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ABSTRACT

Critical metals are integral to mineral deposits that formed periodically over thousands to
millions of years and are thus non-renewable resources. They are extremely rare with mines
representing much less than 1% of the Earth’s land surface. Due to an almost 10 times in-
crease in world population since the Industrial Revolution, economic geologists have iden-
tified that there are finite resources of critical metals that can be mined economically with
these facing exhaustion in an increasingly technological civilization. This threat is exac-
erbated by Net Zero policies which have increased use of critical metals for clean energy
technologies. At present, demand is exceeding supply for some critical metals, rapidly lead-
ing to global geopolitical tensions that are further aggravated by the heterogeneous global
distribution of metal deposits mineable under current economic, social, and environmen-
tal constraints. Western countries, the most committed to reach Net Zero by 2050, lack
the stable supply chains for critical metals to manufacture solar panels, wind turbines, and
electrical vehicles and are losing the energy security to manufacture them. The increasing
demand over supply has led to unprecedented rises in the prices of Cu, Ag, Au, and other
metals. Survival of modern industrialized civilization requires conservation of critical metals
via commercial recycling. Increased metal prices may allow lower grade ores from greater
depths to be mined from existing mining leases, but these will require increased energy to
exploit metals with increased waste an additional environmental issue.
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Research Highlights

• Currently demand exceeds supply for some critical metals, rapidly leading to global geopolitical tensions.

• Survival of modern industrialized civilization requires conservation of critical metals via commercial recycling.

• Increased energy to exploit metals with increased waste poses additional environmental issue.

• Humanity is at a critical energy crossroads which needs rapid resolution.

1. Introduction: Nexus between Metals and Conflicts

There has been growing global demand for criti-
cal metal resources due to the world’s continued pop-
ulation growth and the proclaimed green energy transi-
tion with the objective to replace fossil fuels by mainly
wind and solar energy while retaining or increasing hy-
drogen and geothermal energy [1–6] as summarised in
[7]. Additionally, critical metals are essential commodities
for the military and defence industry in the manufacture
of high-tech equipment and weapons. Rare critical met-
als such as U and W are also essential components for
armour-penetrating kinetic energy ammunition, whereas
rare-earth elements (REE) and critical trace metals such
as In and Cd are key materials in the manufacture of elec-
tronic and GPS equipment, stealth technology, and radar
absorbent coatings for military applications [8–13]. Pre-
cious metals such as Au and Ag are not only required in
the electronic and aeronautical industries, but are also in
increasing demand in International Finance as strategic
hedges to offset devaluing of currencies due to inflation,
economic crisis, and/or geopolitical tensions [7].

However, critical metal resources are limited in avail-
ability due to their heterogeneous distribution between dif-
ferent countries and competing political blocks such as
BRICS and the USA protection alliances [5, 14–16]. More
specifically, the global geological reserves of critical met-
als including Cr (80 vol%), Pd and Pt (both 64 vol%) are
restricted to South Africa, over 65 vol% of global geologi-
cal Co reserves are restricted to the Democratic Republic
of Congo, and the largest global geological reserves of Cd
(42 vol%), In (73 vol%), REE (70 vol%), and W (58 vol%)
are located in China [13]. The inhomogeneous distribution
of global metallic mineral resources [15, 17–19] has impor-
tant strategic and geopolitical implications.

The supply chains for critical metals are threatened
by their natural scarcity, their heterogeneous geographi-
cal distribution, and their current lack of substitution or re-
cycling at acceptable cost. In 2026, commercial recycling
and related organizational activities are still in their infancy
[4, 20, 21] and the mining and exploration industries are
severely restricted by increases in environmental and hu-
man rights issues, and sovereign risks [7, 14, 22]. The
UNEP report on recycling rates indicates that the recov-
ery rate in the EU of critical metals such as Li from ex-
isting Li-ion batteries is still <5% [23, 24]. Importantly, if a
sustainable circular economy is to be developed both recy-

cling at industrial scale and global mineral exploration are
essential in order to secure a sufficient supply of critical
metal resources for an increasingly energy-hungry society
[6, 13, 15]. At current consumption rates, the dilemma of
lack of the above essential factors raises severe geopo-
litical issues and potential supply risks for several critical
metals at least in the mid- term and beyond [5, 14, 16, 25–
27].

