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An assessment of the potential for
transformational market growth amongst the
critical metals†

J. P. Sykes∗1,2,3 , J. P. Wright4, A. Trench2,5,6 and P. Miller7

A ‘critical metal’ is one that has important economic uses, but which also faces supply risks for
geopolitical or environmental and sustainability reasons. The constrained nature of critical metals
supply means proposed solutions to the problem commonly involve reducing demand and
therefore reliance, via recycling, substitution and thrifting. However, most critical metals are
presently only small markets and therefore such an approach ignores the potential of
transformational market growth to reduce supply risk, by creating large, diverse, transparent
markets with multiple sources of primary mine supply, akin to modern base metals markets.
Research is therefore required into which critical metals have the greatest potential for such
transformational market growth. This study therefore conducts an evaluation of 49 critical metals
to determine which are nearest to the combined breakthroughs in discovery, supply and
demand that may lead to transformational market growth. The study concludes that 13 markets
from the 49 critical metals, being magnesium, silicon, barium, boron, lithium, cobalt, chromium,
vanadium, gallium, strontium, cerium, lanthanum and scandium have the highest potential for
transformational market growth and thus efforts to resolve supply risk in these markets may be
better focussed on overcoming current market constraints and growing these markets, rather
than lessening reliance by reducing demand.
Keywords: Critical metals, Industrial metals, Mineral economics, Metals supply, Metals demand, Metals discovery, Metals markets, Market growth

This paper is part of a special issue on Mineral Economics and Critical Metals: continuing a multi-part thematic issue

Introduction
The 2008 National Research Council report ‘Minerals,
Critical Minerals, and the U.S. Economy’ was the first
modern paper to define a critical metal, as one which
has important end uses, but for which there are concerns
over supply security. Following this report, governments
and researchers have also compiled other lists of metals
which they deem to be both important to their economies,

and where there are concerns over supply security (e.g.
Buchert et al. 2009; American Physical Society (APS)
Panel on Public Affairs and Materials Research Society
(MRS) 2011; United States Department of Energy
(USDOE) 2011; British Geological Survey (BGS) 2012;
Schulz and Bradley 2013; European Commission (EC)
2014). The metals found on these lists are commonly
referred to as ‘critical metals’.
As the critical metals concept has grown in importance a

range of methodologies have arisen for analysing a metal’s
economic importance and supply risk (Erdmann and Grae-
del 2011; Graedel et al. 2012; Achzet and Helbig 2013;
Speirs et al. 2013; Bedder 2015; Graedel et al. 2015). The
definition of criticality employed within these method-
ologies, i.e. economically important metals exposed to severe
supply or environmental risks, means primarymine supply is
usually seen to be one of the problems making a metal ‘criti-
cal’. It is therefore common to suggest solutions to criticality
by reducing reliance on the metal and suppressing demand
via recycling, substitution or thrifting of use (Buchert et al.
2009; EC 2010; APS andMRS 2011; Erdmann andGraedel
2011; USDOE 2011; Graedel et al. 2015).
However, critical metals markets are typically also

opaque, thinly traded and small markets (Erbensperger
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et al. 2005; Naumov and Grinberg 2009; Tyrer and Sykes
2013; Sykes et al. 2016). Such a structure makes them vul-
nerable to supply problems. These markets do not how-
ever have to remain small and risky. The history of the
metals industry, particularly the aluminium, nickel and
uranium industries, suggests that previously minor
metal markets can undergo transformational market
growth into major industrial metal markets (Street and
Alexander 1998; Lynch 2002; Sykes et al. 2016). Such
transformational market growth would also reduce
supply risk (Sykes et al. 2016), by creating large, diverse,
transparent markets with multiple sources of primary
mine supply, akin to the modern base metals markets.
Though Erdmann and Graedel (2011), the EC (2010)
and USDOE (2011) did highlight increasing primary
supply as a potential solution, amongst other solutions;
the conventional critical metals assessment method-
ologies do not assess whether the critical metals have
potential for market growth that would take them beyond
criticality issues. Research is therefore needed to identify
which critical metals have the greatest potential for trans-
formational market growth.
Indeed, a number of mining and exploration companies

have become increasingly interested in the critical metals
markets, particularly the rare earths, anticipating transfor-
mational growth of these markets (Tyrer and Sykes 2013;
Sykes et al. 2016). In this respect, however, the critical
metals’ markets have generally disappointed, growing
more slowly than the non-ferrous industrial metals and
precious metals markets over the last decade (Kelly and
Matos 2013; Sykes et al. 2016). This is because the presently
small critical metal markets face an economic paradox,
with restricted supply dampening demand potential, but a
lack of demand in turn suppressing investment in new
supply. This suggests that a combination of breakthroughs
in minerals discovery andmetals supply and demand, creat-
ing a market ‘tipping point’ is therefore required for trans-
formational market growth to occur (Sykes et al. 2016).
This paper therefore introduces a framework for assessing
the discovery, supply and demand factors to determine
which of 49 of the most commonly cited critical metals
have the greatest potential for transformational market
growth.
Following this ‘Introduction’, the ‘Summary of method-

ology’ section outlines the framework and scoring system
used to assess the discovery, supply and demand factors,
with a more thorough description found in ‘Appendix I:
Detailed methodology’. The total scores are compiled
and presented in the ‘Summary of results’ section, with
the individual component scores described in full in
‘Appendix II: Detailed results’. The ‘Discussion, opportu-
nities and recommendations’ follows and outlines which
metals have the greatest potential for transformational
market growth, and where research, commercial and gov-
ernment interventions are likely to be the most impactful.
Finally ‘Conclusions’ are then drawn from these discus-
sions and recommendations.

Summary of methodology
A brief overview of the study methodology follows,
including the selection of metals to study, the scoring sys-
tem and how the discovery, supply and demand factors
were assessed for each metal. More detail on the method-
ology can be found in Appendix I.

Selection of metals to study
Themetals assessed in the study are listed in Table 1. The list
was compiled from several reports on ‘critical’metals by the
NRC (2008), Buchert et al. (2009), APS and MRS (2011),
USDOE (2011), BGS (2012), Schulz and Bradley (2013)
and the EC (2014). Cadmium and vanadium were also
added to the study at the authors’ discretion due to their
importance to the battery market (Sykes et al. 2014;
USGS 2014, 2015). The critical metals in the study were
compared to more familiar metals including aluminium,
copper, gold, lead, nickel, tin, titanium and zinc.

Factors considered in the analytical
framework
The analytical framework draws from the observations of
Gupta and Krishnamurthy (2005) in explaining why the
rare earth metals are not mined in comparable volumes
to the base metals, which are similarly abundant in the
crust (Rudnick and Gao 2003). Gupta and Krishna-
murthy (2005) highlight four factors that are considered
to facilitate the growth of metals supply. The first two fac-
tors increase the ease of discovering multiple large ore
deposits of the metal, whilst the latter two increase the
ease with which the metal can be supplied to the market,
once the ore deposits have been discovered:
. Discovery

(i) Is the metal relatively abundant in the crust?
(ii) What is the propensity for the metal to concen-

trate into discrete mineral deposits within the
crust?

. Supply
(iii) Are the metal ores easy to extract from the

ground (i.e. mine)?
(iv) Is it easy to extract the metal from the ores (i.e.

process)?
Evidence from Sykes et al. (2016), suggest that to facili-

tate substantial demand growth, a metal must possess
both economically important uses, as is usually high-
lighted in critical metals studies, but also widespread
uses, as is typical of most major industrial metal markets.
As such the two demand factors, making up the fifth and
sixth components of the assessment are:
. Demand

(v) Does the metal have demand in ‘critical’ indus-
trial sectors and/or uses?

(vi) Is the metal in demand across a range of indus-
trial sectors and/or uses?

The critical metals are then ranked using a simple scor-
ing system, to determine which have the highest potential
for transformational market growth. The scoring system
is discussed below.

Scoring system
For each discovery, supply and demand factor the critical
metals were assessed for their potential and a simple scor-
ing system was applied:
. Neutral: A score of 0.5 is the default score awarded if
the information did not indicate strongly whether the
factor increased or decreased the economic potential
of the metal market. A score of 0.5 was also awarded
if there was little or no information on that factor.

. Positive: If a factor was considered to increase the
potential for a metal to move from a minor critical

Sykes et al. Transformational market growth amongst the critical metals
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Table 1 The full results of the assessments including crustal abundance (Table A1), propensity to concentrate intomineral deposits (Table A2), ease of mining (Table A4) and processing (Table
A5) and both criticality (Table A7) and diversity (Table A8) of demand. Scores total between 0 and 6, with higher scores seemingly indicating a greater potential for that metal to become
one of the major industrial metals of the future. The column containing the final scores is highlighted in bold. The table also includes details on the recent production levels, prices and
thus approximate market size of the metals to allow for easier comparison of the critical metals with the larger more established industrial and precious metals markets, and therefore
some insight into potential production scale and market size of these critical metals. The rows containing the non-critical major industrial and precious metals are highlighted in bold

Commodity

Score

USGS estimated 2013
annual metal equivalent
production/thousands

tonnes

USGS estimated 2013
average metal

equivalent price/US
$/tonne

2013 approximate
market value (US$
millions) based on

USGS data1

Crustal
abundance
(Table A1)

Crustal
concentration
(Table A2)

Ease of
mining

(Table A4)

Ease of
processing
(Table A5)

Criticality
of use

(Table A7)

Diversity
of use

(Table A8) Total

Antimony 0 1 1 1 0.5 0.5 4 1632 10 2522 1671
Copper 0.5 0.5 1 1 0 1 4 17 9003 73193 131 010
Aluminium 1 0 1 0.5 0 1 3.5 47 3004 20884 98 762
Barium (Barite) 1 0 1 1 0.5 0 3.5 49985 1965 980
Germanium 0.5 0.5 1 0 1 0.5 3.5 0.156 1 607 0006 241
Indium 0 1 1 0 1 0.5 3.5 0.777 620 0007 477
Silver 0 1 1 0 0.5 1 3.5 268 765 1888 19 894
Tellurium 0 1 1 0 1 0.5 3.5 0.589 112 0009 65
Arsenic 0.5 1 0.5 0 0.5 0.5 3 59.410 43410 26
Boron 0.5 0 0.5 1 0.5 0.5 3 153911 181512 2793
Chromium 1 0 1 0.5 0.5 0 3 12 06412 77612 9362
Cobalt 0.5 0.5 0.5 0 1 0.5 3 12013 27 11713 3254
Gallium 0.5 0.5 1 0 1 0 3 0.2814 511 00014 143
Lithium 0.5 0 0.5 0.5 1 0.5 3 3515 26 54916 929
Magnesium 1 0 0.5 0.5 0.5 0.5 3 91017 259017 2357
Mercury 0 1 0.5 0.5 0.5 0.5 3 1.8118 53 62318 97
Molybdenum 0 1 1 0.5 0.5 0 3 27019 22 74019 6140
Niobium 0.5 0 1 1 0.5 0 3 5120 73 33320 3740
Iridium (PGM) 0 1 0.5 0 1 0.5 3 0.00621 29 610 83722 178
Osmium (PGM) 0 1 0.5 0 1 0.5 3 0.123 5 669 23124 0.6
Platinum (PGM) 0 1 0.5 0 1 0.5 3 0.19222 48 579 77822 9327
Ruthenium (PGM) 0 1 0.5 0 1 0.5 3 0.0221 2 604 21022 52
Cerium (REM) 0.5 0 0.5 0 1 1 3 34.226 123 45725 4222
Scandium (REM) 0.5 0 1 0 1 0.5 3 0.0000127 4 352 94125 44
Silicon (metal) 1 0 0.5 0.5 0.5 0.5 3 770028 264628 20 374
Strontium 1 0 1 0.5 0.5 0 3 11729 10529 12
Beryllium 0.5 0 0.5 0 0.5 1 2.5 0.2430 460 76630 111
Bismuth 0 1 0.5 0 0.5 0.5 2.5 7.631 19 18031 146
Gold 0 1 0.5 0.5 0 0.5 2.5 2.7732 45 011 04532 124 681
Nickel 0.5 0.5 0.5 0.5 0 0.5 2.5 249033 15 01833 37 395
Palladium (PGM) 0 1 0.5 0 1 0 2.5 0.21122 23 662 94922 4993
Rhodium (PGM) 0 1 0.5 0 1 0 2.5 0.0321 35 205 06822 1056

(Continued)
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Table 1 Continued.

Commodity

Score

USGS estimated 2013
annual metal equivalent
production/thousands

tonnes

USGS estimated 2013
average metal

equivalent price/US
$/tonne

2013 approximate
market value (US$
millions) based on

USGS data1

Crustal
abundance
(Table A1)

Crustal
concentration
(Table A2)

Ease of
mining

(Table A4)

Ease of
processing
(Table A5)

Criticality
of use

(Table A7)

Diversity
of use

(Table A8) Total

Lanthanum (REM) 0.5 0 0.5 0 1 0.5 2.5 32.926 117 64725 3871
Rhenium 0 1 1 0 0.5 0 2.5 0.05334 3 200 00034 170
Tungsten 0.5 0 0.5 0.5 0.5 0.5 2.5 7135 45 39735 3223
Vanadium 1 0 1 0 0 0.5 2.5 7636 24 60536 1870
Cadmium 0 1 1 0 0 0 2 21.837 195037 43
Lead 0.5 1 0.5 0 0 0 2 540038 207238 11 189
Manganese 1 0 0.5 0 0.5 0 2 17 00046 57647 9792
Europium (REM) 0.5 0 0.5 0 1 0 2 0.3826 3 837 20925 1458
Gadolinium (REM) 0.5 0 0.5 0 1 0 2 0.6626 274 71325 181
Neodymium (REM) 0.5 0 0.5 0 1 0 2 20.626 313 95325 6467
Praseodymium
(REM)

0.5 0 0.5 0 1 0 2 7.226 264 70625 1906

Samarium (REM) 0.5 0 0.5 0 1 0 2 0.4726 137 20925 64
Yttrium (REM) 0.5 0 0 0 1 0.5 2 9.226 208 86125 1922
Titanium 1 0 0.5 0 0 0.5 2 263939 126840 334621

Zinc 0.5 0.5 0.5 0 0 0.5 2 13 50041 191841 25 893
Dysprosium (REM) 0.5 0 0 0 1 0 1.5 1.126 1 839 08025 2023
Erbium (REM) 0.5 0 0 0 1 0 1.5 1.342 293 10325 381
Ytterbium (REM) 0.5 0 0 0 1 0 1.5 0.0000642 511 36425 26
Thorium 0.5 0 0 0 0.5 0.5 1.5 6.743 65 00043 436
Tin 0.5 0.5 0 0 0 0.5 1.5 23044 22 26744 5121
Holmium (REM) 0 0 0 0 1 0 1 0.0000142 n/a n/a
Lutetium (REM) 0 0 0 0 1 0 1 n/a 4 545 45525 n/a
Terbium (REM) 0 0 0 0 1 0 1 0.426 3 235 29425 1294
Thulium (REM) 0 0 0 0 1 0 1 0.0000642 n/a n/a
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Tantalum 0 0 0 0 0.5 0.5 1 0.4845 296 10045 142

1Figures subject to rounding.
2 Source: USGS (2014).
3 Source: USGS (2014).
4 Smelter production (2014b).
5 Based on barium content of 58.8% in barite (BaSO4) priced at US$115/tonne (USGS 2014).
6 2013 refinery production; price is average of 2013 zone refined (US$1875/kg) and electronic grade dioxide (US$1340/kg) prices (USGS 2014).
7 Source: USGS (2014).
8 Source: USGS (2014).
9Production estimate for 2012, Source: USGS (2015).
10 Based on arsenic content of 75.8% in arsenic trioxide (As2O3) priced at US$0.26/pound (USGS 2014).
11 Based on boron content of 31.4% in borate (B2O3) priced at US$570/tonne (USGS 2014).
12 Based on chromium content of 46.4% in chromite ore priced at US$360/tonne (USGS 2014).
13 Source: USGS (2014).
14 Source: USGS (2014).
15 Source: USGS (2014).
16 Based on lithium content of 22.6% in lithium carbonate priced at US$6000/tonne, Source: Fox-Davies Capital (2013).
17 Source: USGS (2015).
18 Source: USGS (2014).
19 Source: USGS (2014).
20 Based on the ∼60% niobium content of ferroniobium priced at US$44 000/tonne (USGS 2014).
21 Figures for 2012 consumption, Source: USGS (2015).
22 Source: USGS (2014).
23 Source: Minor Metals Trade Association (2015).
24 Calculated from US import values of US$737 000 divided by imports of 130kg. Source: USGS (2015).
25 Source: USGS (2015).
26Figures for 2008 consumption, based on rare earth content of each: Y (79%), Ce (81%), Pr (83%), La, Tb (85%), Nd, Sm, Eu (86%), Gd, Dy, (88%). Source: Goonan (2011).
27 General production estimate based on 85% scandium content of scandium oxide, Source: Gillies (2013).
28Figures for silicon metal market only i.e. excluding industrial sand etc (USGS 2014).
29 Based on strontium content of 47.8% in celestite (SrSO4) priced at US$50/tonne (USGS 2014).
30 Source: USGS (2014).
31 Source: USGS (2014).
32 Source: USGS (2014).
33 Source: USGS (2014).
34 Source: USGS (2014).
35 Based on a price of US$360 per metric tonne unit (mtu) of WO3 with each mtu containing 7.93kg of tungsten, valuing the contained tungsten at US$45 397/tonne. Excludes US mine production. There is
one mine in California (USGS 2014).

36 Based on vanadium content of 56% in vanadium pentoxide (V2O5) priced at US$6.25/pound (USGS 2014).
37 Source: USGS (2014).
38 Source: USGS (2014).
39 Based on 6 790 000 tonnes of ilmenite containing a minimum of 54% titanium oxide (TiO2), thus containing 3 666 600 tonnes of TiO2 and a minimum of 2 199 960 tonnes of titanium plus 770 000 tonnes of
rutile containing a minimum of 95% titanium oxide (TiO2), thus containing 731 500 tonnes of TiO2 and a minimum of 438 900 tonnes of titanium, for a total of 2 638 860 tonnes of titanium (USGS 2014).

40 Based on price of US$300/tonne for 6 790 000 tonnes of ilmenite worth US$2037 million overall, in addition to 770 000 tonnes of rutile priced at US$1700/tonne and worth US$1309 million for a total market
value of US$3346 million and an inferred price per tonne of contained titanium of US$1268/tonne (USGS 2015).

41 Source: USGS (2014).
42 Estimates for 2014 production, based on rare earth content of each: Ho, Er (87%), Tm, Yb (88%). Source: Minor Metals Trade Association (2015).
43 Production estimate for 2012, Source: USGS (2014).
44 Source: USGS (2014).
45 Based on tantalum content of 81.9% in tantalum pentoxide (Ta2O5) priced at US$110/lb of tantalum oxide content in tantalite (USGS 2014).
46 Source: USGS (2014) – contained Mn within ores typically around 46–48% Mn.
47 Manganese ore is typically 46–48% (USGS 2014). 2013 prices are based on an average of US (US$6.00) and Chinese (US$5.51) prices, i.e. US$5.76 per metric ton unit (USGS 2014). A metric ton unit is
the price of 1% Mn in the ore, so the price per tonne of a typical 47% ore is US$270.72 at 2013 prices, i.e. US$5.76×47 (USGS 2015). This ore is only 47% Mn, so the price per tonne of Mn contained is US
$576. This is multiplied by 2013 world production of 17 000 000 tonnes of contained Mn in ores (USGS 2014) for a market value of US$9792 million.
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metal market to a major industrial metal market it
scored 1.

. Negative: A score of 0 was awarded if the factor was
seen to mitigate against the minor critical metal mar-
ket becoming a major industrial metal market.

No scores other than 0, 0.5 or 1 were possible in order
to retain simplicity. Each of the discovery, supply and
demand factors was made up of two sub-factors, resulting
a maximum theoretical score of 6. A maximum score
would indicate significant potential for this metal to trans-
form fromminor to industrial. A score of zero would indi-
cate that the given critical metal had little potential for
market transformation.

Analysing propensity for discovery
Analysing crustal abundance

The abundance of the elements in the bulk continental
crust was drawn from Rudnick and Gao (2003) and
Wedepohl (1995). The BGS (2012) considers elements
with abundance greater than 100 ppm as low scarcity,
between 1 and 100 pm as medium scarcity and less than
1 ppm as high scarcity. Thus, in this study, elements
with a crustal abundance between 1 and 100 ppm are
given a score of 0.5, with a score of 1 for greater than
100 ppm, and 0 for less than 1 ppm.

