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ABSTRACT

The Baptiste deposit is located within the Decar nickel district in British Columbia, Canada and is a promising
candidate for a CO, sequestration demonstration project. The deposit contains awaruite (nickel-iron alloy)
hosted in an ultramafic complex, which is dominated by serpentine [Mg3Si»Os(OH)4; ~80 wt.%] and contains
reactive brucite [Mg(OH),; 0.6-12.6 wt.%]. Experiments were conducted using metallurgical test samples and
pulps from cores with the aim of determining the potential for this deposit to sequester CO, via direct air capture
of atmospheric CO, and carbonation using CO»-rich gas. The experimental direct capture rate was 3.5 kg CO»/
m?/yr and would sequester 17 kt CO,/yr based on year-round reaction and when extrapolated to the scale of the
proposed tailings facility (5 km?). This rate can be increased by ~5 times (19 kg CO,/m?/yr) when aerating the
tailings and would offset CO, emissions by 95kt CO./yr (19-25% offset of projected CO, emissions).
Experimental carbonation rates with 10% CO,, gas could achieve offsets of up to 210 kt CO,/year (42-53% CO-
offset) based on 1 h reaction times and consumption of 0.8 wt% brucite if present. Targeting brucite-rich ore

zones and optimizing CO, delivery would likely lead to greater CO, offsets.

1. Introduction

Mines that produce ultramafic mine tailings have the opportunity to
reduce their greenhouse gas emissions (GHG) through direct air capture of
atmospheric carbon dioxide (CO,) and mineral carbonation using COx-rich
gases. Development of these potentially negative emissions technologies at
an active mine would take advantage of the preexisting infrastructure and
vast quantities of tailings as a feedstock (Power et al., 2013b, 2014). Ul-
tramafic tailings contain abundant Mg-silicate minerals such as the ser-
pentine group minerals [Mg3SioOs(OH),], forsterite [Mg,SiO4], and highly
reactive oxide and hydroxide phases such as brucite [Mg(OH),] that may
react with atmospheric CO, through weathering processes to form stable
carbonate minerals as sinks for CO, (Lackner et al., 1995; Seifritz, 1990;
Wilson et al., 2009a, 2014). Global production of nickel, platinum group
metals, asbestos, diamond, chromite, and talc generates ~419 Mt of ultra-
mafic and mafic mine tailings annually; offering a tremendous opportunity
to offset GHG emissions in the mining industry (Power et al., 2013b);
however, these potential feedstocks are generally viewed as waste with no
value and inherent risks rather than opportunities. Although modifying
tailings management practices at current mines for the purpose of CO,

mineralization is possible, it is likely to be more economical to incorporate
practices and technologies at the mine design stage. Here, we assess the ore
from the Baptiste nickel property for its CO, sequestration potential and
recommend technologies for offsetting GHG emissions including direct air
capture and use of CO,, point sources from an emerging liquefied natural gas
(LNG) industry.

The goals of this study were to (1) characterize the Baptiste ore in
the context of CO, sequestration potential, (2) assess its reactivity at
low temperature and pressure conditions, (3) estimate rates of CO,
mineralization using atmospheric CO, (direct air capture) and CO»-rich
gasses (e.g., flue gas injection), and (4) recommend CO, sequestration
strategies for this site. Metallurgical test and exploration pulp samples
from the deposit were characterized and used in flow-through, column,
and batch experiments to accomplish the goals of this study. The
Baptiste deposit offers enormous CO, sequestration capacity with some
samples exhibiting high reactivity. This study provides experimental
findings to develop CO, mineralization technologies and recommends
the Baptiste deposit as a site for a large-scale CO, mineralization de-
monstration project, particularly when considering that it lies within a
jurisdiction with a carbon price.
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Fig. 1. Proposed mine plan and location of the Baptiste deposit in British Columbia, Canada. Note the ‘starter’ and ‘ultimate’ extents of the tailings storage facility.

2. Geologic setting and site description

The Decar district is comprised of sixty mineral claims that cover an
area of nearly 25,000 ha. The mineralized peridotites belong to the
Trembleur ultramafic unit of the Cache Creek complex, which is part of
an Upper Paleozoic and Lower Mesozoic ophiolite sequence. This ul-
tramafic unit extends more than 15 km northwest to southeast and has
an average width of 5.5 km on the property (McLaughlin et al., 2013).
Britten (2017) provides detailed descriptions and interpretations re-
garding the tectonics of the Cache Creek Terrane and in particular the
regional and local geology of the Baptiste property. Awaruite (NiyFe to
NisFe; nickel-iron alloy) mineralization has been identified in four
target areas in the Decar district as confirmed by geochemical assays,
petrographic examination, and electron probe analyses (McLaughlin
et al., 2013). The Baptiste deposit, owned by FPX Nickel Corporation,
has been the focus of exploration and is the most advanced awaruite
project in the world (Britten, 2017). The property (54°54’30.5” N,
125°21’31” W; 245km?) is approximately 200 km northwest of Prince
George, in Central British Columbia, Canada and covers parts of the
Mount Sidney Williams ultramafic/ophiolite complex. This deposit is a
promising target for bulk-tonnage and open pit mining using methods
and equipment similar to those utilized at porphyry copper deposits
that are in production in British Columbia.

The peridotites have been altered through serpentinization and
consist of serpentine group minerals, magnetite (Fe3O,), brucite,
awaruite, and chromite [(Fe, Mg)Cr,O4] with trace amounts of pen-
tlandite [(Fe, Ni)oSg] and heazlewoodite (NisS,; McLaughlin et al.,
2013). The fine-grained awaruite is disseminated in the ultramafic units
of the Cache Creek complex in British Columbia and southern Yukon
(McLaughlin et al., 2013) and was formed through serpentinization of
nickeliferous olivine [(Mg, Fe, Ni),SiO4] in the peridotite (Britten,
2017). Brucite also forms through serpentinization (Britten, 2017).
From a CO, sequestration perspective, the serpentine group minerals

and brucite are the most important as the former will supply the bulk of
the carbon storage capacity and the latter provides high reactivity
(Harrison et al., 2013a, 2016; Kandji et al., 2017; Power et al., 2016;
Thom et al., 2013).

The following proposed plans are from the report entitled
Preliminary economic assessment - Decar Nickel Project, British Columbia,
Canada (McLaughlin et al., 2013) and are subject to substantial change
should a mine be developed at this site. The total area of mineralization
at Baptiste is approximately 45ha, and the mine would be a typical
open pit operation with an optimal throughput of 40 Mt/yr (Fig. 1;
McLaughlin et al., 2013). Awaruite would be recovered through an
entirely physical process because the alloy can be seperated using
magnets and gravity; meaning that no chemicals would be required.
The liberation of awaruite and magnetite were tested on several grain
sizes (McLaughlin et al., 2013); however, the grain size to be targeted in
an operational mine is unknown, and this will affect reactive surface
area, and thus carbonation rates.

