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Enhanced rock weathering (ERW) sequesters CO» via solubility and mineral trapping and can be implemented by
the mining industry to reduce their net greenhouse gas emissions. Kimberlite residues from Venetia Diamond
Mine in South Africa, as well as powdered forsterite, serpentinite, wollastonite skarn, and 10 wt.% brucite mixed

ggz gs)i:straﬁm with quartz sand, were tested as potential feedstocks for ERW. A CO; flux system directly measured CO removal
Kiniberciite rates and sensors tracked laboratory conditions and pore water saturation during a series of 2-week experiments.

With respect to kimberlites, unweathered residues achieved the greatest drawdown rate of -870 g COo/m?/yr at
48% saturation. In contrast, fine and coarse residues previously exposed to mine process water achieved fluxes of
-150 and -160 g CO,/m?/yr at 60% saturation. Brucite reached -2940 g CO2/m?/yr at 14% saturation compared
to forsterite, serpentinite, and wollastonite that achieved fluxes of -500, -260, and -190 g CO,/m?/yr, respec-
tively, at higher saturations of 53-60%. Mineralogical composition had the greatest effect on CO; fluxes, fol-
lowed by water content which drives carbonation reactions and affects permeability. Solid inorganic carbon
increased in the brucite, wollastonite, and unweathered kimberlite, indicating that CO, was stored via mineral
trapping as opposed to solubility trapping in the other experiments. Increasing the exposure of unweathered
residues, expanding dispersal area, and optimizing water saturation would lead to greater CO2 removal at mine
sites.

Carbon dioxide removal
Negative emission technology

1. Introduction

COx(g) = COxag) €8]

Atmospheric CO3 has increased from 280 + 20 ppm in pre-industrial COsag) + Hy0 © HyCO3sq) )
times [PCC, 2007) to 417 ppm in 2020 (NOAA, 2020). In addition to

emissions reduction, the United Nations Framework Convention on HyCOj3,q) < HCO;™ + HF 3

Climate Change has advised that greenhouse gas (GHG) emissions be Me:SiOy) + 4HY — Mt + H,Si0;° @

stabilized through the use of negative emission technologies (NETs) in
an effort to mitigate dangerous interferences to the climate system
(EASAC, 2018). Various NETs include afforestation, biochar and soil
sequestration, ocean fertilization, bioenergy with carbon capture and
storage (BECCS), direct air capture, and most relevant to this study,
enhanced rock weathering (ERW; Rosen, 2018). ERW involves
spreading of rock powders that contain Ca- and Mg-bearing minerals
that react with and sequester COs. In this process, COy from the atmo-

CO; is trapped as a dissolved phase (e.g., HCO3') and later may
become mineralized, transitioning to mineral trapping (e.g.,
MgCO3-3H30; Eq. 5).

Mg>" + CO5%™ 4 3H0 < MgCO3-3H,0s

Solubility <> mineral trapping of CO, (5)

sphere dissolves into pore waters (Eq. 1) and becomes hydrated to form
carbonic acid (Eq. 2 and (3), which can be neutralized by reacting with
minerals such as forsterite (Mg,SiO4; Eq. 4).
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ERW can use a variety of minerals and rocks that are applied to natural
(e.g., forests) and human-modified environments (e.g., agricultural
fields; Beerling et al., 2018; Haque et al., 2019; Schuiling and
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Krijgsman, 2006; Taylor et al., 2015).

Mafic and ultramafic mine wastes with high surface areas can be
used as feedstocks for ERW and CO, mineralization and have the po-
tential to trap and store substantial amounts of CO5 (Beaudoin et al.,
2017; Power et al., 2014; Wilson et al., 2014). Passive carbonation has
been documented at chrysotile asbestos (Assima et al., 2012,2014;
Beinlich and Austrheim, 2012; Larachi et al., 2010; Levitan et al., 2009;
Pronost et al., 2011; Wilson, 2006; Wilson et al., 2009a), nickel (Ente-
zari Zarandi et al., 2017; Wilson et al., 2014), and diamond mines
(Mervine et al., 2018; Rollo and Jamieson, 2006; Wilson et al., 2011,
2009b) where weathering of mine waste results in the formation of
secondary carbonate minerals, storing CO; via mineral trapping. Passive
carbonation may occur without modification to the mine waste im-
poundments and can be accelerated by implementing management
practices that enhance mineral dissolution and CO; supply, which are
rate-limiting factors in CO5 sequestration (Power et al., 2013). The rate
of carbonation in these environments is dependent on four primary
factors that include 1) mine waste characteristics (e.g., mineralogy,
grain size, and surface area), 2) local climate conditions (e.g., precipi-
tation and temperature), 3) process and pore water chemistry, and 4) the
design of storage facilities (Power et al., 2014). Of these four factors,
only the storage conditions can be modified to enhance the drawdown of
atmospheric CO2 unless considering the use of chemical additives.
Therefore, it is essential to understand how modifications to mine waste
storage conditions can improve CO removal rates to move towards
full-scale implementation of ERW.

Assessing and monitoring passive carbonation at mines is chal-
lenging as it is time and labor intensive. Detailed surface and depth
sampling must be completed on a large number of samples (Wilson et al.,
2014). Quantitative mineralogical analyses along with stable and
radiogenic carbon isotope data have been used to determine the rate of
atmospheric CO;, sequestration and identify carbon sources (Wilson
et al., 2011, 2014). However, it can be challenging to differentiate be-
tween primary and secondary carbonates at mine sites (Turvey et al.,
2018; Wilson et al., 2009a, 2014). Therefore, new methods must be
explored. With the ability to measure rates instantaneously, mining
companies could routinely monitor and verify CO, sequestration in their
mine waste.

Soil CO,, fluxes have been tracked in various environments, including
grasslands, forests, and revegetated mines (Ahirwal et al., 2017;
Mukhopadhyay and Maiti, 2014), yet there have been limited studies
focusing on measuring CO; fluxes at mines as a method of quantifying
rates of passive carbonation (Lechat et al., 2016; Pronost et al., 2012). In
the context of mine waste management, it is important to consider how
properties of the feedstock (e.g., mineralogy, particle size, surface area)
and those of the porous medium it creates (e.g., water content and
permeability) may affect CO; fluxes.

This study explores the potential for CO, sequestration via weath-
ering of mine wastes and powdered rocks that are reactive with CO, and
focuses on kimberlite residues from diamond mines. The primary goals
of this study are to 1) evaluate various parameters that affect weathering
rates (e.g., mineralogy, surface area, particle size, and water content), 2)
estimate the rate of CO sequestration occurring in wastes from diamond
mines under current management practices, and 3) assess how modifi-
cations to the management of these wastes could increase CO2 seques-
tration. To accomplish these goals, laboratory CO; flux experiments
were performed to measure the drawdown of CO; into different mine
wastes and powdered rocks that ranged in reactivity. CO, fluxes and
total inorganic carbon (TIC) may effectively measure CO, removal rates
at mine sites and other ERW applications and aid in understanding how
changes in management practices can increase CO5 sequestration.

2. Venetia diamond mine description

Kimberlite mine residues from the Venetia Diamond Mine in South
Africa have high surface areas due to comminution and an abundance of
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minerals rich in Ca and Mg, making them desirable for CO, sequestra-
tion (Mervine et al., 2018). At Venetia, the major kimberlite facies
mined to date is referred to as massive volcaniclastic kimberlite (MVK).
Dark volcaniclastic kimberlite (DVK) is another major facies that is
located deeper within the pipes and will be mined more extensively in
the future. Kimberlite residues used in this study are from unknown
facies unless otherwise stated (e.g., DVK).

There are two fine residue deposits (FRD1 and FRD2), with a total
area of approximately 3.5 km? (Fig. 1); however, only one impoundment
is active at any given time. Fine residues (<1 mm) are deposited as a
slurry from pipes along the FRD periphery, forming beaches and a pond
towards the middle. The deposition points are regularly moved to
equally distribute the residues and control the position of the pond. As
residues settle, relatively clear water is drained and reused in the pro-
cessing circuit. Deposition is alternated between the two FRDs to allow
for subsidence in the inactive impoundment which gradually dries until
no surface water remains.

There is one coarse residues deposit (CRD) which has an area of
~0.5 km?. These residues are 1-8 mm in diameter and are dry-stacked,
so there is minimal water in the impoundment. The CRD surface is flat
and has sparse grasses and shrubs.

3. Methods
3.1. Sample acquisition

At Venetia, fieldwork and sampling were conducted in May 2017 and
May 2018 on the FRD and CRD impoundments and ore stockpiles
(Figs. 1 and 2). The composition of FRD and CRD residues is complicated
due to the variety and heterogeneity of the kimberlite pipes, incorpo-
ration of country rock during mining, and mixing of kimberlite facies
during processing. Kimberlite residues at Venetia are not routinely
sampled and analyzed, and therefore, there is little information
regarding their composition. A bulk sample (several kilograms) of fine
residues was collected as a slurry from one of the outlet pipes at the FRD
where some of the fines were lost when excess water was discarded. Bulk
samples (several kilograms) of CRD were collected from the deposition
point and placed in large plastic bags. Unprocessed DVK rock (several
kilograms) was collected from the ore stockpile and further processed in
the laboratory. A subset of these samples was characterized and
analyzed for their geochemical, mineralogical, and physical properties
and used in experiments. Additional samples (9) were collected at sur-
face and depth from FRD1 and FRD2 to understand kimberlite residue
heterogeneity and assess whether or not passive carbonation was
occurring at Venetia. Detailed field methods are available in the Sup-
plementary Material.