Analysing element concentration in the crust

Skinner (1976), Gupta and Krishnamurthy (2005) and
Graedel et al. (2012) highlight how crustal abundance is
not the only important factor in the availability of an
element for discovery and subsequent extraction: the
ease with which the metal concentrates into discrete min-
eral deposits is also critical. The differing propensity of
elements to concentrate in the crust was first highlighted
by Goldschmidt (1937). Siderophiles and chalcophiles
are commonly considered to be ore-forming elements
(White 2013), as they have a tendency to be concentrated
away from the dominant silica (lithophile) crust into dis-
crete deposits by geological heat and pressure. By con-
trast, lithophile elements are found more diffusely
within the crust, which is rich in silica, so lithophiles
less commonly concentrate into discrete deposits within
the crust. Lithophiles are not commonly considered to
be ore-forming elements (White 2013), though they are
still nonetheless mined. As an indication of the tendency
to form mineral deposits in the crust, rather than remain
fairly evenly distributed, in the scoring system, siderophile
and chalcophile elements are awarded a score of 1, whilst
lithophile elements are awarded a score of 0, using the
updated White (2013) version of Goldschmidt’s (1937)
classification. Some elements are siderophile or chalco-
phile and lithophile, for which 0.5 is scored.

Analysing ease of extraction
Analysing ease of mining

Metals that are mined using scalable hard rock techniques
by large, formal companies with access to significant capi-
tal are more amenable to mining in large volumes, than
metals mined using less scalable techniques such as placer
or brine mining, or by capital-poor artisanal or informal
miners. The ease of mining assessment is therefore based
on whether the industry is dominated by formalised and
hard rock mining. A metal which is largely mined both

by formal companies utilising hard rock mines scores
1. If the metal’s mining industry is largely informal or
else not usually extracted using conventional hard rock
mining, 0.5 is subtracted for each of these imposts, mak-
ing a total subtraction of 1, bringing the score to 0.5 for
one incidence and 0 for both incidences. In addition, the
presence of a major environmental or socio-political fac-
tor that is currently widespread across the mining industry
of a particular critical metal reduced the score by 0.5. This
further subtraction is in addition to the scoring above for
the presence of formalised, hard rock mining. In theory,
the cumulative subtractions could total more than 1, but
for simplicity only a minimum score of 0 was possible.
The relevant chapters of the United States Geological
Survey (USGS) Mineral Commodity Summaries (2014)
and Minerals Yearbook (2015) were used as the general
references, in addition to a few select sources on specific
subjects relating to some metals.

Analysing ease of processing

One potential consequence of metals not concentrating
easily into deposits in the crust is that end up frequently
being found as by-products and co-products, mitigating
against more abundant mining, for both technical and
economic reasons (Gupta and Krishnamurthy 2005;
Naumov and Grinberg 2009; Alonso et al. 2012; Graedel
et al. 2012; Packey 2012;Mudd et al. 2013b; Graedel et al.
2015; Werner et al. 2015). Thus, to analyse the ease of pro-
cessing a metal the first factor considered is whether the
metal is generally mined as a co- or by-product, or as a
primary product. If the element is mined mainly as a pri-
mary product it scores 1. Similarly, if the element is still
most commonly mined as a co- or by-product it scores
0. For commodities where the case is not clear, then a neu-
tral score of 0.5 is awarded. An assessment was also made
as to whether a technological constraint or advantage
made the metal particularly difficult or straight-forward
to process. Harder to process metals had 0.5 subtracted
off their initial score (to a minimum of 0), whilst simple
to extract metals had 0.5 added to their score (to a maxi-
mum of 1). As with mining, additional environmental and
socio-political factors may mitigate against the easy pro-
cessing of a metal and a further 0.5 can be subtracted
(to a total minimum score of 0). The relevant chapters
of the USGS Mineral Commodity Summaries (2014)
and Minerals Yearbook (2015) are again used as the
source material, with additional specific sources used as
required for specific metals.

Analysing demand potential
Analysing criticality of demand

By definition any of the metals appearing in the different
‘critical’ metal lists of Table A7 are to some measure
deemed critical. Some are however more critical than
others. A metal which is included in five or more of the
seven critical metals lists scores 1 point as it would appear
there is widespread agreement the metal is critical. The
critical metals which appear in only one to four lists get
a neutral score of 0.5, suggesting there is not widespread
agreement that this metal is critical. The two ‘critical’
metals included here at the authors’ discretion (cadmium
and vanadium) score 0 under this system, reflecting the
fact that there is no agreement that these metals are criti-
cal. As key comparators, the base and precious metals are

Sykes et al. Transformational market growth amongst the critical metals

26 Applied Earth Science (Trans. Inst. Min. Metall. B) 2016 VOL 125 NO 1

D
ow

nl
oa

de
d 

by
 [

Jo
hn

 S
yk

es
] 

at
 1

9:
22

 1
6 

M
ar

ch
 2

01
6 



also added to the results in addition to the critical metals
list in Table A7.Most of these familiar metals are not con-
sidered critical however and do not appear on the critical
lists, hence are scored 0.

Analysing breadth of demand

The final assessment is on the breadth of demand, under-
taken using the USGSMinerals Yearbook (2015) and Com-
modity Summaries (2014), in addition to information from
industry associations and other sources. Metals with a broad
range of uses are considered to have greater potential for
widespread future consumption, as their diversification
reduces demand volatility and thus exposure to repeated
substitution. For the same reasons that critical metals’
supply should be considered in a forward-looking manner,
so should demand and substitution. Though a critical
metal may currently not have any obvious substitutes, this
may not remain the case in the future, particularly if other
metal markets grow rapidly and provide other metals to
the global economy at much cheaper prices. Substitution is
usually a price-property trade-off – a kind of opportunity
cost – with substitution occurring when an alternate
material can offer the same level of useful properties for a
lower overall price. In this case an inferior metal may substi-
tute for a superior metal, if it is significantly cheaper, and
thus overall the unit of the relevant useful properties can
still be bought cheaper. When substitution is considered in
this manner, the current lack of available substitutes making
ametal ‘critical’ becomes relatively less important, whilst the
diversity of uses that a metal has, and therefore which it
could use to substitute into new markets, resulting in more
diverse demand, becomes relatively more important.
In this case, if no specific use makes up more than one-

third of current consumption the metal is considered to
have broad demand and scores 1. Conversely if more
than two-thirds of demand comes from one use then the
metal is considered to have very narrow consumption pat-
terns and scores 0. For metals where the main use makes
up one-third to two-thirds of demand, consumption is
considered to be neither broad nor narrow and thus scores
0.5. Some scores are then further adjusted based on quali-
tative information. Similarly for metals where quantitat-
ive data on consumption are not available, and there is
no clear qualitative statement that the metal has particu-
larly broad or narrow consumption then 0.5 is also
scored. In this study, demand is preferably assessed on a
global level, unless the relevant data are not easily avail-
able; in this case, generally the United States or infor-
mation on a number of major consumer countries or
regions is used.

Summary of results
A summary of the results are included below presenting
the total aggregated scores for each of the metals. A
more detailed presentation of the results, including scor-
ing for each of the six individual factors can be found in
Appendix II.

Aggregated scores
Table 1 presents the aggregated scores including assess-
ments of crustal abundance (Table A1), propensity to con-
centrate into mineral deposits (Table A2), describing
overall propensity for discovery (Table A3); ease of

mining (Table A4) and processing (Table A5), describing
overall ease of supply (Table A6); and both criticality
(Table A7) and diversity (Table A8) of demand, making
up overall demand potential (Table A9). Table 1 is pre-
sented on pages 3–5, whilst Tables A1–A9 can be found
in Appendix II. Scores total between zero and six, with
higher scores indicating greater potential to become a
major industrial metal. Table 1 also denotes recent pro-
duction levels, prices and thus approximate market sizes
of the metals to allow for easier comparison of the critical
metals with the industrial and precious metals markets.

Most potential for transformational market growth

The highest scoring critical metal, antimony, scores four
points, equal to copper, one of the most important non-
ferrous industrial metals. Antimony, present at 0.2 ppm
in the crust, however is considerably rarer than copper,
found at 27 ppm in the crust (Rudnick and Gao 2003),
so would need to overcome this scarcity should greater
future demand arise.
The next group of critical metals scored 3.5 points,

the same as aluminium, and include barium (barite), ger-
manium, indium, silver and tellurium. Like antimony;
germanium, indium, silver and tellurium are all funda-
mentally rare in the crust (Wedepohl 1995; Rudnick and
Gao 2003), though the large silver market does give an
indication of economic potential. Barium (barite) conver-
sely is fairly abundant (Rudnick and Gao 2003) and easy
to extract (USGS 2014, 2015) but at present lacks impor-
tant (NRC 2008; Buchert et al. 2009; APS and MRS
2011; USDOE 2011; BGS 2012; Schulz and Bradley
2013; EC 2014) and diverse (The Barytes Association
2015) economic uses.

Some potential for transformational market growth

A large number of critical metals score three points includ-
ing arsenic, boron (borate), chromium, cobalt, gallium,
lithium, magnesium, mercury, molybdenum, niobium, sili-
con (metal), strontium, the platinum groupmetals: iridium,
osmium, platinum and ruthenium, and the rare earth
metals: cerium and scandium. The score for these critical
metals fall in between aluminium and silver (3.5 points)
and gold and nickel (2.5 points). A variety of constraints
exist for these metals, with some fundamentally rare in
the crust such as mercury, molybdenum and the platinum
group metals (Rudnick and Gao 2003), whilst most face
extraction constraints in processing (Gupta and
Krishnamurthy 2005; Hylander and Meili 2005; King
2005; Veiga et al. 2006; Bradsher 2009, 2013; Gao et al.
2009; Yaksic and Tilton 2009; Kyle 2010; Mudd 2010;
Spiegel and Viega 2010; Thomas and Kelley 2010; Cobalt
Development Institute 2011; Conflict Minerals Consor-
tium 2012; Grosjean, Miranda, Perrin and Poggi 2012;
Kim and Choi 2012; Massari and Ruberti 2013; Packey
2013; Wubbeke 2013; Campbell 2014; Golev et al. 2014;
Mudd and Jowitt 2014; Weng et al. 2014; USGS 2014,
2015). Metals such as chromium (International Chromium
Development Association 2015), magnesium (NRC 2008;
Buchert et al. 2009; APS and MRS 2011; USDOE 2011;
BGS 2012; Schulz and Bradley 2013; EC 2014), niobium
(Schwela 2012) and strontium (USGS 2014, 2015) however
seem more constrained by demand factors.
Like gold and nickel a number of critical metals score

2.5 points, including beryllium, bismuth, rhenium,
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tungsten, vanadium, the rare earth lanthanum, and the
platinum group metals, palladium and rhodium. Notably
palladium and rhodium show less diversity of demand
than the other platinum group metals (USGS 2015).
Along with the platinum group metals both bismuth
and rhenium seem constrained by geological abundance
(Rudnick and Gao 2003). Beryllium (USGS 2014, 2015)
and lanthanum (Gupta and Krishnamurthy 2005;
Bradsher 2009, 2013; Massari and Ruberti 2013; Packey
2013; Wubbeke 2013; Campbell 2014; Golev et al. 2014;
Weng et al. 2014; USGS 2014, 2015) seem processing con-
strained, whilst tungsten (Rudnick and Gao 2003; NRC
2008; Buchert et al. 2009; APS andMRS 2011; Freedman
2011; USDOE 2011; BGS 2012; Bleischwitz, Dittrich and
Pierdicca 2012; Schulz and Bradley 2013; White 2013; EC
2014; USGS 2014, 2015; International Tungsten Industry
Association 2015) and to a lesser extent vanadium (NRC
2008; Buchert et al. 2009; APS and MRS 2011; USDOE
2011; BGS 2012; Schulz and Bradley 2013; White 2013;
EC 2014; USGS 2014, 2015) seem to present a complex
picture of multiple minor constraints.

Limited potential for transformational market growth

A number of the rare earth metals (europium, gadoli-
nium, neodymium, praseodymium, samarium and
yttrium) in addition to cadmium and manganese score 2
points, alongside industrial metals: lead, zinc and tita-
nium. Broadly all of these metals suffer both processing
constraints (Gupta and Krishnamurthy 2005; Bradsher
2009, 2013; Mining Weekly 2012; Massari and Ruberti
2013; Packey 2013; Wubbeke 2013; Campbell 2014; The
Economist 2014; Golev et al. 2014; Weng et al. 2014;
USGS 2014, 2015; Assmang 2015) and a lack of diversity
in usage (Goonan 2011; USGS 2014; Postle et al. 2015),
with the two issues related as costly processing inflates
prices, reduces availability and thus stunts development
of new high volume uses.
Three rare earths (dysprosium, erbium and ytterbium)

and thorium score only 1.5 points, the same as the lowest
scoring of the non-ferrous industrial metals, tin. As for the
other rare earths, these metals face both processing
(Gupta and Krishnamurthy 2005; Bradsher 2009, 2013;
Massari and Ruberti 2013; Packey 2013; Tyrer and
Sykes 2013; Wubbeke 2013; Campbell 2014; Golev et al.
2014; Weng et al. 2014; USGS 2014, 2015; Harper et al.
2015) and demand (NRC 2008; Buchert et al. 2009;
APS and MRS 2011; Goonan 2011; USDOE 2011;
BGS 2012; Schulz and Bradley 2013; EC 2014; USGS
2014) constraints, but in addition also have mining issues.
The mining issues relate to environmental and human
rights issues associated with the mining of heavy rare
earths in China (Bradsher 2009, 2013; Massari and
Ruberti 2013; Packey 2013; Tyrer and Sykes 2013;
Wubbeke 2013; Campbell 2014; Golev et al. 2014; Weng
et al. 2014; USGS 2015), and with radioactivity for thor-
ium (USGS 2014, 2015; Weng et al. 2014; Harper et al.
2015).
Rounding out Table 1, four of the rarest heavy rare

earths: holmium, lutetium, terbium and thulium, in
addition to tantalum score only 1 point. Not only are
these metals rare (Rudnick and Gao 2003), and infre-
quently found in mineral deposits (White 2013), but
they are often difficult to mine and process (Gupta and
Krishnamurthy 2005; Bradsher 2009, 2013; Freedman

2011; Bleischwitz et al. 2012; Massari and Ruberti 2013;
Packey 2013; Tyrer and Sykes 2013; Wubbeke 2013;
Campbell 2014; Golev et al. 2014; USGS 2014, 2015;
Weng et al. 2014). All have developed only limited
demand to date (Goonan 2011; Schwela 2012).

Discussion, opportunities and
recommendations
This section discusses which critical metals have the
potential to become major industrial metal markets,
including the identification of factors constraining the
growth of these markets, and therefore where opportu-
nities for strategic intervention by researchers, companies,
professional societies and governments may exist.

Potential future market sizes and values
Although the critical metals in Table 1 which score the
highest can be said to have the greatest potential market
transformation, such analysis does not indicate what the
potential size of a future metals market could be. As
Figs. 1 and 2 demonstrate, although there is a broad cor-
relation between crustal abundance and both mine pro-
duction and market size, there are metals which are
more intensively mined than others. The implication is
that breakthrough in mineral discovery, extraction tech-
nology or new/increased usage could lead to substantial
market growth for a commodity, moving it from one of
the least intensively mined commodities in Figs. 1 and
2, to one of the most intensively mined. Thus, in addition
to the analysis already covered in this paper, the future
market size of a critical metal is defined by two further
factors: First the fundamental crustal availability of the
metal, meaning that very rare metals cannot support
bulk production based markets (Skinner 1976). Second,
some metals are nearer their theoretical potential pro-
duction and market size limits, than other metals so
have less growth potential, even if the constraints on the
market can be unlocked.
Figures 1 and 2 include approximate estimates of the

crustal abundance thresholds for major and minor indus-
trial metals, and ‘industrial-precious metals’ (very rare
metals such as platinum and silver, which nonetheless
have industrial uses). It is important to note that the crus-
tal abundance thresholds in these figures differ from
those in the crustal abundance assessment summarised
in Table A1. That assessment has higher crustal abun-
dance thresholds than the approximate lines in Figs. 1
and 2, as that assessment is just an indicator of whether
crustal abundance is a positive, neutral or negative factor
in the potential for that metal to form a large industrial
metal market. The fact that crustal abundance is a neutral
or negative factor does not entirely mitigate against the
mass production of that metal if other factors (concen-
tration, extraction, demand, etc.) compensate, with cop-
per being an obvious example. For this reason Figs. 1
and 2 have more lenient crustal abundance thresholds.

Future bulk metals?

Figure 1 shows that some metals have relatively high
extraction rates, including all of the metals of antiquity,
thus highlighting the importance of geological avail-
ability, via a propensity to concentrate into relatively
easy to discover and extract mineral deposits. By this
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assessment metals such as aluminium and titanium are
still only modestly extracted in comparison to their avail-
ability, suggesting technical improvements to processing,

and to a lesser extent mining, could significantly increase
the scale of these markets. Amongst the critical metals,
magnesium is an even stronger example of a modestly

1 X–Y plot of crustal abundance against mined production levels in 2013. The figure gives an indication of how intensively the
variousmetals are mined in comparison to their fundamental crustal availability. To assist with interpretation lines have been
drawn subjectively by the authors to demonstrate which metals seem to have a low, modest or high extraction intensity, and
which metals are or could be bulk or major industrial, minor industrial or ‘industrial-precious’ metal markets. The figure
suggests that those metals with modest or low extraction rates are somewhat extraction constrained. The fact that a metal
does not readily concentrate into mineral deposits is also a constraint in some cases. Data are drawn from Tables 1 and A1

2 X–Y plot of crustal abundance against approximate market value for 2013, as calculated by multiplying annual mined pro-
duction by annual average price. To assist with interpretation lines have been drawn subjectively by the authors to demon-
strate whichmetals seem to have small, modest or largemarkets in comparison to their crustal abundance, and whichmetals
are or could be major industrial, minor industrial or industrial-precious metal markets. Those metals with modest or small
market sizes in comparison to crustal abundance are somewhat demand constrained. The constraint in demand may also
relate to geological and technical issues that make the metal scarcer than it should be. Data are drawn from Tables 1 and A1
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extracted, but geologically abundant light metal, similar
to aluminium and titanium. It is notable that all of
these metals suffer from energy intensive processing tech-
niques (Street and Alexander 1998; Gao et al. 2009;
USGS 2014, 2015), thus these markets would not only
benefit from more energy efficient extraction processes,
but also dramatic changes in the energy market, which
made energy considerably cheaper and more available.

Future major industrial metals?

A significant number of critical metals also seem to hold
the potential to become major industrial metals should
their extraction constraints be overcome. Metals such as
cobalt, lithium, strontium, vanadium and the more abun-
dant light rare earths: cerium, lanthanum, neodymium
and yttrium. These metals are currently produced in
volumes of less than 100 000 tonnes per year, but seem
to possess the potential to support production levels an
order of magnitude or so higher (like copper, nickel,
lead and zinc).
In addition, a number of the critical metals appear to

have underdeveloped market sizes. The number of metals
with a relatively large market (Fig. 2) is fewer than the
number of metals produced in relatively large volumes
(Fig. 1), when compared to their natural abundance.
This suggests a number of these metals are constrained
by a structural lack of demand (i.e. they are relatively
easy to produce in abundance, but not much value is
being attributed to their use). Only aluminium, copper,
nickel, zinc, gold, silver, platinum and palladium seem
to have relatively large markets compared to their abun-
dance. Thus a number of the critical metals that did not
seem to be ‘extraction constrained’ such as antimony,
arsenic, barium (barite), bismuth, boron (borate), cad-
mium, chromium, mercury, manganese, molybdenum,
tellurium and tungsten do seem to be demand con-
strained. These results from Figs. 1 and 2 seem to corre-
spond with the results in Table 1 that show most of
these metals having weaker scores for the demand factors
but higher scores for the discovery and/or supply factors.
Some of these metals are constrained with good reason,
with mercury for example known to be toxic (Hylander
and Meili 2005; Kim and Choi 2012), however, a number
may present future demand-side opportunities. Barium
(barite), boron (borate), chromium and manganese are
all naturally abundant enough that they could be
extracted in sufficiently large quantities should greater
use be required of them. Barium (barite), chromium and
manganese are all more abundant in the crust than cop-
per, one of the largest metals markets.

Future minor industrial metals?

