
Article https://doi.org/10.1038/s41467-024-55703-y

Biomass carbon emissions from nickel
mining have significant implications for
climate action

Evelyn M. Mervine1,2 , Rick K. Valenta 3, James S. Paterson 1,
Gavin M. Mudd4,7, Tim T. Werner 5, Ilyas Nursamsi2,6 & Laura J. Sonter 2,3,6

Global nickel demand is projected to double by 2050 to support low-carbon
technologies and renewable energy production. However, biomass carbon
emissions from clearing vegetation for nickel mining are rarely included in
corporate sustainability reports or considered in mineral sourcing decisions.
Here, we compiled data for 481 nickel mines and undeveloped deposits to
show that the footprint of nickel mining could be 4 to 500 times greater than
previously reported (depending on themine site), and thus the environmental
impacts of nickel products, including batteries, have been underestimated to
date. We found large variation in biomass losses among mines, and, in
many cases, these unaccounted carbon emissions were significant relative
to other Scope 1 and Scope 2 emissions from nickel extraction and
processing. Reporting emissions from biomass losses from mining is key
for strategic decision making on where to source nickel needed for effective
climate action.

Commitments to boost low-carbon energy production and end
deforestation by 2030 were two key outcomes of the COP 28 con-
ference of the United Nations Framework Convention on Climate
Change1. Together, these measures could make substantial progress
towards mitigating anthropogenic climate change and limiting global
warming to 1.5 degrees Celsius2. However, their effects are not inde-
pendent, and, without careful planning, progress on one could
undermine the achievement of the other. Low-carbon technologies,
for example, require production increases in mineral mining3. The
mining industry is already responsible for ~10% of global energy-
related carbon emissions each year4. In addition, mining directly and
indirectly causes land use changes, and the associated biomass losses
may result in further carbon emissions5–7. However, biomass carbon
emissions are not generally reported by the mining sector8 and rarely
feature in climate plans or decisions on where and how to source
metals for low-carbon technologies3.

The minerals required for low-carbon technologies include alu-
minum, graphite, nickel, copper, zinc, lead, manganese, cobalt, and
lithium3,9. For many of these minerals, large increases in mining pro-
duction will be required to meet growing demand, even when recy-
cling is taken into consideration. For example, The World Bank
estimated that to develop the low-carbon infrastructure required to
limit global warming to 2 degrees, graphite and lithium mining will
need to increase by almost 500% by 20509. The minerals that have the
highest estimated annual demands in 2050 for use in low-carbon
technologies are aluminum (5.58 million tonnes), graphite (4.59 mil-
lion tonnes), nickel (2.27 million tonnes), and copper (1.38 million
tonnes)9.

Here, we focus on estimating biomass carbon emissions caused
by clearing vegetation for nickel mining. Nickel is a silvery-white
metal that is hard, ductile, and resistant to oxidation and corrosion.
Today, nickel is primarily used in stainless steel and other alloys, as
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well as in specialized corrosion-resistant plating10,11. Nickel is also
used to produce numerous low-carbon energy production and sto-
rage technologies, including batteries and infrastructure for geo-
thermal, wind, solar photovoltaic, hydroelectric, and nuclear energy.
Currently, ~15% of global nickel production is used in clean energy
applications11,12. As battery use increases in future to aid the transition
to a low-carbon economy, an increasing amount of nickel supply will
be required. For example, one study estimates that the amount of
nickel required for electric vehicles will reach 1.1 million tons (Mt) per
year by 2030, which is approximately one-third of global annual
production in 202312. Climate action, among other factors, is pro-
jected to see future nickel demand from energy technologies soar to
2.27Mt of nickel per year by 20509. A recent analysis by the Inter-
national Energy Agency predicts that cleantech demand for nickel
will increase from 0.48Mt (in 2023) to 3.4Mt by 204011. Demand for
other nickel use is also predicted to increase, from 2.5Mt (in 2023) to
2.9Mt by 204011. Since increasing end-of-life nickel recycling rates to
100% by 2050 would only increase recycled content rates in nickel
products to 58%, continued supplies of nickel will need to be pro-
vided through mining9.

Global terrestrial nickel resources in 2018 (350.2Mt nickel) are
sufficient to meet increasing demand in the coming decades13,14.
However, land use changes and associated biomass losses from
establishing new nickel mines will depend strongly on where and how
deposits are brought into production. More than half (60–70%) of
terrestrial resources are located in nickel laterite deposits, which are
concentrations of nickel that form in loose rock and soil through
intense weathering in tropical climates14,15. To date, laterite mining has
been secondary to the mining of magmatic sulfide deposits, which
form in igneous rocks. Magmatic sulfides generally have lower land
and energy processing requirements than laterites and are thus less
expensive to mine, accounting for ~60% of current production14,16.
However, magmatic sulfide deposits are declining in grade, and it is
expected that laterite mining will comprise a larger proportion of
nickel production in future14. In addition, recent technological devel-
opments have enabled battery grade (Class 1) nickel production from
laterite deposits17–19.

