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1 SUMMARY
The SCRREEN project (Solution for CRitical Raw materials – a European Expert Network) is focussed on the
value chains of the critical raw materials (CRM), with the aim of building an expert network that covers all
aspects of CRM from exploration and mining to recycling, re‐use and substitution. In this instance, the CRM
under consideration are those listed as ‘critical’ in the European Commission (EC) list published in 2017. This list
includes the commodities that are considered as critical for the EU economy due to both their economic
importance and supply risk.
Within the SCRREEN project, work package 3 concentrated on mapping the CRM supply for the EU from
primary and secondary sources. Deliverable 3.1 (Lauri et al, 2018) summarised the available information on the
primary geological resources of CRM in the EU28, Norway and Greenland. Deliverable 3.2 (Ladenberger, et al,
2018) contained information relating to secondary sources of CRM from materials such as mine wastes,
industrial waste, fabrication scrap and end‐of‐life products. This report builds on these two deliverables and
draws together a summary of the main challenges associated with each source. It also identifies what could be
done to meet those challenges and ensure security of supply of CRM in the near and longer‐term future.
The report begins with an overview of what is meant by ‘critical’ raw materials and briefly describes the
features that are characteristic of CRM, such as the fact they are often by‐ or co‐products, frequently
concentrated geographically, produced and used in small quantities, and have low recycling or subsitution rates
(section 2). It explains that society is using CRM in increasing amounts due to population growth, rising living
standards and increasing development of new technologies such as low‐carbon energy, electric vehicles and
electronic products. Whilst it is unlikely that primary resources of CRM will become exhausted in the near
future, access to those resources can be constrained by conflicting land uses or social acceptability issues.
However, recycling CRM from secondary sources cannot supply the entire quantity that is needed for a growing
market due to the lifetime of products in the ‘use’ stage and the resulting ‘recycling gap’ illustrated in Figure 2
(pg 12).
Section 3 examines in more detail the current position for apparent consumption of the CRM in the EU28 and
the degree to which the EU is reliant on imports for its supply of CRM, with additional information provided in
three Annexes to this report. Although the EU is 100% import reliant for certain CRM, such as beryllium, gallium
or rare earths, for other CRM the EU can and does produce some of its requirements domestically, such as
fluorspar, indium and tungsten. Section 4 discusses some of the more generic issues that are experienced when
studying the flows of CRM through the EU economy, for example the lack of consistency in the use of
terminology and existing gaps in the availabilty of data that forms the essential knowledge base.
The mining of indigenous primary CRM resources may help to improve the supply security of CRM to the EU
and this is the subject of section 5. The location and extent of resources within Europe is poorly understood for
most CRM in most countries. This is due in large part to the limited availability of high quality geoscience data
focussed on the CRM in much of Europe. Consequently, there has not been sufficient CRM‐focussed
exploration in the EU and this is the first essential stage in the value chain for all minerals. Without exploration
there can be no mineral resources or reserves and, therefore, no production of the mineral raw materials that
European industry depends upon. Additional geoscience research is required to provide a better understanding
of regional geology, ore deposit genesis, mineralogy and deposit models.
Section 6 of this report is focused on the challenges associated with supplies of CRM from secondary raw
materials. It explains the differences between terms such as ‘recycling rate’ and ‘recycling input rate’ which are
often confused. Although recycling of CRM from secondary sources is an important aspect of ensuring security
of supply, this section explains that it is not always physically or economically possible to recover all the CRM
contained within every product in use. It discusses the issues of dissipation in use, product lifetimes, collection
systems and the increasing complexity of products that makes it difficult to recycle every component. For
secondary sources to be viable they need to be economically competitive with primary sources of material and
this requires regular and consistent feed materials, efficient collection systems, cost effective processing
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technology and a sufficiently high price otherwise there will be no incentive for commercial companies to
undertake this activity.
Access to mineral resources in the ground is an issue that relates to all minerals, not just CRM, but the issues
are significant and form the subject of section 7. Mineral resources can only be extracted where natural
geological processes have concentrated them in sufficient quantity, quality and grade that they are economic
to mine. The presence of environmental or heritage designations, such as Natura 2000 sites, can cause real
problems for companies wishing to access mineral resources contained within or near them. Similarly other
conflicting land uses such as buildings, infrastructure, tourism or cultural uses can impose restrictions on
mining activities. The involvement of citizens in their surroundings is an important part of democracy but the
increased willingness of people to make their views known has the inevitable consequence of raising
differences of opinion that can lead to social conflicts.
Section 8 takes a closer look at the processing technologies required to extract CRM from their ores. This is a
particular challenge because so many of the CRM are by‐ or co‐products that occur with other elements. In
some cases, such as the rare earths, the elements have such similar physical and chemical properties that they
are notorioiusly difficult to separate from each other.
Finally, section 9 draws the whole report together with some concluding comments and section 10 provides
some recommendations for how the identified challenges can be addressed going forward. Although there are
numerous challenges connected to the future provision of CRM in Europe, none of them are insurmountable
but they do require appropriate levels of involvement from governments, industries and research institutions
in collaboration.
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2 INTRODUCTION AND BACKGROUND
2.1 WHAT ARE CRITICAL RAW MATERIALS?
Critical raw materials (CRM) is the name given to a group of metals and minerals that are increasingly used in a
variety of applications, especially for new and green technologies. However, there is no consensus on the
definition of the term ‘critical’ and the methodology for measuring criticality.
The terms ‘critical’ and ‘strategic’ in relation to minerals and raw materials have been closely associated for
many decades but their definition and distinction have seldom been clear. The term ‘strategic’ is used almost
exclusively to denote those materials that are used for security and military needs, while ‘critical’ in general
refers to something that is vital, essential or crucial. Critical materials may be considered as those on which the
economic health and security of a nation depends. Accordingly a critical material has civilian, industrial and
military applications that could be adversely impacted if supply of that material were restricted. A critical
material may or may not be strategic, whereas as a strategic mineral will always be critical.
Critical raw materials have been defined in a variety of ways by different stakeholders. However, in the
majority of assessments two features are generally considered: (i) their vulnerability to supply disruption or
supply risk (SR); and (ii) the economic impact of supply disruption, sometimes measured as economic
importance (EI). However, there is no single, fixed or correct list of CRM. Historically they have been defined
using a range of criteria and associated metrics depending on who is asking the question, for what purpose and
over what timescale. Prominent non‐European examples of studies that have assessed raw material criticality
include those carried out by the U.S. National Research Council (NRC, 2008), the U.S. Department of Energy
(U.S. DoE, 2010 and 2011), General Electric Corporation (Duclos et al., 2010), the National Science and
Technology Council (NSTC, 2016) and by a team at Yale University (Graedel et al., 2015). Individual companies
may have a completely different set of materials that they consider as ‘critical’ to their business which may
have little resemblance to the lists produced at national or international level.
The various approaches to criticality assessment have been the subject of considerable discussion and criticism
(e.g. Buijs et al., 2012; Simandl et al., 2015; Glöser et al., 2015; Frenzel et al., 2017). It has become clear that
this is a complex task, which has become increasingly difficult as the number of materials under consideration
has increased. The lack of high quality data, which are the basis for these comparative rankings, is a serious
obstacle to the reliable assessment of many materials. In general all CRM assessments reflect the status quo
and lack any foresight perspective.
In this report we are considering those raw materials critical to the EU economy. These materials have been
defined by the European Commission in three separate studies, with a CRM list published in 2010, 2014 and
2017 (EC, 2010, 2014 and 2017a). Each of these assessments employed a methodology developed from the
U.S. National Research Council’s approach based on evaluation of a material’s supply risk and the impact of
supply disruption (NRC, 2008). In order to monitor trends and to maintain backward compatibility with
previous CRM lists, the latest EU assessment used a similar two‐dimensional approach based on supply risk (SR)
and economic importance (EI) (EC, 2017a). However, in this study the methodology for calculating EI and SR
was refined in a number of ways. Also, in contrast to the first two studies, the third study assessed whether the
supply risk to the EU is greater at the mining/extraction stage or the processing/refining stage of the material
life cycle. The assessment was then undertaken on the stage that represents the greater risk. Full details of the
methodological changes implemented in the 2017 study are provided in a report from the EC (EC, 2017b). This
study assessed 78 candidate raw materials (58 individual materials and 3 groups of materials, PGM, LREE and
HREE) and identified 27 of these as critical to the EU economy (Table 1) (EC, 2017a).

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 730227
SCRREEN D3.3 Challenges of locating, mining and extracting critical raw material resources, Rev 1.0

7

Antimony

Fluorspar

LREEs

Phosphorus

Barytes

Gallium

Magnesium

Scandium

Beryllium

Germanium

Natural graphite

Silicon metal

Bismuth

Hafnium

Natural Rubber

Tantalum

Borates

Helium

Niobium

Tungsten

Cobalt

HREEs

PGMs

Vanadium

Coking coal

Indium

Phosphate rock

Table 1: Raw materials critical to the EU economy (from EC, 2017a)
This report is focussed on the non‐biotic raw materials and therefore does not consider natural rubber.

2.2 CHARACTERISTIC FEATURES OF CRITICAL RAW MATERIALS
CRM possess a number of characteristic features that can make them difficult to find, access, extract or recycle.
Together, or individually, these may impact on their security of supply to the EU. These features are introduced
here and discussed more fully in the following chapters in this document.

BY‐PRODUCTS AND CO‐PRODUCTS
Many CRM are produced almost exclusively as by‐products of the production of other more economically
important commodities or are members of co‐product groups, which, by virtue of the fact that they occur
together in nature, means that they have to be produced together. When assessing mine supply of raw
materials it is important to know whether commodities are single or joint products of a mine. A metal or
mineral commodity is considered as an ‘individual product’ when it is the sole product of a mine (Tilton, 1985).
Where commodities are produced jointly from a mine, a commodity is considered as the ‘main product’ when
it alone determines the economic viability of a mine or as a ‘by‐product’ when its price has no influence over
the mine’s ore output. ‘Co‐products’ are those that jointly influence the mine output.
The rare earth elements (REE) and platinum‐group metals (PGM) are the most commonly cited examples of co‐
products. The 6 PGM are generally derived from the same types of ore deposit in which they occur together,
commonly in the same mineral phases. For this reason they have to be mined together. In practice, one or
other of the individual PGM, normally platinum or palladium, is the main economic driver supporting the
extractive operations while the other PGM are by‐products that make a minor revenue contribution. Although
these metals may be technically recoverable in their own right the cost of such recovery might render it
uneconomic.
This parent‐daughter relationship has a major influence on the supply of many CRM because normal market
considerations do not apply to the supply of the by‐products. The supply of the by‐product metal is largely
dependent on the production economics of the parent metal. If production of the parent metal ceases to be
economically viable then the by‐product will no longer be recovered. It is for this reason that the supply of by‐
product metals is rather insensitive to changes in the level of demand and, in turn, why the prices of by‐
product materials can fluctuate wildly.
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GEOGRAPHIC CONCENTRATION
Although it is widely considered that the physical availability of metals and minerals is not a major constraint
on supply from the mining industry, the geographic concentration of mineral resources and production can be.
Many CRM are produced in a small number of countries on which the major resource‐consuming economies
depend for their supplies. For example, an average of 64 per cent of global production of cobalt was derived
from the Democratic Republic of Congo (DRC) in in the period 2010‐2014 (EC, 2017c). However, the DRC has a
long history of political and economic volatility and the government has recently introduced a new mining code
that will raise mining taxes and royalties. As a result investors are increasingly reluctant to fund new projects in
the DRC and the supply security is generally regarded as fragile.
Other notable examples of CRM for which the supply risk is high on account of the marked concentration of
production include tungsten, antimony, bismuth, gallium, germanium, magnesium, scandium and the REE. For
each of these materials China accounts for more than 50 per cent of global production. The production of
niobium (Brazil), beryllium (USA) and PGMs (South Africa) is also highly concentrated in individual countries
(EC, 2017a).

PRODUCTION QUANTITIES
Many CRM, particularly the critical metals, are produced in very small quantities globally and the total
production value of many of them is relatively low. For example, in 2015 global production of PGMs was
459 tonnes and of tungsten 89 000 tonnes (Brown et al, 2017). In contrast global production of bauxite and
copper (mine production) in the same year was 294 million tonnes and 19.2 million tonnes, respectively
(Figure 1). For this reason some critical metals are also classified as ‘minor metals’. The mining and processing
of the ores of the minor metals is generally less economically attractive to major mining companies than that of
the major industrial metals, such as iron ore and bauxite, where the production level is orders of magnitude
larger, where the markets are well established and relatively stable, and where the risks are lower and profits
potentially greater. Accordingly both the mining and processing of minor metals tends to be carried out by a
relatively small number of companies operating at only a few locations where the resources are located and/or
the appropriate processing technology is in place.

Figure 1: Indicative global annual production (metric tonnes, log scale) of selected metals and ores in 2015
(data from BGS, 2017 and USGS Mineral Commodity Summaries). Those metals and ores in red are currently
classified as critical the EU (EC, 2017a).
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NUMBER OF CONSUMERS AND END‐USE APPLICATIONS
CRM tend to have a small number of consumers and end‐use applications and, for this reason, most are not
traded on international markets. The lack of transparency in the markets and the limited availability of reliable
market information can lead to high levels of price volatility, especially when the number of producers changes
or when there is a demand shock from a new application. Redlinger and Eggert (2016) found that by‐products
have on average about 50 per cent higher price volatility than products that are the main or sole economic
product of a mine. This volatility is well exemplified by the price of cobalt which has shown several major
fluctuations since the early 1990s (Roberts and Gunn, 2014). This pattern is continuing today with fears of
cobalt supply shortage leading to rapid price inflation over the past 2–3 years, and the price more than
doubling in the year commencing March 2017.

REYCLING RATES
Recycling provides a potentially important source of supply complementary to mining. However, for many CRM
recycling rates are currently very low and industry relies chiefly on primary supplies. Recycling input rates (RIR)
tend to be highest where the economic returns are greatest, for example in the case of precious metals, such
as PGMs and gold. In general where ‘closed loop’ recycling takes place, such as in PGM‐containing catalysts
used in industrial processes, the recycling rates are high and exceed 80 per cent. Recycling rates for
autocatalysts, where PGMs are used to reduce harmful emissions, are in the range 50–60 per cent largely
because the cars in which they are used are exported to countries which lack an appropriate recycling chain for
vehicle recovery and do not possess the appropriate technology to extract the PGMs. In the consumer
electronics sector, where palladium is used in circuit boards, the recycling rates are even lower, between 5–
10 per cent, because at the end‐of‐life the products, such as mobile phones and computers, do not become
available for recycling, rather they are stored in households, discarded into the waste bin for disposal or
exported to countries that lack the appropriate recycling chain.

SUBSTITUTION
In many of their applications the CRM are essential to the function and performance of a device, even though
they may be used in very small quantities in individual products. As a result there are few effective and
economically viable substitutes for CRM in many applications. There is considerable ongoing research in many
countries to identify alternative materials and technologies to reduce our dependence on CRM and thus to
mitigate the impact of supply disruptions. However, although some alternatives have been identified for some
applications, they rarely come without some cost or performance penalty.

2.3 WHY ARE CRM NEEDED?
In recent decades there has been a general increase in natural resource consumption in response to global
population growth and the spread of prosperity across the world. Demand for the major metals (for example,
iron, aluminium and copper) and for many construction and industrial minerals has grown rapidly in response
to the need for housing, workplaces, hospitals and shops, and related infrastructure and services.
More recently an increasing range of raw materials has become routinely used by modern technology. This has
arisen from the development of completely new technologies (such as alternative energy generation systems
and vehicle powertrains) or efficiency improvements in existing technologies (such as lightweight steels for
construction and manufacturing). High‐level drivers, such as the Paris climate change agreement of December
2015 and the UN Sustainable Development Goals of September 2015, have given additional impetus to the
further development and uptake of low carbon technologies. CRM are used in many applications of these new
technologies where they are commonly essential to the function and performance of particular devices. Long‐
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term, adequate and secure supplies of these CRM have therefore become vital to many industries such as
energy generation and storage, automotive, aerospace, defence and information and communication systems.
Although there are numerous media reports about impending scarcity and depletion of mineral raw materials
these are seldom based upon reliable data and a sound understanding of the underlying science. However,
forecasting future raw material demand, especially for new and rapidly expanding technologies, is very
challenging and fraught with high levels of uncertainty. Nevertheless consideration of future scenarios for raw
material demand provides an important basis for future decision making, formulation of policy and research
programmes and for the development of strategies for mitigating the effects of supply bottlenecks.
One of the most authoritative analyses of future raw material demand for emerging technologies was carried
out by Fraunhofer ISI on behalf of the German Mineral Resources Agency (Marscheider‐Weidemann et al.,
2016). This study assessed future global material demand for 42 technologies and compared them with current
global production levels. It was concluded that the predicted demand for emerging technologies alone in 2035
was more than the total global production levels in 2013 for lithium, REE, rhenium, tantalum and scandium. For
cobalt the global demand for the emerging technologies in 2035 was projected to be 90 per cent of the global
production level in 2013.
However, with the increased commitment of many nations to a low carbon economy and, in particular, the
recent accelerated uptake of electric and hybrid vehicles (EV), it is considered that demand for cobalt for use in
Li‐ion batteries in these vehicles will likely grow at a much faster pace than anticipated in the Fraunhofer study.
For example, one recent forecast suggests that EV demand alone will amount to 314 000 tonnes of cobalt
metal in 2030, compared with current total global supply of cobalt metal of about 100 000 tonnes (Glencore,
2018).
Nevertheless, it cannot be over‐emphasised that changing scenarios can have a major impact on raw material
demand. For example, the penetration rate of EVs in the automotive sector and the actual battery chemistries
employed by individual manufacturers will influence the extent and timing of raw material demand. Competing
demand for cobalt in other applications, such as batteries for portable electronic items, and other sectors, such
as alloys and special steels, also have to be considered when assessing total demand for cobalt in the future.

2.4 SUPPLY CHALLENGES: AVAILABILITY AND ACCESS
Given the generally increasing demand for many CRM, especially for use in new and green technologies, it is
important to consider how this demand can be met in the future so that living standards are maintained,
economic prosperity is enhanced and the negative environmental impacts of resource use are minimised or
eliminated.
Based on many decades of experience and knowledge of the major industrial metals, such as iron, aluminium
and copper, we are well aware of how to find additional resources and how to mine and process them in
sufficient quantities to meet projected demand. Development has rarely been impacted by supply shortages of
these metals as reserves have been continually replenished by new discoveries and by improved mining and
processing technologies. However, for CRM the future security of supplies is less assured. Many CRM have only
been widely used in recent years and, even now, their markets are very small. As a result the knowledge base
for some of these materials remains very limited. There is an urgent need to improve our understanding of how
and where to find additional resources and how to extract, manufacture, recycle and dispose of them
efficiently and safely. While it is highly unlikely that we will run out of primary resources of CRM in the
foreseeable future, it is essential that we undertake fundamental research on the processes that lead to their
concentration in the Earth’s crust and the formation of economically recoverable deposits. Without these there
can be no reserves and no mining and consequently no manufacturing or recycling.
The market supply of most raw materials is controlled by a feedback mechanism such that when a shortage
occurs the commodity price will rise. This leads to a range of supply‐side and demand‐side responses. On the
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supply side new exploration is undertaken, lower grade ores are exploited and new investment in production
and processing capacity can be justified. On the demand side more efficient processing can be developed
leading to less waste, material savings can be implemented and substitute materials and technologies
developed. In this way supply shortages are alleviated and the balance between supply and demand is
restored.
However, the situation for CRM may be more difficult to remedy because of rapidly increasing demand that
cannot always be met in a timely manner from existing capacity and pipeline projects. The situation is likely to
be most serious for those CRM that are extracted as by‐products of the ores of the more common and widely
used metals such as aluminium, copper, lead and zinc. Recovery of these CRM is effectively tied to that of the
host or parent metal and there is generally little economic incentive to increase production of the parent to
meet what may be short‐term increased demand for the daughter CRM.
While modern technology is largely designed around the use of virgin materials extracted from geological
sources, the growing importance of materials from scrap and end‐of‐life products has become widely
recognised. Supply from secondary sources provides a valuable and increasingly important supplement to
supply from primary resources and often has lower energy use and fewer negative environmental impacts than
extracting the CRM from primary materials. Through recycling most metals have the potential for repeated
reuse, but only if:




product designers enable recycling by judicious choice of metal combinations and assembly practices;
governments and individuals optimise end‐of‐life product collection; and
recycling technology is available, cost effective and has the ability to produce material of sufficiently
high quality.

The challenges associated with improving the uptake and efficiency of recovering CRM from secondary
materials are discussed in detail by Hagelüken (2014). However, it is important to note that CRM currently in
use in a product will not become available for recycling until that product reaches the end of its useful life.
Furthermore, if demand for a particular CRM has increased during the product lifetime, then the contribution
from recycling the CRM content of the product will not be able to match the increased total demand at a later
date (Figure 2). For example, if all the cobalt currently in use in EV batteries was recovered from those batteries
at the end of the vehicle life in, say, 10‐15 years, then that cobalt would make only a very small contribution to
cobalt demand for EV batteries at that time, given current forecasts of EV market growth.

Figure 2: When demand for a commodity increases over time recycling alone cannot meet demand. Here we
consider a product that uses a commodity X and that has a lifetime of 25 years. If demand for commodity X
increases in that time from 2 million tonnes per annum to 12 million tonnes per annum, there is a ‘recycling
gap’ of 10 million tonnes. This gap can only be filled by production from primary sources.
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The continued physical availability of CRM from primary and secondary sources is largely dependent on
appropriate research and innovation to identify adequate, secure and sustainable resources. While physical
availability is rarely a major constraint on the raw material supply from the minerals industry, there are,
however, numerous issues that can affect access to these resources. These include a host of factors related to
economic, social, legal, cultural, environmental and land use considerations. These factors are discussed in
more detail in Chapter 7 of this report.

2.5 SCOPE OF THIS REPORT
This report is concerned with the diverse issues that affect the secure and sustainable supply of CRM to the EU,
from both primary and secondary resources. Both the physical availability of, and access to, these resources are
discussed, with a focus on those stages of the value chain concerned with exploration, mining and extracting
CRM. This report builds upon Deliverables 3.1 and 3.2 of the SCRREEN project. It also reviews many aspects of
CRM supply covered by numerous recently completed and ongoing research projects in the EU. In general this
report focusses on high level, generic issues with selected examples to highlight how they relate to the supply
of individual CRM to the EU.
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3 EU SUPPLY OF CRITICAL RAW MATERIALS
Considering the important nature of the critical raw materials, and indeed of all raw materials, to the EU28
economy, it is important to consider where supplies have come from in the past and where they may come
from in the future. Although the EU28 is reliant on imports for a number of CRM, this is not the case for all of
them and there is the potential for the EU28 countries to produce more of certain CRM if it becomes
economically viable (see also Lauri et al, 2018).
This section firstly describes what ‘apparent consumption’ and ‘import reliance’ are and how they can be
measured. The levels of apparent consumption for each CRM are presented, where possible, followed by an
assessment of the import reliance position in 2015. The detailed trends in the production of CRM are provided
in Annex A.

3.1 APPARENT CONSUMPTION
Data relating to ‘true’ consumption are not generally collected from mineral processors and manufacturers.
However, ‘apparent’ consumption can be calculated (at either a national or EU level) using the formula:
apparent consumption = production + imports – exports +/– stock changes
As the quantities held in stock are typically short‐term, unless a country has a ‘strategic stockpile’ similar to the
USA, then changes in stock can usually be ignored. Thus apparent consumption can be calculated based on
available data for production and trade. However, the calculation becomes more complicated when
considering metals or minerals that are produced and traded in different forms (e.g. as an oxide, chloride,
sulphate, intermediate product, refined metal, etc.) because account must be taken of the composition of such
materials if the quantities are to be included in the calculation accurately.

