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Abstract

Recent expansion in the demand for clean energy and efficient technologies has led to demand for a
variety of exotic, rare or “strategic” metals. Some of these are physically rare, while others are
economically or politically unavailable. In order to fill the gap between supply and demand, and to ensure

future resources, various unconventional resources are being examined. This chapter discusses deep
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ocean and industrial ecology-based solutions for providing these materials, and provides considerations
of how such resources can be considered within a framework of sustainable development. Specifically,
the paper addresses the importance of the social elements of the rare metals supply chain, examining the
elements of local stakeholder impact and the broader, global public interest that the technologies
utilising such metals represent. The paper also considers how technical and environmental knowledge

derived from geosciences can have an impact on stakeholder support for alternative resources.

INTRODUCTION

Although the concept of strategic or critical minerals has been around for many years, there has been an
increase in interest in such materials over the last 5-10 years, due to the confluence of a number of global

social, political, economic and industrial trends.

There are various specific definitions, but in general, minerals are considered to be critical if there is the
potential for supply disruption, and if the impact of that supply disruption on an economy, nation or
industry would be high (American Physical Society and The Materials Research Society, 2011, European
Commission, 2010). The threat of supply disruption can be associated with: centralisation of supply
(typically leaving control of primary resources in the hands of one or a few countries or companies),
political risk of supplier nations (volatile governments, volatile diplomatic relationships, manipulation of
markets), increasing demand and market competition (price rises or price volatility, reduced availability),
decreasing supply (depletion of reserves, market failure to provide adequate financial return, political
restrictions on production, environmental or social license retraction). Supply chains are generally
weakest when there are only a small number of suppliers (supply monopolisation or a high level of
centralisation) and substitutes are not locally available (McLellan et al., 2012). On the other hand, the
impact of supply disruption is often related to military needs or security of specific economic sectors, but

can also be relative to important infrastructure and technology in general society.

The rise in discourse around critical minerals has been driven by the combined influence of a number of
key factors (as mentioned above). The most prominent among these have been: (a) the expanded use of

minor metals providing functionality in new energy and electronics technology; (b) the rising demand of



such metals from rapidly developing countries in addition to the rise associated with developed
countries; (c) realisation of the tenuousness of supply chains and the importance of particular nations as
near-monopoly suppliers within those supply chains; (d) specifically in the case of Rare Earth Elements
(REE), the role of China as dominant supplier, major consumer and its willingness to use governmental
control of supplies to affect markets; (e) volatile metal prices in markets, not only associated with the

global financial crisis and its aftermath.

The countries or regions that have been most central to this discussion of critical minerals include Japan
(as a resource poor nation, constantly seeking to secure supplies and more cautious than most other
countries in this regard), USA (with large economic dependence and military-specific discussions of
critical minerals), the European Union (EU) (with large economic dependence and moderate internal
resource), and even China (largest producer of most minerals, but also largest consumer) (McLellan et al.,
2013). The United Kingdom (UK) and South Korea have also entered the debate, while countries such as
Australia are keen to tout their new and existing resources as suppliers to fill any gap between demand

and supply (Skirrow et al., 2013).

The materials listed as critical by various countries are shown in Table 1, illustrating the wide range and
variation in what is classified as critical or strategic. Importantly, the list of such materials varies from
nation to nation and year to year, based on local economic and political factors. As with most innovation,
criticality (or necessity) has driven some commodities off the list, as downstream companies develop

alternative technologies or substitute materials.



