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ABSTRACT: CO;-Enhanced Mineral Recovery (CO2-EMR) is a deep in situ mining technology
that utilizes an engineered CO> leaching fluid to extract nickel (Ni) and cobalt (Co) from
subsurface ultramafic rocks, while simultaneously permanently mineralizing CO; as carbonate
minerals. This carbon negative process can contribute to meeting the mineral demands of current
and emerging energy technologies. We calculate the amount of Ni and Co available for recovery,
and carbon mineralized via this technology from a generic ultramafic intrusion and 14 ultramafic
intrusions globally. If 5% of a 1 km? olivine rock volume reacts with injected CO», that will yield
500,000 MT Ni, 21,000 MT Co, and store 100 MMT of CO». Further, 130,000 MMT of Ni, or
2,600x the Ni required for the cumulative global production of energy storage batteries through
2050, are stored in ultramafic rocks in the United States. Globally, the Tamarack Bowl, United
States and Savannah Intrusion, Australia have the greatest internal return rate for economic
profitability.
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1. INTRODUCTION

Emerging energy and computing technologies requires the mining and production of over 20
critical materials and minerals(IEA, 2021). Critical minerals (i.e. Ni, Cu, Co, Li, Pt, REEs) are a
subset of critical materials that are defined by the United States Energy Act of 2020 as a mineral
or element that has a high risk of supply chain destruction and serves an essential function in
energy technologies(Energy, 2023). Nickel (Ni) is a key critical mineral, as it is an important
component of batteries(Trost and Dunn, 2023) used in electric vehicles, Artificial Intelligence (AI)
data centers, smart grid storage, and advanced robotics. Driven by policy and consumer uptake,
electric vehicle sales are predicted to increase as much as 25x 2020 sales by 2050(IEA, 2021),
which equates to 50 million tons of Ni required to produce the necessary batteries(Hund et al.,
2020). Ni is conventionally sourced from high-grade laterite and magmatic sulfide deposits, which
globally contain at least 350 million metric tons (MMT) of Ni(Mudd and Jowitt, 2022). In 2022,
3.3 MMT of Ni were produced from laterite (70%) and sulfide (30%) ores, with 50% of production
concentrated in Indonesia, Philippines, and Russia(IEA, 2021; McRea, 2023). It presents a risk to
have a few countries control the global supply of a critical minerals, as supply and price will be
closely linked to physical disruptions, geopolitical events, and regulations there(IEA, 2021).

Additionally, there are environmental issues associated with current Ni mining practices that
highlight the challenges faced in an increasingly carbon- and water- constrained world. This
challenge has catalyzed recent interest in coupling critical material mining with carbon
management approaches. (Gao et al., 2023; Gazzetti et al., 2023; Hamilton et al., 2020a; Hamilton
et al., 2018a; Hamilton et al., 2020b; Hamilton et al., 2018b; Honda-McNeil, 2022a, b; Jacobs et
al., 2025; Katre et al., 2024; Li et al., 2023; Murchland et al., 2023; Polites et al., 2022b; Power et
al., 2024b; Santos et al., 2015; Stanfield et al., 2024; Wang et al., 2024; Wang and Dreisinger,
2022a, c, 2023a, b; Wang et al., 2023a; Wang et al., 2023b; Wicks and King, 2021; Wilson and
Hamilton, 2022; Wilson et al., 2023; Zhang et al., 2025) The mining industry is responsible for 4-
7% of global greenhouse gas (GHG) emissions(Delevingne, 2020). Other effects of Ni mining
include: forest clearing, which can reduce biodiversity(Dickinson and Berner, 2010), smelting of
sulfur rich ores that increases particulates that contribute to acid rain(Mudd, 2010), acid mine
drainage from tailings, which may pollute the local water and have negative effects on human,
plant, and animal life(Simate and Ndlovu, 2014), and dam tailings failures that can bury homes
and release trace metals into the ecosystem(Quaresma et al., 2021). An increasingly water-
constrained world experiencing significant volatility in freshwater availability from year to year,
with some areas of the world undergoing shortages, emphasizes the importance of reducing water
usage in emerging extractive industries(Brown et al., 2019). These environmental issues directly
impact the communities surrounding the mines, as exemplified in Indonesia(Morse, 2019).

To mitigate these challenges while producing the necessary Ni new technology, new mining
technologies need to be developed that account for: 1) increasing demand for Ni, driven by electric
vehicle production, ii) diversifying where the Ni is mined to mitigate geopolitical and
environmental effects, iii) decreasing the emissions associated with mining, iv) minimizing the
negative environmental consequences of mining, and v) increasing cost effectiveness. We
introduce a COz-Enhanced Mineral Recovery (CO2-EMR) process that permanently mineralizes
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CO2 in subsurface ultramafic rocks while bringing Ni rich fluids to the surface (Figure 1). CO»-
EMR is an in situ, carbon negative, nickel mining technology that utilizes an engineered CO- based
fluid that can be deployed in most magmatic ultramafic rocks, which are distributed globally.
These rocks contain abundant (>50%) olivine [(Mg, Fe)2S104] with 500 — 5,000 ppm Ni(Barnes et
al., 2023). For magmatic ultramafic rocks, the Ni-content of olivine is primarily determined by the
initial amount of Ni in the magma and timing of sulfide saturation in the magma, and, moreover,
there is a positive correlation, in general, between the Ni-content and Mg-content in olivine(Barnes
et al., 2023; Morfin et al., 2024).

In the proposed technology, CO: is injected into subsurface ultramafic rocks at depths > 800 m, at
conditions which CO2 may be in either the liquid or supercritical state, depending on the formation
temperature and local geothermal gradient. Upon the reaction of CO» with olivine, most cations
(Mg, Fe, Mn) will form stable carbonate minerals with the CO,, while Ni will be released into the
fluid phase (Figure 1)(Bobicki et al., 2015; Kelemen and Matter, 2008; Li et al., 2018; Matter and
Kelemen, 2009; Wang and Dreisinger, 2022b; White et al., 2020). The formation of carbonate
minerals, without forming detectable Ni-carbonates has been demonstrated in laboratory

Figure 1. Overview of proposed CO,-Enhanced Mineral Recovery (EMR) technology implemented at a
nickel sulfide mine. CO; is injected into, and Ni recovered from ultramafic rocks. This exists in parallel to
mining of high-grade nickel in massive sulfide ore. Above ground mining infrastructure includes high
grade Ni mine, recovered Ni and water processing, and battery metal production. CO, emissions from
processing and production are captured and stored prior to injection underground. A Direct Air Capture
(DAC) facility on site increases capacity for CO; injection.
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experiments on olivine carbonation in water rich environments(Wang and Dreisinger, 2022b). Ni
can then conceivably be extracted and processed for use in electric vehicles, high performance Al
data centers, and other industries that need high performance Ni batteries. CO2-EMR builds upon
successful demonstrations of CO» injection into subsurface basalts and laboratory testing of ex situ
mineralization of ultramafic mine tailings(Depp et al., 2022; Hamilton et al., 2020b; Lahiri et al.,
2023; Matter et al., 2016; McGrail et al., 2017; Pogge von Strandmann et al., 2019; Polites et al.,
2022a; Power et al., 2024a; Snaebjornsdottir et al., 2020; White et al., 2020; Wilson et al., 2014).
The proposed technology will ideally target ultramafic rock formations that contain an
impermeable caprock (Figure 1), thereby reducing concerns about the impact of mining operations
on groundwater, as the caprock allows reactions to occur isolated from the groundwater table.

