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ARTICLE INFO ABSTRACT

Editorial handling by Prof. M. Kersten Mineralogically complex feedstocks, including kimberlite, serpentinite, and wollastonite skarns, have vast ca-
pacities to sequester carbon dioxide (CO3) through enhanced rock weathering and CO5 mineralization. However,
only a small reactive fraction of these feedstocks will be accessible for carbon dioxide removal at Earth’s surface
conditions. We have developed a new method to evaluate the reactivity of mineral feedstocks that consists of a
batch leach test using CO2 coupled with total inorganic carbon (TIC) analysis to quantify easily extractable Mg
and Ca from non-carbonate (desirable) cation sources. Kimberlite residues from the Venetia Diamond Mine
(South Africa), serpentinites, wollastonite skarn, and brucite ore were tested and the results were compared to
those from commercial ammonium acetate (NH40Ac) leach tests. A strong correlation (R? = 0.99) between
leached Ca and TIC showed that carbonate minerals (e.g., calcite in kimberlite) are a substantial and undesirable
source of easily extractable cations that must be excluded in calculating CO5 sequestration potential. Silicate
dissolution (e.g., serpentine) was inferred from the strong positive correlation (R> = 0.94) between Mg and Si
concentrations leached from kimberlites and serpentinites. Strong correlations between leached Ca and Si were
only detected for wollastonite skarns, whereas Mg leaching from samples with high abundances of brucite
showed weak or no relationship to TIC or Si. The ability to distinguish between sources (non-carbonate versus
carbonate) of easily extractable cations is necessary to accurately assess COy sequestration potential. The
maximum CO; storage capacity of the Venetia kimberlites was 268-342 kg CO,/t, and our leach test estimated
an accessible potential in the range of 3-9 kg COy/t when only accounting for non-carbonate sources. Our CO5
batch leach test is useful to evaluate the reactivity of mineralogically complex feedstocks at Earth’s surface
conditions for the purpose of carbon dioxide removal.
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1. Introduction

The global effort to mitigate the impacts of climate change will
require the adoption of strategies and technologies to decarbonize
various industrial sectors, as well as to remove greenhouse gas (GHG)
from the atmosphere (IPCC, 2018; Minx et al., 2018). A drastic reduction
of worldwide GHG emissions is desirable to limit the increase of global
mean temperature (<1.5 °C) and to keep atmospheric carbon dioxide
(CO2) levels <490 ppm before irreversible changes are introduced to
Earth systems (IPCC, 2019). To fulfill this goal, it is imperative that
negative emissions technologies (NETs) that remove and sequester at-
mospheric CO5 are rapidly adopted (Daval, 2018; IPCC, 2018; 2019;
Minx et al., 2018; Pogge von Strandmann et al., 2019). Moreover, the
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integration of NETs in industrial-scale projects can help achieve local
and global policy targets to promote decarbonization, as well as to
create positive socio-economic impacts in communities (Fajardy et al.,
2019; Haszeldine et al., 2018; IPCC, 2018).

Enhanced rock weathering (ERW) and CO» mineralization comprise
various approaches to sequestering CO; as either a dissolved or solid
phase (National Academies of Sciences, 2019; Power et al., 2013a).
These approaches rely on accelerated dissolution (weathering) of alka-
line earth silicate and hydroxide minerals and subsequent release of
calcium and magnesium to precipitate as carbonate minerals (Assima
et al., 2014b; Daval, 2018; Kirchofer et al., 2013; National Academies of
Sciences, 2019; Veetil and Hitch, 2020). Several mineral and rock
feedstocks are available, including olivine (e.g. Oelkers et al., 2018),
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serpentine group minerals (e.g. Assima et al., 2014a; Thom et al., 2013),
wollastonite (e.g. Daval et al., 2009; Di Lorenzo et al., 2018; Haque
et al., 2020; Haque et al., 2019), brucite (e.g. Harrison et al., 2013),
basalt (e.g. Oelkers et al., 2008), peridotite (e.g. Kremer et al., 2019),
and kimberlite (e.g. Mervine et al., 2018; Wilson et al., 2011). In addi-
tion, different types of industrial alkaline wastes such as steel slag,
concrete wastes, and ultramafic mine tailings have the advantage of
being easily accessible (Baena-Moreno et al., 2019; Kirchofer et al.,
2013; Power et al., 2013a; Renforth, 2019). In particular, mine wastes
can be an ideal resource for ERW and CO5 mineralization since most of
the costs linked to comminution are largely reduced due to ore pro-
cessing (Li et al., 2018).

Recent studies have demonstrated that weathering of mineral feed-
stocks at low-temperature conditions may be feasible through ex-situ and
in-situ processes that accelerate carbon mineralization reactions. These
processes include using higher CO, partial pressures, the pre-treatment
of materials subject to CO, mineralization (physical or chemical treat-
ment), the utilization of mineral feedstocks as soil amendments, or even
feedstock carbonation and carbonate precipitation via microbial pro-
cesses (Daval, 2018; Hamilton et al., 2020; Haque et al., 2020; Haque
et al., 2019; Li et al.,, 2018; McCutcheon et al., 2017; Pogge von
Strandmann et al., 2019; Power et al., 2013b). Alkaline wastes,
including mine residues, have in common their high magnesium and/or
calcium content in the form of silicate and hydroxide minerals or
amorphous phases (e.g., glass) that can chemically bind to CO, (Assima
et al., 2014a; Renforth, 2019; Sanna et al., 2014b). In general, rapid
extraction of divalent cations (e.g., Mg2+ and Ca®") via mineral disso-
lution is highly desirable (Assima et al., 2014a; Bonfils et al., 2012;
Vanderzee et al., 2019). These cations are rapidly leached from reactive
phases and mineral surfaces during transient dissolution and correspond
to the easily extractable cations or labile cations fraction of the feedstock
(Daval et al., 2013; Power et al., 2020; Vanderzee et al., 2019).

Cation release is controlled by mineral chemistry and physical
properties along with solution chemistry, and tends to be slower at low
temperature and pressure conditions (Schott et al., 2009; Zhao et al.,
2010). As a result, CO, mineralization reactions are often limited by
cation supply at low temperature and pressure conditions rather than by
CO4 supply or carbonate precipitation (Power et al., 2013a, 2014). This
limitation is greater for feedstocks with complex mineralogical assem-
blages that are dominated by recalcitrant minerals such as silicates. In
these cases, the success of CO, mineralization technologies depends
mostly on the availability of easily extractable cations in highly reactive
mineral phases, such as brucite (Power et al., 2020; Vanderzee et al.,
2019). Thus, knowing the amount of cations that are easily extractable
under specific conditions (e.g., the feedstock reactivity at ambient
conditions) is a critical step to assess the feasibility of mineralogically
complex feedstocks for CO, mineralization and their to potential to
offset industrial GHG emissions.

Leaching tests are common laboratory procedures that are used to
measure and predict cation release from soils, rocks, or tailings (Davis
et al., 2019; Dohrmann, 2006). The minerals industry has adopted these
tests as predictive tools to estimate the reactivity of tailings or metals
mobility in soils. For example, acid/base accounting (ABA), net acid
potential (NAP), and leaching tests have helped the minerals industry to
anticipate problems such as acid generation and metal release from mine
wastes (INAP, 2009). These tests are routine and essential tools for mine
planners to design adequate waste management plans that comply with
regulations (Davis et al., 2019). A similar expectation can be made for an
analytical tool that can easily predict the mineral feedstock CO,
mineralization potential using a simple reactivity test. Such a technique
could expedite the classification of suitable mineral feedstocks for
enhanced rock weathering or CO2 mineralization projects within mine
waste management areas.

Kinetic leaching tests, flow-through leaching experiments, and CO5
fluxes (e.g., Awoh et al., 2013; Harrison et al., 2015; Kandji et al., 2017;
Power et al., 2020) have been used to estimate the CO5 mineralization
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potential of mineral feedstocks. Although these methods provide valu-
able information on the long-term geochemical behaviour of the mineral
carbonation feedstock, these are not a rapid and simple analytical
method that could be easily adopted as a routine protocol for CO;
mineralization assessments. Here, we propose a new method to assess
the reactivity of mineralogically complex feedstocks (wollastonite skarn,
serpentinites, and kimberlite mine wastes) under ambient conditions.
This method was designed to measure the easily extractable cations, in
particular, Mg and Ca. Batch CO, leaches coupled with total inorganic
carbon (TIC) analyses were used to quantify cation release from both
desirable non-carbonate minerals (e.g., silicates and hydroxides) and
undesirable carbonate minerals. This methodology provides a robust,
comprehensive, and simple approach for quantifying the CO, mineral-
ization potential of mineral feedstocks and evaluating their suitability
for carbon dioxide removal.