3.2 IMPORT RELIANCE
Import reliance is defined as the proportion of a country’s (or group of countries’) consumption of a mineral
commodity that is imported from elsewhere. Strictly speaking it is ‘net import reliance’ because exports also
have to be taken into account in case part of the import quantity is immediately re‐exported. Import reliance
can be calculated using the following formula, which assumes ‘consumption’ is apparent consumption, and is
expressed as a percentage:
import reliance = (imports – exports) / apparent consumption x 100

3.3 CURRENT SITUATION FOR APPARENT CONSUMPTION OF CRITICAL RAW
MATERIALS IN THE EU28
As the CRM are used for such a wide variety of purposes, the quantities of each material needed by the EU per
year are also highly variable. Apparent consumption varies from as little as 10 tonnes (gallium) to as much as
57 million tonnes (coking coal). Table 2 includes the results of apparent consumption calculations for the 26
mineral commodities or commodity groups that were assessed as ‘critical’ in the 2017 study (EC, 2017c) over
period 2011 to 2015. Natural Rubber has not been included in this report as it is a biotic material. Trends over
longer time periods, where data are available are shown in Annex B.
Negative numbers for apparent consumption indicate that exports were larger than production and imports
combined. This is not necessarily an error and can be caused by stock changes or time differences between
production/imports and exports.
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Commodity

Antimony
(see note 1)
Barytes
Beryllium
(see note 2)
Bismuth (see
note 3)
Borates
Cobalt (see
note 4)
Coking coal
Fluorspar
Gallium (see
note 5)
Germanium
Hafnium (see
note 6)

Sub‐
commodity or
form
Ores &
concentrates
Unwrought
Oxides

Magnesium
Natural
graphite
Niobium (see
note 7)
Phosphate
rock
Phosphorus

Platinum
group metals
(see note 8)

Units

2011

2012

2013

2014

2015

118

‐45

534

667

804

Tonnes

20 155
n/a
651 842

16 067
n/a
557 414

15 647
n/a
507 537

16 675
n/a
520 403

17 773
n/a
497 021

Oxides &
unwrought

17

1

‐6

‐2

0

Tonnes
Tonnes
Tonnes
Tonnes

Metal

73

142

796

803

1115

Tonnes

117 823

100 572

101 892

115 614

111 881

Tonnes

1076

2068

2533

2268

2086

Tonnes

32 936
62 377 676
929 076

29 847
59 838 706
810 796

29 507
58 791 958
746 608

38 600
60 613 749
838 065

22 706
57 159 386
750 593

Tonnes
Tonnes
Tonnes

n/a

n/a

82

46

10

Tonnes

33

25

26

15

19

Tonnes

n/a

n/a

n/a

n/a

n/a

Tonnes

30 307 040

25 478 177

21 226 748

23 623 132

27 940 999

Cubic
metres

121 057

70
111 645

92
115 842

90
120 868

103
118 918

Tonnes

142 768

95 162

86 853

112 304

91 186

Tonnes

n/a

n/a

n/a

n/a

n/a

Tonnes

20 196

19 351

19 536

21 548

22 545

Tonnes

7 592 373

7 040 658

5 852 085

6 467 088

6 339 401

Tonnes

40 872

32 358

50 768

58 910

55 814

Tonnes

n/a

n/a

n/a

n/a

n/a

Tonnes

69

61

55

60

65

Tonnes

59

62

58

55

55

Tonnes

n/a

n/a

n/a

n/a

n/a

Tonnes

Ores &
concentrates
Refined

Unwrought &
powders
Unwrought &
powders
Unwrought,
powders and
waste

Helium
Indium

Apparent consumption

Unwrought &
powders
Metal

Ores &
concentrates
Ferro‐
niobium
Gross weight
Ores &
concentrates
Platinum
metal
Palladium
metal
Other PGM
metals

n/a

Tonnes

Table 2: Apparent consumption of CRM in the EU28.
Table continued overleaf, see also notes below the table.
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Commodity
Rare earths
(heavy and
light)
Scandium
(see note 9)
Silicon metal
Tantalum
(see note 10)
Tungsten
(see note 11)

Vanadium
(see note 12)

Sub‐
commodity or
form
All forms,
gross weight

Ores &
concentrates
Unwrought
Ores &
concentrates
Intermediates
Refined
Ores &
concentrates
Oxides
Unwrought

Apparent consumption
Units

2011

2012

2013

2014

2015

8 256

8 259

7 035

7 648

9 289

Tonnes

n/a

n/a

n/a

n/a

n/a

Tonnes

505 523

485 870

517 654

516 603

507 702

Tonnes

n/a

n/a

n/a

n/a

60–100

Tonnes

n/a

n/a

n/a

n/a

100–200

Tonnes

693

313

413

450

876

Tonnes

6360
8422

4040
5180

4973
5246

6470
7523

Tonnes
Tonnes

n/a

n/a

n/a

n/a

6413
7190
n/a

n/a
n/a

n/a
n/a

n/a
n/a

n/a
n/a

n/a
n/a

Tonnes
Tonnes

Tonnes

Table 2: Apparent consumption of CRM in the EU28.
Note 1: Antimony is not mined in the EU and no antimony unwrought metal is produced in the EU therefore the apparent consumption
calculations for antimony ores & concentrates and for antimony unwrought & powders are based entirely on trade data. Trade data for
antimony oxides is also available but there are no data for EU production, which does occur, and consequently apparent consumption
cannot be calculated for this form.
Note 2: Trade in oxides have been adjusted for Be content. Trade in unwrought and powders is assumed to be 100% Be. Production is zero
in all years.
Note 3: There is no mine production of bismuth in the EU28. There may be a small amount of refined metal production but no data are
available and therefore this calculation is based only on trade. Ores and concentrates of bismuth cannot be separated in trade codes.
Note 4: Refined cobalt includes oxides, hydroxides, chlorides, intermediate products, unwrought metal and powders. The figures have been
adjusted to represent the cobalt content.
Note 5: Production of gallium metal in the EU is from imported bauxite. Gallium is also traded in other forms but data for those forms
cannot be separated from other metals in trade codes. Trade figures under this code are assumed to be 100% Ga but the purity is
uncertain. Countries within the EU28 are known to import lower quality gallium, process it and then export it at higher purity. Trade figures
used to calculate these figures may or may not include this.
Note 6: Hafnium is produced in France but no figures are reported. This production is likely to be from imported zirconium. Trade figures
for unwrought hafnium, powders, waste and scrap are available under a single trade code and show that the EU28 is a net exporter.
Note 7: Niobium cannot be separated from other metals in the trade codes for ores and concentrates or unwrought metal forms. No
production of niobium in any form has been reported in the EU.
Note 8: Data for mine production of platinum, palladium and other PGM are available but these metals cannot be separated in trade codes
from imports and exports of gold ores and concentrates; therefore it is not possible to calculated apparent consumption. Platinum and
palladium metal figures are estimates based on reported demand in Europe and trade in unwrought and semi‐manufactured forms
assuming 100% metal content. There are insufficient data available to allow similar estimates to be made for rhodium, iridium, ruthenium
and osmium but quantities are known to be much smaller than for platinum and palladium.
Note 9: Scandium cannot be separated from rare earth elements in trade codes and is therefore included within the rare earth row of this
table. Production is believed to be zero in the EU28.
Note 10: Tantalum ores and concentrates cannot be separated from other metals in trade codes. However, mine production in the EU28 is
zero and apparent consumption has been reported as being in the range of 60–100 tpa. Trade data for unwrought tantalum are available
but production data are not. Apparent consumption is likely to be in the range of 100–200 tpa.
Note 11: Tungsten ores & concentrates data have been adjusted assuming 55% metal content. Intermediate forms includes oxides and
hydroxides at 79% and tungstates at 70% metal content; production of these forms has been estimated based on available feed material.
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Refined includes carbides at 94% and unwrought metal at 100% metal content; production has been estimated based on available feed
material.
Note 12: There is no production of vanadium ores and concentrates in the EU28 but vanadium cannot be separated in trade codes from
2010 onwards. Trade data for oxides and hydroxides are available (at an assumed 56% metal content) but there are no data available on EU
production. The 2017 CRM criticality assessment refers to production of 1650 tonnes of vanadium oxides per year but does not provide a
data source. Trade data for unwrought metal and powders are also available but there is uncertainty surrounding the vanadium content of
this; it could range between 45% and 100%. There are no data available on EU production of these forms.
Data sources: Production data for most commodities sourced from Brown et al, 2017. Additional production information or data sourced
from EC, 2017c; production of refined cobalt from CI, 2017; production of coking coal from Reichl et al, 2017; production of helium from
PGI, 2014 and PGNiG, 2017; estimated production of PGM informed by Johnson Matthey, 2017a. Trade data for all commodities sourced
from Eurostat, 2018 or UN, 2018.

3.4 CURRENT SITUATION FOR IMPORT RELIANCE FOR CRITICAL RAW MATERIALS
IN THE EU28
The proportion of the apparent consumption figures provided in Table 2 which are met from production or net
imports is shown in Figure 3 for 2015. Trends over longer time periods, where data are available are shown in
Annex C. These proporation relate to the particular forms shown, other forms may also be consumed.
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Production

Net imports

Figure 3: Proportion of apparent consumption that is met by production or net imports in 2015
Note 1: Production relates to cobalt content of ore in Finland only but it is not clear how much of this is actually recovered in later
processing stages. Cobalt also 'mined' in Poland but is not currently recovered. Whilst this shows that the EU28 production of cobalt ores
and concentrates is sufficient to meet current apparent consumption of this form, in reality much more cobalt is imported in other forms
and this may be due to limitations in the availability of ores and concentrates.
Note 2: Some refined gallium is produced within the EU28 but it is a by‐product of processing imported bauxite ores.
Note 3: Production is Finland only; net imports are unwrought and powders assuming 100% Ge content (other forms may also be
imported)
For data sources see notes below Table 2. Where apparent consumption figures are not available (n/a) in Table 2, that particular form is
now shown in Figure 3 (e.g. mine production of PGM).
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3.5 DISCUSSION OF APPARENT CONSUMPTION AND IMPORT RELIANCE
As can be seen from Figure 3, there are certain CRM for which the EU28 currently have no mine production,
e.g. antimony or bismuth. This does not mean that these materials do not occur within the boundaries of the
EU28 countries. Deliverable 3.1 of this project highlights known occurrences and/or deposits for each of the
CRM within the EU28 (Lauri et al, 2018). However, for any material to be produced within a country its
production must be economic and it must be competitive with other countries of the world. For the CRM
where the EU28 is currently 100% dependent on imports, this may be because the deposits within the EU are
too small to be economic at today’s prices. It may also be a reflection of a highly competitive environment in
which the current producing non‐EU countries are able to send material to the international markets at lower
cost and/or higher quality than is feasible in the EU.
Table 2 and Figure 3 also demonstrate that all metals are produced and traded in different forms and the EU28
may be in a different position with regards to apparent consumption and import dependence across these
different forms. For example, tungsten ores and concentrates are produced from mines in Austria, Portugal,
Spain and the United Kingdom and this production equates to 45% of the EU28’s apparent consumption of
tungsten ores and concentrates. However, there are far fewer plants in the EU28 that can process tungsten
ores and concentrates into ammonium paratungstate (APT) and other intermediate products with the result
that only an estimated 14% of the EU28’s apparent consumption of tungsten intermediates is produced in
EU28 countries. The position for more refined forms of tungsten (e.g. metal or carbide) appears to be better
with an estimated 89% of the EU28’s apparent consumption of these forms being produced within the EU28.
However, detailed flows of metals through these different forms are often opaque and difficult to follow either
because the available data are insufficient or there are inconsistencies between production and trade figures.
There are many instances where a metal is imported in one form (e.g. as an oxide), processed within the EU28
into another form (e.g. a refined metal) and then either consumed or exported in that other form.
Alternatively, a metal may be imported at a lower purity (e.g. 99.9%), upgraded to a higher purity within the
EU28 (e.g. to 99.9999%) and then either consumed or exported. The risk of double counting, or missing, an
important trade figure is significant and detailed studies are required to fully understand material flows.
Furthermore, a metal may be imported as a minor constituent of an intermediate but then separated within
the EU and consumed. For example platinum group metals are known to be imported within nickel matte from
non‐EU countries but the quantities of imported PGM ‘hidden’ in this way are not recorded. Whilst, the
subsequent value of the production and consumption or export accrues to the EU countries involved, the
reliance on the initial import may not be fully appreciated.

3.6 GLOBAL SUPPLIES OF CRM AND ORIGIN OF EU28 IMPORTS
The largest global producers of each CRM are shown in Table 3, based on data for 2015 (Brown et al, 2017). The
percentages shown are the proportion of the global production total, where available. Where production data
are not recorded in Brown et al (2017), data provided in the recent CRM factsheets are shown, although these
are based on an average of 2010 to 2014 (EC, 2017c) and the quantities may have changed in subsequent
years. Unfortunately, equivalent data for some individual forms of certain commodities are not available.
Also in Table 3 are the main non‐EU countries that are the origin of imports to the EU28 in 2015. If the specified
sub‐commodity cannot be isolated in trade codes these are shown as “no data available”, this does not
necessarily mean that the trade is zero.
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Commodity

Antimony

Ores &
concentrates

Largest global producers,
in 2015 except where indicated
(max. top three shown)
China (78%), Russia (5%), Tajikistan
(4%)

Oxides

no information available

Sub‐commodity
or form

Metal
Barytes
Ores
Beryllium

Oxides
Unwrought

Bismuth

Ores &
concentrates
Metal

Borates

Cobalt

Ores &
concentrates
Oxides
Chlorides
Intermediates &
metal

China (87%), Vietnam (11%)
[see note 1]
China (38%), Morocco (15%), India
(11%)
USA (89%), China (9%),
Madagascar (2%)
USA (75%), Japan (25%)
[see note 1]
Vietnam (35%), China (35%),
Mexico (14%)
China (82%), Mexico (11), Japan
(7%) [see note 1]
Turkey (36%), USA (22%),
Argentina (13%)
D.R. of Congo (59%), China (7%),
Canada (5%)
China (49%), Finland (10%),
Belgium (6%) [see note 3]

Indium

Unwrought &
powders

China (56%), Australia (17%),
Russia (8%)
China (59%), Mexico (17%),
Mongolia (5%)
China (est. >90%), Russia (est. 3%),
Germany (est. 3%)
China (75%), Finland (9%), Russia
(3%) [see note 5]
France (43%), USA (41%), Ukraine
(8%), Russia (8%) [see note 1]
USA (73%), Qatar (12%), Algeria
(10%) [see note 1]
China (est. 51%), South Korea (est.
14%), Japan (est. 10%)

Magnesium

Metal

China (89%), USA (4%), Israel (3%)

Coking coal
Fluorspar
Gallium

Unwrought &
powders

Germanium

Metal

Hafnium

Refined

Helium

Natural graphite

China (82%), India (6%), Brazil (3%)

Origin of imports to EU28 from
non‐EU countries in 2015
(max. top three shown)
Turkey (72%), Bolivia (19%),
Guatemala (6%)
China (32%), South Korea (32%),
USA (4%)
China (86%), Tajikistan (5%),
Vietnam (5%)
Norway (43%), Ukraine (7%),
Turkey (5%)
no data available
USA (100%)
Switzerland (75%), South Korea
(25%)
no data available
China (91%), South Korea (3%),
Hong King (China SAR) (2%)
India (92%), Indonesia (2),
Thailand (1%)
Japan (57%), Russia (18%), USA
(12) [see note 2]
Norway (88%)
China (99%)
USA (16%), Madagascar (15%),
Canada (14%) [see note 4]
Australia (39%), USA (32%),
Russia (14%)
Mexico (36%), South Africa
(21%), Kenya (15%)
China (80%), Japan (7%), South
Korea (6%)
China (54%), Russia (23%), USA
(19%)
USA (81%), Australia (13%),
Japan (3%), South Africa (3%)
Norway (23%), Switzerland
(20%), Turkey (18%)
Canada (39%), Japan (15%), USA
(12%)
China (95%), Serbia (3), Israel
(1%)
China (43%), Brazil (12%),
Norway (12%)

Table 3: Global supplies for CRM and origin of EU28 imports.
Table continues overleaf, see also the notes below the table.
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Commodity

Niobium

Sub‐commodity
or form
Ores &
concentrates
Ferro‐niobium

Phosphate rock
Phosphorus

Platinum group
metals

Rare Earths
(heavy & light)

Ores &
concentrates (all
6 elements)

South Africa (60%), Russia (22%),
Canada (8%)

Platinum metal

no data available

Palladium metal

no data available

Rhodium metal

no data available

Other PGM metal

no data available

Oxides (mined
material)
Metals, incl.
alloys or mixtures
Cerium
compounds
Other rare earth
compounds

China (91%), Australia (6%), USA
(2%) [see note 6]

Scandium

Tungsten
(continued
overleaf)

no data available
no data available
no data available

Ores &
concentrates

included with rare earths
China (71%), Brazil (10%), Norway
(6%)
D.R. of Congo (44%), Rwanda
(35%), Brazil (8%)

Unwrought

no data available

Ores &
concentrates
Oxides &
hydroxides

China (80%), Vietnam (6%), Russia
(3%)

Tungstates

no data available

Carbide

no data available

Silicon metal

Tantalum

Largest global producers,
in 2015 except where indicated
(max. top three shown)
Brazil (93%), Canada (5%), D.R. of
Congo (1%)
Brazil (90%), Canada (10%) [see
note 1]
China (54%), USA (10%), Morocco
(10%)
China (58%), Vietnam (19%),
Kazakhstan (13%) [see note 1]

no data available

Origin of imports to EU28 from
non‐EU countries in 2015
(max. top three shown)
no data available
Brazil (88%), Canada (12%)
Morocco (30%), Russia (25%),
Algeria (13%)
Kazakhstan (66%), Vietnam
(22%), China (7%)
no data available
South Africa (66%), USA (10%)
Switzerland (10%)
Russia (38%), Switzerland (25%),
South Africa (17%)
South Africa (56%), Russia (33%),
USA (9%)
South Africa (74%), USA, Japan
and Switzerland (8% each)
no data available
China (94%), USA (1%), Hong
Kong (China SAR) (1%)
China (73%), Japan (14%), USA
(5%)
USA (54%), Russia (25%), China
(15%)
included with rare earths
Norway (37%), China (29%),
Brazil (11%)
no data available
Thailand (35%), China (21%),
Hong Kong (China SAR) (20%)
Mongolia (42%), Bolivia (18%),
Brazil (11%)
Russia (33%), China (30%), USA
(25%)
Vietnam (67%), China (26%), USA
(5%)
USA (35%), South Korea (26%),
China (15%)

Table 3: Global supplies for CRM and origin of EU28 imports.
Table continues overleaf, see also the notes below the table.
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Commodity
Tungsten
(continued from
previous page)

Vanadium

Sub‐commodity
or form

Largest global producers,
in 2015 except where indicated
(max. top three shown)

Powders

no data available

Unwrought metal

no data available

Ores &
concentrates
Oxides &
hydroxides

China (58%), Russia (22%), South
Africa (14%)

Metal

no data available

no data available

Origin of imports to EU28 from
non‐EU countries in 2015
(max. top three shown)
China (43%), USA (25%), Canada
(25%)
China (45%), Russia (21%), USA
(12%)
no data available
Russia (55%), China (14%), South
Africa (12%)
Lebanon (33%), USA (27%), China
(5%)

Table 3: Global supplies for CRM and origin of EU28 imports.
Note 1: Based on average data for 2010‐2014
Note 2: The EU28 has imported cobalt ores and concentrates from the D.R. of Congo in the past but did not do so in 2014 or 2015
according to Eurostat data.
Note 3: Some refined cobalt production recorded against Belgium actually occurs in non‐EU countries. These figures relate to all types of
refined cobalt including those shown and other forms.
Note 4: Adjusted for cobalt content.
Note 5: Germanium metal is also known to be produced in Belgium, Canada and Ukraine but production figures are not available so
percentage share for those countries cannot be calculated. Canada, especially, is likely to be a top 3 producer.
Note 6: The rare earth mine in the USA closed in 2016.
Data sources: Brown et al, 2017; EC, 2017c; Eurostat, 2018

Comparing the columns in Table 3 it is clear that the EU28 countries do not always import minerals and metals
from the largest global producers, although in some cases the largest producer(s) is/are so significant that
there is little option. There are many different factors that determine which countries trade with which and
therefore it is difficult to determine the reasons behind a certain trading pattern. In some cases countries have
historical links, such as the United Kingdom and the Commonwealth, which means that favourable or friendly
trading relationships exist. In other cases, formally negotiated trade agreements or other alliances may result in
a particular pattern of trade. Often trading relationships are based solely on prices but in other cases particular
qualities of material are critically important.
The competitiveness of both the originating and receiving country also has an impact. If a receiving country can
obtain supplies from a cheaper source, or better quality material at a reasonable cost, it will usually switch
supplier. Similarly if an originating country can obtain a higher price if it sells its material to another country it
will usually choose that alternative customer. For some commodities, e.g. rare earth elements, even though
alternative countries for mined material become available, a ‘bottleneck’ in supplies to the EU28 may still exist
if the processing technology for that material is concentrated in one country, e.g. China in the case of rare
earths.
In many cases a manufacturer in a particular country will have established a process that requires feed material
in a specified form (e.g. oxides, unwrought metal, etc.) and switching the form of the feed material may be
costly. However, if supplies of a material in a particular form is unlikely to be readily available in future, or only
available at much higher cost, then it may be worthwhile for the manufacturer to make changes in order to
process the material in a different form. This may be what has happened in recent decades with regards to
supplies of tungsten, for example, when China effectively ceased exporting ores and concentrates in order to
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stimulate the development of its domestic industry for processing those materials. Instead China’s export of
tungsten‐bearing materials has shifted to intermediates or even refined forms.
For certain commodities there is a single country which produces a very high proportion (>75%) of the global
production total, e.g. China for antimony, bismuth metal, gallium, germanium, magnesium metal, natural
graphite, rare earth elements and tungsten; USA for beryllium; and Brazil for niobium. This is one of the main
components that is analysed for ‘supply risk’ and is a significant part in why these commodities are classified as
‘critical’. This is understandable in the sense that production concentration increases the risk of supply
disruption if there should be an economic, social or natural crisis. However, it is not just the size of a country’s
global share that determines the actual risk but a country’s actions on a global stage and these are difficult to
incorporate into a criticality assessment.
Clearly, if supplies from within EU28 countries increases then the risk of supply disruption for those
commodities decreases. But this needs to apply at all stages of the life cycle of a material, i.e. mining,
processing of mined material into intermediate products and refining stages (where appropriate). For some
commodities there may be multiple stages before a material is in a suitable form for the EU28’s manufacturing
companies. Overall supply risk may not be reduced if material mined in the EU28 has to be sent overseas for
processing, even if additional mines are opened.
The detailed flow of materials through their full life cycle has not been fully mapped for many CRM, or indeed
for many other mineral commodities. However, there are ongoing research activities into Material Flow
Analysis, including the EC Horizon 2020‐funded project, MinFuture (http://minfuture.eu/).
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4 GENERIC ISSUES: TERMINOLOGY AND DATA
A variety of terminology is used by geologists across the world when discussing exploration results, mineral
resources and the potential for new discoveries and economic deposits. However, the lack of standardisation in
the use of such terminology can easily lead to misunderstanding and misrepresentation when trying to convey
the true nature of mineralisation present in the ground and the extent and quality of the information available
to describe it.
Bringing a new mine into production is a highly complex technological project, from exploration and resource
assessment through to feasibility and permitting. It is therefore imperative that all stakeholders, including the
mining company, investors, local communities, governments and regulators, fully understand their obligations
and expectations. The same applies throughout the life of the mine, from construction to operation, through to
closure and site rehabilitation. The best way to achieve this is through clear and effective communication at all
stages, using unambiguous and standardised terminology and employing best practice wherever possible.

4.1 TERMINOLOGY FOR MINERAL OCCURRENCES AND DEPOSITS
The terms mineral ‘deposit’ and mineral ‘occurrence’ are widely used by geologists when describing
concentrations of metals or minerals that may be of potential economic interest or may be indicative of a
concentration of this type. However, these terms can mean very different things to individual geologists and
companies and their usage may vary significantly between countries.
While there is no consensus on the definition of a mineral occurrence, one that is widely used is: ‘a
concentration of any useful mineral found in bedrock in sufficient quantity to warrant further exploration.’
However, some workers might classify other indications of mineralisation with less supporting evidence of their
significance as mineral occurrences. For example, these may include observations of detrital minerals in stream
sediments and gravels, ‘mineral curiosities’ such as rare mineral grains observed in hand specimen or thin
section, or a single mineralised exposure of limited areal extent which has not been evaluated. For most
mineral occurrences no mineral resource estimate has generally been made, although a group of occurrences
may include some with a resource estimate and others without.
The term ‘mineral deposit’ is also commonly employed in a vague, ambiguous manner. Some people might
refer to a mineral occurrence as a deposit, perhaps to intentionally exaggerate the economic potential of a new
discovery, or simply because that is the way they have always described what others might term an
‘occurrence’. However, one definition of a mineral deposit that is widely used is: ‘a mineral occurrence of
sufficient size and grade that it might be considered to have economic potential under the most favourable
circumstances,’ Generally a mineral deposit has, at least, an estimated ‘inferred resource’ (see below for
definition of resource terminology).
For some mineral ‘occurrences’ the amount of data available is insufficient for it to be called a ‘deposit’ but
with further investigation it may later become one. This is especially the case with recently discovered
exploration targets.

4.2 TERMINOLOGY FOR RESOURCES AND RESERVES
The first steps in establishing the economic viability of a deposit are exploration and resource assessment
which involve drilling and detailed sampling to determine the quantity of material present and its quality or, in
the case of metals, its grade. The exploration data should be reported using consistent and standardised
terminology to ensure clear discrimination between deposits with genuine economic potential and those that
are marginal or unproven.
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The fundamental entities used to describe the size and grade of a mineral deposit defined by drilling and
sampling are the terms ‘resources’ and ‘reserves’. These quantities are used to distinguish between a mineral
deposit that is currently economic (reserves) and another which may become economic in the future
(resources). However these terms are frequently confused, used incorrectly or even interchangeably. Such
misuse can have important implications for key stakeholders such as investors, planners, regulators and local
communities.
There are several internationally recognised systems for reporting mineral resources and reserves. The Pan‐
European Reserves and Resources Reporting Committee (PERC) Standard defines mineral resources as follows
(PERC, 2013):
“A Mineral Resource is a concentration or occurrence of solid material of economic interest in or on the Earth’s
crust in such form, grade or quality and quantity that there are reasonable prospects for eventual economic
extraction. The location, quantity, grade or quality, continuity and other geological characteristics of a Mineral
Resource are known, estimated or interpreted from specific geological evidence and knowledge, including
sampling.”
To provide more information about the level of assurance, resources are divided into different categories,
measured, indicated and inferred, reflecting decreasing levels of geological knowledge and hence decreasing
confidence in the existence of the resources. The PERC Standard also defines mineral reserves as follows (PERC,
2013):
“A Mineral Reserve is the economically mineable part of a Measured and/or Indicated Mineral Resource. It
includes diluting materials and allowances for losses, which may occur when the material is mined or extracted
and is defined by studies at Pre‐feasibility or Feasibility level as appropriate that include application of
Modifying Factors. Such studies demonstrate that at the time of reporting, extraction could reasonably be
justified.”
The “Modifying factors” mentioned are further defined as “considerations used to convert Mineral Resources to
Mineral Reserves. These include, but are not restricted to, mining, processing, metallurgical, infrastructure,
economic, marketing, legal, environmental, social and governmental factors” (PERC 2013). The modifying
factors contribute to the viability of a mineral deposit and determine whether or not it will be exploited.
Mineral reserves are divided in order of decreasing confidence into proved and probable categories.
It is important to note that identified resources do not represent all the mineral resources present in the Earth,
a quantity that is sometimes referred to as the ‘resource base.’ In addition to identified resources, there are
resources that are undiscovered or unidentified. Undiscovered resources may be divided into hypothetical and
speculative categories. Hypothetical resources are those which may reasonably be expected to occur in
deposits similar to those known in a particular area under similar geological conditions. Speculative resources
are those which may be present either in known deposit types in areas with favourable geological settings but
where no discoveries have yet been made or in new types of deposit whose economic potential has not yet
been recognised. It is important to note that identified resources represent only a very small part of the total
resource base and reserves, in turn, are only a tiny fraction of the identified resources (Figure 4).
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Figure 4: Schematic representation of the relative size of the quantities represented by the terms resource
base, unidentified resources, identified resources and reserves. If drawn to scale the identified resources and
reserves would be very much smaller than shown here.