TABLE 1. CRITICAL MINERALS AS LISTED IN MAJOR COUNTRY REPORTS. SOURCES: (Bauer et al., 2010, European Commission, 2010,

Skirrow et al., 2013, USDOE, 2012)

Material EU USA | Japan | South Korea | UK
2010 | 2013

Antimony v v v v v

Arsenic v

Barium v

Beryllium v v 7

Bismuth v v

Borates v

Chromium v v v

Cobalt v v v v v

Coking coal v

Copper v

Fluorspar v v v

Gallium v v v v v v

Germanium v v v v

Indium v v v v v v

Lithium v v v

Magnesite v

Magnesium v v v v v

Manganese v v v

Mercury v

Molybdenum v v v

Natural graphite v v v v

Niobium v v v v v v

Nickel v v

Platinum Group Metals (PGMs) v v v v v v

Phosphate rock v

Rare Earth Elements (REEs) (Heavy) | ¥ 4 v v 4 v

Rare Earth Elements (REEs) (Light) v v v v v

Selenium v v

Silicon metal v v

Strontium v

Tantalum v v v

Titanium v

Tungsten v v v v v

Vanadium v v

Zinc v

Zirconium v




In 2013, the US Department of Energy launched the “Critical Materials Institute,” a $120 million
undertaking headquartered at the Ames Research Centre in lowa alongside a host of 17 other
government labs, universities and industry partners. This is a laudable effort to invest in research on
minerals that are essential for modern technological advancement and whose supply is likely to be
constrained in coming years. However, the motivation behind this effort may in large part be attributed
to concerns over continuing Chinese dominance in rare earth minerals, and the prospective Bolivian
dominance in lithium (Bolivia has identified resources greater than Chile, but not yet in production (USGS,

2015)).

Rare earth elements (REEs) are a group of 17 elements mostly from the lanthanide series in the periodic

Iﬂ

table that are usually found together in similar mineral ores. More than 90% of all “rare earth” minerals
are currently mined in China. The supply constriction on these minerals in 2012 led to a trade dispute
being lodged by the US, EU and Japan against China in the World Trade Organization (WTQ). China's
arguments that supply was constricted to account for environmental clean-up at mine sites was rejected,
and the WTO ruled against China, who subsequently removed their export quotas (Nekuda Malik, 2015) —
one reason why the price of REEs has subsequently dropped dramatically (USGS, 2015). Although the
extraction of these elements incurs some ecological stress, including production of radioactive thorium
waste, rare earths are essential for “green economy” infrastructure (Ali, 2014). Yttrium and associated

rare-earth elements neodymium, europium, terbium, and dysprosium are used in permanent magnets

(for high-efficiency motors) and advanced-lighting systems.

Similar to the rare earths dominance of China, almost half of all lithium reserves are currently believed to
be in South America. The ubiquitous use of lithium batteries in transportation and consumer electronics
is unavoidable, despite the challenges faced by the Boeing Dreamliner (Williard et al., 2013). The element
has an unparalleled ability to form compounds which can store energy in low weight and volume as it is

the lightest metal on the periodic table.

Local and regional development throughout the world depends on energy, especially electricity access

which one fifth of the world’s population still lacks and which is required to provide lighting — a vital



development precursor (IEA, 2010, Kanagawa and Nakata, 2008). Minerals such as the rare earths and

lithium play an essential role in clean and affordable energy delivery and usage

Reserves of critical minerals

Reserves of critical minerals vary over many orders of magnitude, as do their production flows. Table 2
summarises the reserves and mine production data for the readily accessible critical minerals statistics.
This data must be considered with the understanding that some of these materials are by-products of
major minerals (e.g. Gallium) or refinery by-products (e.g. Indium), and that in some cases the restrictions
on supply are not based on the reserves or mine production rate, but rather on ability to process

materials at the intermediate stages of the supply chain.

Centrality of supply is certainly an obvious and important factor in criticality, but the influence of end-
user country factors is also readily-evident from the production data (even if it was not already made
specific in the definition). The static depletion index (reserves to production ratio, R/P) in Table 2 makes it

apparent that physical scarcity at the global level is not the main concern.