2. Rise to Criticality of Critical Metals and Geopolitical
Development

As an example of the historical strategic importance
of metals, the Swedish Baltic Empire was built largely on
its superior trade networks and metallurgical processes in
steel production [28], manufactured from iron mined from
the giant Kiruna-type magnetite ores [29]. The German in-
vasion of Denmark and Norway during World War II was
intended to isolate these strategic iron ores of neutral Swe-
den from the western allies [30]. Previously, even after
World War I, iron and coal continued to play a geopo-
litical role with Alsace Lorraine on the Franco-German
border ceded alternately to France and Germany three
times before World War II [15]. After the end of World
War II, humanity divided into two major geopolitical blocks,
NATO and Warsaw Pact, with increasing geopolitical ten-
sions and strategic rivalries among them also known as
the ‘Cold War’. During this period, on 19 December 1973,
U.S. Senator Walter Mondale called for the creation of a
National Shortages Board to identify and cope with po-
tential shortages of essential critical materials [31, 32] in
order to ensure secure supply chains for the U.S. indus-
try and also in response to the U.S. Senate approving the
disposal of substantial quantities of Al, Cu, Zn, and Mo
from the countries strategic national stockpiles just one
day before. However, the geopolitical situation dramatically
changed again with the fall of the Berlin Wall in October
1989, resulting in the sudden end of the Warsaw Pact.
This event initially led to a period of geopolitical relax-
ation and almost a feeling of near invincibility of the people
in many western countries, with some contemporary aca-
demics prematurely proclaiming the “end of history” [33].
However, history went on and most recently the world be-
gan to split again into competing political blocks such as
the USA protection alliances (Figure 1a) and BRICS (Fig-
ure 1b). Additionally, the continued rise of world popula-
tion as well as technological developments, including the
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advent of high-tech devices such as computers, laptops,
and smartphones met with the gradual depletion of mine-
able high-grade mineral resources [7, 34]. In combination,

these processes triggered an increasing global competi-
tion for free access to metallic mineral resources by major
power groups including BRICS, EU, and USA [7, 15].

Figure 1. (a) Geographical overview of the USA Protection Alliances; (b) Geographical overview of the BRICS States.
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Additionally, rising geopolitical concerns on the poten-
tially ‘catastrophic’ effects of climate change have led to
the so-called ‘green energy’ transition [35, 36] and the de-
velopment of ’Net Zero’ policies proclaimed by the United
Nations Framework Convention on Climate Change. The
policy of reducing greenhouse gas emissions to Net Zero
by 2050 was accepted and adopted by 196 Parties in the
landmark Paris Agreement during the UN Climate Change
Conference (COP21) in Paris, France, on 12 December
2015. The adoption of green energy by global societies

aims to reduce their dependence on fossil-fuel energy re-
sources through use of cleaner industrial production tech-
nologies [37] and manufacture of wind turbines, solar pan-
els, and electric vehicles [6, 7, 38]. Importantly, the latter
causes a dilemma as the production of clean energy de-
vices consumes large quantities of critical metal resources
as illustrated in Figure 2 [7, 15]. At the same time, recent
studies point out the challenge of an increasing electric
power demand to fuel modern supercomputer centres for
A.I. applications [39–41].

Figure 2. The use of critical metals for the manufacture of: (a) Electrical vehicles; (b) Wind tur-
bines; (c) Solar panels; and (d) Smartphones. (a) modified from [42]; (b) from [43]; (c) from
https://x.com/theminingstory/status/1385238107583361028; and (d) from [44] and [45]. Critical metals are shown
in different colours depending on their average crustal abundance, see also [7]: abundant metals with >100 ppm
(purple), scarce metals with 10–100 ppm (orange), rare metals with 1–10 ppm (yellow), trace metals with <1 ppm (light
green and grey), and precious metals (blue), respectively.
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More recently, the terms ‘critical minerals’ and ‘critical
metals’ have become increasingly used for those metallic
mineral resources which are involved in the manufacture
of the so-called ‘clean energy’ instruments (Figure 2), al-
though, in contradiction of intent, most wind turbines and
solar panels have been constructed using conventional en-
ergy provided from coal, hydrocarbons, and nuclear reac-
tors [5, 7, 38]. Frank et al. [46] define ‘critical minerals’ as
those that are vulnerable to disruption, especially during
periods of global geopolitical tensions. The ‘criticality’ of
those metallic mineral resources is defined by their global
scarcity, the potential for disruption of their supply chains,
and the ability to exploit them commercially within dictated
environmentally responsible constraints [38].

3. Systematic Inventory of Critical Metals

The geopolitical role of resources of critical metals is
based on their use as critical commodities for industry and
military, their natural scarcity, and their heterogeneous dis-
tribution between different countries. A systematic inven-
tory of critical metals is provided by Tables 1–5, in which
the nature of ore mineral, major hosting types of mineral
deposits, main global producers, and main industrial uses
are given for abundant, scarce, rare, precious, and trace

critical elements. Supply risks are qualitative due to un-
certainties relating to geopolitical issues discussed below.
Figure 3 complements these Tables by illustrating the loca-
tion of the most significant metallic mineral systems world-
wide. Note that the highly industrialized EU and Scandi-
navian countries lack the required stable supply chains to
provide them with critical metal resources. In contrast, the
majority of the global geological metal reserves such as Cr
(80 vol% South Africa), Co (65 vol% Democratic Republic
of Congo), Mo (40 vol% China), PGEs (>60 vol% South
Africa), REEs (70 vol% China), and W (58 vol% China)
are concentrated in three countries resulting in strategic
geopolitical imbalances (Figure 3). More specifically, the
increasing demand for, and the heterogeneous distribution
of, critical metal resources have the potential to lead to
supply risks, trade wars, or even severe physical deple-
tion in the near future. Hence, the rise of two major com-
peting political and economic blocs such as the BRICS
states (Brazil, Russia, India, China, South Africa) and the
USA protection alliances countries, that importantly in-
clude Australia, Canada, Chile, Japan, Peru, and South
Korea, is of geopolitical concern. Additionally, the increas-
ing demand for critical metals due to Net Zero policies
and the green energy transition further raise the severity
of these geopolitical issues [7].