A range of rarer metals could form minor, but nonethe-
less important industrial markets, perhaps similar to the
current tin, tungsten, antimony or molybdenum mar-
kets, each with annual production of an order of magni-
tude of 100 000 tonnes. This group of potential new
minor industrial metal markets includes many of the
rare earths (dysprosium, erbium, europium, gadolinium,
praseodymium, samarium and terbium), but also nio-
bium, tantalum, beryllium and germanium.

Future industrial-precious metals?

Although metals such as cadmium, indium, mercury, tell-
urium and the less well known platinum group metals,
iridium, osmium, rhodium and ruthenium are fundamen-
tally too rare to support the large scale production of an
industrial metal, there are nonetheless a number of valu-
able ‘industrial-precious’metals markets as potential ana-
logues, such as silver, platinum and palladium. These
metals have both industrial uses and value ascribed to
their precious nature. Whilst many of the critical metals
may not possess the immutable and aesthetic qualities
of precious metals, increased availability of these metals
should nevertheless attract more industrial uses.

Unlocking future critical metal market growth
Whilst all critical metal markets have their own individua-
lities with respect to discovery, supply and demand con-
straints, it is worth considering if there are any general
themes across these constraints that could be worth
broad investigation.

Discovery or geological constraints

In general lithophile metals seem to remain under
exploited in comparison to siderophile and chalcophile
metals, the obvious exception being aluminium. Of
these metals, barium (barite), boron (borate), chromium,
lithium, magnesium, manganese, silicon, strontium and
vanadium are abundant enough in the crust to support
a major industrial metal market. Rarer metals such as
beryllium, niobium, thorium, tungsten and the more com-
mon rare earths could probably support minor industrial
metal markets analogous in scale to lead or tin.

Supply or extraction constraints

From a technical perspective, few critical metals seem par-
ticularly constrained by mining technology. Far more
critical metals face processing issues. The majority of
these relate to the fact discussed above that many are
still produced as by- or co-products (Gupta and
Krishnamurthy 2005; Naumov and Grinberg 2009;
Alonso et al. 2012; Graedel et al. 2012, 2015; Mudd
et al. 2013b; Werner et al. 2015). Further advances in
hydrometallurgy that allow the separation of individual
metals from complex mineral leach solutions would
undoubtedly be of assistance here and would greatly
benefit the rare earth metals industry (Gupta and Krish-
namurthy 2005; Weng et al. 2014), for example.
Whilst several of the critical metals face specific proces-

sing issues it is notable that magnesium (Gao et al. 2009;
USGS 2014, 2015) and lithium (Grosjean et al. 2012;
USGS 2014, 2015), with the addition of the major indus-
trial metals aluminium and titanium are all reliant on
energy intensive processes. In addition, over the long-
term the environmental costs of intense energy use may
become as or more important than the economic costs
of energy use. In general, the importance of environ-
mental constraints on minerals processing is increasingly
apparent. Metals such as thorium and mercury are com-
monly seen as waste elements, but are also becoming
increasingly difficult to dispose of into the environment.
In some cases not producing the ‘waste’ elements can be
as important as effectively producing the primary pro-
duct, blurring the relationship between what is defined
as a primary product, co- or by-product and waste
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(Packey 2012). Rare earth deposits with thorium rich ores
would again be an example (Gupta and Krishnamurthy
2005; Weng et al. 2014). A number of critical metals
may, in fact, remain fundamentally limited in market
size due to environmental and health issues. Arsenic, ber-
yllium, bismuth, chromium (USGS 2014, 2015), manga-
nese (The Economist 2014) and mercury (Hylander and
Meili 2005; Veiga et al. 2006; Spiegel and Viega 2010;
Kim and Choi 2012) are all toxic, whilst silica (to make
silicon metal) also presents health issues for miners, via
silicosis (Thomas and Kelley 2010).
Finally, tantalum and tungsten (and the industrial

metal, tin) would benefit from the resolution of supply
chain transparency issues relating to conflict minerals
(Freedman 2011; Bleischwitz et al. 2012); however, the
market growth potential of these markets is more limited.

Demand or economic constraints

The geological and supply issues highlighted above mean
that many critical metals have not yet developed suffi-
ciently diverse end use markets to support sustained and
permanent market growth. However quite a few of the
critical metals such as barium (barite), boron (borate),
chromium, magnesium, manganese, niobium, silicon
(metal), strontium and tungsten, seem somewhat underu-
tilised from an economic perspective, according to Fig. 2.
Research into new uses for these metals could be fruitful
allowing utilisation of what are relatively abundant and
cheap resources.

Multi-factor or complex constraints

What becomes clear from Table 1 is that whilst some
metals such as antimony, barium (barite), germanium,
indium and tellurium face fewer constraints on market
growth, meaning one or two changes in the market factors
could trigger major transformations; this is not the case
for most critical metals. Most critical metal markets
face more complex constraints on growth with geological,
technical and economic issues often combining and hold-
ing the market back. For example, many of the heavy rare
earths are not only constrained by the fundamental crus-
tal rarity (Rudnick and Gao 2003) and the fact that they
do not readily concentrate into mineral deposits
(Goldschmidt 1937; White 2013), but also that the depos-
its they do form are currently not amenable to scalable
mining techniques (Bradsher 2009, 2013; Wubbeke
2013; USGS 2015), processing is extremely complicated
(Gupta and Krishnamurthy 2005; Tyrer and Sykes 2013;
USGS 2014, 2015; Weng et al. 2014), and where mining
does take place it is associated with environmental and
human rights issues (Bradsher 2009, 2013; Massari and
Ruberti 2013; Packey 2013; Tyrer and Sykes 2013;
Wubbeke 2013; Campbell 2014; Golev et al. 2014; Weng
et al. 2014). All of this is in addition to an often narrow
range of economic uses (Goonan 2011). Transformational
change will therefore not come in these markets unless all
these constraints are addressed. Companies entering these
markets will therefore need to target efforts towards resol-
ving all of these issues (many of which are related). It is
notable, for example, that the recent (re-) entrants into
the rare earths market, not only possess world class min-
eral deposits, but have had to focus heavily on processing
technology, downstream integration and to a certain
extent creating demand, via research into new uses for

metals such as cerium. Similarly, government research
programmes will need to address these issues in an inte-
grated rather isolated manner.

Strategic intervention in critical metals
markets
Across the critical metals markets there are those that are
not only more or less unconstrained by discovery, supply
or demand issues, as represented in Table 1, but also those
where the potential market growth has greater or lesser
potential as summarised in Fig. 2. From the perspective
of companies or governments seeking to intervene in a
critical metal market, with the aim of stimulating trans-
formational growth, the ideal target market is one where
not only is there high potential for transformational mar-
ket growth, but also that this growth has high economic
impact. This relationship is summarised in Fig. 3. These
are the markets where relatively few geological, technical
or economic constraints need to be overcome and which
the potential future market could be large, as they as suf-
ficiently geologically abundant.

Magnesium, silicon (metal) and barium (barite)

The three stand-out critical metals in this context are
magnesium, silicon (metal) and barium (barite).
Advances in processing techniques to make production
of the magnesium and silicon metal much cheaper,
could have the same transformational impact on these
markets as occurred in aluminium in the early twentieth
century (Street and Alexander 1998; Lynch 2002; Sykes
et al. 2016). Along with titanium, which is still somewhat
constrained by the Kroll process (USGS 2014, 2015),
these light metals all hold the potential to be major future
industrial metal markets. It is notable in this context that
both silicon (USGS 2014, 2015) and titanium (USGS
2014, 2015) are mainly consumed as pre-metal raw
materials (silica sand and titanium oxide), just like alu-
minium before the invention of the Bayer and Hall-Her-
oult techniques, when it was still mainly used as alum
(Hammond 2015; Sykes et al. 2016). Improvements in
barium (barite) mining would help this market; however,
this metal more than many seems demand constrained, so
alternatively could be a target material for research into
new uses. Although the market impact would probably
be less, boron (borate) is in a similar situation to barium
(barite) lacking sufficient variety and importance of end
uses, so again maybe a fruitful area for research into
new uses.

Lithium, cobalt and the cerium and lanthanum rare earths

Lithium is another potentially significant future industrial
metal market, which could be transformed one of two
ways, either via the discovery of higher quality hard
rock deposits amenable to conventional mining and pro-
cessing techniques, or via advances in lithium brine and
solar evaporation techniques (Grosjean et al. 2012;
USGS 2014, 2015). Either way lithium already has a
diverse demand base covering some important uses, par-
ticularly in battery technology (USGS 2014, 2015). Simi-
larly cobalt and the more common rare earths, cerium,
lanthanum and scandium all would benefit from proces-
sing improvements. These metals also have ready diverse
demand and could plausibly be significant future indus-
trial metal markets. Improvements in the processing of
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cerium and lanthanum would also benefit the other co-
occurring rare earths, some of which like neodymium
and yttrium could also be large markets in themselves,
adding a kind of multiplier effect to advancements in
this area.

Chromium, vanadium and gallium

Finally, two relatively abundant, by-product ferroalloys,
chromium and vanadium represent a problem facing
many critical metals – that they are produced as by-pro-
ducts (USGS 2014, 2015). This makes the metals more
difficult to process and stunts the economics of these
markets. Thus the discovery of high quality primary
deposits, via new deposit models or exploration targeting
techniques, or improvements in processing techniques
would greatly benefit these potentially important mar-
kets. Gallium, which is currently captured by proprietary
processing technologies (USGS 2014) and strontium
which would benefit from mechanisation of processing
(USGS 2014, 2015) are both potential significant future
metal markets. All of these metals however require
greater diversity and intensity of use suggesting these
metals would also benefit from research into new uses
of these metals.

Conclusions
This study highlights the importance of analysing critical
metal markets in a forward-looking manner, and thus the
potential for growing market size as a way to reduce
metals criticality, instead of demand reduction solutions
such as recycling, thrifting and substitution. Critical
metals which hold the potential to grow beyond their

current small, niche markets into major widely-traded,
industrial commodities with larger markets would be
less vulnerable to some of the supply and demand uncer-
tainties surrounding the current critical metals markets.
The study was undertaken to assess the potential for

such transformational market growth across the critical
metals. The crustal abundance; propensity to concentrate
into mineral deposits; the ease of mining and processing;
and the criticality and diversity of demand were assessed
for a range of critical metals; along with a number of com-
parator industrial and precious metals. The methodology
was contingent on the assumption that transformational
market growth occurs when a number of constraints in
minerals discovery and metals supply and demand are
overcome together. Critical metals with the fewest con-
straints mitigating against their abundant discovery,
supply and demand where therefore considered to be the
closest to transformational market growth and scored
the highest.
The study concluded that whilst most critical metals

still require a number of breakthroughs for transforma-
tive market growth to occur, some did have high poten-
tial for such growth. The implication for these markets is
that government, research and industry interventions to
reduce ‘criticality’ may have the most impact in attempt-
ing to increase primary supply, demand and thus the
overall market size, rather than reducing demand. The
critical metals with the highest potential for transforma-
tional market growth are also the ones likely to be of
most commercial interest to mining and exploration
companies seeking potentially fast-growing metals
markets.
The critical metals with the most potential for transfor-

mational market growth include magnesium, silicon,

3 X–Y plot of the potential for transformational market growth, based on the scores in Table 1 versus the potential market
impact of such growth based on information in Fig. 2. The Y-axis provides an approximate order of magnitude growth esti-
mate for these markets based on how far the fall under the line for a ‘large market’ in Fig. 2. From a strategic perspective
commercial, government or research interventions would be best made in the ‘high potential, high impact’ markets in the
upper right quadrant. Transformation of thesemarketsmay be easier as there are fewer potential constraints on thosemetals
markets, whilst the potential future growth of those markets could be significant, providing substantial economic returns
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barium, boron, lithium, cobalt, chromium, vanadium,
gallium, strontium and the rare earths: cerium, lantha-
num and scandium. However, the absolute economic
potential for transformational market growth varies
amongst these metals. Some of the rarer metals may see
transformational market growth in absolute economic
terms from presently ‘very small’ to future ‘small or med-
ium-sized’ markets, whereas others may see transforma-
tional market growth from ‘modest-sized’ markets to
‘very large’ markets. Based on the market size of com-
paratively abundant major industrial metal markets, and
the present size of their existing markets, magnesium, sili-
con (metal) and barium (barite) stand out as having the
potential for transformational market growth with a
large absolute economic impact, as summarised in Fig. 3.
Most critical metal markets, however, face more complex

constraints on growth with geological, technical and econ-
omic issues often combining and holding the market back.
Transformational change will therefore not come in these
markets unless all these constraints are overcome. Govern-
ments and researchers will therefore need to address these
issues in an integrated, rather than isolated manner, in
attempting to overcomemetals criticality. Similarly, for com-
panies entering these markets hoping to benefit from rapid
market growth, they will need to target efforts towards resol-
ving all of these, often interlocking, issues before they can
expect commercial success.

Acknowledgements
J.P.S. would like to thank Metal Pages for the original invite
and financial support to present on this subject at their
China Metals Week in 2014 and again in 2015. A.T. and
J.P.S. acknowledge the continued support of colleagues at
the Department of Mineral and Energy Economics at Cur-
tin University, the Business School at the University of Wes-
tern Australia and the Centre for Exploration Targeting at
the University of Western Australia and Curtin University.
All authors acknowledge the valued input on mineral
deposit concentration made by Dr Caroline Johnson of
CSIRO and Dr Nick Gardiner of Curtin University. J.P.S.
specifically would like to acknowledge the financial support
of the Centre for Exploration Targeting, part of Curtin Uni-
versity and the University of Western Australia. All authors
acknowledge the substantial efforts of the editor and two
anonymous peer reviewers in improving the clarity and
quality of this paper.

ORCID
J. P. Sykes http://orcid.org/0000-0001-9735-497X

References
Achzet, B. and Helbig, C. 2013. How to evaluate raw material supply

risks – an overview. Resources Policy, 38, 435–447.
Alfantazi, A. M. and Moskalyk, R. R. 2003. Processing of indium: a

review. Minerals Engineering, 16, 687–694.
Alonso, E., Sherman, A. M., Wallington, T. J., Everson, M. P., Field, F.

R., Roth, R. and Kirchain, R. E. 2012. Evaluating rare earth
element availability: a case with revolutionary demand from clean
technologies. Environmental Science and Technology, 46, (6),
3406–3414.

American Physical Society (APS) Panel on Public Affairs and Materials
Research Society (MRS). 2011. Energy critical elements: securing
materials for emerging technologies; Washington, DC, American
Physical Society (APS). [online] Available at: http://www.aps.org/

policy/reports/popa-reports/upload/elementsreport.pdf. [Accessed
17 January 2015].

Assmang. 2015. Manganese Ore. [online] Available at: http://www.
assmang.co.za/content.asp?pg=9. [Accessed 19 August 2015].

Bedder, J. C.M. 2015. Classifying critical materials: a review of European
approaches, Applied Earth Science (Transactions of the Institution
of Mining and Metallurgy Section B), 124, (4), 207–212.

Bleischwitz, R., Dittrich, M. and Pierdicca, C. 2012. Coltan from Central
Africa, international trade and implications for any certification.
Resources Policy, 37, 19–29.

Bradsher, K. 2009. Earth-friendly elements, mined destructively,
26 December; Guyun Village, China, The New York Times.
[online] Available at: http://www.nytimes.com/2009/12/26/business/
global/26rare.html?pagewanted=all. [Accessed 20 March 2015].

Bradsher, K. 2013. China tries to clean up toxic legacy of its rare
earth Riches, 22 October; Tianjin, China, The New York Times.
[online] Available at: http://www.nytimes.com/2013/10/23/business/
international/china-tries-to-clean-up-toxic-legacy-of-its-rare-earth-
riches.html?_r=0. [Accessed 20 March 2015].

British Geological Survey (BGS). 2012. Risk list: an update to the supply
risk index for elements or element groups that are of economic
value; Nottingham, United Kingdom. [online] Available at:
http://www.bgs.ac.uk/mineralsuk/statistics/riskList.html. [Accessed
17 January 2015].

Buchert, M., Schuler, D. and Bleher, D. 2009. Sustainable innovation and
technology transfer industrial sector studies: critical metals for
future sustainable technologies and their recycling Potential;
Freiberg, United Nations Environment Programme (UNEP) and
Oko-Institut e.V (Institute of Applied Energy). [online] Available
at: http://www.unep.fr/shared/publications/pdf/DTIx1202xPA-Critical
%20Metals%20and%20their%20Recycling%20Potential.pdf. [Accessed
17 January 2015].

Campbell, G. A. 2014. Rare earth metals: a strategic concern. Mineral
Economics, 27, (1), 21–31.

Cobalt Development Institute (CDI). 2011. Cobalt facts: supply chain –

Conflict minerals; Guildford, United Kingdom. [online] Available at:
http://www.thecdi.com/cobaltfacts.php. [Accessed 10 March 2015].

Conflict Minerals Consortium (CMC). 2012. Conflict minerals regu-
lations, 21 September. [online] Available at: http://www.
conflictmineralsconsortium.com/node/22. [Accessed 10 March 2015].

Erbensperger, A., Maxwell, P. and Moscoso, C. 2005. The lithium indus-
try: its recent evolution and future prospects. Resources Policy, 30,
218–231.

Erdmann, L. and Graedel, T. E. 2011. Criticality of non-fuel minerals: a
review of major approaches and analyses. Environmental Science
and Technology, 45, 7620–7630.

European Commission (EC). 2010. Critical raw materials for the EU:
report of the Ad-hoc working group on defining critical raw
materials, Version of 30 July 2010; Brussels.

European Commission (EC). 2014. Report on critical raw materials for the
EU: report of the Ad hoc working group on defining critical raw
materials, May 2014; Brussels. [online] Available at: http://ec.europa.
eu/enterprise/policies/raw-materials/files/docs/crm-report-on-critical-
raw-materials_en.pdf. [Accessed 17 January 2015].

Fink, D. A. and Culver-Hopper, J. 1991. Germanium requirements for
national defense: prepared for office of the assistant secretary of
defense (Production and Logistics), IDA Paper P-2606, July;
Alexandria, VA, Institute for Defense Analyses (IDA). [online]
Available at: http://www.dtic.mil/docs/citations/ADA240992.
[Accessed 16 March 2015].

Fox-Davies Capital. 2013. The Lithium Market, September; London.
Freedman, J. 2011. Tackling the tin wars in DR Congo. Mineral

Economics, 24, 45–53.
Gao, F., Nie, Z., Wang, Z., Gong, X. and Zuo, T. 2009. Life cycle assess-

ment of primary magnesium production using the Pidgeon process
in China. The International Journal of Life Cycle Assessment, 14,
480–489.

Gardiner, N. J., Sykes, J. P., Trench, A. and Robb, L. 2015. Tin mining in
Myanmar: production and potential. Resources Policy, 46, 219–233.

Gawande, A. 2010. The checklist Manifesto: how to get things right,
Kindle edn.; London, Profile Books.

Geenan, S. 2012. A dangerous bet: the challenges of formalizing artisanal
mining in the democratic Republic of Congo. Resources Policy, 37,
322–330.

Gillies, A. 2013. Metallica minerals: Weipa Zircon-Rutile project and
SCONI scandium project, mining 2013 resources convention,
Brisbane, 25 October 2013; Australia, Vertical Events.

Goldschmidt, V. M. 1937. The principles of distribution of chemical
elements in minerals and rocks. The seventh Hugo Müller

Sykes et al. Transformational market growth amongst the critical metals

Applied Earth Science (Trans. Inst. Min. Metall. B) 2016 VOL 125 NO 1 33

D
ow

nl
oa

de
d 

by
 [

Jo
hn

 S
yk

es
] 

at
 1

9:
22

 1
6 

M
ar

ch
 2

01
6 

http://orcid.org/0000-0001-9735-497X
http://www.aps.org/policy/reports/popa-reports/upload/elementsreport.pdf
http://www.aps.org/policy/reports/popa-reports/upload/elementsreport.pdf
http://www.assmang.co.za/content.asp?pg=9
http://www.assmang.co.za/content.asp?pg=9
http://www.nytimes.com/2009/12/26/business/global/26rare.html?pagewanted=all
http://www.nytimes.com/2009/12/26/business/global/26rare.html?pagewanted=all
http://www.nytimes.com/2013/10/23/business/international/china-tries-to-clean-up-toxic-legacy-of-its-rare-earth-riches.html?_r=0
http://www.nytimes.com/2013/10/23/business/international/china-tries-to-clean-up-toxic-legacy-of-its-rare-earth-riches.html?_r=0
http://www.nytimes.com/2013/10/23/business/international/china-tries-to-clean-up-toxic-legacy-of-its-rare-earth-riches.html?_r=0
http://www.bgs.ac.uk/mineralsuk/statistics/riskList.html
http://www.unep.fr/shared/publications/pdf/DTIx1202xPA-Critical%20Metals%20and%20their%20Recycling%20Potential.pdf
http://www.unep.fr/shared/publications/pdf/DTIx1202xPA-Critical%20Metals%20and%20their%20Recycling%20Potential.pdf
http://www.thecdi.com/cobaltfacts.php
http://www.conflictmineralsconsortium.com/node/22
http://www.conflictmineralsconsortium.com/node/22
http://ec.europa.eu/enterprise/policies/raw-materials/files/docs/crm-report-on-critical-raw-materials_en.pdf
http://ec.europa.eu/enterprise/policies/raw-materials/files/docs/crm-report-on-critical-raw-materials_en.pdf
http://ec.europa.eu/enterprise/policies/raw-materials/files/docs/crm-report-on-critical-raw-materials_en.pdf
http://www.dtic.mil/docs/citations/ADA240992


Lecture, delivered before the Chemical Society on March 17th,
1937. Journal of the Chemical Society, 655–673.

