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Increasing global demand for nickel, an essential metal in low-carbon
technologies and stainless steel, is driving a surge in mining in strongholds
of tropical biodiversity. We use a global mine-by-mine supply scenario
model to quantify the trade-off between meeting future nickel demand for
decarbonization and conserving areas critical for achieving biodiversity and
climate targets. Nickel laterites—near-surface deposits often found beneath
tropical forests—account for 78 to 83% of modelled supply between 2025
and 2050. Over this timeframe, half of mined nickel threatens the top 10%

of global land areas most critical for conserving biodiversity and storing
carbon, but avoiding mining in these areas increases the risk of supply
shortfalls. In addition, 53 to 60% of future supply comes from coastal mines,
which threaten the top 10% of global priority areas for conserving marine
biodiversity. While deep-sea resource development remains controversial,
we show that a moratorium may increase reliance on nickel sourced

from high-priority areas for conserving terrestrial and coastal marine
biodiversity. Securing ecologically responsible nickel supply requires
integrating terrestrial and marine conservation priorities to inform sourcing
and mine development decisions, alongside efforts to mitigate unavoidable
impacts, increase resource exploration and reduce long-term demand.

The global transition to renewable energy is driving unprecedented
demand for mined metals'. Due to their widespread use in low-carbon
technologies, copper and nickel require the most mining in terms of
total ore extraction compared to other energy transition metals*. Metal
mininginthetropics has beenrising, causing widespread deforestation
in countries such as Indonesia, the Philippines and Brazil’. The biggest
increases in nickel mining have been in Indonesia®, where production
hasincreased tenfold in the past decade (supported by foreigninvest-
ment from China), now reaching more than half of global supply’. This
surge in nickel mining in Indonesia will probably continue and could
reach as high as 74% of global supply by 2040°. The rapid increase in

supply fromtropical sources hasled to adecline in the nickel price that
has driven the closure of minesin other jurisdictions such as Australia’.

The projected increase in nickel mining over the next two decades
will present critical social and environmental trade-offs®* . Recent
studies show that the land-use intensity per tonne of nickel mined
in Indonesia is 20 times higher than industry estimates' and ranges
from 4 to 500 times higher for individual nickel mines worldwide,
potentially causing irreplaceable biodiversity loss and substantial
carbon emissions from under-accounted deforestation®. While mining
canbeassociated withimproved local living standards for some com-
munities, the impacts of deforestation and pollution can undermine
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these benefits over time, as shown by declines in overall well-being
and increasing conflict near nickel mines in Indonesia'*">. Moreover,
nickel processing has remarkably high carbon emissions, owingto the
energy-intensive processes required for smelting and refining laterite
ores, combined with the use of captive coal-fired power stations™>'°.
Securing ecologically responsible nickel supply for decarbonization
isincreasingly urgent to avoid undermining conservation and climate
change mitigation goals.

Global conservation targets, including commitments to protect
at least 30% of land and ocean areas by 2030, could influence nickel
sourcing and mine permitting decisionsif key deposits are located in
priority areas that are irreplaceable for protecting biodiversity and
storing carbon™". At the same time, efforts to address risks arising
fromthe geographic concentration of supply areincreasing (including
aproposal foraGlobal Minerals Trust'®), as are investments in research
and development of novel resource streams?. For instance, deep-sea
mininghasrecently entered mainstream discourse following the United
States Executive Order Unleashing America’s Offshore Critical Minerals
and Resources, and the first commercial operations could begin within
years, potentially providing an unconventional source of nickel>"”.
However, deep-sea mining currently faces substantial opposition, with
several countries, businesses and non-governmental organizations call-
ing foramoratorium due to concerns of potential impacts to remote,
relatively intact and often poorly understood deep-sea ecosystems™ 2,
To date, the potential implications of global conservation actions for
nickel supply—such as avoiding mining in priority conservation areas
orimplementing a moratorium on deep-sea mining—remain underex-
plored and are a key knowledge gap for the nickel sector?.

Inthis study, we model whether known nickel resources can meet
growing demand and quantify how conservation policies could reshape
global supply. We present a global implementation of the Primary
Exploration, Mining and Metal Supply Scenario (PEMMSS) model*
to simulate mine-by-mine development, production and depletion
of global nickel resources under the International Energy Agency’s
demand projections (Extended Data Fig. 1). The PEMMSS model uses
a global supply-demand balance algorithm to translate commodity
demand into stochastic mine development scenarios, preserving path
dependencies and deposit-level spatial resolution (Methods). We com-
pileacomprehensive dataset of nickel mines and undeveloped deposits
(Extended DataFig. 2) from recent studies”** and the S&P Capital IQ Pro
Metals and Mining Database”” and map these deposits in the context of
global priority areas for conserving biodiversity and storing carbon'”*,
These areas have been identified as essential to protect if we are to
minimize the number of future extinctions of plant and animal species.
Our modelling explores regional supply from existing mines and known
deposits between 2025 and 2050, including whether global resource
estimates are sufficient to meet projected demand through a stochastic
simulation of mine production capacity (Extended DataFig.3). Werun
multiple scenarios that reflect potential global conservation policies
andassociated actions (Extended Data Table1). First, we exclude mining
projectsin priority conservation areas for protecting biodiversity and
carbon (the top 0to30%in 5% increments) to explore whether demand
can be met from known resources while minimizing the amount of
mining within these priority areas. Second, we increase delays to the
potential start of deep-sea mining (O to 20-year delay in 5-year incre-
ments) consistent with different policies supporting a moratorium.
Our analysisidentifies acritical trade-off between ambitions to secure
future nickel supply for decarbonization and the global conservation
actions required for ecologically responsible mining.

Results and discussion

Nickel supply is shifting to the tropics

On the basis of current global resource and reserve estimates, our
model suggests that existing projects (thatis, those having commenced
production before 2025) can maintain between 3.2 and 4.3 Mt of nickel

production per year until 2050 under scenarios where there are no
constraints on exploitation of knownresources at these sites (Fig. 1a).
However, our scenario modelling shows that supply fromexisting mines
alone may be insufficient to meet future nickel demand, as estimated
by the International Energy Agency (Extended Data Fig. 4a). Under
the Announced Pledges Scenario (reflecting global demand to meet
decarbonization targets), a 43% increase in annual nickel production
isrequired over the next decade, which could be delivered by rapidly
developingidentified terrestrial resources (an additional 1.5t0 2.1 Mt
of nickel mined per year by 2035), again assuming no constraints on
exploitation of these sites (Fig. 1a). Under this scenario, our modelling
shows apotential threefold increase in annual ore production, adecline
inaverage mined ore grade to below 1% and an estimated 55 to 96 new
nickel mines starting production by 2050 (Extended Data Fig. 5).