2. Materials and methods
2.1. Solids characterization

2.1.1. Sample acquisition and preparation

Processed kimberlite mine wastes were sampled at Venetia Diamond
Mine (Limpopo Province, South Africa), owned by De Beers Group of
Companies to assess the potential for ERW and CO; mineralization.
Fieldwork was conducted in 2017 and 2018, and samples were collected
from the two fine residues deposits (FRDs), one coarse residues deposit
(CRD) at Venetia, as well as from the ore stockpiles. These residues were
dominated by massive volcanoclastic kimberlite facies. The FRDs have a
combined area of approximately 3.5 km? with two impoundments that
receive the processed fine residues (<1 mm) as a slurry from pipes along
their peripheries. A bulk sample of freshly processed fine residues
(FRD1) was collected as a slurry from an outlet pipe for comparison to
residues that have been already deposited. In addition, a subset of nine
samples (FRD2 to FRD10) collected at different depths and locations
within the FRD impoundments was characterized and used in experi-
ments (Table 1). Bulk CRD (1-8 mm grain size) samples were obtained
from dry stacks in an impoundment with a smaller footprint (~0.5 km?)
and with minimal porewater content. Several dark volcanoclastic
kimberlite (DVK) specimens - a dark grey to black carbonatized
kimberlite lithofacies from Venetia KO1 pipe (Tait and Brown, 2008) -
were collected from ore stockpiles. This kimberlite facies was not
dominant in previously processed kimberlite, yet is expected to become
the major facies in future production at the mine. The rocks were
combined, crushed and pulverized in an Essa® LM2 Pulverizing Mill
(FLSmith, Copenhagen, Denmark) to sizes comparable to fine residues
(<1 mm).

Other mineralogically complex feedstocks were sourced for reac-
tivity tests (Table 1). A wollastonite skarn (wol) sample was acquired as
sand-sized soil amendment packages from the Canadian Wollastonite
quarry (Ontario, Canada). A sample dominated by brucite (brc) was
sourced from the Brucite Mine (Nevada, USA). Three serpentinite sam-
ples were obtained from different sites, namely serpentinite (srpl) from
the Lizard Complex (Cornwall, United Kingdom), serpentinite (srp2)
from Feather River Canyon (California, USA), and serpentinite (srp3)
from the Baptiste deposit located within the Decar Nickel District
(British Columbia, Canada). Samples of brucite and the wollastonite
skarn were obtained as coarse sands, whereas srpl and srp2 were ob-
tained as rock hand specimens. These feedstocks were crushed and/or
pulverized to a finer grain size in line with Venetia fine residues char-
acteristics (<1 mm). The sample of serpentinite (srp3) from the Baptiste
deposit was obtained as a pulverized sample.

2.1.2. Particle size and surface area

Particle size distributions were obtained using a Vibratory Sieve
Shaker AS 200 Basic (Retsch) and a Horiba LA-950V2 laser scattering
particle size distribution analyzer (Teledyne, USA).
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Table 1
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Sample description, surface area (m2/g), and summary of geochemistry (wt.% oxide), CO, batch leaching (wt.% leached), and NH4OAc (wt.% leached) results.

Sample Description Code n  m%g Geochemistry (%) CO,, batch leaching (%) NH40Ac (%)
CaO MgO Sio Ca Mg Si Na TIG; TIC;, Ca Mg Na
Brucite mine (bru)* sand-sized soil, bre 3 5.30 1.46 62.80 1.89 0.08 6.59 0.03 0.01 1.22 n.d 0.09 <10 0.00
pulverized
Brucite mine (10%brc)/ brcQ 3 0.42 nd. n.d. nd. 0.07 2.71 0.01 0.01 0.11 0.08 n.d. n.d. n.d.
Si0,
Wollastonite skarn (wol)  sand-sized soil, wol 3 0.90 26.07 6.38 56.37 3.62 001 047 001 022 0.10 1.19 0.00 0.00
* pulverized
Wollastonite skarn (10% wolQ 2 nd n.d. n.d. n.d. 0.53 0.01 0.06 0.01 n.d. <0.01 n.d. n.d. n.d.
wol)*/SiOy
Serpentinites
Lizard Complex (srp1)* rock, pulverized srpl 3 2530 0.03 3430 3827 0.02 0.29 014 0.03 002 0.01 0.01 0.07 0.02
Feather River Canyon rock, pulverized srp2 3 61.14 0.05 37.73 4080 0.05 093 042 0.01 0.02 0.01 0.02 0.23 0.01
(srp2)*
Baptiste Nickel deposit rock pulverized srp3 3  3.05 0.02 4285 3465 0.01 310 0.09 001 004 <0.01 0.00 4.04 0.00
(stp3)
Venetia kimberlite
Unweathered samples
Dark volcanoclastic rock pulverized DVK 3 18.00 7.77 2575 3810 112 0.33 020 038 040 0.36 1.56 0.10 0.36
kimberlite*
Coarse residue deposits 1-8 mm, dry CRD 3 5.80 7.13 21.22 42.22 1.13 0.14 0.08 0.19 0.53 0.07 0.44 0.02 0.17
stacks
Bulk fine residue 1 <1 mm, slurry FRD1 3 7.67 6.77 22.30 37.90 1.06 0.17 0.12 0.27 0.46 0.14 2.63 0.08 0.50
Weathered samples
Fine residues 2 <1 mm, 90-125 FRD2 3 nd 6.87 20.20 41.30 142 019 014 061 055 0.52 2,63 0.08 0.50
cm
Fine residues 3 <1mm,37-45cm  FRD3 3 1070 6.91 21.90 4190 135 034 019 034 048 0.39 1.75 0.07 0.35
Fine residues 4 <1 mm, 123-134 FRD4 3 841 6.29 1400 4870 192 0.27 0.17 0.28 0.64 0.60 218 0.08 0.26
cm
Fine residues 5 <1mm,26-55cm  FRD5 3 11.04 7.09 19.10 40.80 227 016 015 062 077 0.73 331 0.07 0.62
Fine residues 6 <1 mm, 135-162 FRD6 3 1247 7.08 19.50 40.90 2.06 0.18 0.12 061 073 0.70 3.05 0.09 0.63
cm
Fine residues 7 <1 mm, 0-5 cm, FRD7 3  6.52 6.59 1510 46.60 1.80 0.20 0.17 037 058 0.54 2.00 0.05 0.36
crust
Fine residues 8 <1mm,53-54cm  FRD8 3 1288 7.10 21.10 4150 172 025 0.17 041 059 0.56 238 011 045
Fine residues 9 <1 mm, 10-15cm FRD9 3 6.55 8.09 19.80 43.90 1.28 0.19 0.15 0.29 0.54 0.40 1.56 0.04 0.26
Fine residues 10 <lmm,61-67cm FRD10 3 10.17 7.76 19.30 4400 1.30 0.19 016 033 046 0.35 1.80 0.04 0.31

n.d.: non-determined. TIC;: initial TIC. TIC;: leached TIC.

Brunauer-Emmett-Teller (BET) specific surface areas (Brunauer
et al., 1938) were determined by Ny adsorption. Samples were degassed
overnight (200 °C) on a Smart VacPrepTM 067 (Micromeritics, Nor-
cross, GA, USA). BET analysis was performed at 77 K (—196 °C) on the
Micromeritics TriStar II Plus adsorption unit (Micromeritics, Norcross,
GA, USA), and Nj isotherms were acquired using a p/po range of
0.01-0.90. All data processing was conducted on MicroActive Interac-
tive software (Micromeritics, Norcross, GA, USA).