Because of the large quantity of tailings, three thickeners with
minimum diameters of 184 m will be needed to produce overflows free
of solids and underflows of 65% solids (McLaughlin et al., 2013), which
would then be deposited into the tailings management facility (TMF;
Fig. 1; McLaughlin et al., 2013). The proposed TMF is to be located
approximately 2.5 km northwest of the processing plant in a large al-
pine valley. Runoff will be collected with remaining suspended solids
settling out prior to being recycled as process water in the plant. Tail-
ings generated in the first 19 years will be stored in the TMF with
tailings from years 20 through 24 being deposited in a quarry from
which tailings dam construction material is obtained. The volume of the
tailings is estimated to be 410 Mm?® with 300 Mm?® in the TMF and 110
Mm? in the quarry (McLaughlin et al., 2013). The TMF is expected to
have a maximum area of approximately 5km?. Given this area and the
volume of tailings to be stored (300 Mm?), the average thickness of the
tailings is projected to be 60 m deposited over 19 years (~3m per
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Mineral abundances of Baptiste samples as determined by Rietveld refinement of XRD data as well as BET surface areas and median particle sizes.

Sample ID Quantitative mineralogy (wt.%) BET Median particle Measured Mg release (wt.% of sample)”

(m?/g)* diameter (um)
Serpentine Forsterite Diopside Brucite Magnetite Total

FPX1 94.9 3.1 1.5 0.6 0.0 100 19.7 13 6.6 (n =2)
(n=2)

FPX2 91.0 5.7 2.5 0.8 0.0 100 8.9 41 n.d.

FPX3 91.7 4.9 2.6 0.8 0.0 100 n.d. 22 n.d.

FPX4 90.9 3.9 4.5 0.7 0.0 100 n.d. 19 n.d.

FPX5 88.2 6.3 4.8 0.7 0.0 100 n.d. 125 n.d.

FPX6" 86.4 5.9 2.8 1.3 3.7 100 n.d. 31 n.d.

FPX7 - pulverized 78.4 4.8 0.7 12.6 3.6 100 7.4 5 242 =2)

2 Data not determined is indicated by n.d.
> XRD pattern provided in the Supplementary Material (Fig. S1).

year). Pipelines will surround the tailings pond to allow for spigotting
in any location, which will aid in maximizing the tailings storage ca-
pacity.

3. Methods

FPX Nickel provided six samples from a metallurgical test that in-
volved processing a batch of ore and extraction of nickel (samples FPX1
through FPX6) and one exploration pulp sample from a drill core
(FPX7). These samples are thought to be representative of the compo-
sitional range of the ore from the Baptiste deposit (Table 1). Samples
FPX1 (brucite-poor) and FPX7 (brucite-rich) were the focus of the ex-
periments. In addition, waters that were used to perform metallurgical
tests were collected from barrels where solids were submerged. These
barrels were closed and were kept in an unheated storage facility for 4
years prior to sampling.

3.1. Experimental methods

3.1.1. Assessing tailings reactivity using flow-through experiments

Flow-through dissolution experiments were conducted at room tem-
perature using Baptiste samples FPX1 and FPX7. An eluent solution of
deionized water with a 0.001 M NaCl background electrolyte was prepared
in a 20L plastic carboy and kept at equilibrium with 10% CO, gas (90%
nitrogen gas) by constantly bubbling the gas through the solution at a flow
rate of ~200mL/min during the experiments. Eluent solutions were al-
lowed at least 48 h to equilibrate with the gas to ensure that pH stabilized
near the expected value (pH = 4.41) based on PHREEQC geochemical
modeling (Parkhurst and Appelo, 2013) prior to the commencement of the
experiments. Eluent solution was pumped using a Masterflex®L/S precision
pump system fitted with an L/S Easy-Load II® pump head at a flow rate of
1 mL/min. Baptiste samples were contained within a 25mm diameter
polypropylene Swinnex filter holder (1.2 mL internal volume) with a 0.2 pym
pore size polycarbonate membrane filter. Sample aliquots (500 mg) were
added to filter holders and then shaken to evenly distribute the samples.
Filter holders were held upright with effluent solutions dispensing into 5L
bottles. This methodology for measuring mineral dissolution kinetics using a
flow-through system is a modification of procedures used by De Baere et al.
(De Baere et al., 2015, 2016). Experiments were run for 72 h. Water samples
(8 mL) were routinely collected into 15 mL plastic vials for magnesium and
silicon analyses and aliquots (5mL) were collected to measure pH using a
ThermoScientific Orion 4-Star pH/ISE meter. Cation samples were acidified
to 2% v/v ultrapure nitric acid and stored at 4 °C before analysis.

3.1.2. Direct air capture using column experiments

The rate of direct air capture of atmospheric CO, into prospective
Baptiste tailings was determined using an aeration chamber. Sample FPX1
(450 g) was mixed with 80 mL of deionized water. Aliquots (22.1 g) of the
mixture were dispensed into plastic tubes to create ~10cm columns of
tailings; a height that is a reasonable estimate of the thickness of a tailings

flow when deposited as a slurry (Wilson et al., 2014). The tailings had a
calculated density of 2.6 g/cm® based on the quantitative mineralogy and
ideal mineral densities. Each column had a porosity of 46% and water sa-
turation of 55% of total pore space. Ten tubes with tailings were placed
upright inside the chamber that was supplied with compressed air at a flow
rate of approximately 50 mL/min. This air first passed through coarse glass
sparge tubes (40-60 um) into two 4 L Erlenmeyer flasks with 3L of water
that ensured that air going to the chamber was at 100% relative humidity.
Weigh boats with water were placed inside the chamber to provide addi-
tional moisture. Columns were sacrificed periodically and solids dried at
room temperature and homogenized before being analyzed by X-ray dif-
fraction (XRD) and coloumetry to determine their mineralogical composi-
tions and total inorganic carbon (TIC) content.

3.1.3. Carbonation with CO-rich gas in batch reactors

A 40 wt.% slurry (~750mL) of sample FPX7 (brucite-rich) was
prepared in 1L side-arm flasks by adding 400g of the pulverized
sample to 600 mL of deionized water. Sample FPX7 was pulverized
using a ring mill (median particle size =5um diameter; BET surface
area = 7.4 m? /g). This brucite-rich sample was relatively soft and
pulverized much more efficiently, thereby reducing the grain size to
beyond what is expected of tailings from a nickel mine (Wilson et al.,
2014). Rietveld refinement of XRD data showed that this sample con-
tained 78.4 wt.% serpentine and 12.6 wt.% brucite. A gas mixture of
10% CO, and 90% N gas was bubbled into continuously stirred slurries
using glass sparge tubes at a flow rate of 1.0 L/min. The deionized
water was allowed to equilibrate with the gas for 24 h prior to the
commencement of the experiment. Experiment 1 used a slurry volume
of 1L, whereas Experiment 2 used a volume 0.5L, and thus had a
higher gas flow rate to slurry volume than Experiment 1. Flasks were
vented through the side arm to a fume hood to maintain atmospheric
pressure. Slurry pH was measured routinely and aliquots of approxi-
mately 8 mL of slurry were collected using a 30 mL syringe and Tygon®
tubing. Slurries were dispensed evenly between two 15 mL Falcon tubes
and centrifuged to separate tailings and solution. Supernatants were
filtered (0.22 um) into 2 mL borosilicate glass vials and acidified to 2%
v/v ultrapure nitric acid for cation analyses. For Experiment 1, solid
samples were analyzed for their mineralogical composition and TIC
contents by XRD and coulometry, respectively. The gas flow durations
needed to reach steady-state pH were 24 h for Experiment 1 and 12h
for Experiment 2. At the end of Experiment 1, the slurry was dispensed
into 100 mL glass dishes and allowed to degas and evaporate.

