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Abstract

Supply chains are linked for specific purpose and by something. Hence, the
respective links of the chain must be hooked in the right place, sufficiently strong,
and have to start somewhere. This chapter looks at the raw materials supply chain
as the first link in a commodity supply, from the European Union (EU) perspective.
Aspects of the raw material potential of critical or strategic mineral resources in
Europe, its further exploration, and the concept of modifying factors are considered,
and reporting systems of resources and reserves are described, underpinned by exam-
ples of mineral potentials in different regions of the EU. Thus, targeted exploration of
raw materials, especially within the framework of national geological research, serves
to support a sustainable and resilience supply chain. EU projects, such as GeoERA
and Geological Service for EU, assist in shaping the tailor-made exploration programs
fit for providing mineral data publicly available through EuroGeoSurveys’ European
Geological Data Infrastructure. In the future, raw materials may be seen as global
public goods required to address many challenges, from the climate crisis to geopoliti-
cal instability; therefore, the society could conceptualize them in a new way, from a
dominant investment returns-oriented viewpoint to one linked to delivering global
objectives.

Keywords: exploration, raw materials, sourcing, strategic, critical, potential, Europe,
resource management, UNFC

1. Introduction

Supply chains may be defined as including all stages involved in producing and
delivering a final product, including managing supply and demand, sourcing raw
materials and parts, manufacturing and assembly, and warehousing and inven-
tory. They are essential for maintaining and improving the well-being of societies
worldwide [1]. Mineral and energy raw materials are of particular importance, for
example, [2, 3] in many supply chains, because they provide the basis for products,
as well as they are essential for the supply of energy [4, 5]. Mineral raw materials
can be divided into primary raw materials, which are extracted from the Earth’s
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crust, and secondary raw materials, which are produced in the process of recycling.
This chapter will focus on primary inorganic raw materials of natural origin and

in particular on metals and metalliferous minerals (e.g., Fe, Cu, Pb, Zn, Au), and
industrial minerals (e.g., salt, clay, barite, fluorite, limestone), while construc-
tion minerals (e.g., sand, gravel, marble, granite, basalts) are only touched upon.
Primary raw materials are the starting point of the complex supply chains in
Europe and beyond [6].

Primary raw materials pass through extraction, beneficiation, and transport
processes before being introduced into the manufacturing process of various goods.
Different regions and countries are involved in these actions. Numerous players with
different interests and objects have to play together, including producers and manu-
facturers, suppliers, traders, and customers, ensuring the flow of goods and products
on the global markets as much as in the local one. Establishing global relationships by
upstream and downstream industries, including the primary raw material produc-
tion, is part of common strategies [7, 8]. The functioning of supply chains is also
influenced by the collaboration, innovation, trade relationships, and relationships
among various disciplines and stakeholders, up to foreign affairs.

Europe’ key industries, including automotive, electronics, and pharmaceuticals,
need a steady flow of essential goods made from minerals and metals [9], and the
requirement is not limited to them. Moreover, economy is highly dependent on reli-
able and timely supply of raw materials and semifinished or finished goods [10, 11].
Geographic considerations have been a key component for building up raw materi-
als supply chains for centuries when manufacturing facilities, for example, were
established in proximity to raw material sources and related refinement facilities to
minimize logistical challenges, including transportation costs. Nowadays, geographic
location is of less importance since many supply chains are globalized [12, 13]. The
belief in a fair and open market was high, while in Europe raw material prospec-
tion, exploration, and mining were often considered as unfavorable [14]. Yet, many
downstream industries in Europe have withdrawn their direct engagement in mining
since 1990, while new players arrived on the global market. During this time, the
demand for commodities has increased significantly and with it the competition for
the available resources [15].

The plentiful crises of the last decade have pointed out the importance of undis-
rupted raw materials supply chains, highlighted also by headlines of daily news
[16-20]. Events that are not only difficult to influence, such as natural disasters,
political instabilities, or changes in trade policy, but also labordisputes and the like
can lead to significant bottlenecks, price fluctuations, or delays that disrupt the entire
raw materials supply chain [21-24]. Any market distortion or failure has its conse-
quences, some of which have hit Europe’s economy unexpectedly hard [25].

Thus, modern supply chain planning benefits from a good knowledge of primary
raw material deposits, the local conditions, where they are mined and processed, and
the framework conditions under which the partners in the supply chain perform [26,
27]. Such planning enables companies to anticipate potential supply shortages, assess
risks, and develop strategies to secure a stable and reliable supply of raw materials.
At the same time, sustainability practices, such as responsible sourcing, ethical labor
practices, and minimizing the environmental footprint associated with raw mate-
rial extraction, are becoming increasingly important [19, 27-29]. This is due to both
the need to meet production demands and consumer concerns about the associated
environmental and social impacts [30-32].
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Hence, it is currently widely recognized that functional supply chains serve our
societies through the functioning of our economies by providing jobs and high living
standards. This holds at least for developed and industrialized countries. Thus,
building up resilient supply chains has become as much of strategic importance by
governments [21, 22, 33-38] as by industry [38-40] and is a matter of many supply
risk studies in the twenty-first century [41-44].