Secondary supply (nickel recovered from recycling) will become
increasingly important by mid-century to reduce reliance on mined
nickel but is projected to play a minor role in the near-term (2% in
2024, ~1.5-3% by 2030 and ~-5-10% by 2040 across the Stated Policies
and Announced Pledges scenarios*”), constrained by the rate at which
products reach their end of life for recycling?. Nickel is predominantly
usedinlong-lived applications, including stainless steel in buildings and
infrastructure (-50-year lifespan) and industrial machinery (25 years)
(refs.30,31). Theamount of nickel available for recycling today reflects
the lower production volumes of past decades®, and the in-use stocks
being accumulated now may only become available for recycling at
meaningful volumes by mid-century**°*, Current end-of-life recycling
rates fall far short of what is needed to offset primary supply require-
ments, and scaling secondary supply will require improvements in
collection systems, urban mining and design for recyclability***. Even
withincreasing adoption of low- or no-nickel battery chemistries®, total
demand is projected to grow substantially across all of the International
Energy Agency’s scenarios dueto nickel’'simportance for stainless steel,
renewables and other applications (Extended Data Fig. 1).

Global terrestrial nickel resources can be broadly classified as
either laterite or magmatic sulfide deposits (Fig. 1), and the envi-
ronmental impacts of mining can vary substantially by deposit and
country®****, We find that all supply from the top three producing
countries—Indonesia, New Caledonia and the Philippines—comes from
surficial laterite ores (Fig. 1d). These ore bodies form through weath-
ering of near-surface ultramafic rocks often beneath tropical forest
ecosystems and require progressive clearing and strip mining through-
out thelife of a project’?. Most large (>1 Mt Ni) laterite deposits occur
in the tropics with relatively high biomass carbon (Fig. 1d), although
some occur in modern-day arid climates (for example, Western Aus-
tralia), having formed under past tropical conditions”. In contrast,
magmatic sulfide deposits originate from deeper magmatic processes
that concentrate nickel insulfide mineral ore bodies that are extracted
in underground mines and open pits (often with lower surficial foot-
prints), with major deposits occurring at higher latitudes in Australia,
Canadaand Russia (Fig.1d). Our modelling shows a continued increase
in nickel supply from deposits in the tropics over the next decade
(Fig.1b), where laterites produce 116 to 123 Mt of nickel between 2025
and 2050 (78 to 83% share of demand) under the Announced Pledges
Scenario—approximately four times more nickel than from magmatic
sulfides across demand scenarios (Fig. 1c). This surge in miningin the
tropics creates a complex trade-off for decarbonization due to the
relatively high carbon dioxide equivalent (CO,e) emissions from strip
mining (0.043 t0 5.55t CO,e t ™ Ni) and processing (18 t0 120 t CO,e t™*
Ni) of laterite ore bodies™”. Our results are consistent with recent
shiftsinregional production, withIndonesian laterites being the most
competitive and largest contributor to future supply based on deposit
characteristics (Extended Data Fig. 6 and Extended Data Fig. 4b).

Notably, several Australian nickel mines in our dataset (Mount
Keith, Ravensthorpe, Savannah, Cosmos and Avebury) and the
Koniambo mine in New Caledonia closed in 2024 and are now in an
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Fig.1| Global nickel supply from known terrestrial resources under future
demand scenarios between 2025 and 2050. a-c,e, Nickel productionis
categorized by initial project status (a), deposit type (b,c) and priority areas for
biodiversity and carbon (e). d, The global map shows the location and estimated
nickel contained within known deposits overlaid onto terrestrial conservation
priorities for conserving biodiversity and storing carbon". The line charts
inaand b show the median annual terrestrial nickel production under the
Announced Pledges Scenario (APS-T, where T denotes terrestrial resources only)

across model simulations (n = 500) at each timestep, and the shaded bands show
the 5th to 95th percentile range. The column charts in c and e show the median
cumulative nickel production across model simulations (n = 500) between 2025
and 2050, and the error bars show the 5th and 95th percentiles. Cumulative
terrestrial production estimates vary across demand scenariosincande,
including the baseline reference scenario of no demand growth (REF-T), the
Stated Policies Scenario (STEPS-T), the Announced Pledges Scenario (APS-T) and
the Net Zero Emissions by 2050 Scenario (NZE-T). Data for d from ref. 17.

indefinite state of care and maintenance due to the rapid and unantici-
pated surge in lower-cost Indonesian nickel. Premature mine closure
due to competitionmaylead to poor environmental outcomes, because
much of theland-useimpact occurs up front during construction and
the first few years of production (particularly for deeper magmatic
sulfide deposits), and the economic returns needed for effective mine
rehabilitation may never materialize. A key question remains: can
higher-cost producers, even those operating under potentially stricter
environmental standards, compete inamarketincreasingly dominated
by lower-cost supply from the tropics?

Nickel supply threatens conservation priorities

Priority conservation areas represent the mostimportant global land
areas to protect fromindustrial human pressures to minimize the risk
of extinction to plants and vertebrates and the loss of carbon stocks
(biomass carbon and vulnerable soil carbon) and are, therefore, critical
toachieving the goals of the biodiversity and climate conventions”. Our
scenario modelling reveals that approximately half of nickel produc-
tion between 2025 and 2050 could be sourced from mining projects
located in the top 10% of priority areas for terrestrial biodiversity and
carbon conservation (44 to 49% share of demand under the Announced
Pledges Scenario; Fig. 1e). This finding remains relatively consistent
(thatis, plus or minus ~5% share of demand) when subject to a range
of sensitivity analyses, including high and low demand projections
(Fig. 1e), relative deposit value models and brownfield expansion sce-
narios (Extended Data Fig. 4¢).

Several major terrestrial nickel laterite deposits also occur
near areas of high conservation importance for marine biodiversity
(Extended DataFig. 7a), including on the Indonesianislands of Sulawesi
(Fig. 2), Maluku and Raja Ampat in the Coral Triangle. An estimated
170 Mt of nickel contained in laterite deposits occurs within 50 km
of coastlines (88 Mt Ni within 10 km; 82 Mt Ni between 10 and 50 km),
compared to just 2 Mt for magmatic sulfide deposits, which are pre-
dominantly located greater than 50 kminland (Extended Data Fig. 7d).
Our modelling shows that 53 to 60% (79 to 90 Mt) of nickel could be
sourced from mines within 50 km of coastal waters which rank in the
top 10% of global priority areas for conserving marine biodiversity
(Fig. 3 and Extended Data Fig. 7b). This requires mining and process-
inganestimated 7.4 to 8.4 Gt of ore between 2025 and 2050 upstream
of global strongholds of marine biodiversity, generating billions of
tonnes of waste that would need to be deposited in tailings storage
facilities (Extended DataFig. 7c). Throughout these mining operations,
and even following their closure, ongoing sediment and heavy metal
contamination, the potential for catastrophic tailings storage facility
failures and practices of marine or riverine tailings disposal, could pose
substantial threats to coastal ecosystems, biodiversity, fisheries and
local communities?**~*". Our modelling reveals that 36 to 42% (53 to 62
Mt) of nickel supply simultaneously threatens the top 10% of priority
areas for terrestrial and marine biodiversity conservation under the
Announced Pledges Scenario.