CO2-EMR will permanently mineralize CO> in underground reservoirs while simultaneously
extracting critical minerals from the target asset. A key component of this technology is that it will
be deployed in low grade ultramafic rocks instead of high-grade Ni sulfide ores. This offers
multiple advantages relative to traditional, high-grade Ni mining. In situ subsurface leaching will
reduce hazardous mine tailings piles and associated acid mine drainage. The global distribution of
magmatic ultramafic rocks also allows for the widespread distribution of this technology,
potentially reducing geopolitical effects associated with a few countries controlling the commodity
supply and increasing production to allow Ni supply to keep pace with future demand(IEA, 2021).
Finally, high-grade Ni sulfide ores that are currently mined are hosted in ultramafic rocks, so it
will be possible to utilize already existing infrastructure for high-grade Ni sulfide mining for the
CO2-EMR technology in the surrounding ultramafic rocks (Figure 1).

Herein, we first calculate the amount of Ni that can be extracted and CO> mineralized in a generic
1 km?® ultramafic rock volume and then apply that methodology to 14 global ultramafic intrusions.
Then, we estimate the amount of Ni potentially recoverable from low-grade ultramafic rocks in
the United States. Taken together, these results highlight the enormous potential for critical mineral
recovery and carbon mineralization in ultramafic rocks to meet the mineral demands for new
technologies and unleashing new energy technologies.

2. METHODS

Initial Intrusion Characteristics: The initial intrusion is a 1 x 10° m? (Vrock) block of ultramafic
rock (dunite) and the proportion of olivine in the rock (Xor) is 1.0(Miller et al., 2002). Initial Ni
content of olivine (Xni) is 3000 ppm, which is an average estimate for a Fogo olivine
composition(Barnes et al., 2023).

Total Amount of Ni Produced and CO: Stored: The total amount of Ni that could be produced
(mNi o, 8), and CO; stored (mcg, tor, ) In that 1 km? block of olivine was calculated based on the

mass (Mrock, g) and moles (molrock) of the rock, the molas mass of CO2 (Mcp,, 44.01 g), and 2

moles of carbonate formed for every mole of forsterite consumed (Equation 1) via Equations 2 and
3. This calculation assumes that the entire block of olivine will react with CO; to form carbonate
minerals and amorphous silica via Equation 1.

Mg,Si0, + 2C0, = 2MgCO; + SiO,, (1)
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Myitor = Mrock * Xni (2)
mCOZ,tOt = mOITOCk * 2 * MCOZ (3)

2.3 Fraction Reactive Rock. Considering that it is unlikely that 100% of any intrusion will react
with injected CO», we determined the fraction of reactive rock (Xgrr) that will react with the
injected CO.is 0.05 (S1). From there, using density (p, g/cm?®), molar mass of forsterite (Mr,), the
mass of reactive rock (mrr), moles of reactive rock (molrr) (Equations 4 & 5), and amount of Ni
produced (mni) and CO; stored (m¢q,) (Equations 6 & 7) were calculated as follows:

Mgr = Viock * Xrr * P “4)
molpp = &R ()

Fo
My; = Mgp * Xp; (6)
Mco, = molgg * 2 * Mco, (7)

Integrating Rates into the Equation. While the calculations presented above are useful for
understanding the total amount of Ni produced from and CO; stored in an ultramafic intrusion, the
addition of rate equations to the calculations can determine the total amount of time it would take
for each of the following processes to occur: injection of CO» into the intrusion, dissolution of
olivine, and crystallization of carbonate minerals. The addition of rate equations, and therefore
time, also allows us to understand the economic and commercial viability of the proposed
technology. A discussion of these rates and the rate limiting step is in S2.

The COz injection rate is a value that takes into account multiple variables including: number of
injection wells, CO» injection rate per well, and various technological processes including well
design, etc. The CO» injection rate equivalent to the amount of CO; emitted by a 1,000 MW gas-
fired powered plant is 43 kg / s(Jayne et al., 2019). For these calculations, the CO> injection rate
(rinj, kg/s) was increased to 60 kg / s, which is still a reasonable injection rate. This has an
equivalent rate of 1.90 MMT / year.

To determine the timescales of reaction, we calculated the time to inject the amount of COz (t, yr)
that could transform into carbonate minerals, assuming 5% of the rock reacts (Equation 8). From
there, the amount of CO: stored based on injection rate (mco, inj» &) (Equation 9) was calculated.
The amount of Ni produced was then determined as in Equation 6. In this calculation, it is assumed
that the reaction goes to completion, the CO> comes into contact with, and reacts with 5% of the
rock volume, and the Ni released from the olivine is completely dissolved into the aqueous fluid
and does not precipitate or form any metal ion complexes (Wang and Dreisinger, 2022b), and there
is no loss of CO; from the rock volume. There are 3.15 x 107 seconds / year.

Mpgg * 2 * Mo, * 3.15x107 (8)
Tinj
Mo,y = T* Tinj * 3.15x107 9)
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Global Evaluation of Ultramafic Intrusions Calculations. To evaluate the potential of the
proposed technology on real world locations, we calculate the amount of Ni that can be produced
and CO; that can be mineralized in 14 mafic-ultramafic intrusions, some of which that are
associated with Ni-Cu-Co-PGE mineralization, worldwide. Many of these intrusions are either
currently being mined for high grade ore, or there are plans to develop mining in that area. The
initial focus is on smaller volume intrusions that are well suited for the construction of the proposed
technology (Figure 1). Smaller volumes allow for less of an above ground footprint of a single
well and nearby mineral processing facility.

Descriptions of these intrusions are in S3. The calculations were done in the same manner as the
generic case, with a few key differences. First, it is challenging to accurately determine the total
volume of ultramafic intrusions in the subsurface as that relies on drill core and cross section
interpretations of the intrusions. Therefore, instead of determining the total volume of each
intrusion, we compare the CO> storage and Ni production potential from one injection site into a
1 km? block of 14 ultramafic intrusions of variable mineralogy and olivine composition.

Values for proportion of olivine in the rock and Ni content of olivine were determined from the
literature (Table 1). The starting fraction of reactive rock (Xrr) was updated to consider the
proportion of olivine in the rock (Xoi), where Xgr = 0.05 * Xo1. Then, the total amount of Ni
produced was calculated as Equation 6 and amount of CO; stored as in Equation 9. For each
intrusion, a low and high value for CO> mineralized and Ni produced was calculated. The low
values were determined by utilizing the low end of the range for olivine in the rock and the amount
of Ni in olivine. The high values were determined in the same manner. This produces a range of
values for CO; stored and Ni produced.