2. The raw materials supply chain front-end approach

Over the last decades, Asia has become an important player on the global market.
China, in particular, has demonstrated strength in all parts of the raw materials value
chain. It continues to build its position with strategic activities abroad, for example
[42, 45-48]. Supported by strategic exploration programs, China is systematically
improving its knowledge of national resources and acquiring competencies in the
most preferred technologies [44, 45, 49, 50]. Other countries, such as Saudi Arabia
and Indonesia, for example, are gaining more and more market dominance on raw
materials such as nickel, cobalt, gold, and their related supply chain. The increasing
global competition and the very fragile supply chains call urgently for actions and
smart strategies by companies and governments [51, 52]. Strategic thinking starts
often only at the extraction stage [1, 22, 53]. Yet, all of the supply chain stepping-
stones are more or less obviously related to mining. In contrast, the very first
step—the exploration of potential resources—is often overlooked, while the general
principles still hold [8]. Thus, a first step toward greater resilience by promoting
import independence is knowledge about one’s own raw material deposits (poten-
tials), especially their distribution, quantities, and qualities (see 3.2). The regional
and National Geological Survey Organizations (NGSOs) and their European umbrella
organization “EuroGeoSurveys” act particularly, but not exclusively, in the first seg-
ments of the supply chain that sets the raw material value chain in motion (Figure1).
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2.1 The political dimension of exploration and mining data in the raw material
supply chain

Europe is the only populated continent that has seen a decline in mining produc-
tion by 31% in the period 2000-2021 [55]. Lack of investment in European explora-
tion, mining, and processing is a key reason for the EU’s current raw materials supply
chain weakness. For example, the supply chain squeezes on magnesium [56], gallium
and germanium [57, 58], illustrates China’s dominance on several commodities along
the value chain. Europe’s weak position is also caused by limited focus on interna-
tional raw materials strategic partnerships and diversification of sourcing over the
same period.

This vulnerability has not gone unnoticed in the EU. As far back as 2008, the
European Commission established the raw materials initiative, which set the frame-
work for the future EUs raw material supply security. The initiative consists of three
pillars: (i) access to raw materials on world markets at undistorted conditions, (ii)
foster sustainable supply of raw materials from European sources, and (iii) reduce
the EU’s consumption of primary raw materials [59, 60], followed by the European
Innovation Partnership (EIP) on raw materials, the raw material alliance, strate-
gic partnerships on raw materials and not yet adopted Critical Raw Materials Act
(CRMA) [33]. Within the Act European Commission defined a) critical (CRMs) and
b) strategic raw materials (SRMs) as a) materials of high importance to the economy,
while the supply is associated with a high risk of disruption; b) crucial to technolo-
gies important to Europe’s green and digital ambitions and for defense and space
applications, while being subject to potential supply risks in the future [58, 59]. The
European Commission updates periodically its list of CRMs. The list of 2023’ contains
a total of 34 individual raw materials or groups of raw materials [61].

Unfortunately, such EU actions have been overtaken by subsequent events that
heavily impacted European raw materials supply chains, including the COVID-19
pandemic, the Russian war in Ukraine, and the international race for mineral security
to meet the ambitions of the required green transition. As a result, the pace of EU
strategic and legislative action has increased in the years 2021 to 2023, for example,
through initiatives such as the Global Gateway [62] and InvestEU [63], as well as
implementation of the European Climate Law [64], REPowerEU Plan [65], the
Green Deal Industrial Plan [66], the Chips Act [67, 68], the Corporate Sustainability
Reporting Directive [69, 70], as well as the recently proposed Net Zero Industry Act
[71] and CRMA [33].

Sustainable sourcing and efficient use of raw materials are key for Europe’s
long-term resilience and competitiveness in the face of global markets. The upcoming
CRMA sets the benchmarks for annual consumption of raw materials in the European
Union for domestic sourcing through extraction, processing, and for import depen-
dencies from a single third country. Moreover, these benchmarks are the main
objective of Europe’s strategy on critical and strategic raw materials [43]. Moreover,
the EU is trying to increase its knowledge on raw materials by investing in geoscience
data acquisition (see also 3.1). Estonia, for example, focuses its “General principles
of Earth’s crust policy until 2050” on the collection of geological information and
the use of the national resources the most profitable way for the country [72]. At
national level, several countries, including Austria, Finland, France, Germany,
Sweden, and more recently Norway and Spain, have developed or updated strate-
gic initiatives, such as the “Roadmap for the Sustainable Management of Mineral
Raw Materials” [73-75]. Some strategic actions have been devised to stimulate the
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industrial sectors related to mineral raw materials, thereby ensuring access to essen-
tial mineral resources. These initiatives include the implementation of diverse types
of instruments: a) regulatory mechanisms that align mining legislation with the
European Union’s action plans, b) sector-specific tools that secure the principles of
the circular economy, knowledge enhancement, and ensure regulatory compliance, c)
cross-cutting instruments to foster public-private collaboration and enhance citizen
involvement in decision-making, as well as risk finance instruments to stimulate capi-
tal investments, and d) an impetus toward research spanning the entire value chain
(from cradle-to-gate [76]). The NGSOs play a key role in examining the geological
potential of individual countries. This is why the CRMA sets a precedent in identify-
ing the NGSOs, for the first time in EU legislation, as central point to provide required
geoscientific data and expert advice to drive domestic exploration investment, which
is currently a limiting factor in maintaining the uninterrupted raw materials supply
chains (point 1, above). Such strategic approach has been successfully applied in
China and led to its economic boom in the 21st century, for example [77].