Powdered brucite [Mg(OH)2], quartz (SiOy), forsterite, wollastonite
skarn (CaSiOs), and serpentinite [MgsSioOs5(OH)4] were compared to
the more mineralogically complex kimberlite residues. These rock and
minerals have been extensively studied as potential feedstocks for CO,
sequestration (Beerling et al., 2018; Harrison et al., 2015; Meysman and
Montserrat, 2017; Taylor et al., 2015; Wilson, 2006; Wilson et al., 2010,
2014), with the exception of quartz, which was used as an inert material.
Forsterite and quartz sand were purchased from OCL Industrial Mate-
rials Ltd and Bell & MacKenzie, Ontario, Canada. Wollastonite skarn
samples came from sand-sized soil amendment packages from the Ca-
nadian Wollastonite quarry near of Kingston, Ontario, Canada. Brucite
ore was sourced from the Brucite Mine, Nevada, United States, and
serpentinite was sourced from the Lizard Complex in Cornwall, England,
United Kingdom.

3.2. Sample characterization
Initial and final TIC (%) were measured for all samples (100 mg)

except for CRD due to its heterogeneity using a Model CM5017 Coulo-
meter from UIC Inc. at Trent University. Blanks and calcium carbonate
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Fig. 1. Satellite images of sampling locations from fieldwork conducted in 2017 at the Venetia Diamond Mine, South Africa (A). B: Sampling locations in FRD1 and
FRD2, C: Sampling locations of the CRD. Red stars indicate bulk samples, green stars indicate surface and profile samples. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Photographs of sampling locations at Venetia Diamond Mine, South Africa. A: FRD ponding to the left and residues drying to the right. B: Mud cracks visible
on the surface of the FRD (marker for scale). C: Location on top of the CRD where sampling of coarse residues (D) was conducted.
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chelometric standards (CaCOs, Alfa Aesar, 99.95-100.05%) were
analyzed before running samples (triplicates) and again every ~15
samples. All samples were micronized for 7 min in anhydrous ethanol
using a McCrone Micronizing Mill before analysis to ensure complete
reaction of carbonates within the samples. The instrument was set to a
temperature of 50 °C and a carrier gas rate of 100 mL/min. Aliquots (10
mL) of 1.0 M H,SO4 were used to acidify samples for measurements. The
pre-scrubber used 15-20 mL of potassium hydroxide (45%) solution to
remove any CO» present in the carrier gas, and the post-scrubber used
10-15 mL of silver nitrate (3%) to remove HsS, SOy, and halogens which
can result from the acidification of samples. The cell was filled with a
partially aqueous medium containing ethanolamine and a colourimetric
indicator. When gas streams enter through this solution, CO5 is quan-
titatively absorbed and measured. This coulometer is able to measure a
TIC range from 0.0001 to 100%. Relative standard deviation was
calculated from the analysis of multiple standards and was estimated at
0.53% which validates high analytical precision of the methodology. In
addition, samples were analyzed for their bulk geochemical composition
using X-ray fluorescence (XRF) spectroscopy by SGS Minerals, Lakefield,
Ontario, Canada. Compositions were reported as percent oxides with
detection limits ranging from 0.0001-0.01%.

An Nj adsorption method was used to determine Brunauer-Emmett-
Teller (BET) specific surface areas at Trent University. Samples were first
degassed overnight on a Smart VacPrepTM 067 (Micromeritics, Nor-
cross, GA, USA) that slowly heats to and holds them at 200 °C for 10 h
under vacuum. BET analysis was performed at 77 K on the Micromeritics
TriStar II Plus adsorption unit (Micromeritics, Norcross, GA, USA) and
N isotherms were acquired using a P/P( range of 0.01-0.90. All data
processing was done using MicroActive Interactive software (Micro-
meritics, Norcross, GA, USA). Particle size distributions were obtained
using a Horiba LA-950V2 laser-scattering particle size distribution
analyzer (Teledyne, USA) and a Vibratory Sieve Shaker AS 200 digit cA
(Retsch®).

X-ray diffraction (XRD) patterns were collected under 20-30%
relative humidity (RH) using a Bruker D8 Advance -0 powder X-ray
diffractometer equipped with a LYNXEYE XE-T 1D Position Sensitive
Detector in the Environmental Economic Geology Laboratory,

8100-104 long-term chambers

2-week
experiment
measurement
every 2 h

Column with
sediment and
TEROS 12 probe

(Rt
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University of Alberta, Canada. Mineral phase identification was con-
ducted using the DIFFRAC.EVA XRD phase analysis software (Bruker)
with reference to the International Center for Diffraction Data Powder
Diffraction File 4+ database (ICDD PDF4-+). Rietveld refinements (Bish
and Howard, 1988; Hill and Howard, 1987; Rietveld, 1969) with XRD
data were used to determine mineral abundances with TOPAS 5
(Bruker). Minerals were categorized as having either a major (10-100
wt.%), minor (1-10 wt.%), or trace (<1 wt.%) abundance. Details for all
methods are available in the Supplementary Material.

3.3. Experimental methods

3.3.1. Experiment setup

In preparation for CO; flux experiments, a sample of Venetia DVK ore
was crushed (<1.6 cm) and then pulverized (FLSmidth Essa® LM2
Pulverizing Mill) for 5 s to a final particle size similar to that of fine
residues (<1 mm; Mervine et al., 2018; Power et al., 2011). Wollastonite
skarn, brucite, and serpentinite samples were pulverized for 15, 30, and
40 s, respectively. Different pulverizing times were used to achieve
sand-sized particles for wollastonite and serpentinite and fine powder
for brucite. The brucite ore (10 wt.%) and quartz sand (90 wt.%) mixture
contained 8.28 wt.% brucite as the former was not pure (82.8 wt.%). The
CRD from Venetia, as well as quartz and forsterite sand were not
modified.

Each experimental setup utilized polyvinyl chloride (PVC) columns
(20 cm inner diameter, 10.5 cm height; Fig. 3) inserted into a PVC base
to ensure no air escaped at the base of the column during measurements.
Residues and powdered rocks were thoroughly homogenized and then
added into a column as ~2 cm layers with water to a thickness of 8.5 cm.
This helped achieve 60% saturation throughout the column. The mass
required depended on the sample density (psample) and grain size; how-
ever, every experiment had a thickness of 8.5 cm and an exposed sample
area of 320 cm?. All experimental columns had 2700 cm® of occupied
material and a 2 cm offset as recommended by LI-COR Biosciences,
which is used to determine the total volume of air inside the column.

The bulk volume (Vpyi; Eq. 6) and density (ppu; Eq. 7) that includes
voids were calculated to determine the porosity (®; Eq. 8) of the residues

LI-8100A CO, analyzer

¥

.. Ji-Id1]iE1i[e)s)/ measured by carbon coulometry

Fig. 3. Experimental setup for CO, flux measurements using an LI-8100A automated soil CO, flux system coupled with an LI-8150 multiplexer and two 8100-104
long-term chambers (Modified from LI-COR). Sample temperature, electrical conductivity, and volumetric water content were measured using TEROS 12 soil probes
and an Em50 Data Logger that recorded values every 15 min. Total inorganic carbon was measured by coulometry.
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and powdered rocks:

Vi = 7> X h (6)
mvample

Dtk = @

Ptk Viuik

d=1-— Piuik (8)
Psample

where r is the column radius (cm), h is the sediment thickness (cm),
Mgample is the sample mass (g), and psampie is the density (g/cms) of the
residues and powdered rocks. For powdered rocks, psampie is the density
of the dominant mineral and for Venetia residues, psqmple was calculated
based on mass and volume measurements. The volume of solids (Eq. 9)
and voids (Eq. 10) were calculated to determine the volume of water
needed to achieve a saturation of 60% (Eq. 11) and corresponding
volumetric water content (Eq. 12; Table 1):

Vi = sample )
Psample
Vioids  Veuk  Visotids N
Vino = Vioias X 0.60 .
V
VWC (%) = 22 % 100% N
Viui

where Vigigs is the volume (cm®) of the solid residues and powdered
rocks (excludes voids), V,igs is the volume (cm®) of voids in the sedi-
ment, Vg,o is the volume (cms) of water added to achieve 60% satura-
tion, and VWC is the volumetric water content (%). An initial water
saturation of 60% was selected as the high-end of the optimal range
(30-60%) for carbonation (Assima et al., 2013; Harrison et al., 2015).
Sediments were allowed to dry during the experiment, thereby passing
through the optimal water saturation. Deposited experiments refer to
material that was flat, similar to what was observed at Venetia, whereas
tilled experiments refer to material that was overturned using a spatula
to increase the exposure of sediments to air. In the tilled experiments,
sediments were overturned once after the addition of water for the first
time, with the exception of forsterite, which was never tilled. In the
Venetia FRD experiment the residues were overturned after 28 days
(two wetting and drying cycles) and in the DVK experiment, after 14
days.