Table 1. Ore minerals, Deposit types, Main producers, Supply risk, and Main industrial uses of abundant critical metals.
Deposit types are shown in broad order of current importance based on incomplete data. Relative importance may vary
significantly with historical major deposit types being supplanted by others with advent of improved mining technologies.

Metal Ore
Minerals Deposit Type Major Producers Supply Risk Main Industrial

Use

Al Gibbsite Bauxite
China (BRICS) sourced

from Guinea and
Australia

Moderate Construction,
Aeronautics

Ti Ilmenite Layered intrusion, Beach
sands

China (BRICS),
Mozambique, South

Africa (BRICS)
Moderate Steel, Alloys,

Pigment

V V-rich
magnetite Layered intrusion China, Russia, South

Africa (BRICS) Moderate Steel, Alloys

Cr Chromite Layered intrusion,
Podiform South Africa (BRICS) Very high Steel, Alloys

Mn Braunite,
Kutnahorite Mn-rich BIF South Africa (BRICS) Moderate Steel. Alloys

Fe Hematite,
Magnetite BIF Australia (US Alliance),

Brazil (BRICS) Low Steel,
Construction

Zr Zircon Beach sands Australia (US Alliance),
South Africa (BRICS) Low Computer,

Television

Ba Barite Hydrothermal veins India, China (BRICS) Low Semiconductors,
Drilling muds

C Graphite Graphite schists China (BRICS),
Madagascar High

Lubricant,
Electrodes,
Graphene
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Table 2. Ore minerals, Deposit types, Main producers, Supply risk, and Main industrial uses of scarce critical metals.
Deposit types are shown in broad order of current importance based on incomplete data. Relative importance may vary
significantly with historical major deposit types being supplanted by others with advent of improved mining technologies.

Metal Ore
Minerals Deposit Type Major Producers Supply Risk Main Industrial Use

Ni Pentlandite,
Garnierite

Mafic intrusion,
Laterite

Indonesia, Philippines
(US Alliance) Moderate Fertilizer, Batteries,

Anti-corrosion

Cu Chalcopyrite,
Bornite

Porphyry-,
Zambian-type, IOCG Chile, DRC, Peru Moderate

Automobiles,
Electronics, Green

energy

Zn Sphalerite SEDEX, MVT, BHT China (BRICS), Australia
(US Alliance), Peru Low Batteries,

Galvanization

Pb Galena SEDEX, MVT, BHT China (BRICS), Australia
(US Alliance), USA Low Batteries, Plastic,

Green (solar) energy

Co Columbite,
Tantalite

Pegmatite,
Carbonatite Brazil (BRICS), DRC Very high Batteries, Magnets,

Alloys

Li Spodumene Pegmatite, Brine Australia (US Alliance),
Chile, China (BRICS) High Batteries, E-vehicles,

Alloys

Ga Diaspore,
Boehmite

Byproduct from
Bauxite China (BRICS) Very high

Semiconductors,
E-vehicles, Green
(hydrogen) energy

Table 3. Ore minerals, Deposit types, Main producers, Supply risk, and Main industrial uses of rare critical metals. De-
posit types are shown in broad order of current importance based on incomplete data. Relative importance may vary
significantly with historical major deposit types being supplanted by others with advent of improved mining technologies.

Metal Ore
Minerals Deposit Type Major Producers Supply Risk Main Industrial Use

Mo Molybdenite Porphyry-type China (BRICS), Chile (US
Alliance) Moderate Steel, Alloys,

Lubricant, Fertilizer

Sn Cassiterite Greisen China (BRICS),
Indonesia Moderate

Solder, Batteries,
Magnets, Green
(solar) energy

Cs Pollucite Pegmatite Canada, Australia (US
Alliance) High Optics, Green (solar)

energy, Drilling fluids

W Wolframite Skarn, Quartz vein China, Russia (BRICS) High
Steel, Alloys, Armor

plates, Magnets,
Green (wind) energy

PGEs Cooperite,
Sperrylite Layered intrusion South Africa, Russia

(BRICS) Very high Car exhaust catalysts,
Liquid crystal display

Sb Stibnite Veins, Carbonate
replacement China, Russia (BRICS) High Green (wind) energy,