TABLE 2. RELEVANT DATA ON SELECTED CRITICAL MINERALS (DATA: (USGS, 2013))

Mineral Global Share of major supplier Single largest Global reserves
Mine nations* supplier
Production
1 Share (%) Countries Total (t) Largest % R/P
2011 (t) (No.) of
total
Beryllium 6,540 100% 5 91% USA - - -
Chromite? 25,800,000 83% 5 42%  South Africa 460,000,000 Kazakhsta 46
n % 18
Cobalt 110,000 82% 6 55%  Congo 7,200,000 Congo 47
% 65
Copper 16,100,000 80% 10 33% Chile 690,000,000 Chile 28
% 43
Gallium? 474 82% 2 74%  China - - -
Graphite 1,160,000 82% 2 69%  China 130,000,000 Brazil 45
% 112
Indium5 738 82% 3 52% China - - -
Lithium 621,000 86% 3 68%  Australia 13,000,000 Chile 57
% 21
Magnesium 26,100,000 82% 2 73% China 2,4000,000,00 Russia 27
0 % 920
Manganese 15,700,000 80% 5 23%  South Africa 570,000,000  South 26
Africa % 36
Nickel 1,960,000 86% 8 15% Indonesia 74,000,000 Australia 24
% 38
Niobium 50,100 99% 2 91%  Brazil 4,300,000 Brazil 95
% 86
PGMs 66,000 South 95 136
Platinum 200 87% 2 74%  South Africa Africa %
Palladium 213 85% 3 40%  Russia
Other 73 97% 2 80%  South Africa
PGMS
Rare Earths 110,000 100% 5 96%  China 140,000,000 China 39 127
% 3
Selenium5® 2,280 84% 5 33%  Japan 120,000 China 22
% 53
Tantalum 613 85% 6 22%  Brazil 100,000 Australia 62
% 163
Telluriums® 83 89% 2 48%  Japan 24,000 Peru 15

%

289




Tungsten 67,700 89% 2 85% China 3,500,000 China 54

% 52
Vanadium 74,000 98% 3 49%  China 14,000,000 USA 36

% 189
Zinc 12,600,000 83% 9 32%  China 250,000,000 Australia 26

% 20

Notes:

IMine production refers to metric tonnes of contained metal content unless otherwise specified
2Chromite is reported as ore (not metal content)

3Gallium expressed as capacity for production as it is a by-product mineral

“Number of producer countries comprising 80% or more of world supply

>Selenium, Tellurium, Indium figures are the refinery production rate

It is evident that the centralisation of supply is not always associated with dominance in reserves, and
indeed it is mostly the traditional resource-exporting countries that dominate in both production and
reserves. Reserves are likely to be more rigorously understood in these countries, where exploration has
been much wider over (generally) a longer period of time, and global reserves are likely to be much
higher. In the near term, consideration of reserves and production in “frontier” countries is not likely to
have any impact on the level of criticality, as the insufficiency of existing infrastructure and often the

socio-political environments make the likelihood of rapid investment and short term production unlikely.

Resource potential from unconventional supplies

Given the global growing demand for minerals and metals and the shift of mining from developed to
developing countries as well as the general trend of decreasing ore grades, there is now a greater
emphasis from concerned nations to source metals from alternative sources. In this study we consider
the impact of two potential alternative supply sources that are receiving significant attention — recycling
and deep ocean resources. These are not the only potential new sources of minerals, as mentioned above,
the non-traditional mining countries, and less-developed, typically less-explored regions of the world are
gradually becoming more attractive to major mining companies whose traditional territories are facing

decreasing grades and often increasing economic barriers to entry (Corder et al., 2012a).



One important area that is receiving significant attention is recycling and re-use of metals from end of life
products and waste streams. Initiatives such as the Circular Economy in China (Geng et al., 2012) and in
Europe (Ellen Macarthur Foundation, 2012), which aim to move away from the traditional linear system
model of consumption, are gaining much traction. These initiatives are the application of industrial
ecology concepts, which uses nature as a metaphor, and closely examines the opportunities to reuse and
recycle different waste streams arising in industrial and consumer activities, as well as reorganizing the

industrial systems to ensure resource efficiency and resilience (Corder et al., 2014).