3.3.2. CO3 flux measurements

CO», flux measurements were carried out under laboratory conditions
with an LI-8100 automated soil CO; flux system coupled with an LI-8150
multiplexer and two 8100-104 long-term chambers (Fig. 3; LI-COR,
Lincoln, Nebraska, USA). This equipment allowed for automated
consecutive flux measurements of the powdered rocks and kimberlite
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residues over time. The rate of change in CO4 concentration inside the
long-term chamber determines the CO; diffusion rate (pmol/mz/s). In
this study, negative fluxes indicate uptake of CO, (ingress), whereas
positive fluxes indicate the release of CO3 (efflux) from samples. Sample
temperature ( °C), electrical conductivity (mS/cm) and volumetric
water content (%VWC) were measured using TEROS 12 soil moisture
probes that recorded values every 15 min. In addition, a YesAir air
quality monitor from Critical Environment Technologies™ was used to
track room temperature and relative humidity (RH). A computer and the
COs, flux system were plugged into an uninterrupted power supply (900
W capacity) connected to backup power.

The instrument was programmed to measure fluxes every 2 h for 5
min (300 s) with a 5-min post purge. Dry fluxes were measured for 2
days prior to the addition of water. Afterwards, each experiment ran for
14 days before tilling or additional wettings (Table 1). Deionized water
(pH = 5.6) used in experiments was at equilibrium with atmospheric
CO». All experiments, except for forsterite, were wetted only once at the
beginning to determine the ideal water content for COy drawdown.
Water was added to the forsterite experiments once per day for 7 days to
determine if reactivity was maintained during repeated wettings. The
sediments were then allowed to dry for one week. Duplicates were run
for all experiments with the exception of DVK and serpentinite due to
limited sample mass.

For the first runs of the brucite-quartz mixture and the forsterite
experiments, the 8100-104 long-term chamber was connected directly
to the LI-8100 CO3, gas analyzer, while the second run was connected to
the LI-8150 multiplexer. Slightly more negative fluxes were recorded
when the long-term chamber was connected directly to the gas analyzer
due to different relative humidity in the laboratory.

3.3.3. Data processing

CO-, flux data were processed using SoilFluxPro 4.0.1, an application
for viewing and processing data from the LI-8100 system. CO3 flux re-
sults from all experiments were fitted to an exponential curve except for
the brucite-quartz experiment, which was fitted to a linear trend. Each
flux was calculated based on the change in COy concentration from
50-250 s of the 300 s measurement. Flux measurements that yielded
empirical fits with an R? value <0.5 were removed. Outliers were
determined by calculating the 1st and 3rd quartile, interquartile ranges,
lower and upper bound of data, and selecting any data points that fit in
this range.

3.3.4. Sampling and characterization

After each experiment, the residues and powdered rocks were cored
(n = 3) with samples taken at the top 0.5 cm, middle 3-4 cm, and bottom
8 cm. All samples were then analyzed for TIC using the previously
described methods. Powdered rocks and minerals that increased in TIC
were analyzed by XRD using a Bruker D2 Phaser X-ray diffractometer,
and secondary carbonates were identified using DIFFRAC.EVA. Sec-
ondary precipitates that formed on the FRD and CRD surfaces were

Table 1
Physical properties for each experiment. Duplicate runs were completed for each experiment except for quartz, serpentinite, and DVK due to limited mass.
Sample Mass Number Sediment Bulk Sample Porosity Solids Void H,0 VWC Initial Initial Final
® of thickness density density (%) volume volume (mL) (%) saturation TIC(%) TIC
wettings (cm) (g/cm®) (g/cm®) (em®) (em®) (%) (%)
Quartz 4522 2 8.5 1.69 2.65 36 1707 963 578 21.6 60 0.00 0.00
10 wt.% 4525 1 8.5 1.69 2.65 36 1708 961 577 21.6 60 0.12 0.14
brucite + 90
wt.% quartz
Forsterite 5920 7 8.5 2.22 3.32 33 1783 886 531 19.9 60 0.02 0.02
Serpentinite 4213 1 8.5 1.58 2.57 39 1639 1030 618 23.2 60 0.01 0.01
Wollastonite 4810 1 8.5 1.8 2.98 40 1614 1055 633 23.7 60 0.24 0.28
skarn
CRD 4570 3 8.5 1.71 2.86 40 1598 1071 643 24 60 N/A N/A
FRD 4258 3 8.5 1.6 2.58 38 1650 1019 611 229 60 0.46 0.46
DVK 4522 2 8.5 1.69 2.62 35 1726 943 566 21.2 60 0.43 0.64
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sampled using tweezers and examined using scanning electron micro-
scopy (SEM) at The University of Western Ontario in the Nano-
fabrication Facility in London, Ontario, Canada. Samples were mounted
onto aluminum stubs using 12 mm carbon adhesive tabs and coated
using a Filgen osmium plasma coater (OPC 80T) that applied 10 nm of
osmium metal. A LEO (Zeiss) 1540 XB field emission SEM with a sec-
ondary electron detector was used to produce high-resolution images at
an operating voltage of 1.0 kV, and an Oxford Instruments X-max 50
energy dispersive spectrometer (EDS) was utilized for elemental analysis
at an operating voltage of 10.0 kV and a working distance of 4 mm.

3.3.5. Slurry pH measurements

The pH of slurries made from residues and powdered rocks was
measured to approximate the pH of the pore waters in the experiments.
Aliquots (25 g) of each sample were thoroughly mixed with 10 mL of
deionized water (pH = 5.6) in 50 mL plastic centrifuge tubes. Solution
pH was measured 1 h after mixing and again after 5 days using an Orion
Star A321 pH meter.

4. Results
4.1. Quartz

Quartz sand (100 wt.% quartz; Table 2) was tested to show the
variability of CO, flux measurements for an unreactive material. The
sand had a low surface area (0.09 rnz/g) as it was dominated by sand-
sized particles (Table 3). During the dry run, the temperature ranged
from 21 to 31 °C and the RH ranged from 40 to 65%. Dry quartz sand
exhibited an average flux of 10 + 117 g COo/m?/yr (Fig. 4A). After
water addition, there was little change in the CO; fluxes, which were
between -66 to 210 g COy/m?/yr with an average of 80 g COy/m?/yr
(Fig. 4A). During this time, the temperature ranged from 21-32 °C and
RH ranged from 28 to 85%. No TIC was detected in the quartz sand (n =
3) upon completion of experiments, with values remaining at 0%.
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Table 2
Quantitative mineralogy for powdered rocks as determined by Rietveld refine-
ment of XRD data.

Sample Powdered rocks

Quartz 100.0 wt.% quartz

Brucite 82.8 wt.% brucite; 6.0 wt.% hydromagnesite; 5.1 wt.% dolomite;
2.5 wt.% forsterite; 2.0 wt.% magnetite; 0.6 wt.% pyroaurite;
0.5 wt.% clinochlore; 0.4 wt.% lizardite; 0.2 wt.% quartz

Forsterite 74.1 wt.% forsterite; 19.6 wt.% lizardite; 3.9 wt.% enstatite; 1.4
wt.% magnetite; 1.1 wt.% quartz

Serpentinite 93.2 wt.% lizardite; 2.4 wt.% forsterite; 2.4 wt.% hematite; 1.1
wt.% brucite; 0.9 wt.% clinochlore

Wollastonite 41.0 wt.% diopside; 21.6 wt.% wollastonite; 12.1 wt.%

skarn orthoclase;