2.1.3. Bulk geochemistry

Bulk geochemical analyses were completed using X-ray Fluorescence
(XRF) spectroscopy at SGS Canada laboratories (Lakefield, Ontario,
Canada). Total inorganic carbon (TIC) was determined using a COg
coulometer (CM5017, UIC Inc, USA), which measures the absolute mass
of inorganic carbon in a sample. All samples were micronized (7 min) in
anhydrous ethanol using a McCrone Micronizing Mill (Retsch Gmbh,
Germany) to ensure a complete carbonate reaction. The samples were
loaded into 25 mL glass flasks and acidified with 2N H2SO4 (10 mL) at
50 °C to dissolve carbonates, and the evolved CO, gas was directed to a
colorimetric cell. A pre-scrubber solution (KOH 45 v/v%) was used to
remove any CO; present in the carrier gas (100 mL/min) as well as a post
scrubber (AgNOs3 3 v/v%) to remove HyS, SOy, and halogens from the
gas stream which can form as a result of the sample acidification. The
colorimetric cell was partially filled by an aqueous solution containing
monoethanolamine mixed with a colorimetric indicator, and two elec-
trodes (platinum and silver). In this method, CO; reacts with mono-
ethanolamine to form a titratable acid (hydroxyethylcarbamic acid), and
electrochemically generated OH™ in the platinum electrode neutralizes
the solution until it returns to its original color or transmittance. The
color change is measured as a percent transmittance (%T) by a

photodetector. The change is proportional to the concentration of
hydroxyethylcarbamic acid formed and, therefore, equivalent to the
amount of inorganic carbon injected into the cell. This method is ac-
curate to within a +1.25% range of results and the detection range is
1-10,000 pg C. Blank and Alfa Aesar calcium carbonate (CaCOs3) che-
lometric standards (99.95-100.05% purity) were analyzed each day the
instrument was in use to ensure the accuracy of the readings.

2.1.4. Mineralogy

X-ray diffraction patterns for each feedstock were obtained from
micronized samples under the same humidity conditions (20-30%)
using a Bruker D8 Advance 6-0 powder X-ray diffractometer equipped
with a LYNXEYE XE 1D Position Sensitive Detector in the Environmental
Economic Geology Laboratory, University of Alberta. Details on the
preparation of samples and data analysis are provided as supplementary
information.

2.2. Leaching tests

2.2.1. COg batch leaching

CO;, batch leaches were conducted in 125 mL polycarbonate flasks
with a stir bar and 100 mL of deionized water (18.2 MQ cm). The batch
leach setup was chosen because fine grain material such as processed
mine feedstock or rock would not be recovered in a flow-through
reactor. The flasks were weighed before each test and placed on a
multipoint magnetic stir plate set at 525 rpm (Cimarec™, Telesystem,
Thermo Scientific). Dry CO, gas was bubbled uninterruptedly into the
deionized water through Tygon® tubing (Tygon S3 E—3603 NSF51)
using an FM-1050 (E606) flow meter (Matheson, USA) connected to a
CO4 tank (>99%, 10 psi). CO, was bubbled through deionized water at
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0.12 Standard Liter per Minute (SLPM). After 1 h, waters had reached
equilibrium with CO; at pH 3.9 as confirmed by geochemical modelling
with PHREEQC (Parkhurst and Appelo, 2013). Mineral feedstock sam-
ples (0.26 £+ 0.01 g) were then mixed into the solutions without the
interruption of CO, bubbling. All CO4 leaching tests were run in tripli-
cate at ambient laboratory conditions (~23 °C).

After 48 h, the CO; gas bubbling was stopped, and the weight of
flasks recorded to account for evaporation that varied between 10% and
26% by mass. Leachate samples were collected with a syringe, filtered
(0.22 pm), and acidified (2% v/v HNOs for trace analysis, Aristar®, UK).
Element analysis was performed by inductively coupled plasma - optical
emission spectrometry (ICP-OES) with an Optima 7000 DV (Perki-
nElmer, USA) with detection limits (MDL) for Ca, Mg, Na, and Si at 0.13,
0.01, 0.05, and 0.06 mg/L, respectively. Blanks and Ca standards (10
ppm Ca standard for ICP, Ricca Chemical, USA) were used to verify the
method accuracy.

Suspensions of reacted solids were transferred to 50 mL tubes and
centrifuged (Sorvall™ ST 16, Thermo Fisher Scientific) at 21,406 xg for
45 min. Supernatants were decanted, and the solids were washed in
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anhydrous ethanol, and then centrifuged to remove water and reduce
mineral dissolution or precipitation in the water film surrounding the
mineral feedstock particles. This procedure was repeated 3 times. The
recovered solids were micronized (McCrone Micronizing Mill, Retsch
GmbH, Germany) for 7 min with anhydrous ethanol and dried for total
inorganic carbon analysis.

CaCO3 (>98%, Caledon, Canada) was mixed with quartz (SiO,) sand
(0.1-0.5 mm; Sigma-Aldrich, Germany) in the proportions of 0.7, 1.3,
3.0, 9.0 and 12.0 wt% to calibrate TIC dissolution from solid samples. In
addition, a mixture of 90 wt% quartz sand with 10 wt% of the Brucite
Mine sample (brcQ) and mixtures with 10 wt% and 13 wt% of the
wollastonite sample (wolQ) in quartz were prepared. These diluted
mineral feedstocks were necessary for calibration purposes as the case of
material recovered from highly reactive samples containing brucite
represented less than 60% of the initial sample mass and that resulted in
unreliable TIC data. By manipulation of the mass fraction of brucite
within a mixture with relatively unreactive quartz, a larger mass of the
solids could be recovered from the leachates for TIC analysis.

Kimberlite serpentinite Others Fig. 1. Comparison between Ca and Mg leached
40 0.6 40 with NH40Ac (blue) and CO (light blue) methods
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2.2.2. Ammonium acetate leaching

Samples were analyzed by ALS Canada Ltd. (Vancouver, Canada) by
ammonium acetate leach (NH4OAc) to compare to CO, batch leaches.
The method consisted of leaching 1.0 g of material with 40 mL ammo-
nium acetate solution in acetic acid shaken for 2 h. The final solution is
then separated from the solids by centrifuging and decanting the su-
pernatant. Quantification of cations in leachates was done by induc-
tively coupled plasma - mass spectrometry (ICP-MS). Ca, Mg, and Na
detection limits were 10, 0.5, 5 mg/L. Si was not measured because
samples in the NH4OAc method are introduced in a borosilicate glass
whose dissolution can impact results.

3. Results
3.1. Ca and Mg release from serpentinites, wollastonite skarn, and brucite

The CaO content (Table 1) in the serpentinites was less than 0.1 wt%,
and Ca-rich minerals were either absent (srpl and srp2) or present at
trace abundances, such as diopside (0.7 wt%) in srp3. For that reason,
the amount of Ca leached from serpentinites was very low and below 0.5
g/kg (Fig. 1). COy leaching had a stronger effect on the amount of Ca
released from all serpentinite samples (srpl: 0.2 g/kg; srp2: 0.5 g/kg;
srps: 0.9 g/kg) when compared with NH4OAc leaches (srpp: 0.1 g/kg;
srp2: 0.2 g/kg; srp3: 0.04 g/kg). The wollastonite skarn (wol) produced
leachates with twice the amount of Ca (30.0 g/kg) with the CO5 leach
when compared to the NH40Ac leach (15.0 g/kg; Fig. 1). This sample
contained 26 wt% of CaO associated with wollastonite (21.6 wt%) and
diopside (41.0 wt%). More details on sample geochemistry are provided
as supplementary material (Table S1). On the other hand, brucite sam-
ples (brc) had a lower CaO content (1.5 wt%) associated to dolomite
(5.1 wt%), showed much less discrepancy between the two methods
(0.8 mg/kg for COg; 0.9 mg/kg for NH40Ac).

In general, CO leaching resulted in greater Mg release than NH4OAc
leaching except for samples containing more than 10 wt% brucite (srp3,

Table 2
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brc). An increase of 3-6 times in Mg release was observed for srpl and
srp2 when exposed to CO5 (Fig. 1). In contrast, greater Mg release from
srp3 (42.8 wt% MgO) and brc sample (62.8 wt% MgO) with NH40Ac
leaching was correlated to their high brucite content (Table 2). Brc was
dominated by brucite (82.8 wt%), but also contained 6.0 wt% of
hydromagnesite, 5.1 wt% dolomite, and trace amounts (<1 wt%) of
pyroaurite. Mg leaching from the brucite mine sample exceeded the
analytical detection limit (100 g/kg) of the NH4OAc method. As a
reference, complete dissolution of brucite in the brc sample would
release 345 g/kg. On the contrary, CO, leaching released less Mg from
the brucite mine sample, generating values ranging from 64 to 67 g/kg
for replicate experiments. Similarly, Mg leaching from the Baptiste
serpentinite sample (srp3), which was dominated by antigorite (78.4 wt
%) and brucite (12.1 wt%), reached 40 g/kg with NH40Ac, which
equates to approximately 96% of the Mg being leached from brucite (42
g/kg). Of the three serpentinites tested, the Baptiste sample had the
smallest surface area (srp3: 3.1 m?/g, srpl: 25.3 m?/g; srp2: 61.1 m?/g)
and showed the greatest release of cations per surface area (Fig. 2). With
CO;, leaching, 31 g/kg of Mg was leached from Baptiste serpentinite
(Fig. 1). Likewise, the experiments with brcQ mixtures released 27 g/kg
mostly from brucite dissolution (Fig. 1). Both srp3 and brcQ contained
similar amounts of brucite. The release of Mg from the wollastonite
skarn showed that less than 0.1 g/kg could be linked to the low abun-
dances of MgO (6.4 wt%).