The extraction and recovery of rare earths from unconventional resources has received attention recently,
due to such factors as increasing demand, price fluctuations and constraints on supply of conventional
resources. Investigations into the recovery of rare earths have included recycling of low value waste
streams such as bauxite residue, phosphogypsum, waste water, slag and mine tailings as well as end-of-
life batteries, fluorescent lamps and magnets (McLellan et al., 2013). Other waste streams such as coal
ash (Seredin et al., 2013) have also found interest, particularly during the recent period of very high REE

prices.

The amount of recycled REEs has been estimated as low as 1% for the end-of-life products until 2011
(Binnemans et al., 2013, UNEP, 2013). However, there have been several recent developments in
recycling technologies for REE contained lamp phosphors, magnets, NiMH batteries, and polishing
powders, introduced in Europe by Umicore, Solvay, and Hydrometal, in Japan by Honda, Mitsubishi,
Hitachi, and others, in Vietham by Showa Denko KK, and in China by Ganzhou Rare Earth Group (Ferron
and Henry, 2013). Many of the recycling methods used to date are very similar to the processes used for
the initial generation of primary materials — hence the only savings in energy and environmental impact
are often the savings from the mining stage. With regards to the energy and emissions impacts, the
mining stage tends to be low impact with respect to the overall process lifecycle, and recycling using
current methods is therefore unlikely to lead to large environmental benefits in these categories,
however the impact on land use and other categories may be high in the mining stages, making recycling
an attractive option. It is only the current period of high prices that makes recycling of minor metals

economically feasible, although from a resource conservation perspective it is a valuable activity. Unlike



the benefits of recycling many of the base metals with large circulation and low alloying or relatively easy
separation, the minor metals are less easily collected and separated when they are present in “urban ore”
such as mobile phones (Graedel et al., 2011), and the system of collection is an important aspect in

developing this unconventional source (Moura Bernardes et al., 2003, Tanskanen, 2013).

Despite scarce information in the public domain about volumes of REE recycling, we believe that these
activities have notably progressed over the last few years and perhaps account for at least 5% (pre and
post-consumer recycling) of current rare earths supply. It is likely just a matter of time to recognise the
scale and impact of different REE recycling operations on the market, when all these initiatives will
become less sensitive to disclose the commercial data, and the rare earth market and supply become

more diversified and secure.

The other unconventional source considered here is that of deep sea mining. It has been indicated that
there are a wide range of critical metal-bearing materials in the deep ocean, including REE in deep ocean
muds throughout parts of the Pacific (Kato et al., 2011). As with many new land-based deposits, deep
ocean resources are generally polymetallic mixtures that are unlikely to be mined solely for the grade of a
single contained metal (May et al., 2012). Such resources have been known for over 100 years, and have
been seriously investigated since at least the 1970's, however, up till now there has not been sufficient
economic impetus to promote their extraction (Martino and Parson, 2012). Despite the prospect of the
Solwara | project starting production in Papua New Guinea in 2016 (Nautilus Minerals, 2013), it is still
unclear whether commercially feasible operations can be developed. It has also been estimated that
based on just the mining activity, the embodied energy and emissions of deep ocean mining is likely to be
2-4 times the average of land-based operations, with the pumping requirements of deeper resources

exacerbating this (McLellan, 2014).

Deep sea muds in Japan's Exclusive Economic Zone (EEZ) are being targeted as potential high grade REE
resources, which may have grades at least three to five times those of onshore Chinese ion-exchange clay
deposits, with sections of much higher grade (Kato et al., 2011). Techniques for selective concentration of

these ores using relatively inexpensive technologies are being developed with the potential for increasing



the effective grades further, although this must be balanced against the cost of extraction from more

than 5000m.