4.3 REPORTING SYSTEMS FOR MINERAL RESOURCES AND RESERVES
Many governments and regulators now require that resources and reserves are reported according to
internationally accepted codes in countries where the company’s stock is listed. Adherence to such reporting
standards ensures full and transparent disclosure of all material facts and is intended to provide all parties with
reliable information on which to base investment decisions. Following an era of industry self‐regulation, these
codes were developed in response to scandals in Australia and Canada where many people were misled by
speculation and rumour leading to unfounded spectacular rises in share prices and, soon after, rapid falls. In
the short term these led to huge financial losses and, in the longer term and more significantly, to a prolonged
loss of investor confidence in the mining industry. Accordingly these codes were developed to set minimum
standards of reporting of exploration results, mineral resources and ore reserves. They provide systems of
classification of tonnage and grade estimates according to geological confidence and technical/economic
considerations. They require public reports to be prepared by appropriately qualified persons and provide
guidance on the criteria to be used when preparing reports on exploration results, mineral resources and ore
reserves. Their use is mandatory on certain stock exchanges.
In addition to PERC there are several other internationally recognised systems of reporting mineral resource
and reserves data, including the Russian National Association for Subsoil Examination (NAEN) Code, the
Australian Joint Ore Reserves Committee (JORC) Code and the Canadian National Instrument (NI) 43‐101, all of
which are used in Europe. Exploration and mining companies will normally use the reporting code of the
country in which they are registered.
The Committee for Mineral Reserves International Reporting Standards (known as CRIRSCO) established an
International Minerals Reporting Code Template to which a ‘family’ of reporting codes are aligned (including
those of Australia, Canada, South Africa, Europe, Mongolia, Russia, the USA and Chile) (CRIRSCO, 2013).
Mineral resource and reserve data reported according to the CRIRSCO template are broadly comparable even if
they are reported to different codes. The data reported to classification systems that are not aligned with the
CRIRSCO template are not necessarily comparable to those that are aligned to it (Figure 5).
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Figure 5: General relationship between Exploration Results, Mineral Resources and Mineral Reserves (from
CRIRSCO, 2013).

The United Nations Framework Classification for Fossil Energy and Mineral Reserves and Resources (UNFC)
applies to mineral resources, fossil energy (including liquids and gases), renewable energy, geothermal energy
and injection projects for geological storage. It was first developed in the 1990s by the United Nations
Economic Commission for Europe (UNECE) but has expanded to include worldwide stakeholders (UNECE,
2013). It is more expansive than the CRIRSCO template and appears more complex because it includes
additional categories arranged according to three ‘axes’ (Figure 6).
The first axis is for “economic and social viability” on which deposits are categorised according to whether they
are economic, but also whether they are viable from an environmental, legal and social aspect. The second axis
is “project feasibility” which categorises deposits according to the level of technical feasibility that has been
assessed. The third axis is “geological knowledge” which categorises a deposit based on the degree of
geological confidence.

Figure 6: UNFC‐2009 categories and examples of classes (from UNFC, 2013)
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In contrast to systems aligned to the CRIRSCO template, the UNFC allows currently sub‐economic deposits and
early stage exploration sites to be represented on the diagram. It is thus a closer representation of ‘all there is’
in the ground although it will not include every possible deposit because many have not yet been quantified.
Although there are advantages and disadvantages to both the CRIRSCO‐aligned systems and the UNFC, the two
serve rather different purposes. UNFC is more applicable to reporting of regional and national totals as
required by governments for policy and planning purposes in the longer term. In contrast CRIRSCO is focused
on the deposit‐scale legal reporting required by international stock exchanges.

4.4 CORRECT USAGE OF THE TERMS ‘RESOURCES’ AND ‘RESERVES’
It is very important to understand what the term reserves actually refers to and, equally, what it does not refer
to. A mineral ‘reserve’ is that part of a mineral resource that has been fully geologically evaluated and is
commercially and legally mineable. They are that part of an identified resource that could be economically
extracted at the time of the assessment. Accordingly, reserves are dynamic economic entities. They can be
regarded as working inventories at a particular point in time, influenced by numerous variables including
commodity prices, discovery and extraction rates, technologies of extraction, processing and use, and various
political, economic and social factors that determine whether they are accessible to mining.
The ultimate fate of a mineral reserve is either to be physically worked out or to be made non‐viable, either
temporarily or permanently, by a change in circumstances (most often economic, regulatory or social). As a
result of their dynamic nature and the diversity of reporting systems in use published global or national reserve
estimates should not be regarded as reliable indicators of the future availability of mineral commodities
(Crowson, 2011; Lusty and Gunn, 2014).
It is also important to stress that the presence of resources does not mean that they will ever be extracted.
Numerous factors, such as those related to economic viability, land‐use planning and environmental
protection, have to be continually re‐assessed to determine if the resources can be mined at a particular point
in time or, in other words if the resources can be translated into reserves. However, improved knowledge of
indigenous resources does contribute to a better understanding of the potential risks to supply and provides
information required to inform land‐use planning and evidence‐based policy. Nevertheless, simply knowing
about the existence of resources cannot by itself improve security of supply if the appropriate technology,
infrastructure and human expertise do not exist within the country.
Another important point that is often not appreciated is that the absence of any resource data for a particular
area or country does not necessarily imply that no resources are present. Given some fundamental baseline
geoscience data, such as geological maps or airborne geophysical data, it would be unusual for a mineral
deposits geologist to be unable to identify any mineral resource potential within a particular country. However,
further detailed investigations would be required to confirm the presence and significance of this resource in
the ground.

4.5 COMMODITY NAMES
Another factor that needs to be considered when evaluating global mineral availability concerns the variation
in names given to individual commodities. It is not uncommon for a mineral raw material to have one name in
one country and another in a different country. Similarly, variations in composition or grade may be reflected in
the use of different names in some countries but not in others. This is particularly important with industrial
minerals where the end use of the mineral is intrinsically linked to its composition or grade, both parameters
that can vary significantly within an individual deposit. For example the names ‘kaolin’ (known in the UK as
‘china clay’) and ‘kaolinitic clay’ (known in the UK as ‘ball clay’) are sometimes used interchangeably between
countries. The similarity in name is due to characteristics which ensure both types of clay turn white or a pale
colour during ‘firing’ in a furnace. However, these two commodities have very different uses: the former is used
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in porcelain and paper while the latter is more typically used in sanitary ware and other ceramics. Another
example that illustrates this problem is provided by the commodity ‘silica’. In the Minerals4 EU project under
the overall commodity group referred to as ‘silica’ no less than 17 sub‐commodities were named in response to
a project questionnaire sent to 40 European countries. These included, for example, ‘silica sands’, ‘industrial
sands’, ‘moulding sands’, ‘quartzite’, ‘quartzite – economic’, ‘quartzite – subeconomic’, ‘refractory quartzites,’
and ‘quartz’. While these names are well established within individual jurisdictions, it is almost impossible to
produce a harmonised nomenclature across Europe for all these sub‐commodities while retaining the same
level of detail employed within the individual source countries. The issue of commodity names is discussed in
greater detail a report from the Minerals4EU project (Brown and Petavratzi, 2015).
Clearly if different terminology is employed for commodity names in different countries it is not possible to
derive aggregated totals for a region or for the EU as a whole. Such aggregation can only be valid if the
nomenclature is harmonised and consistently utilised across the region. However, terminology and resource
estimation procedures are generally entrenched within a particular country and undertaking any form of
harmonisation will inevitably be challenging and, unless demonstrated to have real benefits, likely to be
resisted. Nevertheless, the first essential step, before harmonisation can even be considered, is to elucidate
current practices and terminology utilised in resource assessment within individual jurisdictions.

4.6 DATA AVAILABILITY AND QUALITY
A fundamental issue that affects our ability to determine the existence of resources of any mineral commodity
anywhere in the world is the availability of relevant data and scientific knowledge. For the major industrial
metals and minerals that have been in wide industrial use for many decades, the resource base is reasonably
well known compared to most other commodities, the markets are large and supply chains are well established
across the world. We have a relatively good understanding of how these materials are concentrated in the
Earth’s crust and thus we know where and how to look for new deposits, especially in areas where modern
baseline geoscience datasets exist, such as geological maps and regional geochemical and airborne geophysical
data. However, it should be stressed that in many parts of the world, especially in Africa, Latin America and
Asia, such fundamental baseline datasets are not available and consequently we have little idea of the
magnitude of undiscovered resources that may be present in these terranes. Even in Europe, although the
geology is relatively well known, there has been little mineral exploration for many commodities in recent
years and modern high‐resolution geoscience datasets are available only for limited areas. Furthermore we
generally have little information on the sub‐surface geology and mineral potential beneath cover. Exploration
drilling in ‘greenfield’ terranes is seldom deeper than 200 metres, although the average thickness of the Earth’s
continental crust is about 35 km. It is clear that in most parts of the world beyond established mining districts
exploration has literally only scratched the surface of the Earth and there is no reason to think that the
potential for buried deposits is less than for those found at or near surface today.
For many of the CRM the lack of relevant data is a more serious problem. Until recently many of the CRM have
largely been neglected by the research community and the mining industry owing to the small size of their
markets and the fact that mining them alone is unlikely to be economically viable. Consequently very little is
known about the processes that mobilise and concentrate them in natural systems. This means that, unlike the
major industrial metals, our mineral deposit models for many CRM are poorly developed thereby limiting our
ability to locate new resources. However, as the demand for CRM in new and green technologies continues to
grow, so the prices will rise and the incentives for CRM‐focussed exploration will increase. At the same time
governments, concerned about CRM supply security, have supported new programmes of research aimed at
the development of new models for the formation of mineral deposits and mineral belts, for the improvement
of exploration technologies and the provision of high‐resolution 3D data to depths of 4 km.
A good example of an EU‐funded research project of this type is EURARE (http://www.eurare.eu/), which was
funded by the European Commission between 2013 and 2017 for the ‘Development of a sustainable
exploitation scheme for Europe’s Rare Earth ore deposits’. Following a territorial dispute in 2010 between
China and Japan, the Chinese government restricted REE supplies to Japan and subsequently introduced a
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system of export quotas for REE. This led to serious concerns over the criticality of REE raw materials and to a
rapid rise in REE prices during 2011. A global exploration boom followed which more than doubled global REE
resources in the 4‐year period 2011‐2015, chiefly through exploration carried out in Australia, Canada,
Greenland and Africa (Paulick and Machacek, 2017). At the same time new research programmes, including
EURARE, were initiated worldwide to investigate supply options from sources outside China. EURARE aimed to
provide a basis for the development of a secure REE supply chain for Europe. It led to the recognition of
significant REE resources in Europe and an improved understanding of the processes responsible for their
formation (e.g. Goodenough et al., 2016). It also undertook research on potential methods for the mining,
processing and separation of REE‐bearing ores in Europe (e.g. Davris et al., 2017). In addition it examined the
manufacturing and trade aspects of the European value chain for REE, concluding that the European value
chain remains heavily dependent on China for the REE and the products made from them. Proposals have been
made for a more diversified and sustainable REE supply chain for Europe, but the dependence on China still
remains.
Another good example of an EU‐funded research that has improved our knowledge and understanding of the
supply chain of a small group of metals, including some CRM, is the MSP‐REFRAM project
(http://prometia.eu/msp‐refram/). This project, entitled ‘Multi‐Stakeholder Platform for a Secure Supply of
Refractory Metals in Europe’, was funded between 2014 and 2017 under the Horizon 2020 Research and
Innovation programme. It aimed to improve the supply chain of the refractory metals (tungsten, molybdenum,
rhenium, niobium and tantalum) by identifying new primary and secondary resources available to Europe and
identifying new technologies suitable for the improved production of refractory metals. It also examined
opportunities for new markets and business models for the refractory metals, which would provide various
benefits in terms of waste reduction and energy and water savings. Unlike EURARE, MSP‐REFRAM did not
undertake new research or acquire new data, rather it assembled a multi‐disciplinary team of experts covering
the entire refractory metals value chain and was thus able to propose a series of actions and recommendations
to facilitate strategic knowledge‐based decisions by policy makers and industry (MSP‐REFRAM, 2017).
Research focussed on individual commodities or groups of commodities has, therefore, been demonstrated to
be a particularly effective way of improving our understanding of their supply chains. These studies also
highlight gaps in data and knowledge and identify appropriate actions for research and policy to underpin
secure and sustainable supplies. Such research, involving multidisciplinary stakeholders expert in all parts of
the material value chain, facilitates authoritative dialogue and the identification of appropriate actions tailored
for specific commodities. It is rarely the case that a particular course of action or policy recommendation
applies equally to all minerals and metals, except perhaps at the highest generic level.
The limited availability and poor quality of data for the CRM compared with many other mineral commodities
can be highlighted by examining datasets of various types. For example, in mineral exploration it was not
normal practice until recently to routinely determine a wide range of chemical elements (analytes) in samples
collected from stream sediments, soils, rocks or drillcore. Until the late 1980s most commercial companies
analysed only those elements that were their main exploration targets, typically the base metals, such as
copper, lead and zinc, and certain precious metals, generally gold and silver. As a result any public records of
exploration from that era are unlikely to provide any direct indication of the abundance and distribution of
CRM but this does not mean the CRM were absent from the deposits identified at that time.
Larger, regional geochemical survey programmes from the 1970s and 1980s were conducted by governments
or international development agencies, such as the World Bank, and these may provide data for a wider range
of elements than a commercial exploration programme. However, given the prevailing analytical methods
available at that time (XRF, X‐Ray fluorescence spectroscopy; and AAS, atomic absorption spectroscopy), the
number of analytes was small and included data for few CRM. Further, the analytical detection limits and data
precision for some rare metals were relatively poor by modern standards thereby making them of little value
for the identification of mineralisation containing CRM. With the widespread availability of new analytical
techniques, chiefly ICP (inductively coupled plasma emission spectroscopy) and ICP‐MS (inductively coupled
plasma mass spectrometry), from around 1990 it became possible to analyse more than 50 elements
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simultaneously with high sensitivity and precision. Large regional geochemical surveys since that time have
generally analysed numerous elements including several that are now classified as CRM. These datasets, in
conjunction with modern high resolution geological and airborne geophysical survey data, provide a good basis
for identifying areas favourable for the occurrence of deposits enriched in CRM. However, it is important to
stress that modern, high‐resolution survey data are available only for very limited areas globally, including
some parts of Europe.
Multi‐element regional geochemical survey data, in conjunction with the availability of other baseline
geoscience datasets (geology, geophysics, mineral deposits, etc), are particularly sought after by commercial
companies seeking to explore for metals worldwide. The availability of modern geoscience data, especially
when combined with an efficient mineral licensing system and supportive framework conditions, has
contributed to high levels of mineral exploration activity in various European countries such as Finland, Sweden
and Northern Ireland. However, it is important to emphasise that the bulk of commercial mineral exploration
undertaken worldwide is directed towards gold (ca 50% of total expenditure), base metals (copper, nickel, lead
and zinc) and uranium. Exploration for all other non‐bulk mineral commodities, which includes most CRM,
accounts for about 10% of the total global expenditure (Schodde, 2017). In order to ensure adequate and
sustainable supplies of CRM used for new and green technologies, it may be necessary to instigate some form
of state support to underpin research into the formation of CRM deposits and to generate pre‐competitive
geoscience data to stimulate exploration focussed on CRM.

4.7 CHALLENGES IN AGGREGATING RESOURCE AND RESERVE DATA FOR
NATIONAL TOTALS
For the purposes of land‐use planning and resource management governments are commonly interested in
being able to define the total quantities and locations of mineral resources and reserves for individual
commodities within their own jurisdictions.
The most widely used national datasets on resources and reserves are published annually by the USGS (2018).
However, these estimates vary considerably in their coverage and the level of detail provided. Table 4
summarises the resource and reserve data published by the USGS for the current EU abiotic CRM (EC, 2017c).
The USGS gives no reserve estimates for 9 CRM, while resource data are particularly sparse with limited, mainly
qualitative, data presented for only 6 CRM. Where reserve data are published, detail on individual countries
and quantitative estimates are given for 9 CRM. Quantitative breakdowns of resource data are not provided by
USGS for any CRM. Moreover, the data sources used by USGS in compiling national and global reserve
estimates vary considerably. They do not meet the ideal of “comprehensive evaluations that apply the same
criteria to deposits in different geographic areas and report the results by country” (USGS, 2018). Although for
many commodities they are the best available estimates they are “a rather shaky foundation for any
predictions about future minerals availability” (Crowson, 2011).
Academic studies on global resources of a number of commodities, including some CRM and various non‐
critical by‐product metals, have been published in recent years, most notably by Gavin Mudd and his co‐
workers at Monash University in Australia. For example, they assessed the ‘recoverable resources’ of cobalt in
a study published in 2013 (Mudd et al., 2013). In this assessment they developed a hybrid methodology for
quantifying recoverable cobalt in order to provide “perspective, at least in a relative geological sense, on supply
limitations over the coming century.” They compiled their cobalt resource data according to its reliability: high
quality data is based on a current code‐based mineral resources; medium quality on a current code‐based
mineral resource tonnage but without a reported cobalt grade; and low quality data where no current data on
tonnage or grade are available but alternative literature sources are used to estimate these parameters. Mudd
et al compared their estimates of global recoverable cobalt resources (15,900 kt) with the reserve data of USGS
7,500 kt Co (2012). Furthermore, they suggested that their data underestimated the true figure for several
reasons, including: lack of reporting of cobalt grades in many deposits; new discoveries from grassroots
exploration and around ongoing projects; improving and expanded processing capacity in response to
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increasing demand and higher prices; lack of public reporting in some countries, such as China. Two other
major potential sources of cobalt supply not considered by this study are resources on the seafloor in Fe‐Mn
nodules and crusts and cobalt contained in mine tailings and smelter slags. However, these should be classified
as unidentified resources and cannot be compared with what USGS reports as ‘reserves’ or ‘resources’.
The variation in published quantitative resource and reserve data for CRM is also demonstrated in the case of
the platinum‐group metals (PGM). The USGS (2018) estimates global PGM resources to be in excess of
100 000 tonnes contained metal. Mudd (2012) summarised global PGM mineral resources in a detailed study of
publicly available data for 2010. He derived a total figure of 90 732 tonnes of PGM, subsequently revised to
100,464 tonnes (Mudd, 2016). BRGM (2014) compiled company data for 2012 and estimated global resources
of PGM as 93,530 tonnes. Although the estimates from these studies converge quite closely, the
complementary estimates of reserves show considerable divergence. Reserves of PGM are estimated at
69 000 tonnes by the USGS (2018). However, figures from Norilsk Nickel (2015) estimate that proven and
probable reserves of PGMs in the Norilsk‐Talnakh district and the Kola Peninsula in Russia are 12,100 tonnes,
which is considerably greater than the USGS estimate of 3,900 tonnes for Russia. BRGM (2014) estimated a
global PGM reserve of 14,582 tonnes based on company data for 2012.
For some by‐product critical metals, such as gallium, germanium and indium, the USGS reports no resource or
reserve data. Where no such data are reported it is becoming increasingly important that we attempt to
estimate the global resources of these metals that play a major role in new and green technologies worldwide.
Mudd and his team examined the current approaches, or lack of, in resource reporting for these metals and
developed a complex hybrid methodology using a series of proxies which are aggregated to derive indicative
minimum resource estimates for by‐product metals (Mudd et al, 2017; Werner et al., 2017a and 2017b).
Another approach was taken by Frenzel et al (2016) who estimated by‐product availability curves for gallium
from bauxite, sulfide ores and coal. They concluded that significant long‐term shortages of gallium are not
expected in the foreseeable future and that supply is not restricted by its physical abundance in the parent raw
material. Similar results were obtained for germanium in earlier studies (Frenzel et al., 2014 and 2015). Studies
of this type are inevitably based upon incomplete data of variable quality and require the use of generalisations
and proxies to derive resource estimates. While such estimates are useful for long term planning and resource
management they should be regarded, at best, as guides to future availability. To improve their reliability and
increase their value in assessing future supply potential more geochemical data for these poorly reported
commodities in the ores and deposits of the parent commodity are urgently required in order to enhance our
knowledge of their abundance and distribution.
The Minerals4EU FP7 project, carried out between 2013 and 2015, collected data for Europe on both primary
minerals and secondary materials. For primary minerals data of the following types were collected: production;
trade (imports and exports); resources and reserves; and exploration activity. The data are presented in a new
European Minerals Yearbook ( http://minerals4eu.brgm‐rec.fr/m4eu‐yearbook/theme_selection.html ). The
issues related to the completeness and variable nature and quality of the data collected are discussed by
Brown and Petavratzi (2015). Regarding resource and reserve data in particular, these were collected from
official government sources in 33 of the 40 countries that were asked to participate in the survey. For these
countries they are regarded as the best and most complete data available in the public domain. However, the
survey results highlighted various issues related to the availability and quality of the reported resource and
reserve data:
1.
2.
3.
4.