11.3 wt.% albite; 10.7 wt.% quartz; 2.8 wt.% calcite; 0.6 wt.%
muscovite

4.2. Brucite and quartz

The mixture of 10 wt.% brucite + 90 wt.% quartz (Fig. 5A) exhibited
the most negative CO; flux from all experiments. The brucite (82.8 wt.
%) sample contained minor abundances of hydromagnesite, dolomite,
forsterite, and magnetite (Table 2). The median grain size for the pul-
verized brucite was 8 pm, and it had a specific surface area of 5.29 m?/g
(Table 3). The pulverized brucite was mixed with quartz sand (90 wt.%)
that was used in the quartz experiments. Over 2 days of dry measure-
ments, the temperature ranged from 22 to 24 °C, RH ranged from 16 to
25%, and the CO; fluxes averaged 20 & 140 g CO,/m?/yr. Both exper-
imental runs started at 60% saturation after water addition and
decreased to 10% after 14 days. The laboratory conditions during runs 1
and 2 were fairly consistent, with temperature ranging between 20 and
24 °C and RH ranging from 8-40%. The average CO» flux was -550 g
COy/m?/yr during the first day, becoming more negative, reaching -900
g CO,/m?/yr over the following 3 days. From day 4 to 7, CO, fluxes
became more negative, decreasing from -940 to -2940 g CO5/m?/yr. Run
2 showed a similar trend to the first experiment (Fig. 5B); however, it
exhibited slightly less negative fluxes. After 14 days, the average TIC
increased from 0.12% (£SD 0.01%) to 0.14% (&SD 0.01%; n = 24)
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Fluxes flat (g CO,/m?/year) o ®
Fluxes tilled (g CO,/m?/year) A A
Saturation (%) e -
Sediment temperature (°C) e —_—
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Fig. 4. CO, fluxes (g COz/mz/yr) for quartz (A), forsterite (B), and serpentinite (C). Open and solid gray circles represent runs 1 and 2 of the deposited (flat surface)
experiments, respectively. Open and solid green triangles represent runs 1 and 2 of the tilled experiments, respectively. Positive values indicate efflux of CO,, while
negative values show ingress of CO,. The forsterite experiment included seven wetting and drying cycles to examine changes in reactivity. (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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Table 3

Particle sizes of powdered rocks and Venetia residues separated by clay, silt, sand, and pebbles as well as BET surface area.
Sample Clay (%) <0.002 mm Silt (%) 0.002-0.05 mm Sand (%) 0.05-2.0 mm Pebbles (%) >2.0 mm D50 (pm) BET (m%/g)
Quartz 2.0 32.4 65.6 0.0 329 0.09
Brucite 21.0 57.9 21.1 0.0 8 5.29
Forsterite 4.3 25.7 69.9 0.0 264 1.14
Serpentinite 9.4 42.8 47.9 0.0 41 25.30
Wollastonite skarn 3.4 43.6 0.0 52 0.87
CRD 0.0 0.0 30.9 69.1 3000 5.80
FRD 0.8 9.0 89.7 0.5 550 7.70
DVK 6.4 33.6 60.0 0.1 140 18.30
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Fig. 5. CO, fluxes (g C02/m2/ yr) for reactive powdered rocks: flat (A) and tilled (B) brucite-quartz mixtures, and flat (C) and tilled (D) wollastonite. Open and solid
gray circles represent runs 1 and 2 of deposited (flat surface) experiments, respectively. Open and solid green triangles represent runs 1 and 2 of the tilled exper-
iments, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

while surface (0-1 cm) samples generally showed the greatest change,
up to a maximum of +0.07%. The most prominent X-ray diffraction
peaks for hydromagnesite [Mgs(CO3)4(OH),-4H20] were more intense
after 14 days indicating the formation of secondary hydromagnesite.

Initial fluxes for the tilled brucite experiment were approximately
twice that of the flat experiments, reaching rates of -1220 and -1460 g
COg/mz/yr for runs 1 and 2, respectively (Fig. 5B). Although the same
amount of water was added to experiment types to achieve 60% satu-
ration, the readings were underestimated in the tilled experiments due
to poor contact between the sediment and moisture probes. The initial
saturation reading was 38%, decreasing to 9% after 14 days. Fluxes
increased logarithmically after a day and a half, reaching -800 g COy/
m?/yr at ~30% saturation. During day 2, fluxes slowly became more
negative, reaching -1200 g COo/m?/yr at 14% saturation by the end of
day 7. As evaporation progressed, fluxes became less negative, reaching
-390 g CO,/m?/yr by day 14 (Fig. 5B).

4.3. Forsterite

Forsterite (74.1 wt.%) sand contained a major abundance of lizardite
(19.6 wt.%) with minor enstatite, magnetite, and quartz (Table 2). This
material had a median grain size of 264 pm and a specific surface area of
1.14 m%/g (Table 3). During the initial dry period, the average flux was
-40 + 11 g COy/m?/yr, and laboratory temperature and RH ranged from
22 to 24 °C and 16-25%, respectively. The two forsterite runs showed
similar trends (Fig. 4B), yet CO fluxes were slightly shifted due to dif-
ferences in RH, as was observed in the brucite experiments. Laboratory
temperature ranged from 20 to 24 °C, and RH from 8 to 40%. Fluxes
were most negative after the first water addition, reaching -500 and
-330 g COy/m?/yr for runs 1 and 2, respectively, and then shifted to
near-zero values after 1 day of drying. Additional wettings drove CO;
removal; however, fluxes were less negative with each subsequent water
addition. For example, in run 1, the flux was -270 g CO/m?/yr after 3rd
water addition compared to -120 g COy/m?/yr after the last water
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addition. After seven wetting and drying cycles, the forsterite sediments
were allowed to dry to 20% saturation (Fig. 4B). During this drying
period, CO, fluxes became increasingly positive, reaching positive fluxes
of 470 g CO2/m?/yr. Diurnal fluctuations in temperature ranged from 17
to 23 °C, with the warmest time of day resulting in more positive fluxes
than cooler periods. No differences in TIC (n = 24) were measured for
forsterite samples.

4.4. Serpentinite

Serpentinite was mainly comprised of lizardite (93.2 wt.%) with
minor amounts of hematite, forsterite, and brucite (Table 2). This pul-
verized material had a median grain size of 41 pm and a specific surface
area of 25.30 m?/g (Table 3). Dry fluxes averaged 180 + 170 and 220 +
160 g COy/m2/yr for the flat and tilled experiments, respectively. Dur-
ing this dry period, the lab temperature stayed at 22 °C and RH ranged
from 15 to 26%. The most negative fluxes were recorded immediately
after water addition, reaching -260 and -270 g CO,/m?/yr for the flat
and tilled experiments, respectively (Fig. 4C). Flat sediments exhibited a
more extended period with negative CO fluxes from O to 5 days, cor-
responding to a decline in water saturation from 48% to 25%. In the
tilled experiment, negative fluxes were only observed from 0 to 2 days at
22-27% water saturation. Fluxes became increasingly positive after
days 2 and 4 for the tilled and flat experiments, respectively. During
these runs, the temperature ranged from 22 to 23 °C and RH ranged from
12 to 36%. No changes in inorganic carbon were detected for the ser-
pentinite flat (n = 9) and tilled (n = 9) experiments with TIC remaining
at 0.01%.

4.5. Wollastonite skarn

The wollastonite skarn contained major abundances of wollastonite
(21.6 wt.%), diopside (CaMgSi2O¢; 41.0 wt.%), orthoclase, albite, and
quartz and minor amounts of calcite (Table 2). This material had a
median grain size of 52 pm and a specific surface area of 0.87 m%/g
(Table 3). The initial dry periods for the flat and tilled experiments had
average fluxes of -30 + 50 and 20 + 70 g COo/m?/yr, respectively. Flat
experiments exhibited a negative flux of -50 g COo/m?/yr after water
addition and reached the most negative flux of -190 g COo/m?/yr after a
day of drying (53% saturation). During the following 13 days, fluxes
slowly became less negative (Fig. 5C). Tilled experiments exhibited the
most negative flux during the first day immediately after the addition of
water, reaching -200 g COy/m?/yr at approximately 33% saturation
(Fig. 5D). As sediments dried, fluxes became less negative, reaching
values of -40 and -50 g COy/m?/yr for runs 1 and 2, respectively. TIC
increased from 0.24% (£SD 0.04%) to 0.28% for flat (n = 16) and tilled
wollastonite (n = 18), respectively. X-ray diffraction peaks for calcite
(CaCOsg) in the final solids were more intense, indicating secondary
calcite formation.

4.6. Venetia residues

The Venetia kimberlite residues contained 47% SiO3, 17% MgO, and
7% CaO, falling within the ranges of all Venetia samples analyzed in this
study (SiOy = 40.3-48.7%; MgO = 14.0-25.2%; CaO = 5.7-8.1%j;
Table S1). The CRD and FRD residues were comprised of minerals
(Table 4) that are desirable for CO; sequestration including lizardite

Table 4
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(23.1 and 19.3 wt.%), diopside (13.2 and 9.8 wt.%), and clinochlore (6.8
and 4.7 wt.%). Initial TIC of the CRD and FRD residues was 0.53% and
0.46%, equivalent to 4.4 wt.% and 3.8 wt.% calcite, respectively, which
is similar to the abundances of calcite quantified using XRD data
(3.8-7.0 wt.%; Table S2). The bulk CRD and FRD samples had median
grain sizes of 3 mm and 550 pm with surface areas of 5.8 and 7.7 m?/g,
respectively (Table 3). Surface and depth samples had broader abun-
dances of minerals of interest: 12.0-33.1 wt.% lizardite, 7.2-19.3 wt.%
diopside, and 4.7-8.8 wt.% clinochlore (Table S2).