Golev, A., Scott, M., Erskine, P. D., Ali, S. H. and Ballantyne, G. R.
2014. Rare earths supply chains: current status, constraints and
opportunities. Resources Policy, 41, 52–59.

Goonan, T. G. 2011. Rare earth elements – End use and recyclability,
scientific investigations report 2011–5094; Reston, VA, United
States Geological Survey (USGS). [online] Available at: http://
pubs.usgs.gov/sir/2011/5094/pdf/sir2011–5094.pdf. [Accessed 4
February 2015].

Gordon, R. L. 1985. 2.4 The production of mineral commodities, in
Economics of the mineral industries, (eds. W. A. Vogely, C. S.
Stone, R. T. Newcomb, W. C. Hardy and J. E. Wirsching), 4th
edn., 99–160; New York, American Institute of Mining,
Metallurgical and Petroleum Engineers.

Graedel, T. E., Barr, R., Chandler, C., Chase, T., Choi, J., Christoffersen,
L., Friedlander, E., Henly, C., Jun, C., Nassar, N. T., Schechner, D.,
Warren, S., Yang, M. and Zhu, C. 2012. Methodology of metal cri-
ticality determination. Environmental Science and Technology, 46,
1063–1070.

Graedel, T. E., Harper, E. M., Nassar, N. T., Nuss, P. and Reck, B. K.
2015. Criticality of metals and metalloids. Proceedings of the
National Academy of Sciences of the United States of America,
112, (14), 4257–4262.

Grosjean, C., Miranda, P. H., Perrin, M. and Poggi, P. 2012. Assessment
of world lithium resources and consequences of their geographic
distribution on the expected development of the electric vehicle
industry. Renewable and Sustainable Energy Reviews, 16, 1735–
1744.

Gupta, C. K. and Krishnamurthy, N. 2005. Extractive metallurgy of rare
earths; Boca Raton, CRC Press.

Hammond, C. R. 2015. The elements, in Handbook of chemistry and
physics, (eds. W. M. Haynes, T. J. Bruno and D. R. Lide), 95th
edn. [online] Available at: http://www.hbcpnetbase.com. [Accessed
3 September 2015].

Harper, E. M., Diao, Z., Panousi, S., Nuss, P., Eckelman, M. J. and
Graedel, T. E. 2015. The criticality of four nuclear energy metals.
Resources, Conservation and Recycling, 95, 193–201.

Hilson, G. 2002. The environmental impact of small-scale gold mining in
Ghana: identifying problems and possible solutions. The
Geographical Journal, 168, (1), 57–72.

Hodal, K. 2012. Death metal: tin mining in Indonesia, 24 November;
London, The Guardian. [online] Available at: http://www.
theguardian.com/environment/2012/nov/23/tin-mining-indonesia-
bangka. [Accessed 20 March 2015].

Hylander, L. D. and Meili, M. 2005. The rise and fall of mercury: con-
verting a resource to refuse after 500 years of mining and pollution.
Critical Reviews in Environmental Science and Technology, 35, 1–36.

International Chromium Development Association (ICDA). 2015. Uses
of chrome – A wealth of application; Paris. [online] Available at:
http://www.icdacr.com/index.php?option=com_content&view=
article&id=104&Itemid=167&lang=en. [Accessed 6 March 2015].

International Copper Study Group (ICSG). 2014. The World Copper
Factbook 2014; Lisbon. [online] Available at: http://www.icsg.org/
. [Accessed 10 March 2015].

International Lead Association (ILA). 2015. Lead Uses - Statistics;
London. [online] Available at: http://www.ila-lead.org/lead-facts/
lead-uses–statistics. [Accessed 20 December 2015].

International Nickel Study Group (INSG). 2012. Insight: Nickel Ore
Shipments to China, Secretariat Briefing Paper April 2012 – No.
16; Lisbon. [online] Available at: http://www.insg.org/newsletters.
aspx#insight. [Accessed 10 March 2015].

International Tungsten Industry Association (ITIA). 2015. Primary uses
of tungsten; London. [online] Available at: http://www.itia.info/
tungsten-primary-uses.html. [Accessed 6 March 2015].

International Zinc Association (IZA). 2015. Zinc Basics; Brussels.
[online] Available at: http://www.zinc.org/basics/#. [Accessed 6
March 2015].

Kahneman, D. 2011. Thinking, fast and slow, Kindle edn.; London,
Penguin Books.

Kahneman, D. and Klein, G. 2009. Conditions for intuitive expertise: a
failure to disagree. American Psychologist, 64, (6), 515–526.

Kelly, T. D. and Matos, G. R. 2013. Historical statistics for mineral and
material commodities in the United States, Data Series 140, 2013
version; Reston, VA, United States Geological Survey (USGS).
[online] Available at: http://minerals.usgs.gov/minerals/pubs/
historical-statistics. [Accessed 23 February 2015].

Kettle, P., Sykes, J. P., Staffurth, N. and Davies, R. S. 2014a. New Tin
supply: a global survey of potential mine projects; Frogmore and

Harrogate, United Kingdom, International Tin Research Institute
(ITRI) and Greenfields Research.

Kettle, P., Pearce, J., Lin, C. and Sykes, J. P. 2014b. Tin industry review
2014: managing the next tin crisis; Frogmore, International Tin
Research Institute (ITRI).

Kim, D.-S. and Choi, K. 2012. Global trends in mercury management.
Journal of Preventive Medicine and Public Health, 45, 364–373.

King, M. G. 2005. Nickel laterite technology – finally a new dawn?
Journal of Mining, July, 35–39.

Kreuzer, O. P., Etheridge, M. A., Guj, P., McMahon, M. E. and Holden,
D. J. 2009. Linking mineral deposit models to quantitative risk
analysis and decision-making in exploration. Economic Geology,
103, 829–850.

Kyle, J. 2010. Nickel laterite processing technologies – where to next?
ALTA Nickel/Cobalt/Copper Conference, Perth, 24/27 May 2010;
Australia, ALTA Metallurgical Services (ALTA).

Lord, D., Etheridge, M. A., Willson, M., Hall, G. and Uttley, P. J. 2001.
Measuring exploration success: an alternative to the discovery-cost-
per-ounce method of quantifying exploration success. Society of
Economic Geologists Newsletter, 45, (1), 10–16.

Lynch, M. 2002. Mining in world history, UK digital edn.; London,
Reaktion Books.

Massari, S. and Ruberti, M. 2013. Rare earth elements as critical raw
materials: focus on international markets and future strategies.
Resources Policy, 38, 36–43.

Maxwell, P. and Guj, P. 2013. Chapter 11: mineral policy – an introduc-
tion, in Mineral economics, (eds. P. Maxwell and P. Guj), 2nd edn.,
179–190; Carlton, Australasian Institute of Mining andMetallurgy.

Mining Weekly. 2012. Samancor stops producing silica manganese at
Metalloys, 3 February; Johannesburg. [online] Available at: http://
www.miningweekly.com/article/samancor-stops-silica-manganese-
production-at-metalloys-2012–02–03. [Accessed 19 August 2015].

Minor Metals Trade Association. 2015. Minor metals in the periodic
table; London. [online] Available at: http://www.mmta.co.uk/
metals. [Accessed 17 February 2015].

Mudd, G. M. 2010. Global trends and environmental issues in nickel
mining: sulfides versus laterites. Ore Geology Reviews, 38, 9–26.

Mudd, G. M. and Jowitt, S. M. 2014. A detailed assessment of global
nickel resource trends and endowments. Economic Geology, 109,
1813–1841.

Mudd, G.M.,Weng, Z. and Jowitt, S.M. 2013a. A detailed assessment of
global cu resource trends and endowments. Economic Geology, 108,
1163–1183.

Mudd, G. M., Weng, Z., Jowitt, S. M., Turnbull, I. D. and Graedel, T. E.
2013b. Quantifying the recoverable resources of by-product metals:
the case of cobalt. Ore Geology Reviews, 55, 87–98.

Nappi, C. 2013. The global aluminium industry: 40 years from 1972;
London, International Aluminium Institute. [online] Available at:
http://www.world-aluminium.org/publications. [Accessed 6 March
2015].

National Research Council (NRC). 2008. Minerals, critical minerals, and
the U.S. Economy; Washington, DC, The National Academies Press.

Naumov, A. V. and Grinberg, E. E. 2009. Several peculiarities in the
analysis of the markets of rare and scattered metals after 2004.
Russian Journal of Non-Ferrous Metals, 50, (1), 61–68.

Packey, D. J. 2012. Multiproduct mine output and the case of mining
waste utilization. Resources Policy, 37, 104–108.

Packey, D. J. 2013. Interesting developments in the rare earth market.
Economic Papers: A Journal of Applied Economics and Policy, 32,
(4), 454–461.

Postle, M., Nwaogu, T., Upson, S., Clark, C. and Heinevetter, A. 2015.
Manganese: the global picture – A socio economic assessment
report for the international manganese institute; Loddon,
Norfolk, United Kingdom, Risk and Policy Analysts.

Rudnick, R. L. and Gao, S. 2003. Composition of the continental crust,
in Vol. 3 of Treatise on geochemistry, (eds. H. D. Holland and K. K.
Turekian), 1–64; Oxford, Elsevier-Pergamon.

Samuelson, P. A. and Nordhaus, W. D. 2010. Economics, 19th (inter-
national) edn.; Singapore, McGraw-Hill Education (Asia).

Schulz, K. and Bradley, D. 2013. Critical mineral resources for the 21st
century; Reston, VA, United States Geological Survey (USGS).
[online] Available at: http://minerals.usgs.gov/east/critical/
activities.html. [Accessed 17 January 2015].

Schwela, U. 2012. TIC statistics update. Tantalum-Niobium International
Study Center (TIC) Bulletin, 149, 2–12.

Shaikh, S. 2014. Campaign against tin mining in Bangka islands targets
Microsoft, 31 May; London, The Guardian. [online] Available at:
http://www.theguardian.com/environment/2014/may/30/tin-mining-
bangka-island-microsoft-indonesia. [Accessed 20 March 2015].

Sykes et al. Transformational market growth amongst the critical metals

34 Applied Earth Science (Trans. Inst. Min. Metall. B) 2016 VOL 125 NO 1

D
ow

nl
oa

de
d 

by
 [

Jo
hn

 S
yk

es
] 

at
 1

9:
22

 1
6 

M
ar

ch
 2

01
6 

http://pubs.usgs.gov/sir/2011/5094/pdf/sir2011&ndash;5094.pdf
http://pubs.usgs.gov/sir/2011/5094/pdf/sir2011&ndash;5094.pdf
http://www.hbcpnetbase.com
http://www.theguardian.com/environment/2012/nov/23/tin-mining-indonesia-bangka
http://www.theguardian.com/environment/2012/nov/23/tin-mining-indonesia-bangka
http://www.theguardian.com/environment/2012/nov/23/tin-mining-indonesia-bangka
http://www.icdacr.com/index.php?option=com_content&view=article&id=104&Itemid=167&lang=en
http://www.icdacr.com/index.php?option=com_content&view=article&id=104&Itemid=167&lang=en
http://www.icsg.org/
http://www.ila-lead.org/lead-facts/lead-uses--statistics
http://www.ila-lead.org/lead-facts/lead-uses--statistics
http://www.insg.org/newsletters.aspx#insight
http://www.insg.org/newsletters.aspx#insight
http://www.itia.info/tungsten-primary-uses.html
http://www.itia.info/tungsten-primary-uses.html
http://www.zinc.org/basics/#
http://minerals.usgs.gov/minerals/pubs/historical-statistics
http://minerals.usgs.gov/minerals/pubs/historical-statistics
http://www.miningweekly.com/article/samancor-stops-silica-manganese-production-at-metalloys-2012&ndash;02&ndash;03
http://www.miningweekly.com/article/samancor-stops-silica-manganese-production-at-metalloys-2012&ndash;02&ndash;03
http://www.miningweekly.com/article/samancor-stops-silica-manganese-production-at-metalloys-2012&ndash;02&ndash;03
http://www.mmta.co.uk/metals
http://www.mmta.co.uk/metals
http://www.world-aluminium.org/publications
http://minerals.usgs.gov/east/critical/activities.html
http://minerals.usgs.gov/east/critical/activities.html
http://www.theguardian.com/environment/2014/may/30/tin-mining-bangka-island-microsoft-indonesia
http://www.theguardian.com/environment/2014/may/30/tin-mining-bangka-island-microsoft-indonesia


Skinner, B. J. 1976. A second iron age ahead? The distribution of
chemical elements in the earth’s crust sets natural limits to
man’s supply of metals that are much more important to the
future of society than limits on energy. American Scientist, 64,
(3), 258–269.

Speirs, J., Houari, Y. and Gross, R. 2013. Materials availability: compari-
son of material criticality studies – methodologies and results,
Working Paper III, UKERC/WP/TPA/2013/002, February;
London, UK Energy Research Centre, Imperial College Centre
for Energy Policy and Technology (ICEPT). [online] Available at:
http://www.ukerc.ac.uk/publications/materials-availability-comp
arison-of-material-criticality-studies-methodologies-and-results-
working-paper-iii.html. [Accessed 19 March 2015].

Spiegel, S. J. and Veiga, M. M. 2010. International guidelines on mercury
management in small-scale gold mining. Journal of Cleaner
Production, 18, 375–385.

Street, A. and Alexander, W. 1998. Metals in the service of man, 11th
edn.; London, Penguin Books.

Sykes, J. P. and Kettle, P. 2014. The implications of uncertainty in tin and
tantalum mining for the future of the electronics industry, China
Metals Week, Beijing, 17 September 2014; China, Metal Pages.

Sykes, J. P. andWright, J. P. 2014. Mining the future: a 21st century metal.
Resourcestocks, September/October, 10–13.

Sykes, J. P., Wright, J. P. and Trench, A. 2014. An economic history of the
esoteric metals markets: batteries, electronics, light alloys, anti-
mony, China, cheap energy, industrialization, globalization and
high technology, China Metals Week, Beijing, 16 September
2014; China, Metal Pages.

Sykes, J. P., Wright, J. P. and Trench, A. 2016. Discovery, supply and
demand: from metals of antiquity to critical metals. Applied
Earth Science (Transactions of the Institution of Mining and
Metallurgy Section B), 125, (1), 3–20.

The Barytes Association. 2015. What is barytes? – Uses of barytes.
[online] Available at: http://www.barytes.org/uses.html. [Accessed
6 March 2015].

The Economist. 2014. Manganese poisoning: Subtle effects, 26 April;
London, The Economist. [online] Available at: http://www.
economist.com/news/science-and-technology/21601233-exploring-
link-between-manganese-and-parkinsons-disease-subtle-effects.
[Accessed 19 August 2015].

The Silver Institute and CPM Group. 2014. Silver investment demand: a
comprehensive study of the global silver investment market for the
Silver Institute, October; New York. [online] Available at: https://
www.silverinstitute.org/site/wp-content/uploads/2011/06/CPMGro
upSilverInvestmentDemand2014.pdf. [Accessed: 4 February 2015].

The Silver Institute and Thomson Reuters GFMS. 2014. World silver sur-
vey 2014: a summary, April; Washington, DC. [online]. Available
at: https://www.silverinstitute.org/site/wp-content/uploads/2011/06/
WSS2014Summary.pdf. [Accessed: 4 February 2015].

Thomas, C. R. and Kelley, T. R. 2010. A brief review of silicosis in the
United States. Environmental Health Insights, 4, 21–26.

Tshitereke, C. 2003. On the origins of war in Africa. African Security
Review, 12, (2), 81–90.

Tyrer, M. and Sykes, J. P. 2013. The statistics of the rare earths industry.
Significance, 10, 12–16.

United States Department of Energy (USDOE). 2011. Critical materials
strategy: summary, December. [online] Available at: http://energy.
gov/sites/prod/files/DOE_CMS_2011_Summary.pdf. [Accessed 17
January 2015].

United States Geological Survey (USGS). 2014. Mineral commodity
summaries 2014; Reston, VA.

United States Geological Survey (USGS). 2015. Minerals Yearbook
2012. Reston, VA. [online] Available at: http://minerals.usgs.gov/
minerals/pubs/myb.html. [Accessed 18 January 2015].

Veiga, M. M., Maxson, P. A. and Hylander, L. D. 2006. Origin and con-
sumption of mercury in small-scale gold mining. Journal of Cleaner
Production, 14, 436–447.

Wedepohl, K. H. 1995. The composition of the continental crust.
Geochimica et Cosmochimica Acta, 59, (7), 1217–1232.

Weng, Z. H., Jowitt, S. M., Mudd, G. M., and Haque, N. 2014. Assessing
rare earth element mineral deposit types and links to environmental
impacts. Applied Earth Science (Transactions of the Institution of
Mining and Metallurgy Section B), 122, (2), 83–96.

Werner, T. T., Mudd, G. M. and Jowitt, S. M. 2015. Indium: key issues in
assessing mineral resources and long-term supply from recycling.
Applied Earth Science (Transactions of the Institution of Mining
and Metallurgy Section B), 124, (4), 213–226.

White, W. M. 2013. Composition of the continental crust, in Geochemistry,
(ed. W. M. White), 268–320; Oxford, John Wiley and Sons.

Wright, C. 2004. Tackling conflict diamonds: the Kimberley process cer-
tification scheme. International Peacekeeping, 11, (4), 697–708.

Wubbeke, J. 2013. Rare earth elements in China: policies and narratives
of reinventing an industry. Resources Policy, 38, 384–394.

Yaksic, A. and Tilton, J. E. 2009. Using the cumulative availability curve
to assess the threat of mineral depletion: the case of lithium.
Resources Policy, 34, 185–194.

Appendix I: Detailed methodology

An overview of the study methodology follows, including
the selection of metals to study; the scoring system; and
how the discovery, supply and demand factors of each
metal are assessed.

Selection of metals to study

Several reports have been published compiling lists of
‘critical’ or ‘strategic’ metals to specific regions, such as
the United States (NRC 2008; APS and MRS 2011;
USDOE 2011; Schulz and Bradley 2013), United King-
dom (BGS 2012) and the European Union (EC 2014);
or specific industries, most commonly energy (Buchert
et al. 2009; USDOE 2011). The metals in these reports
are summarised in Table A7.
Cadmium and vanadium are also included in this

study at the authors’ discretion due to their importance
to the battery market (Sykes et al. 2014; USGS 2014,
2015). For completion, it is also worth noting that sev-
eral non-metal minerals also make these lists, but as
such are beyond the scope of this study including: carbon
(as coking coal and graphite), fluorine (as fluorspar),
helium, phosphorus (phosphate rock) and selenium.
Similarly, the mineral magnesite for the purposes of
this paper is covered by the analysis of the metal
magnesium.
In addition, high-level analysis is also conducted where

appropriate on some more familiar base metals (copper,
lead, nickel, tin and zinc) and light metals (aluminium
and titanium), as well as gold to provide comparisons to
the critical metals. Silver is included in the list of critical
metals, but is also a useful comparator precious metal
and is used for both purposes in the study.

Factors considered in the analytical framework

The framework is based partly on that used by rare earth
specialists Gupta and Krishnamurthy (2005) to explain
why rare earths are not a major industrial commodity,
despite the fact that metals of similar crustal abundance,
such as the base metals are major commodities. The
Gupta and Krishnamurthy (2005) framework does not
however consider demand, yet the historical narrative
and case studies of aluminium, nickel and uranium clearly
demonstrate the importance of this factor, as does con-
ventional microeconomic theory (Samuelson and Nord-
haus 2010). In particular, a major industrial metal, such
as aluminium or copper, needs a broad range of uses, in
addition to specific important or ‘critical’ applications
(Sykes et al. 2016). Thus the framework used in this
paper to assess whether a metal has the potential to be
extracted in abundance considers whether the metal:
. Discovery

(i) Is relatively abundant in the crust.
(ii) Readily concentrates into discrete mineral

deposits.
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. Supply
(iii) Has ores which are easy to extract from the

ground (i.e. mine).
(iv) Has ores from which it is also easy to extract the

metal, or other products of economic value (i.e.
process).