Unlike recycling, which fulfils multiple purposes — retention of valuable materials within the economy,
securing supply and effective waste disposal — deep ocean mining is likely to face much higher hurdles to
gain a social license to operate, although this will no doubt be context-specific. In recent research it has
been indicated that very few Australians would currently support deep ocean mining, due to fears of
environmental damage and the sense that on-land mining is sufficient at present (Mason et al., 2010).
On the other hand, Japan's government is promoting deep ocean mining (Government of Japan, 2013) as
a source of resources in a country that has very little of its own on land, which may sway stakeholder

opinion.

SUSTAINABILITY CONSIDERATIONS IN CRITICAL RESOURCES

This section will discuss some of the key issues important to sustainability of critical resources. To avoid
circular discussions on sustainability and the mining industry such as “how can the mining/minerals
industry be sustainable given it is extracting a finite resource?”, it is necessary to understand the
industry’s role in contributing to societal sustainability. In this sense the term sustainability with regard to
the industry is not about “sustaining” mining but understanding how a mine and the industry more
broadly can make a proper contribution to societal sustainability. It can achieve this by improving the
extraction and use of minerals, the integration and continued substitution of new materials with end of
life recycling and the synergistic development of social and environmental benefits rather than impacts

(Corder et al., 2012b).

Over the last generation the mining and minerals industry has increasingly implemented actions and
initiatives aimed at delivering good sustainability practice. To a large part, the foundation of the current
industry’s commitment to sustainable development was established over a decade ago by the “Mining,
Minerals and Sustainable Development” (MMSD) project, its publication “Breaking New Ground” in 2002
(llIED, 2002) and the subsequent adoption of the International Council on Mining and Metals’ (ICMM) 10

principles in 2003(ICMM, 2003). These principles, plus other voluntary codes, such as the Equator



Principles and UN Global Compact, and reporting mechanisms, such as the Global Reporting Initiative and
Dow Jones Sustainability Index, have underpinned individual mining companies’ own sustainable
development approaches and policies and have provided a framework for implementing initiatives that
fall under the broad umbrella of sustainable development. There is a wide range of case studies that
demonstrate examples of good practice in industry, although with growing societal expectations as well
as increasing demands for energy, water and land access and use, there is a need for the industry to

continually improve its sustainability performance into the future.

There is a growing body of evidence that sustainability issues are affecting the core activities of mining
and minerals industry projects and operations. Recent research has highlighted that most extractive
companies do not currently identify, understand and aggregate the full range of costs related to conflict
with local communities (Davis and Franks, 2014, Franks et al., 2014). The most commonly occurring costs
were related to lost productivity due to temporary shutdowns or delays. As an indication, costs of
approximately USS20 million per week in Net Present Value (NPV) would be incurred due to delayed
production for a project of capital expenditure of between USS$3-5 billion (Franks et al., 2014). A recent
review of the mining industry found that 36% of the respondents indicated that public opposition to
mining affected the permitting and/or approval process of their projects, with 21% of the 36% stating
that their permitting and/or approval process was rejected (Fraser Institute, 2013). Furthermore, ‘social
licence to operate’ was recently considered to be in the top three business risks facing the mining and
metals industry (Ernest and Young, 2014). In addition, the difficulty for mining operators to gain
acceptance is the broadening in the number and variety of affected stakeholders, the growing public
understanding of the wider impacts of extractive industries and the improved ability of the public to
access and disseminate information through technology (Ernest and Young, 2014). The results of the
abovementioned studies illustrate that sustainability considerations are now strongly influencing
business performance and need to be better integrated into overall business decision-making processes

for the extraction of resources.

Whilst the above descriptions may be generalizable across the entire minerals industry, sustainability



from the perspective of critical minerals requires some further specific comments. Critical minerals have
been largely identified for their particular functional properties and subsequent important role in society
and the economy. Some, such as copper, are widely utilised across various industries, while others are
more closely aligned with a single industry or application (e.g. Europium in LEDs). While their current
criticality may be seen as an indicator of their importance for the sustainability of a specific society or
economy, the time variability of this indicator and the inherent vulnerability associated with criticality is
perhaps a counter-argument. The economic dependence of certain nations on particular minerals is
largely a function of their current economic structure and existing technology mix, which may be
unsustainable inherently. On the other hand, many critical minerals are crucial to environmentally
beneficial technologies — for example in clean energy technologies, such as Neodymium and Dysprosium
(permanent magnets for wind turbines and electric vehicles), Lithium (light weight batteries for electric
vehicles and other electronics), Yttrium and PGMs (hydrogen fuel cells). In this context, the contribution
of critical minerals to sustainability (at least in the operational phase) is considered highly important, and

has been a major driver in criticality studies (Hoenderdaal et al., 2013).