Steel, Alloys, Bearings

Th Monazite,
Bastnäsite

Beach sands,
Carbonatite, Veins India, Brazil (BRICS) Moderate

Nuclear power,
Ceramics, Medicine,

Alloys

U Uraninite,
Pitchblende

Roll-front,
Unconformity types

Kasakhstan, Canada (US
Alliance) Moderate

Nuclear power,
Medicine, Chemical

industry

REEs Monazite,
Bastnäsite

Carbonatite, Ionic
clays, Beach sands China (BRICS) High

Batteries, Magnets,
Green energy, LED

lights
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Table 4. Ore minerals, Deposit types, Main producers, Supply risk, and Main industrial uses of precious critical metals.
Deposit types are shown in broad order of current importance based on incomplete data. Gold data from multielement
deposits are only accessible in individual mining company reports. Relative importance may vary significantly with his-
torical major deposit types being supplanted by others with advent of improved mining technologies.

Metal Ore Minerals Deposit Types Major Producers Supply Risk Main Industrial
Use

Au

Native gold,
Electrum, Gold-rich

Pyrite or
Arsenopyrite,

Acanthite,
Calaverite,
Sylvanite.

Orogenic,
Porphyry-Epithermal,
Placers, Carlin-type,
IOCG, Witwatersrand

China (BRICS),
Australia (US Alliance) Moderate

Finance, Jewelry,
Aeronautics,
Electronics,

Medicine

Ag

Argentite,
Polybasite,

Proustite, Native
silver, Silver-rich

Galena

Epithermal, Silver-rich
Pb–Zn veins

Mexico (US Alliance),
China (BRICS) Moderate

Finance, Jewelry,
Electronics,
Batteries,

Medicine, Green
(solar) energy

Table 5. Ore minerals, Deposit types, Main producers, Supply risk, and Main industrial uses of trace critical metals.
Deposit types are shown in broad order of current importance based on incomplete data. Relative importance may vary
significantly with historical major deposit types being supplanted by others with advent of improved mining technologies.

Metal Ore
Minerals Deposit Type Major Producers Supply Risk Main Industrial

Use

Se
Trace

element in
chalcopyrite

Byproduct in Porphyry
and VMS systems China (BRICS) Very high

Batteries, Glass
industry, Green
(solar) energy

Cd
Trace

element in
sphalerite

Byproduct in SEDEX and
MVT systems China (BRICS) Very high

Semiconductors,
Alloys, Batteries,

Transistors

In
Trace

element in
sphalerite

Byproduct in SEDEX and
MVT systems China (BRICS) Very high

Semiconductors,
Green (solar)

energy

Te
Au, Ag, and
base-metal
tellurides

Porphyry and Epithermal
systems

China (BRICS), Japan
(US Alliance) Very high

Semiconductors,
Green (solar)

energy
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Figure 3. World map showing the most significant mineral districts globally. The numbers 1 to 18 refer to the different
mineral systems. Different colors refer to abundant (purple), less abundant (red), scarce (orange), rare (green) and pre-
cious metals (black), based on their relative crustal abundance (see: [7]), respectively. 1 = Fe including Carajas and
Minas Gerais (Brazil), Pilbara (Australia), and Kiruna (Sweden); 2 = Ti, V, Cr at Bushveld, South Africa; 3 = Mn in
the Kalahari region (South Africa); 4 = Ni including Sulawesi (Indonesia, Voisey’s Bay (Canada), and Norilsk (Russia);
5 = Cu including the Atacama region (Chile); Katanga (DRC), Olympic Dam (Australia), Oyu Tolgoi (Mongolia), and
Peschanka (Russia); 6 = Zn including Red Dog (Alaska) and Broken Hill (Australia); 7 = Pb including Red Dog (Alaska)
and Broken Hill (Australia); 8 = Co at Katanga (DRC); 9 = Li including the giant ‘lithium triangle’ (Argentina, Bolivia,
Chile) as well as Greenbushes pegmatite (Australia); 10 = Mo including the Atacama region (Chile) and the North China
Craton (China); 11 = Sn including greisen systems at Gejiu (China); tin placers in SW-Pacific (Indonesia); 12 = 4 W
including northern Lhasa terrane and Zhuxi (both China); 13 = PGEs including Bushveld (South Africa) and Norilsk
(Russia); 14 = Sb Xikhuangshan district (China); 15 = U including Chu-Sarysu Basin (Kazhkstan) and Athabasca Basin
(Canada); 16 = REEs including carbonatites Bayan Obo (China) and Mountain Pass (USA), and heavy REE ionic clays
(China); 17 = Au including: giant orogenic gold systems in Muruntau (Uzbekisthan), Jiadong (China), Superior Province
(Canada), Yilgarn Craton (Australia), and Birimian sequences (West Africa); Carlin-type systems (Nevada, USA), ep-
ithermal systems at Yanacocha (Peru) and Lihir (Papua New Guinea); porphyry Au in Peschanka-Nakodhka cluster
(Siberia, Russia); 18 = Ag including Zaratecas (Mexico) and Xingmeng province (China).