. Demand
(v) Is in demand in ‘critical’ industrial sectors and/

or uses.
(vi) Is in demand across a range of industrial sectors

and/or uses.

Scoring system

For each discovery, extraction and consumption factor,
each of the critical metals are assessed for their potential.
A simple structure for the assessment has been applied,
such that each factor is deemed to be neutral, positive
or negative in respect of future market transformation
potential. The analysis draws from widely available scien-
tific and economic datasets to create a simple Bayesian
influenced ranking (Lord et al. 2001; Kreuzer et al. 2009):
. Neutral: A score of 0.5 is the default score awarded if
the information for the discovery, extraction or con-
sumption factor does not indicate strongly whether
the factor increases or decreases the economic poten-
tial of the metal (i.e. it is of modest crustal abundance).
A score of 0.5 is also awarded (as the default) if there is

little or no information on that factor (i.e. the crustal
abundance is not known or disputed).

. Positive: If a factor is considered to increase the poten-
tial for a metal to move from a minor, ‘critical’ metal
market to a major, industrial metal market it scores 1
(i.e. it is very abundant in the crust).

. Negative: A score of 0 is awarded if the factor is seen to
mitigate against the minor metal becoming industrial
(i.e. it is very rare in the crust).

No scores other than 0, 0.5 or 1 are possible in order to
retain simplicity. Each of the discovery, supply and demand
factors is made up of two sub-factors, resulting a maximum
theoretical score of 6. Such a score would indicate signifi-
cant potential for this metal to transform from minor to
industrial. By definition however no ‘minor’ or ‘critical’
metal should score a maximum, as such a score indicates
that the metal is already a significant industrial commodity.
By contrast, a score of zero is a possible outcome and indi-
cates that any such critical metal has little potential for
market transformation.
The scoring system is kept deliberately simple, even

though it is likely that some of the discovery, extraction
and consumption factors are likely to be relatively more
important than others. This is an early-stage, high-level
study and further analysis would be required to determine
the relative importance of these factorswhichmay in future
justify aweighted scoring system. For the time being, in the
absence of such objective studies it is best to treat all factors

Table A1 Abundance in the bulk continental crust of the elements assessed in this paper, drawn from Rudnick and Gao (2003)
and Wedepohl (1995). The ‘abundance score’ is based on the BGS (2012) scarcity score methodology, where greater
than 100 ppm is seen as low scarcity, 1–100 pm as medium scarcity and less than 1 ppm as high scarcity. In the
context of this paper, 1–100 ppm is also used as this corresponds roughly with the range of the base metals, with the
scarcest, tin at 1.7 ppm and themost abundant, zinc at 72 ppm. Elements with a crustal abundance between 1 and 100
ppm are therefore given a score of 0.5, with 1 for greater than 100 ppm and 0 for less than 1 ppm

Element

Abundance in the bulk
continental crust/ppm
(Rudnick and Gao 2003)

Abundance
score Element

Abundance in the bulk
continental crust/ppm
(Rudnick and Gao 2003)

Abundance
score

Silicon 261 000 1 Erbium 2.1 0.5
Aluminium 84 300 1 Beryllium 1.9 0.5
Magnesium 28 000 1 Ytterbium 1.9 0.5
Titanium 3310 1 Tin 1.7 0.5
Manganese 775 1 Germanium 1.3 0.5
Barium 456 1 Europium 1.1 0.5
Strontium 320 1 Tungsten 1 0.5
Vanadium 138 1 Molybdenum 0.8 0
Chromium 135 1 Holmium 0.77 0
Zinc 72 0.5 Tantalum 0.7 0
Nickel 59 0.5 Terbium 0.6 0
Cerium 43 0.5 Lutetium 0.3 0
Copper 27 0.5 Thulium 0.28 0
Cobalt 26.6 0.5 Antimony 0.2 0
Scandium 21.9 0.5 Bismuth 0.18 0
Lanthanum 20 0.5 Cadmium 0.08 0
Neodymium 20 0.5 Silver 0.056 0
Yttrium 19 0.5 Indium 0.05 0
Lithium 17 0.5 Mercury 0.03 0
Gallium 16 0.5 Tellurium 0.0051 0
Boron 11 0.5 Palladium 0.0015 0
Lead 11 0.5 Gold 0.0013 0
Niobium 8 0.5 Ruthenium 0.00057 0
Thorium 5.6 0.5 Platinum 0.0005 0
Praseodymium 4.9 0.5 Rhenium 0.00019 0
Samarium 3.9 0.5 Rhodium 0.000061 0
Gadolinium 3.7 0.5 Osmium 0.000041 0
Dysprosium 3.6 0.5 Iridium 0.000037 0
Arsenic 2.5 0.5

1Not included in the Rudnick and Gao (2003) dataset. Figures from Wedepohl (1995) used instead.
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as equally important, otherwise the weightings chosen
carry the risk of being biased by the analysts’ subjective
views of what seems important (Kahneman and Klein
2009; Gawande 2010; Kahneman 2011). Such bias
becomes prevalent when making forecasts in ‘low validity’
environments (Kahneman and Klein 2009; Kahneman
2011). In a low validity environment it is difficult to learn
via experience, because there is a weak link between the
many initial inputs to market dynamics and the one out-
come of the eventual future market, thus analysts do not
benefit from repeated experience of trial and error in fore-
casting. Under such a scenario a simple statistical
approach that acknowledges the limits of current expert
knowledge is preferable (Kahneman and Klein 2009;
Gawande 2010; Kahneman 2011).

Analysing propensity for discovery

Gupta and Krishnamurthy (2005) suggest two critical
high-level components that aid the discovery of metals:
(i) their relative abundance in the crust, and (ii) the ease

with which the metals concentrate into discrete mineral
deposits.

Analysing crustal abundance

The abundance of the elements in the bulk continental
crust is drawn from Rudnick and Gao (2003), with the
addition of rhodium and tellurium abundances sourced
from Wedepohl (1995). Rudnick and Gao (2003) is used
by BGS (2012) in their critical minerals assessment to
assess the ‘scarcity’ of various elements. BGS (2012) con-
siders elements with abundance greater than 100 ppm as
low scarcity, between 1 and 100 pm as medium scarcity
and less than 1 ppm as high scarcity. The level of medium
scarcity (1–100 ppm) corresponds roughly to the range of
the base metals, with the scarcest, tin at 1.7 ppm and the
most abundant, zinc at 72 ppm. Therefore, in this paper,
elements with a crustal abundance between 1 and 100
ppm are given a score of 0.5, suggesting no distinct advan-
tage or disadvantage stemming from their crustal abun-
dance, with a score of 1 for greater than 100 ppm,

Table A2 Propensity of elements to concentrate into ore bodies in the crust. Theoretically, under Goldschmidt’s classification
(Goldschmidt 1937; White 2013) chalcophile and siderophile elements should more frequently form deposits than
lithophile elements. Chalcophile and siderophile elements therefore score 1. Lithophile elements score 0. Elements
which show both chalcophile or siderophile, in addition to lithophile properties score 0.5

Commodity

Goldschmidt
classification in earth’s

crust (White 2013) Score Commodity

Goldschmidt
classification in earth’s

crust (White 2013) Score

Antimony Chalcophile 1 Chromium Lithophile 0
Arsenic Chalcophile 1 Lithium Lithophile 0
Bismuth Chalcophile 1 Magnesium Lithophile 0
Cadmium Chalcophile 1 Manganese Lithophile 0
Indium Chalcophile 1 Niobium Lithophile 0
Lead Chalcophile 1 Rare

earth
metals

Cerium Lithophile 0
Mercury Chalcophile 1 Dysprosium Lithophile 0
Molybdenum Chalcophile 1 Erbium Lithophile 0
Rhenium Chalcophile 1 Europium Lithophile 0
Silver Chalcophile 1 Gadolinium Lithophile 0
Tellurium Chalcophile 1 Holmium Lithophile 0
Gold Siderophile 1 Lanthanum Lithophile 0
Platinum
group
metals

Iridium Siderophile 1 Lutetium Lithophile 0
Osmium Chalcophile and

siderophile
1 Neodymium Lithophile 0

Palladium Chalcophile and
siderophile

1 Praseodymium Lithophile 0

Platinum Siderophile 1 Samarium Lithophile 0
Rhodium Chalcophile and

siderophile
1 Scandium Lithophile 0

Ruthenium Chalcophile and
siderophile

1 Terbium Lithophile 0

Cobalt Chalcophile and
lithophile

0.5 Thulium Lithophile 0

Copper Chalcophile and
lithophile

0.5 Ytterbium Lithophile 0

Gallium Chalcophile and
lithophile

0.5 Yttrium Lithophile 0

Germanium Chalcophile and
lithophile

0.5 Silicon Lithophile 0

Nickel Chalcophile and
lithophile

0.5 Strontium Lithophile 0

Tin Chalcophile and
lithophile

0.5 Tantalum Lithophile 0

Zinc Chalcophile and
lithophile

0.5 Thorium Lithophile 0

Aluminium Lithophile 0 Titanium Lithophile 0
Barium Lithophile 0 Tungsten Lithophile 0
Beryllium Lithophile 0 Vanadium Lithophile 0
Boron Lithophile 0
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suggesting advantage from crustal abundance, and 0 for
less than 1 ppm, suggesting disadvantage from crustal
scarcity.

Analysing element concentration in the crust

Gupta and Krishnamurthy (2005), Skinner (1976) and
Graedel et al. (2012) highlight how crustal abundance
is not the only important factor in the availability of
an element for discovery in the crust and subsequent
extraction; crustal concentration processes are also criti-
cal. For example, whilst many of the more familiar
elements such as copper and gold readily concentrate
into discrete mineral deposits, the rare earths, which
are as abundant in the crust do not concentrate as effec-
tively into discrete deposits and remain widely distribu-
ted and of more homogeneous concentration (Gupta
and Krishnamurthy 2005).
The tendency of different elements to concentrate in the

crust was first highlighted by Goldschmidt (1937) who
classified the elements into five categories:
Siderophiles: with a chemical affinity to iron.
Chalcophiles: with a chemical affinity to sulphur.
Lithophiles: with a chemical affinity to silicates, and

perhaps better described as ‘oxyphiles’ (White 2013).
Atomophiles: elements which are gaseous at the earth’s

surface.
Biophiles: elements commonly found in organisms.
Siderophiles are depleted in the earth’s crust, concen-

trating instead in the iron-rich core. As a result, when
they are found in the crust they have a tendency to be con-
centrated into discrete deposits via geological heat and
pressure, ‘away’ from the silica (lithophile) dominant
crust. Chalcophiles are preferentially partitioned into
the crust, however, because they are not lithophile,
again, there is a tendency for them to be concentrated
away from the silica crust, into discrete ore deposits. As
a result, both siderophiles and chalcophiles are commonly
considered to be ore-forming elements (White 2013). By
contrast, lithophile elements are found more diffusely

within the crust which is rich in silica, so less commonly
concentrate into discrete deposits. Lithophiles are not
commonly considered to be ore-forming elements
(White 2013), though clearly they are still mined. For
example, the rare earths described above are lithophile
(indeed they are ‘oxyphile’ as described by White 2013,
forming very stable oxides in the crust) and therefore
found widely in the crust, but rarely in concentrated
deposits. By contrast, copper and gold are chalcophile
and siderophile, respectively, relatively depleted in the
crust but commonly concentrating into discrete mineral
deposits.
As an indication of the tendency to form mineral

deposits in the crust, rather than remain fairly evenly dis-
tributed, in the scoring system, siderophile and chalco-
phile elements are awarded a score of 1, whilst
lithophile elements are awarded a score of 0, using the
updated White (2013) version of Goldschmidt’s (1937)
classification. Prime examples of siderophile elements
that are intensively mined (excluding iron itself) include
nickel and gold. Similarly copper, zinc and lead are
examples of widely mined chalcophiles. Some elements
such as gallium are siderophile and/or chalcophile and
importantly lithophile, for which 0.5 is scored, based on
the combined positive and negative potential for concen-
tration, dependent upon geochemical situation.
A factor not included in this analysis is secondary geo-

logical enrichment processes, often via weathering which
act to concentrate metals into discrete deposits; or into
higher grade and nearer to the surface; and therefore
more economic deposits (Goldschmidt 1937). Currently
there does not seem a useful broad geological metric for
assessing the general tendency of metals to be concen-
trates by secondary process. This however would certainly
be a useful area to add to future studies.

Analysing ease of extraction

Although the geological factors of crustal abundance
and concentration are important in determining the

Table A3 The geological constraints on the ability for a metal to be mined in great volumes. Theoretically the metals most
amenable to discovery and widespread exploitation would be the abundant chalcophiles and siderophiles, though in
reality none occur in this assessment. Conversely, there are some which seem fundamentally geologically
constrained being of both low abundance in the crust and showing lithophile behaviour, so likely to be very diffuse in
the crust. The non-critical major industrial and precious metals are highlighted in bold

Abundance in
the crust>

High Aluminium, barium, chromium,
magnesium, manganese, silicon,
strontium, titanium, vanadium

n/a n/a
(theoretically the most amenable to
discovery)

Moderate Beryllium, boron, cerium (REM),
dysprosium (REM), erbium (REM),
europium (REM), gadolinium (REM),
lanthanum (REM), lithium, neodymium
(REM), niobium, praseodymium
(REM), samarium (REM), scandium
(REM), thorium, tungsten, ytterbium
(REM), yttrium (REM)

Cobalt, copper,
gallium, germanium,
nickel, tin, zinc

Arsenic, lead

Low Holmium (REM), lutetium (REM),
tantalum, terbium (REM), thulium
(REM)
(theoretically the least amenable to
discovery)

n/a Antimony, bismuth, cadmium, gold,
indium, iridium (PGM), mercury,
molybdenum, osmium (PGM),
palladium (PGM), platinum (PGM),
rhenium, rhodium (PGM), ruthenium
(PGM), silver, tellurium

Lithophile Chalcophile or
siderophile and
lithophile

Chalcophile and/or siderophile

Ability to concentrate in the crust >
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Table A4 The ease with which each metal can be mined, based on whether production is mainly from formalised companies and conventional open pit and underground mines, in addition to
the absence of unusual environmental or socio-political problems

Commodity Formalised Conventional Notes

Socio-political and
environmental

problems Notes
Total
score

Aluminium 0.5 0.5 Source: USGS (2014, 2015) 0 1
Antimony 0.5 0.5 Source: USGS (2014, 2015) 0 1
Barium 0.5 0.5 Source: USGS (2014, 2015) 0 1
Cadmium 0.5 0.5 Source: USGS (2014, 2015) 0 1
Chromium 0.5 0.5 Source: USGS (2014, 2015) 0 1
Copper 0.5 0.5 Source: Mudd et al. (2013a), USGS (2014, 2015) 0 1
Gallium 0.5 0.5 Source: USGS (2014, 2015) 0 1
Germanium 0.5 0.5 Some germanium is recovered from fly ash, but not

significant quantities (USGS 2014, 2015)
0 1

Indium 0.5 0.5 Source: USGS (2014, 2015) 0 1
Molybdenum 0.5 0.5 Source: USGS (2014, 2015) 0 1
Niobium 0.5 0.5 Source: USGS (2014, 2015) 0 A small amount of niobium may be associated with

artisanal tantalum mining in the DRC, though there is
no widespread suggestion it is a conflict mineral
(Conflict Minerals Consortium 2012)

1

Rhenium 0.5 0.5 Source: USGS (2014, 2015) 0 1
Scandium 0.5 0.5 Mudd and Jowitt (2014; USGS 2014) 0 Scandium is not found with the other rare earths and is

mined as a by-product of various ores Mudd and Jowitt
(2014; USGS 2014)

1

Silver 0.5 0.5 Source: USGS (2014, 2015) 0 1
Strontium 0.5 0.5 Source: USGS (2014, 2015) 0 1
Tellurium 0.5 0.5 Source: USGS (2014, 2015) 0 1
Vanadium 0.5 0.5 Source: USGS (2014, 2015) 0 1
Arsenic 0.5 0.5 Source: USGS (2014, 2015) −0.5 Arsenic is toxic and mining can lead to poisoning of

local waters (USGS 2015)
0.5

Beryllium 0.5 0.5 Source: USGS (2014, 2015) −0.5 Increasing controls are being placed on beryllium
handling due to its toxicity (USGS 2014, 2015)

0.5

Bismuth 0.5 0.5 Source: USGS (2014, 2015) −0.5 Bismuth is mainly a by-product of lead mining so has
the same problems of toxicity as lead mining (USGS
2014, 2015)

0.5

Boron (borate) 0.5 0 Some boron is extracted using brine mining (USGS
2014, 2015)

0.5

Cobalt 0.5 0.5 Some artisanal cobalt mining occurs in the DRC (USGS
2014, 2015)

−0.5 Cobalt is occasionally classified as a ‘conflict mineral’
(Cobalt Development Institute 2011)

0.5

Gold 0.5 0.5 Some gold is mined artisanally and in placer but this is
no longer the main source of production (Veiga et al.
2006; USGS 2014, 2015)

−0.5 Gold is sometimes cited as a conflict mineral
(Freedman 2011; Bleischwitz et al. 2012), whilst
artisanal mining is often associated with mercury and
cyanide poisoning and social problems (Hilson 2002;
Hylander and Meili 2005; Veiga et al. 2006; Spiegel
and Viega 2010; Kim and Choi 2012)

0.5

(Continued)
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Table A4 Continued.

