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Characterizing and prioritizing critical mineral supply chain risks and potential
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From the nanoscale to the global scale, mineral commodities
form the foundation of every modern economy. While mineral
commodity dependencies are not new, the pace at which
technology has accelerated the use of certain elements of
the periodic table is unprecedented. Emerging technologies
including those required for renewable energy generation
and storage—such as electric vehicles, solar panels, and wind
turbines—are expected to require record quantities of a wide
variety of mineral materials.

While poised for large surges in demand, mineral commodity
supply chains have come under increasing strain over the
past few years. Continuing trends—including increasingly
concentrated global production, declining ore grades, and
limited end-of-life recycling—have recently been coupled
with heightened trade tensions, calls for resource nationalism,
persistent labor strikes, and the ongoing global pandemic to
bring global supply chains to a breaking point (Nassar and
Fortier, 2020). Several Executive Orders and recent legislation
in the United States have been passed to focus and accelerate the
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Federal Government’s actions to identify and address stressors
on these supply chains, which are increasingly recognized as
vital to national economic and security interests.

In this presentation recent and ongoing efforts on evaluating
mineral commodity supply chain risks and vulnerabilities
will be discussed, including a detailed description of the risk-
modeling framework utilized to quantitively evaluate the
mineral commodity supply chains that pose the greatest supply
risk to the U.S. economy (Nassar et al., 2020b). Specifically,
supply risk is defined as the confluence of three factors: the
likelihood of a foreign supply disruption, the dependency of
U.S. manufacturers on foreign supplies, and the ability of
U.S. manufacturers to withstand a supply disruption. Over 50
mineral commodities—several at multiple production stages—
are assessed for the years 2007 to 2018. The results for year 2018
across each of three components of supply risk—disruption
potential, trade exposure, and economic vulnerability—are
displayed in Fig. 1. The latest results identify gallium, niobium,
cobalt, and neodymium as the mineral commodities of greatest

Supply Risk
0 -

Fig.1. Assessment of mineral
commodity supply risk. The graph
shows the disruption potential
(horizontal axis), economic
vulnerability (vertical axis), trade
exposure (point size), and overall
supply risk (point shade) for various
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mineral commodities in 2018. For
some commodities, indicator scores
are rounded to avoid disclosing
company proprietary data. From
Nassar and Fortier (2021).
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concern (Nassar and Fortier, 2021). These results will be used
to revise and prioritize the U.S. Critical Minerals List. They
also form the basis for future work, which will look to not only
update the results on a regular basis but also enhance each
component of the supply risk modeling framework.

The presentation will also discuss recent work on improving
our understanding of U.S. import dependencies (Nassar et
al., 2020a). Results from that work indicate that although the
United States is highly dependent on imports from nonmarket
economies for only a small subset of mineral commodities
including the rare earths and several metalloids (Fig. 2), there
are several factors including indirect and embedded trade flows
and foreign ownership of mineral assets that may be masking
the extent of these dependencies.

Once a mineral commodity supply chain is identified as
high risk it is then important to determine how the risk can
be reduced. The concept of supply risk abatement wedges
will thus be introduced as a means by which different supply
risk abatement strategies—such as substitution, increasing
recycling, increasing primary production, and improving
manufacturing efficiencies—can be evaluated. When coupled
with demand and supply scenarios, this framework can help to

A. Domestic sources and partner countries

identify key gaps and opportunities at each stage of the supply
chain that exist today and that may occur in the future to provide
actionable recommendations to researchers and policymakers.

Nassar, N.T., and Fortier, S.M., 2020. U.S. Mineral supply
chain security in the age of pandemics and trade wars.
TheScienceBreaker, 06.
https://doi.org/10.25250/thescbr.brk421

Nassar, N.T., and Fortier, S.M., 2021. Methodology and technical
input for the 2021 review and revision of the U.S. critical minerals
list. U.S. Geological Survey Open-File Report 2021-1045, 31p.
https://doi.org/10.3133/0fr20211045

Nassar, N.T., Alonso, E., and Brainard, J., 2020a. Investigation of
U.S. foreign reliance on critical minerals—U.S. Geological Survey
Technical Input Document in Response to Executive Order No.
13953 Signed September 30. U.S. Geological Survey Open-File
Report 2020-1127, 37p.
https://doi.org/10.3133/0fr20201127