Dry CO, fluxes of the CRD and FRD both averaged -80 g COo/m?%/yr
(Fig. 6). More negative fluxes were recorded after water addition;
however, fluxes became much less negative within the first day. Initial
wet fluxes for both CRD runs were -140 g COo/m?/yr (Fig. 6A) and were
-90 and -180 g CO,/m?/yr for FRD runs 1 and 2 (Fig. 6B). As evaporation
continued, diurnal temperature fluctuations caused CO; fluxes to in-
crease and decrease with cooler and warmer temperatures, respectively.
The CRD experiment had an immediate drawdown after adding water in
the second wetting period, reaching -130 g COo/m?/yr in run 1, similar
to the first wetting period (Fig. 6C). Measurements were overestimated
in the CRD despite adding the same volume of water as the FRD how-
ever, pore water saturation data using coarse material may not be reli-
able due to poor contact between the sediment and sensor. During the
second wetting period of the FRD experiment, there were minimal
changes in CO; fluxes (Fig. 6D). The CRD was wetted for a third time
causing the flux to reach values of -200 and -180 g CO,/m?/yr in runs 1
and 2 immediately after water addition (Fig. 6E). The most negative CO5
fluxes of the FRD and CRD experiments were recorded in the FRD tilled
experiment (final wetting period) with values of -280 g CO/m?/yr (n =
2; Fig. 6F). Diurnal temperature fluctuations caused CO; fluxes to vary
with some becoming substantially more negative for short periods of
time. Due to the coarse grain size of CRD, representative samples for TIC
were not obtainable. No changes were detected in TIC for FRD experi-
ments (n = 5).

Mud cracks developed in the fine residues as they dried, and sparse
white efflorescent crusts (<1 mm) formed on the surface (Fig. 7A). These
precipitates appeared as slender, prismatic crystals under SEM (~3 x 1
um; Fig. 7B). Some precipitates were also observed within the top ~1 cm
of CRD residues (Fig. 7C) and appeared as nodules with some elongated
crystals (~2 x 1 pm; Fig. 7D) when viewed using SEM. These white
efflorescence crusts are similar to those observed at Venetia on the
surfaces of exposed fine residues (Fig. 7E). EDS analyses of these pre-
cipitates showed they contained high but variable abundances of Na, Ca,
S, O, and C, suggesting these may be mixtures of sulfate and carbonate
minerals.

DVK contained 40% SiO3, 25% MgO, and 6% CaO and its mineral-
ogical composition differed from the MVK-dominated CRD and FRD
with only lizardite (33.1 wt.%) and diopside (15.6 wt.%) being present
as minerals of interest for CO, sequestration (Table 4). After being
pulverized to match the distribution of the FRD, DVK had a median grain
size of 140 pm and a specific surface area of 18.3 m?/g (Table 3), greater
than that of FRD (7.7 mz/g).

During the first day of dry measurements, the average flux was
-1320 g COy/m?/yr and became less negative during the second day
averaging -790 g CO,/m2/yr (Fig. 6G). Upon water addition, fluxes were
less negative at -630 g CO,/m?/yr and became less negative by the start
of day 2. A parabolic trend was observed in the CO, fluxes for the
remainder of the experiment. As the residues dried from 54% to 41%

Quantitative mineralogy (wt.%) of Venetia residues. Minerals identified included Cal - calcite, Di — diopside, Or — orthoclase, Phl — phlogopite, Clc - clinochlore, talc,
Qtz — quartz, Tr- tremolite, Ab — albite, Lz — lizardite, and Sme — smectite. Rwp represents the weighted profile residual, a function of the least squares residual (%).

Sample Cal Di Or Phl Cle Talc Qtz Tr Ab Lz Sme Total Rwp (%)
CRD 5.2 13.2 4.4 7.0 6.8 2.5 5.5 9.0 11.0 23.1 12.3 100 7.9

FRD 4.9 9.8 4.2 17.8 4.7 4.6 4.0 5.1 7.2 19.0 18.8 100 12.4
DVK 4.4 15.6 0.0 16.6 0.0 0.0 0.0 2.3 0.0 331 28.1 100 10.4
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Fig. 6. CO fluxes (g CO,/m?/yr) for Venetia residues. A: CRD 1st wetting, B: FRD 1st wetting, C: CRD 2nd wetting, D: FRD 2nd wetting, E: CRD 3rd wetting F: FRD
3rd wetting (tilled), G: DVK. Open and solid gray circles represent runs 1 and 2 of the deposited (flat surface) experiments. Open and solid green triangles represent

runs 1 and 2 of the tilled experiment.

saturation during days 1 to 4, fluxes became more negative to -870 g
CO,/m?/yr between days 2 and 3 (Fig. 6G). Further drying caused fluxes
to become less negative, returning to values observed during day 1. After
14 days, the DVK was wetted for a second time and then tilled; however,
only minor differences in fluxes were observed at different water con-
tents. Fluxes recorded during the first two days averaged -190 g CO2/
m?/yr, becoming more negative as the sample continued to dry, when
the most negative flux was -450 g COz/mz/yr (Fig. 6G). TIC (n = 6)
increased by 0.21% from 0.43% (£SD 0.004%) to 0.64% (+SD 0.001%).

5. Discussion
5.1. Effect of mineral dissolution rates on COg fluxes

Mineralogical composition is a crucial property that often de-
termines the suitability of a prospective feedstock for enhanced weath-
ering and CO» mineralization (Power et al., 2013). Specifically, CO5
drawdown is greatly influenced by mineral dissolution rates, which vary
by orders of magnitude amongst minerals that have been considered for
CO3 sequestration and were examined in this study (Fig. 8; Power et al.,
2013).

The log dissolution rates for brucite, wollastonite, forsterite, diop-
side, and chrysotile (a serpentine polymorph) are -11.5, -12.5, -13.8,
-15.0 and -15.5 mol/cm?/s at the pH of the deionized water used in
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Fig. 7. Photographs of Venetia kimberlite residues used in experiments. A: White efflorescences formed on the surface of the FRD. TEROS 12 probes measured
volumetric water content, conductivity, and temperature. B: SEM micrograph of a secondary efflorescence on the FRD surface that was identified as a sulfate mineral
using EDS. C: White efflorescences formed on the surface of CRD. D: SEM micrograph of secondary sulfates on the surface of CRD. E: For comparison, sulfate
precipitates on the surface of fine kimberlite residues at Venetia Diamond Mine (marker for scale).

experiments (pH = 5.6), respectively (Fig. 8; e.g., Pokrovsky and Schott,
2000, 2004; Pokrovsky et al., 2009; Power et al., 2013; Thom et al.,
2013). The wollastonite skarn contained a major abundance of diopside
(41.0 wt.%) that has much slower dissolution rates than wollastonite
(Fig. 8). Consequently, wollastonite (21.6 wt.%) was likely the major
contributor to the drawdown of CO; in the experiment. Minerals with
faster dissolution rates such as brucite will buffer solution pH more than
less reactive phases. As approximations of pore water pH, slurries of the
brucite-quartz mixture, forsterite, wollastonite skarn, serpentinite, and
quartz had pH values of 9.98, 9.23, 8.83, 8.11, and 7.8, respectively,
which is indicative of their bulk mineral dissolution rates. These pH
values were reasonably well estimated using PHREEQC (Parkhurst and
Appelo, 2013) except for quartz that showed greater buffering likely due
to the presence of trace carbonate cement as indicated by TIC data (16
ppm C). The most negative CO, fluxes were achieved using sediments
with faster dissolving minerals (e.g., brucite), capable of greater pH
buffering. Paulo et al. (2021) tested the reactivity of these same feed-
stocks using batch CO5 leaches and found that brucite ore was the most
reactive material followed by wollastonite skarn, forsterite and

10

serpentinite, which is consistent with CO; fluxes measured in this study.

Relatively inert quartz sand exhibited overall positive COy fluxes,
which were also affected by diurnal temperature fluctuations at the end
of the experiment (Fig. 4A). Negative fluxes were recorded for all other
experiments after water addition due to mineral dissolution and buff-
ering of pore water pH. Single-hydroxide minerals (e.g., brucite)
generally dissolve orders of magnitude faster than multi-oxide minerals
(e.g., forsterite; Fig. 8); however, for short periods some silicates (e.g.,
serpentine minerals) may dissolve more rapidly due to easily extractable
(labile) cations on mineral surfaces (Power et al., 2020; Vanderzee et al.,
2019). In this study, brucite-quartz mixtures exhibited similar fluxes (e.
g., -630 g COo/m?/yr) to the forsterite sand (e.g., -500 g CO5/m?/yr)
immediately after the addition of water. These two feedstocks achieved
similar initial drawdown rates despite very different dissolution rates
due to the reaction of labile Mg. Vanderzee et al. (2019) define labile Mg
as being easily extractable such as from the dissolution of highly reactive
phases (e.g., brucite) and release of loosely bonded Mg ions from silicate
surfaces (e.g., forsterite and serpentine polymorphs). Each consecutive
wetting of the forsterite sand resulted in less CO2 drawdown. This
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Fig. 8. Dissolution rate (log) versus pH for brucite, wollastonite, forsterite,
diopside, chrysotile, and chlorite (Modified from Power et al., 2013). Dissolu-
tion rates for diopside and chlorite were added from Declercq and Oelk-
ers (2014).

finding can be attributed to a loss in reactivity as labile Mg ions were
stripped from surfaces (Power et al., 2020; Thom et al., 2013).
Conversely, fluxes became more negative in the brucite experiment until
day 7 (Fig. 5A) given that brucite is itself a source of labile Mg, which did
not become exhausted during the experiment. Thus, exposing the labile
component of more recalcitrant phases will yield a greater drawdown in
CO and prevent loss in reactivity.