For many countries there are either no data or data for only a few commodities (Table 4).
Data were compiled according to a wide variety of reporting systems across Europe. A total of 19 different
systems was used. For some commodities several reporting codes are used within a single country.
Some countries use their own unique national reporting systems, while others use a number of different
codes.
The age of the datasets varies considerably. Some are undated ‘historical’ estimates, while others are
modern estimates based on current international reporting systems.
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In the light of these deficiencies it was not appropriate to compile national or pan‐EU totals by aggregating the
reserve and resource estimates obtained from the participating countries. Furthermore these data provide no
indication of the current availability of a commodity within the EU nor of the potential for future discovery.
The ORAMA project (https://orama‐h2020.eu/), which started in late 2017, includes a specific task to begin the
process of addressing this issue in Europe by improving the reporting and harmonisation of resources and
reserves data. Whilst it is unrealistic to expect this issue to be resolved within a 2 year project, it is hoped that
significant steps forward will be taken with the identification of good practice and the development of training
materials.
Resources
Reserves
Commodity
Minerals4EU
USGS
Minerals4EU
USGS
Antimony
6
1


10
X
6
Barytes

Beryllium
3
X
0
X
0
X
0
Bismuth

Boron (Borates)
1
X
1

Cobalt
4
2


Coking coal
na
X
na
X
Fluorspar
4
X
1
X
Gallium
0
X
0
X
Germanium
3
X
1
X
Hafnium
0
X
1
X
Helium
na
na


Indium
0
X
0
X
9
X
5
Magnesium (Magnesite)

Natural Graphite
6
X
3

3
X
0
Niobium

PGM
4
X
1

9
2
Phosphate rock


Phosphorus
na
X
na
X
Rare Earths
7
X
1

Scandium
na
na


Silicon Metal
na
X
na
X
5
X
0
Tantalum

Tungsten
9
2


2
X
1
Vanadium

Explanation of symbols used to describe USGS data availability/quality
X
Very generalised / no specific information on countries or quantities
Country
listed but no quantities given

Some
country‐specific
quantity data

Quantitative data provided for individual countries

Table 4: Number of countries for which resource and reserve data for the EU critical raw materials are
presented in the European Minerals Yearbook, based on a survey of 40 countries undertaken by the
Minerals4EU project (biotic materials excluded). ‘na’ indicates commodities that were not included in the
Minerals4EU survey. The global resource and reserve data published by USGS are shown according to their
completeness and level of detail. An explanation of the symbols used is provided below the table.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 730227
SCRREEN D3.3 Challenges of locating, mining and extracting critical raw material resources, Rev 1.0

32

5 CHALLENGES OF LOCATING PRIMARY RESOURCES
5.1 GEOLOGICAL SETTINGS FOR CRM AND KNOWN DEPOSITS IN THE EU
Table 5 contains a summary of the typical geological settings where deposits of the CRM occur, together with
an indication of EU countries where such deposits occur compared to EU and global mine production. This
table demonstrates that the absence of current production does not mean the CRM are not found in the EU. It
also highlights that CRM occurrences are not limited to those EU countries that are current produers.
CRM

Geological setting

Antimony

Greenstone‐hosted quartz‐
carbonate veins and
carbonate replacement
deposits; gold‐antimony
(epithermal) deposits; and
reduced magmatic gold
systems
Stratiform (or bedded)
deposits are the dominant
source of industrial barytes,
also vein, and residual

Barytes

deposits
Beryllium

Pegmatite rocks (minerals
bertrandite and beryl)

Bismuth

Skarn deposits, tin
pegmatites, granite related
hydrothermal mineralization
Deposits associated with
volcanic activity containing
borate minerals
Hydrothermal and
volcanogenic deposits;
magmatic sulphide deposits;
laterite deposits;
manganese‐rich nodules and
cobalt‐rich crusts on the sea
floor
Hydrothermal vein deposits;
carbonate rocks

Borates

Cobalt

Fluorspar

Selected EU
countries with
known deposits
(note 1)
France, Germany,
Sweden, Finland,
Slovakia, Greece,
Portugal, Spain,
Italy, Poland

Mine
extraction
in EU

Top three producing
countries (note 2)

none

China (78%), Russia
(4%), Tajikistan (4%)

Croatia, Czech
Republic, France,
Hungary, Ireland,
Italy, Poland,
Slovakia, Spain, UK

Bulgaria,
Germany,
Italy,
Slovakia,
UK

China (44%), India
(18%), Morocco (10%),

France, Ireland,
Norway, Czech
Republic
Bulgaria

none

USA (90%), China (8%),
Mozambique (1%)

none

No data in EC, 2017c
(Note 3)

no information

none

Turkey (38%), USA
(23%), Argentinia (12%)

Finland, Germany,
Norway, Sweden

Finland

Democratic Republic of
Congo (64%), China
(5%), Canada (5%)

Spain, France, UK,
Sweden, Norway,
Poland, Hungary,
Germany, Czech
Republic

Bulgaria,
Germany,
Spain, UK

China (64%), Mexicio
(16%), Mongolia (5%)

Table 5: Geological settings, known deposits and mine production of CRM (source : EC, 2017c ; except where
otherwise noted).
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CRM

Geological setting

Gallium

Bauxite and zinc deposits

Germanium
Hafnium
Helium
Indium

Magnesium

Natural
Graphite

Niobium

Phosphate
Rock
PGM

Selected EU
countries with
known deposits
(note 1)
Bulgaria, Greece,
Hungary

Mine
extraction
in EU

Top three producing
countries (note 2)

none

Lead and zinc dposits, coal
deposits
Zirconium deposits (heavy
mineral sands)
Helium‐bearing natural gas

Czech Republic,
Portugal
none

Finland

Poland

Poland

Volcanic‐ and sediment‐
hosted base‐metal sulphide
deposits; polymetallic vein‐
type deposits; vein‐stockwork
deposits of tin and tungsten;
and epithermal deposits
Dolomite, magnesite and
carnallite; seawater and
brines
Flake graphite in high‐grade
metamorphic rocks (e.g.
marbles, schists, gneisses);
amorphous or

Portugal, Spain,
Sweden

none

no data for Ga content
in bauxite or zinc ores
mined
China (56%), USA (16%),
Australia (13%)
No data for Hf content
in zirconium mined
USA (73%), Qatar (12%),
Algeria (10%)
No data for In content in
ores mined

No data

not
applicable
(Note 4)
Austria,
Germany

No data for Mg content
in ores mined

Finland

none

Brazil (95%), Canada
(4%)

Spain, UK, Finland,
Norway, Estonia,
Greece
Sweden, Finland,
Portugal, UK

Finland

China (44%), USA (13%),
Morocco (13%)

Finland,
Poland

South Africa (Pt 71%, Pd
36%, Ir 85%, Rh 83%, Ru
93%);
Russia (Pt 16%, Pd 46%,
Ir 2%, Rh 10%, Ru 2%);
Zimbabwe (Pt 6%, Ir 9%,
Rh 4%, Ru 2%);
Canada (Pd 7%)

microcrystalline graphite in
metamorphic rocks; fluid‐
deposited vein graphite
Peralkaline granites or
syenites, and/or
carbonatites; laterites and
residual placers
Sedimentary marine
phosphorites
Layered mafic‐ultramafic
intrusions; nickel‐copper

sulfide deposits related to
igneous processes

Czech Republic,
Norway, Slovakia,
Sweden, Austria

none

China (69%), India
(12%), Brazil (8)

Table 5: Geological settings, known deposits and mine production of CRM (source : EC, 2017c ; except where
otherwise noted).
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CRM

Geological setting

REE

Carbonatite‐associated
deposits (including weathered
carbonatites), ion adsorption
deposits, alkaline igneous
rocks (including alkaline
granites), placer deposits
High‐purity quartz from
sedimentary silica‐rich rocks,
pegmatite bodies and
hydrothermal veins
Peraluminous pegmatites and
granites; alkaline to
peralkaline granites and
syenites; and carbonatite‐
hosted deposits
Minerals wolframite and
scheelite associated with
granitic intrusions or with
medium‐ to high‐grade
metamorphic rocks (Pitfield &
Brown, 2011)
Phosphate, bauxite and iron
ores

Silicon metal

Tantalum

Tungsten

Vanadium

Selected EU
countries with
known deposits
(note 1)
Greece, Portugal,
Finland, Sweden,
Norway

Mine
extraction
in EU

Top three producing
countries (note 2)

none

China (95%), USA (2%),
Russia (1%)

no data

no data

no data for high purity
quartz mined for silicon
metal production

Austria, Finland,
France, Ireland,
Norway, Portugal,
Slovakia, Spain

none

Rwanda (31%),
Democratic Republic of
Congo (19%), Brazil,
(14%)

Spain, UK,
Portugal,Poland,
Slovakia, Czech
Republic

Austria,
Portugal,
Spain, UK

China (84%), Russia
(4%), Canada (2%)

Sweden, Finland,
Norway

none

China (53%) South Africa
(25%) Russia (20%)

Note 1: Additional deposits and occurrences may exist and a more comprehensive listing is provided in Lauri et al, 2018.
Note 2: Percentage of global mine production based on average 2010–2014 data.
Note 3: EC (2017) quotes figures for refined bismuth. However, according to Brown et al (2018) the largest global producers of mined
bismuth in 2016 were Vietnam (45%), China (29%) and Mexico (14%).
Note 4: Magnesite is mined in Austria, Greece, the Netherlands, Poland, Slovakia and Spain but it is not used for the production of
magnesium metal.

Table 5: Geological settings, known deposits and mine production of CRM (source : EC, 2017c ; except where
otherwise noted).

5.2 RESEARCH NEEDED TO SUPPORT FUTURE SUPPLY
The European economy is highly dependent on primary metal imports that underpin the EU’s industrial
production, as discussed in Chapter 3. Only a minor amount of European metal consumption is mined within
the EU or derived from secondary resources. For several metals, including REE, vanadium, magnesium, cobalt
and PGMs to name just a few, the EU countries completely rely on imports.
Geological knowledge on the formation processes of ore deposits provides the basis for the discovery of new
deposits, which, in turn, may be translated into the reserves that are ultimately mined. Exploration is based on
geological concepts and thus a better understanding of regional geology, ore genesis, mineralogy and deposit
models is necessary to secure future raw material supply. The following examples on PGM and lithium show
where research can support future supply by new concepts in geology and extraction technology and that the
discovery of new deposits can increase and broaden the global primary resource base.
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DEPOSITS OF PLATINUM GROUP METALS
PGM are derived from deposits of several types, most often associated with nickel and copper. Most deposits
are formed by high temperature magmatic processes and are associated with ultramafic igneous rocks, in
which platinum and palladium concentrations may amount to 10‐20 ppb, considerably in excess of the average
crustal abundance (Taylor and McLennan, 1995).
There are two principal types of magmatic PGM deposits:
1.

PGM‐dominant deposits: these host most of the world’s resources of PGE and are found in layered mafic
to ultramafic intrusions. The deposits are formed essentially from the accumulation of crystals of metal
oxides and sulphides during the cooling and crystallisation of the host magma. These deposits contain
sparsely dispersed sulphide mineralization. PGM are the main economic products, with nickel and copper
less valuable by‐products. The largest share of global PGM resources are found in deposits in the
Merensky Reef, UG‐2 Reef and the Platreef of the Bushveld Complex in South Africa, with the Great Dyke
in Zimbabwe hosting the second largest resources.

2.

Nickel‐copper sulphide deposits: these magmatic nickel sulphide deposits are formed when mantle‐
derived magmas become saturated in sulphide and segregate immiscible sulphide liquid, commonly
following interaction with continental crustal rocks. Chalcophile elements, such as nickel, copper and
PGM, become relatively enriched in magmatic sulphide phases of these elements. Economic deposits are
formed when the sulphides precipitated from this liquid are concentrated into a restricted physical space
to constitute ore. The PGM occur in the nickel‐copper sulfide ores, which are exploited mainly for their
nickel content and in which the PGM, dominantly palladium, constitute by‐products. The most significant
deposits of this type are found in the Norilsk district in Russia, with other important deposits in China,
Manitoba, Quebec and Western Australia (Gunn, 2014a).

PGM are also extracted in small quantities from a variety of other deposit types (Gunn & Benham, 2009). PGM‐
bearing minerals are also found in secondary surficial deposits, most notably platinum is combined with the
other platinum‐group metals in alluvial deposits. Alluvial placers have long supported PGM production in
several countries including Russia, Colombia, USA and New Zealand.
PGM mining mostly takes place underground, with PGM ore grades ranging from 3 to 10 g/t. In some
operations lower PGM concentrations of 1 g/t are also recovered as by‐products of mines where nickel or
copper are the primary targets and the metallurgical processing is designed for extracting the main commodity
e.g. in Sudbury, Canada. Even lower concentrations of around 0.5 g/t can be mined in placer deposits, in open
pits or from tailings (Gunn & Benham, 2009).

Although the EU is heavily dependent on PGM imports from overseas a number of PGM‐bearing
deposits are known in European countries. Finland provides the best example of this with major PGM‐
bearing nickel deposits at Talvivaara and Kevitsa, both of which are currently mined, and at Sakatti, which is
currently being explored by Anglo American plc (Anglo American, 2013). The PGM are important constituents
of several different types of nickel sulphide deposits some of which have a long history of mining (Makkonen et
al, 2017; Rasilainen et al, 2010). The main types are contact and reef deposits related to Archaean and
Palaeoproterozoic mafic‐ultramafic intrusions, Palaeoproterozoic metamorphosed black shales of the
Talvivaara type and the ultramafic and metasomatic calc‐silicate rocks of the ophiolitic Outokumpo association.
Several komatiite‐hosted Ni‐Cu‐PGM deposits are also known in Archaean and Palaeoproterozoic greenstone
belts of northern and eastern Finland, although only one of these has been mined. On the basis of detailed
geological knowledge of the evolution of the Fennoscandian Shield in Finland and well‐constrained genetic
models for the main deposit types it has been possible to make quantitative estimates of the undiscovered
nickel resources in Finland. This has indicated the greatest potential in contact‐type Ni‐Cu‐PGM hosted by 2.44
Ga layered intrusions. High exploration potential is also indicated for nickel in Palaeoproterozoic komatiites and
in undiscovered Talvivaara‐, Kevitsa‐ and Sakatti‐type deposits (Makkonen et al, 2017).
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The high level of commercial exploration activity undertaken for nickel‐copper‐PGM in Finland in recent years is
testament to the importance industry gives to the availability of high quality geoscience data combined with
robust mineral deposit models supported by substantial geological expertise in the Geological Survey of
Finland. In order to achieve similar success elsewhere and shed more light on the CRM resource potential it is
vital to have detailed geological knowledge of the most prospective target areas supported by substantial
research on known European ore deposits. Research on alternative deposit types, on new genetic
models, on advanced extraction methods and more efficient by‐product extraction might lead to
increased CRM production within the EU and therefore contribute to minimising supply risks for

European customers.

DEPOSITS CONTAINING LITHIUM
Lithium is currently produced from lithium‐rich brines (lithium salt) and hard rock ore (lithium minerals). In
terms of lithium content, brines represented 63% of the total lithium extracted in 2016 whereas 37% came
from lithium‐bearing minerals (Brown et al, 2018).
Most of the lithium‐rich brines are extracted from salt lakes or salt pans (called salars), such as those in Chile,
Argentina, Bolivia or China, although small quantities have also been recovered from geothermal or oilfield
bines in the USA. These lithium‐rich bines are used to produce a variety of compounds including lithium
carbonate, lithium hydroxide and lithium chloride (amongst others).
The economically most important lithium minerals from hard rock ore are found in pegmatites, especially
spodumene, although petalite, amblygonite, eucryptit and lepidolite are also mined. The mineral concentrates
can be used directly, especially in the glass and ceramic industriesbut are also commonly used for the
production of lithium carbonate and other lithium compounds, particularly spodumene from Australia.
The lowest cost lithium sources are brine deposits, where lithium is often recovered as a by‐product of salt,
potash and borates. The lithium concentration and the magnesium content as well as the rate of evaporation
and geographical location are important factors in the extractability of lithium‐rich brines from salt lakes. The
mineral‐rich brines are usually pumped from beneath the crust on the salt lake (salar) into a series of large,
shallow ponds where the brine solution is concentrated by solar evaporation and the minerals are precipitated
in turn. The extraction process is a comparatively low cost process. The typical lithium content in extracted
brines is about 0.01 to 0.15% (Brown, 2016).
The hard rock mining of lithium minerals occurs mainly in open pits. The minerals are concentrated using a
range of physical and chemical separation techniques depending on the properties of the ore and gangue
materials but often including froth flotation and/or dense media separation. In order to produce lithium
carbonate or other compounds, lithium concentrates are thermally treated before either an acid or carbonate
leaching process and precipitation. The Li2O content of the ore is about 1 ‐ 4% (Brown, 2016). Commercial
concentrates have a Li2O content between 4 and 7.75%.
Lithium is also present in hectorite clays in Mexico and western USA. Although these are not yet in production
as a source of lithium, a feasibility study has been carried out for the Mexico deposit and shows that extraction
from this source is economic and could be developed in the near future (Ausenco, 2018). The other deposit has
released an Independent Technical Report (SRK, 2016) and is working on a pre‐feasibility study.
Increasing demand for minerals and rising prices also encourages companies to finance research into new
deposit types. An excellent example is the Jadar deposit in Serbia. The Jadar deposit is a sedimentary deposit
with a previously unknown mineral jadarite as main commercial component. The deposit was identified while
drilling Miocene lake sediments in search for sodium borates and is owned and developed by Rio Tinto. The
resources are estimated at 136 million tonnes grading 1.9% Li2O, which places it among the largest lithium
deposits in the world. The deposit also contains a borates resource of 21 million tonnes of B2O3. According to
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the company the deposit could, if developed, it could supply more than 10% of global lithium demand. It could
also supply a significant proportion of global demand for borates (Rio Tinto, 2018).

5.3 EXPLORATION ACTIVITIES
The availability of raw materials depends on the success of exploration activities, which marks the first step in
the production chain of raw materials. Identifying geological targets for potential deposits requires an in depth
geological knowledge of the region. This includes detailed information on the geological setting (including,
ideally, regional geophysical and geochemical data) and a clear understanding of the processes responsible for
the formation of ore deposits. Together these allow the development of exploration criteria to be used to
identify permissive terranes and prospective targets. It is important to note that defining prospective target
areas does not necessarily lead to the discovery of new deposits and subsequently to new mining sites because
many targets do not contain economic deposits.
In their contribution on “Exploration Investments” in the EU‐funded Minerals4EU project Borssén, Ericsson and
Löf (2012) state:
“In spite of recent theoretical and technological innovations exploration is still a high‐risk
business. In the recent decade there has been some 200 000 exploration permits active in any one
year globally, around 5 000 deposits have been taken to the next stage of drilling, 1 000 projects
are under‐going definition drilling to determine volume of resources, only 600 projects have
reached the feasibility stage where detailed technical and economic studies are undertaken and
300 projects are under construction. This means that it takes roughly 1 000 initial geological
projects to find one mine.
The main driver of mineral exploration is mineral/metal prices, and only indirectly future metal
demand. The fact that short term (i.e. recent and 2‐3 years into the future) developments of metal
prices and stock market sentiments, and not future societal need for metals and minerals or
corporate need for additional resources, to a large extent determine exploration investments are
increasing the uncertainties about future metal production levels in both the short and long term
and is a major problem. This situation is exacerbated by the fact that the time lag between
exploration and actual mineral production is never less than 10 years and often considerably
longer. In addition the focus of exploration efforts is probably not optimal from a societal
perspective either. Gold, for example, accounts for 41 % of exploration investment while it is not
considered less strategically or economically important than many other metals and minerals.”
Declining market prices for metals have led to decreasing exploration budgets since 2012. Only in 2017 did
stronger metal prices lead to an increase in the global exploration budget for non‐ferrous metals which totalled
US$7.95 billion according to S&P Global’s market analysis (S&P Global, 2018). About half of the budget was
related to gold exploration, about 30% to copper, nickel, zinc and lead and less than 1% to PGM exploration.
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Figure 7: Development of global exploration budgets by regions since 2003 (S&P Global (2018)

Canada, Australia and the USA attracted the largest share of the global exploration budget in 2017 (Figure 7). In
Latin America, Chile, Peru, Mexico, Brazil, Argentina, Columbia accounted for more than 90% of the region’s
exploration budget. Europe received less than 4% of the global exploration budget in 2017, with more than half
of that spent in Finland, Serbia, Sweden and Spain, and smaller amounts in south‐east European countries.
Moreover, companies mainly invest in exploration projects in operating mines or close to them. On a smaller
scale exploration budgets for the battery metals cobalt and lithium increased due to increasing demand and
prices. Junior companies mainly conduct exploration for these metals.
These factors are of particular importance for future CRM availability. As the market prices of the major
commodities drive exploration activities rather than future demand from emerging technologies, and the main
exploration targets are for gold and base metals in and around operating mines, this leaves very limited
flexibility for additional future CRM supply.

5.4 OTHER FACTORS INFLUENCING EXPLORATION ACTIVITIES
CONCENTRATION OF DEPOSITS
Geological reserves as well as the mine production of various raw materials are geographically highly
concentrated. Geological prerequisites are a further factor influencing the magnitude of country concentration,
but political and economic developments also have an influence.
China dominates the REE market, but is also the major producer of antimony, tungsten, magnesium and several
other CRM. Highly concentrated production of raw materials is also found in other countries: more than 90% of
the global niobium production originates from Brazil; platinum and palladium are predominantly produced in
Russia and South Africa; and the Congo is the major producer of mined cobalt.
Reserves of metallic raw materials are unevenly distributed over the world, but not in every case are the
reserves concentrated to the same extent in the same region as the mine production. For example, China
produces 97% of the global REO supply, but it hosts only about two third of the global REE reserves. Tungsten
shows a similar picture. While China is the biggest tungsten producer, delivering 86% of the global supply, the
country accounts for just over 60% of world reserves. Other countries with significant reserves of tungsten
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include Canada, the CIS and the USA. Therefore it is not the concentration of deposits per se that determines
whether mine production is restricted to a few countries.
In addition, the fact that many metals, especially CRM, are mined as by‐products constrains the location of
exploration for and the extraction of these metals. The exploration, mining and beneficiation are usually
focused on the main raw material in order to optimize costs and benefits, whereas the by‐product tends to
make only a minor contribution to mine revenues. The supply of metals produced as by‐products therefore is
generally inelastic to changes on the demand side. This can result in price fluctuations, which have been seen
for many CRM in the recent years (Figure 8). Steep price peaks reflect the inability of the production to adapt
to the increasing demand, usually triggered by new technologies and applications for these materials. Such
price volatility can be a serious deterrent to long‐term investment in the production of by‐product CRM.
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Figure 8: Development of dysprosium (>99% fob China) prices since 2000. (S&P Global (2018)

COSTS
Finding new ore deposits has become increasingly difficult in recent decades. In many parts of the world it is
assumed that most of the large, high‐grade, shallow deposits have been discovered and that future exploration
success will be increasingly linked to deeper deposits, lower ore grades, lower ore quality, remote locations,
politically unstable regions of the world and technically challenging extraction. Such potential problems are
likely to be associated with increasing costs of raw material production.
Humphreys (2012) points out that the small market size of some CRM creates additional problems. For
example, the markets of gallium, germanium, indium and tantalum combined are about 150 times smaller than
the global copper market (see Table 2). The author states that:
“As such, these latter commodities tend to lack the critical mass to make them of commercial
interest to the large companies in the sector. Not unnaturally, these companies like to focus their
financial resources and management time on the commodities which can make a material
contribution to their businesses. As a result of this, the development of projects producing many of
the minerals deemed ‘strategic’ is often left to smaller companies which, while they may be
enterprising, lack the experience, political clout and financial muscle of the big companies, making
the route from discovery to production lengthier and more uncertain.”
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LEGAL, INSTITUTIONAL AND SOCIAL FRAMEWORK CONDITIONS
Exploration activities might be less dependent on stable political and institutional conditions than long term
mining activities, but as they are the first step towards raw materials extraction stable conditions are
particularly desirable to ensure that exploration expenditure can be securely linked to mine development, if
results are favourable. This does not only include political conditions like internal and/or international conflicts,
but also the legislative framework related to the licensing of exploration and mining activities. Permitting
bodies such as mining authorities have to be consistent, knowledgeable and without corruption issues if
companies are to be confident enough to invest in that country. Regional and governmental institutions
involved in the process of permitting procedures have to backed by modern and reliable mining laws. All
aspects that are important in setting up a mining business have to be clearly regulated and the process should
be transparent to both the mining company as well to other stakeholders.
Favourable framework conditions alone do not guarantee exploration investments. If permitting times are
unduly long or subject to frequent delays, a mining company might decide to go elsewhere. Similarly, concerns
surrounding social license to operate, land use restrictions or environmental constraints can have a negative
effect on investment decisions.
Conversely, a positive effect on investment decisions can be promoted by Regional and governmental
institutions. There are a number of actions that can be taken to stimulate exploration, and any extraction that
may follow, including indirect financial support for exploration or more direct funding of geological research.
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6 CHALLENGES ASSOCIATED WITH SECONDARY RESOURCES
Due to the concerns surrounding security of supply of CRM, it is important to consider all the alternative
sources of these minerals and metals in addition to those obtained by mining. Alternative sources may include:
recycling of products containing a CRM to extract the individual elements or compounds (e.g. recycling
batteries to recover cobalt); obtaining CRM from other waste streams that result from unrelated process (e.g.
ashes from coal burning or furnaces, phosphate from biological wastes); and extracting CRM from mine waste
and tailings.
The concept of resource efficiency includes three parts: ‘reduce, reuse, recycle’, i.e. reduce the quantities that
are needed for individual products; reuse products (if possible) for different purposes once they reach the end
of their usefulness for their initial purpose; and recycle a product once it reaches its end‐of‐life so that its
contents can be separated and processed into new products. However, in reality there are always exceptions to
the ideal. For example: reducing a particular essential element may cause technical difficulties with the
product; reusing a product for a different purpose may not be practical; and in recycling products it may not be
economic or technically feasible to recover all the elements contained.

6.1 CHALLENGES IN UNDERSTANDING THE CURRENT SITUATION
TERMINOLOGY
There are a number of terms that are used in connection with recycling which appear to be superficially similar
but which are often misunderstood or confused. Precise definition of these terms make a considerable
difference when considering the statistics associated with supply from secondary sources.
End‐of‐life scrap, which is also sometimes referred to as ‘post‐consumer scrap’ or ‘old scrap’, relates to scrap
arising from products that have been used but which have become worn out or obsolete. This is very different
from ‘processing waste’ or ‘manufacturing scrap’, which is sometimes referred to as ‘new scrap’, which arises
within an industrial plant as a result of processing or manufacturing. New scrap could be material that did not
meet the required specifications, excess material removed during pressing, cutting or forging, grinding sludge
or turnings generated during machining processes, baghouse dust collected from cleaning gaseous emissions,
etc. Feed material for any processing or manufacturing plant has an associated purchase cost and consequently
there is a clear benefit for the processor or manufacturer to minimise wastage by reducing the amount of new
scrap generated and by reusing or recycling that which does arise within their plant.
In addition, the amount of recycling that occurs is measured in different ways. Terms such as ‘recycling rate’,
‘recycling input rate’ or ‘recycled content’ have subtly different meanings and are measured at different points
in a material’s lifecycle (Figure 9). Figure 9 has been simplified because the ‘processing’ and ‘manufacturing’
stages may actually represent multiple steps rather than just the two shown. Similarly ‘scrap processing’
(whether of new or old scrap) is often a multi‐stage set of processes rather than a single step. The figure also
does not show any flow of new scrap generated by the manufacturing stage that may be recycled to the earlier
‘processing’ step. Reuse options are also not shown in the figure.
‘Recycling rate’ and ‘recycling input rate’ can be measured in a way that includes either new or end‐of‐life scrap
or both. These terms are also sometimes used when describing just one end‐of‐life product rather than all
products containing the material of interest.
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Figure 9: Simplified material lifecycle illustrating the difference between ‘old scrap’ and ‘new scrap’, the
location of primary supply and the various points at which recycling can be measured.