3.2. Cation release from Venetia mine wastes

Venetia samples had different particle size distributions and variable
surface areas (Table S2). The one CRD sample analyzed was dominated
by sand (73%) and pebbles (27%) with a surface area of 5.8 m?/ g. FRD
samples had variable sand-to-silt ratios and a median particle diameter
that ranged from 11 to 610 pm. In some cases, clays and silt were more
dominant, giving rise to higher surface areas that varied from 6.5 to
12.9 m?/g. The surface area of the pulverized DVK was 18.0 m%/g,

Mineral composition (wt.%) determined using XRD data and ideal chemical formulae for the different mineral feedstocks.

Minerals/ideal chemical formula Serpentinite Venetia kimberlite
Brucite Wollastonite Lizard Feather River Baptiste Nickel Pulverized CRD  FRD*
mine (bre) skarn (wol) Complex Canyon (srp2) deposit (srp3) DVK
(srpl)
Tectosilicates Albite [NaAlSi3zOg] 11.3 11.0 3.7
Orthoclase [KAISi3Og] 12.1 4.4 3.3
Quartz [SiO5] 0.2 10.7 0.8 5.5 3.1
Phyllosilicates ~ Antigorite [MgsSizOs (OH)4] 78.4
Muscovite [KAl5(AlSi3010(OH, 0.6
F)ol
Clinochlore [MgsAl(AlSi3010) 0.5 1.4 6.8 7.0
(OH)s]
Lizardite [Mg3Si2Os(OH)4] 0.4 93.9 92.4 33.1 23.1 18.8
Na-Smectite [(Na,Ca)o 33(Al, 28.1 12.3 27.0
Mg)2Si4010(0H),-nH20]
Phlogopite [KAIMg3Si3010(OH),] 16.6 7.0 9.9
Talc [Mg3Sis010(OH),] 2.5 6.7
(Hydr)oxides Brucite [Mg(OH),] 82.8 1.2 121
Hematite [Fe,O3] 2.4
Magnetite [FesOa] 2.0 4.5 3.6
Carbonates Calcite [CaCO3] 2.8 4.4 5.2 5.2
Dolomite [CaMg(COs)-] 5.1
Hydromagnesite 6.0
[Mgs(C0O3)4(OH),-4H20]
Magnesite [MgCOs]
Pyroaurite [MgeFe®"5(COs3) 0.6
(OH);6-4H,0]
Nesosilicates Forsterite [Mg2SiO4] 2.5 2.3 1.1 4.8
Inosilicates Tremolite [CazMgsSigO22(0H),] 2.3 9.0 6.1
Diopside [CaMgSi>O¢] 41.0 0.7 15.6 13.2 13.6
Wollastonite [CaSiOs] 21.6
Total 100 100 100 100 100 100 100 -

*average for all FRD samples tested (n = 9).
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Fig. 2. Element released (Ca, Na, Mg, Si, TIC) normalized by the samples surface area in mg/m?>. Results are presented as averages (n = 3) with respective stan-

dard deviations.

which was the highest among the Venetia samples (Table 1), but still
much smaller than the values measured for the two serpentinites (srpl
(25.3 mz/g) and srp2 (61.1 mz/g). Pulverized DVK was dominated by
sand (60%), silt (35%) and contained less than 5% of clay-sized particles
and a median particle diameter (dsg) of 171 pm (Table S2).

Both NH40Ac and batch CO3 leaching methods generated Ca-rich
leachates from the kimberlite samples (Table 1 and Fig. 1). On
average, the release of Ca from the kimberlite FRD samples and DVK was
1.4 times greater with NH4OAc than with COs. In contrast, COz leaching
resulted in a greater release of Ca from the Venetia kimberlite CRD
sample; approximately twice that of NH4OAc leaching.

Venetia kimberlite contained less than 8 wt% of CaO (on average
DVK: 7.7 wt%; FRD and CRD: 7.1 wt%). Greater calcium release was
measured in FRD samples (16 g/kg with CO4 vs. 22 g/kg with NH40Ac),
followed by DVK (11 g/kg with CO3 vs. 19 g/kg with NH40Ac) and CRD
(9 g/kg with CO; vs. 4 g/kg with NH40Ac). Calcite, diopside, tremolite,
and smectite were identified as potential calcium sources in the Venetia
samples (Table 2). Calcite was present at 3.8-7.0 wt% in FRD and CRD,
and 4.4 wt% in DVK. Diopside content was slightly lower in CRD (~13.3
wt%) than in DVK (~15.6 wt%) and FRD (average ~13.6 wt%). Trem-
olite content was higher in FRD and CRD (4.0-9.0 wt%) and much lower
in DVK (~2.3 wt%). The lowest smectite content was measured in CRD
(~12.3 wt%), whereas the clay content in the DVK and FRD samples was
much higher (18.8-30.1 wt%).

The highest MgO content in Venetia kimberlite samples was in DVK
(26 wt%), whereas CRD and FRD contained 14-21 wt% MgO. Sources of
Mg in Venetia kimberlite included lizardite, diopside, phlogopite, cli-
nochlore, smectite, tremolite, and talc. DVK contained lizardite (33.1 wt
%) but lesser amounts of tremolite compared to FRD and CRD (Table 2).
Cation release normalized to surface area was investigated for Venetia
samples (Fig. 2). Ca release from CRD was highly variable. FRD5 and
FRD6, showed greater Ca released than other Venetia samples. These
two samples contained more silt and clay (dsp < 27 pm) but surface
areas similar to those measured for different FRD samples. These sam-
ples were simultaneously calcite and smectite richer than other Venetia
samples (supplementary information 1). Similarly, the TIC and Na
released also increased in these finer-grained samples. An opposite trend

was verified for Mg and Si, where greater release of these cations was
associated with the larger median diameter (dsg > 27 pm) feedstocks.
Cation release was greater for Venetia kimberlite than for srpl and srp2,
but much less than for srp3, wol and brcQ samples which contained very
reactive minerals brucite and wollastonite (Fig. 2).

3.3. Relationship between TIC, Si and easily extractable cations

TIC was measured in solids recovered from the CO, leachates. TIC
losses in CaCO3 standards represented more than 86% (Table S3) and
were strongly correlated (R2 = 0.99) to the amount of leached Ca
(Fig. 3). This correlation reflects CaCO3 dissolution, which was
confirmed by Fourier Transform Infrared Spectroscopy (more informa-
tion in the supplementary material) and showed that the characteristic
wavenumbers associated with calcium carbonate were removed from
spectra after CO; leaching.

Venetia kimberlites (calcite abundances of 3.8-7.0 wt%) showed a
strong correlation between TIC and Ca released that fitted the linear
trend of the CaCO3 standards (R? = 0.99) and is consistent with the
molar proportions of calcium to carbon in calcite. These observations
validated the dissolution of calcite (Fig. 3a) from kimberlite. The lowest
TIC change in a solid after CO; leaching (41% reduction) was observed
for CRD, which was considerably coarser than other samples and had a
relatively low surface area (5.8 mz/g). On the other hand, carbonate
dissolution (68-96% reductions in TIC; Fig. 2) was promoted in both
DVK and FRD samples due their finer grain (dsop = 11 to 1144 pm) and
the associated increase in surface area.

No relationship between the leached TIC and Ca was found for the
serpentinites, and brucite samples, where Ca-carbonate minerals were
either absent or in low abundance (Table 2). Moreover, no correlation
between the leached TIC and Mg was found for most of the samples
(Fig. 3b), apart from brcQ samples, which contained Mg-carbonates that
could be a source of TIC. These carbonates included hydromagnesite,
dolomite, and pyroaurite which accounted for ~12 wt% in the original
brucite (brc) sample and would have been diluted in brcQ samples
(Table 2). As shown in Fig. 3b, the increasing release of Mg from the
brucite mine sample in the quartz matrix (brcQ) was also accompanied
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by an increase in TIC leached.