Our goal in this study was to estimate the impact of nickel mining
on biomass carbon storage, including potential future losses from
undeveloped deposits. To do this, we compiled a database of 481
nickel mines and undeveloped nickel deposits, classifying them as
either magmatic sulfide deposits (n = 276), laterite deposits (n = 173),
or another type of deposit (n = 32) (Fig. 1; Data S1). For 18 magmatic
sulfide mines and 18 laterite mines, as well as for the major mining
fields of Sudbury Basin (sulfide deposits, ~11mines) andNewCaledonia
(laterite deposits, ~30 mines), we were able to quantify land use foot-
prints and cumulative nickel production data to 2020 to estimate land
transformation factors (m2 of land per tonne of nickel; Data S2). In
addition, we estimated the number of years (to 2020) that each nickel
mine has produced nickel. We then used a global biomass dataset20 to
quantify the average biomass density of unaffected vegetation sur-
rounding the mine sites as a proxy of what was emitted through
clearing vegetation for mining (see Methods and Data S2). Finally, we
estimated potential biomass losses for developing 335 nickel deposits,
under a range of land transformation factors (see Methods and
Data S3).

Results
We found large variation in total land disturbance relative to nickel
production for historic and current nickel mines (see Table 1, Fig. 2,
and Data S2). For magmatic sulfide mines, land transformation fac-
tors range from 4 to 398m2/t nickel (median: 30m2/t nickel). For
laterite mines, land transformation factors range from 7 to 229m2/t
nickel (median: 50m2/t nickel), indicating that laterite mines gen-
erally have larger land disturbance than sulfidemines, although there
are sulfide mines with very high land transformation factors.
Importantly, a land transformation factor of 4m2/t nickel was
determined for the Sudbury Basin, and a value of 10m2/t nickel was
determined for Norilsk-Talnakh in Russia, the two largest sources of
nickel sulfide ore. The Sudbury Basin deposit has produced ~12Mt of
nickel since the 1880s while the Norilsk-Talnakh deposit has pro-
duced ~8.3Mt of nickel since the 1930s13,14. In addition, a value of
20m2/t nickel was estimated as an average for all laterite mining on
the island of New Caledonia, where mining has occurred since the

Fig. 1 | Locations of nickel mines and undeveloped nickel deposits compared
with aboveground biomass carbon values.Magmatic sulfide deposits are shown
as purple circles and laterite deposits are shown as turquoise circles. The size of the
circle indicates the deposit size. Deposits that have been developed into mines are

indicated with a black dot. Example mine footprints are shown in the insets.
Aboveground carbon values are from Spawn et al.20. In this figure, the data from
Spawn et al.20 were plotted using ArcGIS Pro Version 3.0.
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1870s and produced ~5.2Mt of nickel13. The value for all of New
Caledonia is likely an underestimate, since it is challenging to map all
areas that were historically disturbed. Unsurprisingly, values were
lowest for underground nickel mines, such as Eagle Mine in the USA
and Voisey’s Bay Mine in Canada.

Importantly, our land transformation factors are, in general,
greater than those reported in previous studies used to quantify the
environmental impacts of nickel21. The Nickel Institute reports values
of 0.76m2/t nickel for underground mines and 1.8m2/t nickel for
open pit mines22. The Nickel Institute values have been used in

various academic studies examining the environmental impacts of
nickel mining, for example in Nakajima et al.21. A 2009 report on
metal mining environmental impacts for the Ecoinvent Database23,
which has been cited in various academic studies on nickel mine
land use24,25, contains a value of 1.7m2/t nickel for open pit mines and
assumes that the land footprint of an underground mine is
negligible23. Using these literature land transformation factors
in environmental impact assessments, including those of carbon
emissions, greatly underestimates the environmental impact
of nickel mining. For underground mines, the smallest land

Table 1 | Land transformation factors determined for sulfide and laterite nickel mines in various countries

Mine site Country Mine type Land transformation
factor (m2/t nickel)

Nickel production
years (to 2020)

Years in operation
(to 2020)