Commodity Formalised Conventional Notes

Socio-political and
environmental

problems Notes
Total
score

Lead 0.5 0.5 Source: USGS (2014, 2015) −0.5 Lead is toxic making extraction technically and
legislatively more difficult (USGS 2014, 2015)

0.5

Light rare
earth metals

Cerium 0.5 0.5 Mining of light rare earth is largely formalised, hard rock
open pit mining, though a small amount comes from
placer sources (USGS 2014, 2015)

−0.5 The mining of rare earths is often associated with
radioactivity (Massari and Ruberti 2013; Packey 2013;
Tyrer and Sykes 2013; Wubbeke 2013; Golev et al.
2014; Weng et al. 2014)

0.5
Europium
Gadolinium
Lanthanum
Neodymium
Praseodymium
Samarium

Lithium 0.5 0 About half of lithium production comes from brine
mining (Erbensperger et al. 2005; Yaksic and Tilton
2009; Grosjean et al. 2012; USGS 2014, 2015)

0 0.5

Magnesium 0.5 0 Non-Chinese (and some Chinese) magnesium
production often comes from brines, though the total
production is minor (Gao et al. 2009; USGS 2014, 2015)

0 0.5

Manganese 0.5 0.5 Source: USGS (2014, 2015) −0.5 Manganese could potentially be related to a
degenerative brain dis-order, similar to Parkinson’s
disease, at the high exposure levels of miners (The
Economist 2014)

0.5

Mercury 0.5 0.5 Source: USGS (2014, 2015) −0.5 Concerns over mercury toxicity (and its end uses)
affect mining (Hylander and Meili 2005; Veiga et al.
2006; Spiegel and Viega 2010; Kim and Choi 2012)

0.5

Nickel 0.5 0.5 Source: Mudd and Jowitt (2014), USGS (2014, 2015) −0.5 Ferronickel laterite mining in Indonesia (and South East
Asia) has become a shipping safety problem due to
the moisture levels of ores (International Nickel Study
Group 2012)

0.5

Platinum
group
metals

Iridium 0.5 0.5 Source: USGS (2014, 2015) −0.5 Platinum mining in South Africa is currently associated
with violent union conflict (USGS 2014, 2015)

0.5
Osmium
Palladium
Platinum
Rhodium
Ruthenium

Silicon (metal) 0.5 0.5 Source: USGS (2014, 2015) −0.5 Crystalline silica mining is associated with health
problems, such as silicosis (Thomas and Kelley 2010)

0.5

Titanium (mineral sands) 0.5 0 Titanium is mined heavy mineral sand (ilmenite and
rutile) placers (USGS 2014, 2015)

0 0.5

Tungsten 0.5 0.5 Source: USGS (2014, 2015) −0.5 Tungsten (as wolframite) is a ‘conflict mineral’
(Freedman 2011; Bleischwitz et al. 2012)

0.5

Zinc 0.5 0.5 Source: USGS (2014, 2015) −0.5 The frequent association of zinc with lead, exposes
zinc to the same mining environmental risks as lead
mining (USGS 2014, 2015)

0.5
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Heavy rare
earth metals

Dysprosium 0 0 Most heavy rare earths are still produced by a partly
formalised, Chinese private sector, using basic
leaching techniques (Bradsher 2009, 2013; Tyrer and
Sykes 2013; Wubbeke 2013; USGS 2015)

−1 The mining of rare earths is often associated with
radioactivity (Massari and Ruberti 2013; Packey 2013;
Tyrer and Sykes 2013; Wubbeke 2013; Golev et al.
2014; Weng et al. 2014).
In addition, the mining of heavy rare earths In China is
associated with human rights and environmental
problems (Bradsher 2009, 2013; Massari and Ruberti
2013; Packey 2013; Tyrer and Sykes 2013; Wubbeke
2013; Campbell 2014; Golev et al. 2014)

0
Erbium
Holmium
Lutetium
Terbium
Thulium
Ytterbium

Yttrium 0.5 0 Some yttrium is mined from placers in India and China
(USGS 2014, 2015)

−0.5 The mining of rare earths is often associated with
radioactivity (Massari and Ruberti 2013; Packey 2013;
Tyrer and Sykes 2013; Wubbeke 2013; Golev et al.
2014; Weng et al. 2014)

0

Tantalum 0 0.5 About half of tantalum mining is artisanal (USGS 2014,
2015)

−0.5 Tantalum (as tantalite) is a ‘conflict mineral’ (Freedman
2011; Bleischwitz et al. 2012)

0

Thorium 0.5 0 Thorium is mined from monazite heavy mineral sand
placers (USGS 2014, 2015)

−0.5 Thorium is radioactive (Weng et al. 2014; Harper et al.
2015)

0

Tin 0 0 A significant proportion of tin mining is artisanal and/or
placer mining (Kettle et al. 2014a, 2014b; USGS 2014,
2015; Gardiner et al. 2015)

−0.5 Tin (as cassiterite) is a ‘conflict mineral’ (Freedman
2011; Bleischwitz et al. 2012; Kettle et al. 2014b;
Gardiner et al. 2015).
Small scale tin mining is under environmental pressure
in China (Kettle et al. 2014b).
Placer tin mining in Indonesia is coming under
environmental and socio-political pressure (Hodal
2012; Shaikh 2014)

0
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Table A5 The ease with which each metal can be processed, based on whether the metal is mainly produced as a by-product, which greatly complicates both the technical and economic
aspects of processing andmetallurgy. In addition, the presence of known technical processing difficulties and the presence of unusual environmental or socio-political problems are
also considered, all as negatives

Commodity Mined mainly as by- or co-product Score Known processing problems Score
Known socio-political or environmental

problems Score
Total
Score

Antimony No (USGS 2014, 2015) 1 1
Barium No (USGS 2014, 2015) 1 1
Boron No (USGS 2014, 2015) 1 1
Copper No (Mudd et al. 2013a; USGS 2014, 2015) 1 1
Niobium No (USGS 2014, 2015) 1 A small amount of niobium may be

associated with artisanal tantalum mining in
the DRC, though there is no widespread
suggestion it is a conflict mineral (Conflict
Minerals Consortium 2012)

1

Aluminium No (USGS 2014, 2015) 1 Aluminium smelting is very energy intensive
creating both cost and environmental issues
(Street and Alexander 1998; USGS 2014,
2015)

−0.5 0.5

Chromium No – but increasingly a by-product of
platinum (USGS 2014, 2015)

1 Some chromium compounds are very toxic
leading to strict environmental and health
controls (USGS 2015)

−0.5 0.5

Gold No (USGS 2014, 2015) 1 Gold is sometimes cited as a conflict mineral
(Freedman 2011; Bleischwitz et al. 2012).
Artisanal mining of gold is often associated
with mercury and cyanide poisoning (Hilson
2002; Hylander and Meili 2005; Veiga et al.
2006; Spiegel and Viega 2010; Kim and Choi
2012)

−0.5 0.5

Lithium No (USGS 2014, 2015) 1 Solar evaporation during lithium processing
is lengthy and difficult (Grosjean et al. 2012;
USGS 2014, 2015).
Research underway to extract it from
seawater (Yaksic and Tilton 2009; Grosjean
et al. 2012; USGS 2014, 2015)

−0.5 0.5

Magnesium No (USGS 2014, 2015) 1 Pidgeon process for magnesium is energy
intensive (Gao et al. 2009; USGS 2014,
2015).
Research underway to extract it from
seawater (USGS 2014, 2015)

−0.5 0.5

Mercury No – though increasingly as a by-product of
metal ores (USGS 2014, 2015)

1 Concerns over mercury toxicity (and its end
uses) affect mining (Hylander andMeili 2005;
Veiga et al. 2006; Spiegel and Viega 2010;
Kim and Choi 2012)

−0.5 0.5

Molybdenum Yes –molybdenum is produced as a primary
product and a by-product of copper (USGS
2014, 2015)

0.5 0.5
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Nickel No (Mudd and Jowitt 2014; USGS 2014,
2015)

1 The processing of nickel laterite ores has
remained problematic (King 2005; Kyle
2010; Mudd 2010; Mudd and Jowitt 2014)

−0.5 0.5

Silicon (metal) No (USGS 2014, 2015) 1 Crystalline silica mining is associated with
health problems, such as silicosis (Thomas
and Kelley 2010)

−0.5 0.5

Strontium No (USGS 2014, 2015) 1 Hand sorting is still required at some
strontium mines (USGS 2015)

−0.5 0.5

Tungsten No (USGS 2014, 2015) 1 Tungsten (as wolframite) is a ‘conflict
mineral’ (Freedman 2011; Bleischwitz et al.
2012)

−0.5 0.5

Arsenic Yes – non-ferrous metal and gold ores
(USGS 2014, 2015)

0 Source: USGS (2014, 2015) Arsenic is toxic, presenting environmental
and health problems near processing sites
(USGS 2014, 2015)

−0.5 0

Beryllium No (USGS 2014, 2015) 1 Hand sorting is still required at some
beryllium mines (USGS 2014)

−0.5 Beryllium is toxic meaning various
environmental controls are in place for the
release of beryllium bearing dusts, fumes
and mists (USGS 2014, 2015)

−0.5 0

Bismuth Yes – usually lead, but also fluorspar, tin and
tungsten, and occasionally as a primary
product (USGS 2014, 2015)

0 Bismuth is usually a by-product of lead
mining and processing, presenting the same
environmental and health problems as lead
(USGS 2015)

−0.5 0

Cadmium Yes – zinc refining (USGS 2014, 2015) 0 0
Cobalt Yes – copper, nickel and platinum, as well as

primary ores (USGS 2014, 2015)
0 Producing cobalt from nickel–cobalt laterites

still faces commercial challenges (King
2005; Kyle 2010; Mudd 2010)

−0.5 Cobalt is occasionally classified as a ‘conflict
mineral’ (Cobalt Development Institute 2011)

−0.5 0

Gallium Yes – bauxite and zinc (USGS 2014, 2015) 0 Key gallium processing technologies are still
proprietary (USGS 2014)

−0.5 0

Germanium Yes – zinc and coal fly ash (Fink and Culver-
Hopper 1991; USGS 2014, 2015)

0 0

Indium Yes – zinc (Alfantazi and Moskalyk 2003;
USGS 2014, 2015; Werner et al. 2015)

0 0

Lead Yes – zinc and occasionally silver and
copper (USGS 2014, 2015)

0 Lead is poisonous presenting environmental
and health concerns during processing,
particularly smelting (USGS 2014, 2015)

−0.5 0

Manganese No, commonly found with iron ores, but not
generally mined as a by-product (USGS
2014, 2015; Assmang 2015)

1 Manganese mineralogy can be very
complex and laden with iron (Assmang
2015).
Ferro-manganese production can be energy
intensive (Mining Weekly 2012)

−0.5 Manganese could potentially be related to a
degenerative brain dis-order, similar to
Parkinson’s disease, at the high exposure
levels of miners (The Economist 2014)

−0.5 0

Platinum
group metals

Iridium Yes – PGMs are mined as co- and by-
products of each other and occasionally of
nickel and copper (USGS 2014, 2015)

0 0
Osmium
Palladium
Platinum
Rhodium
Ruthenium

(Continued)
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Table A5 Continued.

Commodity Mined mainly as by- or co-product Score Known processing problems Score
Known socio-political or environmental

problems Score
Total
Score

Rare earth
elements (exc.
scandium)

Cerium Yes – REEs are mined as co- and by-
products of each other, in addition to other
metals and minerals including iron ore,
heavy mineral sands and uranium (Gupta
and Krishnamurthy 2005; USGS 2014, 2015)

0 Commercial rare earths processing still not
well understood, deposits often require
unique processing routes and have complex
mineralogy (Gupta and Krishnamurthy 2005;
Tyrer and Sykes 2013; Weng et al. 2014)

−0.5 The mining of rare earths is often associated
with radioactivity (Massari and Ruberti 2013;
Packey 2013; Tyrer and Sykes 2013;
Wubbeke 2013; Golev et al. 2014; Weng
et al. 2014).
In addition, the mining of heavy rare earths In
China is associated with human rights and
environmental problems (Bradsher 2009,
2013; Massari and Ruberti 2013; Packey
2013; Tyrer and Sykes 2013; Wubbeke 2013;
Campbell 2014; Golev et al. 2014)

−1 0
Dysprosium 0
Erbium 0
Europium 0
Gadolinium 0
Holmium 0
Lanthanum 0
Lutetium 0
Neodymium 0
Praseodymium 0
Samarium 0
Terbium 0
Thulium 0
Ytterbium 0
Yttrium 0

Rhenium Yes – copper andmolybdenum (USGS 2014,
2015)

0 0

Scandium Yes – various ores including iron, tin,
tungsten, nickel, cobalt and uranium (Mudd
and Jowitt 2014; USGS 2014)

0 0

Silver Yes – more than half of silver is mined as a
by-product of lead-zinc, copper or gold
mining (USGS 2014, 2015)

0 0

Tantalum Yes – some primary, some by-product of
niobium and tin (USGS 2014, 2015)

0.5 Tantalum (as tantalite) is a ‘conflict mineral’
(Freedman 2011; Bleischwitz et al. 2012)

−0.5 0

Tellurium Yes – from copper refining, plus some other
base metals though some primary mines in
China (USGS 2014, 2015)

0 Tellurium is mainly recovered from slimes
during copper refining, the use of which is
potentially in decline as relatively more
copper is processed via SXEW, than
smelting-refining (Naumov and Grinberg
2009; USGS 2014, 2015)

−0.5 0

Thorium Yes – tin, titanium, rare earths and other
heavy mineral sands and ores (USGS 2014,
2015)

0 Thorium is radioactive (Weng et al. 2014;
Harper et al. 2015)

−0.5 0

Tin No (USGS 2014, 2015) 1 Tin (as cassiterite) is a conflict mineral
(Freedman 2011; Bleischwitz et al. 2012;
Kettle et al. 2014b; Gardiner et al. 2015).
Human rights and environmental problems
have been highlighted in Indonesia (Hodal
2012; Shaikh 2014)

−1 0

Titanium (mineral sands) Yes – titanium minerals are co- and by-
products of each other and other heavy
minerals, i.e. zircon (USGS 2014, 2015)

0 Government and private industry recognises
the need to find lower cost commercial scale
methods of making titanium metal than the
Kroll Process (USGS 2014, 2015).
Recovery from seawater is under
investigation (USGS 2014, 2015)

−0.5 0
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availability of a metal, they do not fully explain the
supply-side story. Firstly, the two simple datasets cannot
possibly cover all the geoscientific subtleties of ore deposit
formation. Secondly, these datasets do not consider the
technological advances that have occurred which may
have overcome some of the geological restrictions on the
availability of the metal. As the case of aluminium
shows, some lithophiles are also mined widely despite
the fact that they do not always readily concentrate into
discrete deposits within the crust. The next stage of the
assessment therefore aims to consider both what is hap-
pening practically in the mining industry, which may
run counter to the theoretical predictions of geological
availability, if the datasets miss a key geological subtlety
or if technological advancement for the extraction of
that metal has been particularly successful.
Gupta and Krishnamurthy (2005) suggest two critical

high-level components that aid the extraction of metals –
the ease of removing the ore from the ground (i.e. mining)
and the ease of separating the metal from the ore (i.e. pro-
cessing). Both the ease of mining and ease of processing
were analysed and scored for each of the metals and the
study, using the methodologies outlined below.

Analysing ease of mining

Modern mining is based on the economics of scale and
technological development (Gordon 1985) that accom-
pany formalised, hard rock mining, either via open pit
or underground development. Although, such mining is
capital intensive (Maxwell and Guj 2013) it facilitates
overall significantly lower operating costs, which in turn
allows the extraction of minerals at fundamentally lower
costs, hence lower prices, providing lower cost resources
to the wider economy and stimulating economic growth.
Key enablers for such capital investment include modern,
large corporations (Maxwell and Guj 2013) and the for-
malisation of property rights to creates stable investment
conditions (Geenan 2012; Maxwell and Guj 2013). In
addition, it seems that hard rock deposits are both gener-
ally larger in scale and easier to accurately determine
reserves and resources. For example, whilst Indonesia pro-
duces as much tin as the major hard rock tin deposits in
Peru, China and Myanmar, the production from Indone-
sia is based on hundreds, or even thousands, of small pla-
cer deposits, whilst production in Myanmar and Peru, is
currently based largely on one hard rock deposit, and
China on a small number of hard rock deposits (Sykes
and Kettle 2014; Kettle et al. 2014a, 2014b; Gardiner
et al. 2015). Similar, the production forecasts for placer
based tin are frequently wrong as the lack of reliable
resource information makes such forecasting difficult
(Sykes and Kettle 2014; Kettle et al. 2014a, 2014b; Gardi-
ner et al. 2015). In summary, commodities that are mined
using hard rock techniques by large, formal companies
with access to significant capital are therefore more amen-
able to mining in large volumes.
The ease of mining is therefore scored on the basis of

whether the industry is dominated by formalised and
hard rock (either open pit or underground) mining. A
metal which is largely mined both by formal companies
utilising hard rock mines scores 1. If the commodities’
mining industry is largely informal or else not usually
extracted using conventional hard rock mining to facili-
tate scale economies, 0.5 is subtracted for each of theseVa

na
di
um

Ye
s
–
us

ua
lly

ph
os

ph
at
e,

so
m
et
im

es
tit
an

iu
m

m
in
er
al
s
an

d
ur
an

iu
m
,p

lu
s
so

m
e
by

-p
ro
du

ct
fro

m
st
ee

lm
ak

in
g
an

d
pe

tro
le
um

re
fi
ni
ng

(U
SG

S
20

14
,2

01
5)

0
0

Zi
nc

Ye
s
–
le
ad

(U
SG

S
20

14
,2

01
5)

0
Zi
nc

is
us

ua
lly

m
in
ed

as
co

-p
ro
du

ct
w
ith

le
ad

,p
re
se

nt
in
g
th
e
sa

m
e
en

vi
ro
nm

en
ta
la
nd

he
al
th

pr
ob

le
m
s
as

le
ad

(U
SG

S
20

14
,2

01
5)

−
0.
5

0

Sykes et al. Transformational market growth amongst the critical metals

Applied Earth Science (Trans. Inst. Min. Metall. B) 2016 VOL 125 NO 1 45

D
ow

nl
oa

de
d 

by
 [

Jo
hn

 S
yk

es
] 

at
 1

9:
22

 1
6 

M
ar

ch
 2

01
6 



imposts, making a total subtraction of 1, bringing the
score to 0.5 for one incidence and 0 for both incidences.
In addition to the absence of formalised, hard rock

mining there are other environmental and socio-political
factors which can heavily mitigate against more wide-
spread mining of a metal, especially if the industry is
currently very concentrated on one troublesome geo-
graphical area (Graedel et al. 2015) or troublesome type
of deposit. Indeed this is a potential type of criticality
which groups such as the European Commission (2014)
particularly focus upon. Two of the most prevalent
examples of this type are the presence of radioactive
ores, which both make the ore technically more difficult
to extract and potentially increase the likelihood of
local socio-political problems (Weng et al. 2014). The
second is the ‘conflict minerals’ issue (Tshitereke 2003;
Freedman 2011; Bleischwitz et al. 2012; Geenan 2012;
Kettle et al. 2014b) which is restricting the mining of a
number of metals in the Great Lakes region of Central
Africa, particularly the Democratic Republic of Congo,
and has echoes of problems that faced the diamonds
industry in the late twentieth and early twenty-first cen-
tury (Wright 2004).
The presence of a major environmental or socio-politi-

cal factor that is currently widespread across the mining
industry of a particular critical metal reduces the score
by 0.5. This further subtraction is in addition to the scor-
ing above for the presence of formalised, hard rock
mining. Though in theory the cumulative subtractions
could total more than 1, for simplicity only a minimum
score of 0 is possible. Negative scores are not possible.
The relevant chapters of the United States Geological

Survey (USGS) Mineral Commodity Summaries (2014)
and Minerals Yearbook (2015) are used as the general
references, in addition to a few select sources on specific
subjects relating to some metals.

Analysing ease of processing

One potential consequence of metals not concentrating
easily into deposits in the crust is that end up most fre-
quently being found as by-products and co-products,
and less often as the primary product, mitigating against
more abundant mining, for both technical and economic

reasons (Gupta and Krishnamurthy 2005; Naumov and
Grinberg 2009; Alonso et al. 2012; Graedel et al. 2012;
Packey 2012;Mudd et al. 2013b; Graedel et al. 2015;Wer-
ner et al. 2015). An example of this would be the rare
earth metals, which although as abundant in the crust
as the base metals, are not mined anywhere near as greater
volume. Their co-product status which makes rare earths
metallurgy and mineral processing extraordinarily com-
plicated (Gupta and Krishnamurthy 2005; Alonso et al.
2012; Tyrer and Sykes 2013; Weng et al. 2014). It is
impossible to optimise all product streams, so inevitably
the recovery and quality of some final metal products
are reduced, at the expense of improved quality and recov-
ery of others. The ones that are effectively optimised for,
than drive decision making about plant feed, thus, for
example, if the price of the now primary product rises,
production may be increased, leading also to increased
production of the by-product, even if the by-product mar-
ket is currently over-supplied. Similarly, multiple metal
product streams can often lead to cross-contamination
of one product with other products, or even build ups of
deleterious elements in one product or another. This can
result in lower received sale prices, or costly further pro-
cessing of a product stream to improve product quality.
As such, by-product and co-product metals present econ-
omic and technical processing challenges, and thus the by-
product or co-product nature of a metal can be a partial
cause of criticality.
To analyse the ease of processing a metal then the first

factor considered is whether the metal is more generally
mined as a co- or by-product, or as a primary product.
The relevant chapters of the USGS Mineral Commodity
Summaries (2014) and Minerals Yearbook (2015) are
again used as the source material for determining whether
an element is generally mined as a by- or co-product.
If the element is mined mainly as a primary product it

scores 1. Similarly, if the element is still most commonly
mined as a co- or by-product it scores 0. For commodities
where the case is not clear, for example if sometimes it is
mined as a primary product and sometimes as a by-pro-
duct, then a neutral score of 0.5 is awarded.
As with mining, metals that require non-conventional

or otherwise difficult techniques for processing may not
be produced in as large volumes. Using the USGS

Table A6 The extraction constraints on a metal being mined in large volumes. Those metals which are easiest to mine and
process have the greatest potential for large scale extraction, conversely those which are both difficult to mine and
process have the least potential for large scale extraction. Some metals are solely mining constrained, whilst others
are solely processing constrained, the resolution of this constraint would also make them amenable to large scale
production. The non-critical major industrial and precious metals are highlighted in bold

Mining
constraints>

Mining constrained: Extraction (mining and processing) constrained:
dysprosium (REM), erbium (REM), holmium (REM),
lutetium (REM), tantalum, terbium (REM), thorium,
thulium (REM), tin, ytterbium (REM), yttrium (REM)

Boron (borate) Gold, lithium, magnesium,
mercury, nickel, silicon
(metal), tungsten

Arsenic, beryllium, bismuth, cerium (REM), cobalt,
europium (REM), gadolinium (REM), iridium
(PGM), lanthanum (REM), lead, manganese,
neodymium (REM), osmium (PGM), palladium
(PGM), platinum (PGM), praseodymium (REM),
rhodium (PGM), ruthenium (PGM), samarium
(REM), titanium (mineral sands), zinc

Not extraction constrained:
Antimony, barium (barite),
copper, niobium

Aluminium, chromium,
molybdenum, strontium

Processing constrained: cadmium, gallium,
germanium, indium, rhenium, scandium (REM),
silver, tellurium, vanadium

Processing constraints>
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Table A7 Summary of the metals and minerals included on seven different critical minerals lists, as well as indication of the frequency of appearance by each metal or mineral. Details of
whether the metal is included in this study are also included. The more familiar base, precious and light industrial metals also assessed in the study, for purposes of comparison with
the less familiar critical metals are also included in the table. The final column refers to the score each of themetals included in the study gains for its ‘criticality of use’, as explained in
the methodology section and discussed in the results section

Commodity

Source Frequency on
‘criticality’ lists

Included in
this paper

Criticality of
use score

APS and MRS
(2011)

BGS
(2012)1

Buchert
et al. (2009)

EC
(2014)

NRC
(2008)

Schulz and
Bradley (2013)

(USGS)
USDOE
(2011)2

Aluminium 0 X 0
Antimony X X 2 X 0.5
Arsenic X 1 X 0.5
Barium X 1 X 0.5
Beryllium X X 2 X 0.5
Bismuth X 1 X 0.5
Boron (borate) X 1 X 0.5
Cadmium 0 X 0
Chromium X 1 X 0.5
Coal (coking) X 1 n/a
Cobalt X X X X 4 X 1
Copper 0 X 0
Fluorspar X 1 n/a
Gallium X X X X X 5 X 1
Germanium X X X X 4 X 1
Gold 0 X n/a
Graphite
(natural)

X X 2 n/a

Helium X 1 n/a
Indium X X X X X X 6 X 1
Lead 0 X 0
Lithium X X X Near critical 4 X 1
Magnesite X 1 n/a
Magnesium X X 2 X 0.5
Mercury X 1 X 0.5
Manganese X 1 X 0.5
Molybdenum X 1 X 0.5
Nickel 0 X 0
Niobium X X X X 4 X 0.5
Platinum group
metals

Iridium X X X X X X 6 X 1

Osmium X X X X X X 6 X 1
Palladium X X X X X X 6 X 1
Platinum X X X X X X 6 X 1
Rhodium X X X X X X 6 X 1
Ruthenium X X X X X X 6 X 1

(Continued)
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Table A7 Continued.