A correlation between Si and Ca release was not observed for most
samples, except for the wollastonite skarn (wol and wolQ) where the
concentration of both elements increased linearly for CO, leaching
(Fig. 3c). Careleased from the serpentinites was very low and unrelated
to Si release. For the serpentinites tested, srp2 had the highest (4 + 0.4
g/kg) release of Si, and srp3 the lowest (0.9 £ 0.1 g/kg). A low amount
of Si was released from brc (Fig. 3d), likely the result of serpentine or
olivine dissolution. In contrast, a strong linear correlation (R? = 0.94)
between the Si and Mg leached was observed for DVK, FRD, CRD, srpl,
and srp2 samples (Fig. 3d). Samples containing more than 10 wt%
brucite (srp3, brc, and brcQ) did not produce a correlation between the
amounts of Mg and Si released.

4. Discussion
4.1. Cation release from carbonate sources during CO_ leaching

The CO, batch leaching test coupled with TIC analysis was highly
sensitive for detecting carbonate dissolution in CO; mineralization
feedstocks. Results obtained from leaches using wollastonite skarn
illustrate the analytical sensitivity of the method in detecting changes in
TIC for samples with less than 1 wt% of inorganic carbon. The unreacted
wollastonite skarn (wol) had an initial TIC abundance of 0.22 wt% and,
after COy leaching, only 0.08 wt% TIC remained in the solids. These
results are supported by the low abundance of calcite (2.8 wt%) detected
using XRD that equates to 0.34 wt% TIC. The leached TIC from wol
corresponded to a variation of —0.14 wt%. This variation validates that
a fraction of the easily released Ca from wollastonite skarn samples can
be allocated to calcite dissolution, assuming a 1:1 M ratio of Ca to C in

calcite.

A correlation between TIC and leached cations becomes even more
evident in samples with greater carbonate minerals abundances. For
example, leaching of Mg-carbonate sources was detected through the
correlation between leached TIC and Mg (Fig. 3b) in brucite-quartz
mixtures (brcQ). The abundances of hydromagnesite, dolomite, and
pyroaurite in the original brucite mine (brc) sample accounted for ~12
wt% and the initial TIC was 1.22 wt% (Table 1). The batch test with brc
(82.8 wt% brucite) resulted in a substantial reduction of the sample mass
from 258 mg to 44 mg after leaching, for example. This change was due
to the high reactivity to CO; since it was dominated by brucite and
carbonate minerals. As a result, instead of a TIC loss, we observed an
increase in TIC abundance in the solids after dissolution. The increase of
TIC abundance was counterintuitive because the conditions for car-
bonate precipitation in liquid were not ideal (final solution pH = 6). This
effect was mostly illustrated by sample brcl (see Table S1) in that after
CO4 leaching TIC increased from 1.22% to 6.2% in the recovered solids
(44 mg). Since TIC is determined as a concentration of the sample mass,
a large reduction in sample mass can have a strong impact in TIC
measurements. Brucite slurries (150 g of pulverized brucite mine,
Nevada) exposed to 100% CO5 were reported to have a rapid pH decline
from ~9.5 to ~6.9 in 10 h and then remained in a steady-state for more
than 48 h (Harrison et al., 2013). The same brucite was used in our tests,
and we observed similar changes in the solution pH. In our experiments,
a pH of ~9.1 was measured right after the addition of brucite samples,
and at the end of the reaction with CO5 the pH was ~5.8. Due to the
rapid changes in pH, constant supply of 100% COs, and the low brucite
mass used in our tests, it is unlikely that both brucite dissolution and
carbonate precipitation occurred in our system, as observed in other
studies (Harrison et al., 2013). Consequently, we interpreted the
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increase in TIC as a percentage for some of the brc samples (brcl and
brc3) to be caused by complete dissolution of brucite, but incomplete
dissolution of the less soluble anhydrous Mg-carbonate minerals (i.e.,
dolomite) that remained in the smaller sample mass following leaching.

This apparent increase in TIC will only occur if a mineral is present at
a relatively high abundance and is more reactive than the carbonate
minerals, thus concentrating the TIC in a much smaller recovered
sample mass. The decrease in TIC abundance in the breQ solids observed
after CO, leaching stresses that carbonate precipitation was negligible in
the CO,-charged solution. Moreover, HCO3 proton-promoted dissolu-
tion fosters brucite dissolution in mildly acidic conditions (Harrison
et al., 2013; Pokrovsky et al., 2005). The dilution of this brucite-rich
sample using a silica matrix helped overcome the TIC concentration
effect. The experiments with brucite-quartz mixtures show a positive
correlation between leached TIC and Mg (R? = 0.98; Fig. 3b), suggesting
some contribution of carbonate dissolution to the amount of easily
released Mg. The TIC leached from brcQ replicates (45-90% of initial
TIC) resulted from Mg-carbonates dissolution, possibly of hydro-
magnesite which was the most abundant carbonate mineral in this
sample. For comparison, the Baptiste nickel deposit sample (srp3) with
12.1 wt% brucite (cf. Power et al., 2020), showed a similar high Mg
leaching (Fig. 3b). However, in this case, the Mg that was leached re-
flected dissolution of both brucite and Mg-silicates (serpentine) instead
of Mg-carbonate dissolution as the latter phases were absent. This
observation was further validated by the low TIC concentration
measured in both initial and leached solids of srp3 (Table 1). The bru-
cite—quartz mixtures had an initial TIC average of 0.11% and resulted in
the loss of 0.08 wt% of TIC, validating that carbonate dissolution
occurred. Theoretically, assuming that hydromagnesite dissolved and
given a molar ratio of 5 Mg:4C in this mineral, the TIC leached from the
sample containing 10 wt% brc and 90 wt% SiOz would correspond to
~0.20 wt% of Mg. Thus, it can be expected that ~2 wt% of Mg leached
from the original brc samples can result from carbonate dissolution. This
approach shows that even for highly reactive samples, carbonate
dissolution can be identified by the TIC variation in solids.

4.2. Cation release from non-carbonate sources during COz leaching of
mineralogically complex samples

Relevant non-carbonate sources for easily released cations in feed-
stocks for COy mineralization include silicates (e.g., serpentine group
minerals) and hydroxides minerals (e.g., brucite) (Daval et al., 2013;
Vanderzee et al., 2019). Mg leaching from silicates and hydroxides has
been the focus of many reactivity studies since hydromagnesite and
nesquehonite are often the desired product of in- and ex-situ CO2
mineralization (Assima et al., 2014a; Azizi and Larachi, 2019; Harrison
et al., 2013; Power et al.,, 2020; Thom et al., 2013; Wang and
Maroto-Valer, 2011; Wilson et al., 2014). However, even at acidic pH
the dissolution of Mg-silicate minerals is typically much slower than
(hydr)oxide and carbonate minerals because of the stronger Si-O bonds
in silicate minerals (Brantley, 2003; Oelkers, 2001; Schott et al., 2009).
Although Mg-silicate minerals are widely available feedstocks, both as
geological materials and industrial wastes (Baena-Moreno et al., 2019;
Pan et al., 2020; Renforth, 2019; Zevenhoven et al., 2011), only a small
fraction of Mg is easily extractable at low pressure and temperature
conditions (Power et al., 2020; Vanderzee et al., 2019).

Previous mineral dissolution studies have shown that Mg release
from serpentine minerals can be inferred from aqueous Mg/Si molar
ratio (Daval et al., 2013; Power et al., 2020; Thom et al., 2013). For
example, Daval et al. (2013) reported Mg/Si molar ratios between 2.5
and 2.8 for lizardite dissolution at 27 °C in the presence of HCI or CO,.
Lizardite was dominant in both the Lizard Complex (93.9 wt%) and
Feather River Canyon (92.4 wt%) serpentinites and, therefore, their
leach tests are comparable to those using pure serpentine minerals. The
bulk Mg/Si molar ratio estimated for srpl (Mg/Si = 2.6) and srp2
(Mg/Si = 2.4) after 48 h of the CO, batch leaching experiments were
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comparable to ratios obtained from lizardite dissolution in flow-through
reactivity tests (Daval et al., 2013). The Baptiste serpentinite (srp3)
showed a much higher Mg/Si ratio (~38), which is consistent with
values reported by Power et al. (2020). These authors showed that the
Mg/Si ratio for this serpentinite was initially very high (~30-50) due to
rapid brucite dissolution and Mg detachment from serpentine surfaces
within 48 h of reaction. Power et al. (2020) found also that after 72 h in
flow-through dissolution experiments with the Baptiste serpentinite
(srp3) the Mg/Si gradually declines to 2.5, thereby approaching stoi-
chiometric dissolution for serpentinite [Mg:Si = 1.5, assuming an ideal
formula of Mgs3SioOs(OH)4]. With the CO2 batch leaching, the Mg/Si
reflects the cumulative concentration of Mg in the leachates. Therefore,
high Mg/Si values reflect the dissolution of highly reactive phases,
which may also include carbonate minerals as well as release of surface
Mg from serpentine minerals. However, the contribution of carbonates
can be ruled out by combining the Mg/Si ratios with TIC analysis in-
formation. Hence, despite the limitations described above, the use of
Mg/Si can serve as an indicator for the contribution of non-carbonate
sources to easily extractable Mg in our batch leaching tests.