Nassar, N.T., Brainard, J., Gulley, A., Manley, R., Matos, G., Lederer,
G., Bird, L.R., Pineault, D., Alonso, E., Gambogi, J., and Fortier,
S.M., 2020b. Evaluating the mineral commodity supply risk of the
U.S. manufacturing sector. ScienceAdvances, 6, eaay8647.
https://doi.org/10.1126/sciadv.aay8647
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Fig. 2. Source of mineral commodities consumed in the United States. For selected elements of the periodic table, the estimated percent of
2018 U.S. consumption (in colour gradients) for the associated mineral commodities obtained from: a) domestic sources and partner countries,
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Nassar et al. (2020a).
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Critical Minerals Mapping Initiative: Geoscience for discovery
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3 United States Geological Survey, Virginia 20192, United States
* corresponding author: andrew.heap@ga.gov.au

Global technological advancement, fuelled by the goal
of sustainable development of a growing population, has
become reliant on a diverse suite of materials. Known as
critical minerals, many were of little economic interest until
recently and are at risk of supply. The global economy is now
responding to rapidly increasing demand by securing stable
long-term supply of these minerals. This pivot is an opportunity
for mining nations such as Australia, Canada, and the US to do
more by diversifying our resource base and adding value in
the process. However, the science underpinning critical mineral
discovery and development is not as well developed compared
to that supporting discoveries of resources that have been
mined for millennia (e.g., coal, iron, copper, zinc, and gold).

To reduce the supply risks for critical minerals, in December
2019, Geoscience Australia (GA), the Geological Survey of
Canada (GSC) and the United States Geological Survey (USGS)
formed the Critical Minerals Mapping Initiative (CMMI; Kelly,
2010; Emsbo et al., 2021; Kelly et al., 2021). The initiative
seeks to accelerate critical minerals geoscience by advancing
the understanding of critical mineral distribution, unravelling
the geological controls on critical minerals, and identifying new
sources of supply through mineral prospectivity mapping and

Critical
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resource assessment. Here, we review the key achievements of
the CMMI to date and highlight future directions.

Given many critical minerals are co- or by-products of
the extraction and processing of known resources, the initial
focus of the CMMI was to grow our empirical knowledge of
the distribution of critical minerals in ores. In June 2021, we
released the world’s largest Critical Minerals in Ores (CMiO)
database through a new online portal (http://criticalminerals.
org/; Fig. 1). The dataset combines 7,311 geochemical analyses
of mineralized samples from 60 countries, which represents
the complete holdings in the combined databases of GA,
USGS, and GSC (Champion et al., 2020). To enable mineral
system assessments, where possible, analyses are attributed
by deposit type using a new ore deposit classification scheme
developed specifically for this purpose (Hofstra et al., 2021).
This is the first classification scheme agreed to by the three
CMMI partners and, we posit, marks an important milestone
in standardizing mineral systems science. Ongoing efforts are
expanding the dataset to increase global coverage, cover more
deposit types, and improve the quality of analyses. Element
relationships within the database are being explored to advance
mineral systems knowledge. These advances are being used to
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identify new supply opportunities from sampled deposits, to
infer opportunities in unsampled deposits, and to infer critical
minerals in mine waste.

Building on insights from the CMiO database, the CMMI
partners are also seeking to reduce the risk of exploration
in new provinces by advancing mineral potential mapping
to enable mineral discovery and thereby a stable pipeline
of critical mineral projects. Our initial work is targeted on
sediment-hosted base metal mineralization with associated
critical minerals (e.g., Bi, Co, Ga, Ge, In, Sb). This is because
Australia, Canada, and the US are endowed with world-class
deposits of this type. Combining the expertise of the partners
has allowed us to review key criteria used in the exploration
for these deposits by assembling datasets spanning all three
countries and analyzing them using modern spatial analytics.
The results are improved machine- and knowledge-driven
mineral potential models spanning two continents, Australia
and North America, along with insights into the predictive
power of our data coverages. Next, we intend to test the
performance of our approach on different mineral system types.

Importantly, the CMMI is developing a shared foundation
on which to build new knowledge of mineral systems. The
search and development of critical minerals is being advanced
through the mineral systems approach, which provides an
holistic framework for integrating key geological processes
leading to deposit formation and shaping its development.
The test of our advancements will be the improved success
rate of the minerals exploration industry and discovery of new
deposits. We therefore make our information freely available,
and the portal provides an up-to-date collation of our outputs.
We engage industry at conferences and workshops organized
through professional associations.