4. Impact of Critical Metals Approaching Severe Deple-
tion/Exhaustion

Mainstream media barely ever question the concept
that climate change is induced by human activity in releas-
ing greenhouse gasses into the atmosphere that cause
global warming and extreme climatic events. However,
Groves et al. [47] demonstrate that climate change with
cyclic variations in global temperatures due to background
factors such as solar activity, orbital forcing, ocean circula-
tion, and greenhouse gases has occurred over geological,
anthropological, and human timescales with rapid catas-
trophic changes essentially mainly related to sudden large
volcanic events. Given this natural variation, it is uncer-
tain how much human activity is actually impacting the
climate, although massive increases in human population

and their migration into geographically vulnerable areas
means that extreme climatic events have greater impact on
them. Mainstream media also rarely question the related
concept that human-impacted climate change is threaten-
ing the life chances of millions of animal and plant species
around the world. However, a recent scientific report from
the United Kingdom Royal Society reveals that species-
level extinctions related to climate change “have not sig-
nificantly increased over the last approximately 200 years”
[48, 49]. Additionally, it documents that decadal extinction
rates over the last 100 years had “significantly declined” for
arthropods and plants, the two groups of organisms en-
compassing most known global biodiversity. Overall, the
report reveals that extinction rates have increased over
the last 500 years, “but generally declined in the last 100
years” [48, 49].
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Although largely ignored by politicians and the me-
dia, there have been increasing warnings from researchers
that resources of critical metals in currently mined de-
posit types and at current ore grades are rapidly declin-
ing. Some researchers believe that some specific critical
metals may even be exhausted by 2050, which is simply
the end of only the first of an infinite series of rounds of
Net Zero climate remediations to achieve long-term Net
Zero [14, 25, 50]. Based on current indicators, it is un-
likely that these ‘clean energy’ resources can be rapidly
replaced through mineral exploration as the host deposits
are at increasingly deeper crustal levels and normally con-
cealed by thick regolith and young sedimentary cover se-
quences [7, 51, 52]. Hence, future greenfield exploration
has to overcome severe challenges, and any new discov-
eries will be more expensive to mine [52]. More specifically,
future exploration success is challenged by the risk-averse
nature of most mining companies, strict environmental and
indigenous population issues, as well as a negative public
perception of mining and hydrocarbon extraction in most
western societies [7, 53, 54] despite our civilization being
largely based on the products of such activities. Addition-
ally, the economic recovery of the majority of critical met-
als from recycling is still in its infancy, at least at industrial
scale, with the exception of aluminium and the precious
metals [4, 6, 13, 21].

The future challenges to secure stable supply chains
for metallic mineral resources are already reflected by

sharply rising metal prices at COMEX and the London
Metal Exchange (Figure 4). The price of Cu rose al-
most 38% during 2025 and soared to new records above
US$13,000 a metric ton in early-2026 [55]. During the
same period, Ag rose from a steady state of <US$10
to approximately US$100 in early 2026 with further rises
likely as China has decided to restrict its Ag exports
[56, 57] although the price has temporarily fallen to US80$
per oz in the month since Figure 4 was drafted. However,
it should be noted that precious metals such as Au and Ag
do not only represent essential commodities in the global
electronics and aviation industries, but they are also in-
creasingly used in International Finance by Federal Re-
serve Banks and private Hedge Funds to hedge their port-
folios against the risks of inflation or geopolitical tensions,
as previously discussed by Müller et al. [7]. More specifi-
cally, recent studies document a significant relationship be-
tween geopolitical risk and bubbles in gold [58] and silver
[59–61] prices.

As briefly outlined above, based on current trends, the
mineral exploration and mining industry is hard pressed
to deliver new conventional mineral discoveries for short-
term mine development, particularly enhanced because of
extended delays between discovery and exploitation [52].
Thus, lower grade deposits must be exploited with even
further rises in metal prices with growing demand causing
further increases in energy both for the mining and metal-
lurgical treatment of metallic ores [62, 63].

Figure 4. Schematic chart illustrating the price variations of copper (blue), gold (orange), and silver (green) between
2021 to early 2026. Copper price in US$ per pound and Au and Ag prices in US$ per ounce. Data are taken from [64]
so are valid for the first week in February 2026.
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5. Rise in Geopolitical Tensions

The global rise in geopolitical tensions with empha-
sis on the access to metallic mineral resources is not only
reflected by the Russian ‘Special Operation’ in the mineral-
rich Donbas region of Ukraine [65] (Figure 5), but also
by the signing of an energy and critical minerals agree-
ment between the U.S. and Ukraine. This new agreement
will allow the U.S. to share in future revenue earned from
Ukraine’s critical mineral reserves [66].