Internal Rate of Return (IRR). To understand the economic benefits and risks of this technology,
an internal rate of return calculation was conducted. The capital costs including well drilling, water
pumping, and CO, compressing were estimated assuming a 900 m main well with 3 horizontal
branch wells. The operating costs were estimated by adding the material costs, utility (electricity
and water), and labor costs. Based on this cost information, a discounted cash flow method was
used to determine if an investment was worthwhile in which the IRR was calculated when the net
present value of all cash flows was equal to zero(Hartman and Schafrick, 2004; Peters et al., 2002).
The assumed operating time is 30 years which is the length of time for CO; storage as well.
Assuming the investors expect the double the invested cash in 5 years, the internal return rate
(IRR) needs to be 15%. A 15% IRR was selected as a target to assess the ability to make a profit
with reasonable rate for Ni mining in each case as previously mentioned. If the annual CO; storage
amount is | MMT, the minimum Ni productivity was calculated to be 2,913 MT / year to meet the
15% IRR target. No cost or credit was assumed for CO> used and sequestered in this analysis. The
2022 commodity price for Ni metal ($25/kg Ni) was used for Ni metal products in the calculation.
Other financial parameters were from an ARPA-e economic analysis tool(Liu et al., 2021) and the
cost model from the literature(Liu et al., 2021) and the interest rate was updated to 6.0%.

In this analysis, a higher IRR indicates that it will take less time to recover the capital investment
and to make a net profit. A negative IRR value indicates that the case will lose money. For some
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cases, the IRR 1is not applicable (N/A) because the productivity of Ni is so low that cash flow is
negligible.

Life Cycle Assessment. To evaluate the extent to which the CO2-EMR technology represents a
carbon negative mining process, we conducted a Life Cycle Assessment (LCA) based on the
function unit of making 1 kg of Ni using the proposed supercritical CO; extraction method. The
inputs are CO., water, chemicals and energy and the outputs are Ni, brine waste and solid waste.
The Eagle Intrusion was chosen for the LCA example, as the Eagle Mine is the only operating

nickel mine in the United States.(Clarke et al., 2023)

Table 1. Name, location, rock type, volume % olivine and Ni in olivine data for 14 ultramafic intrusions.

Minimum Values Maximum Values
. Volume Ni in Volume Ni in
Name Location Rock Type % Olivine % Olivine
Olivine (ppm) Olivine (ppm)
Jinchuan (Chai and . .
Naldrett, 1992) China Peridotite 40 1515 80 2485
Ban Phuc (Glotov et . Serpentinized
al.. 2001) Vietnam Dunite 45 200 65 3600
Eagle (Ding et al., United Olivine
2010) States Melatroctolite 30 1750 4 2250
Tamarack .
(Taranovic etal, | onited Bowl 60 2480 70 3050
States Intrusion
2015)
Tamarack United
(Taranovic et al., S CGO Intrusion 20 1760 50 3890
tates
2015)
Noril'sk 1 (Li et al., . Picritic
2003) Russia Gabbro 20 1222 50 2230
Talnak (Li et al., . Picritic
2003) Russia Gabbro 20 1754 50 1949
Nkomati (Li et al., South Main
2002) Africa Harzburgite 10 2456 >0 4691
Savannah (Le . Cy
Vaillant et al.. 2020) Australia Peridotite 40 2000 90 3100
Eagle's Nest
(Mungall et al., Canada Lherzolite 10 1000 70 3000
2010)
Kevitsa (Luolavirta . Olivine
etal. 2018) Finland Pyroxenite 10 100 35 3650
Luanga (Mansur and . .
Ferreira Filho, 2016) Brazil Harzburgite 10 4770 50 6083
Duke Island United
(Thakurta et al., Sta t:s Dunite 80 888 95 2444
2008)
Kabanga (Maier et . .
al.. 2010) Tanzania Harzburgite 10 900 50 1800

Page 7 of 20




194
195

196

197
198
199
200
201
202
203
204
205
206
207
208

209
210
211
212
213

214
215
216
217
218
219
220
221
222
223
224

225
226
227

228

229
230
231

non-peer reviewed preprint submitted to EarthArXiv

The weathering reaction of olivine in the presence of COs is irreversible, and has been generally
described Eq. 10(Donaldson, 1985)

Mg>SiO4 + 4CO2 + 4H,0 — 2Mg?* + 4HCOs5™ + HaSiO4 (10)

The CO> emission from the energy consumption to extract Ni, the CO, embedded in the chemicals,
and the CO> emission from the handling of wastes were estimated using the normalized
consumption or generation rate and the unit CO> emission for each source. The solid waste
emission was estimated from the landfilled municipal solid waste and the brine waste emission
was estimated from the brine management emission penalty(Bartholomew and Mauter, 2021;
Verma and Borongan, 2022). The electricity was assumed to be generated using natural gas and
the CO» emission is about 0.93 kg/kWh. The embedded CO: in sulfuric acid was estimated based
on the electrolytic production method (0.2 kWh/mol)(Lammers et al., 2023). It is assumed that
based on experimental work(Wang and Dreisinger, 2022b), a chelating agent (1,3-
propylenedinitrilotetraacetic acid, PDTA) will be injected to aid in the Ni recovery process. The
embedded CO; in PDTA was assumed to be 2 times of the acetic acid which is 1.0 kg COx/kg
acetic acid(2012).

2.8 United States Nickel Abundance Estimate. To determine the amount of nickel in ultramafic
rocks in the United States (mni,us,ot, ), the volume of ultramafic rocks in the United States (Vus,
km?), the average nickel content of those rocks (Xni,us), and the ultramafic mineral proportion of
those rocks were determined (Xuwm). First, the total volume of ultramafic rocks in the United States
were estimated (S4).

Second, the average bulk rock nickel content of ultramafic rocks was determined by querying the
EarthChem PetDB database for bulk rock compositions from ultramafic rocks worldwide. The
data were downloaded from the PetDB Database (http://www.earthchem.org/petdb) on 7 & 10,
July 2023, using the following parameters: sample type: igneous: plutonic: ultramafic, and
wehrlite, websterite, pyroxenite, peridotite, olivinite, lherzolite, harzburgite, dunite, and
clinopyroxenite and sample type: metamorphic, and metaperidotite and serpentinite. The average
bulk rock nickel content is 1850 ppm Ni. Bulk rock nickel content was chosen for this analysis
instead of nickel in olivine to account for varying degrees of serpentinization of ultramafic rocks.
Serpentinization processes will reduce the proportion of olivine in the rock as it reacts to
serpentinite minerals, however, the nickel formerly in olivine will be redistributed into other
mineral phases, remaining as part of the bulk rock composition.

Third, the total amount of nickel in ultramafic rocks in the United States was calculated in Equation
10, if at least 70% (by volume) of the ultramafic rocks consist of Mg-silicate minerals like olivine
and serpentinite group minerals.