Champion, D., Raymond, O., Huston, D., Sexton, M., Bastrakov, E.,
van der Wielen, S., Butcher, G., Hawkins, S., Lane, J., Czarnota,
K., Schroder, 1., McAlpine, S., Britt, A., Lauziére, K., Lawley, C.,
Gadd, M., Pilote, J-L., Haji Egeh, A., Létourneau., F., Granitto, M.,
Hofstra, A., Kreiner, D., Emsbo, P., Kelley, K., Wang, B., Case,
G., Graham, G., and Lisitsin, V. Critical minerals in ores - web
map service
https://services.ga.gov.au/gis/critical-minerals/wms

Emsbo, P., Lawley, C., and Czarnota, K., 2021. Geological surveys
unite to improve critical mineral security Eos, 102.
https://doi.org/10.1029/2021EOQ154252

Hofstra, A., Lisitsin, V., Corriveau, L., Paradis, S., Peter, J., Lauziére,
K., Lawley, C., Gadd, M., Pilote, J., Honsberger, 1., Bastrakov, E.,
Champion, D., Czarnota, K., Doublier, M., Huston, D., Raymond,
0., van der Wielen, S.E., Emsbo, P., Granitto, M., and Kreiner,

D., 2021. Deposit classification scheme for the Critical Minerals
Mapping Initiative Global Geochemical Database. U.S. Geological
Survey OpenFile Report 2021-1049, 60 p.
https://doi.org/10.3133/0fr20211049

Kelly, K.D., 2020. International geoscience collaboration to support
critical mineral discovery. U.S. Geological Survey Fact Sheet
2020-3035.
https://doi.org/10.3133/£520203035

Kelley, K.D., Huston, D.L., and Peter, J.M., 2021. Toward an
effective global green economy: The Critical Minerals Mapping
Initiative (CMMI). Society for Geology Applied to Mineral
Deposits Newsletter, 48, 1-5.
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Critical, specialty, magnet, battery, and photovoltaic materials: Key factors for responsible
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! British Columbia Geological Survey, Ministry of Energy, Mines and Low Carbon Innovation, Victoria, BC V8W 9N3, Canada
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SRDH Building Sciences Inc., Victoria, BC V8T 1Z4, Canada
4Geological Survey of Canada, Sidney, BC V8L 4B2, Canada
acorresponding author: george.simandl@gov.be.ca

Raw materials are essential for the global economy, improving
our quality of life, and the national security of industrialized
countries. With positive forecasts for electric vehicle market
growth, in addition to the global focus on alternative energy
sources and the reduction in greenhouse gas emission, we are
facing a level of change comparable to the 1766-1840 industrial
revolution. Opportunities in innovation, investment, mineral
exploration, and the development of new deposits and supply
chains abound. However, constraints on these opportunities,
and the practical ramifications of the overlap of ‘critical’,
‘specialty’, ‘battery’, ‘magnet’ and ‘photovoltaic’ materials
should be recognized.

The c‘critical material’ field (Fig. 1) combines results of
the criticality studies conducted by the U.S. Department of
the Interior (2018) and the European Commission (2020).
To reduce supply risks, governments and major corporations
are encouraging the development of critical material deposits
and related supply chains through economic stimuli, long-
term contracts, joint ventures, and vertical integration. This
represents excellent opportunities for explorationists. However,

Fig. 1. Overlapping material categories. The terms ‘critical’,
‘specialty’, ‘battery’, ‘magnet’, and ‘photovoltaics’ as used by
manufacturers, explorationists, environmentalists, banks, and
governments (e.g., Co belongs to specialty, critical, battery, and
magnet categories). From Simandl et al. (2021).
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it may result in the development of deposits that would be
deemed sub-economic if the World Trade Organization’s rules
were followed.

Materials, including those perceived as critical, with a global
annual production of less than 200,000 tonnes are referred to
as ‘specialty’. Examples are Ta (in capacitors and steel alloys),
REE (e.g., Nd and Dy in high-intensity magnets), Nb, W, Be,
and Sc (as alloying agents). In the long term, energy-related
market growth rates for graphite, Li, Co, In, V, Ni, Ag, and Nd
(Fig. 2a) appear bullish. However, to maintain objectivity, such
projections must be considered in conjunction with the market
projections expressed in tonnes (Fig. 2b) and the size of the
current market base.

