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ARTICLE INFO ABSTRACT

Editor: Oleg Pokrovsky Enhanced rock weathering is a proposed CO, removal strategy for mitigating climate change; its implementation
can be facilitated by improving carbon verification methods. In this study, weathering experiments exposed
Keywords: brucite, wollastonite skarn, serpentinite, and kimberlite residues (Venetia Diamond Mine, South Africa), to
E“ha“§ed roFk v.veathering wetting and drying cycles (4/day) for 1 yr to elucidate reaction pathways and rates while evaluating carbon
282 Zx:nerathz?non verification tools, including mineral quantification, total inorganic carbon (TIC), and stable and radiogenic

> sequestration carbon isotopes. Two primary reaction pathways were identified: A) silicate and hydroxide dissolution leading to

g;ﬁlct;:hte carbonate precipitation (desirable), and B) dissolution and reprecipitation of carbonates (undesirable). The
Wollastonite skarn kimberlite residues, containing serpentine (19-33 wt%) and calcite (4-5 wt%), experienced variable and minor
Stable isotopes changes in total inorganic carbon. The §'C and §'®0 values of the carbonate minerals approached those ex-
Radiocarbon dating pected for atmospheric-derived CO, and are best explained by the exchange of carbonate CO, with atmospheric
Carbon verification CO» (pathway A) as opposed to net CO; sequestration. In contrast, the reaction of brucite (1.22% to 5.98%) and

wollastonite skarn (0.22% to 1.01%) with atmospheric CO was substantial, as indicated by the increases in TIC
(pathway B) yet decreases in 5'3C values were inconsistent with the incorporation of atmospheric CO5 as a result
of kinetic isotope fractionation due to carbonation being CO» supply limited. The pulverized serpentinite
experience insufficient carbonation to be detected by TIC. Unweathered (blue ground) and naturally weathered
(yellow ground) kimberlite from the Voorspoed Diamond Mine, South Africa were compared to kimberlite
residues used in experiments. Yellow ground contained twice the TIC content compared to blue ground whereas
quantitative scanning electron microscopy revealed calcite veinlets that are characteristic of secondary miner-
alization. While the blue and yellow ground samples were essentially radiocarbon dead (0.03 and 0.05 F!“C,
respectively), substantial modern carbon was incorporated into the kimberlite (up to +0.27 F14C; CO3 exchange),
brucite (+0.55 F14C), and wollastonite skarn (+0.53 F”C; CO, sequestration) powders during weathering ex-
periments. Although stable and radiogenic carbon isotopes have been used to verify the mineralization of at-
mospheric CO,, these methods are affected by CO5 exchange and kinetic fractionation effects during weathering
that can be misleading and, thus, should not be relied on as sole methods for carbon verification.
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1. Introduction

The development and implementation of negative emission tech-
nologies (NETs) has been advised by the United Nations Framework
Convention on Climate Change to meet global reduction targets (EASAC,
2018). Low cost and energy NETs such as enhanced rock weathering
(ERW) aim to store carbon as either an aqueous (e.g., HCO3) or solid (e.
g., carbonate mineral) phase (Andrews and Taylor, 2019; Beerling et al.,
2018; Taylor et al., 2015; Wilson et al., 2011; Wilson et al., 2014). ERW
involves dispersing pulverized alkaline rocks over large areas where
these materials weather and react with atmospheric COy (Renforth,
2012). Similarly, passive CO5 mineralization of fine-grained ultramafic
and mafic mine wastes can occur via weathering within impoundments
at mine sites. In both processes, CO, sequestration occurs where fine-
grain alkaline materials with high surface areas are exposed to weath-
ering, including dissolution of silicate and hydroxide minerals and
precipitation of secondary carbonates during wetting and drying periods
(Stubbs et al., 2022; Wilson et al., 2014). Rock and mineral feedstocks
including powdered brucite [Mg(OH),], wollastonite skarn (CaSiO3)
skarn, and serpentine group minerals [MgsSioOs(OH)4] in serpentinite
have been studied for ERW and are used in this study due to their
desirable mineralogy and varying degrees of reactivity. In addition to
these powered rocks, kimberlite residues from the Venetia Diamond
Mine in South Africa were used as a feedstock for CO, mineralization.