Sulfides

Avebury Australia UG 282 2008–2009 1

Flying Fox–Forrestania Australia OP and UG 10 1992–1998, 2006–2020 20

Mount Keith Australia OP 38 1995–2020 25

Nova–Bollinger Australia UG 30 2017–2020 3

Savannah Australia OP and UG 14 2004–2016, 2019–2020 13

Phoenix and Selebi–Phikwe Botswana OP and UG 72 1973–2016 43

Santa Rita Brazil OP and UG 335 2009–2016, 2019–2020 7

Bucko Lake Canada UG 398 2009–2012 3

Raglan Canada OP and UG 88 1997–2020 23

Sudbury Basin Canada OP and UG 4 1883–2020 137

Thompson Canada OP and UG 11 1961–2020 59

Voisey's Bay Canada OP and UG 11 2005–2020 15

Hitura Finland OP and UG 28 1970–1982, 1984–1985, 1988–2008, 2010–2013 36

Kevitsa Finland OP 125 2012–2020 8

Norilsk–Talnakh Russia OP and UG 10 1942–2020 78

Nkomati South Africa OP and UG 32 1997–2020 23

Aguablanca Spain OP and UG 45 2005–2015 10

Eagle USA UG 4 2014–2020 6

Ta Khoa / Ban Phuc Vietnam OP and UG 19 2013–2016 3

Laterites

Murrin Murrin Australia OP 58 1999–2020 21

Ravensthorpe Australia OP 102 2008–2009, 2011–2017, 2020 8

Barro Alto Brazil OP 79 2004–2020 16

Codemin Brazil OP 134 1982–2020 38

Onça Puma Brazil OP 38 2011–2017 6

Cerro Matoso Colombia OP 7 1982–2020 38

Moa Bay and Punta Gorda Cuba OP 54 1959–2020 61

Falcondo Dominican Republic OP 8 1971–2008, 2011–2013, 2016–2020 43

Fenix Guatemala OP 17 1976–1980, 2014–2020 10

Sorowako Indonesia OP 17 1977–2020 43

Weda Bay Indonesia OP 133 2020 1

Ambatovy Madagascar OP 42 2012–2020 8

Tagaung Taung Myanmar OP 229 2011–2020 9

All New Caledonia New Caledonia OP 20 1875–2020 145

Goro New Caledonia OP 50 2010–2020 10

Koniambo New Caledonia OP 86 2013–2020 7

Ramu Papua New Guinea OP 12 2012–2020 8

Gordes Turkey OP 64 2014–2020 6

Loma de Niquel Venezuela OP 26 2000–2012 12

UG underground and OP open pit. Note that the value for Sudbury represents the average for ~11 mines in the same large deposit, while the value for New Caledonia represents an average for
~30mines in the placer deposits located throughout the island. Note that others, for example, Thompson and Raglan, represent themining of multiple nickel deposits located in close proximity to
each other. The land transformation factor was determined using cumulative nickel production to the year 2020 and themining footprint to the year 2020. The number of years of nickel production
(to 2020) in this table has been determined as best as possible from notes in the S&P Metals & Mining Database and information on mining company websites.
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transformation factor determined in this study (see Table 1 and
Data S2) is 4m2/t nickel or ~5× the land transformation factor pro-
vided by the Nickel Institute, while the highest value of 398m2/t
nickel is >500× the Nickel Institute value. For open pit mines, the
lowest value of 7m2/t nickel is ~4× the values provided by the Nickel
Institute and in the 2009 Ecoinvent report, while the highest value of
229m2/t nickel is ~130× these values.

While the latest version of the EcoinventDatabase (https://ecoinvent.
org/database/) contains updated assumptions that can generate land
transformation factors of ~10–20m2/t nickel, depending on the para-
meters selected, academic studies on nickel land footprints still primarily
reference the older reports22,23. In addition, there is a lack of primary data
from peer-reviewed scientific studies to inform the land transformation
factors for nickel mines in the Ecoinvent Database.

In addition to considering land transformation factors, it is
important to consider the biomass densities of vegetation located in
nickel mining areas. A mine that has a high land transformation factor
but is located in a region of the world that has a low biomass density
can have a low impact on carbon storage (and vice versa). Determining
the exact biomass densities for vegetation that has been lost as a result
of global nickel mining is challenging since many nickel operations
were brought into operation decades ago before satellite datasets
were available and since the amount of deforestation that occurred is
often poorlydocumented. Furthermore, even formines that opened in
recent years, the use of regional biomass datasets is limited by the lack
of data harmonization between studies that have used different
methods to determine biomass values.

To estimate biomass densities in a way that could facilitate a high-
level global comparison of biomass densities for nickel mines, the
globally harmonized biomass carbon density dataset of Spawn et al.20

was used. This dataset contains aboveground and belowground bio-
mass carbon density values for the year 2010. Using this dataset, we
estimated the biomass carbon densities of vegetation lost from mine
land use by determining the average biomass carbon densities in
buffers surrounding the mining operations (see Methods). We
acknowledge that the actual biomass carbon densities that were lost
could be different for many mine sites. However, our estimates pro-
vide a suitable high-level dataset to enable analysis of broad trends of
biomass carbon losses from nickel mining in different parts of the
world. We also believe that our analysis is conservative. For older
nickel mining operations, the 2010 dataset is likely underestimating
the biomass carbon densities of the vegetation that was lost due to
mining since, in many parts of the world, there is a general trend of
reduction of biomass densities due to, for example, deforestation due
to agricultural activities. In addition, we are not considering the
indirect land use change impacts of nickel mining, such as the devel-
opment of towns and road networks to support mining operations.

Our analysis of biomass densities found that laterite mines, which
tend to form in tropical environments, do not always have greater
biomass values than magmatic sulfide mines. Total biomass carbon
density (sum of aboveground and belowground values) of vegetation
cleared for nickelmining ranges from 1.45 to 122.7 t C/ha (median: 36.6
t C/ha) for magmatic sulfide mines and from 2.5 to 141 t C/ha (median:
36.2 t C/ha) for laterite mines (Fig. 2 and Data S2). Some laterite mines
are located in palaeo-laterite deposits that have low modern-day bio-
mass densities, for example at Murrin Murrin and Ravensthorpe in
Australia. Furthermore, somemagmatic sulfidemines canbe located in
regions with relatively high biomass densities, such as Avebury in
Tasmania, Australia, and Santa Rita in Brazil.