Myiustor = Vus * Xnius * Xum (10)
3. RESULTS AND DISCUSSION

CO2-EMR Potential in a Generic Rock. To explore the full potential of the proposed CO2-EMR
technology, we calculate two parameters for a generic 1 km? volume of a generic ultramafic rock
that is 100% olivine and contains 3000 ppm Ni in olivine: i) the amount of Ni that can be recovered
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and ii) the amount of CO; that can be mineralized. If 100% of that rock reacts, that 1 km? dunite
could produce 10 MMT Ni and store 2,000 MMT CO.. However, if only 5% of the 1 km® block
of olivine reacts with CO;, the total amount of Ni produced, and CO» stored in the block of olivine
is 500,000 MT Ni and 100 MMT CO,. If the time to inject the CO; into the subsurface is
considered, then, if 5% of the rock reacts, that rock can produce 500,000 MT Ni and store 100
MMT CO2 over 53 years.

Global Evaluation of Ultramafic Intrusions for CO2-EMR Technology. The results for the
amount of COz stored, Ni produced, and 30 year operating IRR for the 14 ultramafic intrusions are
shown in Table 2. The minimum values were determined using the low-end of olivine in the rock
and Ni in olivine, and the maximum values were calculated based on the high-end values.

Figure 2 shows the maximum potential for CO; mineralized, and Ni produced for each of these
intrusions. Duke Island Complex, United States and Savannah intrusion, Australia can mineralize

Table 2. Results for CO; stored, Ni produced, and 30 year operating internal return rate (IRR) for 14
ultramafic intrusions globally.

Name Minimum Values Maximum Values
CO; Time to Ni 30-Yr CO; Time to Ni 30-Yr
Stored Inject Produced | IRR | Stored Inject Produced | IRR
(MMT) | CO; (yr) (MT) (MMT) | CO; (yr) (MT)
Jinchuan 40 21 100,000 18% 80 42 330,000 51%
Ban Phuc 45 24 15,000 N/A 65 34 390,000 70%
Eagle 30 16 88,000 15% 45 24 170,000 38%
Tamarack 60 32 250,000 51% 70 37 360,000 62%
Tamarack 20 11 59,000 2% 50 26 330,000 69%
Noril'sk 1 20 11 41,000 -15% 50 26 190,000 42%
Talnak 20 11 59,000 2% 50 26 160,000 35%
Nkomati 10 5 41,000 -10% 50 26 390,000 78%
Savannah 40 21 130,000 28% 90 48 470,000 62%
Eagle's
Nest 10 5 17,000 N/A 70 37 350,000 60%
Kevitsa 10 5 1,700 N/A 35 19 210,000 49%
Luanga 10 5 80,000 16% 50 26 510,000 95%
Duke
Island 80 42 120,000 10% 95 50 390,000 51%
Kabanga 10 5 15,000 N/A 50 26 150,000 33%

the greatest amount of CO» with the proposed technology. Luanga, Brazil and Savannah, Australia,
will produce the greatest amount of Ni.

The differences in the amount of CO2 mineralized in the intrusions is based on the amount of
olivine in the rock. Intrusions with greater amounts of olivine are thereby capable of mineralizing
more CO». The differences in Ni produced between the intrusions is based on both 1) the amount
of olivine in the rock and ii) the amount of Ni in olivine. For example, a large volume of rocks in
Savannah and Duke Island have very high amounts of olivine (90-95%) (Table 1), thereby
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251  allowing for the greatest amount of CO; mineralized. Savannah has a greater amount of Ni in
252  olivine than Duke Island (3,100 vs. 2,444 ppm). Therefore, Savannah will produce more Ni.
253  Luanga only has 50% olivine, but the olivine is highly enriched in Ni (6083 ppm). Therefore,
254  Luanga will produce the most Ni, but not mineralize the most CO,. For comparison, Kabanga has
255  the same volume % olivine as Luanga, (50%), but only 1,800 ppm Ni in olivine. These intrusions
256  will both mineralize 50 MMT COy, but Luanga will produce significantly more Ni, due to the
257  concentration of Ni in olivine. These comparisons show that olivine abundance and composition
258  are key to determining the utility of the CO2-EMR technology in any given intrusion.

70 360,000 50 330,000 70 350,000 35 I 210,000 50 \ 160,000 50 180,000
MMT MT MMt NT MMT MT MMT 02 MT MMT Ni MT MMT MT

Tamarack Bowl, Tamarack CGO, Eagle’s Nest, Kevitsa, Talnakh, Noril'sk 1,
usa Canada Finland Russia Russia

Jinchuan,
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Ni 170,000
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Vietnam
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USA

Eagle,

330,000
mT

Tanzania

B ssmon Mghll)'l q A'rmon s /&

Nkomati, Savannah,
South Africa Australia

0,000
0,000 Metric

Figure 2. Maximum values for CO; mineralized and Ni produced from the CO,-EMR technology from 14 ultramafic
intrusions worldwide.

259  All 14 intrusions meet the internal return rate (IRR) target of >15% when the concentration of Ni
260 in olivine is at or near its measured maximum value (Table 2). However, most cases cannot meet
261  the IRR target when the concentration of Ni in olivine is at or near its minimum value. Of the 14
262  global target assets, Jinchuan, Eagle, Tamarack Bowl, Savannah and Luanga have a >15% 30-year
263  Ni IRR for both the minimum and maximum cases. However, the Tamarack Bowl and Savannah
264  have the greatest 30-year Ni IRR for both the minimum and maximum cases, and therefore are the
265  most economically attractive targets to deploy the CO»-EMR technology are these two localities.

266  Life Cycle Assessment for Carbon-Negative Mining. The Eagle Intrusion was used as a case
267  study to determine the extent of the carbon negative mining process, considering CO> emissions
268  from the mining process. Table 3 shows the results for the net CO2 emissions of the CO2-EMR
269  process for both the minimum and maximum amounts of CO; storage and Ni produced. For the
270  Eagle Intrusion, the amount of CO> stored when extracting 1 kg of Ni ranges from 334.8-647 kg
271 depending on the amount of olivine in the rock and the Ni in olivine content. Based on the LCA
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calculation, Table 3 shows that for both the minimum and maximum values of CO» stored and Ni
produced, the net CO, emissions are negative. It is interesting to note that the net CO» emissions
are actually greater for the minimum scenario than the maximum scenario. This is the result of
olivine abundance (which controls the amount of CO> mineralized) not scaling directly with the
Ni in olivine content (which controls the amount of Ni produced). The net CO, emission for the
maximum CO» storage and Ni production case is lower due to higher Ni concentration and
productivity. However, the key takeaway remains- this is a net carbon negative mining process.

Additionally, when considering all other ultramafic intrusions (Table 1-2), in all cases, in both the
minimum and maximum scenarios, the net CO> emission to produce 1 kg is always negative.
Therefore, for all the sites, the CO>-EMR technology is a carbon-negative way to mine Ni.

United States Nickel Abundance Estimate. The results for individual intrusions in Table 2 and
Figure 2 are useful for thinking about this technology in terms of individual intrusions and mine
sites. However, to understand the full potential of this technology ultramafic rocks to source Ni,
we calculate the total amount of Ni hosted in ultramafic rocks in the United States. This is
motivated by the fact that the Unites States has only one operating Ni mine, the Eagle Mine, MI,
which is set to close in the next ~10 years after the high grade ore is exhausted(Clarke et al., 2023).