3.2. Analytical methods

Metallurgical test samples were analyzed for their bulk geochemical
compositions using Lithium Borate Fusion and X-ray fluorescence
spectroscopy by ALS Minerals, North Vancouver, British Columbia. TIC
of the solid samples was determined using a Model CM501C4 CO,
Coulometer from UIC Inc. Calcium carbonate standards were analyzed
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to ensure instrument calibration. This method is accurate to within =
0.05% by mass with a detection limit of 0.01% C. Surface areas of
samples FPX1, FPX2, and FPX7 were determined by multipoint BET
with N, adsorption using a Quantachrome® Autosorb-1 surface area
analyzer. Particle size analyses of all samples were run using a
Malvern® Mastersizer 2000 laser diffraction particle size analyzer. A
suspension of sample in deionized water was sonicated prior to and
during analysis to minimize particle clumping. Scanning electron mi-
croscopy (SEM) was performed at the Centre for High-Throughput
Phenogenomics at The University of British Columbia. Sample FPX1
was imaged as a powder, and sample FPX7 was embedded in epoxy and
polished prior to imaging. Samples were coated with 8 nm of iridium
using a Leica EM MEDO020 coating system and imaged using an FEI
Helios NanoLab 650 operating at 1.0 kV voltage.

Mineral phases in solid samples were identified using powder XRD
methods. Subsamples were ground in a mortar and pestle prior to
pulverization under anhydrous ethanol for 7 min using a McCrone mi-
cronizing mill and agate grinding elements. A 10 wt.% internal stan-
dard of Baikalox precision aluminium oxide (corundum) was added to
samples. Micronized samples were dried for ~24h and gently dis-
aggregated using an agate mortar and pestle. Powder mounts were
prepared in back-loaded cavity mounts against rough, frosted glass
plates to minimize preferred orientation (Raudsepp and Pani, 2003). All
XRD data were collected using a Bruker D8 Focus Bragg-Brentano dif-
fractometer with a step size of 0.04° over a range of 3-80° 20 at 0.7 s/
step. A Fe monochromator foil, a 0.6 mm divergence slit, incident and
diffracted beam Soller slits, and a Lynx Eye position sensitive detector
were used to collect patterns. A long, fine-focus Co X-ray tube was
operated at 35 kV and 40 mA using a take-off angle of 6°. Search-match
software, DIFFRACplus EVA 14, was used for phase identification
(Bruker, 2008). Quantitative phase analysis was conducted using
Rietveld refinement of XRD data, which provides a measure of the
weight-percent (wt.%) contribution of each mineral in a sample. Crystal
structure data for Rietveld refinement were obtained from the Inter-
national Centre for Diffraction Data PDF-4 + 2010. Rietveld refinement
was completed using Topas Version 3 software (Bruker, 2004). Ser-
pentine was fitted using an antigorite supercell model structure and
atomic positions were refined (Uehara, 1998). The X-ray diffraction
pattern of sample FPX6 is provided as an example in the Supplementary
Material (Fig. S1) along with references for the crystal structures used
for Rietveld refinements (Table S1). At The University of British Co-
lumbia, our Rietveld refinement analyses can accurately quantify mi-
neral phases to a lower limit of 0.5 wt.% (Wilson et al., 2006, 2009b).

Waters (n = 3) collected from barrels containing the metallurgical
test samples were analyzed for their anion and cation compositions
using ion chromatography and inductively coupled plasma — optical
emission spectroscopy (ICP-OES) by ALS Environmental in Burnaby,
British Columbia, respectively. A portable ThermoScientific Orion 4-
Star pH/ISE meter was used to measure pH. Mineral saturation indices
were calculated using PHREEQC V3 (Parkhurst and Appelo, 2013) and
the LLNL database.

Water samples collected during experiments were acidified using ul-
trapure nitric acid to a concentration of 2% by volume and analyzed for
total Mg and Si concentrations using either an Agilent 7700x quadrupole
ICP-MS in He-mode or ICP-OES using a Varian 725-ES optical emission
spectrometer at The University of British Columbia. In the case of ICP-MS,
isotopic abundances of Mg, **Mg, °Si, and ?°Si were collected, and
averages were taken over both isotopes for each element, and instrumental
drift was corrected using an internal standard of *'°In.

3.3. Reactive transport modeling of column experiments

The reactive transport code MIN3P version 1.0.247.0 was used to
simulate the experimental conditions of the direct air capture experi-
ments and assess the impact of CO5 exposure on carbon sequestration
rates (Bea et al., 2016, 2012; Mayer et al., 2002; Molins and Mayer,
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2007). For a complete description of the governing equations used in
MINS3P, refer to Mayer et al. (2002); Molins and Mayer (2007) and Bea
et al. (Bea et al., 2016 and 2012). A 1-dimensional domain was utilized
to simulate transport and reaction in the 10 cm long carbon miner-
alization columns. The 10 cm long domain was discretized into 20 vo-
lumes. A no-flow boundary was used for the base of the columns, and a
constant pressure head of -5.5 m, corresponding to a saturation of 54%
was used as the upper boundary. No transport was simulated across the
bottom boundary as mass transport was inhibited by the base of the
tubes. A mixed boundary condition was applied for transport at the
upper boundary with a constant CO, and O, pressure equal to atmo-
spheric composition of 400 ppm and 0.21 atm, respectively. The por-
osity of the tailings was estimated based on the density and abundance
of the minerals and the height of the sediment column to be 0.455. This
initial porosity was applied throughout the domain. An initial water
saturation was set at 54% throughout the column to represent the initial
bulk saturation of the column experiments. Permeability, diffusivity,
and soil hydraulic function parameters were taken from models of the
Mount Keith Nickel mine tailings, which are dominantly serpentinite
(Bea et al., 2012; Wilson et al., 2014). Initial mineralogical composition
used in the model was based on the quantitative XRD diffraction data
and is summarized in Table 1. Hydromagnesite, chalcedony, calcite,
and nesquehonite were included as possible secondary phases which
were allowed to precipitate. Precipitation was simulated as a quasi-
equilibrium process, whereby precipitation rates are sufficiently rapid
to maintain a saturation index close to zero with respect to the pre-
cipitating phase. Mineral dissolution was described using published
kinetic dissolution rate laws of the form (Lasaga, 1998):