Serpentinite sediments also showed an initial drawdown of CO5
likely owing to pH buffering caused by labile Mg dissolution (Fig. 4C).
Similarly, Power et al. (2020) demonstrated that the majority of Mg
released from serpentinite with trace to major abundances of brucite
(<1-10 wt.%) occurred rapidly in flow-through leaching experiments
due to the release of Mg ions on serpentine surfaces (Thom et al., 2013)
and complete dissolution of brucite. The labile component of these
samples cannot be regenerated, as was observed in the forsterite
experiment where reactivity was not regained during subsequent wet-
ting periods (Fig. 4B). Preferential release of Mg during olivine disso-
lution can form silica-rich layers that passivate surfaces and slow
dissolution rates (Daval et al., 2011; Pokrovsky and Schott, 2000; Rosso
and Rimstidt, 2000). Serpentine dissolves approximately two orders of
magnitude slower than forsterite (Fig. 8). This difference in dissolution
rates was compensated by serpentine having a greater specific surface
area (25.30 mz/g) than the forsterite sediments (1.14 mz/g; Table 3),
which equates to more labile Mg being available for carbonation
reactions.

Labile Ca is also of interest for CO, mineralization. The skarn was a
mixture of wollastonite (21.6 wt.%) and less reactive and more abun-
dant diopside (41.0 wt.%; Fig. 8). The most negative flux was recorded
immediately after water addition due to the reactivity of labile Ca.
Although diopside may have provided labile Mg and Ca from its sur-
faces, the more reactive wollastonite was likely the leading cause of CO5
drawdown. Targeting surface cations allows for an initial drawdown in
CO4, for recalcitrant silicate phases; however, this reactivity cannot be
maintained for extended periods.

5.2. Effect of permeability, water, and temperature on CO2 fluxes

Water content and permeability play a crucial role in COy fluxes.
Water is required for mineral dissolution, hydration of CO,, and pre-
cipitation of hydrated carbonate minerals. Thus, carbonation rates can
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be limited in low water conditions (Assima et al., 2013; Harrison et al.,
2015), while too much water decreases permeability limiting CO9
ingress (Wilson et al., 2011). Grain size also affects permeability (Earle,
2015) and CO; supply, that latter being a rate-limiting factor in the
carbonation of reactive phases such as brucite (Power et al., 2013).

In the flat brucite-quartz experiments, COy fluxes became more
negative as the sediment dried, which can be explained by the increase
in permeability as porewater evaporated (Fig. 5A). Other studies have
shown that brucite carbonation is CO; supply limited (Harrison et al.,
2013; Power et al., 2016; Wilson et al., 2010, 2014) as it has a rapid
dissolution rate (Fig. 8) compared to more recalcitrant Mg-silicate
minerals. After reaching the most negative flux on day 7, fluxes
became less negative due to insufficient water. The optimal water con-
tent of 14-33% saturation determined in this study differs from previous
brucite carbonation studies. For instance, Assima et al. (2013) and
Harrison et al. (2015) found that the ideal water content for brucite
carbonation ranged from 30 to 60%, however, CO, injection methods
were used which differs from this study.

The relative permeability of mineral wastes with respect to the gas
phase is known to change depending on the degree of saturation,
whereby lower water content can increase COy ingress (Fernandez
Bertos et al., 2004). In brucite carbonation microfluidics experiments,
Harrison et al. (2017) noted that the gas-water interface tends to in-
crease as evaporation progresses. As brucite-quartz sediments dried, the
gas-water interface would have increased, allowing for greater CO5
uptake from the gas phase into pore waters as measured by the CO5 flux
analyzer. However, this interface would have decreased upon further
drying, and there would have been insufficient water for carbonation
reactions. Hence, CO;, fluxes became less negative (Fig. 5A).

Tilling also had an impact on water saturation and CO5 supply. In the
tilled brucite-quartz experiment, initial fluxes were greater than twice
those observed in the flat experiments due to increased CO2 supply
(Fig. 5B). Tilling improves aeration (Buragiene et al., 2019) but also
promotes evaporation. Consequently, fluxes became less negative due to
water loss towards the end of the experiment. Similarly, the tilled
wollastonite experiment exhibited more negative fluxes than the flat
experiments. Water content reached nearly dry conditions in tilled ex-
periments (11%) two days earlier than those with a flat surface (13%),
demonstrating that increasing exposure to the atmosphere accelerates
evaporation and subsequent CO5 drawdown.

The weathering and carbonation of recalcitrant silicate minerals are
limited by the rate of cation release, i.e., mineral dissolution (Power
et al., 2013; Schott et al., 2009). Forsterite (Fig. 4B) and serpentinite
(Fig. 4C) experiments exhibited the most negative fluxes immediately
after water addition. Furthermore, CO; fluxes returned to more negative
values in response to each water addition during the wetting and drying
cycles of the forsterite experiments. This response is a result of more
forsterite dissolution and subsequent release of Mg. The rate of weath-
ering of these minerals depends not only on mineralogy and reactive
surface area but also the water-rock ratio, which was greatest immedi-
ately after wetting (Brantley and Mellott, 2000; Helgeson et al., 1984;
White and Brantley, 2003). In other words, the greater water-rock ratios
at the beginning of the experiments allowed for greater mineral disso-
lution, pH buffering, and CO, drawdown.

Laboratory temperature varied during the CO5 flux experiments,
ranging between 19 and 32 °C with the coolest temperatures during fall
months and the warmest during summer months. Relative humidity
ranged from 8 to 85%, with lower humidity in the winter and the highest
in the summer. Generally, cooler temperatures were recorded mid-
morning and warmer temperatures in the early evening. These diurnal
fluctuations caused CO; fluxes to vary towards the end of experiments
with less reactive material (e.g., forsterite; Fig. 4B). Conversely, tem-
perature did not affect strongly negative fluxes that occurred when the
water content was high or for more reactive feedstocks.
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5.3. Solubility versus mineral trapping of CO2

Solubility trapping of CO5, refers to its storage as a dissolved phase (e.
g., HCO3-), whereas mineral trapping or mineralization of CO; involves
storage within carbonate minerals (Gilfillan et al., 2009). In experi-
ments, negative fluxes were measured for all materials after water
addition with the exception of quartz, demonstrating the removal of COy
from the atmosphere. The CO; flux analyzer measures the change in CO5
concentration in the chamber, which is the drawdown of CO5 from the
atmosphere into pore waters, i.e., solubility trapping of CO, (Eq. 1).
Mineral trapping of CO, was determined by measuring the increase in
TIC and detection of secondary carbonates using XRD and will only
occur if pore waters become saturated and precipitate a carbonate
mineral. In the quartz experiment, positive CO; fluxes may have resulted
from the dissolution of minor carbonate cement.

CO fluxes remained negative throughout the brucite-quartz and
wollastonite skarn experiments (Figs. 9A and B), indicating a net
removal of CO,. Based on TIC and XRD data, approximately 3.3 (0 to
+11.6 g CO2) and 7.1 g CO; (0 to +28.2 g CO2) was stored as hydro-
magnesite and calcite owing to the carbonation of brucite (Eq. 13) and

wollastonite (Eq. 14), respectively.
SMg(OH)z(S) + 4C02 - Mgs(CO3)4(OH)2'4H20(S) (13)
CaSiO3(S> + CO, - CaCO3(5) + SiO, (14)

Fluxes during brucite-quartz experiments corroborate these results

Brucite tilled

Brucite flat
run 1

run 1

:

-500

-1,000

-1,500

Brucite tilled
run 2

-2,000

Flux (g CO2/m2/yr)

Brucite flat
run 2

-2,500
Mean X

Median ——
-3,000

800

run 1

600

, Forsterite

400

Serpentinite flat

200

Wollastonite flat run 1
Wollastonite tilled run 1

.
H—%—l Quartz flat
.
Quartz tilled »—:—E—u

0_

-200

Flux (g CO2/m2/yr)

-400

run 2
run 2

Forsterite

-600 _

Wollastonite flat
Wollastonite tilled

Serpentinite tilled +

-800 -

International Journal of Greenhouse Gas Control 113 (2022) 103554

with a net removal of 1.6 g of CO. In the flat and tilled wollastonite
experiments, a net removal of 0.12 and 0.13 g COy was achieved;
however, these results were inconsistent with changes in TIC [0.04% (0
to +0.16%)]. This discrepancy is likely due to the heterogeneity of the
wollastonite skarn sediments, making it challenging to determine the
overall change in TIC accurately.