Commodity

Source Frequency on
‘criticality’ lists

Included in
this paper

Criticality of
use score

APS and MRS
(2011)

BGS
(2012)1

Buchert
et al. (2009)

EC
(2014)

NRC
(2008)

Schulz and
Bradley (2013)

(USGS)
USDOE
(2011)2

Phosphate
(rock)

X 1 n/a

Rare earth
elements

Cerium X X X X X X 6 X 1
Dysprosium X X X X X X Critical 7 X 1
Erbium X X X X X 5 X 1
Europium X X X X X X Critical 7 X 1
Gadolinium X X X X X X 6 X 1
Holmium X X X X X 5 X 1
Lanthanum X X X X X X 6 X 1
Lutetium X X X X X X 6 X 1
Neodymium X X X X X X Critical 7 X 1
Praseodymium X X X X X X 6 X 1
Samarium X X X X X X 6 X 1
Scandium X X X X X X 6 X 1
Terbium X X X X X X Critical 7 X 1
Thulium X X X X X 5 X 1
Ytterbium X X X X X X 6 X 1
Yttrium X X X X X X Critical 7 X 1

Rhenium X X 2 X 0.5
Selenium X X 2 n/a
Silicon (metal) X 1 X 0.5
Silver X 1 X 0.5
Strontium X 1 X 0.5
Tantalum X X X 3 X 0.5
Tellurium X X X Near critical 4 X 1
Tin 0 X 0
Titanium (mineral sands 0 X 0
Thorium X 1 X 0.5
Tungsten X X 2 X 0.5
Vanadium 0 X 0
Zinc 0 X 0

1 Elements which score more than 7 on the ‘Risk List’.
2 Elements deemed to be ‘critical’ over the medium term.
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Table A8 The diversity of demand for the metals in the study. Those in which the main use occupies less than a third of total demand are thought to have a diversified consumption base and
score 1. Those where the main use occupiesmore than two-thirds of demand of thought to have a narrow usage base and score 0. Those where the main demand sector falls between
one-third and two-third, or which sufficient quantitative information is not available score 0.5

Commodity Main end use
Share of

consumption Notes Score

Aluminium Transportation 34–43% 2006 estimates for North America, Western Europe and Japan (Nappi 2013). Transportation is
already a broad category so a full score for diversity of use is awarded

1

Beryllium Industrial and aerospace alloys 32% Estimates for USA in 2013. Based on sales revenues (USGS 2014) 1
Copper Industrial equipment 31% Global estimates for 2013 (ICSG 2014) 1
Cerium (REM) Glass polishing 25% Global estimates for 2008 (Goonan 2011) 1
Silver Coins and bars 21% Global estimated demand in 2013 was 1186.4 million ounces, of which 105.3 million ounces or

9% was investment demand (The Silver Institute and CPM Group 2014). Industrial fabrication
(586.6 million ounces) made up 54% of physical demand (1081.1 million ounces), but split
between a number of sectors, none of which was more than the 245.6 million ounces used to
make coins and bars (The Silver Institute and Thomson Reuters GFMS 2014)

1

Antimony Metal products (inc. antimonial lead and ammunition) and
non-metal products (inc. ceramics, glass and rubber
products)

35% (each) Estimates for USA in 2013 (USGS 2014) 0.5

Arsenic Chromated copper arsenide (CCA) preservative for wood Unknown Estimates for USA in 2013 (USGS 2014) 0.5
Bismuth Pharmaceutical chemicals 66% Estimates for USA in 2013 (USGS 2014) 0.5
Boron (borate) Glass additive 60% Global estimates for 2012 (USGS 2014, 2015) 0.5
Cobalt Aircraft gas turbine engine superalloys 48% Estimates for USA in 2013 (USGS 2014) 0.5
Germanium Fibre and infrared optics 50% Global estimates for 2012 (USGS 2014) 0.5
Gold Jewellery 45% Global estimates for 2011. Based on 2610 tonnes of fabricated gold, of which 1890 tonnes

went into jewellery, plus 1610 tonnes of gold for investment, mainly as gold bars (USGS 2015)
0.5

Indium Indium-tin-oxide (ITO) thin film coatings for displays, such as
LCDs

55–85% Global estimates for 2012. The wide range of estimates suggests a score of 0.5 based on
uncertainty of information (USGS 2014)

0.5

Lithium Ceramics and glass 35% Global estimates for 2013 (USGS 2014) 0.5
Magnesium Reducing agent in titanium metal production 34% Estimates for USA in 2013 (USGS 2014) 0.5
Mercury Catalyst (in coal-based vinyl chloride monomer

manufacture, mainly in China, ultimately to make polyvinyl
chloride – PVC)

50% Global estimates for 2013 (USGS 2015) 0.5

Nickel Austenitic (nickel bearing) stainless steel 60% Global estimates for 2012 (USGS 2014, 2015) 0.5
Iridium (PGM) Electronic applications (mainly iridium crucibles for making

crystal sapphires in turn used in electronics such as LEDs)
24% Global estimates for 2012. Only one end use (electronics) is included in the data, so a precise

estimate is not possible. Iridium crucible use declined dramatically in 2012 so may have been
replaced by another end use as the major consumer (USGS 2015)

0.5

Osmium (PGM) Unknown Unknown No data are available on the specific end uses of osmium 0.5
Platinum (PGM) Automobile catalysts 40% Global estimates for 2012 (USGS 2015) 0.5
Ruthenium (PGM) Electrical and electronic applications (particularly hard

discs)
55% Global estimates for 2012 (USGS 2015) 0.5

Lanthanum (REM) Fluid catalytic cracking 46% Global estimates for 2008 (Goonan 2011) 0.5
Scandium (REM) Aluminium alloys for aerospace and sports equipment Unknown Estimates for USA in 2013 (USGS 2014) 0.5
Yttrium (REM) Phosphors (in screens and displays) 54% Global estimates for 2008 (Goonan 2011) 0.5
Silicon (metal) Silicone 50% Global estimates for 2012 (USGS 2014, 2015) 0.5
Tantalum Tantalum chemicals 36% Global estimates for H1 2011 (Schwela 2012) 0.5
Tellurium Cadmium-tellurium solar cells 40% Global estimates for 2012 (USGS 2014, 2015) 0.5

(Continued )
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Table A8 Continued.

Commodity Main end use
Share of

consumption Notes Score

Thorium Catalysts, ceramics and welding electrodes Unknown Estimates for USA in 2013 (USGS 2014) 0.5
Tin Electronic and electrical solders 50% Global preliminary estimates for 2013 (Kettle et al. 2014b) 0.5
Titanium (mineral
sands)

Titanium dioxide for paints 57% Estimates for USA in 2013. 95% of titanium mineral concentrates were consumed for titanium
dioxide. In turn, 60% of these were used in paints (USGS 2014)

0.5

Tungsten Cemented tungsten carbide (hardmetal) tools 54–72% Estimates for each of China, Europe, Japan, Russia and USA in 2010 (ITIA 2015). The wide
range of estimates suggests a score of 0.5 based on uncertainty of information

0.5

Vanadium Iron and steel alloys (mainly full alloy, 44%, high-strength low
alloy, 33%, and carbon, 17%, steels)

44% Estimates for USA in 2013 (USGS 2014) 0.5

Zinc Galvanising steel and metal 50% Global estimates for recent years (International Zinc Association 2015) 0.5
Barium (barite) Oil and gas drilling 80% Global estimates for recent years (The Barytes Association 2015) 0
Cadmium Ni–Cd batteries 80% Global estimates for 2013 (USGS 2014) 0
Chromium Stainless and heat-resistant steel and superalloys 90% Global estimates for recent years (International Chromium Development Association 2015) 0
Gallium Gallium arsenide applications in electronics 80% Global estimates for 2012 (USGS 2014, 2015) 0
Lead Lead-acid batteries (mainly in automotive) 85% Global estimate for 2012 (International Lead Association 2015) 0
Manganese Steelmaking (almost all types) 93–94% Global estimates for 2010, with around 90% of this total for crude steels, and the rest for

specialty steels (Postle et al. 2015)
0

Molybdenum Molybdenum steels 70% Global estimates for 2009, totalling engineering steels, 34%; stainless steels, 26%; and tool
and high speed steels, 10% (USGS 2015)

0

Niobium High strength, low alloy (HSLA) steel 89% Global estimates for 2011 H1 (Schwela 2012) 0
Palladium (PGM) Automobile catalysts 67% Global estimates for 2012 (USGS 2015) 0
Rhodium (PGM) Automobile catalysts 81% Global estimates for 2012 (USGS 2015) 0
Dysprosium (REM) Additive to neodymium-praseodymium permanent magnets 100% Global estimates for 2008 (Goonan 2011) 0
Erbium (REM) Glass additives 86% Specific end use details for erbium are unavailable. Goonan (2011) indicates that of 555

tonnes of ‘other’ rare earth oxides (i.e. not cerium, lanthanum, neodymium, yttrium,
praseodymium, dysprosium, gadolinium, samarium, terbium and europium) consumed in
2008, 480 tonnes (86%) went into glass additives and the rest into ‘other’ uses. Th actual end
uses of erbium could be different

0

Europium (REM) Phosphors (in screens and displays) 100% Global estimates for 2008 (Goonan 2011) 0
Gadolinium (REM) Additive to neodymium-praseodymium permanent magnets 69% Global estimates for 2008 (Goonan 2011) 0
Holmium (REM) Glass additives 86% Specific end use details for holmium are unavailable. Goonan (2011) indicates that of 555

tonnes of ‘other’ rare earth oxides (i.e. not cerium, lanthanum, neodymium, yttrium,
praseodymium, dysprosium, gadolinium, samarium, terbium and europium) consumed in
2008, 480 tonnes (86%) went into glass additives and the rest into ‘other’ uses. Th actual end
uses of erbium could be different

0

Lutetium (REM) Glass additives 86% Specific end use details for lutetium are unavailable. Goonan (2011) indicates that of 555
tonnes of ‘other’ rare earth oxides (i.e. not cerium, lanthanum, neodymium, yttrium,
praseodymium, dysprosium, gadolinium, samarium, terbium and europium) consumed in
2008, 480 tonnes (86%) went into glass additives and the rest into ‘other’ uses. Th actual end
uses of erbium could be different.

0

Neodymium (REM) Neodymium-praseodymium permanent magnets 76% Global estimates for 2008 (Goonan 2011) 0
Praseodymium
(REM)

Neodymium-praseodymium permanent magnets 70% Global estimates for 2008 (Goonan 2011) 0

Samarium (REM) Battery alloys 73% Global estimates for 2008 (Goonan 2011) 0
Terbium (REM) Phosphors (in screens and displays) 89% Global estimates for 2008 (Goonan 2011) 0
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Minerals Yearbook (2015) and Mineral Commodity
Summaries (2014) an assessment is also made as to
whether a technological constraint or advantage makes
the metal particularly difficult or straight-forward to pro-
cess. Harder to process metals can have 0.5 subtracted off
their initial score (to a minimum of 0), whilst simple to
extract metals can have 0.5 added to their score (to a
maximum of 1). As with mining, additional environ-
mental and socio-political factors, for example radioac-
tivity, may mitigate against the easy processing of a
metal and a further 0.5 can be subtracted (to a total mini-
mum score of 0).

Analysing demand potential

Gupta and Krishnamurthy (2005) do not include econ-
omic demand factors in their framework, as it is focussed
solely on understanding metals extraction. However, as
the case studies of aluminium, nickel and uranium show
(Sykes et al. 2016), for a metal to become a major indus-
trial commodity, it needs some important and widespread
uses. For example, in the case of aluminium, the metal’s
low density made it useful in the rapidly growing trans-
port markets of the early twentieth century (Sykes et al.
2016) – an important use, but also its aesthetic (i.e. in
monuments), chemically unreactive (useful in kitchen-
ware) and conductive (for electrical cabling) properties
made it useful in other areas significantly diversifying
and strengthening demand (Street and Alexander 1998;
Lynch 2002; Nappi 2013; Sykes et al. 2016). Such diverse
demand also makes metals substantially less vulnerable to
substitution and therefore more plausible to undergo sus-
tained market demand growth.
Analysing the demand prospects of the wide range of

metals included in this analysis is difficult, due to the
many product and market factors involved in demand.
As such, in line with the other scoring systems, simplicity
was the focus, using datasets that are available across the
full range of metals and which are straight-forward and
transparent to analyse. The methodology is imperfect
but does allow for broad screening of a wide range of
elements, which can then perhaps lead to more focussed
demand studies of particular metals by interested parties
at a later date.
As such the two particular areas of demand highlighted

above were analysed: first that the metal has some impor-
tant economic uses, so thus could be seen as critical; and
second that it has a diverse range of end uses, a character-
istic of major industrial metals (Sykes et al. 2016), and
therefore an indication that the metal has the potential
for rapid demand growth. In the final part of the assess-
ment then both the criticality and also the breadth of
demand are considered for each metal.

Analysing criticality of demand

By definition any of the metals appearing in the different
‘critical’ metal lists of Table A7 are to some measure
deemed critical. Some are however more critical than
others. A metal which is included in five or more of the
seven critical metals lists scores 1 point as it would appear
there is widespread agreement the metal is critical. The
critical metals which appear in only one to four lists
score a neutral score of 0.5, suggesting there is not wide-
spread agreement that this metal is critical. The two ‘criti-
cal’ metals included here at the authors’ discretionTh
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(cadmium and vanadium) score 0 under this system,
reflecting the fact that there is no agreement that these
metals are critical. As key comparators, the base and pre-
cious metals are also added to the results in addition to
the critical metals list in Table A7. Most of these more
familiar metals are not considered critical however and
do not appear on the critical lists, hence are scored
0. Although each of the critical minerals studies used in
Table A7 were undertaken for different reasons, for
example the EU (2014) study is focussed on the European
economy, whilst the NRC (2008) study is focussed on the
US economy and the USDOE (2011) and APS and MRS
(2011) studies are focussed on renewable energy markets,
the do at least highlight that the metals that appear on
their lists are of concern to some parts of the global econ-
omy. The appearance of a metal on multiple lists would
therefore seem to suggest that the metal is of concern to
multiple parts of the global economy.

Analysing breadth of demand

The final assessment is on the breadth of demand, under-
taken using the USGS Minerals Yearbook (2015) and
Commodity Summaries (2014), in addition to information
from industry associations and other sources. Metals with
a broad range of uses are considered to have greater poten-
tial for widespread future consumption, as their diversifi-
cation reduces demand volatility and thus exposure to
repeated substitution. Ideally the study of demand diver-
sity would be forward-looking and highlight the metals
with the potential for diverse demand based on multiple
useful elemental properties (i.e. magnetism, conductivity,
lightness, heaviness, toughness, malleability, ductility,
etc.), against those that seem to have a more limited
range of useful properties. However, in the absence of
such datasets, the presence of broad demand in the present
metal market is taken as a proxy indicator of positive sub-
stitution into a commodity market, meaning the given
commodity is good value for the technical properties it
offers in comparison to alternative materials. For this
study, demand is preferably assessed on a global level,
unless the relevant data are not easily available; in this
case generally the United States or information on a num-
ber of major consumer countries or regions is used. If no
specific use makes up more than one-third of current con-
sumption the metal is considered to have broad demand
and scores 1. Conversely if more than two-thirds of
demand comes from one use then the metal is considered
to have very narrow consumption patterns and scores
0. For metals where the main use makes up one-third to
two-thirds of demand, consumption is considered to be
neither broad nor narrow and thus scores 0.5. Some scores
are then further adjusted based on qualitative information.
Similarly for metals where quantitative data on consump-
tion patterns are not available, and there is no clear quali-
tative statement that the metal has a particularly broad or
narrow consumption pattern then 0.5 is also scored.

Appendix II: Detailed results

A summary of the results presenting the total aggregated
scores for each of the metals is described in the results sec-
tion of the main body of the paper. This includes Table 1
which includes the aggregated scores for each metal. A

more detailed presentation of the results for each of the
six individual factors are included across these
appendices.

Discovery factors

Crustal abundance

The full list of crustal abundances and their scores are
included in Table A1.
The critical elements that are sufficiently abundant in

the crust that it is seen as a potential advantage in becom-
ing a more widely used industrial metal (i.e. with a crustal
abundance of greater than 100 ppm) include: barium,
chromium, magnesium, manganese, silicon, strontium
and vanadium. None of these metals occurs frequently
on critical metals list, so are not generally considered as
being amongst the most ‘critical’ metals.
Critical metals with abundances similar to that of the

base metals, between 1 and 100 ppm (therefore scoring
0.5) include: arsenic, beryllium, boron, cobalt, gallium,
germanium, lithium, niobium, thorium and tungsten,
along with most of the rare earth metals: cerium, dyspro-
sium, erbium, europium, gadolinium, lanthanum, neody-
mium, praseodymium, samarium, scandium, ytterbium
and yttrium (just holmium, lutetium, terbium and thu-
lium are considered too rare). A number of the most fre-
quently cited ‘critical’ metals sit in this medium
abundance category including cobalt, gallium, germa-
nium, lithium and the rare earth metals.
A number of critical metals however seem just too rare

to ever become major industrial metals markets, with
crustal abundances of less than 1 ppm (and therefore scor-
ing 0): antimony, bismuth, cadmium, indium, mercury,
molybdenum, rhenium, tantalum, tellurium, four of the
rare earth metals: holmium, lutetium, terbium and thu-
lium and all of the platinum group metals (iridium,
osmium, palladium, platinum, rhodium and ruthenium).
The presence of the frequently cited ‘critical metals’:
indium, tellurium and the platinum group metals, how-
ever, suggested that the markets for these metals may
always be relatively constrained, no matter what their
importance to the economy.

