39] place civil society at the heart of 17 sustainable
development goals for 2030, including clean energy, sustainable
cities and communities. We argue that there is a space in research
for several types of cross-actions between disciplines for fully
understanding the future evolutions of both needs and resources,
and their impacts on the planet and life. These impacts will be
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either beneficial for the setting up of new modes of energy, or
harmful if their understanding is not satisfactory. New visions,
more integrated at the territorial scale, develop and already provide
interesting tools for assessing vulnerabilities, hazards and risks,
surrounding the extraction locations of mineral resources. More
integrated, multi-organisms, cross-disciplinary initiatives could
certainly significantly help to provide opportunities for better
thinking and better planning resilient and sustainable extraction
projects at the right scale, assisting stakeholders in making the right
decisions at all levels. The Labex RESSOURCES21 is in line with
the Paris Agreement to combat climate change and takes part in
Europe’s move towards greater sustainability in favour of a circular
economy. This exciting project is part of a strategic research domain
of the French Université de Lorraine (UL), ranked 11 for Mining and
Mineral Engineering in the 2020 Shanghai ranking, making it first
at the European level, and the unique group of research of its kind
in France.
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