CO;, fluxes for the forsterite and flat serpentinite experiments became
positive on days 7 and 5 when water saturation decreased below 50%
and 25%, respectively. Tilled serpentinite reached positive values after
day 2 at 22% saturation. Maximum positive fluxes reached 470, 250,
and 730 g CO,/m?/yr for forsterite, flat serpentinite, and tilled serpen-
tinite, respectively (Figs. 4B and C). In the forsterite experiments, there
was a removal of 0.04 g CO»; however, no increase in TIC was detected.
The flat serpentinite experiment removed 0.01 g CO, while the tilled
experiment lost 0.19 g CO,. No changes were detected in TIC, indicating
that no secondary minerals precipitated or these were below the
detection limit. Results suggest that CO5 had been stored as a soluble
phase (e.g., HCO3-) under high water content but was degassed as
evaporation progressed. By combining CO flux and TIC measurements,
we distinguished between solubility and mineral trapping, which will
improve carbon accounting.
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Fig. 9. Range in CO fluxes (g CO,/m?/yr) for powdered rocks and Venetia residues. The graphs show the variability in fluxes for the experiments using A: brucite-
quartz mixture (flat and tilled), B: quartz (flat and tilled), forsterite, serpentinite (flat and tilled), and wollastonite (flat and tilled), and C: Venetia FRD, CRD, and DVK
samples. The mean and median in each dataset is represented by an X and black line within box plot. The top quartile of the data (Q3) is the upper half of the box and
the bottom quartile (Q1) is the lower half. Minimum and maximum measurements are represented by whiskers.
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5.4. COg sequestration at the Venetia diamond mine

5.4.1. Suitability and capacity of kimberlite residues

In 2016, Venetia emitted 210,000 t of COse and treated 4.74 Mt of
ore (Mervine et al., 2018), creating a substantial amount of processed
kimberlite that can be used as a feedstock for ERW and CO5 minerali-
zation (Mervine et al., 2018; Power et al., 2014; Rollo and Jamieson,
2006; Wilson et al., 2011). Venetia kimberlite contains desirable min-
erals for COy sequestration, including lizardite, diopside, and clino-
chlore, that may contribute Ca and Mg required for secondary carbonate
precipitation. Of these target minerals, lizardite likely has the greatest
potential for CO, mineralization due to its Mg content, faster dissolution
rates (Fig. 8), and high surface area (Power et al., 2014, 2013). For
example, Wilson et al. (2009a) identified secondary hydrated magne-
sium carbonates resulting from the weathering of mine wastes domi-
nated by serpentine minerals. Fewer studies have focused on diopside
and clinochlore carbonation; however, these minerals have been iden-
tified in peridotite and serpentinite studied for CO, sequestration
(Beinlich et al., 2012; Kelemen et al., 2011; Meyer et al., 2014; O’Con-
nor et al., 2002).

Venetia has a maximum capacity to offset 0.84-1.47 Mt CO,
assuming complete carbonation of the CaO and MgO within the 4.74 Mt
of kimberlite residues to form carbonate minerals with a 1:1 molar ratio
with C. However, ERW and CO, mineralization rates will mainly be
limited by mineral dissolution, residue storage conditions, and climate.
For instance, Paulo et al. (2021) tested the reactivity of the CRD and FRD
residues and pulverized DVK ore and found these to have the potential to
sequester 9, 7, and 5 kg COy/t residues, respectively, based on the
release of easily extractable cations from non-carbonate sources. This
portion of the CO5 sequestration capacity is likely the most accessible,
and therefore, should be targeted when implementing strategies to
enhance passive carbonation.

5.4.2. Evidence of passive carbonation at Venetia

Process waters are recovered from the FRDs and are circulated back
to the ore processing circuit. This reuse of process water in an arid
climate allows for evapoconcentration of ions (e.g., Ca®" and C032') that
likely leads to secondary mineral precipitation. Fine residues often
become lightly cemented at the surface due to drying and readily fizz
with dilute HCI acid, indicating the presence of fine-grained carbonate.
Similarly, other studies have documented secondary carbonate forma-
tion within mine wastes being driven by evaporation (Acero et al., 2007,
2009; Bea et al., 2012; Wilson et al., 2014). In addition, white sulfate
efflorescences are commonly seen on the surface of dry fine residues
(Fig. 7E). The presence of more soluble sulfate minerals suggests that
pore waters are saturated with respect to less soluble carbonate minerals
(e.g., calcite).

Venetia process waters are supersaturated with respect to calcite yet
undersaturated with respect to hydrated Mg-carbonates. However, it is
difficult to distinguish between primary and secondary calcite using
techniques such as XRD. Furthermore, newly precipitated carbonate that
is less than ~0.5 wt.% or is a hydrated Mg-carbonate will unlikely be
detected by XRD due to low abundance and poor crystal structure.
Wilson et al. (2011) used XRD methods to quantify the abundance of
nesquehonite (MgCO3-3H20) to determine the rates of CO2 removal
within kimberlite mine wastes at the Diavik Diamond Mine, Northwest
Territories, Canada. This hydrated Mg-carbonate is known to only form
at or near Earth’s surface conditions (Konigsberger et al., 1999) and
would not be present as a primary phase in kimberlite ore. Other studies
have also relied on extensive sampling and quantitative mineralogy to
estimate passive carbonation rates occurring within ultramafic mine
wastes (Turvey et al., 2018; Wilson et al., 2011, 2014). For instance,
nearly 1000 samples were required to estimate the passive carbonation
rate within the tailings impoundment (~16.6 km2) at the Mount Keith
Nickel Mine, Western Australia, using quantification of hydrated
Mg-carbonates and their carbon isotopic signatures (Wilson et al.,
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2014). CO4 flux measurements may provide an alternate method for
assessing passive carbonation at mines such as Venetia.

5.4.3. Direct measurement of COz uptake into kimberlite residues

Experimental results show that mineralogy and the degree of pore
water saturation have the most influence on CO, fluxes. The Venetia
kimberlite residues contain a variety of alkaline silicates (Table 4) that
may buffer pH and contribute dissolved Mg and Ca that are needed for
carbonate precipitation. Serpentine and diopside are the two minerals
common between the powdered rocks and Venetia residues used in this
study. CRD and FRD experiments showed logarithmic trends in CO3 flux
values (Figs. 6A and B) similar to those in the serpentinite experiments
(Fig. 4C), where the most negative fluxes were observed immediately
after the first wetting and then increased as evaporation progressed.
Similar to the forsterite experiments, CO fluxes became less negative in
the FRD and CRD as water was added due to the loss of labile cations.
Water saturation for the tilled FRD was underestimated due to poor
contact with the probe, similar to the tilled wollastonite experiment.

The mineralogical composition of CRD and FRD residues were
similar (Table 4), yet the physical properties showed substantial dif-
ferences that impacted the drawdown of CO,. The CRD residues were
much coarser than the FRD residues, which enhanced their permeability
and facilitated CO; ingress. Despite the substantial difference in particle
sizes, specific surface areas for the CRD and FRD were similar at 5.80
and 7.70 m?/g, respectively. These surface areas and dominated by clay
minerals, and therefore, do not represent the reactive surface area of the
target minerals (serpentine, diopside, and clinochlore). However, it is
still expected that the finer residues are more reactive, yet CO; ingress is
hindered by lower permeability.

The white efflorescences, sampled from the surfaces of the FRD
(Figs. 7A and B) and CRD (Figs. 7C and D) residues, were identified as
sulfates using EDS. Precipitation of non-carbonate minerals may
decrease CO, sequestration potential as these minerals use valuable
cations required for carbonate precipitation. In environments where
both sulfates and carbonates are detected, it is likely a result of differ-
ences in water content and evaporation rates. Evaporite minerals such as
sulfates (Jambor et al., 2000) are commonly more soluble than car-
bonates and require nearly dry conditions to form, similar to conditions
towards the end of experiments in this study. No changes were detected
in TIC in the FRD experiment. The CRD material was too coarse and
heterogeneous to accurately detect any small changes in TIC to confirm
the storage of CO5 via mineral trapping. The initial negative CO fluxes
reflect momentary solubility trapping before evaporation and CO;
degassing in the MVK-dominated CRD and FRD. These results highlight
the limitations of using TIC to assess CO removal.

Although DVK lacked any highly reactive phases, it showed similar
CO, drawdown trends as the brucite-quartz experiments. Negative
fluxes were recorded immediately after water addition; however, the
greatest period of CO, drawdown was from days 1 to 4 as sediments
dried from 54% to 41% saturation. The most negative flux of -870 g
CO,/m?/yr occurred between days 2 and 3. Although this rate differs
from the brucite-quartz experiment, similar parabolic patterns were
observed. The reactivity of DVK is best explained by the presence of
easily extractable cations on mineral surfaces that had not been removed
by process water, as was the case for the CRD and FRD. For comparison,
DVK consumed over three times the amount of CO, compared to CRD
and FRD (Fig. 9C). However, CO, fluxes were not nearly as negative
after the second water addition (Fig. 5G). The FRD, CRD, and DVK ex-
periments showed that repeated wettings caused fluxes to become less
negative due to the loss of easily extractable cations.