Recycling rate means the amount of scrap generated that is directed towards a recycling route. A recycling rate
of 68% would mean that for every 100 tonnes of scrap generated, 68 tonnes is recycled and 32 tonnes is sent
for waste disposal. This can be measured purely for new scrap [point (b) in Figure 9], only for end‐of‐life scrap
[point (c)] or a combination of both [point (b) + point (c)].
Recycling input rate means the amount of scrap that is fed into a processing or manufacturing lifecycle stage as
a proportion of the total feed material. A recycling input rate of 30% means that for every 100 tonnes of
material fed into a processing plant, 30 tonnes is from a recycled source while 70 tonnes comes from a primary
route (i.e. from mining). Again this can be measured purely for new scrap [point (d) in Figure 9], only for end‐
of‐life scrap [point (e)] or a combination of both [point (d) + point (e)]. This measurement does not say anything
about how much material from scrap processing is sent for waste disposal.
Therefore it is distinctly possible for a material to have a recycling rate of 60% but a recycling input rate of only
10% if the majority of scrap generated is sent to a recycling route but only a small proportion of that material
ends up being processed and manufactured into new products. This situation would also occur if the amount of
primary material entering the system is very significantly larger than the quantity of material coming via the
recycling route, even if the efficiency of the recycling route is high. It is also possible for a material to have a
recycling input rate of 30% but an end‐of‐life recyling input rate of 0% if all the recycling is from new scrap.
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For example, UNEP (2011) quotes an end‐of‐life recycling rate for niobium of either 50% or 56%, whereas EC
(2017c) quotes the end‐of‐life recycling input rate for niobium as 0.3%. The latter is much lower because the
quantity of primary material inputs in 2015 was >14,500 tonnes whereas the quantity of secondary material
inputs was <500 tonnes. However, neither percentage is incorrect because these figures are measuring
completely different things.
Recycled content means the proportion of a material within a product [point (f) on Figure 9] that has come
from a recycled source. A recycled content of 28% means that for every 100 tonnes of material used in that
product, 28 tonnes is from a recycled source and 72 tonnes is from a primary route (i.e. mining). This can be
quoted in terms of just one material within a product or all materials within a product. The same term has also
been used in connection with the recycled content of a fabricated metal, i.e. before manufacturing, (UNEP,
2011) and in this context it is the same as the ‘recycling input rate’ [point (d) + (e) on Figure 9].
Other terms that are often used are ‘closed‐loop’ or ‘open‐loop’ recycling. The former indicates that the
material in a product is recycled back into the same kind of product with no change in quality and no waste.
The latter means that the material is recycled into other kinds of products, often with a degradation in quality
(also sometimes called ‘downcycling’) and generating a different type of waste (OLR, 2017). In reality very few
recycling processes represent completely ‘closed‐loop’ systems, which would imply no waste is disposed of at
all.
In practice, industrial users are more likely to operate a ‘closed‐loop’ recycling system than individual
consumers. For example the rates of recycling of PGM‐containing process catalysts are high because the PGM
ownership remains with the industrial user throughout. This is in contrast to consumer items where the
ownership tends to shift frequently and goods are moved long distances. As a result the manufacturer no
longer has control of their devices and recycling is not guaranteed.
Figure 9 also illustrates the increased complexity in measuring rates of recycling compared to primary
production from mining. The latter has just a single point of measurement in the figure where as the former
can be measured at multiple points in the life cycle and to get a fully accurate picture measurement would be
required at several points.

ISSUES WITH DATA
If secondary sources of CRM are to be better utilised a first step is to understand in more detail what waste
streams are currently generated and how much of each CRM may be contained within those waste streams.
This requires good quality data and information. However, many reports relating to secondary resources and
recycling refer to issues with the available data (for example: Ladenberger et al, 2018; Naisbitt, 2017; Brown &
Petavratzi, 2015; Parker et al, 2015; Wilts et al, 2015; UNEP, 2011). These include:



A lack of consistent data relating to the actual quantities being recycled for many products;
A lack of data on new scrap because it is often recycled within an industrial plant and does not get sold
on an open market;
 Insufficient data on mineral/metal contents of mine waste/tailings or industrial waste (except for a
few selected waste streams e.g. autocatalysts);
 Insufficient data for mineral/metal contents of in‐use products and consequently insufficient data on
contents when those products become end‐of‐life waste;
 Insufficient data relating to lifetimes of products and consequently on when products will become
available for end‐of‐life recycling;
 The absence of any content details for materials sent to landfill (i.e. the quantity may be recorded but
not what it contains); and
 The amalgamation of multiple products under single codes within classification systems for trade or
production statistics which makes it difficult to track flows of particular minerals or metals.
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Many of these issues arise because historically waste has been seen as a ‘problem’ that needs to be managed
for environmental reasons rather than a potential ‘resource’ for future use. Many recycling companies are
private enterprises that are not subject to the normal requirement for disclosure to stock exchanges or
shareholders. In many countries there are no legal requirements for detailed information to be recorded in
relation to the quality and composition of many recycled or landfilled materials. Mining and quarrying has
taken place in many parts of Europe for several decades and the requirements to record quantities and
contents of mine waste or tailings were not seen as important in historical times. There is a similar position for
historical waste disposal from industrial processes, manufacturing and even household waste streams.
The statistics that are available for mineral‐based waste through Eurostat are grouped into broad categories
such as “non‐ferrous metal” or “discarded equipment” rather than individual mineral commodities (Brown &
Petavratzi, 2015). These data include figures for “waste generation” and various treatment options, and this
indicates that the general reasons for their compilation are to do with waste management. There are no details
on the character of the waste and therefore no information as to whether it is a resource.
In recent times there have been projects at both national and international levels which have attempted, or are
attempting, to address some of these problems – at least for certain types of waste. For example, Ladenberger
et al (2018) describe a ‘Good Practice Example’ from Sweden where selected mineral‐based wastes are being
assessed for their CRM content including sampling to determine their mineralogical and geochemical
compositions. The recently completed ProSUM project collected and analysed the material contents of waste
electronic equipment, batteries and vehicles. The project also attempted to determine the contents of mine
waste in a few selected countries (Huisman et al, 2017). However, many of the identified ‘data gaps’ remain
unfilled.

6.2 CURRENT POSITION FOR RECOVERY OF CRM FROM END‐OF‐LIFE PRODUCTS
It is not physically or economically possible to recover all CRM contained within every product in use. There are
a number of reasons for this, which are discussed more fully in the next section, but a summary of the current
position is described in Table 6. This table contains the end‐of‐life recycling input rate (EoL‐RIR) outlined in the
the CRM factsheets (EC, 2017c), a summary of the typical end use applications for each CRM (again from EC,
2017c) and some comments about whether these products can be recycled to extract the CRM content (EC,
2017c; Ladenberger et al, 2018; Gunn, 2014b).
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CRM

EoL‐RIR

Uses (EoL products)

(EC, 2017c)

(with percentage shares from EC, 2017c)

Antimony

28%

Barytes (barite)

1%

Beryllium

0%

Bismuth

1%

Flame retardants (43%), plastics
(6%)
Lead‐acid batteries (32%), lead
alloys (14%)
Glass and ceramics (5%)
Oil and gas drilling (60%)
Fillers (30%), chemicals (10%)
Electronics and telecom (40%),
automotive electronics (16%),
automotive components (16%),
aerospace (10%), energy (8%),
moulds (3%), metal (3%), others
(4%)
Pharmaceuticals and pigments
(62%)
Solders (28%), alloys (10%)
Glass (49%)

Borates

Cobalt

0%

0%

Fluorspar

1%

Gallium

0%

Ceramics (15%), fertilisers (13%),
wood perservatives (4%),
chemicals (4%), metals (4%),
others (11%)
Battery chemicals (42%),
superalloys (23%), hard materials
(10%), catalysts (7%), magnets
(5%), other chemicals (8%)
Ceramics and pigments (5%)
steel making (33%), refrigeration
and air conditioning (17%),
aluminium and other metallurgy
(14%), fluoropolymers (10%),
fluorochemicals (9%), nuclear fuel
(6%), oil refining (3%), others (8%)
Electronics (e.g. integrated
circuits) (70%), lighting (e.g. LEDs)
(25%), photovoltaics (5%)

Infrared optics (47%), Optical
fibres (39%), Others (1%)
Germanium

2%
Satellite solar cells (13%)

Can the CRM be recovered and
reycled?
no, the use is dissipative
yes, except for a few specific
uses e.g. solders
unknown
no, the use is dissipative
not easily
difficult from EoL scrap due to
small quantities and long
lifetimes involved; it also varies
between industries; most new
scrap is recycled; some alloys
recycled into the same alloy
without separating the Be
no, the use is dissipative
very little because it is only a
minor component
no, because borosilicate glass is
not separated from other types
of glass during collection
no, most of these uses are
dissipative

yes, but cobalt‐containing alloys
are often recycled into stainless
steel and the cobalt is not
separated; greater quantities of
new scrap are recycled
no, the use is dissipative
not into fluorspar; synthetic
fluorspar is produced in certain
processes; some chemicals
from refrigeration and
aluminium smelting are
recycled
it is feasible from EoL products
but contents are small and
highly dispersed; new scrap is
often recycled, e.g. from GaAs
wafer production
it is feasible from EoL products
but little is collected separately
and contents are small; new
scrap is often recycled
no, because the satellites
themselves are not recovered

Table 6: End‐of‐life recycling input rates, end use applications and recyclability of critical raw materials
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CRM

EoL‐RIR

Uses (EoL products)

(EC, 2017c)

(with percentage shares from EC, 2017c)

Hafnium

1%

Helium

1%

Indium

0%

Magnesium

9%

Natural graphite

3%

Niobium

Platinum Group Metals

Platinum

0.3%

11%

Palladium

10%

Rhodium

24%

Iridium

14%

Ruthenium

11%

Osmium

n/a

Base metals (45%), machinery
parts (26%), chemicals (13%),
optics (11%), electronics (5%)
Cryogenics (29%), welding (17%),
semiconductors (14%), balloons
(13%), pressurisation (11%),
controlled atmospheres (6%), leak
detection (5%), analysis (5%)
Flat panel displays (56%), solders
(10%), photovoltaics (8%), thermal
interface materials (6%), batteries
(5%), alloys (4%), semiconductors
(3%), other (8%)
Transportation (58%), packaging
(7%), construction (5%), other
(9%)
Desulphurisation of steel (12%)
Refractories for steel making
(52%), refractories for foundries
(14%)
Batteries (8%), friction products
(5%), lubricants (5%),
recarburising (4%), pencils (4%),
graphite shapes (1%), other (7%)
High‐strength low‐alloy steels
(86%), superalloys and
superconducting magnets (8%)
Chemical applications (6%)
Autocatalysts (41%)
Jewellery (33%), chemical (7%),
investment (5%), electrical (3%),
petroleum (2%), glass (2%),
medical (2%), others (5%)
Autocatalysts (75%)
Electrical (10%), chemical (5%),
dental (4%), jewellery (3%),
investment (2%), other (1%)
Autocatalysts (82%)
Chemical (8%), glass (4%),
electrical (1%), other (5%)
Electrical (43%), electrochemical
(27%), other (23%), chemical (7%)
Electrical (61%), chemical (17%),
electrochemcial (15%), other (7%)
Little used and no data

Can the CRM be recovered and
reycled?
it is feasible but often not
recycled due to radioactive
contamination or low contents
technology has been developed
for certain end uses but
recovery is seldom carried out

it is feasible from EoL products
but contents are small; new
scrap is often recycled

yes, although most recycling
capacity is for new scrap not
end‐of‐life scrap
no
yes, but only to a limited extent
due to low prices
no, most of these uses are
dissipative

yes, but usually as ferrous‐scrap
without the niobium being
separated
no
yes, most significant
yes, but much lower and more
variable; new scrap is often
recycled
yes, most significant
yes, but much lower and more
variable; new scrap is often
recycled
yes, most significant
yes, but much lower and more
variable
yes, but mainly from industrial
applications
yes, but mainly from industrial
applications
n/a

Table 6: End‐of‐life recycling input rates, end use applications and recyclability of critical raw materials
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CRM

EoL‐RIR

Uses (EoL products)

(EC, 2017c)

(with percentage shares from EC, 2017c)

Phosphate rock

0%

Phosphorus (white)

unknown

Rare earth elements

Cerium

1%

Dysprosium

0%

Erbium

1%

Europium

38%

Gadolinium

1%

Holmium, lutetium,
ytterbium, thulium

1%

Lanthanum

Neodymium

1%

1%

Praseodymium

10%

Samarium

1%

Terbium

6%

Mineral fertilizer (86%), food
additives (10%), fireworks,
detergents and other (4%)
Chemical industry (90%),
Electronics (5%), metals (5%)
[elemental phosphorus is also
incorporated in mineral fertilizer,
see phosphate rock]
Autocatalysts (35%), glass and
ceramics (33%), catalysts (8%),
metal (6%), batteries (6%), lighting
(1%)
Polishing powders (11%)
Magnets (100%)

Optical (74%), lighting (26%)
Lighting (96%),
Other (4%)
Magnets (38%), lighting (25%),
metal (30%), medical (8%)
Optical (100%)
Catalysts (67%), batteries (10%),
glass and ceramics 13%), polishing
powders (5%), metal (3%), lighting
(2%)
Magnets (37%), ceramics (11%),
batteries (13%), metal (12%),
catalysts (6%), glass (8%), lasers
(3%), other (10%)
Magnets (24%), batteries (12%),
ceramics (15%), metal (11%),
catalysts (10%), polishing powders
(10%), glass (8%), other (10%)
Magnets (97%), medical and
optical (3%)
Lighting (68%)
Magnets (32%)
Lighting (46%)

Yttrium

Scandium

31%

0%

Ceramics (35%), glass (4%), alloys
(7%), others (8%)
Solid oxide fuel cells (90%), alloys
(9%), others (1%)

Can the CRM be recovered and
reycled?
no, but waste streams from
biological or vegetable sources
can be used as alternatives
no, processes exist to recycle
from these industrial uses but
are not yet used on commercial
scales
yes, but used in small quantities
in often complex products

small scale reuse
theoretically possible but not
happening on a commercial
scale in 2015
yes, but used in small quantities
yes, but the plant in the EU has
closed due to low prices
unknown
yes, but used in small quantities
in often complex products
yes, but used in small quantities
in often complex products
yes, but used in small quantities
in often complex products

yes, but used in small quantities
in often complex products

yes, but EoL‐RIR figure is
estimated and this is likely to be
too high; used in small
quantities in often complex
products
yes, but used in small quantities
in often complex products
yes, but the plant in the EU has
closed due to low prices
unknown
yes, but the plant in the EU has
closed due to low prices
unknown
not currently due to its limited
uses

Table 6: End‐of‐life recycling input rates, end use applications and recyclability of critical raw materials
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CRM

Silicon metal

EoL‐RIR

Uses (EoL products)

(EC, 2017c)

(with percentage shares from EC, 2017c)

0%

Chemicals (54%), aluminium alloys
(38%)
Photovoltaics (6%)
Electronics (2%)

Tantalum

1%

Tungsten

42%

Vanadium

44%

Capacitors (33%), superalloys
(22%), sputtering (17%), chemicals
(11%), mill products (9%), carbides
(8%)
Cutting tools (69%), high speed
steel (7%), aeronautics and energy
(5%)
Catalysts and pigments (7%),
lighting and electronics (6%),
other (6%)

High‐strength low‐alloy steels
(60%), other iron and steel (33%)
Superalloys (3%), chemicals (3%),
energy storage (1%)

Can the CRM be recovered and
reycled?
no, these uses are dissipative
yes, but generally from new
scrap only
good potential but rates are
currently low
potential but rates for EoL
waste are low; a greater
quantity of new scrap is
recycled
yes, rates are high; some metal
is lost in use due to wear of
cemented carbides and hard‐
facing products
yes, but rates are much lower;
some chemical uses are
dissipative and some metal is
lost during wear of electrical
components
yes, but needs to be kept
separate in collection systems
yes, but higher cost and
therefore lower volumes

Data sources: EC, 2017c; Ladenberger et al, 2018; Gunn, 2014b

Table 6: End‐of‐life recycling input rates, end use applications and recyclability of critical raw materials

6.3 CHALLENGES OF EXTRACTING MORE CRM FROM SECONDARY SOURCES
Although the desire to improve security of supply provides an incentive for increasing the recovery of CRM
from secondary sources, it has to be remembered that it is not physically or economically possible to recover
all CRM contained within every product in use. Furthermore, even if recycling processes are developed to
increase their efficiency, supplies from secondary sources are very unlikely to reach a level where they can
satisfy the entirety of demand. The reasons for this are discussed in the following sections.

DISSIPATION IN USE
Many of the uses of CRM are dissipative, meaning the elements are widely dispersed or incorporated into
compounds from which they cannot be recovered. The former is primarily an economic barrier in that it would
be prohibitively expensive to collect together sufficient quantities of the materials containing the element to
make the recycling process worthwhile. The latter is a physical barrier that would require significant
technological advances to enable the element to be separated.
Examples of dissipation of CRM during use include:
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The use of antimony in flame retardants or plastics where the compound antimony trioxide (ATO) is
combined with other compounds across a wide range of products;
Bismuth used in pharmaceuticals that are consumed by humans or animals;
The use of cobalt as a pigment in ceramics or glass where it becomes part of those products and can
no longer be separated;
Natural graphite used in friction products, such as brake linings and brake pads in vehicles, which is
worn into fine particles that are dispersed into the environment as dust.

Even where recycling input rates are known to be high, some material continues to be dissipated in use. For
example, platinum group metals are lost from autocatalysts as dust exiting through vehicles’ exhaust pipes,
particularly if road conditions are poor or the vehicle is not well maintained (Hagelüken, 2014).
Some uses of CRM result in the metal or mineral being converted to a different form thus preventing it from
being recycled into the original form. For example, phosphate rock is used as a fertilizer and becomes widely
dispersed into soils and plants as the element phosphorus. The element also ends up in animals that eat those
plants. Eventually the element phosphorus becomes part of biogenic waste, such as food waste, plant waste,
manure or sewage sludge. These wastes can be used as alternative sources of phosphorus in fertilizers but
cannot be recycled back into phosphate rock. Therefore the recycling input rate of phosphate rock is zero, but
the recycling input rate of the element phosphorus is not zero.
Similarly, the mineral flurospar has a very low recycling input rate because the majority of its uses result from
the chemical properties of the fluorine it contains and the mineral itself is consumed in the processing stages.
However, the end products can often be recycled and different compounds containing the fluorine can be
recovered. In addition, there are alternative sources of the element fluorine, such as fluorosilicic acid, a by‐
product of fertiliser manufacture, which could potentially off‐set the use of primary flurospar as the feed
material for some of these chemical processes (Bide, 2011). Thus it may be possible to extract more fluorine
from secondary sources but not the original mineral flurospar.
Dissipative or non‐recyclable uses significantly reduce the quantities of certain CRM that are potentially
recyclable. For example, Ciacci et al (2015) estimate that only 26% of antimony entering the market can
potentially be recycled. Other low values include: 10% of indium, 18% of gallium, 40% of germanium, 17% of
lanthanum, 18% of yttrium and 35% of cerium. Some of the ‘potentially recyclable’ values for particular rare
earths are noted as being 0% because the technology to recycle them does not appear to exist, for example
erbium, holmium, thulium, ytterbium and lutetium (Ciacci et al, 2015). This may largely be due to low
quantities that are involved. Even where figures for potential recyclability are relatively high, this does not
mean recycling actually takes place, nor that recovery rates are sufficient to extract all of a particular element.
Miniaturisation of components, whilst on the one hand appearing to be a good thing as it reduces the demand
for CRM, on the other hand causes additional dissipation issues. For example, some electrical capacitors (found
in mobile phones and other electronic products) contain tantalum but their miniaturisation means that each
one contains less tantalum. As a result the tantalum is more widely distributed amongst other elements and is,
therefore, more difficult to recycle (Buchert et al, 2009).

LIFETIMES
Many products entering the use stage of their lifecycle will be ‘in use’ for many years and consequently will not
become available for recycling during that time period. If demand for the CRM contained within those products
continues to grow during the lifetime of the products then at the point when the products become ‘end‐of‐life
waste’ the quantities of CRM recovered will fall short of the demand, even if the recycling process is 100%
efficient. Thus primary supply will continue to be needed to meet the demand. This is illustrated in Figure 2 in
section 2 of this report.
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For example, one use for rare earth elements such as dysprosium, neodymium, terbium and praesdymium is in
the permanent magnets used in wind turbines. Although wind energy has been harnessed in Europe since the
early 1980s it is only in recent years that the installation of wind turbines has become widespread. In 2016,
wind energy overtook coal to become the second largest source of electrical power in Europe after natural gas
(EWEA, 2018). Installed capacity has grown from less then 50 GW in 2005 to more than 150 GW in 2017 (EWEA,
2018). Although the composition of the permanent magnets in wind turbines varies depending on the design,
Wilts et al (2015) estimated that a ‘typical’ composition included approximately 3 wt % of dysprosium.
However, as each turbine has a lifetime of about 20–25 years, the availability of end‐of‐life wind turbines as a
significant secondary source for rare earths is not expected for some years yet (Wilts et al, 2015). At the
current growth rate in the use of wind energy, even once the oldest turbines become available for recycling the
demand for rare earths for new ones will be many times larger.
This ‘lifetime effect’ means that significant quantities of CRM are currently ‘in use’ and will remain so for many
years. For example, one of the significant uses of platinum, palladium and rhodium is in autocatalysts for petrol
and diesel cars. The lifetime of a car is typically 10–15 years which means that very large quantities of these
platinum group metals remain currently in use. Hagelüken (2014) estimated that this could amount to around
3000 tonnes of PGM globally. This ‘in use’ material is not available for recycling.
Prediction of exactly when products will become available for recycling is also fraught with difficulty. Wilts et al
(2015) describe some of the different ways in which the ‘lifetime’ of a product can be measured, e.g. its
technical lifetime (how long a product will work for), its psychological lifetime (how long people expect to keep
a product) or its economic lifetime (a measure of the cost of ongoing maintenance compared to replacement).
However, the lifetime of a product is also often affected by how a product is used, the quality of its
manufacture, installation or maintenance, climatic conditions, changing styles or preferences of users, etc.
(Wilts et al, 2015). Future predictions of the availability of CRM from secondary sources must inevitably contain
significant uncertainties and should always be treated with appropriate caution.

COLLECTION SYSTEMS
One of the most significant challenges of extracting CRM from end‐of‐life products is that the products are
widely distributed to consumers around the world and it is difficult to ensure they are collected when they
reach the end of their life. The CRM content of each individual product may be quite low and therefore if
recycling of those products is to be economic, then a large quantity of the products needs to be collected
together first.
For example, a mobile phone may contain up to 60 different chemical elements including several of the CRM
such as cobalt, indium, antimony, the rare earth elements, tantalum and palladium. One tonne of mobile
phones (i.e. approximately 13 000 phones) contains up to 130 g of palladium, much higher than normal
concentrations in mined ores which are generally less than 10 g/t palladium. However, each individual phone
may contain less then 10 milligrams of palladium (Hagelüken, 2014) and therefore it is not economic to recycle
small quantities of mobile phones to extract the palladium and other CRM. Significant numbers need to be
collected together before it becomes profitable to recycle them. It is the sheer number of mobile phones in the
world that make the recycling of them a realistic resource but only if they are collected at end‐of‐life.
Wilts et al (2015) noted that reported figures for the collection rates of mobile phones are relatively low with
figures of 11% and 18% reported for Germany (for 2011 and 2007 respectively) but a collection rate for all IT
and telecommunication equipment in the EU‐27 of only 28% (in 2005). Tojo & Manomaivibool (2011) produced
a report looking at country case studies of collection and recycling of mobile phones and concluded that
collection rates were 9% in Finland, 5% in Germany, 29% in Sweden, 17% in Switzerland and 22% in the United
Kingdom (calculated as the proportion of obsolete mobile phones entering collection systems).
Although the ‘in use stock’ of mobile phones is high, part of this stock is mobile phones that are ‘stored’ but
unused by citizens because the majority of people do not directly dispose of their old phone when they replace
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it with a new one. Wilts et al (2015) reported that 84% of Germany’s citizens store one or more unused phones.
Tojo & Manomaivibool (2011) calculated figures for the ‘hibernation’ of obsolete mobile phones of 86% in
Finland, 90% in Germany, 71% in Sweden, 78% in Switzerland and 74% in the UK. There is also evidence that
mobile phones are used by more then one person before they become part of the waste stream (Wilts et al,
2015). Fortunately the proportion of obsolete mobile phones ending up in landfill is much lower; calculated to
be less than 5% in all of the 5 case study countries (Tojo & Manomaivibool, 2011).
Another example is the use of indium in the form of indium‐tin‐oxide in the screens of liquid crystal displays
(LCD) for televisions, computer monitors or laptops and also in the backlighting for these and other types of
screens. Wilts et al (2015) estimated that the typical indium content of an LCD TV was between 254–
258 milligrams, of an LCD computer monitor was 79–82 milligrams and of a laptop was 39–41 milligrams (Wilts
et al, 2015). However, the collection rates of LCD TVs and computer monitors entering waste streams is only
40–44% while that for laptops could be lower at 32% (Wilts et al, 2015).
Often the CRM are contained within specific components of the overall product and this has an effect on the
collection rates and the recovery of the CRM. In these cases, the efficient recovery of the CRM requires the
removal of the specified component before the rest of the product is treated otherwise the CRM become
diluted in a wider waste stream (Hagelüken, 2014).
Collection rates can also be reduced if end‐of‐life products are exported to non‐European countries, especially
if those exports are to counries that do not have the best recycling technology. The CRM contained within the
exported products are effectively ‘lost’ to the effective and clean technologies generally in use in Europe. For
example, when a European‐registered vehicle reaches its end‐of‐life it can be ‘treated’ within Euorpe or
exported as a used car (either for reuse or ‘treatment’). Schneider et al (2010) calculated that the proportion of
‘deregistered cars’ that are not accounted for by European treatment or commercial exports in 2008 varied
between 9% and 84% depending on the country of origin. Some of these unaccounted for vehicles could be the
subject of private export (i.e. non‐commercial but legal) or could be entering long‐term storage but the report
also states that a number could also be subjected to illegal export or illegal disposal (Schneider et al, 2010).
Considering that the autocatalyst in a non‐electric passenger vehicle contains between 0.8–1.8 grams of
platinum and 1.4–3.4 grams of palladium, depending on the fuel type and engine size of the vehicle (Wilts et al,
2015), the export of vehicles could result in the ‘loss’ of considerable quantities of platinum and palladium from
European recycling streams.