R = Sk(a;))"(1 — Q)"

where R is the rate of reaction, k is the reaction rate constant, S is the
surface area, a; is the activity of species i in solution, n and m are ex-
ponents, and (2 is the saturation ratio of the dissolving phases, defined
as the ratio of the ion activity product and equilibrium constant of the
dissolution reaction. Dissolution rate laws for individual minerals are
summarized in Table 2. Precipitation was suppressed for the crystalline
silicates which are unlikely to form at Earth’s surface conditions. Spe-
cific surface areas were equal to BET surface areas of individual mi-
nerals measured in other studies, except chrysotile which was assumed
to equal the measured surface area of the bulk tailings of 19.7 m*/g
(Table 2). This value is in good agreement with surface areas measured
for pure chrysotile by Thom et al. (2013), which ranged from
23 —52m?/g. The brucite surface area was adjusted in simulations to
reproduce observed carbon mineralization rates, but the adjusted sur-
face area of 6.5m?/g was in good agreement with measurements of
fine-grained brucite by Harrison et al. (2013a) of 6.6 mz/g.

4. Results
4.1. Solids and waters characterization

Metallurgical test samples of Baptiste ore were fine-grained, light
green, and composed of serpentine, brucite, magnetite, forsterite, and
diopside based on XRD data (Table 1). These samples likely also con-
tained other trace phases such as awaruite that were below detection
limits. Serpentine was the dominant mineral (78-95%) in all samples,
and brucite ranged from < 1wt.% to ~1.3 wt.%. The chemical com-
positions of the samples were MgO (38-43%), SiO5 (37-40%), Fe,05
(4-9%), Al,O3 (~1%), CaO (~0-2%) and loss on ignition (LOI) of
approximately 12% (Table 3). All other oxides were less than 1%.
Samples FPX1 and FPX2 had BET surface areas of 19.7 and 8.9 m%/g
and median particle size diameters of 13 and 41 pm, respectively. The
serpentine in sample FPX1 was comprised of short needles that were
10-100s of nanometers long and 10 s of nanometers wide (Fig. 2a-b).

Exploration pulp sample FPX7 contained 12.6 wt.% brucite and had
notably less SiO, (34%) and greater LOI (14%) than the other samples
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Table 2

Mineral abundances and surface areas as well as dissolution rates used in reactive transport models.
Phase Abundance (wt.%) Surface area (m?/g) Dissolution rate
Initial
Chrysotile 94.14 19.7 (measured bulk tailings) kinetic, dissolution only (Thom et al., 2013)
Brucite 0.54 6.50 (adjusted) kinetic (Pokrovsky and Schott, 2004)
Diopside 1.50 0.14 kinetic, dissolution only (Palandri and Kharaka, 2004)

(Golubev and Pokrovsky, 2006)

Hydromagnesite 0.76 n/a quasi-equilibrium
Forsterite 3.06 0.08 (Pokrovsky and Schott, 2000) kinetic, dissolution only (Pokrovsky and Schott, 2000)
Secondary only
Nesquehonite 0.00 n/a quasi-equilibrium
Chalcedony 0.00 n/a quasi-equilibrium
Calcite 0.00 n/a quasi-equilibrium

Table 3

Geochemical composition of Baptiste samples as determined by X-ray fluorescence spectroscopy.
Sample ID Al,04 BaO CaO Cr,03 Fe,03 K,0 MgO MnO
FPX1 1.36 0.01 0.57 0.24 4.11 0.04 43.19 0.10
FPX2 1.21 0.01 0.96 0.24 5.21 0.01 39.60 0.11
FPX3 1.20 0.01 0.94 0.23 5.04 0.01 40.00 0.11
FPX4 1.29 0.01 1.61 0.23 5.24 0.03 38.80 0.11
FPX5 1.26 0.01 1.66 0.24 5.75 0.03 38.30 0.12
FPX6 1.01 0.01 0.60 0.38 9.36 0.01 38.20 0.12
FPX7 - pulverized 0.06 0.00 0.04 0.29 7.81 0.01 43.07 0.10
Sample ID Na,O P;0s SO3 SiO, SrO TiO, LOI Total
FPX1 0.15 0.02 0.00 38.15 < 0.01 0.03 12.13 100.10
FPX2 0.13 < 0.01 0.05 40.06 < 0.01 0.02 12.21 100.00
FPX3 0.12 < 0.01 0.05 39.92 < 0.01 0.02 12.30 100.15
FPX4 0.17 0.02 0.17 40.32 < 0.01 0.03 12.04 100.25
FPX5 0.17 0.02 0.16 39.82 < 0.01 0.03 11.51 99.32
FPX6 0.12 < 0.01 0.08 37.11 < 0.01 0.01 12.02 99.29
FPX7 - pulverized 0.01 0.01 0.00 33.74 < 0.01 0.00 14.21 99.33

Fig. 2. Representative scanning electron mi-
crographs. (a) Micrograph of the surface of a
serpentine grain (10sum) from sample FPX1
showing numerous smaller grains attached to
its surface. (b) High-resolution image of small
grain (~1.5um) showing that it is composed
of small fibers (inset from a). (c—-d) Back-scat-
tered electron micrographs of a polished sec-
tion of sample FPX7 embedded in epoxy. Note
that this coarse-grained exploration pulp was
pulverized to liberate brucite prior to experi-
ments.

o |
N

R e N
©  serpentine /4

S

- gé\(\ )
that had much less brucite. After being further pulverized in a ring mill, serpentine but was still a distinctly separate phase at the sub-millimetre
this sample had a median particle diameter of 5pm and BET surface to micron scales (Fig. 2c-d).
area of 7.4 m?/g. The serpentine minerals in this pulp sample had a Waters that had submersed metallurgical tests samples for 4 years
splintery morphology. Brucite was noted to be spatially associated with (Table 4) had dissolved components dominated by Mg (averages



LM. Power, et al.

Table 4
Water chemistry data of stored metallurgical test samples. Only ions with >
0.1 mg/L concentrations are listed.