The term ‘battery material’, as used today by exploration
companies, refers to Li, Co, Mn, V, Ni, and graphite,
disregarding materials used in lead—acid, nickel-cadmium
(NiCd), nickel-metal hydride (NiMH), and other older battery
technologies still in use. The automotive industry relies mainly
on Li-ion batteries where the anode consists of graphite or
other carbon-based materials (= minor silicon). Layered LiMO,
cathodes, where M consists of a combination of Co, Ni, Al,
and/or Mn are the most popular. Non-layered cathode varieties
(e.g., lithium—iron—phosphate) are less common.

In the future, stationary energy storage systems used as
emergency backups, and for dealing with the intermittent nature
of renewable energy sources may rival the raw materials needs
of the automotive industry. However, because low-energy
density is not an issue, several non-lithium systems (e.g.,
vanadium redox flow, lead—acid, nickel-cadmium, nickel-metal
hydride, and high-temperature batteries such as sodium—sulfur
and sodium—nickel-chloride) have the potential to compete
with Li-ion batteries for this market segment.

Today, the term ‘magnet materials’ refers to materials used in
REE (NdFeB) magnets, such as neodymium (Nd), dysprosium
(Dy), and less commonly terbium (Tb), praseodymium (Pr) and
Co, omitting materials used in mainstream ferrite-type magnets
and niche magnet technologies such as AINiCo magnets. REE
magnets are used in motors for electric vehicles, wind turbines
and a variety of portable electronic equipment. The high risk of
supply disruption in the global REE market keeps governments,
manufacturers, exploration companies, and investors interested
in REE deposits, related supply chains, REE recycling, and
intensive research for the development of substitutes for REE
magnets.


https://www2.gov.bc.ca/gov/content/governments/organizational-structure/ministries-organizations/ministries/energy-mines-and-petroleum-resources
mailt;george.Simandl@gov.bc.ca
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Fig. 2. Material demands based on projections for energy
technologies in 2050 assuming a 2 degrees scenario as defined in the
International Energy Agency (2017) report. a) Shown as a percentage
of 2018 global production (U.S. Geological Survey, 2020). b) Shown
in million tonnes. Modified after Hund et al. (2020).

Solar energy alone could provide enough energy to exceed
the needs of the Earth’s entire human population. The main
materials used in photovoltaic cells are Si, Ge, Ga, In, and Te
(Fig. 1). Recent improvements in photovoltaic technology have
reduced the cost of solar energy. As a result, the cumulative
global capacity of photovoltaic installations reached an energy
generating capacity of 518 GW in 2018 (Heath et al., 2020).

The markets for energy-related (battery, magnet, and
photovoltaic) materials are expanding and represent long-term
exploration and development opportunities. Projects targeting
these materials are considered essential for greenhouse gas
reduction, may benefit from government stimuli, and are
supported by society. Fields identifying battery, magnet,
photovoltaic, critical and specialty materials overlap. These
overlaps represent promotional opportunities (e.g., Co-bearing
deposit may be referred to as a potential source of battery,
magnet, or critical materials depending on the prevailing
political climate and investors’ sentiments). However, in
the short term, materials within the specialty material field
(Fig. 1) do not benefit from economies of scale and, unless
backed by governments or manufacturers, developing
deposits of these materials hinges on a variety of technical
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parameters including simplicity of metallurgical processes
(Simandl et al., 2021). This, and the size of the current
market, must be factored into project rankings, exploration
program designs, and corporate and government policies.
Potential technological breakthroughs, material substitutions,
geopolitical changes, new mineral discoveries, and recycling
efforts must be continuously reassessed. Furthermore, to avoid
misallocation of financial resources, particularly in the case
of specialty materials, the current market base for a targeted
commodity must be considered before designing exploration
programs, ranking projects, developing new deposits and
supply chains, and decision-making by government.
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Lithium deposits: From magmas to playas
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Lithium forms economically interesting concentrations
in a wide variety of geologic environments that fall along a
spectrum from igneous rocks and their weathered products to
playas. At the deepest and hottest end of this spectrum are roof
zones of some peraluminous S-type granites such as the late
Variscan intrusions of northern Europe. Lithium concentrations
in parts of these granites in the Cinovec (Erzebirge, Germany-
Czech Republic) and Cornwall (England) regions can reach
1 to 2 wt%. Complex mineralogy is an impediment to direct
recovery of lithium, although various water-rock extraction
methods are being considered.