Crustal concentration

The full list of scores from the Goldschmidt classification
(Goldschmidt 1937; White 2013) are found in Table A2.
A number of the critical metals show chalcophile

behaviour in the crust so should concentrate effectively
into discrete ore bodies within the crust. These are: anti-
mony, arsenic, bismuth, cadmium, indium, mercury, mol-
ybdenum, rhenium, silver and tellurium, in addition to
the more familiar metal, lead. Indium and tellurium are
the only two widely cited critical metals in this grouping.
Siderophiles should also readily concentrate into dis-

crete ore bodies within the crust. Only three metals are
siderophile in the crust: gold, platinum and iridium (one
of the other platinum group metals). In addition all of
the other platinum group metals (osmium, palladium,
rhodium and ruthenium) show both chalcophile and side-
rophile behaviour in the crust. Although gold is not cur-
rently considered a ‘critical’ metal, the platinum group
metals are often considered as such. Again, however,
these metals should concentrate readily into discrete
deposits within the crust.
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A large number of critical metals are however litho-
philes, thus will have a lesser tendency to concentrate
into discrete ore bodies in the crust. Some of the most fre-
quently cited critical metals are lithophiles, suggesting an
inability to concentrate into discrete ore bodies in the
crust may be an important constraint which makes metals
‘critical’. The lithophile critical metals are: boron, chro-
mium, lithium, magnesium, manganese, niobium, silicon,
strontium, tantalum and thorium, and the rare earth
metals. The rare earth metals and lithium are amongst
the most frequently cited critical metals. However, both
aluminium and titanium, which are widely mined are
also lithophile, suggesting that this geological constraint
can be overcome, though admittedly both these metals
are also amongst the most abundant in the crust.

Geological constraints on critical metals

The results of the crustal abundance and crustal concen-
tration of the elements can be used to create a chart of
the most and least geologically constrained metals. In the-
ory the most geologically constrained metals are the
scarce lithophiles, whilst the ones with the greatest poten-
tial for widespread extraction are the abundant chalco-
philes and lithophiles (with iron being the example par
excellence). Such an assessment is detailed in Table A3.
Understanding the type of geological constraint on

a metal is important for governments, researchers or
industry attempting to grow a particular metal market.
Metals that are fundamentally rare in the crust will always
be somewhat ‘precious’, so attempts to build a large
industrial metal market upon their extraction are likely
to fail. By contrast, metals which do not easily concen-
trate into discrete deposits in the crust, but nonetheless
are not that fundamentally rare do host the potential
to support large industrial metal markets, should
the discovery and extraction challenges be overcome.
Such metals may be a generally more appropriate for mar-
ket growth orientated government, research or industry
interventions.
It is notable that none of metals in the assessment fall

into the theoretically most amenable to discover category
(abundant chalcophiles and siderophiles), which is per-
haps not surprising as chalcophiles and siderophiles are
relatively depleted in the crust. However some of the criti-
cal metals in the assessment are either chalcophile or show
chalcophile properties sometimes, but are of moderate
abundance. These include arsenic, cobalt, gallium and
germanium. The familiar widely mined base metals (cop-
per, lead, nickel, tin and zinc), however, also fall into this
category, suggesting that these critical metals are not
necessarily geologically constrained and could represent
potential new large metals markets, should extraction
and consumption factors align favourably.
Conversely there are a few critical metals which fall into

the theoretically most difficult to discover category, being
of low abundance, and lithophile, so likely to be diffusely
distributed. These include tantalum, and four of the rare
earth metals: holmium, lutetium, terbium and thulium.
It seems likely that these metals are fundamentally geolo-
gically constrained and supply will therefore always be
constrained as a result.
Most of the chalcophile critical metals are however of

low abundance: antimony, bismuth, cadmium, mercury,
molybdenum, rhenium, silver, tellurium and the platinum

group metals. However, the presence of gold in this group,
one of the largest metals markets, suggests that the chal-
lenges of finding and mining these metals are not insur-
mountable. Indeed both silver and the platinum group
metals are also substantial metals markets as well.
Similarly, there are a number of abundant lithophile

‘critical’ metals: barium, chromium, magnesium, manga-
nese, silicon, strontium and vanadium, where the size of
the aluminium and titanium markets suggest that once
again the challenges of finding and extracting these metals
in large volumes can be overcome. Lithium, niobium and
most of the rare earths present something of a middle
ground in this respect, being moderately abundant litho-
philes, with no obvious familiar metals that are widely
mined falling into this category as a ready comparator
for market potential.

Extraction or supply factors

Ease of mining

The scores for the ease of mining are including in
Table A4.
There are a number of critical metals that already

benefit from a formalised mining sector using conven-
tional mining techniques. These are: antimony, barium
(barite), cadmium, chromium, gallium, germanium,
indium, manganese, molybdenum, niobium, rhenium,
scandium, silver, strontium, tellurium and vanadium.
This is good news for gallium, germanium, indium and
tellurium all of which are amongst the most frequently
cited critical metals.
Some critical metals do not benefit from a conventional

mining sector, with boron, as borates (USGS 2014, 2015),
lithium (Erbensperger et al. 2005; Yaksic and Tilton 2009;
Grosjean et al. 2012; USGS 2014, 2015) and magnesium
(Gao et al. 2009; USGS 2014, 2015) all generally
extracted via brine mining. It is therefore clear that
advances in brine mining would benefit the extraction of
lithium, one of the most important critical metals.
Major socio-political and environmental issues afflict

several critical metals, which otherwise benefit from for-
malised, conventional mining sectors, including arsenic,
beryllium (USGS 2014, 2015) and mercury (Hylander
and Meili 2005; Veiga et al. 2006; Spiegel and Viega
2010; Kim and Choi 2012) which cause toxic pollution.
Bismuth is a by-product of toxic lead mining (USGS
2014, 2015), which whilst still a relatively large base
metal market has grown the least of these metals over
the twentieth century (Kelly and Matos 2013), with the
metals toxicity being at least part of the cause of this.
Silica mining in particular, but along with mining for all
commodities in general is associated with silicosis health
problems (Thomas and Kelley 2010), whilst manganese
mining is also potentially associated with long-term
health problems (The Economist 2014). The mining of
light rare earths (which unlike many of the heavier rare
earths benefit from a formalised, conventional mining sec-
tor) are associated with radioactivity (Massari and
Ruberti 2013; Packey 2013; Tyrer and Sykes 2013; Wub-
beke 2013; Golev et al. 2014; Weng et al. 2014). Cobalt,
one of the most commonly referenced critical metals, is
occasionally mistakenly involved in conflict minerals
issues (Cobalt Development Institute 2011), whilst tung-
sten (as wolframite) is more accurately associated with
conflict minerals (Freedman 2011; Bleischwitz et al.
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2012). The platinum group minerals, again one of the
most important groups of critical metals, have recently
been vulnerable to severe labour union conflict and politi-
cal issues in South Africa (USGS 2014, 2015).
Thorium and the rare earth, yttrium (USGS 2014,

2015), are both still largely mined from placers (often
together), albeit mainly by formalised Indian companies
(Gupta and Krishnamurthy 2005), in addition to being
associated with radioactivity (Massari and Ruberti
2013; Packey 2013; Wubbeke 2013; Golev et al. 2014;
Weng et al. 2014). Conversely whilst tantalum mining
mainly utilises conventional techniques, about half of
the mining is still done by artisanal miners (USGS
2014, 2015), in addition to the fact that tantalum is the
main source of concern in the conflict minerals trade
(Freedman 2011; Bleischwitz et al. 2012).
Finally, the heavy rare earths benefit from neither a for-

mal or conventional mining sector (Bradsher 2009, 2013;
Wubbeke 2013; USGS 2015), whilst mining practices are
associated with radioactivity (Massari and Ruberti 2013;
Packey 2013; Tyrer and Sykes 2013; Wubbeke 2013;
Golev et al. 2014; Weng et al. 2014), as well as concerns
over human rights abuses and environmental problems
(Bradsher 2009, 2013; Massari and Ruberti 2013; Packey
2013; Tyrer and Sykes 2013; Wubbeke 2013; Campbell
2014; Golev et al. 2014). All of the rare earths (except
scandium), which are amongst the most commonly cited
critical metals, appear to have one or more technical,
environmental and socio-political problems in their
mining.

Ease of processing

The scores for the ease of processing are detailed in
Table A5.
A number of critical metals appear to be relatively

straight forward to process, not generally found to be
mined as by- or co-products, and with no known systemic
technical, environmental or socio-political problems with
processing. These include antimony, barium (as barite),
boron (as borate) and niobium; however, none of these
rank amongst the critical metals of most frequent
concern.
A number of critical metals, which are otherwise mined

and processed as the primary product are nonetheless
associatedwith systemic technical problems in processing.
For one of the most important critical metals, lithium,
solar evaporation during processing is known to be a
costly, lengthy process, with large environmental footprint
(Grosjean et al. 2012; USGS 2014, 2015). Similarly, the
Pidgeon process for making magnesium metal is known
to be energy intensive (Gao et al. 2009; USGS 2014,
2015). Manganese ores can be complex (Assmang 2015)
and production can also be energy intensive (Mining
Weekly 2012). At the extreme in some places strontium
ores are still hand sorted, lacking any mechanised proces-
sing (USGS 2015).
Similarly, some critical metals, which again are gener-

ally mined and processed as the primary product are
also associated with major environmental or socio-politi-
cal issues affecting their processing. Mercury is well
known to be toxic (Hylander and Meili 2005; Veiga
et al. 2006; Spiegel and Viega 2010; Kim and Choi
2012), whilst chromium compounds are also very toxic
attracting strict environmental and health regulations

(USGS 2015); silica as noted is associated with silicosis
based health problems (Thomas and Kelley 2010), with
management thereof potentially exacerbated at the pro-
cessing stage. Similarly, for manganese (The Economist
2014). Finally, tungsten (as wolframite) is associated
with the conflict minerals trade (Freedman 2011; Bleisch-
witz et al. 2012).
Many critical metals, including some of the most

important, such as germanium (Fink and Culver-Hopper
1991) and indium (Alfantazi and Moskalyk 2003; Werner
et al. 2015), in addition to cadmium, molybdenum, rhe-
nium, scandium, silver and vanadium are still mainly
mined as by- or co-products (USGS 2014, 2015), which
causes technical and economic issues during processing,
whilst the platinum group metals, an important group
of critical metals, are essentially by- and co- products of
each other (USGS 2014, 2015).
Some of the critical metals that are mainly mined as by-

or co-products, also suffer from systemic technical pro-
blems, such as cobalt where the processing of nickel–
cobalt laterites has long faced technical and economic
problems (King 2005; Kyle 2010; Mudd 2010). Many of
the key gallium processing technologies are proprietary
presenting technical and economic barriers to entry
(USGS 2014). Gallium is one of the most frequently
cited critical metals. Tellurium, an important critical
metal, faces a slightly unusual situation in that because
it is recovered from the slimes of copper smelting-refining
it vulnerable to a further increase in the use of solvent-
extraction electrowinning (SXEW) processing, at the
expense of the conventional smelter-refiner processing
route for copper (Naumov and Grinberg 2009; USGS
2014, 2015).
Similarly a number of these by- and co-product critical

metals also suffer from systemic environmental or socio-
political problems, such as arsenic which is toxic (USGS
2014, 2015) and bismuth which is associated with toxic
lead mining (USGS 2015). Tantalum is associated with
the conflict minerals trade (Freedman 2011; Bleischwitz
et al. 2012). Thorium is radioactive (Weng et al. 2014;
Harper et al. 2015).
Although it is generally mined as a primary product,

beryllium suffers both technical processing problems, in
that it is still sometimes hand sorted (USGS 2014); and
environmental and health issues as its dusts, fumes and
mists are toxic (USGS 2014, 2015).
Finally, the rare earths, amongst the most important

critical metals, face a multitude of processing issues,
being mined as by- and co-products of each other, and
of other metals, whilst many potential rare earth ore min-
erals still do not have commercial processing techniques
(Gupta and Krishnamurthy 2005; Weng et al. 2014). In
addition all are associated with radioactivity (Massari
and Ruberti 2013; Packey 2013; Wubbeke 2013; Golev
et al. 2014; Weng et al. 2014), and the heavy rare earths
mined in Southern China are associated with human
rights and environmental issues (Bradsher 2009, 2013;
Massari and Ruberti 2013; Packey 2013; Tyrer and
Sykes 2013; Wubbeke 2013; Campbell 2014; Golev et al.
2014).

Extraction constraints on critical metals

It is notable that far more critical metals are processing
constrained than mining constrained, as highlighted in
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Table A6. Only boron (borate), which is mined via brines,
is solely, somewhat mining constrained, whereas a large
number of critical metals are primarily processing con-
strained: cadmium, germanium, gallium, indium, rhe-
nium, silver, tellurium, vanadium and the rare earth
scandium. The silver market is however relatively large
for a metal market suggesting some potential exists for
these metals despite the processing problems.
In general though most of the critical metals are mining

and/or processing constrained including arsenic, beryl-
lium, bismuth, cobalt, manganese, the rare earths cerium,
europium, gadolinium, lanthanum, neodymium, praseo-
dymium and samarium; and all of the platinum group
metals, which are all mining constrained, but very proces-
sing constrained. The fact that the more familiar indus-
trial metals titanium (mineral sands), lead and zinc,
however also fall into this group means that significant
markets can still develop for these extraction constrained
metals. A number of critical metals however fall into the
most highly constrained categories for both mining and
processing, which includes tantalum, thorium and a num-
ber of the rare earths: dysprosium, erbium, holmium, lute-
tium, terbium, thulium, ytterbium and yttrium. Tin
however also falls into this grouping so nonetheless
some market volume potential does exist for these metals,
though it is notable that the tin market is the smallest of
the London Metal Exchange (LME) markets.
By contrast some critical metals have no extraction

constraints, including antimony, barium (barite) and nio-
bium, a category the giant copper market also falls into.
A number of critical metals fall into a mid-point group
being partially mining and processing constrained,
including lithium, magnesium, mercury, silicon (metal)
and tungsten, alongside the larger gold and nickel mar-
kets. Similarly some critical metals are only processing
constrained whilst not being mining constrained, includ-
ing chromium, molybdenum and strontium, a situation
similar to aluminium.

Demand factors

Criticality of demand

The frequency with which the metals appear on the ‘criti-
cal lists’ of the seven main critical minerals reports (NRC
2008; Buchert et al. 2009; APS and MRS 2011; USDOE
2011; BGS 2012; Schulz and Bradley 2013; EC 2014) is
recorded in Table A7.
Five of the rare earths feature on all seven lists,

suggesting general agreement that these metals are
exposed to critical economic sectors. These are dyspro-
sium, europium, neodymium, terbium and yttrium. The
rest of the rare earths are not on the short USDOE
(2011) list, so along with indium and the platinum
group metals appear on six of the lists, with the exception
of erbium, holmium and thulium, which along with gal-
lium appear on five lists. Cobalt, germanium, lithium,
niobium and tellurium feature on four lists.
There is much less certainty around other metals, with

tantalum featuring on three lists; antimony, beryllium,
magnesium, rhenium and tungsten on two lists each;
and all of arsenic, barium (barite), bismuth, boron
(borate), chromium, mercury, manganese, molybdenum,
silicon (metal), silver, strontium and thorium only featur-
ing on one list, suggesting limited agreement on whether
they are economically critical.

Cadmium and vanadium do not feature on any of the
reference lists as these were included at the authors’discre-
tion, due to their exposure to the fast-growing battery sec-
tor (Sykes et al. 2014; USGS 2014, 2015).

Diversity of demand

The diversity of demand for the metals assessed in this
study is included in Table A8, which details the main
end use for each metal and its overall share of demand.
To a certain extent, critical metals almost by definition

have a narrow range of uses as they are very important to
a few critical sectors, as such only a few have a main end
use that is less than one-third of total demand. These
include beryllium, silver and the rare earth, cerium, how-
ever only cerium is generally acknowledged to be an
important critical metal.
Most of the critical metals have a main end use between

one-third and two-thirds of total demand suggesting some
diversity of consumption, including antimony, arsenic,
bismuth, boron (borate), cobalt, germanium, indium,
lithium, magnesium, mercury, silicon (metal), tantalum,
tellurium, thorium, tungsten, vanadium, four of the plati-
num group metals: iridium, osmium, platinum and ruthe-
nium; and three of the rare earths: lanthanum, scandium
and yttrium. Some of the more important critical metals
discussed above feature in this group including cobalt,
germanium, indium, lithium, tellurium, the four platinum
group metals and the three rare earth metals.
A number of the critical metals however have very

narrow usage profiles, with the main use making up
more than two-thirds of demand. These include barium
(barite), cadmium, chromium, gallium, manganese, mol-
ybdenum, niobium, rhenium, strontium, two of the plati-
num group metals: palladium and rhodium; and most of
the rare earths: dysprosium, erbium, europium, gadoli-
nium, holmium, lutetium, neodymium, praseodymium,
samarium, terbium, thulium and ytterbium.
Chromium (International Chromium Development

Association 2015), manganese (Postle et al. 2015), molyb-
denum (USGS 2015) and niobium (Schwela 2012) are all
ferroalloys critical to the steel industry; similarly rhenium
is mainly used in aerospace superalloys (USGS 2015).
Palladium and rhodium are mainly used as automotive
catalysts (USGS 2015). Both barium, as barite (The Bar-
ytes Association 2015), and strontium (USGS 2014, 2015)
are relied upon primarily in the oil and gas drilling indus-
try. Both cadmium (USGS 2014) and the rare earth
samarium (Goonan 2011) are mainly used in battery pro-
duction. Gallium is mainly consumed as gallium arsenide
in electronics (USGS 2014, 2015). The rare earths dyspro-
sium, gadolinium, neodymium and praseodymium are
mainly used in the manufacture of permanent magnets;
europium and terbium in the phosphor industry; and
erbium, holmium, lutetium, thulium, ytterbium are
mainly consumed by the glass industry (Goonan 2011).
Some of the most important critical metals fall into this
undiversified group including gallium, the two platinum
group metals and the twelve rare earth metals.

Demand potential for critical metals

Table A9 summarises the demand potential for the var-
ious critical metals and comparative non-ferrous indus-
trial and precious metals. Whilst most metals start out
with just a few critical uses, which triggers significant
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demand growth for demand to then expand to large scales
the metal needs to find a broader range of uses. At this
point, inevitably the criticality of the metal then begins
to fade as it becomes more widely available. Aluminium
and copper in the bottom right of Table A9 are examples
of this.
Metals that are both critical and already have a fairly

broad range of uses may be on their way to developing
the large-scale broad demand of an industrial metal.
Cerium, a rare earth, in the top left of Table A9 would
be the best example in this case. Beryllium (like silver)
also already has a diverse usage base. A number of
other commonly considered critical metals are however
slowly diversifying their usage base suggesting in the
longer term that they may grow into more significant
markets. These metals are cobalt, lanthanum, platinum
and palladium, which already have somewhat significant

demand, and germanium, indium, lithium, tellurium,
the rare earths scandium and yttrium, plus some of the
other platinum group metals, iridium, osmium and
ruthenium.
Many of the critical metals are however still reliant on a

very narrow range of albeit critical uses. Although inves-
tors frequently highlight that such metals possess the
potential to grow rapidly from a small base due to these
new critical uses, such metals are also vulnerable to substi-
tution and rapid market decline, especially if their prices
increase without concurrent increases in supply. The
metals in this category need to diversify their usage base
before they can become major industrial metals. These
metals include gallium, palladium and most of the rare
earths: dysprosium, erbium, europium, gadolinium, hol-
mium, lutetium, neodymium, praseodymium, rhodium,
samarium, terbium, thulium and ytterbium.

Table A9 The demand constraints stopping a metal being consumed in large volumes. Whilst most metals start out with just a
few critical uses, for demand to expand to large scales the metal needs to find a broad range of uses. Inevitably the
criticality of the metal then begins to fade. Such metals like aluminium and copper in the bottom right of the table are
examples of this. Arguably the metals that are both critical and already have a fairly broad range of uses are on their
way to the sort of large, scale broad demand of an industrial metal. Cerium, a rare earth, would be the best example in
this case. The non-critical major industrial and precious metals are highlighted in bold

Criticality of
use>

Critical demanded metal: dysprosium (REM),
erbium (REM), europium (REM), gadolinium
(REM), gallium, holmium (REM), lutetium
(REM), neodymium (REM), palladium (PGM),
praseodymium (REM), rhodium (PGM),
samarium (REM), terbium (REM), thulium
(REM), ytterbium (REM)

Cobalt, germanium, indium, iridium (PGM),
lanthanum (REM), lithium, osmium (PGM),
platinum (PGM), ruthenium (PGM),
scandium (REM), tellurium, yttrium (REM)

Metal with critical and
diverse demand:
cerium (REM)

Barium (barite), chromium, molybdenum,
niobium, rhenium, strontium

Antimony, arsenic, bismuth, boron (borate),
magnesium, mercury, silicon (metal),
tantalum, thorium, tungsten

Beryllium, silver

Metal with limited demand: cadmium, lead Gold, nickel, tin, titanium (mineral
sands), vanadium, zinc

Broadly demanded
metal: aluminium,
copper

Breadth of use>
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