Sample ID pH Cations (mg/L) Anions (mg/L)

Ca Mg K Si Na Cl SO, DIC
FPXw1 105 3.09 6.6 141 0397 643 178 062 57
FPXw2 104 1.75 147 1.34 0363 6.77 20.4 1.61 10.8
FPXw3 104 131 183 1.62 0.187 816 158 3.4 15.8

Average 104 210 132 146 0316 7.12 18.0 1.9 10.8

=13.2mg/L; n = 3), Na (7.1 mg/L), Ca (2.1 mg/L), and K (1.5 mg/L) as
well as Cl (18 mg/L) and SO, (1.9 mg/L). The average pH and dissolved
inorganic carbon of these waters were 10.4 and 10.8 mg/L, respec-
tively. Waters were undersaturated with respect to all hydrated Mg-
carbonate minerals [e.g., hydromagnesite, avg. saturation index (n = 3)
= -3.0] and amorphous silica and below equilibrium with atmospheric
CO,, as calculated using PHREEQC with the LLNL database (Parkhurst
and Appelo, 2013). Furthermore, samples were near or at equilibrium
with respect to brucite, aragonite, and calcite with average (n = 3)
saturation indices of 0.14, 0.0, and 0.15, respectively.
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4.2. Assessing tailings reactivity

Mineral dissolution experiments provide a means of assessing the
reactivity of mine tailings by measuring the rate of release of cations
(e.g., Mg®*). In the experiment using sample FPX1 (brucite-poor), ca-
tion release rates were consistent with previous serpentine dissolution
studies (Fig. 3a-c; Thom et al., 2013) All data reported are averages of
measurements from duplicate experiments. Eluent pH was 4.4 and in-
itial effluent pH values were ~ 7.5, which decreased to ~ 5.0 within the
first 18 h and stabilized at a final pH of ~4.7. Mirroring pH, effluent
[Mg] was initially ~50-60 mg/L and decreased rapidly in the first 18 h
to approximately 1 mg/L and stabilized at ~0.6 mg/L (Fig. 3a). The
total Mg released was 6.6% of the Mg in the sample (Fig. 3b). Silicon
concentrations showed a similar trend to [Mg] and pH and were in-
itially at ~2mg/L and stabilized at 0.3 mg/L by the end of the ex-
periment. The Mg:Si molar ratio was initially relatively high
(~30-50:1) and gradually declined to a ratio of ~2.5:1 (Fig. 3c), a
ratio closer to stoichiometric serpentine (ideally 1.5:1).

Approximately 28 h was required to reach steady-state dissolution
when assessing the reactivity of sample FPX7 (brucite-rich). Effluent
[Mg] and pH values were initially 64 mg/L and 9.9, and steadily de-
clined to stable values of approximately 0.25mg/L and pH 4.5,

a, b, and c: FPX1
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Fig. 3. Assessing reactivity of Baptiste tailings. Experiment using sample FPX1 (brucite-poor) to assess changes in magnesium release and pH (a) as well as silicon and
the Mg:Si ratio (b) versus time. (¢) Cumulative Mg leached from sample FPX1 in both ppm of the sample mass and percent of Mg in the sample versus time.
Experiment using sample FPX7 (brucite-rich) to assess changes in magnesium release and pH (d) and the cumulative Mg leached from the sample versus time (e).
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respectively (Fig. 3d). The cumulative Mg leached was 24.2% of the Mg
contained in the sample (Fig. 3e). Silicon concentrations were not de-
termined in this experiment. Brucite was completely dissolved in both
experiments based on XRD analysis of the final reacted solids. Note that
brucite dissolution alone for samples FPX1 and FPX7 would result in 1%
and 20% of the total Mg being released from these samples, respec-
tively.

4.3. Direct air capture

The initial brucite and carbon abundances of FPX1 were 0.6 wt.%
and 0.08 wt.%, respectively. Carbonation of brucite occurred during
continuous exposure to humid air containing atmospheric CO, (Fig. 4).
After 115 days, brucite and carbon abundances had changed to <
0.05wt.% and 0.16 wt.%, respectively; however, most carbonation
occurred during the first 80 days (Fig. 4). The XRD data did not show
the formation of any secondary Mg-carbonate minerals, which may be
due to their low abundance or precipitates being amorphous, as has
been previously observed during brucite carbonation (Harrison et al.,
2015, 2016). Carbonation of the entire amount of brucite to form a Mg-
carbonate mineral with a 5:4 Mg:C molar ratio such as dypingite (Eq.
1), a commonly formed phase at atmospheric pCO, (Power et al.,
2013a; Wilson et al., 2010) would account for the increase in inorganic
carbon (Fig. 4a).

5Mg(OH); + 4CO5 + HyO — Mgs(CO3)4(OH)»5H,0 )

Trends in inorganic carbon versus brucite abundance and time fit
polynomial functions, which is consistent with the direct air capture
rate declining as brucite was consumed. The rate of carbon sequestra-
tion was 3.5 kg CO,/m?/yr after the first 7 days and declined over time
to nearly zero after 60 days (Fig. 4b; Table 5). Complete carbonation of
the brucite required approximately 120 days.

Reactive transport modeling reproduced the observed increase in

inorganic carbon with time (Fig. 4c) and indicated that the majority of
carbon uptake can be attributed to the reaction of brucite. Simulations
suggested calcite likely remained undersaturated throughout the ex-
periments, owing to limited dissolution of diopside, the Ca-bearing si-
licate. Similarly, little reaction of forsterite or serpentine was simulated
due to the low dissolution rates of these phases compared to brucite. In
order to assess the impact of improved CO, exposure on the reaction
rate, the gaseous diffusion coefficient was increased until the pCO,
remained constant throughout the 10 cm column during the reaction.
This ensured the reaction was not limited by CO,. The results revealed a
substantial increase in the rate of direct air capture of CO5: 19 kg CO»/
m?/yr, with brucite carbonation complete within 14 days (Fig. 4c;
Table 5).

4.4. Carbonation with CO-rich gas

Rapid carbonation of sample FPX7 (brucite-rich) was achieved using
COs-rich gas. Slurry pH values were initially 10 and then declined ra-
pidly after initiating the flow of 10% CO-, gas. This decline was followed
by a period of relatively constant pH of ~9.2 in Experiment 1 and ~ 8.9
in Experiment 2. Stopping the flow of CO, resulted in the pH value
increasing. Initial declines in pH value coincided with rapid increases in
[Mg] because of brucite dissolution (Fig. 5a). Magnesium concentration
first increased and then declined to stable concentrations of ~600 and
~1200 mg/L in Experiments 1 and 2, respectively. An induction time
for nesquehonite precipitation likely explains the spikes in [Mg] before
stabilization (Fricker and Park, 2014; Power et al., 2016). The quasi-
steady-state occurs because of a balance between CO, uptake into so-
lution, brucite dissolution, and carbonate precipitation (Harrison et al.,
2015, 2013a; Power et al., 2016).

The XRD results from Experiment 1 demonstrated brucite replace-
ment by nesquehonite (Fig. 5b; (Eq. 2)), which is consistent with pre-
vious brucite carbonation studies (Fricker and Park, 2014; Harrison
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Table 5
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Carbon mineralization strategies and potential greenhouse gas offsets at the Baptiste deposit. GHG offsets for direct air capture and carbonation using CO-rich gas

are plotted in Fig. 8.

Site and strategy Experimental rate

GHG offset at mine-scale (t CO/yr)

GHG offset as a percentage of estimated mine GHG
emissions

Baptiste nickel deposit (this study)

400,000-500,000 t COe/yr emissions

CO,, sequestration potential Complete carbonation n/a 17,500,000 3500-4380%
FPX1 (0.6 wt.% brucite) 5% of Mg released in 24 h 800,000 160-200%
FPX7 (12.6 wt.% brucite) 20% of Mg released in 24h 3,600,000 720-900%
Direct air capture (5km?)