Total biomass carbon losses per tonne of nickel produced atmine
sites depend on both the biomass densities of cleared vegetation and
the land transformation factors. These values are highly variable for
both lateritemines, which range from0.054 to6.91 t CO2e/t nickel, and
magmatic sulfide mines, which range from 0.013 to 12.70 t CO2e/t

Fig. 2 | Impact of nickel mining on land and biomass carbon. Sulfide mines are
shown inpurple and lateritemines are shown in turquoise. Individual mines are
shown as circles, while estimates for themajor mining fields of Sudbury Basin (~11
mines) and New Caledonia (~30 mines) are shown as triangles. A Cumulative
nickel production versus total land disturbance. B Cumulative nickel production
versus average aboveground biomass densities in 5 km buffers around themining
sites. See Methods for more information on how the average biomass densities
were determined. C Cumulative nickel production versus estimated total
biomass carbon losses, which were determined by multiplying the total land
disturbance by the average aboveground and belowground biomass carbon
density values.
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nickel. Biomass carbon losses per tonne of nickel produced at some
mines are similar to the emissions caused by nickel extraction and
processing (seeData S2), which range from0.9 to 10 t CO2e/t nickel for
magmatic sulfide mines16 and 25 to 45 t CO2e/t nickel for laterite
mines16,26. Our results illustrate the importance of accounting for bio-
mass carbon losses when deciding where and how to source nickel in
future.

Examining the characteristics of undeveloped nickel deposits
globally can provide insights for strategies that could minimize future
biomass carbon emissions from nickel production. The biomass den-
sities of undeveloped nickel deposits differ among countries (Fig. 3C).
Vegetation in areas coinciding with laterite deposits was generally
more biomass dense (Fig. 3A), due to these deposits being formed in
the tropics (for example, in Indonesia, Papua New Guinea, the Phi-
lippines, and Brazil). However, examples of undeveloped palaeo-
laterite deposits exist in regions with lowmodern-day biomass carbon
densities, such as inWestern Australia (Fig. 1). There are also examples
of magmatic sulfide deposits associated with vegetation of moderate
to high biomass density (for example, in Canada and Scandinavia).
Thus, the spatial distributionof biomass densitymust be considered in
nickel sourcing decisions, particularly when supplying low-carbon
technologies.

We used a sensitivity analysis to estimate potential biomass car-
bon storage losses for undeveloped nickel deposits for a feasible range
of land transformation factors from 0.1 to 200m2/t nickel (see

Methods and Data S3). The results illustrate the range of expected
biomass carbon emissions for each deposit with increasing land
transformation factors (Fig. 4). We found emissions would remain low
(relative to other reported Scope 1 and Scope 2 emissions) for deposits
located in regions with low biomass densities, even when assuming
large land transformation factors (Fig. 4). For deposits with greater
biomass densities, emissions remain relatively low when utilizing
smaller land transformation factors, such as those reported by the
Nickel Institute. However, utilizing factors calculated in this study for
actualmine sites can result in emissionsofup to several tonnes ofCO2e
per tonne of nickel produced. For undeveloped laterite deposits with
the highest biomass carbon densities, such as deposits in Indonesia
and Papua New Guinea, biomass carbon losses could be greater than
10 t CO2e per tonne of nickel produced.

Discussion
Importantly, our study has demonstrated that the land transformation
factors for nickel mining are significantly underestimated in previous
studies, for example, a widely-cited Nickel Institute study that reports
values of 1.8m2/t of nickel for open pit mines and 0.76m2/t nickel for
underground mines22. Our study is the first to assess land transfor-
mation factors for a large number of nickel mines globally. However,
our results are consistent with a limited number of previous
studies which have looked at land transformation factors for nickel
mines in specific regions. These studies have also found that land

Fig. 3 | Aboveground and belowground biomass carbondensities (MgC/ha) for
undeveloped nickel deposits. The carbon biomass densities are the average
values fromSpawn et al.20 datasetwithin 5 km radius circles around the coordinates
of the deposits. Sulfide deposits are shown in purple while laterite deposits are
shown in turquoise. The box-and-whisker plots show the mean (x), median (line),
and upper and lower quartiles (whiskers). If there are any statistical outliers, these
are shown as dots above or below the whiskers. A Comparison of aboveground

biomass carbon densities for all undeveloped sulfide deposits and all undeveloped
laterite deposits. B Comparison of belowground biomass carbon densities
for all undeveloped sulfide deposits and all undeveloped laterite deposits.
C Aboveground biomass carbon values for undeveloped sulfide and laterite
deposits by country. Belowground biomass carbon values for undeveloped sulfide
and laterite deposits by country are shown in Fig. S1.
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transformation factors for nickel mining have been historically
underestimated. For example, Iwatsuki et al.27 determined land trans-
formation factors for six nickel mines in New Caledonia over 26 years
of production and found variation between 1.7 and 19.1m2/t nickel. A

recent study by Heijlen and Duhayon19 determined a value of 42m2/t
nickel for nickel mining in Indonesia over the past two decades.