COMPLEXITY OF PRODUCTS
Another challenge for extracting more CRM from secondary sources is the number of different elements
contained within products. Greenfield & Graedel (2013) provide a useful summary of just how far human‐kind
has progressed from material use that consisted of little more than stone, wood, mud and thatch through to
technologies that utilise most elements within the periodic table. Innovations in all realms of modern
technology have aimed to improve the performance or reliablity of products by introducing a wide range of the
chemical elements, albeit usually in very small quantities. For example, as mentioned previously, each mobile
phone can contain as many as 60 different elements, including several CRM.
Another example is the ‘super‐alloys’ that are used in jet engines which have superior strength and corrosion
resistance properties at the increasingly high temperatures that allow the engines to perform more efficiently.
In the 1940s and 1950s a range of alloys was developed that used metals such as titanium, aluminium,
molybdenum and cobalt; the last of which is categorised as a CRM on the most recent EU list. Through the
1960s and 1970s the alloys started to incorporate tungsten, niobium, tantalum and hafnium (all CRM) and since
the 1980s rhenium has also been added (Greenfield & Graedel, 2013).
The difficulties with having such complex products are, firstly, that it is harder to keep individual elements
separate when collecting end‐of‐life products, making it more difficult to obtain the concentrations required
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for recycling to be economic. Second, the addition of novel elements can result in compounds or combinations
that do not occur together in nature, which means that increasingly complex technologies and processes are
needed to separate the elements from each other. Recycling processes that require the input of greater
quantities of energy or water than primary resources are unlikely to be considered economically feasible or
environmentally sustainable.

AVAILABLE TECHNOLOGY AND PROCESSES
In order for the CRM to be recovered from either ‘old scrap’ or ‘new scrap’ there needs to be an effective
processing route and appropriate technology in place. The challenges involved in connection with processing
technology are many and varied. In some cases the technology required to recycle certain products has not yet
been developed and new research is required. In other cases the research and development is underway but
has not yet reached the stage of commercial implementation, for example studies to recover indium from
liquid crystal displays (Rocchetti et al, 2016). In yet further cases the processing route that is required is too
expensive to be economic compared to the extraction and processing of primary material. In general, different
recycling processes are needed for different types of ‘old scrap’, i.e. large waste electrical items such as
washing machines or refrigerators require a different set of recycling processes than smaller waste electrical
items such as mobile phones or laptop computers (Buchert et al, 2009).
Certain CRM are problematic to recover with existing technology due to their chemical characteristics. For
example, tantalum oxidises easily and typical pyrometallurgical processes result in tantalum moving to the slag
phases (Buchert et al, 2009). Further research and development is required to develop a technique to resolve
this kind of issue.
In many cases the recycling routes for metals are very similar to the processing routes for primary materials.
However, where the CRM occurs as a by‐product in nature, these processes are usually set up to prioritise the
recovery of the main metal and the by‐product is frequently lost to waste residues. If the by‐products are to be
recovered an additional process is required to reprocess these waste residues. For this to be economically
viable the quantity and value of the by‐products have to be sufficient. This applies whether the feed material is
a recycled product or is sourced from mining. Whilst some recycled products can contain higher concentrations
of certain CRM than mine concentrates this is not guaranteed and is not the case for all CRM. The first stage for
any recycling plant has to be an assessment of the content of its feed material (Johnson Matthey, 2017b;
Buchert et al, 2009) and this may require significant investment in laboratories, equipment and staff training.
Although it is clearly in the interest of the recycling plant to find a market for every material it separates, this is
not always possible and the available markets evolve over time. For example, one plant in the UK, which has a
primary focus of recovering platinum‐group metals from a mixed feed consisting mainly of secondary materials,
also separates silver during the recycling process. This silver used to be in high demand for the photographic
industry but, as society has largely switched to digital camera technology, this market has waned and the plant
has had to seek an alternative market for its silver by‐product (Johnson Matthey, 2017b). Although in this
example the market shift did not result in a significant impact on the economics of the operation, such changes
in markets can cause issues or additional costs.
Furthermore, most recycling processs result in residues or waste streams that are not recyclable within the
plant and need to be disposed of. In some cases these residues can be transferred or shipped to a separate
plant as feed material for a different process. For example, at the Umicore plant at Hoboken in Belgium
residues from copper, precious metals and lead refineries are treated in a Special Metals Refinery to recover
indium, bismuth and antimony amongst other metals (Buchert et al, 2009). However, in other cases this waste
ends up as slag that is used for alternative purposes such as construction aggregates or in landfill meaning that
the CRM content remaining in that waste is lost.
Very few processing routes, whether utilising primary or secondary feed material, are 100% efficient at
recovering the desired element(s). Often this is due to a ‘cost’ versus ‘benefit’ assessment, i.e. recovering
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greater quantities of the required element comes at a cost and at some point the cost that would be incurred is
greater than the value of the additional quantities obtained. Consequently some CRM will still be lost during
recycling processes, as they are during the processing of primary material. As most recycling plants are
industrial processes, it is often possible for residues to be returned to the plant feed and thus some material
can circulate multiple times through the process before it is eventually included in a waste residue.

ECONOMICS
The recycling of both ‘old scrap’ and ‘new scrap’ needs to be economic and competitive with material from
primary sources otherwise there is no commercial incentive to install the necessary plant and equipment. For
this to be the case there needs to be:





A regular, consistent and sufficient supply of feed material (e.g. products that are currently reaching
their end‐of‐life stage or reliable quantities of ‘new scrap’);
An efficient collection system for the material to be recycled; (this is particularly important for end of
life products used by amongst consumers);
A cost effective processing route that recovers the CRM without allowing them to form unrecoverable
compounds; and
A sufficiently high price for the elements being recovered such that the income from selling the
resulting materials is greater than the costs.

One example of the importance of economics is the REE recycling operation in St Fons and La Rochelle in
France by Solvay‐Rhodia. This operation consisted of two plants designed to recycle spent fluorescent lamps to
recover and separate lanthanum, cerium, europium, terbium, gadolinium and yttrium. The process was
launched towards the end of 2012 (Solvay, 2012) but closed in 2016 due to low prices (Sud Ouest, 2016;
Machacek et al, 2017).
Another example, although not involving a CRM, was reported by Buchert et al (2009) who stated that, at that
time, it was not economic to recover lithium from battery recycling because the price of lithium was too low.
However, since then demand for lithium has grown significantly and the price has risen sharply. This has led to
considerable new research worldwide into recycling of lithium‐ion batteries for their metal contents, not only
for lithium but also for other metals used in these batteries including cobalt, nickel and manganese.

6.4 CHALLENGES OF EXTRACTING CRM FROM MINE WASTE AND TAILINGS
In addition to what has been termed the ‘urban mine’, i.e. manufactured products used by society and waste
generated by industrial processes, CRM are also known to exist in the waste streams and tailings created by
activities related to mining, mineral processing and metal production. These activities have been undertaken in
Europe for many decades, or longer, but in general there is very little data available to describe the metal or
mineral content of historical mine waste locations. Even for currently operating mines, the composition of
waste material generated is not usually published.
Various research projects funded by the EU have been undertaken, or are ongoing, on the resource potential of
mineral‐based wastes, with several focussing on critical raw materials. Ladenberger et al. (2018) have reviewed
these projects and summarised their aims and implications for CRM supply. The ProMine project (2009‐2013) is
particularly notable because it was the first to attempt to assess aggregated mineral resources within Europe,
including those in primary and secondary materials, with a particular focus on CRM. ProMine established an
Anthropogenic Database for the purpose of storing information on the volume and metal contents of wastes
from mining, beneficiation and processing. However, due to very limited data availability, the ProMine
database collected essentially only qualitative information which did not allow the calculation of aggregated
resource potential or its spatial distribution (ProMine, 2013).
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The more recent ProSUM project, completed in 2017, examined batteries, electrical and electronic equipment
and end‐of‐life vehicles with the aim of improving the knowledge base for waste flows and compositions from
these products. The project also looked at mine waste for a small selection of test countries (Ireland, Sweden
and Slovenia) with locations and waste compositions (Huisman et al, 2017). ProSUM has, amongst many other
recommendations, highlighted the remaining challenges concerned with improving the characterisation of the
material content in products and wastes.
Deliverable 4.2 from the SCRREEN project provides an overview of the technologies that exist for recovering
CRM from secondary resources and some recent research that has been undertaken (Ökvist et al, 2018).
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7 ACCESS RESTRICTIONS
Although it is unlikely that the global supplies of any mineral or metal will be exhausted in the near future,
there remains a significant challenge in accessing mineral resources in the ground. Unlike other types of land
uses, mineral resources can only be worked where natural geological processes have concentrated them in
sufficient quantity, quality and grade that they become economic to extract. Access to primary mineral
resources can be restricted by a number of conflicting land uses or by social acceptability issues arising from
perceptions of environmental threats, cultural uses or land ownership. In these respects CRM are no different
from any other mineral or metal, although it is important to stress that no two mineral deposits are the same
and the issues related to their evaluation and mining are unique.

7.1 ENVIRONMENTAL AND HERITAGE DESIGNATIONS
For many decades people have wanted to protect areas of land that are of particular value or importance to
them. This protection may be because the landscape is considered especially scenic or beautiful, an area
contains notable or rare flora and fauna, to provide natural space in which people can relax and enjoy
themselves, or because the history of human occupation of a place is of particular importance. While all of
these designations may be important they can cause other land uses to be considered inappropriate and often
this places restrictions on mining or quarrying. There are examples where mineral extraction is not completely
excluded, but in these cases additional requirements are made to ensure the overall purpose of the designation
is maintained.
There are many different kinds of designation, established at international, national or local scale, and these
offer varied levels of protection or restriction depending on the laws and regulations in each individual country.
Some examples of key international or national designations are listed in Table 7, but this list is certainly not
exhaustive. For example, in the UK there are at least 4 international, 8 national and 3 local designations that
may impose varying levels of restriction on mining or quarrying (Brown, 2009). The percentage of land area
figures quoted in the table should not be summed because some designations overlap geographically.
The presence of one or more environmental or heritage designations within or near to an area where minerals
resources have been discovered has the potential to sterilise those resources and prevent them from being
extracted. If some extraction is permitted, for example if the mineral concerned is deemed to be of national or
international importance, then it is likely that stringent conditions of conduct will be imposed on the mineral
operator and these will increase costs. It may be the case that the operator decides it is not worthwhile to
proceed.
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Type

Land area and number
in EU countries

Level of restriction for mining and quarrying

Natura 2000 – established by
two EU Directives for wild birds
and natural habitats

>18% of EU’s land area
plus 8% of marine
territory, located in all
EU28 countries,
>27,300 sites in total.

Significant, all Member States are required to
prevent deterioration of them. All development
requires an impact assessment and should only be
permitted if it is shown that it will not adversely
affect the site or there is an overriding reason and
appropriate compensatory measures can be
implemented.

World Heritage Sites –
established by the UNESCO
World Heritage Convention

no data on land area,
located in all EU28
countries, 403 sites in
total.

Significant, they generally have to be avoided.
Historic mining sites can also be given this
designation.

Ramsar sites – established by
International Convention to
protect wetlands

>3% of EU’s land area,
located in all EU28
countries, 865 sites in
total.

Significant, although the boundaries of these sites
can be moved if there are important national
interests to do so but compensatory sites have to
be provided instead.

National Parks (or similar, e.g.
National Forest Park in Cyprus)
– usually established by
national legislation

>3% of EU’s land area,
located in all EU28
countries, 278 sites in
total.

Variable but can be significant in some countries
depending on the specific laws and regulations
that create them. In some countries mineral
extraction does take place but only after the most
rigorous examination and where there are few
alternatives.

Ancient Monuments

Unknown number but
likely in most EU28
countries.

Variable but can be significant in some countries.
In the UK, for example, ancient monuments are
‘scheduled’ under Act of Parliament and
incompatible land uses in or near them are
restricted.

International designations

National designations

Sources: Brown, 2009; EC, 2018; UNESCO, 2018; Ramsar Secretariat, 2018; general internet search

Table 7: Exampls of key international and national environmental and heritage designations that could have
an effect on mining operations.

An example of the difficulties that can be caused is the Norra Kärr project in south‐central Sweden. The
exploration licence for this project was originally granted in 2009, which consists of REE with zirconium and
hafnium. This was followed by the granting of a mining lease in 2013, the publication of a comprehensive pre‐
feasilibilty study in March 2015 and an exploration licence extension application in August 2015. However the
site is close to a Natura 2000 site and also in the vacinity of a lake that is used as a fresh water source for the
local population. After appeals and counter‐appeals to the Swedish courts, the project’s exploration licence has
been extended but the mining lease was changed from ‘granted’ status to being an ‘application’. The Swedish
Mining Inspectorate has requested, and the operator has provided, additional information to supplement the
environmental impact assessment previously submitted (Leading Edge Materials, 2018; Leading Edge Materials,
2017; Environmental Justice Atlas, 2017). Until this situation is resolved the project will remain on hold,
although the company continues to evaluate processing methodologies and potential by‐products from the
deposit.
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The Swedish courts’ decision on Norra Kärr has also had consequential effects on other projects in Sweden,
including the Storuman fluorspar project, which is now undergoing a re‐assessment of its mining permit. The
company has had to provide additional information relating to possible environmental impact on another
Natura 2000 site and also regarding local reindeer herding (Tertiary Minerals, 2018).
In contrast, mineral exploration and extraction can sometimes co‐exist with environmental or heritage
designations. For example, exploration drilling at the Sakatti project in Finland (for copper, nickel and PGM) is
located within a Natura 2000 site. It has been carried out in winter to minimise impact and utilises a closed
drilling system that collects all drilling waste (Anglo American, 2013). Another example is the extraction of
fluorspar from the Peak District National Park in the UK where ‘planning permission’ for an extension to the
existing Milldam mine was granted in 2015 subject to 45 conditions covering a wide range of topics including
traffic numbers and routes, dust control, output levels, working scheme, heights of stockpiles, hours of
working, noise controls and water monitoring (PDNPA, 2015).

7.2 OTHER CONFLICTING LAND USES
In addition to environmental or heritage designations, other types of land use can impose restrictions on where
minerals can be extracted. Urban areas and infrastructure such as roads, railways, power grids, pipelines, etc.
can all sterilise mineral resources if they are located directly over the resources or underground through the
resources. However, they can also sterilise mineral resources if they are positioned close to them (Figure 10)
because usually there needs to be a ‘buffer’ strip left between the mine or quarry and the urban area or
infrastructure in order to prevent sideways movement of ground and subsidence. Furthermore, an open pit or
quarry will need to have sides that are battered (i.e. inclined slopes) to provide structural strength and, if the
void is deep enough, it will also be benched to enable safe working.

Figure 10: Simplified block diagram to illustrate how mineral resources can be sterilised by development that
is nearby as well as directly on top of them (adapted from Wrighton et al, 2011; BGS © NERC).

In the UK, the sterilisation of resources has been of concern in recent years due to the pressures of competing
land uses and the localisation of the permitting processes. As a consequence the principle of ‘safeguarding’
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mineral resources has been introduced into the land use planning process. The National Planning Policy
Framework requires local planning authorities to designate ‘Mineral Safeguarding Areas’ (MSA) to identify
where minerals are known to exist. Whilst the presence of an MSA does not necessarily mean that the mineral
will be extracted, it should enable the risk of sterilisation to be considered during any subsequent permitting
processes for other land uses (CLG, 2012; Wrighton et al, 2011).
Access to mineral resources can also be restricted in areas of high agricultural value, for example where the
quality of the soil for arable crop production is considered to be of greater importance than any underlying
mineral. The development of a tourism industry can also act as a conflicting land use if it is reliant on the scenic
beauty of an area, although tourism can also be promoted as a sustainable after‐use of restored mineral
extraction areas.

7.3 SOCIAL ACCEPTABILITY
In mature democracies, the involvement of ordinary citizens in decision‐making processes is an essential
characteristic. However, growing public awareness and the increased willingness of citizens to make their views
known has the inevitable consequence of identifying differences of opinion that can lead to social conflicts
between differing interests (Radwenek‐Bak, 2015).
In many cases mining and quarrying are seen as essential employment opportunities, especially in rural
locations. However, the activities associated with mining can cause nuisances such noise, dust, increased traffic
movements or visual intrusion and, if not carried out to a high standard, can result in more widespread
environmental damage such as water or air pollution. Consequently, many citizens are reluctant to accept
mineral extraction in their areas (Bloodworth et al, 2009). This reluctance is often expressed during the
planning or permitting stages and is therefore caused by a perception of what might happen rather than
something that has actually occurred. It has often been referred to as the ‘NIMBY’ effect (‘Not In My Back
Yard’) which implies that the reluctance is caused by the desire to avoid change in the immediate local area
rather than an opposition to mineral extraction in general. The fears of what might happen are frequently
overstated and often do not materialise.
There are examples of where things have gone wrong that result in environmental damage and these tend to
be widely publicised (for example see the case study relating to the Talvivaara nickel deposit in Finland,
described by Kivinen and Markovaara‐Koivisto, 2014). However, there are many more examples of good
practice by mining operators which are never reported in the media.
Social acceptance is a complex issue with conflicting views often being expressed. Suopajärvi (2015) analysed
the ‘social impact assessments’ for 5 potential mine sites in Finnish Lapland, undertaken as part of wider
‘environmental impact assessments’ (EIA) and noted that they included comments that the proposed mines
would bring employment and prosperity to the region, would lessen out‐migration of the population and bring
valuable tax revenues. Other comments expressed included concerns that global companies do not always
employ local people or show enough long‐term consideration for the communities in which they operate.
Another interesting comment suggests that the negative environmental impacts for a mine site in a rural
location are ‘local’ in nature while the economic benefits are a positive for a much wider regional or even
national scale (Suopajärvi, 2015).
Negative perceptions of mining in the past are difficult to dispel by more modern operators. Mining in Europe
has been carried out for centuries and in historical times less consideration was given to environmental aspects
or the view of local communities. Even in the recent past, some Eastern European countries had less strict
environmental standards and the ‘blame’ for past actions can continue to be placed on current mining
operators despite changes in ownership (Radwenek‐Bak, 2015).
Whilst generally the environmental impact of mining is seen as ‘damaging’ because it turns an area of natural
landscape into an industrial site, surprisingly Suopajärvi (2015) notes that in the case of Lapland many residents
were less concerned about this aspect because there were plenty of alternative locations where they could
undertake their nature‐based activities. However, this might be something unique to Lapland because
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population density is low in that region and a significant proportion of the land area is owned by the Finnish
state rather than private citizens. In more populous areas, especially where population numbers are growing,
different views are often expressed and opposition to mining is more typical (Bloodworth et al, 2009). Often
the scale of this opposition can be disproportionate the actual scale of the possible threats identified
(Radwenek‐Bak, 2015).
Another aspect of social acceptability is the impact of mining activities on traditional ways of life or culture. For
example, northern Scandanavia is home to populations reliant on reindeer herding as their main source of
income and as part of their traditional culture. As this activity often involves the movement of the animals over
a significant area on a seasonal basis, other land uses such as mining that place fixed infrastructure within the
landscape can reduce the availability or accessiblity of grazing land and cause difficulties (Sandström et al,
2003).
As with many aspects of modern life, the solution is often found in improvements to communication especially
where this is a two‐way process and mining companies take account of the views of local communities in the
design of their operations. Clear and unambiguous benefits on a local scale, especially where these are not
limited to economic benefits, also contribute to promoting social acceptability (Radwenek‐Bak, 2015).
A number of studies have been carried out in relation to the social acceptance of mining projects and Badera
(2014) provides a useful review of the literature. Corporate social responsibilty by mining companies is an
important and growing topic. Case studies and examples of social interactions between communities and
mining operators, both positive and negative, can be found in the Minerals4EU Foresight Study Thematic III
report (Wittmer and Sievers, 2015).

7.4 RECENT AND ONGOING RESEARCH RELATED TO ACCESS ISSUES
The Minatura2020 project was a three year Horizon 2020 funded project that ran from 1 February 2015 to 31
January 2015. Its main objective was to develop a concept and methodology for the definition of “mineral
deposits of public importance”. A number of case studies were developed together with a mapping framework
(Minatura 2020 project, 2018). A new, follow‐up project has just begun, known as MinLand, which aims to
collect additional information relating to mineral resources and land use in Europe whilst building on the
framework developed by Minatura and developing good practice guidelines (EGS, 2018).
A detailed examination of the legal framework for mineral extraction in each of the EU28 countries is available
in the MinLex study final report (MinPol, 2017).
Social acceptability and the development of a ‘social licence to operate’ are the subject of a work package
within the MIREU project which began in January 2018 (Mining and Metallurgy in Regions of the EU; MIREU,
2018). Data relating to social and environmental aspects of mining is also being examined by as part of the
ORAMA project that commenced in December 2017 (Oprimising quality of information in raw materials data
collection across Europe; ORAMA, 2017).
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8 CHALLENGES ASSOCIATED WITH EXTRACTION AND PROCESSING
8.1 BY‐PRODUCTS, CO‐PRODUCTS AND GROUPED ELEMENTS
Most CRM, especially minor metals, are not found in nature in their elemental form, but occur as trace
constituents in the ores of other metals. They do not, therefore, form economically recoverable concentrations
on their own. They are produced as by‐ and co‐products in the production process of a main element such as
copper, zinc, lead, nickel, aluminum or iron (Figure 11). The main element supporting economic production is
sometimes referred to as the parent and the by‐product element as the daughter. The extraction of the
daughter therefore depends on factors such as the ore composition, mineralogy, applied extraction technology,
concentration and price. Generally, the recovery rates of by‐products are considerably lower than for the main
metals because the main metals are the focus. Usually further extraction steps are necessary to recover by‐
products from ores and these metals can be contained either in the ore concentrate produced or within ‘waste’
streams.

Figure 11: The metal wheel identifying links between main carrier metals and by‐ or co‐product metals, with
CRM highlighted (adapted from Verhoef et al, 2004).

CRM such as gallium, germanium, hafnium and indium are produced exclusively as by‐products. Antimony,
bismuth, tantalum, vanadium, the platinum group metals, rare earth elements, niobium and cobalt are mined
and processed as by‐products or main products. The split between by‐product and main product is quite
variable between the CRM. For example, approximately 60% of the world’s mine production of cobalt comes
from copper mining, a further 39% is produced as a by‐product of nickel mining and only about 1% from the
single mine, in Morocco, where cobalt is the main product (British Geological Survey, 2018). In contrast 98% of
niobium is mined as a main product and only 2% as a co‐product. For tantalum the situation is more complex:
the largest share of world production is from artisanal mining of tantalite in mostly alluvial/eluvial deposits in
the Democratic Republic of Congo (DRC) and Rwanda (British Geological Survey, 2018). Tantalum is also
produced as a by‐product of tin mining, but a larger portion of the world’s tantalum production is mined as co‐
product with lithium from rare metal pegmatites.
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The six platinum group metals (PGM) occur together in nature as minerals and alloys and are mined solely as
grouped elements. They cannot be mined separately. Similarly, single rare earth elements, like dysprosium and
neodymium, cannot be mined individually. However, individual elements may be relatively enriched or
depleted in specific deposits by geological processes. For example, South Africa produces more platinum than
Russia which extracts a greater share of palladium. Further, within the Bushveld Complex in South Africa, the
two main orebodies, the Merensky Reef and the UG‐2 Reef, differ significantly in the relative proportions of
individual PGM they contain, with rhodium and ruthenium enriched in the UG2.
Whilst most main metals have a concentration within percent ranges in the ores, the by‐product elements
generally occur in parts per million (ppm) ranges. For example, germanium occurs in zinc ores at concentrations
in the range 10–1000 ppm (Melcher & Buchholz, 2014); gallium is found in bauxites at an average
concentration of approximately 50 ppm (Jaskula, 2018); indium occurs in zinc, copper or tin ores at
concentrations in the range 10–800 ppm (Schwarz‐Schampera, 2014); and hafnium is found in zirconium ores
as constituent of zircon with a zirconium to hafnium ratio of approximately 50 to 1 (Bedinger, 2017).
In many cases, particularly where the CRM is produced solely as a by‐product, the supply of raw materials
depends on the quantity of the main product extracted, processed or refined. Hence, their availability cannot
easily be adjusted to an increase in demand. Since the supply of the by‐product metals depends on the
production and demand of the major elements they are subject to the market conditions for those major
elements. For example, a price fall in the market for copper may cause restrictions in the availability of cobalt.

8.2 EXTRACTION TECHNOLOGIES INFLUENCING CRM RECOVERY
The co‐production of by‐product and grouped elements depends on the deposit and ore body type as well as
on the extraction and treatment method selected. Two examples are provided below.