2.2 Elements of a strong raw materials supply chain

Building strong, reliable supply chains that fulfil the concept of sustainability is
the golden rule. Like investments, this requires a good governance structure, reliable
political and legal frameworks, fair tax systems, and transport and tariff regulations
[78, 79]. It also requires good working conditions, such as high work safety and low
risk of labor disputes, as well as low risks for natural disasters (e.g., weather, earth-
quakes, landsides) that can affect the functioning of a supply chain [10, 80, 81].

Key elements of a robust raw materials supply chain are as follows:

* Access to reliable exploration data and mineral resource databases of primary
and secondary raw materials.

* Access to primary production, from mining to processing of the ores and con-
centrates of the raw material demanded.

¢ Access to secondary production, from collection to recovery and refining.
¢ Access to the downstream production of the finished or semifinished products.

Chemical elements are not equally abundant nor equally distributed on the Earth’s
crust [82]. Mineral resources must be extracted where they occur, and this will affect
the environment where they are exploited. What sounds like a truism, however, sets
the framework where, how, when, and by whom these resources can be used at all.
Ideally, these key elements take place in a setting, free of geopolitical risk and with
access to water, (green) energy, infrastructure, and similar.

3. How exploration and extraction fits in the supply chain

The supply chain for minerals is fed by continuous investment into investiga-
tions over the location and properties of minerals found in the Earth’s subsurface.
The importance of exploration to the mineral supply chain is highlighted by several
reports [83-85]. This is conducted at a wide variety of scales and levels of details (i.e.,
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from remote sensing surveys and regional airborne geophysics to site-level detailed
exploration drilling) by different actors from public research organizations to private
companies and investors. While it will always be commercial entities that are respon-
sible for bringing mineral projects into production, state agencies, such as NGSOs
provide an important role in creating and providing data and knowledge through
exploration on the geological potential for resources. Their unbiased assessment of
geological potential helps guide exploration and mining activities by identifying areas
that are most likely to yield economically viable deposits. These assessments can be
used to target specific regions for more detailed commercial exploration, determine
the best drilling locations, and inform decisions related to resource extraction and
state aid level as on company level.

3.1 Geological data and information

Geological data and information underpin key elements of a robust raw materials
supply chain. Data from NGSO’s, on a national and regional scale, provide informa-
tion on the structure and composition of the Earth’s subsurface that influences the
likelihood of mineral deposit occurrences. Due to new technologies, changes in
demand, and new environmental regulatory requirements there is a constant need
to keep geological data up to date. This importance is acknowledged in the CRMA
Article 20 [33].

Assessments and forecasts on the national potentials for raw materials and the
related industry are done by many NGSOs. These lay down the treasure trove of
national raw materials, where in Europe commodities relevant for infrastructure and
construction, such as aggregates, sand, and gravel, are the top commodities in terms
of quantities, while in terms of value industrial miners (e.g., potash) and metals play
an important role, for example [86]. While there is no geological shortage for many
raw materials, there might be a shortfall in the availability and access to the treasure
deposits. Moreover, resource inventories form the basic data critical for underpin-
ning decision-making relating to resource management for a wide range now widely
implemented, or upcoming policies from national government such as security of
supply, decarbonization, circular economy, etc. [87].

The NGSOs have developed the European Geological Data Infrastructure (EGDI,
www.europe-geology.eu) applying the FAIR (Findable, Accessible, Interoperable,
Reusable) data principles that provide open access on maps and aggregated national
data on production, trade, resources, reserves, and exploration at commodity level.

Since establishment of the 2008 Raw Materials Initiative, the European
Commission has acknowledged the key role of research, development, and innovation
in driving investments in and advancement of the European raw material sector and
the role of collaborative science. Underpinning funding instruments (e.g., the cur-
rent Horizon Europe program, EIT-Raw Materials, ERA-MIN) stimulate research and
innovation in the field of raw materials and cooperation among and between various
research institutions, educational institutions, public bodies, NGSOs, and industry.
The projects ProMine, ORAMA, GeoERA, SCRREEN (1-3), FutuRaM, and GSEU are
good examples of such cooperations [14].

Notably, many of such projects involve or involved NGSO as coordinators or
partners. The importance of NGSOs in collaborative pan-European projects that aim
to deliver an European perspective on CRMs stems from their national mandates to
collect, archive, and deliver geoscientific data and knowledge. As a collaborative net-
work of NGSOs, linked through the umbrella organization EuroGeoSurveys, this has
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brought EU-level benefits in the form of a committed approach to data harmonization
and delivery of EU-scale products. Such contributions have been progressively built
through projects such as EGDI Scope, which developed the framework for a common
open subsurface data infrastructure, followed by GeoERA, which delivered multiple
pan-European harmonized datasets related to minerals, energy, and groundwater.
Currently, the NGSOs and other key partners collaborate through the Geological
Service for Europe (GSEU) project, which takes data collection, harmonization, and
delivery further, developing the EGDI into a knowledge hub, while preparing and
delivering extensive data products, including CRM data. Such data and data products
can then inform policy makers, expert and layman and allowing the assessment,
evaluation and interpretation of genetic and prospectivity aspects of selected com-
modities for example [88, 89].