An important parameter that can influence the land transforma-
tion factor is the number of years that a nickel mine has been in
operation (see Table 1 and Data S2). In theory, the land transformation
factor for a mine can reduce over time as the mine produces more
nickel. Indeed, someof the highest land transformation factors that we
determined are formines that operated for a short time, such as Bucko
Lake in Canada (398m2/t nickel, in operation for 3 years) and Avebury
in Australia (282m2/t nickel, in operation for 1 year). By the time these
operations closed, the mine footprints had been established but
cumulative nickel production remained lower than planned. In addi-
tion, some recently opened mines, such as Nova-Bollinger in Australia
(opened in 2017) and Weda Bay in Indonesia (opened in 2019), may
have land transformation factors that decrease with time as they
continue nickel production. These examples illustrate that there is risk
in developing new nickel deposits, especially marginal ones. If nickel
mines do not achieve full production, then their environmental impact
per tonne of nickel production remains high. That said, it is important
to note that at some mines land transformation factors remain high
even after the mine has been in operation for decades. For example,
this is the case forMount Keith inAustralia (38m2/t nickel, in operation
for 25 years), Murrin Murrin in Australia (58m2/t nickel, in operation
for 21 years), andCodemin in Brazil (134m2/t nickel, in operation for 38
years). Thus, the variability in land transformation factors at different
nickel mines must also be due to other factors, such as the ore grades
of the deposit and the mine designs.

Over the past several months, the production of inexpensive
nickel from Indonesia has led to a drop in the global nickel price and a
number of nickel mines being closed or transitioned to care and
maintenance, such as Ravensthorpe and Cosmos in Australia and
Koniambo in New Caledonia. Several other operations, such as Mount
Keith in Australia, are at risk of closure in the coming months. The
displacement of nickel production in other parts of theworld by nickel
laterite production in Indonesia makes an assessment of biomass
carbon losses from nickel mining a timely and important considera-
tion. Closing of existing mines and opening of new mines in a region
with high biomass carbon densities could significantly increase the
carbon footprint of nickel mining.

Our study has illustrated the need to include the impact of bio-
mass carbon storage losses in Scope 1 emissions calculations for mine
sites. Historically, emissions from land use changes have often been
categorized as Scope 3 emissions and reported in national inventories
rather than by individual companies, with the exception of certain
industries, such as forestry28. Currently, mining companies generally
do not include emissions caused by biomass losses in their Scope 1
reporting, and these emissions are also generally not captured by
Scope 3 reporting. For example, a Scope 3 reporting guidance docu-
ment recently published by the International Council on Metals and
Mining provides detailed guidance on best practices for mining com-
panies to report on emissions from upstream and downstream supply
chain activities but does not mention land use change emissions
reporting29.

Recognizing that there is a lack of guidance regarding how com-
panies should report emissions from land use changes and that com-
panies commonly do not report these emissions, the Greenhouse Gas
Protocol, which publishes one of the most widely used corporate
reporting standards for carbon emissions, recently released a draft
“Land Sector and Removals Guidance” document30. In this new gui-
dance document, the GHG Protocol dictates that companies should
report emissions from land use change occurring on lands a company
owns or controls as Scope 1 emissions. Emissions from land use
changes associatedwith energy purchase should be reported as Scope
2 emissions, while emissions from land use changes within the com-
pany’s value chain (upstream and downstream supply chain) shouldbe

Fig. 4 | Potential biomass carbon storage losses for undeveloped nickel
deposits. The lines represent individual deposits and show how the t CO2e/t
nickel changes as the land transformation factor increases from 0 to 200m2/t
nickel. The higher the biomass carbon density at the deposit location, the
steeper the slope of the line. A Potential biomass carbon storage losses for
undeveloped magmatic sulfide deposits. Reference lines are shown for gen-
eric land transformation factors for underground and open pit mines from
the Nickel Institute, as well as for Norilsk-Talnakh and Kevitsa nickel mines
(this study). B Potential biomass carbon storage losses for undeveloped
laterite deposits. Reference lines are for the generic land transformation
factor for open pit mines from the Nickel Institute, as well as for Murrin
Murrin and Ambatovy nickel mines (this study). Note that there are no
underground laterite mines.

Article https://doi.org/10.1038/s41467-024-55703-y

Nature Communications | (2025)16:481 6

www.nature.com/naturecommunications


reported as Scope 3 emissions. Furthermore, the GHG Protocol gui-
dance document specifically mentions mining as a “land-intensive
activity” where emissions from land use changes are essential to
include in Scope 1 reporting since these emissions can be significant30.
The new GHG Protocol guidance document is expected to come into
effect in 2025, at which time all mining companies will be expected to
report Scope 1 emissions from land use changes at their operations.