Experiment rate 3.5kg CO,/m?/yr 18,000 3-4%
Reactive transport models simulating aeration 19kg COy/m?/yr 95,000 19-24%
Carbonation using COx-rich gas (1 h reaction)

Experiment 1 — low gas flow 0.07 %C/h 100,000 20-25%
Experiment 2 — high gas flow 0.14 %C/h 210,000 42-53%
Mount Keith nickel mine (Wilson et al., 2014) 382,000 t COze/yr emissions

Direct air capture (16.6 km?) 2.4kg CO,/m?/yr 40,000 11%

et al., 2013a; Power et al., 2016).
Mg(OH)z(S) + HCO3(;q) + H(_;q) + HzO(l) d MgC03~3H20(S) (2)

Nesquehonite was detected by XRD after 3 h of reaction and its abun-
dance rose during the experiment with brucite decreasing to < 1 wt.%.
Upon completion of the experiment, nesquehonite abundance was
~16 wt.% and inorganic carbon was ~2%. The carbonation rate when
brucite was being dissolved and nesquehonite was precipitating was
0.07%C/h (Table 5). In Experiment 2, pH and [Mg] reached steady-
state in approximately 12h, which indicated that brucite was com-
pletely carbonated in half the time required for Experiment 1. Thus, the
carbonation rate was determined to be 0.14%C/h or twice that of Ex-
periment 1 (Table 5).

5. Discussion
5.1. CO; sequestration potential of the Baptiste deposit

The CO, sequestration potential of mine tailings is highly dependent
on their geochemical and mineralogical compositions, which dictate
capacity and reactivity. Ultramafic ore bodies have abundant Mg-sili-
cate minerals such as serpentine group minerals and forsterite that offer
substantial CO, sequestration capacity while minor phases such as
brucite offer high reactivity owing to its dissolution rate being many
orders of magnitude faster (Daval et al., 2013; Pokrovsky and Schott,
2000, 2004; Thom et al., 2013). Vanderzee et al. (2019) used 7604
whole-rock geochemical assays from the Baptiste deposit in projection
models to assess mineralogical heterogeneity including the brucite
abundance across the deposit. Serpentine is always the dominant mi-
neral group and brucite is present in 75% of the deposit in abundances
from trace to greater than 10 wt.%.

Tailings at the Mount Keith nickel mine in Western Australia have a
similar mineralogical composition to those that would be produced
from the Baptiste deposit. These tailings contain approximately 80 wt.%
serpentine and 2.5 wt.% brucite (Wilson et al., 2014). The mine gen-
erates 11 Mt of tailings per year and emits 382,000t CO»e per year of
which approximately 53% of emissions are from comminution, 13%
from flotation, and 34% from mining equipment (WMC Resources Ltd.,
2002). As such, non-point source GHG emissions (e.g., trucks) are ap-
proximately 130,000 t CO.e per year. The Baptiste mine would likely be
powered by on-grid hydroelectric and therefore would have no large
CO,, point sources (McLaughlin et al., 2013). The mine is anticipated to
process upwards of 40 Mt of ore per year when fully operational (20 Mt
in year 1; 25 Mt in year 24) for a total of 925 Mt over the mine’s 24-year
lifespan (McLaughlin et al., 2013). Assuming similar non-point source
GHG emissions as the Mount Keith mine scaled from 11 Mt to 40 Mt of
processed ore per year, the Baptiste mine is expected to have GHG
emissions in the broad range of 400,000-500,000 t CO,e/yr. Complete

carbonation of 40 Mt of ultramafic tailings (~40% MgO) to form
magnesium carbonate (1:1 Mg:C molar ratio) would sequester ap-
proximately 17.5 Mt of CO, per year or approximately one-quarter of
British Columbia’s annual GHG emissions (61.3 Mt CO.e/yr in 2016)
(Government of British Columbia, 2016). Over the mine’s lifespan,
complete carbonation of the tailings would sequester ~400 Mt COxe or
~0.44 t CO.e/t tailings. However, to achieve complete carbonation of
these tailings would require high temperature and pressure reactors as
well as a point source of CO,. The estimated cost of mineral carbonation
is highly variable ($50 to $300 per tonne CO,; Sanna et al., 2014), but
is likely to be substantially greater than British Columbia’s anticipated
carbon tax of $50 per tonne COse by 2021 (Government of British
Columbia, 2018). Nevertheless, substantial GHG offsets can be achieved
using CO, mineralization technologies operating under low pressure
and temperatures such as the experiments conducted in this study.

In reactivity experiments conducted under laboratory conditions,
the initial release of magnesium is due to the transient release of
magnesium ions on serpentine surfaces (Thom et al., 2013) and com-
plete dissolution of brucite. The experimental tests (Fig. 3) demonstrate
that 6.6% of the magnesium present in sample FPX1 and 24.2% Mg in
sample FPX7 is leached within 72 h with much of this magnesium being
released in the first 24 h (5% and 20%, respectively). We consider these
portions of magnesium (surface Mg ions + brucite) to be the labile
magnesium content that is easily extractable at low pressure and tem-
perature conditions in comparison to the magnesium present within the
bulk Mg-silicate that is recalcitrant (Vanderzee et al., 2019). We an-
ticipate that carbonation of labile magnesium will be less expensive
because high temperatures and pressures as well as chemical ex-
tractants (e.g., acids) are not needed.

Considering the extent of mineral dissolution occurring within the
first 24 h, tailings with a composition in the range of samples FPX1
(brucite-poor) and FPX7 (brucite-rich) would have the potential to se-
quester approximately 0.02 to 0.09t CO»/t tailings or 0.8-3.6 Mt CO,
per year at mine scale (Table 5). These GHG offsets would not only
create a carbon-neutral mine but also a carbon sink for other GHG
sources. Typical ore is likely to be at the lower reactivity range with
brucite abundance being much less than sample FPX7 (Table 1). The
Baptiste deposit has mean serpentine and brucite abundances of
88.8 wt.% and 1.8 wt.%, respectively, when excluding waste rock and
dikes (Vanderzee et al., 2019). Consequently, we recommend that
mining companies target labile magnesium in initial phases of CO,
sequestration projects.

5.2. Direct air capture and tailings management

Direct air capture of CO, with ultramafic tailings involves weath-
ering and reaction with atmospheric CO, to form carbonate minerals.
This process was first documented in historic asbestos mines (Oskierski
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Fig. 5. Carbonation using CO,-rich gas experiments. (a) Plot of pH and magnesium concentration (mg/L) versus time for Experiments 1 (blue) and 2 (red). (b)
Mineral abundance and percent carbon data of slurries versus time in Experiment 1.

et al., 2013; Pronost et al., 2012, 2011; Wilson et al., 2009a, 2006) and
then active diamond (Wilson et al., 2011) and nickel mines (Wilson
et al., 2014). In addition to tailings mineralogy, tailings management
practices play an important role in CO, sequestration. It is essential that
tailings be subaerially exposed to react with atmospheric CO, and for
water contents to be optimal for chemical reactions (Assima et al.,
2012; Bea et al., 2012; Harrison et al., 2015; Wilson et al., 2014). Direct
air capture of CO, into mine tailings differs from proposed enhanced
weathering strategies in that the latter involves mining for the sole
purpose of obtaining powdered silicate rock and dispersing this powder
in localities with high natural weathering rates to maximize reaction
with atmospheric CO, (Andrews and Taylor, 2019; Hartmann et al.,
2013; Moosdorf et al., 2014; Strefler et al., 2018; Taylor et al., 2016).
Although this strategy greatly increases exposure, it requires trans-
porting vast quantities of pulverized rock, which may not be econom-
ically feasible depending on the distance between the source and en-
hanced weathering site.