3.2 Reporting codes and standards

To understand raw material supply chains, it is important to use exploration data
to conceptualize and quantify, where resources are and of which quality. There are
many different types of data and metrics regarding these aspects of mineral explora-
tion and extraction, but the most fundamental commonly used of these is the concept
of “resources” and “reserves.”

The most widely accepted definition published by the Committee for Mineral
Reserves International Reporting Standards (CRIRSCO) is in simple terms and
reserves are that part of an identified resource that could be economically extracted at
the time of the assessment [90]. The determination of mineral resources and reserves
is the means by which deposits that are currently economically extractable (reserves)
are distinguished from those where economic extraction of a commodity is poten-
tially feasible (resources).

This estimation comes along with uncertainties. Stepwise, these uncertainties are
minimized to increase the likelihood of success. Those steps are verifying the basic
conceptual idea of the location of a mineral occurrence in the field. That includes a)
converting exploration results from a prospective area into a quantitative estimate of
the amount, quality, and distribution of the target mineral (e.g., by drilling, assay-
ing, and preliminary laboratory testing to determine if the mineral can be effectively
separated from its host rock) and b) detailed evaluation of all aspects of geological
confidence, technical feasibility, environmental, social factors, etc., and may take
several years to complete. The vast majority of reconnaissance exploration projects
are abandoned without ever verifying the presence of a discovered resource because
one or more of these factors limit the financial viability of the project in the market.
The next step is the determination of the technological setup that makes mining and
process feasible and includes a) comprehensive technical investigations to confirm the
size and grade of the deposit, b) determination of geological and physical constraints
that may affect how a mine needs to be designed and constructed, how the extrac-
tion can take place technicality and how the extracted material need to be treated to
liberate the target materials. In conjunction with further modifying factors (MF),

a mineral reserve is then defined with a full financial analysis to confirm economic
viability, usually associated with a bankable feasibility study. However, this reserve
is valid only at a particular point in time (as market, regulatory, political, and social
conditions can vary significantly over sometimes even short time scales) and is best
regarded as a working inventory of the amount of minerals available to extract at
the time the assessment was made. The work required to calculate resources and
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Figure 2.
Schematic representation of the relative size of the quantities vepresented by the terms resources and reserves (not
to scale) and how the most commonly used definitions fit within this.

reserves is very costly and, as such, project operators typically only define resources
and reserves to the level that it will be possible to obtain further investment. Thus,
the quantity of undiscovered resources is almost always very much larger than that
of discovered resources, which, in turn, is much larger than that of reserves, often by
many orders of magnitude [91]. Each successive class is associated with an increasing
level of confidence, corresponding to the increasing amount of data required for its
classification (Figure 2). Forecasting with the assumption that “all we known is all
there is” (e.g., [92]) has been shown to be incorrect by, for example [93].

At the very early stage of exploration, the quality and accessibility of data and infor-
mation sets the course for future resource availability. This pre-production part of the
supply chain must continue to provide data on regional prospectivity through to actual
resources. This will allow the necessary exploration investment to flow and sustain the
activity required for a small percentage of exploration projects to be successful.

3.3 Modifying factors

The application of the modifying factors (MF) constitutes an integral part of the
mineral reserve estimation process (mineral reserves are mineral resources that are
economically exploitable under current technological and market conditions). Such
adequate consideration during the estimation and reporting of mineral reserves is
crucial [94]. Hence, the MF are acknowledged by all international standard codes for
reporting (see 3.2). Commonly, the following key MF are considered in alphabetic
order [94-96]:

* Beneficiation (e.g., metallurgical recoveries).

* Economic (e.g., raw materials quality, royalties, exchange rates, transport costs,
final product, and its market conditions).

* Environmental (i.e., Environmental Impact Assessment (EIA), by mining, min-
ing residuals, and after mines lifetime).
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* Infrastructural (e.g., physical access, energy, water supply, labor, and facilities).

* Legal (e.g., permitting procedures—duration, reliability for exploration, and
mining rights).

* Marketing and market developments (e.g., price and demand forecasts).
* Mining (technical and geological aspects, e.g., mining losses and dilution).

* Social and governmental (establishing trust and getting acceptance and the
license to operate).

Ideally, these key MF are considered adequately and reported in a transparent and
understandable format to allow a comprehensive risk assessment on all aspects. All of
these MF will probably also be considered in reserve estimations for secondary raw
materials in the future.