Unconventional resources and sustainability

The interest in developing unconventional resources is driven by several factors, including concerns for
the lack and/or exhaustion of primary geological resources, security of supply for critical metals vital to
modern technologies and military applications, and technological advances allowing developing nations

to overcome some general economic and environmental burdens.

Primary mining and processing of critical metals usually result in significant environmental impacts. For
example, the processing of rare earths is characterised by high levels of water consumption, energy
inputs, chemicals use, as well as separate treatment and disposal of radioactive waste materials (EPA,
2012). The low grade of many deposits of these materials is one factor in this, as is the difficulty of
separating chemically and physically similar components — particularly in the case of REEs and PGMs
(Gupta and Krishnamurthy, 2005). The high environmental impacts of sourcing rare earths from

conventional mining and processing (Tharumarajah and Koltun, 2011) provide an incentive to seek



unconventional sources. However, as mentioned above, the current recycling techniques do not provide
a significant improvement on the primary resource impacts, and the system of waste collection,
separation and disassembly require infrastructural and institutional improvements as well as behavioural
change from consumers and processers. There is no doubt that recycling could offset some of the rare
earths primary supply, however the ecological footprint and economic costs for recycling still can be
significant. The removal of mercury from lamp phosphors which contain the heavy rare earths europium,
terbium and yttrium, requires complicated, energy intensive equipment and there have been no studies
on recovery of rare earths from LCD backlights which also contain mercury (Buchert et al., 2012).
Nevertheless, recycling can offer an opportunity to reprocess the most desired elements, specifically
targeting products with high concentration of certain valuable critical metals (McLellan, 2015). Moreover,
there is still a significant potential for better product design for recycling where improvements will help

to increase the recovery rates and efficiency of recycling (UNEP, 2013).

The growing application of critical metals in the modern hi-tech products also leads to a larger “resource
base” of critical metals in the end-of-life products. In contrast to below-ground deposits, urban mines are
growing reserves to be exploited, although the combination of different materials, miniaturisation and
the improvement of technologies in the production phase can lead to a decreasing “grade” within these
reserves. The ability to effectively disassemble and select the urban ore components with high grade —
e.g. the magnets from wind turbines rather than the entire turbine —is important to the effectiveness,
efficiency and ultimate recovery of secondary resources. Improvements in product design and recovery
technologies will potentially create new opportunities to secure the supply of critical metals from
recycled sources, but a life cycle approach should be implemented in order to better optimise the

recoverability from end-of-life stock.

In the case of deep ocean mining, the uncertainties of the operating environment translate into
contention and widely varying opinions of the potential sustainability. From the perspective of mining,
deep ocean deposits have a number of advantages — they are typically near the surface of the ocean floor

requiring minimal overburden removal, explosives are not required, and they often contain high ore



grades — including many critical minerals such as cobalt, zinc, copper, PGMs and REEs (Siddiquie et al.,
1984, Kato et al., 2011). However, some of the deposits (particularly active hydrothermal vents) are
considered to have highly unique, specialised ecosystems — and whilst it is likely that such sites will be
preserved and “mined-around”, there is still some concern raised (Ellis and Macdonald, 1998). Moreover,
the lack of oxygen and light and the high pressure of the deep ocean environment mean that much of the
benthic fauna is largely immobile, which implies that rehabilitation can be complex and disturbance is
likely to induce irreversible, although localised, change (Sharma et al., 2000). It is also important to
consider that the release of waste material (waste water and sediment), although expected and designed
to be released below the depths at which most biodiversity is found, will have impacts associated with
“blanketing” the seabed and if incorrectly undertaken could be re-suspended or even brought upwards in

the water column through the influence of currents.