Next lower in the temperature spectrum are lithium-rich
pegmatites in which the most common lithium minerals
are spodumene (3.73 wt% Li) and petalite (2.27 wt% Li).
Processing to release lithium from these minerals involves
heating to at least 700°C and acid leaching. Important
present and past producers include Greenbushes (Australia),
Jiajika (China), Kings Mountain (USA) and Tanco (Canada).
Pegmatites commonly form clusters or groups, some of which
are associated with a parent igneous intrusion that is usually
peraluminous, S-type granite. In most pegmatite fields with
a recognizable parent intrusion, lithium-rich pegmatites are
farther from the source intrusion than barren pegmatites and are
considerably less numerous. Pegmatite formation temperatures
of 450°C or less provide further support for this distal relation.
Most individual lithium pegmatites form lenses only a few 10s
of m wide and 100s of m long, although a few are an order of
magnitude larger. Pegmatite grain sizes vary from extremely
coarse (m) to fine (mm) scale, and compositional zoning is
common, both bulk and individual mineral. Lithium contents
of different pegmatite zones vary considerably. For example,
at Tanco, two zones making up ~14% of the total pegmatite
contain almost all recoverable lithium, whereas at Kings
Mountain, pegmatite bodies show little variation in grain size
or lithium content. Unzoned pegmatites are generally finer
grained than their zoned cousins, a feature that has not been
completely explained. Most lithium pegmatites average less
than 1 wt% Li and contain 0.1 to 1 Mt Li, although Jiajika and
Greenbushes are considerably larger and preliminary estimates
suggest a higher average grade for Plumbago (Fig. 1).

Lithium is also enriched in some clays and other diagenetic
and low-temperature, hydrothermal minerals, hosted largely
by altered rhyolitic volcanic rocks and tuffaceous sediments.
The mineral host for lithium in these deposits ranges from
polylithionite, hectorite and tainiolite, in which lithium is in
the crystal structure, to other smectite, illite and zeolite-type
minerals with adsorbed or exchangeable lithium. Jadarite,
the principal ore mineral at the Jadar deposit (Serbia), also
contains boron, which is commonly enriched in these deposits.
Recovery of lithium from most of these mineral settings
requires heating and acid leaching, usually to temperatures of
a few 100°C, considerably less than for pegmatite minerals.
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Fig. 1. Grade-tonnage relations for the three main types of lithium
deposits (including the bulk and lithium-rich parts of the Tanco
pegmatite). Tonnage of brine deposits represents only the mass of
the brine and does not include enclosing rocks. Shaded zone, which
shows the range of Li content of spodumene, provides an upper limit
on the possible grade of pegmatite deposits.

Many of these deposits are closely associated with rhyolite
calderas, commonly as tuffs, moat sediments, or adjacent
lakes. Lithium in most of the deposits was probably introduced
by circulating fluids during late stages of caldera or related
volcanic evolution, although at least some of the host rocks
might have been enriched in lithium originally. Most lithium-
clay deposits average less than 0.35 wt% Li and contain 0.2 to
0.8 Mt Li, although Jadar averages 0.78 wt% Li.

Lithium-rich brines and other waters are found in oil fields
(Smackover), geothermal zones (Salton Sea) and especially
playas. Processing of brines to recover lithium originally
involved sequential precipitation through evaporation,
although newer methods involving absorbents, ion exchange,
nanofiltration, and solvent extraction are being applied.
Complications can be caused by other dissolved elements
such as magnesium, which varies in concentration with the
abundance of mafic rocks in the drainage area. The largest and
highest-grade lithium-bearing brine deposits are found in playas
that occupy closed basins where evaporative concentration of
incoming waters has been enhanced by long-term, continuous
subsidence, usually of tectonic origin. The most important of
these closed basins are in the Andean Plateau of South America
(northwest Argentina, northern Chile and southwestern
Bolivia) where the basins are known as salars, and the Qaidam
Basin of China. Rhyolitic magmas and rocks, including tuffs
and other sediments, are the source of lithium in almost all
of these deposits. In the Andean Plateau, rhyolites of the La
Pacana caldera, including the Atana ignimbrite (490 ppm Li),
contained enormous amounts of lithium, much of which was
released into the Atacama basin by meteoric water leaching. In
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salars with a less arid history, like Uyuni and Olaroz-Cauchari,
brine is hosted by porosity in siliciclastic sediment that is
interlayered with evaporites, whereas in regions with a more
arid history (e.g., Atacama), brines are halite saturated and
are hosted largely by porosity in a central layer or nucleus of
halite. Most brine deposits average about 100 to 1500 mg/L
Li, with significant internal variation, and contain considerably
less than 1 Mt Li, although Atacama, Uyuni and Zhabuye are
larger. Recovery of brines (and therefore lithium) from these
deposits is complicated by the dynamic nature of the brine and
compartmentalization of reservoirs, and can be lower than for
rock-hosted deposits.