In experiments, the average direct air capture rate during the first 7
and 30 days was approximately 3.5 and 1.0 kg CO,/m?/yr, respectively.
At a similar rate, tailings from the Mount Keith mine capture 2.4 kg
CO,/m?/year and offset 11% of the total GHG emissions of the mine per
year (Wilson et al., 2014). For further comparison, rates at the aban-
doned Woodsreef asbestos mine, Australia and active Diavik Diamond
Mine, Canada were approximately 0.23-0.41 and 0.4kg CO,/m?/yr,
respectively (Turvey et al., 2018a, b; Wilson et al., 2011). Extrapolating
experimental rates to the scale of a 5 km? tailings facility at the Baptiste
property gives a CO, sequestration rate of up to 18,000t COy/yr as-
suming the same rate of reaction is maintained throughout the year
(Table 5).

The tailings deposition rate can greatly limit the direct air capture
rate by controlling the amount of time tailings are exposed at the sur-
face where CO, is available before being buried under fresh tailings
(Wilson et al., 2014). For instance, the metallurgical test samples that
were submerged in sealed barrels for 4 years were out of equilibrium
with atmospheric CO,, meaning that even reactive brucite remained.
Tailings flows of 10 cm thicknesses in the Baptiste TMF would have
only 12 days of exposure at the surface before being buried (0.1 of
3.0 m over 365 days). Sample FPX1 had an initial brucite abundance of
~0.6 wt.% that required 120 days for complete reaction, an amount of
time that is much greater than the estimated amount of time that it
would be exposed at the surface. Consequently, even brucite-poor
tailings are not expected to be fully utilized for their CO, sequestration
potential based on the current TMF design and tailings deposition rate.
Direct air capture rates at Mount Keith offset 39,800t CO,/yr, a much
greater amount than predicted for Baptiste because the tailings facility
area (16.6 km?) is much larger and the tailings deposition rate much
lower (50 cm per year; Wilson et al., 2014). Consequently, the surface
area of the tailings facility limits exposure to atmospheric CO,, and thus

is rate-limiting for brucite carbonation.

Climate is a second limiting factor for CO, mineralization. At the
Mount Keith mine, the warm, arid climate of Western Australia pro-
motes evaporation and allows for brucite carbonation year-round
(Wilson et al., 2014). In contrast, the average daily temperature in Fort
St. James, a town near the Baptiste property, is below freezing from
November to March (5 of 12 months; Environment Canada: National
Climate Archive, 2019). Direct air capture rates would likely be zero or
very low for frozen or snow-covered tailings. As a result, estimates of
direct air capture may be reduced by approximately 40%, the amount
of time during the year that temperatures are below zero on average.

Reactive transport modeling demonstrated that direct air capture
rates can be accelerated if brucite remains exposed to atmospheric CO,.
Aeration of 10 cm tailings flows to increase circulation of air with CO,
would consume 0.6 wt.% brucite in 14 days, equivalent to a direct air
capture rate of 19 kg CO,/m?/yr (Table 5). This rate is approximately
five times faster than the experimental rate. Recall that the estimated
deposition rate for Baptiste is 10 cm of tailings in 12 days (~3m/yr).
Thus, the carbonation rates when aerating 10 cm tailings flows could be
sufficient to nearly consume 0.6 wt.% brucite in the tailings. At the
mine scale, this rate would sequester 95,000t of CO, in a year if re-
actions were maintained year-round (Table 5). Tailings containing
greater brucite abundances would either require more time near the
surface or aeration to a greater depth to extend reaction times and fa-
cilitate exploitation of the entire reactive capacity of the brucite pre-
sent.

5.3. Carbonation from CO_ point sources

Brucite carbonation is greatly accelerated by using CO,-rich gasses
(e.g., Harrison et al., 2013a; Power et al., 2016). The experimentally
derived carbonation rates of 0.07 and 0.14 %C/h in Experiments 1 and
2, respectively, translate to sequestration rates of approximately
100,000 and 210,000t CO5/yr based on 1 h reaction time, and a mine
throughput of 40 Mt tailings/yr (Table 5). These carbonation rates
would consume 0.4 wt.% and 0.9 wt.% brucite in one hour of reaction
to form a magnesium carbonate.

Carbonation of brucite is limited by the CO, supply rate even when
using COy-rich gases (Harrison et al., 2013a); however, carbonation can
be substantially accelerated by increasing the gas flow to slurry ratio
(e.g., ~700% increase; Power et al., 2016), using a biological catalyst
(e.g., ~300% increase; Power et al., 2016), and increasing the CO,
concentration to 100% (e.g., 900% increase; Harrison et al., 2013a).
The carbonation rate in Experiment 2 was approximately twice that of
Experiment 1 as a result of the gas flow rate to slurry volume ratio being
doubled. Optimizing CO, supply would likely accelerate brucite car-
bonation to fully carbonate typical brucite abundances (< 1 wt.%) in
less than 1 h.
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Fig. 6. Proposed liquid natural gas pipelines in Central British Columbia and ultramafic formations throughout the province. Note the proximity of the Baptiste

property with the proposed Prince Rupert gas transmission line.

A mine at the Baptiste property is not expected to have an onsite
CO,, point source; however, offsite sources may be available. There are
several proposed pipelines for transporting liquefied natural gas (LNG)
across British Columbia to the coast for export (Fig. 6). Many of these
pipelines cross ultramafic rock bodies including the Baptiste property.
For example, TransCanada’s proposed Prince Rupert Gas Transmission
900-km pipeline in British Columbia (Fig. 7) would transport natural
gas from near Hudson’s Hope to an LNG facility on Lelu Island. The
pipeline is anticipated to have a capacity of 3.6 bcf/d and eight com-
pressor stations. The proposed site of the Middle River compressor
station is approximately 10 km from the Baptiste nickel project. Details
regarding the GHG emissions are from an Application for an Environ-
mental Assessment Certificate for the Prince Rupert Gas Transmission
Project (TransCanada, 2014). The full build-out scenario with eight
compressor stations will contribute 1.92 Mt COxe/yr. Each compressor
station is estimated to emit 226,902 t COxe/yr of which 97% is CO, and
the remaining GHG emissions are methane and nitrous oxide. Given

10

these GHG emissions, the continuous operation of the pipeline over 40
years (lifespan of pipeline) would generate 77 Mt COxe in total. Based
on the carbonation rates achieved (210,000t CO,/yr) in this study
using 10% CO, gas, the GHG emissions from the Middle River com-
pressor station could be completely offset through carbonation of
Baptiste tailings.