Miningactivities affect terrestrial, freshwater and marine biodiver-
sity through numerous impact pathways and mechanisms, with aquatic
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Fig.2| Coastal nickel laterite mining in Sulawesi, Indonesia. The aerial
imagery depicts amine site near remnant forest, a coastal village and
sediment-laden coastal waters. Credit: Tom Hegen.

pollution identified as a pervasive pressure®, Strip mining in tropical
forests exposes bare ground and waste rock to erosion (Fig. 2), and
heavy rainfall mobilizes metal-contaminated sediments that can travel
tens to hundreds of kilometres downstream, persisting in freshwater
systems for centuries or polluting nearshore marine environments**%,
While the absence of a globally consistent conservation priority layer
precluded modelling of threats to freshwater biodiversity, recent assess-
ments show that metal mining is degrading riverine ecosystems world-
widethroughincreased sediment loads and long-distance contaminant
transport derived from active and inactive mine sites®, in addition to
artisanal and small-scale operations*’. In Indonesia, current regula-
tions do not require restoration to pre-mining conditions—emphasiz-
ing alternative post-mining land uses—and progressive rehabilitation
remains rare, despite ongoing deforestation within mining conces-
sions*, Without effective rehabilitation, cross-realm threats can persist
after mining operations cease, particularly when sites are abandoned.
Even with active restoration, forest degradation and biomass carbon
loss can often only be partially reversed over reasonable timescales**,
Giventhe potential growth of nickel mining in highly biodiverse coastal
ecosystems in the tropics, subnational assessments of cross-realm
threats are a critical research priority.

Here we quantify the share of demand that could be met by only
developingterrestrial deposits outside the mostimportant global land
areas for conserving biodiversity and storing carbon (Fig. 4a). These
priority areas are where major new industrial activities should be care-
fully limited or avoided (for example, by implementing ‘no-go areas’
for mining) to achieve global conservation targets”. However, nickel
deposits in these priority land areas contribute disproportionately
to supply—even under a baseline scenario that assumes no growth in
demand (Fig. 1e). Our modelling suggests that increasing protection of
areasirreplaceable for biodiversity conservation and carbon storage
substantially decreases production fromlaterite deposits and increases
therisk of supply shortfalls before 2050 under the Announced Pledges
Scenario (Fig. 4a). For example, avoiding mining in just the top 10%
priority land areasleads toan ~47 Mt drop in nickel supply from laterites
(from~80% down to -49% share of demand) and a shortfall of between
18 and 27 Mt (12to18% share of demand) by 2050 (Fig. 4a). However, this
10% protection scenario has substantial marine co-benefits, reducing
supply by -52 Mt from projects threatening the top 10% of marine con-
servation priorities (Fig. 4). Our modelling also suggests that magmatic
sulfide deposits are oftenlocated outside the highest priority land areas
andfurtherinland from priority coastal ecosystems and could therefore

respond positively to protections due to reduced competition with
laterite deposits in the tropics (Fig. 4a and Extended Data Fig. 7d).
Recent studies suggest demand-side signals could influence regional
production priorities through responsible sourcing standards, policy
shifts, downstream value chain transparency or a green premium
to differentiate between ‘clean’ and ‘dirty’ nickel’. We highlight that
prioritizing development outside of top-ranked conservation areas
must be coupled with strong demand-side pressure, as supply-side
measures alone (for example, ‘no-go areas’) could face considerable
economicand geopolitical barriers by excluding major nickel produc-
ers. For example, the world’s largest nickel mine on Halmaheralsland
in Indonesia started production in 2020, yet the mine site lies within
thetop 1% of global priority areas for terrestrial biodiversity and stored
carbon and is directly upstream of coastal waters ranking among the
top 3-4% of global priority areas for marine biodiversity.

The implications of deep-sea resource development

The Clarion-Clipperton Zone (CCZ) in the equatorial Pacific con-
tains an estimated 274 Mt of nickel in polymetallic nodule depos-
its"—comparable to the sum of all identified land-based resources
(Extended Data Fig. 7d). There are currently 17 active exploration
areas for potential mining of polymetallic nodules in the CCZ located
>400 km offshore from the nearest coastline (Extended DataFig. 7a),
with alarger area of seabed already under protection within 13 Areas
of Particular Environmental Interest (Extended DataFig. 7a)****, Our
modelling suggests that polymetallicnodule deposits in the CCZ may
contribute tolong-term supply (Fig. 4c) if their high resource tonnage
andgrade are predictive of economic viability (which remains uncertain
for commercial operations). Key exploration areas in the CCZ tend to
occur further from priority areas for conserving marine biodiversity
thanseveral major laterite deposits onland (Extended Data Fig. 7aand
Extended DataFig. 8) based on current data®®. Our modelling suggests
polymetallic nodule mining could supply between 21 and 28% (31t0 42
Mt) of the total nickel required to meet demand under the Announced
Pledges Scenario (Fig. 4b). Assuming this development pathway pro-
ceeds without delay, this represents the exploitation of less than 15%
of the total estimated nickel contained within CCZ deposits. Further-
more, we find that the average nickel content of polymetallic nodules
inthe CCZ (-1.3%) is higher than the average mined ore grade on land
(Extended Data Fig. 5).

The abyssal seafloor ofthe CCZ (-4-6 kmdepth) isafood-limited,
low-biomass environment hosting more than 6,000-8,000 meta-
zoan species—primarily small worms and crustaceans from the phyla
Annelida, Nematoda and Arthropoda®**®. The lasting biodiversity
impacts of deep-sea mining depend largely on the technology used.
Modernsystems disturb thetop 3-5 cm of sediment, whereas long-term
disturbance studies focus on systems that were more invasive, such as
the Ocean Minerals Company (OMCO) mining testin 1979, which cre-
ated 20-80 cmdeep furrows?**°, The OMCO test caused long-lasting
impacts on invertebrate communities living on the seafloor, while
sediment-dwelling organisms and microbial communities had similar
densities to undisturbed control sites*:. Current evidence suggests
impacts on nodule-dependent taxa are expected to be long-lasting
across contractareas, and recovery will depend on whether thereis suf-
ficient hard substrate left unmined to support recolonization®*%, Two
months following arecent industrial trial in 2022, sediment-dwelling
macrofauna were approximately two-thirds of their baseline density
and diversity in directly mined areas". In nearby areas affected by
sediment plumes, neither short-termnor long-term studies found sig-
nificant decreases in faunal abundance compared to control sites*’*5,
We sstress that any future polymetallic nodule mining requires effective
and evidence-based environmental management to mitigate adverse
effects on deep-sea biodiversity and ecosystem services***° and that
achieving such outcomes may present a major challenge®**. We also
note that while the development of deep-sea projects may supplement
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Fig. 3| Terrestrial nickel mining threats to priority areas for conserving
marine biodiversity. Mines located within 50 km of a coastline were categorized
as threatening high-, medium- or low-priority marine areas based on the mean
priority value of adjacent coastal waters, and inland mines (>50 km from
coastline) were not assigned a priority value. Priority areas for conserving
marine biodiversity are from Sala et al.”®. The line chart shows the median annual

2050

terrestrial nickel production from projects under the Announced Pledges
Scenario (APS-T) across model simulations (n = 500), categorized by the threat
to priority areas for conserving marine biodiversity. Shaded bands show the 5th
to 95th percentile range across simulations. Only one project was assigned as a
threat to low-priority marine areas but did not materially contribute to supply
under the APS-T. Data fromref. 28.

aportion of supply fromterrestrial sources, this does not guarantee a
wholesale reduction in terrestrial impacts, as existing operators may
still fail to scale back land-clearing efforts, manage downstream pol-
lution and implement post-mine rehabilitation.