Another recent example of rising geopolitical tensions
is reflected by the border dispute between the Demo-
cratic Republic of Congo (DRC) and Rwanda [67]. The
DRC controls the largest Co reserves on Earth, with both
the DRC and Rwanda highly endowed with Co-Ta (so-
called ‘coltan’) resources along their border. However, re-
lations between these the DRC and Rwanda had long
been strained by conflict between armed groups along the
eastern border of the DRC, where there are long-lived
political tensions [67]. This long-lasting political instabil-
ity in the DRC had even caused the temporary closure of
mines elsewhere in the country and resulted in supply de-
lays severely affecting battery production for E-vehicles,
among other issues [15]. However, under the guidance of
the Trump Administration, an uneasy peace deal has even-
tually been struck between both countries [67, 68]. In this
context, it is also interesting to note that EU countries such
as Germany are still generously donating development aid
to the DRC, whereas China is executing an increasingly
strategic plan involving the building of critical infrastructure
projects including ports, roads, rail, and power generation
[15]. Cobalt is critical for numerous ‘clean energy’ enter-

prises and geopolitical tensions are bound to increase due
to the dominance of the DRC in global Co resources.

Nickel, another critical metal with widespread use
in the clean energy transition, illustrates the geopoliti-
cal forces at play for metals whose demand may soon
exceed demand [69]. Nickel has traditionally been pro-
duced in smelters fed from Ni–Cu sulfide ores accessed
from more labour-intensive underground mines in Canada,
Russia, and Australia in particular. Meanwhile, there has
been lesser production from rare metallurgically and en-
vironmentally friendly supergene deposits, such as those
in New Caledonia, which are generally lumped under the
term lateritic Ni deposits. However, Chinese mining com-
panies have recently constructed lower cost high pressure
acid leach treatment plants for lateritic Ni ore in Indonesia
in order to replace high-cost Ni from Ni-sulfide deposits in
terms of battery-grade Ni [7, 70]. A major environmental
issue is that tailings from these leach plants have a severe
negative impact in the humid Indonesian environment in
which mining and processing occurs [71]. This would never
be approved by western governments with their strict en-
vironmental legislation. The release of this Indonesian Ni
has caused a massive retreat in nickel prices with the re-
sult that Australian and Canadian mining companies that
exploit their Ni from Ni–Cu sulfide ores being forced to
‘mothball’ their mining operations [72]. This has significant
geopolitical consequences while pushing major well estab-
lished Ni producers from Ni–Cu sulfide deposits out of pro-
duction [27, 73] and completely changing the dynamics of
the global Ni market. As a result, 50% of global Ni now
comes from Indonesia with significant production from the
Philippines and New Caledonia [74, 75].

Figure 5. Simplified map of eastern Ukraine showing broad distribution of major mineral resources including the Krivoy
Rog Fe and Nikopol Mn deposits. Modified from [17, 45, 76].
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The USA currently under the Trump Administration
appears to recognize the strategic imbalance between
BRICS and USA protection alliances metal resources (Fig-
ures 6 and 7) with China having world dominance in many
critical metals and using it, for example, in retaliation for
export bans on computer chips [58, 77]. Recent examples
are the Chinese restrictions on the export of critical metals
such as Ge, Ag, REE, and W [56, 78], thus further escalat-
ing metal prices. The US government sets out to redress
this geostrategic imbalance by the re-activation of the
‘Monroe doctrine’ and with tariff-related deals for critical
metals with Ukraine, Australia and other countries [79–81].
The ‘Monroe doctrine’ refers to US President James Mon-
roe’s 1823 annual message to Congress that requested
European powers not to interfere in the affairs of countries
within the region of the Western Hemisphere [82]. How-
ever, the recent kidnapping of the Venezuelan president

and the seizing of oil assets in Venezuela, a country also
rich in critical metals such as Au, REE, and U is widely re-
garded as a novel geopolitical strategy with some media
even proclaiming a new brand of ‘colonialism’ [83] or ‘im-
perialism’ [84]. Recent attempts by the U.S. government
to ‘buy’ Greenland for its geostrategic military importance
and its rich critical metals endowment including undevel-
oped Li, Pb–Zn–Ag, and REE resources, as well as po-
tential PGE deposits, may be also regarded as part of this
novel geopolitical strategy [85, 86]. Importantly, Greenland
has also huge potential for the exploitation of offshore oil
and gas resources [85]. These recent developments may
herald an upcoming period of increasing geopolitical com-
petition between world superpowers to secure free access
to the scarce and heterogeneously distributed mineral re-
sources such as hydrocarbons and critical metals [58].

Figure 6. Global distribution of top five countries in terms of production of abundant critical metals (>100 ppm crustal
abundance), scarce critical metals (10–100 ppm crustal abundance). Metals are listed in terms of increasing atomic
numbers. Boxes in red signify #1 or equal #1 producer. Boxes in orange signify the other top 5 producers. The data
represent a consensus between normally consistent tables of metal production on websites moderated using USGS
Mineral Commodity Summaries and Wikipedia. Adapted from [15].
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Figure 7. Global distribution of top five countries in terms of production of rare critical metals (1–10 ppm crustal abun-
dance), trace critical metals (0.01–1 ppm crustal abundance) and precious metals. Metals are listed in terms of increas-
ing atomic numbers. Boxes in red signify #1 or equal #1 producer. Boxes in orange signify the other top 5 producers.
The data represent a consensus between normally consistent tables of metal production on websites moderated using
USGS Mineral Commodity Summaries and Wikipedia. Adapted from [15].