BY‐PRODUCT EXTRACTION FROM NICKEL ORES
The majority of economic nickel deposits can be classified into two groups: magmatic sulphides and laterites.
The magmatic sulphide deposits can be further sub‐divided into stratabound, basal, impact‐related or extrusive
ultramafic types (Bide et al, 2008).
The metallurgical processes used for the primary production of nickel from sulphide ores can result in the joint
production of a considerable number of other elements, including CRM such as PGM and cobalt and non‐CRM
such as copper, gold, silver, selenium, tellurium and iron. However, from the nickel laterite ores the only by‐
product that is generally considered for recovery is cobalt. In a few exceptional cases PGM enrichment in nickel
laterites may make their recovery potentially viable (e.g at Yubdo in Ethiopia and some deposits in the East
African Nickel Belt of north‐western Tanzania and Burundi (Evans et al., 2016)). The iron in the lateritic ores will
only be extracted when pyrometallurgical methods are applied in order to produce ferronickel and nickel
matte.

BY‐PRODUCT EXTRACTION FROM COPPER ORES
In principle copper is recovered from ores through two main processes: by hydrometallurgy using the SX/EW
(solvent extraction/electro‐winning) method producing copper cathodes; or by pyrometallurgy using flotation
to produce copper concentrate which is subsequently refined to copper cathodes. According to the
International Copper Study Group (ICSG) 16% of the global copper production was derived from SX/EW and
84% from flotation in 2016 (ICSG, 2017).
In the pyrometallurgical route the copper ore mined is processed, normally using flotation technology, to
produce a copper concentrate. This concentrate contains minor and precious metals in addition to copper.
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From copper concentrate, copper anodes are produced in the smelting and converting stage, which are then
refined to copper cathodes. The by‐products remain in the anode slimes and have to be treated in a
subsequent process if they are to be recovered.
In the hydrometallurgical production of copper, using the SX‐EW method, the copper ore is leached using
sulphuric acid and copper cathodes are produced from the pregnant solution by electrolysis. This method is
mainly used for oxide ores and does not allow for the recovery of any by‐products which remain in the solid ore
residues. An additional process would have to be applied to these residues to recover any further elements
that may be present.
KGHM in Poland is mining polymetallic copper ores. The company’s main product is copper, but the ore
extracted also contains gold, silver, arsenic, lead, zinc, nickel, vanadium, molybdenum, platinum, palladium,
rhenium, selenium and cobalt. Besides copper, nickel, lead, silver, gold, molybdenum, rhenium and selenium
are recovered, while of the CRM only platinum and palladium are recovered as anode slime residues following
electrolytic refining of the copper. The cobalt and vanadium are not currently recovered.

8.3 EXAMPLES OF CRM EXTRACTION AS BY‐PRODUCTS
INDIUM AS A BY‐PRODUCT
Indium is exclusively won as a by‐product from conventional mining. With a geological abundance of 0.05 ppm
in the continental crust (equivalent to 50 mg per tonne of rock) it is a comparatively rare element. Indium may
be enriched in a broad variety of different deposits to concentrations in the range 10–800 ppm. Due to these
comparatively low grades, indium occurs always as a trace constituent of the ores but can be won as a by‐
product under appropriate economic conditions.
More than 95% of the indium supply is derived as a by‐product from the processing of sulphidic zinc ores,
although indium is also contained in tin and copper ores. The main producers of primary indium are zinc
smelters employing the electrolysis process. In 2009, around 150 million tonnes of zinc ores were mined
(containing approximately 11.5 million tonnes of zinc). Assuming an average indium content of 10 ppm (10 g
per tonne) in the mined ore (which has approximately 7.5% Zn content), the indium recovered would amount
to 1,500 t but estimates for production in that year are around 600 tonnes.
Many zinc smelters lack the technical equipment to treat the metal‐rich residues, or the economic
infrastructure for recovering the indium, so the residues are often sold to other smelters that have appropriate
treatment facilities. Consequently, only a few countries provide the world’s primary indium supply. The
countries with the highest refined production of indium are China, the Republic of Korea, Japan, Canada,
Belgium, and Peru. More than half of the global indium production comes from China.
For a long period of time, less than 20% of the indium content was recovered from concentrates. The zinc
processing industry viewed the production of indium and germanium as an unattractive business. More
recently, just 35% of the 1,500 t of indium, which is globally available from indium‐rich ores, is processed into
indium metal (Mikolajczak, 2009); 30% of the indium‐rich ores are not treated in highly specialized facilities,
meaning that no indium can be recovered. Of the remaining 70% of the concentrates, only half is actually
treated to recover the indium. The remainder ends up, together with other elements and impurities, in smelter
residues. A number of plants have accumulated considerable amounts of these residues over the years.
There are no reliable estimations for current global indium resources and reserves. As 95% of the indium is
recovered as by‐product from zinc processing, an estimate of indium resources can at best be inferred from
estimations of zinc resources. Only a marginal quantity of indium comes from the treatment of sulphidic copper
and tin ores. The United States Geological Survey (USGS) estimates global zinc reserves at 230 million tonnes of
Zn content and zinc resources at 1.9 billion tonnes of Zn content (Thomas, 2018). Assuming an average ore
This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 730227
SCRREEN D3.3 Challenges of locating, mining and extracting critical raw material resources, Rev 1.0

63

grade of 100 g indium per tonne of Zn content and a recovery of 35%, this equates to 8,800 t of indium
reserves and 66,500 t of indium resources. However, the grades of indium in zinc ores are highly variable with
many sulphidic zinc deposits having considerably higher indium grades (Schwarz‐Schampera & Herzig, 2002).
On average the indium grade might more realistically be in the range 10 to 20 ppm (Alfantazi and Moskalyk,
2003).

GALLIUM AS A BY‐PRODUCT
Gallium mainly occurs as a trace element in zinc and germanium minerals, like sphalerite and germanite, and in
aluminium ores (bauxite). It is also known to occur in small quantities in apatite‐nepheline‐rich ores and
nepheline‐syenite and in certain hard coal deposits. At present, gallium is only produced as by‐product of the
refining process of other metals, i.e. during alumina production from bauxite or during zinc residue processing.
The most important primary source for gallium is bauxite.
The United States Geological Survey (USGS) reports bauxite reserves of 30 billion tonnes and zinc reserves of
230 million tonnes (Bray, 2018; Thomas, 2018). The countries with the largest shares of these reserves are
Guinea, Australia, Vietnam, Brazil and Jamaica for bauxite and Australia, China, Peru, Mexico, and Kazakhstan
for zinc.
Based on an average gallium content of 50 ppm (Jaskula, 2018) in the ore and a recovery rate of 40% (Elsner et
al, 2010) contained gallium in bauxite amounts to 600,000 t. The gallium content of zinc ores ranges between
10 to 366 ppm, although most deposits are less than 100 ppm (Butcher & Brown, 2014). Thus some additional
2,300–23,000 tonnes could be contained in the world’s zinc resources, although recovery rates from this source
remain low. As the current primary production of gallium is approximately 300 tonnes per year (Jaskula, 2018)
the potential supply of primary gallium is unlikely to be exhausted even in the long term. Gallium is also
recovered as secondary production from recycled gallium‐bearing scrap, mainly compounds.
The majority of current primary gallium production is via the bauxite‐alumina route. The most commonly used
process for the production of alumina from bauxite, and thus of gallium recovery, is the Bayer process. During
this process the aluminium‐bearing minerals in bauxite (gibbsite, boehmite and diaspore) are dissolved in a
solution of sodium hydroxide (caustic soda) at high temperatures and high pressure. The resulting sodium
aluminate solution is cooled and filtered to remove the non‐dissolved bauxite residue containing iron, silicon,
calcium, titanium and other elements in small quantities. The separated liquid, known as Bayor liquor, is then
seeded in order to crystalise aluminium hydroxide and the liquid remaining after crystallisation is recycled. The
gallium is contained within this recycled liquid. There are various options for recovering gallium from Bayor
liquor including electrochemical deposition, solvent extraction and ion exchange. Most methods applied by
industry for gallium recovery from Bayer liquor are proprietary (and therefore not disclosed) but they are
believed to usually involve some form of ion exchange using resins.
A small amount of gallium is produced as by‐product of zinc extraction from sphalerite (ZnS) ore. During the
zinc extraction process, the sphalerite is first roasted to zinc oxide (ZnO) and then leached with sulphuric acid.
Gallium is contained in impurities, which are separated from the leach solution through the addition of
antimony trioxide, zinc dust or proprietary reagents. The gallium is recovered from these residues by solvent
extraction, ion exchange or other methods.
Once it has been extracted, by either route described above, the gallium often has to be further purified,
depending on the required end use, using processes such as electrolytic refining or zone refining (Butcher &
Brown, 2014) (Figure 12).
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Note: Gallium is recovered both as primary production, and secondary from recycled gallium‐bearing scrap, mainly
compounds. Primary gallium is typically recovered at 99.9 to 99.99 % (3N, 4N), and then refined to higher purities
depending on the further use. 4N gallium is used for metallurgical, chemical and solar applications. For electronic and
compound semiconductor applications 6N (99.9999 %) to 7N (99.99999 %) purity is required. Very high purity gallium (8N)
is used for molecular beam epitaxy (MBE) applications.

Figure 12: Processes of extracting gallium from bauxite or zinc ores (after Butcher & Brown, 2014).

8.4 TECHNICAL CHALLENGES IN SEPARATION AND REFINING
As discussed above, the extraction of CRM from ore as by‐products produces particular technological and
economic challenges as the focus of the extraction process is on the main economic component, the parent
material. For some metal groups, the PGM and REE, which are mined as co‐products further separation and
refining stages are required to produce the pure metals or intermediate products required by industry. These
additional processing steps might place limits on the availability of some of these metals because of the
restricted availability of the sophisticated processing capacity required. The production of PGM is an example
for this.
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PGM EXTRACTION
After mining the PGM‐bearing ores are crushed and milled and a concentrate is produced by gravitational
separation and flotation. South African PGM ores contain about 3‐8 g/t PGM (Pt+Pd+Rh+Au, commonly
referred to as 4E). The resulting concentrates contain about 100‐400 g/t PGM (4E). The rate of recovery of PGM
in theses concentrates is ca. 85 % (Jones, 2005). The concentrates are then melted at temperatures between
1350˚C and 1600˚C. The produced matte contains the PGM as well as nickel, copper, cobalt, iron and sulfur.
The slag from the smelting process usually is reprocessed to increase recovery grades. Furnace matte is
transferred to the converter where FeS is oxidized to FeO and SO2. In the next step (converting) the FeO is
fluxed with silica to form a fayalitic slag and the SO2 is usually converted to sulphuric acid (Nel, 2004). The
product of the smelting process is the so‐called “white matte”, which mainly consists of Ni, Cu and Fe sulfides
and contains the 4E metals. The PGM recovery in this process step is 95‐98%.
In the next step of the process nickel and copper are extracted by the use of sulfuric acid. Nickel is extracted as
nickel sulfate whereas copper is won by electrolysis. PGM rich residues from this process (35‐50 % PGM (4E)
content) are subsequently refined to obtain PGM and gold as metal.
According to Jones (2005) the biggest losses in the process of PGM extraction occur in ore beneficiation
(crushing, milling, gravitational separation). Some ore components have a negative effect on the smelter
process. For example, high MgO and higher Cr2O3 content lead to a higher liquidus temperature of the slag,
while a high SiO2 content leads to higher slag viscosity (Nel, 2004). The main problem relates to high Cr2O3
content, which has an adverse influence on the process as it would foster the formation of Cr‐spinel and
decrease recovery rates. Research in recent decades has led to the development of an extraction process that
permits higher contents of MgO, SiO2 and Cr2O3 to be treated.
Conventional platinum smelting technology can only tolerate a low content of chrome (generally about 4 %
Cr2O3 maximum). In order to limit chrome levels in a smelter feed, in South Africa chromium‐rich concentrates
(deriving from UG2 ore) have to be blended with lower chromium‐bearing concentrates (from the Merensky
Reef) (Buchholz & Foya, 2015).
Historically chromite‐rich ore (UG2) could not be processed and was first processed by Impala at its Rustenburg
operations in 1991 (Nel, J. et al, 2004). Subsequent improvements in concentrate production led to an increase
in PGM supply from UG2 ores. Today UG2 ores represent South Africa’s major PGM source.
As the Merensky Reef is gradually mined out at a number of operations, processing other ores (and blending
them) will become more difficult. In light of this, Mintek (South Africa’s national mineral research organisation)
has developed a novel process for the treatment of PGE nickel‐copper sulphide concentrates. The ConRoast
process is based on the removal of sulfur by roasting, followed by smelting of the dead roasted concentrate in a
DC arc furnace, using an iron‐based alloy as a collector for nickel, copper, cobalt and PGEs (Jones, 2001).
In 2009 Jubilee Platinum plc acquired Braemore Resources plc, which holds an exclusive license to the
ConRoast process for the smelting of high chrome‐bearing PGE concentrates and has acquired extensive
process development expertise. Today Jubilee holds the patent over the ConRoast process which allows it to
unlock PGEs from low‐grade ores, which have traditionally only been mined for their chrome (Lower and
Middle Group chromitite layers), as well as for the processing of the chromite tailings. The company Jubilee has
completed a design and engineering study for its first 5MW DC Arc ConRoast smelter (Jubilee, 2018).

Potential of oxidized PGM ores
Around the Bushveld Complex, an enormous potential of PGM occurs in oxidised ore horizons, typically
occurring in a 30 to 40m deep weathered zone. The processing of oxide minerals, in particular the mineral
separation by common flotation techniques, is currently not economically feasible (Becker et al. 2014). These
ores are therefore often left behind or, in some cases, are being stockpiled. Oxidised PGM ores cannot be
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treated by conventional metallurgical methods due to their complex mineralogical structure which makes it
impossible to concentrate the valuable metals without tremendous losses.
PGE resources in oxidized ores around the Bushveld Complex (Merensky, UG2 and Platreef ores) are estimated
to 26.3 million ounces (4E) (Buchholz & Foya, 2015). PGE‐bearing oxidised ores in the Main Sulfide Zone at the
Great Dyke in Zimbabwe are another example of the PGM potential in oxidised ores. Future research might be
able to use this currently uneconomic PGE potential by developing new extraction methods (i.e. bulk or heap
leaching technology).

Implications for future supply
Today South African mining companies are largely dependent on existing PGM smelters using conventional
metallurgical processes and thus focus on ores treatable by those processes.
Marscheider‐weidemann et al. (2016) analysed the demand growth of raw materials for selected future
technologies and come to the conclusion that the demand for PGE will increase considerably if technologies
like catalysis, fuel cell, super alloys and seawater desalination penetrate the markets. Platinum and palladium
demand for future technologies could consume as much as 50% and 60% of the global production 2013. This
analysis of future demand trends make it clear that research into alternative PGM sources and into new
extraction technologies could contribute to securing the future PGM supply for import‐dependent regions like
the EU.

REE EXTRACTION
The REEs are typically split into two groups, the Light Rare Earth Elements (LREE) and Heavy Rare Earth
Elements (HREE), both for physico‐chemical and commercial reasons. Even if various definitions exist, the LREEs
are most commonly defined as the lanthanide elements lanthanum through to samarium (La, Ce, Pr, Nd, Sm)
and the HREEs defined as the lanthanide elements europium through to lutetium and yttrium (Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu & Y). The rare earths are a moderately abundant group in the earth’s crust. Their crustal
abundance reaches from 60 parts per million (ppm) for cerium to about 0.5 ppm for thulium and lutetium, the
least abundant rare earth elements.
Although industrial demand for rare earth elements (REE) is relatively small in tonnage terms, they are
essential for a diverse and expanding array of high‐technology applications. REE‐containing magnets, metal
alloys for batteries and light‐weight structures and phosphors are essential for many current and emerging
alternative energy technologies, such as electric vehicles, wind power, and energy‐efficient lighting.
China dominates the REE market and is responsible for about 95% of the global supply. China hosts about 65%
of REE reserves.

REE deposits
In nature REE are not found as metals, but are contained in a variety of minerals. The most important are
bastnaesite, monazite, loparite, xenotime and lateritic ion‐adsorption clays. The most important REE deposits
are carbonatite‐associated deposits (including weathered carbonatites), ion adsorption deposits, alkaline
igneous rocks (including alkaline granites), placer deposits, and more anecdotic hydrothermal deposits and
seafloor deposits. (EC, 2017c)
In ore deposits (Figure 13) REE are not found as single REE oxides, but as a complex mineralogical mixture
containing several REE. Thus REE are mined as compounds containing LREE and HREE. They have to be
separated in a complex production process. The concentration of REE and the proportion between LREE and
HREE varies with the different mineralization types.
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Deposits vary in terms of size and grade. Carbonatite‐associated deposits tend to be medium to large tonnage
and high grade. The main examples are the Bayan Obo mine in China (accounting for about 60% of LREEs global
production in 2014) and Mountain Pass in the USA, with bastnaesite as the main ore mineral. They are typically
enriched in LREE.
Ion adsorption deposits are rather small and low grade but relatively rich in HREEs contained in ion‐adsorption
clays and xenotime mineralization. Deposits of this type in Southern China account for 98% of HREEs global
production. Other REE deposit types include alkaline rock deposits (e.g. Lovozero, Russia) and beach sand
placer deposits, where REE‐bearing monazite is exploited as a by‐product of rutile and ilmenite (EU, 2017c).
Since they have similar chemical and physical characteristics, the lanthanide elements and yttrium often occur
together in nature and can be mined only together as co‐products. Therefore, the recoverable amount of
individual rare earth oxides (REO) depends on the deposit composition. Generally, the light REE are more
common and can more easily be extracted. In most REE deposits, the LREE La, Ce, Pr, and Nd constitute 80 to
99% of the total REE amount. Therefore, deposits containing relatively high grades of the scarcer and more
valuable HREE (Gd to Lu, Y) and Eu are particularly desirable.
Currently the REE are not mined in Europe, but there are a number of areas with REE potential. According to
the EURare project (EURare, 2018) these include alkaline igneous rocks such as those found in the Gardar
Province of southwest Greenland (Kvanefjeld and Kringlerne exploration projects) and within the
Fennoscandian Shield (including the carbonatites of Fen in Norway and Sokli in Finland, and the Norra Kärr
syenite in Sweden). They also include secondary placer deposits such as those in Greece and Serbia.

Figure 13: Mine production and active project for REO (RE oxides) mining (end 2017)

REE separation
The 17 REE have similar physical and chemical properties and, combined with high reactivity and toxicity of
most of the RE, this means separating them is a complex and energy intensive process. Research into
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appropriate methods to separate and purify them have been ongoing since the beginning of the 20th century
and the initial work was so groundbreaking that it has been commemorated as ‘a National Historic Chemical
Landmark’ by the American Chemical Society (ACS, 2015). The development of new techniques for REE
separation has been ongoing since then and continues to the present day.
First, the ore is beneficiated to produce a REE concentrate containing mixed REO. Those concentrates can be
sold to downstream processors, but is often further refined in vertically integrated companies (both in China
and the rest of the world). Further processing leads to REE compounds such as rare earth carbonates, nitrates
and chlorides. Those products can be sold to end users such as catalyst manufacturers or are supplied to
downstream processors for further separation (EC, 2017c).
China operates the most advanced rare earth separation and smelting technology in the world and continues
to dominate the market. Japan is also able to perform some rare earth processing and since 2012 the Lynas
Corporation has operated the Lynas Advanced Materials Plant (LAMP) in Malaysia (Lynas, 2018).
In Europe there are only a few industrial activities involving rare earth refining and processing. European
companies are mainly involved in manufacturing processes for semi‐finished or finished products which contain
REE, such as magnets, alloys, automotive catalysts, etc. (Schüler et al. 2011). However, recent research into REE
separation has been funded by the EC within the EURare project (EURare, 2017) and included, for example, the
development of a new method of treating the mineral eudialyte from the Norra Kärr deposit in Sweden (Davris,
2016).