Our modelling suggests that delaying deep-sea resource develop-
ment while increasing terrestrial production could have unintended
consequences forbiodiversity and decarbonization (Fig.4). Forexample,
weshow al0-year delay (Fig. 4c versus Fig.4d) may lead to further nickel
mining primarily in the tropics (and associated investments in process-
ing capacity) to meet projected demand under the Announced Pledges
Scenario (<17 Mt more from laterites, -6 Mt more from magmatic sulfides,
~23 Mtless from polymetallic nodules; Fig. 4b). Our modelling highlights
thatitis possible tofill the supply shortfall created by protecting the top
10% of terrestrial conservation priority areasunder ascenarioincluding
polymetallicnodule resource development (Fig. 4¢e). We emphasize that
a deep-sea mining moratorium offers no guarantee that higher-cost,
potentially more ecologically responsible land-based producers will
secure sizeable market share. Even if these higher-cost land-based
producers gain traction in the near-term, polymetallic nodule mining
could later exert market pressures similar to those currently seen from
low-cost Indonesian laterites should it ultimately prove cost-effective™.
In a potential worst-case outcome, efforts are made to fast-track the
development of many smaller lower-grade terrestrial depositsinarush
tosecure nickel supply, only for these minesto become stranded assets
and environmental liabilities if they cannot compete.

Securing ecologically responsible nickel
Ecologically responsible mining requires protecting regions of global
importance for biodiversity and climate targets®*, such as avoiding

large-scale mine development or expansion in intact tropical forest
ecosystems*. Our modelling highlights that, by 2050, nickel mining
couldlead to extensive ecological erosion and biomass carbon lossin
some of Earth’s most biodiverse regions, increasing the risk of plant and
animal extinctions. Establishing ‘no-go areas™ inregions identified as
having the highest conservationimportance—especially those with less
favourable economic prospects or poor reporting standards—could
lead to positive outcomes for both decarbonization and conservation
goals. That said, avoiding mine development in nickel-rich regions will
be particularly challenging due to complex geopolitics associated
with national interests in securing critical mineral supply, especially
withoutaviable alternative resource stream. Furthermore, nickel min-
ing offers resource-rich developing countries a vital source of income
and employment, although overreliance canleave local communities
vulnerable to market disruptions. Ensuring the adoption of standards
for ecologically responsible mining and sustainability reporting could
improve measures to mitigate mining impacts®. However, currently
half of global mining areas lack basic productioninformation necessary
forindependentimpact assessments. Thisis particularly prevalentin
Russia, China, Indonesia and Brazil*°.

Current pathways to decarbonization require a substantial
increase in nickel supply over the coming decades, although the pace
of demand growthwill depend on policy ambitions and technological
developments. Our scenario modelling (Extended Data Fig. 9) high-
lights that both demand-side responses and industry-wide initiatives
are needed to mitigate the impacts of mining in globally important
areas for conserving biodiversity and storing carbon. Companies
operatingin high-priority conservation areas must maintain transpar-
ency and accountability across their value chain to ensure mined nickel

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-026-03068-4

a Supply outside priority areas (terrestrial only) b Supply with delays to marine development
= —0— Laterites [~ 100 = —0— Laterites [ 100
S 140~ —m— Magmatic sulfides 2 M0 g Magmatic sulfides
3 = Supply shortfall (2050) 3 —A— Polymetallic nodules
Q 120+ F80 Q 120 4 reo
- e - e
§e) ] o a
< 100 - S c 100 - g
o - o -
5 60 9 5 60 9
3 80 > 3 80 >
o & o 3
a o a a
E 60 — ~ 40 3 El 60 — ~ 40 3
o @ o @
2 s 2 2
a a
o 40 =~ o 40 =~
= R = X
=] 20 < = F20 <
S 20 A S 20
€ €
3 3
O O
(O -0 0+ -0
T T T T T T T T T T T T
(0] 5 10 15 20 25 30 o] 5 10 15 20
Protection of top-ranked conservation areas (%) Moratorium on deep-sea mining (years)
c No moratorium d Ten-year moratorium e 10% protection and no moratorium
8 8 8
—— Laterites —— Laterites —— Laterites
. [y — Magmatic sulfides . [y — Magmatic sulfides . [ p— Magmatic sulfides
's 6 Polymetallic nodules 'S 6 Polymetallic nodules 'S 6 Polymetallic nodules
= = =
c 57 c 5 c 57
o i) Rl
S 4 S 4 g4
3 =} 3
kel /\ S S
<) 1<) 9]
5 3 5 34 5 3+
32 3 2 g 21 s _
=z z =z ~—
14 - = 1
0 T T T T 0 T T T T 0 T T T T
2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045 2050
Year Year Year

Fig. 4 |Influence of conservation actions on global nickel supply under the
International Energy Agency’s Announced Pledges Scenario. a, Cumulative
nickel production from laterite and magmatic sulfide deposits under scenarios
ofincreasing protection of top-ranked terrestrial conservation areas from
industrial mining and the potential for unmet demand (supply shortfalls) by 2050.
b, Cumulative nickel production from terrestrial (laterites and magmatic sulfides)
and marine (polymetallic nodules) deposits under scenarios of increasing delays

to the potential start of deep-sea mining consistent with policies supporting a
moratorium. ¢,d, We show annual nickel production under a rapid development
scenario assuming no delay (c) versus a10-year moratorium (d). e, We also model
annual nickel production under a scenario of 10% protection with no moratorium
ondeep-sea mining, which avoids unmet demand. The line charts (a-e) show

the median cumulative or annual nickel production across model simulations
(n=500), and shaded bands show the 5th to 95th percentile range.

supportsonly the most critical end uses while enabling manufacturers
to make informed sourcing decisions. Ecologically responsible mining
also requires extending the mitigation hierarchy to manage offsite
and indirect impacts®, especially given our finding that over half of
nickel production by 2050 may come from coastal mines upstream
of global strongholds of marine biodiversity (Fig. 3). Targeted invest-
ments for mitigating non-mining threats may help offset unavoidable
impactsin high-priority conservation areas”, but these initiatives are
rare and require robust safeguards and independent validation to
ensureintended outcomes™, Increasing exploration and investmentin
ecologically responsible terrestrial projects and accelerated research
and developmentinto the economicviability and environmental risks
of deep-sea mining is clearly critical for minimizing threats to global
conservation priorities over the next decade. Our results show that
increasingterrestrial production while delaying the potential develop-
ment of deep-searesourcesis likely to lead to further mine expansion
inthetropics withinareasthatareirreplaceable for conservation. Our
goal here is not to advocate for one form of future development over
another but rather to highlight the enormous stakes for biodiversity
contingent on land and deep-sea conservation policy and our abil-
ity to understand the forces influencing global mine development.
Future supply decisions must be grounded in integrated research

that balances sustainability trade-offs and biodiversity risks across
terrestrial, coastal and deep-sea ecosystems.