The contribution of non-carbonate sources to extractable Ca is more
challenging to differentiate from leachate data, particularly when both
Ca-silicate and Ca-carbonate minerals are present (e.g., wollastonite
skarn; Table 2). Pure mineral studies have shown that the release of ions
from wollastonite can be slowed by the partial passivation of the mineral
surface with amorphous silica (Daval et al., 2009; Huijgen et al., 2006;
Schott et al., 2012). Moreover, previous flow-through dissolution ex-
periments with wollastonite indicated that steady-state dissolution
under acidic conditions might only be achieved after a more prolonged
exposure (3000 h) period (Schott et al., 2012). Similar behaviour has
been documented for diopside (Knauss et al., 1993). Naturally, the CO,
batch leaching presented here does not account for the factors indicated
above. Therefore, we consider that using TIC analysis of the tested solids
is a better alternative to extrapolate the contribution of non-carbonate
sources to the easily extractable cations in the mineral feedstock.

4.3. Easily released cations from Venetia kimberlite mine wastes

The correlation between the leached TIC and leached Ca or Mg
(Fig. 2) in COg leaching tests can be used to infer the dissolution of
carbonates. This correlation was evident in Venetia samples, with the
experimental data showing a good fit to the CaCOj3 calibration curve (R?
= 0.99). The TIC leached from Venetia samples (0.4-0.8 wt%) during
CO4, leaching was equivalent to calcite abundances of 3-7 wt%; which is
comparable to those estimated from XRD analysis (~3.8-7.0 wt%;
Table 2). These results provided evidence that most of the calcite dis-
solved during leaching.

Calcite dissolution is a spontaneous reaction under acidic conditions
(AG < 0) and is strongly regulated by the protonation of CO3 surface
sites and formation of >C03H0 complexation sites (Schott et al., 2009).
For the full range of pH, mineral dissolution rates at ambient conditions
are typically greater for calcite (1071° to 1077 mol/cm?/s) than for most
silicates (10™'® to 1071° mol/cmz/s), or even for brucite (103 t0 1071°
mol/cm?/s) (Brantley and Olsen, 2014; Declercq and Oelkers, 2014;
Power et al., 2013a). We can assume that with constant supply and
mixing of CO3 in the batch leaching experiments, the conditions created
will increase the transport of H' to calcium carbonate mineral surfaces
prompting dissolution by surface protonation (Pokrovsky et al., 2009a).
Clearly, calcite can be considered a highly reactive phase in mineral
carbonation feedstocks and, for that reason, a source of easily extract-
able cations. From the strong correlation between leached TIC and Ca in
the CO; batch leaching (Fig. 2a), it was concluded that most of Ca dis-
solved from Venetia kimberlite was linked to the dissolution of calcite.

Finer particles typically allow for greater cation release because of
their high surface areas and, therefore greater exposure for aqueous
carbonation (Li et al., 2018; Power et al., 2013a; Sanna et al., 2014). The
effect of high surface area and fine particle size was particularly notable
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for TIC leaching. Fig. 2 shows the element release from Venetia
kimberlite samples normalized to surface area (mg/mz). This relation-
ship assumes direct proportionality between the bulk surface area and
reactive surface area; yet this does not account for differing reactivities
associated to mineral phases or possible changes in surface area induced
by leaching or particle abrasion due to mixing during the experiment (cf.
Hodson, 2006; Oelkers et al., 2018). Close to complete dissolution of TIC
was noted for Venetia samples dominated by finer particles (dso < 27
pm, FRD5, FRD6, FRD8) and with greater surface areas (>10 mz/g)
(Fig. 2; Table 1). On the contrary, TIC, Ca, Mg and Si removal from
coarser samples (e.g., CRD, FRD1, FRD9, and FRD10) and smaller sur-
face area (<10 m?/g) showed greater variability and incomplete disso-
lution of TIC (Fig. 2). Mineralogically complex feedstocks that are not
dominated by a single mineral phase are expected to dissolve with
different kinetics and to contain surface areas with different reactivities
(Dudhaiya and Santos, 2018; Hodson, 2006). These effects had more
impact on samples with coarser grain size because of greater heteroge-
neity between replicates due to the small sample mass. Increasing the
mineral-to-water ratio for coarser samples in the CO; leaching test may
help overcome these reproducibility issues.

A potential non-carbonate source for Mg in Venetia mine residues
were serpentine minerals (lizardite 12.0-33.1 wt %). Considering the
Mg/Si = 1.5 for lizardite, most Venetia kimberlite residues (Fig. 3d)
were aligned along a linear trend that reflects stochiometric dissolution
of lizardite. Results for srpl samples, which were mostly composed by
lizardite, also fall upon this line (Fig. 2d). Serpentine dissolution may be
the dominant source for Mg from Venetia kimberlites, although other
sources such as diopside, clinochlore, and smectite may have also
contributed.

An interesting finding of our leaches was that an increase of Na
extracted was associated to samples FRD5 and FRD6 (Fig. 2) as inferred
from surface area normalized data. These samples showed greater TIC
and Ca leaching, and their reactivity can be linked to their greater
percentages of silt- and clay-sized particles when compared to other
kimberlite samples, such as DVK. Moreover, these samples contained
approximately 37 wt% of smectite and ~6-7 wt% of calcite (see SI for
further details). These mineral abundances were the highest measured
among Venetia samples. Acid activation can promote the partial disso-
lution of smectites by the replacement of ions in the interchangeable
layers with protons and consequent ion release (Horri et al., 2020;
Komadel, 2003). This mechanism causes structural and chemical
changes to smectites and is also responsible for an increase in the ab-
sorption and retention of CO» on the clay interlayers (Horri et al., 2020;
Loring et al., 2012; Michels et al., 2015). An increase in Na released by
surface area may have resulted from the extraction of Na from the
smectite interlayers by CO,. Although we cannot validate this pathway
from our data, it is reasonable to assume that acid activation of smectites
may have contributed to the release of cations when considering the
constant supply of CO- gas.

4.4. COg leaching versus NH4OAc leaching

NH4O0Ac leaching is a common assessment technique to determine
the cation exchange capacity (CEC) of soils and targets soluble second-
ary minerals, carbonates, and exchangeable ions (Ciesielski et al., 1997;
Dohrmann, 2006). In soils, organic acids are produced through the
degradation of organics by microbes, which is often not the case in mine
tailings that lack significant organic matter to promote microbial re-
actions (Power et al., 2014). Venetia mine residue impoundments are
poor in organic carbon (<0.2 wt%) and are not expected to support
significant microbial activity. For that reason, NH4OAc leaching does
not reflect the prevalent conditions in mine tailings. In this case, our COy
leaching tests can provide a more realistic assessment for the easily
extractable cations from mineral feedstocks that are relevant to esti-
mating the CO5 mineralization potential under conditions where COy
and HO are the only reagents promoting dissolution.
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However, the NH4OAc method does provide complementary infor-
mation about the sample reactivity. For example, there was an average
increase of released Ca from kimberlite samples of 1.4 times when using
the NH4OAc leaching test (Fig. 1). In addition to carbonate dissolution,
the additional Ca release was likely a result of cation-exchange reactions
with the smectite clays promoted by ammonium ions (NHY) (Alshameri
et al., 2018; Ayari et al., 2007; Dohrmann, 2006; Zeyen et al., 2020).
NHJ can cause an increase of cation exchange through swelling of the
smectite interlayers and consequent displacement of cations (Ca®™,
Mg?* K", Nat) onto the solution (Alshameri et al., 2018; Ayari et al.,
2007). This effect was mostly observed for Venetia FRD and DVK sam-
ples, which relates to their abundance of smectite (=28 wt%), finer grain
size, and larger surface areas (6-18 m2/g) when compared to the CRD
(Table S3). NH40Ac had a negligible effect on cation release from the
serpentinites and wollastonite skarn as these did not contain smectite
clays (Table 3). In fact, less Ca was extracted from the wollastonite skarn
with NH40Ac (1.4 wt%) than with CO, (3.5 wt%). The discrepancy
suggests a limited effect of organic acids in wollastonite skarn dissolu-
tion when compared to carbonic acid. However, it is possible that the
weak effect observed for NH4OAc was due to a low concentration of
organic acid that did not produce a significant effect in the dissolution of
wollastonite, diopside, or smectites (cf. Golubev et al., 2006; Golubev
and Pokrovsky, 2006; Pokrovsky et al., 2009b).