Specific supply issues
The example of REE depicts that an adequate supply is not only based on access to ore deposits, but also
involves the processing of those ores. In the case of REE it is not just mine supply that is dominated by China,
but also refining capacity producing salable products. European manufacturers depend on import of these
products, which are needed for high tech appliances and green technologies. Marschheider‐Weidemann et al.
(2016) estimate that the demand for Dysprosium and Terbium for magnets, electric mobility and wind power
could rise to as much as 3 times the total global production of 2013. The demand for Neodymium and
Praseodymium for the same applications could increase by 1.7 times. These scenarios suggest that the EU will
remain dependant on REE imports into the future, unless significant investment is made in both mining and
refining capacity.
Until 2015 the Chinese government restricted the export of REO by export quotas. In combination with
increasing demand and concerns of supply shortages as well as the regulation of Chinese mining of ionic
absorption clays for environmental reasons, this lead to step price increases in 2011. Prices dropped drastically
in the following years, which lead to the stop of several global REE projects as they became uneconomic. This
price volatility is a significant problem. Small markets, dominated by just a few producers quickly react to rising
demand or crisis by steep price increases, affecting the raw material consumers such as the European industry.
However, investments made on the basis of high prices are clearly at risk when prices fall sharply.
Developing European REE sources would be a way to mitigate risks and ensure a sustainably supply to the
domestic industry. Research in every step of the supply chain is needed. One example is the EU‐funded project
EURare. The project gathered information in REE deposits in Europe, innovative extraction and refining
technologies and set up a comprehensive knowledge platform on REE.
Besides developing European deposits some European companies have started to get involved in REE projects
outside China. For example, Thyssenkrupp Metallurgical Products has signed an offtake agreement with
Rainbow Rare Earth Limited, which is engaged in the exploration and development of the Gakara deposit in
Burundi.
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8.5 PROCESSING OF SOURCE MATERIALS OF VARIOUS TYPES
In view of the increasing demand for CRM in the future, it is likely that the range of feed material for processing
facilities is going to become wider. As mentioned elsewhere in this report, it is likely that new deposit types will
be discovered and that currently unused deposit types will be extracted. This might include deposits that are
located at deeper depths or on the sea floor, contained within more complicated geological settings, with
complex mineralogy or with lower grades. Furthermore, additional supplies will of necessity be derived from a
broad range of secondary sources including mine waste, new scrap and end‐of‐life waste.
Europe might only be a small producer of CRM in global comparison, but Europe is not lacking CRM deposits
that might be economic. Moreover, the complete CRM potential of Europe is not known sufficiently and
research projects have entered into this field only recently (e.g. Minerals4EU, MICA, SCRREEN, EURARE etc.).
Sourcing CRM from European deposits would contribute to a more sustainable, reliable supply and help to
prevent supply bottlenecks. REE for example are needed in a variety of future technologies (magnets, wind
power, electro mobility). Mine production, as well as the separation of rare earth oxides, is dominated by
China, but Goodenough et al. (2018) point out that REE deposits can occur in different geological regions in
Europe. Although Europe has no recent history of REE mining, exploration over the last decade has identified
some major REE deposits, particularly in Greenland and the Fennoscandian shield, and it is likely that more
extensive primary resources of the REE remain to be identified. The EURare project has also shown that REE
separation technology can be developed in Europe.
Mine wastes might add to the European CRM potential, because deposits have been mined for zinc, copper of
lead in the past, but the CRM potential of these former mining activities is largely unknown. End‐of‐life
products that are only just beginning to enter the market will eventually reach the end‐of‐life position and be
returned for recycling, although some of the products will only be available for recycling in several years time.
For some products it will be very difficult to reach high recycling rates because, for example, only small
amounts of CRM are used as alloying elements, but technological developments in future may find
methdologies and processes that recover more than is possible at present.
The requirement for ongoing research and development in to processing methodologies and techniques is
essential.
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9 CONCLUSIONS
Although the EU does produce a number of the CRM domestically, most production trends have declined in
recent years and the EU remains heavily dependent on imported supplies of many CRM in a wide variety of
forms and from numerous overseas sources. In order to assess the supply risk related to this dependence, it is
important to have a thorough understanding of the entire supply chain of each CRM. Although the
identification of the CRM through the criticality assessments provides a useful initial screening, more detailed
studies into individual CRM are required to reach this thorough understanding. These studies include the
examination of both the level of consumption of individual CRM within the EU and of the processes involved
along the entire supply chain in order to assess the geopolitical and other risks to supply. Potential bottlenecks
in the supply chains of individual CRM can thus be identified and appropriate mitigation strategies developed.
This might require the development of new research programmes and/or the formulation of new policy
measures. Such interventions may take many forms depending on the CRM concerned and the nature of the
bottlenecks. Numerous policy and research initiatives have been undertaken in the EU in the past decade
aimed at addressing the security of CRM supplies. Many of these provide good examples of what can be
achieved but this work needs to be maintained and continued.
A number of features particular to CRM can make it challenging to ensure the future provision of adequate,
timely and sustainable supplies. The by‐product status of several CRM means that increased demand may not
lead to increased CRM production because this is dependent on the economics of the main economic product
(parent) rather than the daughter CRM. This can lead to high levels of price volatility, which, when combined
with the small size of the global market for many CRM and the lack of transparency in that market, is not
conducive to increased investment in exploration, mining and extractive metallurgy. The mine production and
refining of many CRM is often concentrated in a few countries. This has the potential to introduce high levels of
geopolitical risk, especially when the supplier countries are associated with resource nationalism, high levels of
corruption, weak and unstable government, low standards of environmental protection or the involvement of
child labour in mining. The supply risks associated with many CRM are further compounded by the lack of
effective and economic substitute materials and low recycling rates in many applications.
It is important to emphasise that many CRM have had few practical applications in the past and consequently
our knowledge of them is very limited. We know relatively little about how their ores are formed and how to
mine, process, use and recycle them in an effective, safe and sustainable manner. Since publication of the EU’s
first list of CRM in 2010 numerous research projects have focussed on the CRM with the aim of improving our
knowledge base and of understanding their global value chains. The REE provide perhaps the best example of a
commodity group on which considerable global attention has focussed in the past decade. The EU‐funded
EURare project has greatly enhanced our knowledge of primary REE resources in the EU, improving the
understanding of deposit formation and helping to identify prospective terranes. Nevertheless, there are still
no operating REE mines in the EU and our reliance for much of the REE value chain remains with China.
Exploration is the first essential stage in the value chain for all raw materials. Without exploration there are no
mineral resources or reserves and there can be no production of the raw materials on which industry depends.
Exploration is fundamentally dependent on deposit models developed from knowledge of the processes that
concentrate a metal or mineral in the crust and on the underlying regional geology. Such models are used by
the exploration industry in conjunction with high quality, modern geoscience data to identify new exploration
targets and to define the technology required to locate new resources.
The mining of indigenous primary CRM resources may help to improve the supply security of CRM to the EU.
However, the location and extent of resources within the EU is poorly constrained for most CRM. This can be
attributed to the limited availability of high quality geoscience data for much of Europe and the consequent
lack of CRM‐focussed exploration to identify new targets that might be attractive to mining. Furthermore the
quality and extent of available data on individual CRM in known deposits is highly variable, but for many
countries and commodities it is poor or non‐existent.
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The chief concerns about data quality include: the lack of standardised nomenclature for individual
commodities; the variation in terminology used to describe mineral occurrences and deposits; and the lack of
harmonised reporting of resources and reserves. Together the absence of data and the lack of harmonisation
across the EU combine to make it difficult to ascertain the quantity of a CRM that might potentially be mined.
In particular, because of different practices within individual countries and the lack of any reported resource
and reserve data for many commodities, it is not possible to derive meaningful national or pan‐EU totals for the
resources or reserves of a particular CRM. Consequently we have little idea of the potential availability of CRM
that might be mined within the EU. Finland provides a notable exception to the more general situation in the
EU. In Finland there is a comprehensive and accessible geoscience database, underpinned by a modern,
transparent and efficient mineral licensing system and a supportive regulatory framework, which account for
its consistently high ranking among global destinations for exploration investment.
SCRREEN D3.1 (Identification and quantification of primary CRM resources) reviewed the current mine
production and known unexploited resources of CRM in the EU, Norway and Greenland. CRM production levels
in the EU vary significantly by commodity, but in general the deposits are too small, mined out or not fully
evaluated and cannot therefore be considered to provide reliable sources of additional supply in the short
term. However, given the widespread occurrence of CRM in bedrock across Europe, the report concludes that
there is significant potential for economic CRM concentrations within the EU. However, considerable additional
research and exploration are required to prove this potential. Given the long timescale between initial deposit
discovery and the start of mine production, such activities need to be undertaken with some degree of urgency
to ensure future supply security. Given the current limited economic motivation to explore for most CRM at the
present time, it is considered that some form of government support is required to enable research into CRM
deposit formation, to generate pre‐competitive geoscience data and to incentivise exploration by the
commercial sector.
The availability of comprehensive, high quality geoscience data, together with supportive framework
conditions, underpins exploration investment in countries like Finland. However, a range of other factors
determines whether a mineral deposit can actually be worked. Once the economic and technical feasibility of
mining and extraction have been established there remains an obligation to comply with a wide range of
environmental, social and land use conditions before access to the resources is assured and mine construction
can begin. It is essential therefore that there is early and transparent dialogue between all parties from the
initial stages of exploration and resource delineation onwards to ensure that all expectations and obligations
are understood during the lifetime of the mine and following its closure.
Although it is important to protect landscapes, heritage and cultures because these are valuable to the quality
of life of Europe’s citizens, minerals in general (including the CRM) also have an essential role to play in
maintaining and enhancing the lives of citizens through the many products they use every day. Often this latter
connection is not made sufficiently and the improvement in public awareness of the essential contribution
minerals make to living standards is an ongoing task. Security of supply of CRM is not helped if access to
important mineral deposits is restricted and therefore CRM deposits should be an integral part of land use
planning.
SCRREEN D3.2 ‘Identification and quantification of secondary CRM resources in Europe’ provided a
comprehensive review of this topic and compiled an extensive assessment of knowledge gaps and data needs.
It also made many recommendations for future actions aimed at increasing CRM supply from secondary
materials. These items are not repeated here, rather certain aspects are mentioned to reinforce key points and
to highlight the need for further actions.
It is clear that CRM supply from secondary resources has an important and growing complementary role to
supply from primary resources. However, as long as demand for a raw material is increasing then secondary
supply alone can never be adequate to meet this demand and supply from primary sources will remain
essential.
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There is generally little available information in the public domain about the CRM content of end‐of‐life
products, of landfill and of waste from mining, mineral processing and metal production. The available statistics
on waste production include data only on the volumes produced and give no indication of their metal contents
or resource potential. There is a need for the compilation of detailed information on the CRM abundance and
mineralogical character in mineral‐based wastes (rocks, tailings, by‐products and metallurgical residues such as
slags). Similarly, in end‐of‐life products more information is required on the CRM content and its distribution in
order to assess the resource potential of in use stocks.
There is a particular need to improve the collection rate of end‐of‐life consumer products in order to ‘close the
loop’, thereby ensuring adequate supplies of old scrap for further processing and CRM extraction. Product
design to facilitate reuse, dismantling and separation also has an important role to play in facilitating recovery
of CRM at the end of the product life.
Recovery of CRM from some end‐of‐life product streams, although technically feasible, may not be economic
because the CRM content of each device is small and the total volume collected not adequate to justify
investment in the required processing plant. Although material supply from secondary resources may be more
environmentally friendly in terms of energy and water use than primary supply, it still has to compete on price
with material derived from primary resources. Furthermore, it may be difficult to predict when, where and in
what quantity secondary supply may become available. For example, there is rapidly growing global demand
for cobalt for use in Li‐ion batteries used in electric vehicles (EV). However, the technology for the recovery of
cobalt from these batteries is immature, and, due to uncertainties over the extent of EV market penetration
and possible future changes in the battery chemistry, it may not be economic to recover the cobalt from the
battery at the end of its life, say in 10 years’ time. In other words the combined effect of the product lifetime
and the dynamics of the market create considerable uncertainty over the timing, quantity and economic
competitiveness of CRM potentially available from secondary materials.
Although there are numerous challenges connected to the future provision of CRM, none of these are
insurmountable if there are appropriate levels of involvement from governments, industries and research
institutions in collaboration.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 730227
SCRREEN D3.3 Challenges of locating, mining and extracting critical raw material resources, Rev 1.0

73

10 RECOMMENDATIONS
Criticality assessment remains an important tool to provide early warning of potential supply risks of
economically important raw materials. Such assessments should continue to be carried out regularly using,
wherever possible, more complete and higher quality datasets for quantifying the criticality indicators.
Criticality assessment should continue to be followed up by in‐depth commodity‐specific studies of complete
value chains carried out by experts from industry and academia. In the light of the continually changing levels
and patterns of demand these studies should include consideration of future demand and supply scenarios to
assist in the definition of appropriate technical or policy interventions.
Global demand for raw materials is growing rapidly, driven by population growth, urbanisation, improving
standards of living, the application of new technologies and policy actions on matters such as climate change
and environmental protection. It is therefore of great importance that research into future demand for CRM
continues to be undertaken. Forecasting future raw material demand is always very challenging given the
inherent uncertainties relating to the level of demand, the market shares of individual technologies and
material intensities. In a range of scenarios evaluated by Fraunhoffer (Marscheider‐Weidemann et al., 2016)
and the USGS (Nassar et al., 2016) major increases in demand for several CRM, especially those that are
obtained as by‐products, were indicated. It is essential to continue to evaluate future scenarios in order to
identify those commodities where demand growth may lead to potential supply problems and to identify
appropriate solutions which might involve increased CRM production from primary or secondary sources or the
development of substitutes.
Public data on global and EU resources of CRM from primary and secondary materials is generally not adequate
to support policy making and investment decisions that will expedite CRM supply security for the EU.
Consequently research on many aspects continues to be required. To date particular parts of the value chain of
certain CRM, such as the REE, have received most attention. There is now a requirement to extend similar
research to other CRM, especially those that underpin the development of clean energy and transport, such as
cobalt and PGMs. While the exploration, mining and extraction stages of the material value chains are of
fundamental importance, it is stressed that the other life cycle stages of individual CRM also need to be fully
assessed to ensure security of supply.
In order to improve our understanding of the value chains of individual CRM it would be particularly helpful to
have better quantitative data to assess the EU material stocks and flows at each life cycle stage. It is, therefore,
important that more complete and reliable statistical data are collected, harmonised and made readily
accessible. Whilst mine production data are generally available in European countries, statistical data on
production at processing and refining stages are less so. Statistical data fortrade in CRM‐bearing materials are
often lacking, or, if they are available, the codes used for reporting do not provide adequate detail to reliably
determine the CRM contents. Secondary sources of CRM are particularly difficult because waste streams are
generally quantified for environmental protection purposes rather than their resource potential.
Continued research on the processes responsible for the formation of CRM‐bearing ores, on the improvement
of exploration methods for the CRM and on the technology for their efficient recovery from ores, mining waste,
processing waste and end‐of‐life products is essential. It is important also to consider the possible future
importance of new material streams. For example, there may be a requirement to mine and extract CRM from
new or ‘unconventional’ deposit types, or from mining and processing wastes that have not previously been
exploited. This may involve treatment of lower grade ores, possibly with mineralogy that differs from those
typically worked, or with elevated contents of deleterious elements, such as arsenic or uranium. New end‐of‐
life product streams containing valuable CRM will become available in increasing amounts in the future as new
technologies become more widely used, for exampleelectric vehicle batteries and fuel cells. Research into the
recovery of CRM from these sources should be assigned a high priority.
The recently completed ProSUM project has provided new information on the CRM content of many products
and an evaluation of various product waste flows and mining waste. The project has produced a concise
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recommendations report summarising recommendations which relate to product and waste characterisation,
quantification of stocks and flows, harmonisation and interoperability of data and improving the knowledge
base. If implemented these recommendations would result in improvements to recycling rates including the
recover of CRM from secondary sources (ProSum, 2017).
It is recommended that further systematic surveys be undertaken in the EU to assess the potential for CRM
resources in known deposits, mine wastes, tailings and metallurgical residues. This would involve detailed
mapping and standardised reporting of volumes and grades of all potential resources. The Geological Survey of
Sweden has already begun such a survey of mine wastes in Sweden (See Ladenberger et al, 2018).
Given the low level of global exploration focussed on CRM consideration should be given to promoting such
activities in the EU. A range of incentives should be considered to encourage this, including:




government‐sponsored research to provide improved and expanded geoscience baseline datasets,
such as geology, geophysics and geochemistry, and research into the development of models for the
formation of CRM deposits;
reconnaissance exploration and drilling by government over prospective targets; and
financial incentives for exploration companies in the form of tax breaks or funding support for
exploration activities focussed on CRM. Such exploration incentive schemes have enjoyed
considerable success in the past in promoting exploration activity in Canada and Australia.

Finally, although it is unlikely that globally the supplies of any CRM will be exhausted in the near future, the
increasingly significant challenge is likely to be access to resources in the ground. It is recommended that
mineral deposits, particularly those containing CRM, are given equal weight in land use planning as
environmental, heritage or cultural issues. Further ongoing work is required to enable citizens to make the
connection between their standard of living and the minerals that are essential to create and maintain that
standard into the future.
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ANNEXES
ANNEX A: PRODUCTION OF CRM IN THE EU28
This section highlights which CRM the EU28 has produced from within its borders for the period 1996 to 2015.
Of the 26 mineral commodities or groups of commodities assessed as ‘critical’ in the 2017 study, i.e. excluding
natural rubber, production of 11 individual commodities and 1 group occurred in the EU28 countries. The fact
that production occurred does not mean that the EU28 was self‐sufficient in these commodities and in many
cases significant imports were also an important element of supply. However, the EU28 is a notable contributor
to global production levels of many mineral commodities.

ANTIMONY
There was no mine production of antimony in the EU28 during the period 1996–2000 and no known production
of antimony metal or powders. Some antimony oxides are believed to be produced but no data are available to
quantify this.

BARYTES

Thousand tonnes

In 2015, production in the EU28 amounted to 178,811 tonnes from Bulgaria, Germany, Italy, Slovakia and the
United Kingdom. This was, however, a significant decline compared to production in the recent past when
output was also recorded in Belgium, France, Greece, Poland, Portugal, Romania and Spain (Figure 14). Global
production in 2015 amounted to 7.9 million tonnes and therefore the EU production was just 2% of the global
total (Brown et al, 2017).
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Figure 14: Barytes production in current EU28 countries over the time period of 1996 to 2015.

BERYLLIUM
There is no mine production of beryllium in the EU and no known production of beryllium oxides, hydroxides,
unwrought metal or powders.
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BISMUTH
There is no mine production of bismuth within the EU. There may be a small quantity of refined bismuth metal
production but this would be from imported materials.

BORATES
There is currently no production of borates within the EU.

COBALT
In 2015, 3,849 tonnes of cobalt was mined in Finland and Poland as a by‐product of nickel and copper mining
respectively. However, the cobalt mined in Poland was not recovered in later processing stages and was
therefore contained in waste streams. Further quantities of cobalt exist within the ore mined at other nickel
mines in Finland but is also not recovered.
In addition, 16,054 tonnes of refined cobalt was produced by Belgium, Finland and France in 2015 including
cobalt from imported primary material and secondary sources (recycling), although some of the production
quantity recorded against Belgium actually occurred overseas. There is a general upward trend in recent years,
albeit with notable drops in output in 2009 and 2015 (Figure 15). Using the entirety of the production figure
recorded against Belgium, the EU total equates to 16% of the global total production of refined cobalt, which
was 99,100 tonnes in 2015 (CI, 2017). There are many forms of refined cobalt (e.g. oxides, hydroxides,
chlorides, powders, etc.) and these forms will have different cobalt contents, but the figures are believed to be
reported as cobalt content. Some cobalt compounds are further processed into other forms and there is
consequently a risk of double counting.
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Figure 15: Production of refined cobalt in EU28 countries over the time period of 1996 to 2015.

COKING COAL
Coal is produced in many of the EU28 countries in different forms, i.e. anthracite, bituminous coal, brown coal
and lignite. Bituminous coal is further sub‐divided in to ‘steam’ coal for power stations and ‘coking’ coal for the
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production of steel (Kendall et al, 2010). In 2015, the production of coking coal in the EU28 amounted to more
than 20 million tonnes, less than half of the 44.5 million tonnes produced in 2000. This is in contrast to the
global production which has increased over the same time period from 484 million tonnes to 1100 million
tonnes (Reichl et al, 2017). In 2015, the EU’s contribution to the global total represented just 2%. As shown in
Figure 16, the majority of the EU’s production now comes from Poland, with smaller contributions from the
Czech Republic and Germany and relatively minor production in the United Kingdom.
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Figure 16: Production of coking coal in EU28 countries over the time period of 2000 to 2015.

FLUORSPAR
In 2015, production of fluorspar in the EU28 amounted to 370,787 tonnes from Bulgaria, Germany, Spain and
the United Kingdom. This represents the highest level of production seen since 2005 (Figure 17). Although
production in Romania, France and Italy has ceased in recent years, this has been partially offset by new
production in Bulgaria. Global production of fluorspar in 2015 amounted to 6.4 million tonnes and
consequently the EU production amounted to 6% of this total (Brown et al, 2017).
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Figure 17: Fluorspar production in current EU28 countries over the time period of 1996 to 2015.

GALLIUM
Small quantities of gallium production have been reported by Germany in recent years, amounting to
11 tonnes in 2015. This is a by‐product of alumina refining, which is fed by imported bauxite. Although this
seems small, global production is only estimated to be approximately 435 tonnes so it represents 2% of the
global total (and more than 30% of the non‐Chinese production) (Brown et al, 2017). Other companies within
the EU28 are processing imported gallium compounds to upgrade the purity of these compounds and then
exporting the resulting products.

GERMANIUM
Small quantities of germanium production have been reported by Finland in recent years, amounting to
13 tonnes in 2015 (Brown et al, 2017). It is also known to be produced in Belgium but figures are not available.
In both cases germanium is a by‐product of processing zinc residues and in the case of Belgium these originate
outside of the EU. As with gallium, this amount seems quite small but as global production is only estimated to
be approximately 160 tonnes in 2015 it is still significant. Finland’s production amounts to 8% of this global
total and Belgium’s production is likely to be more than 10%. Again other companies within the EU28 could be
importing germanium compounds, processing them into other forms and then exporting the resulting products
but if this does occur, no data are available.

HAFNIUM
Hafnium is produced as a by‐product of zirconium and as there is no zirconium mine in the EU28 countries
there is no mine production of hafnium. However, some refined hafnium is believed to be produced in France
from imported zirconium by the nuclear industry because it requires hafnium‐free zirconium for its
manufacturing processes. The resulting hafnium is believed to be all exported and quantities are small. Global
production of hafnium is estimated by the USGS as only 50–60 tonnes in 2015 (Bedinger, 2017).
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HELIUM
Helium is produced in Poland as a by‐product of natural gas extraction. In 2015 this amounted to around
3 million cubic metres (PGNiG, 2017). Global production was reported by the USGS as 159 million cubic metres
(Hamak, 2017) and therefore Poland’s output is just under 2% of this total.

INDIUM
Accurate production figures for indium are difficult to obtain because few companies are involved and
individual company production figures are usually confidential to protect their proprietary extraction
techniques. However, it is known that small quantities of indium are produced in Belgium, France, Germany,
Italy and the Netherlands. Estimates of production equate to a total for the EU28 of approximately 90 tonnes in
2015, compared to an estimated global total of approximately 720 tonnes. Output in France is reported to have
increased from 13 tonnes in 2012 to 41 tonnes in 2015 but precise figures and production trends in the other
EU countries are unknown (Brown et al, 2017).

MAGNESIUM METAL
Magnesium metal is not currently produced in the EU28. However, the source materials for magnesium metal
production are magnesite or dolomite and both of these are produced in the EU28.

NATURAL GRAPHITE
Graphite producers in the EU28 have clearly experienced difficult times in recent years, with production
ceasing but restarting in Austria, Germany and Sweden, stopping completely in Czech Republic and ceasing,
restarting and then ending again in Romania (Figure 18). In 2015 production amounted to 22,351 tonnes in the
EU28 (mostly from Austria) compared to a global total of 2.2 million tonnes (Brown et al, 2017).
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Figure 18: Natural graphite production in the current EU28 countries over the time period of 1996 to 2015.
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NIOBIUM
There is no mine production of niobium ores and concentrates in the EU28 and it is also believed there is no
production of ferro‐niobium although this is uncertain. There are no data for production of unwrought metal or
articles of niobium.

PHOSPHATE ROCK
Within the EU28 the only producer of phosphate rock over the last 20 years has been Finland, which produced
956,564 tonnes in 2015. This is a 47% increase compared to output in 1996 but this percentage increase hides a
very significant drop in production caused by the economic recession of 2008/2009 (Figure 19). However, as
the total global production of phosphate rock in 2015 was 265 million tonnes, Finland’s contribution represents
just 0.4% of the World’s total (Brown et al, 2017).
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Figure 19: Phosphate rock production in Finland from 1996 to 2015.

PHOSPHORUS
There is no production of phosphorus within the EU28 (EC, 2017c)

PLATINUM GROUP METALS
Of the six metals within the ‘platinum group’ both platinum and palladium are produced in EU28 countries as
by‐products of nickel or copper mining. In Finland this is relatively new production that commenced in 2012,
whereas in Poland production levels have doubled in the last 10 years albeit quantities remain small (Figure
20). On a global scale, however, production is dominated by South Africa and Russia, with smaller but
significant quantities also from Zimbabwe, Canada and the USA. The EU production contributes just 0.6% to the
World’s total for platinum and 0.4% for palladium (Brown et al, 2017).
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Figure 20: EU28 production of platinum (left) and palladium (right) from 2005 to 2015.

RARE EARTH ELEMENTS AND SCANDIUM
There is no mine production of rare earth elements (either ‘heavy’ or ‘light’ rare earths) and also no mine
production of scandium.

SILICON METAL
Silicon metal is produced from high purity quartz but no data are presented here for mine production of this
source material. Within the EU28, France, Germany and Spain together produced 151,953 tonnes of silicon
metal in 2015. This is down slightly from the quantities produced in 2010 but is 19% higher than the quantities
produced in 1996 (Figure 21). Globally, however, production of silicon metal exceeded 2.7 million tonnes in
2015, 63% of which was produced in China and the EU production contributed just 6% to the World’s total
(Brown et al, 2017). Silicon is also incorporated in to a range of ferro‐alloys including ferro‐silicon, ferro‐silico‐
chome or ferro‐silico‐manganese and production figures for these are not included here.
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Figure 21: Production of silicon metal in the current EU28 countries between 1996 to 2015.
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TANTALUM
There is no mine production of tantalum ores and concentrates in the EU28 and very little information
regarding the production of unwrought tantalum metal. The CRM Factsheet reports that 60–100 tpa of
tantalum ores and concentrates are imported to the EU28 and it is likely this is used to produced tantalum
metal or products (EC, 2017c)

TUNGSTEN
In 2015, EU28 countries produced 2,374 tonnes of tungsten (contained metal) with production coming Austria,
Portugal, Spain and the United Kingdom. Whilst the contribution of the UK to this total in 2015 was quite
modest, this represents a little over three months production from a new mine that started in September and
consequently production from the UK will be larger from 2016 onwards. The EU’s production has remained
relatively constant over the past 20 years, with declines in Austria and Portugal being offset by new production
in Spain from 2008 onwards and now also from the UK (Figure 22). However the 2015 figure represents a 28%
increase on the output in 1996 (Brown et al, 2017).
Globally, production of tungsten in 2015 amounted to 80,900 tonnes, with 80% of this being produced by
China. The EU’s output therefore represents just 3% of the global total, albeit 15% of the non‐Chinese
production.
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Figure 22: Mine production of tungsten in the current EU28 countries between 1996 to 2015.

VANADIUM
There is no mine production of vanadium ores and concentrates in the EU28. There is some production of
vanadium oxides in Belgium, Germany, the Netherlands and the United Kingdom (EC, 2017c) but this would be
from imported materials and no data are available.
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ANNEX B: TRENDS IN APPARENT CONSUMPTION
Trends in apparent consumption over time are presented in the following charts (where data are available).
The commodities are grouped for convenience of scale only.
Data are not sufficient to present trends in apparent consumption for the following commodities: antimony
oxides, beryllium, gallium, germanium, hafnium, indium, niobium ores & concentrates, niobium unwrought
metal, platinum group (all types and all forms), tantalum ores & concentrates, tantalum unwrought metal and
vanadium (all forms). Scandium is combined with rare earth elements as it cannot be separately distinguished
in the data.
The effects of the global financial crisis are clearly seen in the data for 2009 for most commodities.
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ANNEX C: TRENDS IN IMPORT RELIANCE
Trends in import reliance are presented in the following charts (where data are available).
Import reliance has remained at 100% (i.e. 100% imports, 0% production) throughout the period 2000 to 2015
for the following commodities: antimony (all forms), beryllium, bismuth, borates, magnesium metal, niobium
ores and concentrates, phosphorus, rare earth elements (heavy and light), scandium and tantalum ores and
concentrates.
Data availability is insufficient to present a similar chart for gallium, germanium, hafnium, indium, niobium
metal, platinum group (all types and all forms), tantalum metal and vanadium (all forms).

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Net imports

Production

Refined cobalt ‐ proportion of apparent
consumption met by production or
imports
Apparent Consmption

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Apparent Consmption

Cobalt ores/conc's ‐ proportion of
apparent consumption met by
production or imports

Production

Net imports

Net imports

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Production

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Apparent Consmption

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Coking coal ‐ proportion of apparent
consumption met by production or
imports

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Apparent Consmption

Barytes ‐ proportion of apparent
consumption met by production or
imports

Production

Imports

Charts continue on the next page.
This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 730227
SCRREEN D3.3 Challenges of locating, mining and extracting critical raw material resources, Rev 1.0

95

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Net imports

Production

Imports

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Production

Net imports

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Phosphate rock ‐ proportion of apparent
consumption met by production or
imports

Apparent Consmption

Natural graphite ‐ proportion of apparent
consumption met by production or
imports

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Apparent Consmption

Production

2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Apparent Consmption

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Helium ‐ proportion of apparent
consumption met by production or
imports

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Apparent Consmption

Fluorspar ‐ proportion of apparent
consumption met by production or
imports

Production

Net imports

Charts continue on the next page.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 730227
SCRREEN D3.3 Challenges of locating, mining and extracting critical raw material resources, Rev 1.0

96

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Net imports

Production

Net imports

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Production

Net imports

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Tungsten (refined) ‐ proportion of
apparent consumption met by
production or imports

Apparent Consmption

Tungsten (intermediates) ‐ proportion of
apparent consumption met by
production or imports

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Apparent Consmption

Production

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Apparent Consmption

Tungsten (ores & concentrates) ‐
proportion of apparent consumption met
by production or imports

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Apparent Consmption

Silicon metal ‐ proportion of apparent
consumption met by production or
imports

Production

Net imports

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 730227
SCRREEN D3.3 Challenges of locating, mining and extracting critical raw material resources, Rev 1.0

97