Methods

Supply scenario model

The Primary Exploration, Mining and Metal Supply Scenario (PEMMSS)
model was used to develop the scenarios presented in this Article
(Extended DataFig.9). The PEMMSS model provides away to translate
scenarios for mineral commodity demand into a more nuanced and
stochastic understanding of how this supply could be met through mine
development and exploration®. The model tracks cohorts of individual
mines and deposits through time, incorporating uncertainties associ-
ated with mine development, achievable production rates, deposit
characteristics and relative deposit value. Each model run produces
different results due to these uncertainties. The path-dependency
associated with the specific collection of mines developedineachmodel
runand the supply outcomes over time are preserved in model outputs,
enabling detailed interrogation of modelled scenarios. As part of this,
most model parameters canbe specified for individual mining projects
and mineral deposits thatare seeded into the model. More generalized
assumptions for model parameters can also be specified for individual
regions and deposit types. Although not used as part of the present
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study, the modelling framework also has functionality to stochastically
model mineral deposit discovery and exploration outcomes, using
grade-tonnage distributions for deposit types and uncertainty factors
for resource discovery across regions (which can be linked to undis-
covered deposit density or resource tonnage estimates). For further
details on the modelling framework, we refer readers to the open-access
publication that describes the full methodology, design rationale and
calculation framework underpinning the PEMMSS model®.

An open-source, Python-based implementation of the PEMMSS
model is available on GitHub and Zenodo®. As part of this study, we
extended the model codebase to allow more explicit specification
and handling of spatial data through the addition of coordinates for
individual mines and deposits, optimization of spatial routines, and
the ability to work with geopackages. These extensions were incorpo-
rated into anew release of the model, PEMMSS version 1.4, which also
includes some memory and runtime optimizations and ease-of-use
improvements such asagraphical user interface developed using the
Python Shiny package®. The initial conditions, parameters and data
used to define scenarios in the PEMMSS model are specified using a
collection of comma-separated value (CSV) files described below. The
scenarios presented in this study are defined in Extended Data Table1,
each with its own folder identifier with all the input files required to
reproduce the results (Supplementary Data).

Model parameters and data

The various primary nickel demand scenarios shown in
Extended Data Fig. 1 were passed to the model using the input_
demand.csv file (Extended Data Fig. 9). We modelled supply under
the International Energy Agency’s Global Critical Minerals Outlook
2025 scenarios’ using linear interpolation between available data
points (Extended DataFig.1). The International Energy Agency’s nickel
demand projections vary substantially across three scenarios: (1) the
Stated Policies Scenario (STEPS), which reflects the current trajec-
tory based on existing policies; (2) the Announced Pledges Scenario
(APS), which assumes governments fully meet their announced climate
targets, including net zero pledges and (3) the Net Zero Emissions by
2050 Scenario (NZE), which provides a pathway to net zero emissions
by 2050. To provide an upper bound on demand projections, we mod-
elled the capacity of primary (mined) supply to meet the International
Energy Agency’s totaldemand projections. The contribution of second-
ary supply to meeting projected total demand is not made available
across all International Energy Agency scenarios but is expected to
make up less than a 3% share by 2030 and less than 10% by 2040 under
the Announced Pledges Scenario’. To provide a conservative lower
bound on demand projections, we included an additional Baseline
Reference Scenario (REF), which assumes no further growth in nickel
demand beyond the estimated nickel production in 2024 of 3.7 Mt
(Extended DataFig.1).

Data for individual nickel deposits and mines were passed to the
model using the input_projects.csv file (Extended Data Fig. 9). This
includes estimates of the resource tonnage, ore grade, deposit type
and initial status from the S&P Capital IQ Pro Database for known
nickel deposits as shown in Extended Data Fig. 2a. The S&P Database
may contain incomplete data, particularly relating to production,
due to issues of transparency affecting large portions of the mining
industry. This may result in an underrepresentation of total localities
affected by nickel supply, particularly those that contain informal
mining operations®. Nonetheless, this database is considered the
most viable for global-scale metals and mining studies'>", and we
have primarily sourced resource tonnage and grade information from
this database, which has better representation. Furthermore, we have
validated resource tonnage and grade data with the most recent global
study of reported nickel deposits and projects (Extended Data Fig. 2b).

To meet a projected supply gap in any given year, the PEMMSS
model selects potential projects prioritized by their relative value®.

We classified global terrestrial deposits as either laterites or magmatic
sulfides (including hydrothermal deposits), consistent with recent
studies®, noting that other deposit types exist but do not contribute
materially to terrestrial resource estimates®. The likelihood that a
selected project will commence production in a given year if there
is a supply shortfall is then determined by its development stage,
withassigned probabilities of 10% for early exploration and feasibility
and 25% for late exploration and construction. The initial status and
development probability for each project was assigned based on the
reported activity status and development stage in the S&P Capital IQ
Pro Database. The development probabilities allowed the ensemble of
simulations to explore agreater number of potential path dependen-
ciesacrossiterations® and simulate realistic lead times for projectsin
early versus late development stages®°.

Regression coefficients that relate mineral reserve size to mine
production capacity were passed to the model using the input_explo-
ration_production_factors.csv file (Extended Data Fig. 9). We used
Taylor’s rule—widely used for scoping and feasibility studies in the
mining industry—to estimate ore production capacity (P):

P=axT

where Tis the ore tonnage (that is, identified or remaining resource
including reserves in Extended Data Fig. 2a), and a and b are coef-
ficients to be estimated”*"*>, We used the generalized coefficients
derived from a dataset of open-pit and underground (block cave)
mines for arange of different primary metal commodities and deposit
types® to simulate annual production capacity and mine life, assum-
ing 350 operating days per year (ref. 62). Production capacity is also
constrained by a minimum and maximum mine life of 5and 50 years,
respectively (Extended Data Fig. 3). From this, the PEMMSS model
estimates mine-by-mine commodity supply (S) given by

S=PxGXxXR

where G is the average reported ore grade of a deposit
(Extended DataFig. 2a) and R is the estimated recovery rate after pro-
cessing. We estimated recovery rates (R) for each deposit using arela-
tionship derived from a comprehensive nickel resource and production
dataset, whichincludes variation by deposit type and ore grade®. The
mine-by-mine commodity supply (§) was used to estimate the relative
value of each deposit and the aggregate production across regions and
deposit types (Fig.1). Allreported results for mine production, grade
and status include uncertainty bounds, including the 5th to 95th per-
centiles as range estimates to minimize the influence of outliers (that
is, 90% of simulations fall within this range).