This study is part of De Beers’ Project CarbonVault, a research pro-
gram designed to capture and store carbon via mineral carbonation of
kimberlite from diamond mines. Prior to this project commencing, only
a few studies had explored CO5 mineralization at diamond mines (Rollo
and Jamieson, 2006; Wilson et al., 2011; Wilson et al., 2009b); however,
recent studies have further examined the potential of kimberlite mine
wastes to sequester CO,, including reactivity with CO5 and direct mea-
surement of CO5 drawdown in these wastes (Mervine et al., 2018; Paulo
et al., 2021; Stubbs et al., 2022). Kimberlite residues are a desirable
feedstock for ERW as this would make use of a waste product that re-
quires no additional comminution (Li et al., 2018), and they have
favorable mineralogical and geochemical compositions (Stubbs et al.,
2022). These residues from the Venetia Diamond Mine, South Africa,
have the capacity to draw down COs during rainfall simulation as
demonstrated by Stubbs et al. (2022) and are a desirable feedstock for
ERW (Paulo et al., 2021).

Water plays a vital role in carbonation reactions as it is needed to
promote cation release, hydration of CO,, and carbonate mineral pre-
cipitation (Power et al., 2013b), a crucial part of the inorganic carbon
cycle. In nature, wetting and drying cycles depend on precipitation
events (i.e., rainfall; Yang et al., 2009). The release of cations, including
Mg and Ca?*, occurs during the dissolution of minerals and, once
released into solution, they are available for carbonate precipitation
(Power et al., 2013b). At mines, tailings and other waste products are
exposed to wetting periods through precipitation events including
rainfall or exposure to process waters (Fall et al., 2009; Stubbs et al.,
2022). After residues have been exposed to a wetting period, they may
dry, allowing evaporation to drive precipitation of secondary carbonate
minerals (Acero et al., 2007; Acero et al., 2009; Bea et al., 2012; Wilson
et al.,, 2011; Wilson et al., 2014). Experiments in this study were
designed to simulate natural wetting and drying to initiate carbonation
of the respective feedstocks.

Carbon verification is necessary to ensure the reliability and credi-
bility of carbon removal (IPCC, 2022). Identifying sources and sinks of
carbon to understand how carbon is cycled in complex open systems,
such as mine sites, remains challenging. For instance, carbonate min-
erals that form from the weathering of kimberlite mine wastes at dia-
mond mines may incorporate a range of carbon sources including mantle
carbon from the kimberlite, sedimentary carbon from country rock,
carbonate formed though kimberlite alteration, modern or ancient or-
ganics (e.g., degraded vegetation or even bitumen), and atmospheric
CO4 (Wilson et al., 2011). Carbon can often be recycled through rock
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weathering, making it challenging to determine if atmospheric CO has
been sequestered. Stable carbon and oxygen isotopes of secondary car-
bonates have been used to identify carbon sources and sinks to
demonstrate the sequestration of atmospheric CO5 (Flude et al., 2017;
Oskierski et al., 2013; Wilson et al., 2011). Additionally, radiocarbon
can be used as a tracer for atmospheric CO, (Finstad et al., 2023) as it
can determine whether or not modern carbon has been incorporated into
carbonate minerals and can provide a quantitative estimate for the
sequestration of modern carbon (Oskierski et al., 2013; Wilson et al.,
2011). In this study, a variety of tools including total inorganic carbon,
mineralogy, and stable and radiogenic carbon isotopes were used to
understand carbon cycling in simulated weathering experiments with
few carbon sources.

This study investigated weathering of kimberlite residues and rock
powder for CO5 removal with the goals of (1) better understanding the
effects of wetting and drying cycles on weathering, (2) determining CO»
removal rates, (3) elucidating carbon cycling using stable and radio-
genic carbon isotopes, (4) characterizing yellow ground (i.e., weathered
kimberlite) in the context of CO5 mineralization, and (5) scrutinizing
carbon verification techniques. To accomplish these goals, year-long
wet-dry cycling experiments were performed using rock powders (bru-
cite, wollastonite skarn, and serpentinite) and kimberlite residues from
the Venetia Diamond Mine in South Africa. These results are compared
to blue ground (i.e., unweathered kimberlite) and rare yellow ground
samples that formed through prolonged weathering of kimberlite. The
findings from this study have implications for the use of kimberlite
residues for enhanced weathering and highlight the importance of using
multiple carbon verification techniques to monitor CO; sequestration.