Therefore, the United States needs additional domestic supply of Ni, which may be able to come
from ultramafic rocks which cover ~1% of the surface of the United States(Krevor et al., 2009).
We calculate, based on the volume of ultramafic rocks, their bulk rock Ni content, and the
proportion of Mg-silicate minerals in the rock, the total amount of Ni hosted in igneous and
metamorphic ultramafic rocks in the United States. These ultramafic rocks contain up to 130,000
MMT of Ni, over 370 times more than the 350 MMT of identified Ni resources hosted in high-
grade sulfide and laterite deposits worldwide(Mudd and Jowitt, 2022).

For comparison, 50 MMT of Ni are cumulatively required to meet the demand for energy storage
batteries by 2050 based on the International Energy Agency’s Below 2°C Scenario
(IEAB2DS2)(Hund et al., 2020). Therefore, ultramafic rocks in the United States contain 2,600x
more Ni than is needed for the global production of batteries through 2050. Ultramafic rocks,
which are traditionally considered a waste rock in the mining process, can be a source for Ni both
domestically in the United States and globally, and may be capable of producing the Ni necessary
for current and emerging technologies if they can be mined via surgical in situ mining processes.

Potential Deployment Locations and Pathways to Commercialization. The results above
inform the geologic and technologic factors that will aid in selection of ultramafic intrusions for
deploying the CO;-EMR technology. Selecting for intrusions that contain abundant (> 60%)
olivine and Ni rich (> 3,000 ppm) olivine will allow for the maximization of both the CO»
mineralized and Ni produced from an intrusion. Other variables, such as CO; injection rate and %
reactive rock can be technologically altered. Increasing the injection rate of CO: into the
subsurface is possible through either faster pumping or adding multiple injection wells into the
same rock volume. Increasing the amount of reactive rock is possible through fracturing
technologies, which would increase both the amount of CO> that could be mineralized, and Ni
produced from an ultramafic intrusion.
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High-grade Ni-sulfide mines offer an ideal location for the deployment of the CO>-EMR
technology as the ultramafic host rocks are normally well characterized, and the drilling
infrastructure and processing facilities can be updated for the CO,-EMR technology while
reducing capital cost (Figure 1). Further, the development of Direct Air Capture (DAC)
technologies allows for the separation of CO: injection sites from point source CO; emitters.
Deploying DAC technology near the CO» injection sites reduces the need for pipelines(Kiing et
al., 2023). However, the cost of CO» capture for the DAC technologies are higher and the combined
effect to the cost of CO2-EMR need to be evaluated. Facilities for the extraction and processing of
the critical mineral rich fluid must be developed for the CO2-EMR technology to reach commercial
scale. To reduce the land surface footprint and costs of the mining process, these facilities could
ideally be integrated into current mine operating infrastructure (Figure 1). In addition, it is possible
to extract Cobalt (Co) in addition to Ni via hydrometallurgical processes, which may provide
additional revenue(Friedrich et al., 2020).

Comparison to High Grade Ni-Sulfide Mining and CO:2 Mineralization in Ultramafic Mine
Tailings. The high-grade Ni-sulfide ore produced at the Eagle Mine, MI, United States, can be
compared to the potential Ni produced and CO; stored via the CO>-EMR technology in the
surrounding rock. In 2022, the Eagle Mine produced 18,000 MT Ni(McRea, 2023). The CO>-EMR
technology, deployed in a 1 km? volume of olivine melatroctolite surrounding the high-grade Ni-
sulfide at Eagle, will produce 88,000-170,000 MT of Ni over 16-24 years, equating to 2,900 —
5,700 MT Ni/ yr (Table 1), assuming 100% recovery of the Ni from the fluid. On a per year basis,
this is less Ni than the high-grade Ni sulfide mine will produce. However, this technology,

Table 3. Life Cycle Assessment

Item Minimum CO; Maximum CO;

Storage and Ni Storage and Ni
Production Production

Ni productivity (kg/hr) 334.8 647.0

CO; storage rate (kg CO,/kg Ni) 341.6 264.9

Total CO; storage rate (MT/yr) 1,001,786 1,501,058

H,O usage rate (m’/kg Ni) 0.065 0.050

Sulfuric acid (kg/kg Ni) 0.36 0.28

PDTA* (kg /kg Ni) 0.036 0.028

Grid electricity (kWh/kg Ni) 3.1 2.1

Brine waste (kg/kg Ni) 0.18 0.07

Solid waste (kg/kg Ni) 0.32 0.25

CO; emission from process energy (kg/kg Ni) 1.3 0.9

CO; emission from Solid waste (kg/kg Ni) 0.25 0.20

CO; emission from Brine waste (kg/kg Ni) 0.012 0.004

CO; emission from Chemicals (kg/kg Ni) 0.85 0.66

Net CO; emission of the process (kg/kg Ni) -339.2 -263.1
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deployed at a Ni-sulfide mine, may allow the mine to continue producing Ni after the high-grade
ore is exhausted, highlighting how the CO>-EMR process can be deployed as a complement to
high-grade mining operations.

The best current state of the art comparison to the CO2-EMR technology for CO2 mineralization
is the Mount Keith Nickel Mine, Australia, where 39,800 tons / year of atmospheric CO> are
passively carbonated in ultramafic mine tailings(Hamilton et al., 2020b; Hamilton et al., 2018b).
Assuming a constant rate of passive carbonation, over a 30-year period, 1.1 MMT of CO; will be
mineralized in ultramafic tailings at the Mount Keith Nickel Mine. In comparison, the CO2-EMR
technology will store >50 MMT of CO; in situ over a 30-year period at ultramafic intrusions
(Table 2), offering a benefit over the current state of the art technology.

Co-Production of Other Critical Minerals. Another benefit to the proposed CO>-EMR
technology is that it has the potential to co-produce other critical minerals. Co is present in olivine
at ~125 ppm(Herzberg et al., 2016), is a key component of battery technologies(IEA, 2021), and
there is demand for new sources of Co, as traditional Co mining, concentrated in the Democratic
Republic of Congo, has undergone scrutiny for environmental and social reasons(Gulley, 2022).
Therefore, it may be possible for the CO2-EMR technology to co-produce Co in addition to Ni.
Based on the generic case calculation, reacting 5% of a 1 km® block of olivine will produce 21,000
MT of Co. For comparison, in 2022, United States and global production of Co was 800 MT and
190,000 MT, respectively(2023b). Therefore CO2-EMR, deployed globally, could be an important
source of Co in addition to Ni.

Potential Impediments and Solutions to Full Scale CO2-EMR Operation. Commercial scale
CO2-EMR operations requires accurate characterization of ultramafic intrusions, optimization of
injection strategies, and mitigation of environmental and human health risks. Accurate
characterization of the target rock body is key to determining the economic feasibility of deploying
CO2-EMR. Therefore, well characterized intrusions should be targets of this technology.