3.4 Comparability of reporting codes and standards

Development of potential exploration projects requires risk estimation, includ-
ing expectations on volumes, cost, and other associated risks. The mineral industry
typically needs these estimates to communicate with stock exchanges and investors.
The majority of industry data adheres to the International Reporting (ITR) template
in CRIRSCO style, an internationally accepted standard designed specifically for the
reporting of results to stock exchanges and investors to ensure a consistent standard is
applied [90]. As a result, any reported “reserves” should not be considered as physical
stocks, but as economic entities that have a realistic chance of being extracted in the
foreseeable future (typically within 3-5 years). While these international reporting
standards are a mandatory requirement by international stock exchanges, there is a
lack of requirement to use them in Europe outside the financial sector.

National governments and regional bodies conversely require data that may be
more focused on long-term strategic planning and less on short- to medium-term
investment decisions. As a result, many countries have their own specific way of
recording such information. The wide variety of definitions can lead to incompat-
ible data being aggregated and misunderstandings about what data points represent,
which can lead to poor policy decisions [93, 97].

To establish interoperability of data from different reporting standards, the United
Nations Economic Commission for Europe (UNECE) has developed a code, namely
the United Nations Framework Classification (UNFC), bridging differences between
different standards; thus, the UNFC allows a comparable representation of data,
Figure 3 [98].

The importance of clear, reliable, and comparable data is noted in the CRMA,
which calls for an obligatory use of an international standard the United Nations
Framework Classification (UNFC) for reporting resource data of projects considered
strategic in the EU. New research, development, and innovation projects under EIT
Raw Materials are already evaluated according to the UNFC on the basis of their
economic, technical, social, and environmental feasibility for resource production
[98-100]. The various classification criteria are set up in three categories based on
a) environmental-socioeconomic viability (E-category), b) project status and feasibility
(F-category), and c) degree of confidence in the estimates (G-category), Figure 3: [98].
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Figure 3.
The UNFC classification system. From United Nations framework classification for resources updated 2019,
UNECE, © (2022) United Nations. Reprinted with the permission of the United Nations [98].

3.5 The use of raw material reporting data in understanding supply chains

Exploration activity and subsequent data reported by industry will be focused on
maximizing economic value for investors. This may cause issues with knowledge gaps
around commodities where they may be a mismatch between economic returns to the
extractive industry and the strategic needs of a country or region. For instance, with
regard critical raw materials, these are often produced as by- or co-products of other
primary mineral production (cobalt as by-product of nickel production or rhenium,
tellurium, gold, and selenium as by-products of copper extraction, as examples)
[101-103]. These may not be of primary interest to investors as they may have a small
contribution to economic feasibility of a mining project. Similarly, critical minerals,
which may occur in minor amounts in deposits or those that might occur in mining
residuals (heaps and tailings), are often even not analyzed or reported.

This can be at odds with the intense focus on CRMs by national governments.
However, it can also counteract opportunities for transdisciplinary—or niche — solutions,
as well as new business models. The UNFC may provide an advantage here by providing
easy understandable and comparable information for different projects and/or com-
modities, including those that are currently not economically extract, meeting the wider
[104]. According to UNFC, details on MF like ecological, social, technical, and financial
aspects can be outlined in a comparable way and allows comparison of projects of
different nature for decision-making. Significant barriers in terms of technical, environ-
mental, or societal constraints can be identified and monitored assisting governments
and companies to develop suitable measurements to overcome such barriers for projects
of general interest (e.g., projects required for the energy transition). Countries, such
as Finland, Sweden, Norway, Hungary, and Ukraine, for example, provide or plan to pro-
vide standardized and harmonized, UNFC and INSPIRE-compliant mineral data to the
pan-European digital platforms on the whole range of minerals with a special emphasis
on strategic minerals [105].

Moreover, the UNFC reporting is flexible enough to include data on quantities
of material that are considered currently noneconomic. This data, often collated in
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national inventories by NGSs and mining authorities, is critical for understanding the
pipeline of available minerals over decadal times or longer, as well as minerals that
may currently be uneconomic to extract now but may be in the future. Currently,
there are a couple of projects for mining critical and strategic raw materials in the
pipeline that build on such data treasures that form the bulk of mineral potential on
national and regional scales. In the cases of Zinnwald Lithium Project at the Czech-
German border, for example, adding new data using modern technologies will pro-
vide answers to questions on what may currently be in production and what may be
produced over the next five or so years. Yet, at the moment, it is impossible to answer
many questions currently asked by those with concerns over supply chains, such as,
where indigenous production of certain minerals is possible over longer timescales or
what the geological availability may be if certain policy decisions were implemented
or economic barriers significantly changed. Regardless of the shortfalls, the UNFC
system is still best suited to resource reporting and aggregation of resource quantities
at national and regional scales, thereby facilitating decision-making on large-scale,
long-term, and resource management.

4. Europe’s geological potential

The European territory contains some areas, which are favorable for finding the
occurrences of mineralization. Geological studies of such areas facilitate genetic stud-
ies of ore deposits, putting emphasis on their metallogenetic relationships in space
and time, which are fundamental for determining new mineral exploration targets.
The geological evolution of the European terrains identified several favorable condi-
tions for the formation of a variety of mineral deposits. These deposits are unevenly
distributed geographically because they formed in a various epoch of the Earth
history and can form regional clusters. These clusters or areas are called metallogenic
provinces or districts [106]. An active interface with all types of subsoil resources,
their location, mining or oil-gas status, related reserves, possibilities of use, needs of
each industrial sector, and also risks impact that their exploitation would have on the
environment and is a starting point for drawing up viable and long-term strategies by
lowering the uncertainties and assisting in fostering the raw material resilience [107].