6. The Geopolitical Future

During recent years, the public has been regularly
bombarded by media reports of ‘unprecedented’ catas-
trophic weather events’, which history shows us have well-
documented historical equivalents when human popula-
tions were considerably lower and hence less impacted
by them [15, 87–90]. Additionally, in most mainstream me-
dia there has been a notable silencing of dissenting voices
and an apparent refusal to engage with alternative views
on climate change [91, 92]. A recent scientific study of
more than 13,000 Americans tested the ten most cited
climate-messaging strategies drawn from 157 previous pa-
pers with the objective to find the key paragraph, the ‘killer
framing’, that would change public beliefs and nudge be-
haviour, but unfortunately could not identify it [93]. A sig-
nificant concern is that recent media focus on extreme
weather events and related catastrophism [90] has re-
sulted in the formation of a new ‘green’ mass movement
under the euphemistic label of ‘climate activism’ [94]. In
April 2023, climate activists glued themselves to the road
in mid-London blocking all traffic and preventing ambu-
lances to attend to emergencies [95]. Under the narrative
of protesting against pollution caused by air traffic, Ger-
man climate activists glued themselves to the main runway
after breaking into Munich airport in May 2024 and caus-

ing a serious air traffic safety threat for passengers and
aircrews [96, 97]. In January 2026, for the second time in
less than four months, fanatical climate activists sabotaged
the power supply of the south-eastern suburbs of Berlin,
Germany’s capital city, through a deliberate arson attack
on a cable bridge over the Teltow Canal [98, 99]. The fire
severely damaged high-voltage cables connected to the
nearby Lichterfelde heat and power station and caused
about 45,000 households and 2200 businesses to com-
pletely lose heat and light for several days [98, 99]. The
Major of Berlin had to declare an emergency that lasted
for five days and caused the evacuation of numerous old
age residences and hospitals due to subzero temperatures
of −12◦. Instead of a subject of rational debate, climate
change has become a battleground of extremist views that
limit public activity and threaten energy stability.

There is a rising scepticism in western societies to-
wards the implementation of one overriding option to save
long-term human civilisation. It is becoming increasingly
recognized that global Net Zero is unattainable [91], at
least in the short-term [15], because so-called ‘renew-
able’ energy is powered by non-renewable critical metals
that are rapidly becoming depleted in a world of uncon-
trolled population growth and increasing geopolitical ten-
sions [5, 16]. It is also imperative to develop a sensible
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balanced portfolio that includes a broad energy mix with
CO2-free nuclear power, as being proposed in China’s
strategic energy plan for 2060 [100]. The German gov-
ernment which had officially banned nuclear energy and
closed their last remaining nuclear power plants in 2023,
in a move to switch to green energy production to meet its
Paris Agreement commitments, has recently admitted it as
a serious strategic mistake that has come at a high cost
to both the economy and energy security for a major in-
dustrial nation [101–104]. At a business conference in the
city of Halle in January 2026, German Chancellor Friedrich
Merz explained that Germany’s energy transition was the
“most expensive in the world” and was severely limiting
the country’s energy generation capacity [101, 102]. He
added that his government, which had been in power since
winning parliamentary elections in Germany the previous
year, had to correct the situation it inherited from its pre-
decessors by planning the construction of new nuclear
power plants [101–103]. However, it is expected that it will
take up to 20 years before these new reactors can pro-
duce electricity, thus seriously challenging Germany’s aim
to generate at least 80% of its electricity from green en-
ergy sources by 2030 and to be completely carbon-neutral
by 2045 [101–103] without jeopardizing energy security
and its global industrial ranking. Even more recently, in
an interview with British newspaper The Telegraph, Joe
Kaeser, the CEO of Siemens Energy, criticized German of-
ficials for sacrificing cheap and reliable energy by abruptly
abandoning fossil fuels [105]. Kaeser pointed out that in
terms of global emissions, Germany’s share was currently
less than 2% and thus much lower than other industrial-
ized countries including Brazil and India and thus meeting
their Net Zero commitment would make little difference to
greenhouse gas emissions at the global scale [105].

The looming threat of potential exhaustion of critical
metals, with demand exceeding supply leading to rapidly
increasing metal prices, should promote the rapid develop-
ment of more effective commercial recycling capacities at
industrial scale in the efforts to develop a sustainable circu-
lar economy for critical metals [6, 16, 25, 26]. Additionally,
there is a need for global mineral exploration to become
more effective, an increasingly forlorn hope in a world of in-
creasing internal conflicts and increasingly unrealistic gov-
ernmental, environmental and social requirements which
severely hinder discovery and mining [3, 20, 22, 106].