The composition of the injection fluid and behavior of the fluid in the subsurface must be optimized
via laboratory testing prior to field scale injection. Further, the reactivity of the rock with CO> can
be decreased via the precipitation of passivating layers on reactive surfaces, or alternatively
increased via reaction induced fracturing(Bearat et al., 2006; Kelemen and Hirth, 2012)[cite Lafay
2018]. Clogging versus cracking processes should be tested in the laboratory prior to field scale
injection and further parameterized via reactive transport reservoir modeling. At the field scale,
monitoring technologies can aid in determining the rates and migration of the injected CO»-rich
and critical mineral-rich fluids(White et al., 2020). In recent years, driven by earthquakes in
Oklahoma, induced seismicity from subsurface fracturing is an issue that has undergone increasing
attention in the public sphere(Langenbruch and Zoback, 2016). Induced seismicity may also be a
challenge for CO sequestration in ultramafic rocks, as rock fracturing technologies will likely be
necessary to produce porosity and permeability in these reservoirs. The impacts of induced
seismicity may be reduced by altering fluid injection strategies(Zang et al., 2018), along with
hazard evaluation and risk informed seismic analysis(Templeton et al., 2021).
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Groundwater contamination is a common concern across mining projects. To mitigate
groundwater contamination, the United States Environmental Protection Agency (EPA)
requirements for a Class VI CO> injection well include: computational modeling of the injected
CO2 plume, monitoring and testing of groundwater throughout the lifetime of the project,
requirements for plugging the injection well, and a site-specific emergency plan(2023a). Reactive
transport models can aid in developing injection strategies that mitigate potential groundwater
impacts. Injection of COz into the subsurface into formations below an impermeable caprock will
mitigate the potential migration of buoyant CO; into drinking water reservoirs (Figure
1)(Snaebjornsdottir et al., 2020). Other challenges include avoiding the dissolution of
sulfides(Schaef et al., 2013), which may be of particular concern in ultramafic rocks that have high
concentration of sulfide minerals and the production of methane and H>S gases from microbial
interactions with CO2(Guyot et al., 2011). Here, characterization of the rocks to avoid sulfur rich
target reservoirs, lab scale experiments, and reactive transport models can be used to determine
the fate of dissolved sulfides and production of disadvantageous gasses prior to field scale
injection.

Finally, key to the successful deployment is working within local communities and articulating the
benefits of the CO>-EMR technology. Emphasis should be placed on utilizing existing
infrastructure for high grade Ni-sulfide mining to reduce the land footprint of additional mining.
This will reduce the costs and community impacts associated with new mining development.
Additionally in situ mining mitigates the environmental hazards of mine tailings. These benefits,
over ex situ leaching or traditional mining must be clearly articulated to community members.

4. Conclusions

To secure a sustainable and secure supply chain for emerging energy and computing technologies,
development of novel critical mineral exploration, extraction, and processing technologies is
necessary. The proposed CO>-EMR technology could play a key role in this mission, as it allows
for the extraction of Ni, Co, and potentially other critical minerals from ultramafic rocks, while
permanently storing CO> in the subsurface. This deep in situ mining practice will have a
significantly reduced environmental footprint compared to traditional mining practices while also
unlocking new targets for exploration and production. This process can be implemented globally,
therefore diversifying suppliers of critical minerals, and accelerating the production of
technologies required for a low carbon future. Emissions from mine processing plants and
associated transportation can be captured through point air capture technologies, making the mine
site itself carbon negative. This can be further coupled with DAC to further reduce atmospheric
carbon dioxide, and the cost of CO> capture through 45Q Tax Credits. This coupled process of
utilizing CO:z-based leaching fluids while producing critical minerals distinguishes CO2-EMR as
a key technology for unlocking new types of ore grades and mining targets.
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S1 Fraction of Reactive Rock Calculation
Fraction Reactive Rock:

Considering that it is unlikely that 100% of any intrusion will react with injected CO,, we determined a
fraction of reactive rock that will react with the injected CO,. This estimation of reactive rock is a value
that combines mineralogy and porosity to determine the amount of rock available to react with the
injected CO.. This reactive rock exists at grain boundaries and fractures in the rock. It was determined
based on the following parameters.

Mineralogy: Magmatic ultramafic rocks are 40-100% olivine. Olivine in magmatic ultramafic rocks can
contain significant (500-5000 ppm) Ni (Barnes et al., 2023). Of the other major silicate phases in
ultramafic rocks, orthopyroxene contains Ni, but at lower concentrations than olivine (Podvin, 1988) and
plagioclase contains effectively no Ni. Therefore, olivine is considered as the only reactive mineral, as the
objective of these calculations is to determine the amount of Ni that could be released from olivine during
its carbonation. While sulfide minerals may contain appreciable amounts of Ni (up to ~34 wt% in
pentlandite) (Misra and Fleet, 1973), their composition, texture, and abundance are highly variable in
ultramafic rocks (Hauck et al., 1997), and it is not currently known how injected CO, will react with
sulfide minerals. Therefore, for simplification, sulfide minerals are not considered in this calculation.

Porosity: Porosity measurements of ultramafic rocks range from 0.8% in a serpentinized peridotite
(Hyndman and Drury, 1976), 1.0% in gabbro (Hyndman and Drury, 1976), 1.4% in troctolite (Tutolo et
al., 2016), 1-4% in dunite (Braun and Kelemen, 2002), and 6-8% in peridotite, primarily as inter- and
intragranular microfractures (Hovelmann et al., 2012).

Carbonated Outcrop Veins: In the Oman Ophiolite, a natural example of carbon mineralization in
ultramafic peridotite, carbonate veins form in peridotites. Far from active springs, the average carbonate
vein volume in peridotite is 1%, and closer to springs the carbonate vein volume is 5% (Kelemen and
Matter, 2008).

The above calculation does not take permeability or porosity enhancement by hydraulic fracturing into
account. Therefore, we assume a value of 0.05 for the fraction of reactive rock, based on the natural
samples described above.

S2 Determination of Rate Limiting Step
Methods
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Olivine Dissolution Rate:

The dissolution of olivine and other minerals in contact with CO- has been well studied, but is dependent
on many factors including: temperature, pressure, grain size, etc. (Oelkers et al., 2018; Rimstidt et al.,
2012). For this study, we utilize the surface area normalized forsterite dissolution rate (log rqeo) for pH ,
5.6 and 0°C < T (temperature) < 150°C (Rimstidt et al., 2012):

log7yeo = 6.05(0.22) — 0.46(0.02)pH — 3683.0(63.6)1/T (S1)
ForapH =4 and T = 90°C, the olivine dissolution rate is 3.16 x 10° mol / m? sec.
CO; Mineralization (Carbonation) Rate:

Like the dissolution rate, there have been numerous studies to determine the carbonation rate of olivine,
and carbonation rates are also dependent on factors such as temperature, pressure, grain size, etc. (Miller
et al., 2019; Sendula et al., 2021). The Wallula Basalt Pilot Demonstration remains the only field test site
of scCO into basalt (McGrail et al., 2017). Hydrogeologic analysis revealed that 60% of the injected CO,
was mineralized 2 years post injection (White et al., 2020). Therefore, it can be interpreted that scCO;
mineralization in basalt and ultramafic rocks should be relatively rapid and it can be assumed that all
injected CO, will mineralize.