2. Methods
2.1. Fieldwork and sampling

Fieldwork and sampling were conducted at the Venetia Diamond
Mine, South Africa (Fig. 1A, C, and E), in May 2017 and 2018 at the fine
residues deposits (FRDs) and ore stockpiles. The fine residues are highly
heterogeneous due to the complex mineralogy of the kimberlite pipes,
incorporation of variable amounts and types of country rock during
mining, and the 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.
Residue samples used in this study were also used in previous studies
measuring CO; fluxes (Stubbs et al., 2022) and cation release (Paulo
et al., 2021). Several kilograms of dark volcanoclastic kimberlite (DVK)
were collected from the ore stockpile, placed in plastic bags, and further
processed in the laboratory. A bulk sample (several kilograms) of fine
residues was collected in large buckets as a slurry from one of the outlet
pipes at the FRD where some of the fines were lost when excess water
was discarded. Additional samples were collected at depth from the FRD
using a soil corer and at one location with the aid of a backhoe that
created a vertical face.

Sampling was also conducted at the Voorspoed Diamond Mine, South
Africa (Fig. 1B, D and F). Three field campaigns were conducted in 2016,
2017, and 2018 to collect weathered kimberlite samples. Two types of
blue ground were sampled including unweathered rock and freshly
pulverized kimberlite residues. Yellow ground, intermediately weath-
ered kimberlite, and thin carbonate coatings on cobbles of weathered
kimberlite were collected from the pre-1912 impoundment where
kimberlite rock and residues had been exposed to >100 years of
weathering. Multiple samples were 10s of centimetres in size and were
collected from the surface of the pre-1912 impoundment in plastic bags.

Wollastonite skarn samples (20.1 wt% pure) were provided as soil
amendment packages of sand-sized material from the Canadian
Wollastonite skarn quarry near Kingston, Ontario, Canada. Brucite
(73.5 wt% pure) was sourced from the Brucite Mine, Nevada, United
States and the serpentinite (95.7 wt% pure) was sourced from the Lizard
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Fig. 1. Photographs of the Venetia and Voorspoed diamond mines in South Africa. A: Satellite image of the Venetia mine, highlighting the Fine Residues Deposits
(FRDs; red box) and sampling area (green star). B: Satellite image of the Voorspoed mine with the pre-1912 mine wastes outlined by red box. C: Photograph of the
Venetia FRD, illustrating the variable water conditions that may exist, including ponding (left) and desiccation (right). D: Photograph of the Voorspoed pre-1912
impoundment showing partial natural revegetation. E: Photograph of the Venetia fine residues showing desiccation cracks (marker for scale). F: Closer view of
the historic Voorspoed mine wastes from which the yellow ground sample was collected. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Ophiolite, United Kingdom. Brucite and wollastonite skarn were chosen
for this study as they have been extensively studied for CO, minerali-
zation (Daval et al., 2009, 2010; Harrison et al., 2015; Harrison et al.,
2013; Kojima et al., 1997; Power et al., 2021) and have relatively simple
mineralogy and fast dissolution rates compared to the kimberlite resi-
dues. Serpentine minerals were selected as they are amongst the most
abundant minerals in the Venetia kimberlite residues (Stubbs et al.,
2022) and other ultramafic mine wastes (Power et al., 2013c; Pronost
et al., 2012; Wilson et al., 2009a), making them important minerals to
consider for mine waste carbonation.

2.2. Wet-dry cycling experiments

Wet-dry cycling experiments (Fig. 2) were conducted under labora-
tory conditions using fine kimberlite residues (17VEN-FRD1-P1K,
17VEN-FRD2-Cyclone-SampleB), pulverized DVK (K01 DVK2 and 2018
DVK) and rock powders containing wollastonite skarn, brucite and
serpentine (Table 1). No modifications to the FRD residues were made
for weathering experiments. Samples of Dark Volcanoclastic Kimberlite
(DVK) ore were crushed using a sledgehammer to a grain size of <1.6 cm
and then pulverized (FLSmidth Essa® LM2 Pulverizing Mill) for 5 s to a
final particle size <1 mm. Brucite, wollastonite skarn, and serpentinite
samples were pulverized for 15, 30, and 40 s until median particle di-
ameters (D50) of 8, 52, and 100 pm were achieved, respectively. These
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Fig. 2. Schematic of experimental apparatus for the wet-dry cycling experiments. Deionized water was continuously bubbled with laboratory air (~420 ppm CO3) to
maintain a pH of 5.6 and was delivered to the Foxy R1 fraction collector at a flow rate of 0.4 mL/min using a peristaltic pump. Samples were placed in the holder,
exposing them to 4 wet-dry cycles per day using a fan to increase evaporation. The Foxy R1 and the peristaltic pump were plugged into an uninterrupted power
supply that was connected to backup power to ensure the experiment was not interrupted.