As the geological potential is an expert estimate or interpretation based on avail-
able data and knowledge at a given time, it rather provides an indication of where
exploration efforts may be more promising [108]. However, it can also be impacted by
additional MF, including company strategies, data maturity and reliability, commod-
ity prices, geopolitical issues, and future market outlooks.

The mineral potential of Europe has been investigated at all levels from small
exploration companies to government. It can be seen as an indicator of various
parameters, such as a) known deposits occurrences, b) share on public revenue, c)
share on gross domestic product (GDP), d) public acceptance, e) competing commer-
cial sectors interested to use the same space, or f) technical readiness, for example.

Potential is, therefore, a function of the geological setting, the physical acces-
sibility, and the level of detail of geological information. In the case of Europe, seven
mineral-hosting metallogenic belts/areas/provinces are recognized, Figure 4.

Each mineral commodity is distributed in specific geographical locations that
contain similar geological structures, including host rocks, state of rock alteration,
and similar structural domains, as detected by the GeoERA project on Forecasting
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Figure 4.

An overview of major metallogenic belts and endowment of Europe and Greenland modified after vefs. [105,

106, 109] And the main metallogenetic areas in Europe listed according to their most common abundance. 1:
Fennoscandian shield with potential for Fe, Cu, Zn, Pb, Ni, Cr, Ti, Au, Ag, Te, Se, Mo, Co, Li, graphite, Be,
REE, Sc, Si, V; Sb, Bi, Nb, Ta, In, Ge, PGM; 2: Britain and Ireland with potential for Zn, Pb, Ag, Sn, Cu, Ni,
Mo, Au, barite, fluorspar, Li, Co, Be, Sb, W, PGM; 3: Iberian-Variscan belt with potential for Cu, Zn, Pb, Ni,
Au, Ag, Al, Se, Mn, Li, Co, Si, W, In, Ta, Nb, Be, Bi, Ga, fluorspar, barite; 4: Tethyan/Carpathian-Balkan with
potential for Cu, Zn, Pb, Ni, Al, Cr, Mo, Au, Ag, Re, Se, Li, Co, Mn, Sb, W, Bi, REE, PGM, Sc, Ge, V, Nb, Ta,
Mg, graphite, magnesite, fluorspar, barite, borate; 5: North Atlantic/Greenland with potential for Fe, Cu, Zn, Ni,
Cr, Ti, Zr, Sn, Ag, Au, REE, Nb, Ta, W, Co, PGM; 6: Fore-Sudetic with potential for Cu, Zn, Ni, Sn, In, Ag, Co,
Li, W, Mo, Au, Se, Re, PGM; 7: Ukvainian shield with potential for Fe, Mn, Ni, Co, Ti, Au, Li, U, Be, REE, Sc,
V., Nb, Ta, Zy, graphite.

and Assessing Europe’s Strategic Raw Materials Need (FRAME) for example [106,
110, 111]. These differences are expressed in Figure 5 that shows (A) the lithium
metallogenic belts that differ significantly to those of (B) cobalt metallogenic belts.
For further details, see https://data.geus.dk/egdi/?mapname=egdi_geoera_frame#bas
lay=baseMapGEUS&extent=1139240,1,345,340,7,499,790,4,120,660 &layers = frame_
li_occurrences_deposits,frame_lithium_metallogenic_areas [88].

4.1 Paving the way for exploration activities in Europe

Exploration is a constant task for all actors given the fact that needs by industry
is developing as well as technologies used to discover and to mine unknown deposits
and to process ores. Chemical elements, which are now important to our economies,
have been of low interest for centuries, and hence rather a target of academic inter-
est only. Systematic exploration for these elements and for deep-seated deposits
has started rather recently. Thus, in Europe, many mineral/metal potential maps
are based on data that has been collected within the last century. Further progress
depends on: the improvements in exploration methods and technologies (from geo-
physics to drilling technologies), more efficient and environmentally sustain mining
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Figure 5.
Metallogenic belt maps for lithium (A) and cobalt (B). Modified after refs. [106, 112].

process and minerals processing technologies, on the global price market of the

target raw materials (see Section 3.3), and on the ability of geologists to identify new
potential areas for greenfield exploration, which means the exploration in the areas of
no known historical mining or exploration activities.

The incoming CRMA calls on members states to set up National Exploration
Programmes, which will become a mandatory task as stated in CRMA Article 18 [33].
The exploration potential of Europe can be demonstrated in various forms: be they
from recent success stories of new mineral finds in both brownfield and greenfield
areas, by innovation regarding new sources of minerals, or by advanced mathemati-
cal means. One example combining many forms in advances is the discovery of
the Kiruna rare earth elements (REE) deposit owned by the state company LKAB
in Sweden, which is said to contain one million metric tons of rare earth oxides.