We conducted a series of geospatial analyses to determine the
spatial overlap between mining projects and priority conservation
areas and estimate the quantity of nickel produced fromwithin or near
these areas (Extended Data Fig. 8 and Extended Data Fig. 9). First, we
sampled the point locations of mines and deposits® to extract terres-
trial conservation priority rank values from a global 10-km resolution
map of global land areas ranked by their importance for conserving
biodiversity and storing carbon". A buffer radius of between 1 and
10 km has beenused inrecent studies to estimate a nickel mine’s direct
environmental impacts (notincluding indirect impacts)™. Therefore,
we classified each mine or deposit by whether its potential direct foot-
print occurs within high (top 10%), medium (10-30%) and low (>30%)
priority areas, whichwere then passed to the PEMMSS model through
the input_projects.csv file (Extended Data Fig. 9). Next, we classified
mines into two groups: coastal mines (where point locations are within
50 km of a coastline) and inland mines. A buffer radius of 50 km has
been used to capture the potential influence of both direct and indi-
rectimpacts of mining onbiodiversity'®. Therefore, for coastal mines,
we generated a 50 km buffer and calculated the mean priority value
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of all cells touching the buffer from a 50 km resolution global map
of marine biodiversity conservation priorities?®. We then classified
coastal mines as being within 50 km of high-, medium- or low-priority
areas for conserving marine biodiversity. We note that although both
terrestrial and marine priority maps have coarse resolution, they use
thebest available data on species distribution, with particular attention
tobiasesintroduced by incomplete knowledge on distribution of spe-
ciesin selected global regions (the so-called Wallacean shortfall) and
are therefore considered fit-for-purpose for global-scale analyses'*.
Nevertheless, subnational studies would require finer-scale species
and carbon data. All geospatial analyses were performed in Python
using the geopandas, rasterio and rasterstats packages. The terres-
trial and marine conservation priority areas are shown in Fig. 1d and
Extended Data Fig. 7a, respectively.

Model sensitivity analyses

In our study, we primarily consider the International Energy Agency’s
Announced Pledges Scenario, providing well-recognized demand
estimates, reflecting announced targets and ambitions for decar-
bonization’. However, we tested the sensitivity of our supply scenarios
to alternative demand scenarios (Extended Data Fig. 1), as shown in
Fig.1c,e and Extended DataFig. 4. We also tested the sensitivity of our
resultsto alternative value models, including the contained nickelina
deposit (C=TxG),adeposit’soregrade alone (G) and ore tonnage alone
(7). Weincluded three further sensitivity analyses where: (1) existing
projects are prioritized ahead of undeveloped deposits to identify
an upper bound of supply from existing mines versus undeveloped
deposits; (2) remaining ore tonnage for active projects expands by 5%
per year to simulate increasing brownfield exploration and (3) each
depositis stochastically assigned arandomrelative value to provide a
benchmark for comparison.

Our sensitivity analysis of future supply to alternative value mod-
elsindicates that deposit characteristics (ore tonnage and grade) are
amajor driver of recent shifts towards mining of laterite ore bodies in
the tropics (Extended Data Figs. 2 and 4). The recent surge in low-cost
supply from Indonesiasuggests that deposit characteristics, coupled
with other economic drivers, have allowed it to capture substantial
market share (Extended Data Figs.2 and 6). These conditions have led
to competition with higher-cost projectsin other regions. Recent low
nickel prices meanthat countries with higher production costs are also
less likely to invest in brownfield and greenfield exploration’.

Deep-sea resources are included in our study to demonstrate
the vast scale of any unconventional resource stream—terrestrial or
marine—thatwould be necessary toinfluence current trends of nickel
mine expansion in the tropics over the coming decades. We limited
our analysis to the implications of rapid versus delayed polymetallic
nodule mining (Fig. 4b) to understand potential changes in global
nickel supply dynamics and the likely spatio-temporal distribution of
mining projects on land. Our analysis of the sensitivity of nickel supply
to deep-sea mining delays (Fig. 4b) used the PEMMSS model’s back-
ground discoveries feature. This feature adds one new marine deposit
per year to our resource dataset where each project is stochastically
assigned 100 to 400 million dry tonnes of polymetallic nodules at an
average nickel grade of between 1.2 and 1.5% (refs.19,63). The average
nickel content of polymetallic nodules varies by oceanregion'’, and, as
such, our model only considers marine resource development within
designated explorationareasinthe CCZ of the equatorial Pacific Ocean
(asshownin Extended DataFig. 7a). Recent studies have estimated total
contained nickel in polymetallic nodule depositsin the CCZ at 274 Mt,
with global estimates potentially far greater at an estimated 1.25 Gt in
polymetallic nodules and 3.23 Gt in ferromanganese crusts®*. We used
the same production capacity relationship as for laterites and mag-
matic sulfides to estimate annual production for each deep-sea mining
operation (Extended Data Fig. 3). Although estimates of production
capacity for nodule mining are uncertain, our simulations resultinan

average mine life of 20 years for polymetallic nodule deposits (with
each operation ranging between 11 and 39 years depending on the
assigned oretonnage and grade), consistent with current pre-feasibility
studies for commercial-scale operations®>*® and the term of an exploita-
tion contract with the International Seabed Authority®. After the first
marine depositis assigned, each project will only startif it has a higher
relative value than all other terrestrial deposits in that same year. We
applied an initial development period of 2 years and a development
probability of 50% for marine deposits, which leads to an estimated
start date for deep-sea mining of between 2027 and 2030 (assuming
no moratorium on deep-sea mining). Then, we incrementally applied
5-year delays to the initial development period to test the sensitivity
of global supply to increasing lead times that may arise from policies
supporting a moratorium (Fig. 4b).

Model limitations

There are some limitations of the PEMMSS modelling framework that
should be considered when interpreting the results of this study. For
instance, accurately modelling long-term ore grade dynamics and out-
comesis exceptionally difficult. The PEMMSS model only considers the
average grade of identified mineral resources for each deposit. More
complex economic feedbacks related to changing commodity prices
influencing the economic cut-offgrades used for deposit resource defini-
tion and mining are notincorporated. The PEMMSS model can approxi-
mate this type of information in a simple way through the ‘ore tranche’
functionality thatis already implemented in the modelling framework,
whichallows specification of multiple tranches of available ore for each
deposit that have separate assumed grades and cost/value functions.
However, existing datasets available for nickel deposits do not have the
level of detail required to make full use of this model functionality. Due to
this, Extended Data Fig. 5, showing the amount of ore mined, the average
mined ore grade and the number of new mines starting, may understate
the fullrange of potential long-term outcomes for these model outputs.