We have demonstrated in this study that Scope 1 emissions from
land use changes at many nickel mining operations can be significant
relative to other Scope 1 and Scope 2 emissions. Considering the new
GHG Protocol land use change reporting requirements, there is an
urgency for nickel mining companies to collect appropriate data to
track carbon emissions from landuse changes at their operations.Data
that should be tracked include: (1) the exact boundaries of areaswhere
vegetation has been cleared, (2) the biomass densities of the cleared
vegetation, and (3) any recovery of biomass through reforestation
activities. Data on land areas should be straightforward to collect
through normal survey methods. In this study, we have used a global
satellite dataset of biomass densities to estimate biomass emissions
from nickel mine sites in order to produce a broad global comparison.
However, mining companies should collect more accurate local bio-
mass datasets, using a combination of satellite and/or aerial remote
sensing and on-the-ground field surveys. Specifically, we recommend
that mining companies follow Intergovernmental Panel for Climate
Change guidance for Tier 3 level data (local activity data) collection as
much as possible31. Where it is impossible to collect Tier 3 level data
(for example, at nickel mine sites that have already been in operation
for many years), then it may be necessary to rely on lower confidence
estimates of carbon emissions, for example, a Tier 1 modeling
approach.

Consideration of Scope 1 emissions from biomass losses also
needs to be integrated into strategic nickel sourcing decisions. Ideally,
to minimize emissions from nickel mining and increase the net benefit
of climate action, metals should be preferentially sourced from
deposits associated with less carbon-dense vegetation. Furthermore,
reducing the land use footprint of nickel mines, for example by
operating underground, could also contribute to reducing total bio-
mass losses. However, this option is only available for a subset of
mines, such as high-grademagmatic sulfide deposits, andmaybecome
increasingly limited in future as lower-grade deposits with larger land
requirements for ore stripping and waste storage are developed13,24. It
is also important to note that mining activity can drive deforestation
well beyond the immediate mining area5, which causes indirect bio-
mass carbon emissions that we did not quantify in this study.

Biomass losses could be reduced through improved rehabilitation
efforts post-mining. Historically, rehabilitation of nickel mines has
been challenging and largely unsuccessful, due to the presence of
ultramafic rock and soil with elevated metal contents32,33. However,
improved practices using endemic plants that effectively colonize
stripped areas and reduce soil toxicity could increase rehabilitation
success33. Careful use of carbon offsetting could also help to address
net carbon losses, as has recently been suggested for Ambatovy in
Madagascar34. However, it is still essential that irrecoverable carbon
losses, for example, from old-growth forests, are avoided35,36 and that
biomass impacts from nickel mining are considered in national and
global targets to reduce or halt deforestation.

Addressingother sources of Scope 1 emissionswill also reduce the
climate impact of nickel mining. For example, many mines will likely
install solar photovoltaic systems in future to reduce their reliance on
fossil fuels, although this may be difficult to implement for certain
types of energy use, such as the energy used by nickel smelters, which
generally require coking coal. Land transformation factors for utility-
scale solar energy systems have been estimated to range between 229
and 552m2/GWh37. Mudd16 reports that energy use for nickel mining
and processing ranges from ~30–600GJ/t nickel. If we assume that

utility-scale solar is used tomeet nickel mine energy requirements and
new land is used (rather than rooftop solar), then 2–94m2 of land
would be required per tonne of nickel production capacity, further
increasing land requirements and carbon emissions from biomass
losses.

Biomass carbon storage losses should be included in Life Cycle
Assessments and considered in Supply Chain Assessments for nickel
products38,39. Due to the high variability of biomass carbon storage
losses for different nickel mines, a single value should not be used to
represent carbon storage loss per tonne of nickel. Instead, there
should be values for individual mine sites, if feasible, or at least for
particular countries or regions. The variability of biomass carbon
storage losses highlights the importance of understanding nickel
supply chains and tracing metal from mine site to final end use.

Overall, our study reveals the importance of quantifying bio-
mass carbon storage losses from nickel mining and factoring these
emissions into metal sourcing decisions. Beyond carbon, nickel
mining can lead to numerous other environmental impacts, includ-
ing pollution, depletion of water resources, and loss of
biodiversity40–42. More accurate assessment of land transformation
factors for nickel mining is essential in order to properly quantify
many of these impacts, which have likely been significantly under-
estimated to date. Mining companies must take responsibility for
tracking land use changes and reporting Scope 1 carbon emissions
due to biomass carbon losses.

Determining land transformation factors and biomass carbon
storage losses for other energy transitionminerals, such as aluminum,
graphite, copper, and lithium, is also needed. However, conducting
similar global analysis for otherminerals will be challenging, due to the
lack of data availability, particularly cumulative production data. A
recent analysis by Maus and Werner43 determined that more than half
(56%) of global mining areas visible in satellite images do not have any
production data (let alone cumulative production data) listed in the
S&P Metals & Mining database, which is the most comprehensive
database for mining production data. The analysis we conducted for
nickel was only possible due to the diligent compilation of nickel
production data in previous studies, which enabled gaps in the S&P
Metals & Mining dataset to be filled13,14. A comprehensive and diverse
dataset on global mining production is still missing for environmental
assessments and strategic sourcing of minerals to support an energy
transition.