This discovery could pave the way for REE to start being mined in Europe is such

a successful example of brownfield exploration. Yet, REEs deposits are not scarce

but requires smart technological solutions to be further processed and separated.
Hence, the REE-bearing ores (and tailings) of Kiruna will be separated by a new
chromatography-based technology developed by REEtec (https://ree-map.com/).
This has the potential to be a game changer. The separated individual REE in oxide
form, which will, in turn, be converted to metal by the British Less Common Metals
Ltd. (LCM). In addition, the rare earth processing factory in nearby Estonia (https://
www.silmet.ee/) that produces a variety of high-purity rare earth materials from
mixed REE feedstock. Products include neodymium-praseodymium (NdPr) oxide as
one of its kind in the European Union being currently the only industrial-scale rare
earth separation plant in full-scale operation in Europe. Moreover, a sintered rare
earth permanent magnet factory is being built in the same location that will certainly
contribute to the global supply chain. Further down the supply chain companies as
the German Vacuumschmeltze GmbH (VAC) will use these materials to produce
permanent magnets and magnetocaloric alloys, all needed for the energy transforma-
tion of the society. With these links connected and all placed in Europe a step toward
resilient supply chains in a cradle-to-gate scenario similar to the battery challenges is
made [113].

A huge driver for innovative research is the efforts to meet the UN sustainable
development goals, which also pushes the development of innovative ways to extract
lithium from European geothermal fluids sourced from geothermal and hydrocarbon
drill holes [112], which is a potential nontraditional source of this metal. Similar
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leached-type lithium deposits (salars) are exploited in the Li-triangle at the borders
of Argentina, Bolivia, and Chile [114-117]. In recent years, there has been consider-
able interest for the potential of lithium extraction from southwest England, France,
Spain, and Germany, for example, to feed the battery raw material supply chain from
both hard rock and brine sources. Although occurrences of lithium-bearing minerals
and brines have been noted previously, no detailed exploration had been undertaken
due to the previous low value in lithium and a lack of historical interest, a situation,
which has dramatically changed in recent years. This has resulted in considerable
investment in new drilling and geological evaluation and qualification of resources
in two projects as well as new technology for the processing of geothermal brines

to be developed [118, 119]. This activity is being undertaken against a backdrop of
increased interest in metal mining in southwest England for a variety of other metals
due to the current focus on critical raw materials. Southwest England has a long min-
ing history and was once a global mining hub. To ensure that any future development
makes this renaissance of metals mining a success for everyone in Cornwall, research-
ers have been collaborating with policymakers and the industry using the UNFC

to help regional stakeholders consider the whole range of sustainable development
actions, which are needed for well-being of all. This is done by first using the UNFC
to classify projects in the area with the intention to understand the development
stage they are in and the barriers they may face. Furthermore, these are integrated
with the United Nations Resource Management System (UNRMS) to give a strategic
view of environmental impacts and how they can be linked with regional initiatives,
to ensure that a social licence to operate is maintained and incorporated geoscience
data into the decision making process[120]. Contrary, the discovery of the one of

the largest lithium deposits in the world in western Serbia attracted interests from
the global mining companies to extract this commodity, in particular the Rio Tinto
Group, which planned to start mining operations in 2023. However, the project faced
severe public opposition and has many environmental concerns, so the project has
been canceled so far. In a similar situation is the Valdefores project in Caceres (Spain),
operated by the company Infinity Lithium, which has encountered strong opposition
from the public opinion and local politicians. This opposition primarily stems from
the proximity to the city and the potential environmental impact on the territory.
These examples point out that the socioeconomic factors can be of equal, if not of
greater importance than geological or technological ones.

EU projects, such as exploration and information systems (EIS, https://eis-he.eu/
tool/), develop innovative exploration tools that push the limits in earth observation
further while using artificial intelligence (AI) for curation of huge datasets. Using
digitalized information for statistical approaches and different GIS techniques to
deliver maps showing favorable areas referring to a specific commodity is becoming
a common praxis described elsewhere [121, 122]. Such methods allow prospectivity
mapping of the favorability of occurrences of a nonrandom phenomenon and quanti-
tative evaluation to highlight areas of known mineralization and delineate targets for
further investigation.

Mineral exploration presents a set of unique challenges, which vary from
place to place, including working in remote and inaccessible locations, cost and
capital requirements, geological complexity, technological limitations, legal and
regulatory hurdles, market volatility, depth of exploration, limited success rates,
environmental and social considerations (the so-called “social license to operate”),
health and security, and political instability. These are all part of MF consider-
ations [123].
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The latter two are the most difficult to overcome and predict and they affect
almost all exploration activities. Whereas the public acceptance of mining is usually
negative in Europe, there is a great need for completely transparent population-
engaging mechanisms in place from the very beginning. One such example can be
found in Estonia, where a deposit of the critical raw material phosphorite that had
been thoroughly investigated and already mined during the twentieth century was
disapproved due to the public outcry because of several reasons, that is. demo-
graphic, environmental, and political issues. Hence, new exploration activities by
the local NGSO are being carried out openly and include environmental and ground-
water research in the initial phases, which result in having at the outset, the public’s
acceptance. One example of the political instability issue is the current Russian war
in Ukraine. Despite Ukraine’ significant mineral potential [105], the outcome of this
war is still not known, while the first steps to link Ukraine’s raw materials potential
to the European supply chain have already been made before the invasion started
[124, 125].