Comparison of CO; Injection Rate and Olivine Dissolution Rate:

To determine the rate limiting step for our technology, the CO; injection rate was compared to the amount
of olivine dissolved per year (rdissyr, mol/yr), which was calculated based on the mass reactive rock (mgg,
g), specific surface area (Ageo, m?/g), and 3.15 x 107 seconds / yr (Equation S2). The olivine dissolution
rate was then utilized to determine the amount of Ni produced per year (mniyr, g/yr) (Equation S3) and the
amount of CO; stored per year (mco, y», 9/yr) (Equation S4). Here Mg, = molar mass of forsterite (g), Xni
= proportion Ni in the rock, Mo, = molar mass of CO, and 2 is based on the amount of carbonate
minerals formed via Equation 1. We use a value of 3000 ppm Ni in olivine and 0.00974 m?/g for the
specific surface area (Bailey, 1976).

Amount of Olivine Dissolved Per Year:
Taissyr = MRR * Ageo * Tgeo * 3.15x107 (82)
Amount of Ni Produced Per Year:
Myiyr = Taiss,yr * Mpo * Xni (S3)
Amount of CO, Stored Per Year:
Meo,yr = Taissyr * 2 * Mco, (S4)
Results

Amount of Ni Produced Per Year: Based on Equation S2, the amount of Ni that could be produced per
year, assuming 100% of the rock reacts, is 1,400,000 MT Ni / yr. Considering the total amount of Ni in
the rock (1,000,000 MT Ni), it would take ~9 months to release all of the Ni in the rock, based on the
dissolution rate and surface area from (Rimstidt et al., 2012).

Amount of CO; Stored Per Year: From Equation 11, the amount of CO; stored per year, assuming
100% of the rock reacts is 2900 MMT CO-/ year.

Comparison of CO; Stored to CO:; Injection Rate: The rate of CO; storage (2900 MMT / yr) is
>1000x the CO- injection rate (1.9 MMT / yr) into the 1 km? intrusion. While the CO; injection rate could
likely be increased through increasing the numbers of wells, pump rate, etc., it is unlikely that the CO>
injection rate could approach the rate of CO, mineralization. Therefore, the CO- injection rate is the rate
limiting step in this technology.
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S3 Descriptions of Ultramafic Intrusions Utilized in the Global Assessment of Ultramafic Intrusions
for CO,-EMR Technology

Fourteen mafic-ultramafic intrusions were chosen to explore the potential of the CO>-EMR
technology on real world target assets. These intrusions are described briefly below, but for full data and
interpretation of each intrusion, the reader is directed to the studies on that intrusion. This suite of
intrusions is diverse in terms of the age of formation, size of intrusion, and resource estimate of sulfide
ore. We examine 13 conduit intrusions and one Alaskan style intrusion (Duke Island Intrusion). Alaskan
style intrusions are unique from other ultramafic intrusions in that they form small volume intrusions at
convergent plate settings, are commonly unlayered mineralogically, and are dominated, when present, by
PGE mineralization (Himmelberg and Loney, 1995). This suite of 14 intrusions may not be commonly
grouped together in terms of petrologic processes of formation or resource estimate of high-grade sulfide
ore. However, each intrusion listed below fits the requirements for the CO»-EMR technology in that it is
an olivine-bearing mafic-ultramafic intrusion and are therefore grouped together in this analysis.
Therefore, this work highlights that a diverse suite of magmatic ultramafic intrusions may be the target of
the proposed CO2-EMR technology.

Each of these intrusions contains multiple mafic-ultramafic lithologies, in addition to high-grade
sulfide ore (mineralized) bodies. Mafic-ultramafic lithologies in these intrusions include: dunite,
peridotite, harzburgite, lherzolite, serpentinized dunite, olivine melatroctolite, picritic gabbro, and olivine
pyroxenite. For 12 of the intrusions, a single, dominant, lithology was chosen as a test for the CO,-EMR
technology. For the Tamarack Intrusion, two lithologies were chosen, as described below.

The Duke Island Complex, Alaska, United States is an example of an Alaskan-type mafic-
ultramafic complex, which contains a funnel-shaped concentrically zoned intrusive geometry
(Himmelberg and Loney, 1995). Lithologies range from Mg-rich at the center of the funnel with an
abundance of Mg-rich olivine-bearing rocks such as dunite, to progressively lower Mg-contents and lower
olivine contents at the marginal rocks. The sulfide concentrations are highly variable. In the Duke Island
Complex, Ni concentrations in olivine in the dunite zone range from 800 ppm to 2400 ppm (Thakurta et
al., 2008).

In the Midcontinent Rift region of the United States, related conduit-type magmatic intrusions
Eagle in Michigan and Tamarack in Minnesota contain high-grade sulfide ore zones that are rich in Ni. In
the peridotite and troctolite rocks of the Eagle deposit about 200 million kilograms of Ni is mineralized in
the sulfide zones (Ding et al., 2011). The olivine Ni-content in the melatroctolite ranges from 1700 ppm
to 2200 ppm (Ding et al., 2010). In the Tamarack deposit, about 17 million tons of sulfide ore have been
estimated with an average content of 1.28 wt.% Ni (Thomas et al., 2022). The Ni-content in olivine in the
feldspathic peridotite coarse grained olivine (CGO) intrusion and peridotite bowl intrusion ranges from
1700 ppm to 3000 ppm (Taranovic et al., 2015). The Tamarack Intrusion has received particular interest
in the last few years, as Tesla has committed to buying 75,000 MT of Ni from the high-grade ore (Metals,
2022). Therefore, two lithologies, the CGO and the Bowl Intrusion, an olivine sand (Taranovic et al.,
2015), were investigated in this study.

In the ultramafic rocks of the Eagle’s Nest ultramafic sill complex in the Ring of Fire region of
northern Ontario, Canada there is an inferred resource of about 9 million tons of sulfide ore with 1.10
wt.% Ni (Zuccarelli et al., 2022). In the surrounding Iherzolite unit, the Ni-content in olivine varies
between 1000 ppm and 3000 ppm (Mungall et al., 2010).
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The Luanga Complex in Carajas Mineral Province of Brazil is composed of a cluster of small,
layered intrusions enriched with disseminated PGE-rich sulfide zones. There is an estimated resource of
142 million tons with 0.11 wt.% Ni (Mansur and Ferreira Filho, 2016). The Ni-content in olivine of the
harzburgite ranges between 4,770 ppm and 6,000 ppm (Mansur and Ferreira Filho, 2016).