Samples containing more than 10 wt% brucite exhibited greater Mg
release with NH40Ac (Fig. 1), which may be due to acetate enhancing
brucite dissolution as has been documented at higher concentrations
(Pokrovsky et al., 2005). NH* has been used as an extracting agent for
cations from mineral carbonation feedstocks in a wide range of tem-
peratures (Guo et al., 2015; Sanna et al., 2014a; Veetil and Hitch, 2020;
Wang and Maroto-Valer, 2011). The enhancement effect of NH4OAc on
brucite dissolution was further supported by the fact that CO; leaching
released 2 to 3 times more Mg from samples without brucite, including
Venetia kimberlite and serpentinites from the Lizard Complex (Table 1;
Fig. 1). However, the enhancement was not observed for the Feather
River Canyon (srp2) sample, which contained trace amounts of brucite
(1 wt%). Identification of trace minerals by Rietveld refinement can be
difficult and the error increases substantially for trace minerals abun-
dances below 6 wt% (Raudsepp et al., 1999). Moreover, our dissolution
data (Fig. 3d) suggested that Mg-silicate dissolution (i.e. serpentine) as
the main source for the Mg leached from sample srp2. Most probably,
the brucite content in srp2 is lower than reported and, for that reason,
the predominance of brucite dissolution was negligible or undetected by
our method. Previous studies showed that the extraction of Mg from
silicate minerals (e.g., serpentine, forsterite) with organic acids (e.g.,
oxalate, acetate, citrate, EDTA, and glutamate) is limited (Bonfils et al.,
2012; Declercq et al., 2013; Golubev et al., 2006; Miller et al., 2014;
Ndlovu et al., 2014; Teir et al., 2007). As such, the lower Mg release with
NH4OAc when compared to CO; leaching is an expected outcome. Thus,
despite both CO, and NH4OAc showing that most of a sample’s reac-
tivity is due to the dissolution of very reactive mineral phases (i.e. car-
bonates and brucite), the different effects we observed in Mg leaching
suggest that the NH4OAc methodology is an imperfect predictor of the
reactivity of a sample to CO».

Acidity is generated only by equilibrating solutions with a constant
supply of pure CO3 gas in our batch CO leaching experiments. Using
100% CO, allows for gas solubility to be maintained during the exper-
iments, and the capacity to mobilize the easily extractable cations from
the feedstocks was maximized. Although at lower pCO; the release rate
of cations may decrease, and carbonation reactions become less effi-
cient, as shown by Harrison et al., (2013), the leachate compositions of
the CO, batch-test are more consistent with mineral-CO5 reactions than
NH4O0Ac and should provide a much more reliable assessment for the
feedstock mineral carbonation potential at ambient conditions.
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Table 3
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Estimated CO, mineralization capacity and potential in kg CO,/t for different feedstocks and the predicted GHG offset (%) for Venetia mine assuming the precipitation

of easily extractable cations from non-carbonate sources.

Sample Code [i] Geochemistry [ii] CO, batch leaching Venetia GHGs offset*

CO; mineralization capacity in kg CO/t CO; mineralization potential in kg/t

Mg% Ca% CO, Mg % Ca% COy CO;, (TIC corrected) kt COy/year % Offset
Brucite mine (10%brc)/SiO4 breQ n.d n.d n.d 2.71 0.07 50 47
Wollastonite skarn (wol)* wol 3.85 18.63 274 0.01 3.62 40 36
Serpentinites
Lizard Complex srpl 22.75 0.02 412 0.29 0.02 5 5
Feather River Canyon srp2 20.68 0.04 375 0.93 0.05 17 17
Baptiste Nickel deposit srp3 15.77 1.2 299 3.1 0.01 56 56
Venetia kimberlite
Dark volcanoclastic kimberlite DVK 15.53 5.55 342 0.33 1.12 18 5 24 11
Coarse residue deposits CRD 12.8 5.1 288 0.13 0.94 13 9 42 20
Bulk fine residue 1 FRD1 10.31 4.8 239 0.26 1.24 18 7 33 16
Fine residues 3 FRD3 13.21 4.94 293 0.34 1.35 21 7 33 16
Fine residues 4 FRD4 8.44 4.5 202 0.27 1.92 26 4 19 9
Fine residues 5 FRD5 11.52 5.07 264 0.16 2.27 28 0.8 4 2
Fine residues 6 FRD6 11.76 5.06 268 0.18 2.06 26 0.1 0.5 0.2
Fine residues 7 FRD7 9.11 4.71 217 0.2 1.8 23 3 14 7
Fine residues 8 FRD8 12.72 5.07 286 0.25 1.72 23 3 14 7
Fine residues 9 FRD9 11.94 5.78 280 0.19 1.28 18 3 14 7
Fine residues 10 FRD10 11.64 5.55 272 0.19 1.3 18 5 24 11

*Venetia offset calculations assume a production of 4.7 Mt of kimberlite residues per year and 210 kt of COse (Mervine et al., 2018).

4.5. Estimating CO, mineralization potential

The total carbonation capacity of alkaline wastes can be defined as
the complete conversion of its total Mg and Ca content from non-
carbonate sources to carbonate products on a mole-per-mole basis (e.
g., MgCO3 and CaCOs3) (Lackner et al., 1995). However, these capacities
are unlikely to be achieved at low pressure and temperature due to the
sluggish dissolution rates of the silicate sources for Mg and Ca (Assima
et al., 2014b; Li et al., 2018; Power et al., 2013a; Thom et al., 2013).
Despite the large carbonation capacities of the serpentinites, wollas-
tonite skarn, kimberlites, and brucite samples (200-400 kg CO/t; Fig. 4
and Table 3), these estimates do not account for mineral reactivity at
ambient conditions. The CO, mineralization potential may be calculated
based on the easily extractable Mg and Ca from non-carbonate sources as
determined by our CO4 batch leaching test combined with TIC analysis.

CO, mineralization potential estimates must account for the mineral

demonstrated by the present study, the dissolution of carbonate min-
erals from mineral feedstocks can be a major contributor to the pool of
easily extractable cations. Carbonate dissolution is not a desirable
outcome from a carbon sequestration perspective and can result in
erroneously overestimating of the COy mineralization potential of a
feedstock. Hence, a correction factor must be included in CO5 mineral-
ization calculations to avoid overestimation. This factor is introduced in
Equation 1 to estimate the CO5 sequestration potential (kg COy/t) of a
feedstock:

Mco,

CO, (kg/t) = [(molC yion — molCric ) x Mc] X M X
c

lg
1000 kg

where molC.qon are the moles of C equivalent to total leached Ca and Mg
on a per tonne basis, molCryc is the moles of C leached from samples on a
per tonne basis, and M¢ and M¢q; are the molar masses (g/mol) of C and
COo, respectively. This calculation assumes a 1:1 M ratio between the

sources that contribute to the easily extractable cations. As
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Fig. 4. Comparison between the average (a) CO, mineralization capacity (white) and CO, mineralization potential (light and dark blue) estimates based in the easily
extractable cations for kimberlites, serpentinites, wollastonite skarn, and from a diluted brucite mine sample (brcQ). The corrected CO, mineralization potential
estimates are presented in dark blue. Brc mineralization potential was extrapolated from the diluted brcQ sample. (b). Greater variations in the CO, mineralization
potential were identified for kimberlites due to their greater carbonate content. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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cations (Ca and Mg) and C that has the potential to be mineralized and
sequestered and is corrected for the Ca and Mg that is released from
carbonate sources.