5. Outlook/uptake

Europe has been among the leading regions in the raw materials supply sector for
thousands of years, with the introduction of copper, bronze, and iron products, and
later on, with the mining of many other various elements, such as silver, gold, lead,
tin, and mercury. The largest renaissance in mining dates back to medieval ages when
Georgius Agricola completed his cutting-edge opus magna “De Re Metallica” that
paved the way for modern science-based fieldwork, exploration, mining technology;,
metallurgical work, and many more [126]. Europe’s long tradition in mining has
added significantly to the raw material stock in the value chain. Still, there is a poten-
tial even for critical and strategic minerals from primary and secondary resources.
Based on existing knowledge and data, target areas can be identified, while modern
and more detailed exploration campaigns using the most advanced technologies
will assist in discovering yet hidden resources. Additional information on a possible
exploration target will help reduce the risk of failure, whether being of economic,
environmental, or social aspects. These risks associated with the development of
any kind of a project can be expressed in a comparable format proposed by UNECE.
Hence, the UNFC can support reliable supply chain decision-making as options can
be compared on an equal basis [16, 120, 127]. The NGSOs will be required to play a
key role regarding the required national programs for the general exploration of criti-
cal raw materials if the CRMA comes alive (Art 18 CRMA). The recent networking
project GSEU - A Geological Service for Europe might serve as a stepping-stone and
the Nordic Countries as a model to unlock Europe’s raw material potential.

6. Conclusions

Europe is not a resource-poor region albeit access to known resources is limited
and the knowledge on its raw material deposits is still a matter for improvement.
Most of the potential sites for mining are small in size compared to the frontrun-
ners on the global market. However, to improve Europe’s raw material resilience, all
sites that can be developed in line with the sustainable development goals count. To
classify a potential raw material deposit as an exploitable mineral reserve, which can
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be put on the market, modifying factors, including geological, technical, economic,
environmental, and societal ones, must be considered. Setting up the right network
between National Geological Survey Organizations for the general mineral potential
assessment and exploration companies, miners, processing units, final customers,
local population, environmental organizations, decision makers, and other important
players down the value chain is a stepping-stone for success. The European Union
recognized the importance of uninterrupted mineral raw material supply for the
economy already in 2008 when establishing the Raw Materials Initiative, stimulating
raw material supply from global markets, supply from European sources, and reduc-
ing the EU’s consumption of primary raw materials. This initiative was followed by
various actions, including EU’s strategic partnerships, various collaborations, and
research projects on raw materials. The foreseen adoption (as in September 2023)

of the European Critical Raw Materials Act sets the frame to decrease the European
dependency for raw materials imports. European national geological surveys will
play a key role in doing that. They will be crucial for preparing national exploration
plans, new geological, geochemical and geophysical data acquisition, data storage,
and service to enable the diverse and sustainable supply chains that are required.
First steps have already been made by setting up the European Geological Data
Infrastructure, and by successful implementation of the Geological Service for
Europe project funded by the Horizon Europe financial mechanism. This would not
be possible without the umbrella organization, EuroGeoSurveys, which is connecting
the national geological surveys of Europe.
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Raw Global EU27, UK, NO EU27, UK, countries potential
Material production, mining production, NO global hosting primary
2021 [t] 2021 [t] share [%)] deposits [country code]
Antimony 9724 n.d. n.d. AT, CZ, FR, IT, RO, PT,
SI, SP
Barite 6,795,998 127,921 1.88 AT, BG, CZ, DE, GR, IE,
IT, PL, PT, RO, SE, SI,
SK, SP, UK, UA
Bauxite 380,131,540 157,490 0.04 AT, FR, GR, IT, HU, HR,
RO, SI
Beryllium 6805 n.d. n.d. FI, FR, NO, PT, SE, UA
Borate 6,897,867 n.d. n.d. DE,IT
Cobalt* 131,766 1084 0.82 DE, FL IT, PL, SE, SP, UA
Fluorspar 8,417,382 215,155 2.56 BE, BG, DE, FR, GR, IT,
NO, PL, RO, SE, SP
Natural 1,159,618 6574 0.57 AT, CZ, DE, FI, IT, NO,
Graphite SE, SP, UA
Phosphatet 74,316,730 363,720 0.49 EE, FI, FR, PL, SE, SP,
UA
Strontium 583,586 281,535 48.24 CY, IT, SP, UK
Tantalum®* 1319 n.d. n.d. FI, NO, SE, SP, PT, UA

Note: * given in tonnage of yield; f as P,Os; n.d. no data available or not significant; source of data [128].

Table A1.

Critical elements for which the high supply visk already exists in the mining phase are shown with the global
annual production for 2021 compared to the production in the EU27, the UK, and Norway (NO). Apart from
strontium, wheve Spain plays an important role globally, Europe contributes only a very small part to global
production from primary deposits. The geology and knowledge of former mining of these raw materials ave
further indications of a possible raw material potential in these countries.
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