Table 1
Sample list for wet-dry cycling experiments including localities, masses and
number of vials.

Sample Locality Mass Number of

(€3] vials
17VEN-FRD1-P1-K Venetia - FRD1 3.0 20
17VEN-FRD2-Cyclone-

SampleB Venetia - FRD2 3.0 20
K01 DVK2 Venetia - stockpile 3.0 20
2018 DVK Venetia - stockpile 3.0 20
Brucite Nevada, USA 3.0 4
Wollastonite skarn Kingston, Canada 3.0 20

Lizard Ophiolite,
Serpentinite UK 1.6 20

times were determined after testing different pulverizing intervals for
each sample until the most representative grain size was achieved. All
samples were homogenized prior to beginning the experiments.

Plastic 7-dram vials (=25 mL, diameter = 2.5 cm) were used to hold
samples in a 36-slot sample rack. Aliquots (3.00 g) of Venetia residues
sampled from the FRD were placed in each of the 36 slots in the first of
two experiments: 17VEN-FRD1-P1K, 17VEN-FRD2-Cyclone-SampleB,
K01 DVK2, and 2018 DVK. The second experiment used aliquots (3.00 g)
of 2018 DVK, wollastonite skarn, and brucite, resulting in thicknesses of
0.2-0.5 cm. Smaller aliquots (1.60 g) were used for serpentinite samples
due to slower infiltration and drying times relative to other samples. For
each of the samples 20 different vials were used to allow for duplicate
analysis, with the exception of brucite, which only utilized 4 vials due to
limited sample slots.

Experiments utilized two Foxy R1 fraction collectors (36 sample
position) from Teledyne ISCO and a Masterflex L/S Network-Compatible
Pump System fitted with L/S® 13 tubing that drew deionized water
(18.2 MQ-cm) from two 20 L Nalgene carboys to the inlet ports on the
Foxy R1 collectors. Masterflex® L/S® 14 tubing was connected to the
waste port of the collectors to allow circulation of deionized water back
to the reservoirs when not being dispensed to samples. Air was
constantly bubbled through the reservoirs. The pH of the deionized
water was measured using an Orion Star A321 pH meter and was
consistently at 5.6, which indicates the water was at equilibrium with
atmospheric CO,. The peristaltic pump was set to a flow rate of 0.4 mL/
min and the Foxy R1 was programmed to dispense water for 1 min (0.4
mL) to each of the 36 sample containers every 6 h. Prior to initiating
experiments, it was determined that 0.4 mL of water was needed to wet,
but not saturate, 3.0 g of sediment. The flow rate was checked every 3
months to ensure the proper amount of water continued to be dispensed.
Equipment was plugged into an uninterrupted power supply (900 W
capacity), which was connected to the building’s backup power (Fig. 2).

A large fan (50 x 50 cm) was placed over each of the Foxy R1 col-
lectors to reduce drying time and enable four wet-dry cycles per day
(average of 122 per month), simulating more rainfall events. A YesAir
air quality monitor from Critical Environment Technologies™ was used
to track temperature, relative humidity, and CO5 concentrations for the
duration of the experiment. The temperature stayed consistent within
5 °C, the relative humidity stayed consistent within 10%, and the CO5
concentration stayed within 15 ppm (398-413 ppm COy).

Sample vials were collected according to the following schedule:
every 2 weeks (first month), once per month (1-6 months), and then at
8, 10 and 12 months. Experiments ran for a total of 1 yr and 2 weeks.
Samples were replaced with new ones for duplicates in reverse order, e.
g., replacing the 2-week sample would then become the 1-year sample
later in the experiment. All samples were analyzed for total inorganic
carbon (TIC) and 3-, 6- and 12-month samples were also analyzed for
their stable carbon and oxygen isotope compositions. Initial and final
samples for 17VEN-P1K, 2018 DVK, wollastonite skarn, and brucite
were analyzed for radiocarbon. Secondary precipitates of the 12-month
samples were imaged using a stereomicroscope and scanning electron
microscope (SEM) and analyzed with energy dispersive spectroscopy
(EDS) and X-ray diffraction (XRD) to assess their chemical and miner-
alogical compositions.

2.3. Blue and yellow ground samples

Blue ground and yellow ground rock samples were crushed into
smaller fragments using a sledgehammer. Subsamples of these rocks
were collected, pulverized, and homogenized for further geochemical,
mineralogical, and isotopic analysis. Surficial, mm-scale carbonate
coatings (n = 11) were collected from the remaining yellow ground
samples using a metal dental scribe for stable carbon and oxygen isotope
analysis.