Methods
Compilation of global nickel deposits and sizes
Information on the locations, sizes, and characteristics of nickel
deposits was compiled from the S&PGlobalMarket IntelligenceMetals
&Mining Database (https://www.spglobal.com/marketintelligence/en/
campaigns/metals-mining), which is one of the most comprehensive
mineral deposit databases available and is commonly used by
researchers to assess global trends in mining and mineral
exploration44–46. The database was queried for nickel deposits with
reserves and resources listed as of December 2020. Note that the
terms “reserves” and “resources” are used in the mining industry to
define the confidence that a commodity, such asnickel, canbebrought
into production from a mineral deposit (for example, see the
descriptions in the Australasian Code for Reporting of Exploration
Results, Mineral Resources, and Ore Reserves (JORC) website here:
http://www.jorc.org/). For reserves, there is higher confidence that a
commodity has value and can be economically, technically, and legally
extracted. For resources, a commodity is potentially valuable, and
there are reasonable prospects for eventual economic extraction. A
total of 481 entries were returned by this query. Note that an additional
1829 nickel projects are listed in the database. However, most of these
are early-stage exploration projects that have not yet proven the pre-
sence of economic nickel concentrations through drilling and sample
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assay. These additional projects were not considered as part of
this study.

The S&P database includes metadata under “Ore Body Type” that
can be used to classify nickel deposits as either a magmatic sulfide
deposit, a laterite deposit, or another type of nickel deposit. Classifi-
cation of the deposits from the metadata requires geological knowl-
edge. For example, ore types listed as “KomatiiticMagmatic”, “Layered
Mafic-Ultramafic Intrusion”, and “Podiform (Ophiolite-Peridotite)”
were all classified as magmatic sulfide deposits, which required an
understanding that these types of rocks will contain magmatic sulfide
mineralization.

Only 236 of the 481 deposits had metadata under “Ore Body
Type”. The remaining 245 deposits were classified based on informa-
tion located elsewhere in the S&P database (for example, from a
description of metallurgical processing under the “Comments” field
for the deposit), from descriptions of the deposit in scientific litera-
ture, or frommining company websites or press releases (see Data S1).
For a few deposits, there was not enough information to make a clas-
sification, and the deposit type was listed as “Unknown”. In addition,
the 236 deposits with ore type meta-data in the S&P database were
checked against other information. While most of the S&P ore type
classifications were accurate, a few errors were noted and corrected.

Laterite deposits were straightforward to classify. However,
magmatic sulfide deposits were more complex to classify since in
igneous rocks, nickel can be present not only in magmatic sulfide
minerals but also in hydrothermal minerals that form through altera-
tion of the rocks. In addition, several large nickel deposits in the
Sudbury region of Canada were formed by crustal melting caused by a
large meteorite impact (the S&P database classifies these deposits as
“Astrobleme” type). In this study, all nickel deposits present inmafic to
ultramafic igneous rocks were classified as “Magmatic Sulfide”
deposits, including those with nickel mineralization caused by hydro-
thermal alteration or a meteorite impact. While this is a simplification,
it is justified because the nature of nickel deposits in igneous rocks is
broadly similar and important to contrast with the different nature of
nickel deposits in soil laterites.

In addition, information on production was compiled for as many
nickel mines as possible. Information on cumulative production
through the end of 2020 was sourced from the S&P Database, when
available, and also from Mudd and Jowitt14 and Barnes et al.47. The
number of years that a mine produced nickel (to end 2020) was also
estimated, using the S&P Database and information obtained from
company websites.

Determination of nickel mine land disturbance areas
To delineate the land occupied by nickel mining areas, we manually
delineated mine areas from satellite imagery per methods previously
established and described at length in Maus et al.44, Tang et al.48,
Werner et al.49 and Tang and Werner50. In the interest of clarity, we
briefly expand upon these methods here. Using the 2020 Google
imagery available in Google Earth Engine and Sentinel-2 (grain size
10m), we delineated various features, including mine waste rock
dumps, heap leach pads, tailings dams, pits, and milling infrastructure
areas. We generally excluded features such as roads and remote air-
ports unless such features were clearly in place due to the develop-
ment of a mine. In cases where mines operated close to built-up areas,
this process entailed distinguishing milling infrastructure from sur-
rounding buildings. Revegetated areas, backfilled pits, or pits subse-
quently employed for non-mining-related water storage were
identified using historical imagery as well as public reports. Such areas
were not included in the land transformation factors. Beyond themine
area polygon data available from past studies44,48–50, an additional
31 sites were newly mapped or updated exclusively for this study, as
well as updating delineation areas from those studies, based on more
recent imagery. Additional processes of image validation aredescribed

in Werner et al.36 and Tang and Werner50. The land disturbance areas
used in this study are provided in Data S2. Polygons of nickel mining
areas are provided in a GoogleEarth file in Data S4.