Central to estimates of global lithium resources is the
question of whether current lithium resources are associated
with unusually lithium-rich rocks. The best information comes
from South America where the lithium salar region overlaps
the Central Volcanic Belt (CVB). The CVB has higher lithium
concentrations than other parts of the Andean volcanic belt
and it overlies the thickest crust, reflecting a global correlation
between lithium concentrations in felsic magmas and coeval
crustal thickness. However, Paleozoic basement rocks in
the CVB are enriched in lithium and appear to have been
assimilated by the CVB volcanic magmas, leaving open the
question of how many stages are required to make a truly good
lithium-rich province.
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Cobalt has historically been produced as a by-product of
copper or nickel mining but increasing demand due to battery
production is placing attention on developing new deposit
models. Just over 60% of the world’s cobalt comes from the
Central African Copperbelt where carrollite and the weathering
product heterogenite are the primary cobalt mineral species.
Cobalt is not known to be a major constituent of any other major
sedimentary rock-hosted stratiform copper districts, most of
which produce copper and silver. Interestingly, the deposits in
the Copperbelt are almost all uniformly low in silver. Although
hydrothermal nickel deposits are also present in some portions
of the Copperbelt, these deposits do not contain significant
cobalt, and the cobalt-rich Copperbelt deposits do not contain
nickel. The reason for the Copperbelt’s enrichment in cobalt
and paucity of silver is an active area of research. It is likely
that the cobalt in the Copperbelt was ultimately sourced from
mafic/ultramafic rocks in the basement or basal rift fill of the
basin.

Magmatic sulphide ore deposits are typically endowed with
cobalt as a by-product element recovered to nickel concentrates
in the form of cobalt-bearing pentlandite. The contact- and
offset-related Sudbury ore deposits have an average Ni/Co
ratio of 25 with higher Ni/Co in Footwall-style deposit (42-
145) where Co-poor millerite is the principal nickel-bearing
sulphide. Ultramafic-related ore deposits like Thompson also
exhibit a range in Ni/Co ratios; disseminated sulphides and
breccia ores like those found at Birchtree have Ni/Co~25
whereas the metasediment-hosted Thompson deposit sulphides
have much higher and more variable Ni/Co (40-120). The
range in Ni/Co at Voisey’s Bay is quite narrow, but there are
systematic differences between the Ovoid (15) and the Eastern
Deeps (18). Differences in Ni/Co ratio within and between
magmatic sulphide ore deposits are partially explained by
variations in the metal ratios in the parental magma, partitioning,
and magma/sulphide ratio, but the proportion of flame-granular
pentlandite, and the processes of sulphide fractionation are
also key controls. Magmatic sulphide ore deposits typically
have cobalt grades in the range 0.08-0.28% Co, but by-product
production of cobalt from these types of deposit is well in
excess of 1 million tonnes.

Nickel laterite ore deposits break out into saprolites and
limonites with a global average Ni/Co~23. The proportion
of Co relative to nickel is much higher in laterite deposits
that contain Co-rich asbolane. Laterites developed in humid
climates like Sorowako and New Caledonia are characterised
by saprolites with Ni/Co~30 and more Co-rich limonite with
Ni/Co~12. Laterites developed in dry climates like Western
Australia have saprolites with Ni/Co~20, nontronite clays with
Ni/Co~15, and limonite with Ni/Co~6. The diversity in ratio
is largely a direct consequence of the processes of enrichment/
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depletion occurring in the laterite profile as a function of the
weathering process. The global resource base of laterite in
Indonesia, New Caledonia, and the Philippines accounts for the
bulk of the higher-grade deposits that are developed at surface
and processed by a wide range of metallurgical methods that
produce either cobalt metal or cobalt-bearing nickel pig iron.

Cobalt is the primary metal produced from the Bou Azzer
copper-gold deposit in Moroc