6. Implications for enhanced rock weathering and CO»
mineralization

In this study, CO, fluxes were comparable to other approaches for
measuring CO, removal, which are more time and labor intensive
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(Wilson et al., 2011, 2014). For less reactive materials, fluxes were at
times low and fluctuated due to temperature variations, indicating that
measurements were at or approaching the instrument’s detection limit.
In these circumstances, additional monitoring approaches should be
utilized. Coupling CO5 flux measurements with additional data such as
TIC and quantitative mineralogy can provide evidence for mineral
trapping, a long-term sink for CO,. However, if the feedstock is too
coarse, as was the case for the CRD residues from Venetia, and has a
highly variable carbon content, then TIC changes may not be detectable.
With the ability to rapidly measure CO, drawdown, CO, sequestration
can be monitored over time with certainty and efficiency in more
reactive feedstocks such as brucite-bearing tailings, wollastonite skarn,
or unweathered ultramafic mine wastes.

The mining industry will play an essential role in developing
enhanced rock weathering and CO5 mineralization at their mines or
supplying powdered alkaline rock for off-site use. Annually, ~419 Mt of
ultramafic and mafic mine tailings are produced that have substantial
potential to sequester COy (Power et al., 2014, 2013) Bullock et al.
(2021) estimates that between all deposit types, primarily from mafic
and ultramafic rocks and Cu-hosting deposits, there is the potential to
sequester ~1.1-4.5 Gt CO, annually. The use of existing mine wastes (e.
g., tailings and residues) reduces the overall cost of ERW as mining and
processing of rock has already occurred (Strefler et al., 2018).

The feedstocks tested in this study have mineral dissolution rates that
vary by orders of magnitude (Fig. 8) and, as a result, will achieve vari-
able rates of COy sequestration. Weathering of recalcitrant silicate
minerals is limited by dissolution and can be enhanced by having a
greater fluid:rock ratio as was demonstrated in the forsterite and ser-
pentinite experiments. Practically, this enhancement would be achieved
by spreading powdered rock out over larger areas (Renforth, 2012;
Schuiling and Krijgsman, 2006, and references therein), thus exposing it
to more reactive fluid (i.e., carbonic acid in rainwater). Dispersal of
these feedstocks in various environments has been proposed, including
croplands (Beerling et al., 2018; Haque et al., 2019; van Straaten, 2007),
coastal areas (Hangx and Spiers, 2009), seawater (Rigopoulos et al.,
2018), and at mines (Wilson et al., 2011, 2014). For example, Turvey
et al. (2018) estimated a CO, removal rate of 230-405 g COg/mz/yr at
the Woodsreef Chrysotile Mine in New South Wales, Australia, similar to
the most negative flux measured in the serpentinite experiment (-260 g
CO,/m?/yr). If practically and environmentally responsible, greater
dispersal of mine wastes on- or off-site would allow for greater exposure
to rainfall (i.e., dilute carbonic acid), thereby enhancing rates of COy
sequestration.

Dispersing highly reactive phases such as brucite will also enhance
CO4 removal. The most negative COy flux measured in the brucite
experiment was -2940 g CO,/m?/yr, which is consistent with an
experimental weathering study by Power et al. (2020) and a field study
by Wilson et al. (2014) that determined CO, removal rates of -3500 and
-2400 g CO,/m?%/yr in brucite-bearing ultramafic tailings, respectively.
McQueen et al. (2020) proposed enhanced weathering using recycled
magnesite calcined to produce highly reactive magnesia (MgO). The
authors recommend dispersing magnesia as a 10 cm layer and suggest
this material will completely react to form magnesite within a year,
providing a CO; sequestration rate of -160,000 g COZ/mZ/yr. Reaction
rates were based on brucite dissolution experiments (e.g., Pokrovsky and
Schott, 2004); however, the CO, removal rate is approximately 50 times
faster than the fastest rate measured in brucite experiments from this
study (-2940 g CO,/m?/yr). Brucite carbonation is limited by CO,
supply (Harrison et al., 2013; Wilson et al., 2014) or, more practically,
the ingress of atmospheric CO into the porous sediments. Furthermore,
CO4, fluxes in this study became less negative as sediments dried, and
thus, brucite and magnesia will be much less efficient at removing CO2
under dry conditions. CO5 flux analyzers could be deployed in the sce-
nario proposed by McQueen et al. (2020) for real-time monitoring of
CO, removal.

ERW and CO; mineralization may be deployed at the mine site.
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Passive carbonation has been documented at several mines, including
Woodsreef (Oskierski et al., 2013; Turvey et al., 2018), Clinton Creek
(Wilson, 2006; Wilson et al., 2009a), Mount Keith (Bea et al., 2012;
Wilson et al., 2014), and Diavik (Wilson et al., 2011, 2009b). Extrapo-
lating the most negative fluxes from experiments to the Venetia FRD and
CRD storage facilities suggests maximum passive carbonation rates of
~630 and 70 t CO2/yr can be achieved, respectively. The maximum flux
for the pulverized DVK, which is expected to be the dominant kimberlite
facies being mined for future production at Venetia, equates to a
maximum CO; sequestration rate of ~3045 t COy/yr (~1.5% offset) for
the FRD impoundments. These rates assume that the entire area of the
FRD impoundments is utilized at ideal water saturation.

At Venetia, the deposition of fine residues is alternated between
FRD1 and FRD2, where the inactive impoundment becomes dry in the
upper few 10’s of centimeters. This scenario is not ideal because the lack
of water hinders mineral dissolution and subsequent carbonation re-
actions, as was noted in our experiments. Conversely, deposition in the
active impoundment causes ponding which limits the drawdown of CO4
due to pore spaces being completely filled with water (Wilson et al.,
2011). Similarly, the ingress of CO5 was limited at high water content (i.
e., low permeability) in the DVK experiments, but as evaporation pro-
gressed, there was a greater drawdown of CO5 with the most negative
flux recorded at 40% saturation. The initial pore water content of the
residues at Venetia is 100%, as these are deposited as a slurry. Allowing
residues to dry through the range of ideal water content (60% to 30%)
would optimize CO; sequestration. Therefore, we recommend that both
of the impoundments at Venetia be simultaneously utilized to make use
of the entire FRD area while keeping water saturation at optimal levels
by reducing ponding through improved drainage and minimizing
desiccation by more frequent slurry deposition.

Exposing reactive mineral surfaces that contain easily extractable
cations (e.g., surface Mg) is needed to achieve greater CO, drawdown
rates. If the fine residues at Venetia were distributed at the same
thickness as experiments (8.5 cm), the mine would need to deposit its
residues six times per year over the entire FRD area (3.5 kmz). This
management practice would allow 65 days of reaction, a sufficient
period to react easily extractable cations. We recommend more frequent
and thinner slurry flows to increase residue exposure and better control
water content.

The greatest COy drawdowns using CRD were recorded at the
beginning of the experiments when water saturation was highest (60%;
Fig. 6). The mine could attempt to maintain the water supply within the
CRD while also exposing fresh surfaces as repeated wetting causes a loss
in reactivity. The high permeability of these residues would allow for
repeated leaching, possibly through the circulation of water, to enhance
mineral dissolution, but would likely have a negative impact on the
mine’s water budget.

Mine waste impoundments are designed for containment and, in
most cases, to prevent exposure and weathering. The Venetia fine resi-
dues are contained in relatively small impoundments, which limits CO4
removal. For comparison, the tailings impoundment at the Mount Keith
Nickel Mine is nearly five times the size (16.6 kmz) of Venetia’s FRDs
(~3.5 km?). If Venetia were to disperse residues over an area equivalent
to the impoundment at Mount Keith, there would be the potential to
offset ~7% of their annual CO, emissions based on the most negative
flux recorded in DVK experiments. This comparison highlights the need
to disperse residues at the mine or offsite locations more widely.

7. Conclusion

Directly measuring CO; fluxes is an effective tool for assessing CO3
removal rates in different mine wastes and rock powders. This method
allows for high-resolution and real-time measurements of CO5 influx and
efflux and can be deployed at mines or ERW application sites. The
mineralogical composition of feedstocks has the greatest impact on CO»
fluxes, followed by water content, which should be optimized to
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enhance CO, drawdown. For many feedstocks, CO, fluxes were most
negative following water addition but became positive as drying pro-
gressed or when feedstocks failed to regain their initial reactivity after
the repeated wettings. This loss in reactivity is attributed to the removal
of labile cations. Targeting the labile component in recalcitrant silicates
provides rapid initial dissolution rates, enhancing CO, drawdown.
Coupling fluxes with total inorganic carbon data helps differentiate
between mineral and solubility trapping of CO,. Modifying management
practices at an active mine to increase residue exposure time, expand the
dispersal area, and optimize water saturation will lead to greater COy
removal. Dispersal of mine wastes offsite over large areas in an ERW
approach would allow longer reaction times to access a greater portion
of the large CO5 sequestration capacity of these residues held within the
recalcitrant silicates.
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