The path to a sustainable circular economy will take
time, common sense, and careful considerations. Hence,
current geopolitical issues will exist with superpowers bat-
tling for supremacy in gaining critical metal assets through
trade deals, ‘colonization’, or military conflicts [58]. Dur-
ing this period, remote countries like Australia that are
rich in critical metals may themselves become targets for
‘colonialization’ in the geopolitical battle of superpowers.
From a geostrategic point of view, western Europe and the
EU may become increasingly irrelevant as they have ex-
tremely limited critical metal resources outside of Ukraine,
Poland, Sweden, and Finland [22, 107–109]. This may
also explain why the Trump Administration is beginning

to become increasingly dismissive of the EU and NATO
[110–112]. There is a looming risk that if the EU coun-
tries, and possibly Australia, continue to uncritically ob-
serve the Paris Convention on climate change, they are
likely to face severe social problems in the near future in
terms of their energy security with related adverse conse-
quences for their economies and political stability.

In summary, we are probably only witnessing the be-
ginning of a new geopolitical era in a world already strug-
gling with internal wars, excessive public debt, terrorists,
climate ‘activists’, massive migration movements from re-
gional conflicts, persecution, or famine, unpopular govern-
ments, and a powerless UN which is unwittingly adding
to the list of global challenges due to its short-term solu-
tions without resolution of any of its long-term critical prob-
lems. A potential worst scenario may be a repeat of the
collapse of the Bronze Age when conditions were remark-
ably similar as today in terms of severe depletion of mine-
able Cu and Sn (the critical metals of the era) in an econ-
omy based on global trade where established civilizations
were being ‘invaded’ by ‘sea people’, widely considered to
be refugees fleeing from famine induced by climate shifts
or an uncertain future due to societal issues in their own
lands [113, 114]. Perhaps Albert Einstein’s prediction that
World War IV would be fought with sticks and stones will
be prophetic unless there is global awareness of the prob-
lem of limited non-renewable metal resources in time to
address it in a logical non-partisan global manner.

7. Conclusions

For human populations it is imperative to realize that
all currently used energy sources, apart from hydropower
and to a lesser extent thermal power, are non-renewable
resources that have formed over geological timescales and
are being depleted at human timescales. Concern over
climate change, which itself is a long-term enduring, but
cyclic process at geological, anthropological, and histor-
ical timescales, has resulted in Net Zero policies that in
turn have caused increasing use of non-renewable criti-
cal metal resources to produce clean energy, widely re-
ferred to incorrectly as ‘renewable’ energy. The genera-
tion of wind turbines, solar panels, and electric vehicles
uses unprecedented amounts of some of the rarest non-
renewable elements on the planet.

An almost 10-fold increase in world population since
the Industrial Revolution has already raised the issue of
potential extreme depletion to exhaustion of the finite re-
sources of non-renewable critical metal that can be mined
economically in an increasingly technological civilization.
This threat has been severely exacerbated by Net Zero
policies which have necessitated the increasing use of crit-
ical metals for clean energy technologies. Currently, the
fact that demand is exceeding supply for some critical met-
als is rapidly leading to global geopolitical tensions that
are further aggravated by the heterogeneous global distri-
bution of conventional metal deposits. Due to global ten-
sions, competing BRICS and US protection alliances have
emerged with the former, including China, having superior
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production of most strategic critical metals used in solar
panels, wind turbines, and electric vehicles. Since the ad-
vent of the current US leadership, trade wars using tariffs
as bargaining and intimidating tactics involving critical met-
als have increased. It has become evident that countries
within the US alliances, particularly in the EU where Net
Zero by 2050 is a compulsive aim, cannot match the su-
perior critical metal resources of BRICS. They lack the re-
quired critical metals to manufacture solar panels and are
losing the energy security to manufacture all clean energy
devices. These geopolitical tensions are fuelling US rapid
attempts to gain secure supplies of critical metals through
trade deals with China and other countries. The increasing
demand over supply, in part fuelled by these geopolitical
tensions, is leading to unprecedented rises in the prices of
Cu, Ag, Au, and potentially other metals.

On a more positive note, recent technological innova-
tions such as the invention of novel sodium-ion batteries,
the proposed, although not yet implemented, development
of a circular economy using industrial-scale recycling of
critical metals, and the application of A.I.-supported tools
to increase the discovery rate of global mineral explo-
ration can potentially mitigate the current challenges. Im-
portantly, conservation of critical metals via currently un-
available commercial recycling at industrial scale is essen-
tial if modern industrialized civilization is to survive. Re-
gional mineral exploration with long timeframes from dis-
covery to mine development cannot replace current re-
sources in the short term. Lower grade ores could be
mined from existing mining leases, but these will require
increased energy to exploit metals and result in increased
waste. Continued attempts to control the implied threat of
climate change are almost certain to create a much larger
threat to human civilization. It is time to pause, debate the
issues, and develop a circular energy economy based on
a sensible mix of energy sources that can only involve crit-
ical metals if commercial recycling can be established at
industrial scale.
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