The Kevitsa deposit in northern Finland is hosted in komatiite, olivine pyroxenite and websterite.
There is an estimated resource of 237 million tons of sulfide ore with an average of 0.28% Ni in the
sulfide zones (Le Vaillant et al., 2017). The range in the Ni-content of olivine is abnormally high with the
greatest values reaching 14,000 ppm (Luolavirta et al., 2018; Yang et al., 2013). A special case of re-
equilibration of new batches of olivine with pre-existing Ni-rich sulfides from previous magmatic
upheavals has been proposed (Le Vaillant et al., 2017). In the olivine pyroxenite unit, the Ni in olivine
content ranges from 100-3650 ppm (Luolavirta et al., 2018)

The Jinchuan Ni-Cu deposit in southwestern margin of the Sino-Korean platform in China has a
sulfide ore reserve of about 500 million tons with an average grade of 1.2 wt.% Ni (Chai and Naldrett,
1992). The magmatic intrusion is composed of olivine-bearing ultramafic rocks such as dunite, lherzolite,
and olivine pyroxenite. In the peridotite, the Ni-content in the olivine ranges between 1515 ppm and 2485
ppm (Li et al., 2003b).

The Ban Phuc Ni-Cu-PGE sulfide deposit in the Song Da rift of northwestern Vietnam is
associated with high-Mg komatiites. There is an estimated 44.4 million tons of sulfide ore in the deposit,
with an average grade of 0.52 wt.% (Minerals, 2020). The Ni-content in olivine of the volcanic rocks
ranges between 200 and 3,600 ppm (Glotov et al., 2001).

Ni-rich sulfide deposits associated with peridotite and troctolite ultramafic mafic-ultramafic
intrusions are found in northwestern Australia. In the Savannah Ni-Cu-Co deposit, 8.02 million tons of
sulfide ore reserves have been identified with an average of 1.38 wt.% Ni (2023). The Ni-content in the
olivine of the peridotites ranges from 2,000 ppm to 3,100 ppm (Le Vaillant et al., 2020).

The Nkomati (Uitkomst) Complex in northern South Africa has been reported to have 2.9 million
tons of massive sulfide ore with 2 wt.% Ni and another 98 million tons of inferred ore with 0.6 wt.% Ni
(Lietal., 2002). The rock types include harzburgite, gabbro and pyroxenite. The Ni-content in olivine of
the main harzburgite ranges from 2456-4691 ppm (L. et al., 2002).

The Kabanga Nickel deposit in northwest Tanzania is hosted in ultramafic-mafic sill-like
intrusions that are part of the larger, Kabanga — Musongati — Kapalagulu belt. Kabanga has an inferred
resource of 28.5 million tons of sulfide ore with 2.7 wt.% Ni and the Ni-content in olivine of the
harzburgite ranges from 900 to 1800 ppm (Maier et al., 2010).

The magmatic sulfide deposits of the Noril’sk flood-basalt volcanic province in Siberia, Russia
are the most productive Ni, Cu, and platinum-group element (PGE) sulfide deposits in the world (Arndt,
2011). In the Noril’sk and Talnakh deposits, the Ni-content in the sulfide ore can be as high as 5 wt.%. In
the picritic gabbro host rock of the deposits the Ni in olivine content ranges between 1,200 and 2,200 ppm
(Li et al., 2003a).

S4 United States Nickel Resource Estimate

To estimate the total volume of ultramafic rocks in the United States, the surface area of the
ultramafic rocks was taken from the 2009 USGS mineral resource base map for carbon dioxide
sequestration (Krevor et al., 2009). To determine an average depth, the ultramafic rocks were broken into
6 categories based on tectonic setting and lithology. The following depths of each category were



166  determined from the literature: i) Appalachian ophiolites, which were assumed to have a depth similar to
167  the Baltimore Mafic Complex (Bromery, 1968), ii) Duluth Complex, in which an average depth of 15 km
168  was determined from (Swanson-Hysell et al., 2020) iii) Mid-Continent Rift associated rocks, which are
169  smaller volume intrusions associated with the Duluth Complex (Taranovic et al., 2015), iv) Stillwater
170  Complex (Stanton, 1972), v) West Coast ophiolite complexes (Alexander and Harper, 1992; Gerlach et
171 al., 1981, Saleeby, 1982), and vi) other, generic ultramafic bodies (Thompson and Robinson, 1975). The
172 state, data source identifier, area (m?) from (Krevor et al., 2009), area (km?), estimated depth (km),

173 volume (km?), and category are listed in Table S3. The total volume was then calculated by adding up the
174  volumes of each category (area * depth) for a total of 32,900 km?.

175  Table S3: The state, data source identifier from (Krevor et al., 2009), area (km?), estimated depth (km),
176  volume (km?), and category for the United States nickel resource estimate.

State Data Source ldentifier Area (km2) Depth (km) Volume (km3) Category
AR AR001 0.15 0.5 0.08 Generic ultramafic body
CA CA001 5585.16 3 16755.48 West Coast ophiolite complexes
CA002 13.56 3 40.69 West Coast ophiolite complexes
CA003 68.45 3 205.34 West Coast ophiolite complexes
CA004 18.95 3 56.86 West Coast ophiolite complexes
CT CTO001 0.56 3 1.68 Appalachians
DE DE001 1.71 3 5.13 Appalachians
GA GA001 100.42 3 301.25 Appalachians
GA002 4.86 3 14.58 Appalachians
ID ID001 0.51 1 0.51 Mid Continent Rift Intrusion
IL 1L001 0.13 1 0.13 Mid Continent Rift Intrusion
KS KS001 1.45 1 1.45 Mid Continent Rift Intrusion
KY KY001 1.13 0.5 0.56 Generic ultramafic body
MA MAO001 4.65 3 13.95 Appalachians
MD MDO001 102.04 3 306.11 Appalachians
MN MNO001 467.36 15 7010.46 Duluth Complex
ME ME001 176.82 3 530.45 Appalachians
MI MI1001 147 1 1.47 Mid Continent Rift Intrusion
MT MTO001 3.40 55 18.72 Stillwater Complex
MTO002 7.38 5.5 40.60 Stillwater Complex
MTO003 16.13 55 88.71 Stillwater Complex
MTO004 8.56 5.5 47.08 Stillwater Complex
NC NC001 85.78 3 257.34 Appalachians
NJ NJOO1 3.87 3 11.60 Appalachians
NY NY001 47.09 3 141.28 Appalachians
NV NV001 6.08 0.5 3.04 Generic ultramafic body
OR ORO001 1781.75 3 5345.25 West Coast ophiolite complexes
PA PA001 61.97 3 185.91 Appalachians
SC SC001 6.64 3 19.91 Appalachians
TN TNO01 0.05 3 0.16 Appalachians
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TX TX001 7.09 0.5 3.55 Generic ultramafic body

VT VT001 29.06 3 87.18 Appalachians

VA VA001 74.20 3 222.59 Appalachians

WA WAO001 378.51 3 1135.54 West Coast ophiolite complexes

wi WI1001 5.62 1 5.62 Mid Continent Rift Intrusion
WI1002 6.02 1 6.02 Mid Continent Rift Intrusion
WI003 1.61 1 1.61 Mid Continent Rift Intrusion
WI1004 1.10 1 1.10 Mid Continent Rift Intrusion
WI005 20.09 1 20.09 Mid Continent Rift Intrusion

WYy WY001 20.90 0.5 10.45 Generic ultramafic body
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