Another limitationis the bias that may be embeddedin the regres-
sion coefficients used torelate mineral resources to production capac-
ity. These were derived from a dataset containing 539 mines with
primary commodities including gold, copper, lead-zinc and nickel®.
Duetosome similarities in deposit geomorphology and mining meth-
ods, these parameters may be reasonable proxies for nickel sulfide
deposits. However, datafor these relationships are less developed for
nickel laterite deposits that have different geomorphology and produc-
tion constraints. Resource reporting quality varies by jurisdiction®® and
established mining regions may have well-documented resources that
are unlikely to be developed due to factors beyond the scope of our
model (for example, permitting constraints, community opposition or
insufficient processing capacity), potentially leading to overestimates
of production. Conversely, emerging frontiers such as Indonesia may
have limited or delayed reporting that does not capture ongoing explo-
ration, potentially leading to underestimates of production. Likewise,
therearerelated datalimitations and uncertainties in operational min-
ing methods that inhibit estimations of potential production capacity
fromseafloor deposits. Due to this, the estimated production capacity
across the set of known, undeveloped nickel deposits is particularly
uncertain and so results should be interpreted carefully on this basis.
To provide areasonable constraint on production capacity estimates,
we have implemented a minimum and maximum mine life of 5and 50
years, respectively (Extended Data Fig. 3).

Our analysis focused exclusively on nickel as the primary com-
modity and did not consider potential co-products (such as copper
and cobalt) present in both terrestrial and deep-sea resources'**°.
Reprocessing of tailings deposits of former projects was not considered
in our study. These deposits represent an estimated 0.49 Mt of nickel*
and hence their inclusion would not materially affect our modelling
results. Additionally, while we include known nickel resources in the
Clarion-Clipperton Zone", we did not consider polymetallic nodule
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deposits outside this region or other types of deep-sea deposits such
as seafloor massive sulfides or cobalt-rich ferromanganese crusts®*,
which could also contribute to future nickel supply but are in earlier
stages of development.

The terrestrial conservation priority maps used in our analysis
represent the most comprehensive global integration of biodiversity
and carbon data to date, including all extant terrestrial vertebrates
(5,685 mammals, 6,660 amphibians, 10,953 birds and 10,585 reptiles),
arepresentative subset of all accepted vascular plant species (-41%,
193,954 species) and the best available maps of aboveground and
belowground biomass carbon and vulnerable soil carbon”. However,
the study notably lacks freshwater, soil and invertebrate species for
whichdataare currently insufficient for global-scale analyses. Similarly,
the ocean priority maps represent the most comprehensive global
assessment of priorities for conserving marine biodiversity, integrating
multiple data sources®. Whereas each study employs realm-specific
methodologies for its global optimization, both consider species
threat status, integrate existing protected areas and conduct exten-
sive uncertainty analyses'?. Although any one analysis has its limita-
tions, multiple global-scale studies confirm that the land and coastal
ecosystems of top nickel producers—including Indonesia (Wallacea),
the Philippines and New Caledonia—are global hotspots of terrestrial
and marine species endemism®7°, We consider the maps used in our
analysis appropriate for global-scale analyses of mining threats, but
emphasize that focused subnational assessments would be required
to evaluate impacts onindividual species and ecosystems.

While considerable progress has been made inrecent yearsto map
thedirect footprint of global mining®, substantial uncertainty remains
regarding indirect and offsite impacts. Available evidence suggests
mining poses threats to ecosystems well beyond site boundaries®**..
Forexample, Sonter etal.”’ show that mining-induced deforestationin
the Brazilian Amazon can extend up to 70 km from lease boundaries,
and Macklin et al.*® highlight that sediment-associated contaminants
cantravel 10-100 km downstream. Nickel laterite operations are often
expansive and require extensive coastal infrastructure that directly
affectslocal marine environments, exemplified by the construction of
major coastal industrial parks in Indonesia in the past decade”. Inour
study, we applied a 50 km buffer to identify deposits with the potential
to threaten marine conservation priorities (Fig. 3 and Extended Data
Figs.7 and 8). This threshold is constrained by the ~50 km resolution
of available marine priority data, ensuring at least one raster cell is
sampledbutis nonetheless consistent with buffers used inrecent global
mining threat assessments'®. Whereas global mine-by-mine depletion
isexplicitly represented by our supply scenarios, we do not model the
persistence or reduction of threats to conservation priorities follow-
ing mine closure. Ultimately, global prioritization studies suchas ours
should be used toidentify areas where regional and local impact assess-
ments may be particularly effective forinforming conservationaction.

While we have modelled how deposit characteristics and conser-
vation priorities may influence mine development, we cannot predict
what a diverse array of mine actors will choose to do in response to
changing demand signals, and so the question of whether marine
resources would substitute for, partially replace or simply add to ter-
restrial supply remains unresolved. Fully understanding these dynam-
ics—and counterfactual scenarios of continued fossil fuel production
and climate change—is critical to provide sound recommendations for
delivering optimal biodiversity outcomes".

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The dataset and input files required to reproduce the results of the
PEMMSS model are available in the Supplementary Information.

Code availability
Allcoderequired torunthe PEMMSS model (version1.4) is available via
Zenodo at https://doi.org/10.5281/zenod0.16792366 (ref. 59).
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Extended DataFig. 1| Historical nickel production from 2010 to 2024" and predicted nickel demand under arange of scenarios to 2050. We provide a baseline
reference scenario of no growth in nickel demand beyond 2024 production of 3.7 Mt. All other demand scenarios are from the International Energy Agency’s Global

Critical Minerals Outlook 2025°.
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Extended Data Fig. 2| Global terrestrial nickel resources. a, Resource tonnage
and grade of global nickel deposits, including status for the year 2024. The
datasetincludes 487 projects, with 179 laterite deposits and 308 magmatic
sulfide deposits. The project dataset was compiled from recent studies>?, with
deposit characteristics (ore grade and tonnage) sourced from the S&P Capital IQ
Pro Database, capturing reported resources (including reserves) to the year 2025.

Deposit ore grade and tonnage, together with other factors like processing and
infrastructure costs, play animportant role in evaluating the economic viability
of mining projects®’. b, Nickel contained in terrestrial deposits by country and
deposit type. Bars show estimates from this study for the year 2025, and crosses
show estimates from Mervine et al.” for the year 2020.
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a, Sensitivity of cumulative nickel production from existing projects and Pledges Scenario from terrestrial resources (APS-T). Values show median
undeveloped deposits to abaseline reference scenario (REF-T), three demand cumulative production across model simulations (n = 500) between 2025 and
scenarios from the International Energy Agency (Extended Data Fig. 1), and six 2050, and the error bars show the 5th and 95th percentiles.