In addition to the relatively unknown environmental impacts of deep ocean mining, the challenges of
mining itself must be considered. Early estimations indicate that the mining stage requires significantly
more energy than average on-land deposits to extract (due to the pumping of materials from depth and
the requirement to keep the production vessel in a relatively fixed location) — this could be 2-4 times the
average energy, and certainly comparable to deep land-based mines (McLellan, 2014). Exacerbating the
impact of this energy use is the fact that deep ocean mining operations utilise ship-board power,
generated by the use of fuel oil or diesel. Technologies to offset this must be considered in order to
improve the overall sustainability of such resources. The advantages of high grades and low wastes may
help the life cycle impacts in some cases, if the processing energy is reduced, but a full lifecycle

assessment (LCA) is yet to be completed.

From the perspective of societal stakeholders, unconventional resources are typically considered quite
differently from conventional resources. The recycling of end-of-life products is often also supported by
general public opinion, thus can be considered as a part of responsible manufacturing to meet customers’
expectations. By contrast, public support for deep ocean mining is less certain, and perhaps less likely —
particularly in near-shore projects (Mason et al., 2010). The specific stakeholders needing to be consulted

within the deep ocean context are also uncertain, particularly in the remote EEZ or in international



waters. The procedures for environmental impact assessment, and the associated social impact

assessment and consultation are still in development at the international level.

Adding further complexity to the economic argument for recycling is the dispersed nature of end use
technologies. Even in the case of large-scale renewable energy power plants, the geographical dispersion
and the small scale of deposits are likely to place significant pressure on the potential feasibility of

recycling (McLellan, 2015).

CONCLUSIONS

Critical minerals can have an important impact on sustainability through their use in new energy and
electronic technologies to reduce environmental impacts of society. However, the limitations of supply
chains may be tested as demand continues to rise. Meeting the energy needs of the world’s most
deserving and impoverished inhabitants and maintaining high living standards in the developed world,
while keeping within the ecological limits of the planet, will require making critical mineral supply chains
less fragile - through a combination of increased and diversified supplies and reduced demand (Alonso et
al., 2012). Approaching this issue from the perspective of industrial ecology, with a circular economy
framework that involves design of products that facilitate reuse, recycling and conservation needs urgent

attention from researchers and policy-makers alike.

Whether the use of increasing above-ground stock or the extraction of minerals from the deep ocean are
to be successful in expanding resources and diversifying supply chains is still unclear. However, in
considering such unconventional resources the full life cycle impacts should be clearly assessed,

considered and debated with the public in order to identify clearly preferred and sustainable futures.

The work of the US Critical Materials Institute and other such organizations needs to be undertaken with
a global vision of international development and a willingness to work in partnership with countries who
might otherwise not be in political congruence with each other. The US National Science Foundation
already has an active office in Beijing and research collaboration through such conduits for rare earths

should be encouraged. Similarly, the strained relations between the United States and Bolivia could



benefit from a sincere willingness to cooperate on developing the Uyuni salt flats where the first pilot

processing plant has just started operations this year.

Such outreach should also be a prelude to a broader international treaty on mineral supply security that
fosters cooperation. Diplomatic capital should be invested in such a treaty for managing important
product minerals in synch with the efforts such as the recently agreed Minamata Convention on Mercury
which is focused on limiting the use of a polluting element (United Nations Environment Programme,

2013).

All planetary processes and indeed industrial development is ultimately dependent on elemental flows.
Inefficient harnessing of such resources dictated by nationalism can hamper global development and
deserves an international response. The most economically and ecologically efficient means of harnessing
these materials should be an international priority. Surely such essential resources that have the

potential to literally enlighten the world should be a means of catalysing cooperation rather than conflict.
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