6. Conclusions and recommendations

A multi-tiered approach to CO, mineralization based on the price of
carbon is the recommended economical path for the advancement and
implmentation of these technologies (Power et al., 2014). More ad-
vanced, and often expensive, technologies become economically fea-
sible at higher carbon prices (Power et al., 2014). Targeting labile
magnesium within a waste byproduct (e.g., ultramafic tailings) is likely
to minimize costs. For every 0.5wt.% brucite carbonated, 120,000 t
CO, is sequestered assuming a throughput of 40 Mt of tailings per year



LM. Power, et al.

International Journal of Greenhouse Gas Control 94 (2020) 102895

Cranberry Junction.

Byse|y

New Hazelton

= Prince Rupert Gas Transmission ® Proposed Pacific NorthWest LNG Export Facility ‘. Pro
posed North
(PRGT) Proposed Route (3rd party) _; Montney Mainline
A Initial Build Compressor Station = TransCanada’s NOVA Gas Transmission Ltd. -
(NGTL) Existing System = W -
A\ Potential Future Compressor Station e . Proposed North Montney Mainline Project A
O Highways « Cities and Towns .)
‘. Fort St. John
e
N~ Taylor
L 4 ~ .
A Hudson’s

Prince Rupert Gas Transmission

Middle River 2 oy
compressor station 3.
. . o >
Baptiste deposit 5| =
Fort St. James Ol o
o Prince Rupert G - ola W agd
Port Edward c | Q
o Kitimat 3
o
 Prince George Q
Kilometres
0 50 100 150

Hope

]
Dawson Creek

# Mackenzie

Fig. 7. Map of the Prince Rupert Gas Transmission Proposed Route and both initial build (solid triangles) and future (open triangles) compressor stations. Note the
proximity (~10km) between one of the initial build stations (Middle River station) and the Baptiste nickel property.

and the resulting carbonate having a Mg:C molar ratio of 5:4 (Fig. 8).
Modeling of the Baptiste geochemical database provided a detailed
characterization of the ore body in terms of labile magnesium present as
brucite (Vanderzee et al., 2019). Once a mine is operational, monitoring
ore mineralogy through periodic sampling and analysis to track brucite
abundance would also be valuable for optimizing CO, sequestration at
the mine.

Unintentional direct air capture of atmospheric CO at zero cost will
occur at Baptiste (Fig. 8) as is the case at the Mount Keith nickel mine
(Wilson et al., 2014). Enhancing the reaction of labile magnesium with
atmospheric CO; can be achieved by 1) increasing the time tailings are
exposed to the atmosphere by increasing the overall footprint of a
tailings storage facility or better utilization of the space (e.g., thinner
flows), 2) surface modification that increases CO, diffusion (e.g., til-
ling), 3) minimizing the portion of tailings submerged in process waters
(Assima et al., 2012), and 4) tailings aeration such as by air sparging
(Power et al., 2014; Wilson et al., 2014). Aeration of thin flows was
modeled in this study showing a significant acceleration (Fig. 8). Ex-
isting technologies for in situ aeration (i.e., air sparging; Fig. 9) are
established for bioremediation of groundwater where increased oxygen
concentrations stimulate growth of aerobic heterotrophs that degrade
organic pollutants (Bass et al., 2000; Kabelitz et al., 2009). As an ex-
ample, chrysotile asbestos waste piles in Canada vent CO»-depleted air
as a result of carbon mineralization as air circulates and reacts with the
mineral waste (Pronost et al., 2012). Modifying existing tailings man-
agement practices and alternative storage facility designs can have a
major impact on a mine’s carbon footprint. In fact, reaction of the ~3 m
of tailings that would be deposited per year with atmospheric CO, at
either the initial experimental rate and modeled rate would exhaust a
maximum of 3wt.% and 15 wt.% brucite, respectively. Thus, CO, se-
questration would shift from being CO,-limited to brucite-limited in
this scenario (Harrison et al., 2013b).

An ore processing circuit provides several opportunities to introduce
CO,-rich gas streams such as injecting into thickeners. Alternatively,
specialized carbonation reactors, fed with thickened tailings, can be
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Fig. 8. Plot of CO, sequestration (t CO,/yr) versus average brucite abundance
carbonated (wt.%). CO, sequestration and cost savings on the y-axes are based
on the generation of 40 Mt tailings/yr and a carbon price of $50/t COxe. Carbon
offsets for direct air capture are based on a tailings facility with an area of 5 km?
and yearly deposition of 3 m, thereby allowing for only 12 days of reaction near
the surface. These conditions would only consume approximatley 0.07 wt.%
and 0.4 wt.% brucite without and with aeration, respectively. Carbon offsets for
carbonation using CO,-rich gas are based on 1 -h of reaction. The brucite pre-
sent in sample FPX7 (12.6 wt.%) would not be consumed during this reaction
time. Incomplete brucite carbonation will occur if the rate at which brucite is
being processed is greater than the rate of brucite consumption for the CO,
mineralization technology being used.

injected with CO,-rich gas. Reactors could be fed with all tailings re-
gardless of brucite content or with brucite-rich tailings. In the latter
scenario, it would be advantageous to stockpile brucite-rich ore and to
allow for longer reaction times to completely consume the brucite. The
rate of CO, supply from the gas [COy,] to the aqueous phase (e.g.,
HCO3 ™) is the rate-limiting step for carbonation of brucite-rich slurries
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Fig. 9. Conceptual diagram illustrating aeration of ultramafic tailings to ac-
celerate carbon mineralization of reactive phases such as brucite.

(Harrison et al., 2013a). Increasing the 1) gas-water interface, 2) CO,
concentration, and 3) gas flow rate can significantly increase the rate of
brucite carbonation (Harrison et al., 2013a; Power et al., 2016). The
latter was shown to double carbonation rates in this study (Fig. 8).
Furthermore, unreacted brucite would continue to sequester CO,
through reaction with atmospheric CO, after deposition in the TMF.

Offsetting GHG emission through CO, mineralization and enhanced
weathering of ultramafic mine tailings will provide substantial mone-
tary savings if applied against a carbon price. British Columbia’s carbon
tax is $35/t CO.e on fossil fuel consumption and is anticipated to rise to
$50/t CO5e in 2021 (Government of British Columbia, 2018). GHG
offsets in the broad range of 18,000-210,000t CO,/yr as estimated in
this study translate to $0.9 M to $10.5 M savings per year if a carbon tax
of $50/t CO,e were avoided. Depending on the carbon price and op-
erational costs of the mine, it may be economically viable to continue
operating a carbonation facility at the Baptiste site past the expected
life of mine (24 years) for the sole purpose of CO, sequestration.
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