Biomass carbon density and carbon loss calculations
To calculate biomass carbon densities in the vicinity of nickel mines
and undeveloped nickel deposits, the global database of Spawn et al.20

was used. This database contains aboveground and belowground
carbon biomass values that were determined from 2010 satellite ima-
gery coupled with modeling techniques used to infer belowground
carbon values. The values have been harmonized so that they are
consistent from one region to another, which is the primary reason
why this dataset was selected over other carbon biomass datasets. The
use of the Spawn et al.20 dataset is appropriate for this study, which
aimed to develop a global view and comparison of biomass losses. To
assess biomass losses more accurately at specific nickel mine sites,
detailed analysis of local records, including historic satellite data,
should be conducted. The biomass values in the Spawn et al.20 dataset
include all carbon stored in living plant tissue, such as stems, bark, and
leaves, aswell as in roots (theunderground component). The values do
not include organic soil matter, nor non-living plant tissues, such as
leaves on the forest floor. The spatial resolution of the dataset
is 300m.

For nickel mine sites, it was assumed that all biomass carbon was
lost from the mining area polygons. To estimate what the biomass
carbon densities were before mining, a buffer polygon of 5 km was
drawn around the mining area, and the average carbon densities within
this polygon were calculated using the spatial statistics toolkit in QGIS, a
mapping and spatial analysis software program (https://www.qgis.org/).
If other mining areas fell within the buffer area, the areas for these were
subtracted from the buffer polygon area before average biomass carbon
densities were calculated. In addition, carbon values over bodies of
water were converted from zero values to null values, so that they did
not bring down the average carbon density values for biomass in a
region. To check the appropriateness of using a 5 kmbuffer, a sensitivity
analysis was conducted with 1 km and 10km buffers. As shown in
Figs. S2 and S3, comparison of the 1 km and 5 km and the 10km and
5 kmbuffers resulted in highR-squared values in all cases. The sensitivity
analysis indicates that the carbon density values are not highly sensitive
to the size of the buffer. Therefore, it was appropriate to use the results
from the 5 km buffers in this study.

After the carbon densities were determined, biomass carbon
losses were estimated by multiplying the average carbon densities by
the area from the mining area polygons. The carbon losses estimated
in this study are provided in Data S2.

For undeveloped nickel deposits, average carbon densities were
calculated for 5 km radius circles around the S&P coordinates. A sen-
sitivity analysis was conducted using 1 km radius and 10 km radius
circles. As shown in Figs. S4 and S5, comparison of the 1 km and 5 km
and the 10 km and 5 km buffers resulted in high R-squared values in all
cases. The sensitivity analysis indicates that the carbon density values
are not highly sensitive to the size of the buffer. Therefore, it was
appropriate to use the results from the 5 kmbuffer circles in this study.

Potential biomass carbon losses for undeveloped deposits were
estimated using an assumed land transformation factor (m2 of land
disturbance per tonne of nickel produced). A sensitivity analysis was
conducted for a range of land transformation factors, from 0.1 to
200 m2 per tonne of nickel produced. The results of this analysis are
provided in Data S3.

Biomass calculation correction approach. We employed amultilevel
weighted average approach to address the uncertainties inherent in
both aboveground and belowground biomass potential loss estima-
tions by incorporating both pixel-level and land cover-level coeffi-
cients of variation (CVs) into our calculations (Fig. S6). This approach
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addresses the variability in biomass measurements across different
land cover types. The significanceof this approach lies in its capacity to
provide corrected biomass loss estimations, accounting for uncer-
tainties at both the pixel and land cover levels within the buffer poly-
gons. First, we transformed the uncertainty layers of biomass into CV
values.We then calculated the pixel-level weights by taking the inverse
of the squared pixel-level CVs, assigning greater importance to mea-
surements with lower uncertainties. Next, we derived land cover-level
weights from the inverse of the squared mean pixel-level CVs for each
land cover (LC) class (using the ESA CCI Landcover 2010), introducing
a nuanced weighting scheme that mirrors the average certainty of
measurements within those classes. Following this, we calculated the
weighted pixel-level mean (Eq. 1) and then proceeded with the
weighted landcover-level mean calculation using the weighted pixel-
level mean (Eq. 2). The resulting weighted average calculations at both
the pixel and land cover levels yielded an overall weighted mean bio-
mass value, providing a more robust estimation that captures the
heterogeneity in biomass dynamics across diverse ecological settings
wherenickelmining is located.We alsoprovide the original calculation
of biomass loss without accounting for uncertainties, for comparison
(Supplementary Figs. S7–S10 and Data S2–S3 under sheet labeled as
‘uncorrected’).

Mweighted, j =

Pnj

i = 1Wi, j ×Meani, j
Pnj

i = 1Wi, j

ð1Þ

Where:
Wi, j is the pixel-level weight
nj is the number of pixels within land cover class j.
Meani, j is themean biomass value for the ith pixel within the land

cover class j.

Mweighted =

Pm
j = 1Wj ×Meanweighted, j

Pm
j = 1Wj

ð2Þ

m is total number of land cover classeswithin theminingpolygon,Wj is
the land cover-level weights, Meanweighted, j is the Weighted Pixel-
Level Mean.

Data availability
All data are available in the main text or in the supplementary
materials.
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