alternative value models (Extended Data Table 1). b-c, Across value models,
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Extended DataFig. 5| Global terrestrial ore production, mined ore grade,
mines starting and undeveloped deposits under the Announced Pledges
Scenario (APS-T).a-d, Theline charts show the median values across model

simulations (n =500) for global terrestrial ore production (a), mined ore grade
(b), the cumulative number of mines starting production (c), and the remaining
undeveloped deposits (d). The shaded bands show the 5th to 95th percentile range.
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(APEIs) in the Clarion-Clipperton Zone, overlaid onto ocean biodiversity
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conserving marine biodiversity across model simulations (n = 500). Shaded
bands show the 5th to 95th percentile range. Inland mines greater than 50 km
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Datafor afromref.28.
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categorize threats to marine biodiversity priorities (b). The mean of intersecting
cellvalues for exploration areas in the Clarion-Clipperton Zone was used to
categorize threats to marine biodiversity priorities from polymetallic nodule
resource development (c). Data for afrom Jung et al.”, and datafromb and ¢ from
Salaeta
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Extended Data Fig. 9| The PEMMSS model input files, workflow and web
application. The input files are provided in the Supplementary Data to
reproduce the results. The PEMMSS model isimplemented in Python®, and

Model input files

Modelling workflow

input_projects.csv

P_ID_NUMBER
NAME

REGION

DEPOSIT_TYPE

COMMODITY
REMAINING_RESOURCE
STATUS
DEVELOPMENT_PROBABILITY
GRADE

RECOVERY

LATITUDE

LONGITUDE

input_exploration_
production_factors.csv

GRADE_MODEL
TONNAGE_MODEL
DEVELOPMENT_PERIOD
BROWNFIELD_TONNAGE_FACTOR
CAPACITY_A

CAPACITY_B

CAPACITY_SIGMA

LIFE_MIN

LIFE_MAX

REVENUE_MODEL

input_parameters.csv

SCENARIO_NAME

YEAR_START

YEAR_END

ITERATIONS
BROWNFIELD_EXPLORATION_ON
GREENFIELD_EXPLORATION_ON
PRIORITY_ACTIVE

input_demand.csv

SCENARIO_NAME
COMMODITY
PROJECTED DEMAND

input_postprocessing.csv

input_graphs.csv

input_graphs_formatting.csv

Geospatial preprocessing (preprocessing.py)
Deposit/project Deposit/project Exploration/mining
locations buffers polygons
Overlay
— W,
" S
I g L.
cell value(s) e%
> 7S,
1 >
Raster data
Undeveloped
. deposit or
mining
project
PEMMSS model (pemmss.py)
Development probability (pass)
%, %
(/@ (/@
,>)O O)O
% %
% £
Undeveloped Mining
deposit project
Supply-demand balance algorithm
Mine-by-mine
production
with
aggregation
Geospatial
supply
Version 1.4
PEMMSS application (app.py)
Edit input Display output Explore
files and run graphs and interactive
scenarios statistics projects map

Version 1.4 includes additional features for handling geospatial dataand an

application developed using the Shiny package to display results®. The results of

the geospatial preprocessing are presented in Extended Data Fig. 8.
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Extended Data Table 1| Input parameters for scenarios and sensitivity analyses

Scenario ID Scenario name Demand Value Resource Prioritise Terrestrial Deep-sea
scenario model i istil pr i mining
mines
REF-T Terrestrial production under a REF P-G-R No No No No
no demand growth scenario
STEPS-T Terrestrial production under STEPS P-G-R No No No No
the Stated Policies Scenario
APS-T Terrestrial production under APS P-G-R No No No No
the Announced Pledges
Scenario
NZE-T Terrestrial production under NZE P-G-R No No No No

the Net Zero Emissions by
2050 Scenario

APS-T-C Terrestrial production valued APS T-G No No No No
by contained nickel

APS-T-G Terrestrial production valued APS G No No No No
by ore grade

APS-T-T Terrestrial production valued APS T No No No No
by ore tonnage

APS-T-P Terrestrial production APS P-G-R No Yes No No
prioritising existing mines

APS-T-B Terrestrial production with APS P-G-R Yes, 5% No No No
resource expansion pa.

APS-T-R Terrestrial production without APS U(,1) No No No No
prioritisation

APS-T-NG# Terrestrial production APS P-G-R No No Yes, 0-30% No
excluding the top #% of priority protection
areas

APS-T-D# Terrestrial production with # APS P-G-R No No No Yes, 0-20 year
year delay to deep-sea moratorium
production

APS-T-NG10-DO Terrestrial production APS P-G-R No No Yes, 10% Yes, no
excluding the top 10% of protection moratorium

priority areas with no delay to
deep-sea production

Input parameters for scenarios and sensitivity analyses.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
[o5)

|Z| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

] XX X X[

XI A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X
Ood

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Resource data was obtained from the S&P Capital Pro 1Q Database and scientific literature cited in the paper.

Data analysis An open-source implementation of the Primary Exploration, Mining and Metal Supply Scenario (PEMMSS) model (version 1.4) was used for
model analyses. The PEMMSS model code is available on GitHub (https://github.com/sanorthey/pemmss) and Zenodo (https://zenodo.org/
records/16792366). Geospatial analyses were performed in Python (version 3.12) using geopandas (version 1.1.2), rasterio (version 1.5.0),
and rasterstats (version 0.20.0).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

We used a global dataset of 487 nickel deposits compiled from the S&P Capital IQ Pro Database and recent literature on global nickel resources. The dataset




includes information on resource tonnage, grade, deposit type, development stage and location. The input files required to reproduce the results of the PEMMSS
model are available in the supplementary information.
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Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We used a global mine-by-mine supply scenario model (PEMMSS v1.4) to investigate how projected nickel demand (2025-2050)
could be met from known terrestrial and deep-sea resources. Our study quantifies trade-offs between securing sufficient nickel
supply for decarbonisation and protecting priority conservation areas. The maps of terrestrial and marine priority conservation areas
were derived from existing literature and associated public repositories, including Jung et al. 2021 (https://doi.org/10.5281/
zen0do.5006332) and Sala et al. 2021 (https://doi.org/10.25349/DIN8IM), respectively.

Research sample A global dataset of 487 nickel deposits and reported resources.
Sampling strategy N/A
Data collection No new data were collected.

Timing and spatial scale  Nickel supply was modelled between 2025 and 2050. Deposit information was collated based on the most recent reported data up to
the year 2025, with global spatial coverage. The terrestrial and marine priority conservation area maps have a resolution of 10 km
and 50 km, respectively.

Data exclusions Deposits were excluded if they lacked essential resource information required by the PEMMSS model.

Reproducibility The code required to run the PEMMSS model (version 1.4) is available at the public Zenodo repository: https://doi.org/10.5281/
zenodo.16792366

Randomization N/A

Blinding N/A

Did the study involve field work? |:| Yes |Z| No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems

Methods

n/a | Involved in the study n/a | Involved in the study

g |:| Antibodies g |:| ChlIP-seq

|:| Eukaryotic cell lines |:| Flow cytometry

X |:| Palaeontology and archaeology |:| MRI-based neuroimaging
|Z |:| Animals and other organisms

g |:| Clinical data

|Z |:| Dual use research of concern

X|[] Plants
Plants

Seed stocks N/A

Novel plant genotypes  N/A
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