Brucite and serpentine minerals are desirable sources for easily
released Mg (Ding et al., 2014; Power et al., 2020; Wilson et al., 2014;
Zhang et al, 2010). Brucite carbonation increases linearly with
increasing pCO; and that promotes a fast and nearly complete dissolu-
tion of this mineral (Harrison et al., 2013). For that reason,
brucite-bearing ores have greater potential for offsetting the GHG
emissions of mining activities (Arce et al., 2017; Entezari Zarandi et al.,
2016; Harrison et al., 2015; Power et al., 2020; Vanderzee et al., 2019;
Zhao et al., 2010). The greater CO, mineralization potential of srp3
when compared to srpl and srp2, for example, was proportional to its
brucite content. The estimated CO, mineralization potential of srp3 was
55 kg CO,/t, whereas for srpl and srp2 was estimated at 5 and 18 kg
CO9/t, respectively. Power et al., (2020) showed that the CO5 mineral-
ization potential of the Baptiste serpentinite depends greatly on brucite
content and varies from 20 to 90 kg CO»/t of tailings with 0.6 and 12.6
wt% brucite (Power et al., 2020). Likewise, brucite carbonation
(8.5-33.6 kg COy/t) was also identified as the primary driver of CO»
mineralization at ambient conditions in the Dumont mine wastes
(Quebec, Canada) with similar 11 wt% brucite and 80 wt% serpentine
(Kandji et al., 2017). The majority of the easily extractable Mg from
Baptiste serpentinite (srps in our study) was released in the first 24 h of
the dissolution with CO5 (Power et al., 2020). Our estimates of CO5
mineralization potential are consistent with the range determined by
Power et al. (2020) for similar samples from this locality. Thus, we can
conclude that the CO; batch leaching test can substitute for a more
complex flow-through system as a methodology to quantify easily
extractable cations from mineral feedstocks, provided that determina-
tion of dissolution kinetics is not required.

The rapid dissolution of brucite under high CO; pressure conditions
generates leachates highly enriched in Mg in less than 24 h (Harrison
et al., 2013; Power et al., 2020). However, under the same conditions,
carbonates are also expected to dissolve. Our data show that even for a
low TIC abundance (<0.5 wt%), estimates of CO5 sequestration poten-
tial can decrease because of carbonate dissolution. For example, in brcQ
the correlation between Mg and TIC indicates of carbonate dissolution in
brucite-rich samples. As a result, the corrected CO, sequestration po-
tential using the leached TIC (<0.1 wt%) decreased from 50 to 47 kg
COy/t (Table 3). Clearly, greater TIC or carbonate abundance will pro-
portionally decrease the CO5 mineralization potential for a mineral
feedstock.

Similarly, the wollastonite skarn samples had an initial TIC content
0.22 wt% and only 22 wt% wollastonite. This mineral has a simple
chemical composition (Ca3SizOg), dissolves rapidly, and has been used
as a model for Ca-rich alkaline solid residues such as steel slag (Huijgen
et al., 2006; Schott et al., 2012). Based on the CO4 batch leaching data,
we estimated a CO» mineralization potential of approximately 36 kg
CO4/t for the wollastonite skarn (40 kg CO5/t if not corrected with TIC).
These results corroborate recent findings that showed the high potential
of this wollastonite skarn as a feedstock for enhanced weathering in
agricultural fields (Haque et al., 2019, 2020). However, it is important to
investigate carbonate reactivity to estimate carbon budgets in ERW
better. Given the examples presented, our CO5 batch leaching method
can be a valuable assessment tool to determine mineral feedstocks
feasibility for CO4 sequestration projects at ambient temperature and
pressure conditions.

4.6. Implications for carbon sequestration at Venetia mine

Offsetting the annual GHG emissions (210 kt CO./year) associated
with Venetia ore production (4.7 Mt/yr) through CO, mineralization is
currently under evaluation (Mervine et al., 2018). Complete carbonation
of the Venetia kimberlite residues offers a capacity to sequester 342 kg
CO9/t residues for DVK, and 268 and 288 kg CO»/t in FRD and CRD,
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respectively (Table 3 and Fig. 4). These capacities reflect the favorable
chemistry of kimberlites for mineral carbonation and were comparable
to those estimated for more reactive feedstocks including the wollas-
tonite skarn and Baptiste serpentinite (Fig. 4). Complete carbonation of
DVK residues, if produced at 4.7 Mt/yr, would offset 1.6 Mt COy/yr;
however, this is unlikely to be achieved at low-temperature conditions
or within the timescale of mining. A more plausible scenario would
involve introducing residue management practices that enhanced the
release and mineralization of the easily extractable cations within the
kimberlite residues.

CO-, leaching released on average 34% and 2% of the initial Ca and
Mg in the kimberlite feedstock, respectively. Most Ca was leached from
carbonate dissolution, hence an undesirable source for mineral
carbonation. On the other hand, Mg leaching from kimberlite feedstocks
was limited to <2% of total Mg. For comparison, 46% and 1% of the
initial Ca and Mg were released with the NH4OAc reactivity test with the
increase in Ca being attributed to cation exchange with smectites. Since
the CO; reactivity tests were performed with constant supply of CO», the
slow kinetics of silicate dissolution will most likely be the limiting factor
for CO4 mineralization in ambient conditions at the Venetia mine.

The CO, mineralization potential of the Venetia kimberlite residues
was determined to be 3-9 kg COy/t based on the release of easily
extractable Ca and Mg from non-carbonate sources or 1-3% of the full
carbonation capacity (Table 3). The misidentification of the cation
sources results in an overestimation of approximately 300% (9-27 kg
COy/t if not corrected with TIC). Nevertheless, 7-20% of Venetia’s
current GHG emissions (210 kt CO9./yr) can potentially be sequestered
if the easily extractable cations are accessed for the 4.7 Mt residues
generated each year (Table 3). For the FRD only, approximately 4 kg
CO4/t residues or 18,000 t CO5/yr can be sequestered. At this rate, COq
mineralization would achieve an offset of 9% of Venetia emissions.
Similarly, 5 kg COy/t residues or 23,000 t CO5/yr could potentially be
stored in the residue impoundments when DVK becomes the dominant
kimberlite facies being mined, as is expected. Residue samples varied in
grain size, which affected cation release and carbonate dissolution that
in turn impacted CO; mineralization potentials. Greater carbonate
dissolution associated with fine grained samples, resulted in a lower CO4
mineralization potential (<1 kg COy/t). On the other hand, coarser
samples with smaller surface areas, such as CRD and FRD1, showed that
carbonate dissolution per surface area was much lower and, for that
reason, the average mineralization potential was greater (Fig. 4). These
samples, however, showed greater variation in the amount of cations
released.

The fluid-to-solid ratio used in leaching tests can impact the esti-
mation of CO2 mineralization, as demonstrated by Kandji et al. (2017).
These authors estimated that the mineral carbonation of nickel mine
tailings with 11% brucite (Dumont mine, Québec, Canada) could vary
from 8.5 to 33.6 kg of CO2/t when using columns and weathering cells as
kinetic leaching tests, respectively. The differences in exposed surface
(0.02 cm?/g in columns versus 1.2 cm?/g in weathering cells), as well as
the limited diffusion of CO5 with depth in the columns were identified
has the cause for lowering mineral carbonation estimates (Kandji et al.,
2017). The high fluid-to-solid ratio in the CO4 batch leaches enhances
mineral dissolution and cation release, which is likely to be the rate
limitation for COy sequestration using Venetia residues that lack any
highly reactive phases (e.g., brucite carbonation limited by CO5 supply).
Modifying residue management practices to increase the fluid-to-solid
ratio such as greater areal exposure to capture more rainfall or higher
use of process water may enhance mineral dissolution and thus CO;
sequestration.

5. Conclusion
In addition to characterizing a feedstock (e.g., geochemistry,

mineralogy, and physical properties), reactivity tests are needed to
quantify easily extractable cations from mineralogically complex
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feedstocks from non-carbonate sources under ambient conditions. Fail-
ure to exclude cations from carbonate mineral sources leads to a sub-
stantial overestimation of feedstock reactivity and CO5 sequestration
potential. Our leach test is a simple method that quantifies easily
extractable cations while also distinguishing between non-carbonate
(desirable) from carbonate (undesirable) cation sources and is suitable
for evaluating a wide range of natural feedstocks and industrial wastes.
The production of alkaline wastes is estimated to surpass 15 Gt per year
by 2100, and the production of alkaline mine wastes to reach 3.5 Gt per
year (Renforth, 2019). The new CO; batch leaching coupled with TIC
analyses is a useful tool for evaluating compositionally diverse alkaline
wastes for enhanced rock weathering and CO, mineralization.
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