Selected blue and yellow ground samples were embedded in epoxy.
Two parts Buehler® epoxy mounting resin and one-part Buehler®
hardener were mixed in a 15 mL centrifuge tube. Mixes were degassed in
a desiccator for 2 min, poured into molds (25 mm diameter) containing
the samples, degassed for an additional 2 min and left to cure at room
temperature for a minimum of 9 h. These embedded samples were
polished using a Buehler® EcoMet 30 polisher to a final finish using
0.05 pm polishing suspension and a TriDent polishing cloth. Samples
were then analyzed using QEMSCAN to map their mineralogical com-
positions. In addition, polished thin sections (27 x 46 mm) of blue and
yellow ground samples were made by Vancouver Petrographics Ltd.,
Canada.
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2.4. Analytical methods

2.4.1. Geochemistry

Venetia, Voorspoed, and powdered rock samples were analyzed for
total inorganic carbon (TIC) using a Model CM5017 Coulometer from
UIC Inc. at Trent University. These methods are consistent with the TIC
protocol by Stubbs et al. (2022). In addition, samples were analyzed for
their bulk geochemical compositions using X-ray fluorescence (XRF)
spectroscopy by SGS Canada Inc., Lakefield, Ontario, Canada. Compo-
sitions were reported as percent oxides with detection limits ranging
from 0.0001 to 0.01% (Table S1). Detailed methods for TIC and XRF are
available as Supplementary Material.

2.4.2. Mineralogy

X-ray diffraction (XRD) patterns on initial samples (Tables 2 and 3)
were collected under 20-30% relative humidity (RH) using a Bruker D8
Advance 6-0 powder X-ray diffractometer equipped with a LYNXEYE
XE-T 1D Position Sensitive Detector in the Environmental Economic
Geology Laboratory, University of Alberta. Mineral phase identification
was conducted using the DIFFRAC.EVA XRD phase analysis software
(Bruker) with reference to the International Center for Diffraction Data
Powder Diffraction File 44 database (ICDD PDF4+). Rietveld re-
finements (Bish and Howard, 1988; Hill and Howard, 1987; Rietveld,
1969) with XRD data were used to determine mineral abundances with
TOPAS 5 (Bruker). Major, minor, and trace minerals range from 10 to
100 wt%, 1-10 wt%, and < 1 wt%, respectively. Detailed methods are
available as Supplementary Material.

The qualitative mineralogy of secondary precipitates that formed
during wetting and drying experiments was determined using X-ray
diffraction at SGS in Lakefield, Ontario, Canada. Each sample was hand
ground using a mortar and pestle in anhydrous ethanol prior to being
mounted as a slurry on a zero-diffraction quartz plate. XRD data were
collected using a BRUKER AXS D8 Advance Diffractometer. Mineral
phase identification was conducted using DIFFRAC.EVA XRD phase
analysis software (Bruker) with reference to the International Center for
Diffraction Data Powder Diffraction File 4+ database (ICDD PDF4+).

2.4.3. Microscopy

Secondary precipitates formed in the weathering experiments were
sampled using tweezers and examined using SEM and EDS at The Uni-
versity of Western Ontario in the Nanofabrication Facility in London,
Ontario, Canada following the same protocol by Stubbs et al. (2022).
These detailed methods are available as Supplementary Material.

Embedded blue and yellow ground specimens were examined using
Quantitative Evaluation of Materials by Scanning Electron Microscopy
(QEMSCAN). The QEMSCAN system uses a Carl Zeiss Evo 50 scanning
electron microscope (SEM) coupled with four dispersive X-ray spec-
trometers to image and mineralogically map samples. QEMSCAN uti-
lizes both the back-scattered electron signal intensity as well as an
Energy Dispersive X-ray Signal at each measurement point. The Field

Table 2

Quantitative mineralogical compositions of powdered rocks as determined with
Rietveld refinement using XRD data. BET specific surface (initial) areas and
median particle sizes are provided.

Powdered Mineral abundances (wt%) BET D50
rocks (m%/g) (pm)
82.8 wt% brucite; 6.1 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%
Brucite lizardite; 0.2 wt% quartz 5.29 8
38.8 wt% diopside; 20.1 wt% wollastonite;
Wollastonite 13.8 wt% orthoclase; 10.1 wt% albite; 8.6 0.87 52
skarn wt% quartz; 2.9 wt% magnesite; 2.8 wt% .
calcite; 2.1 wt% enstatite; 0.8 wt% biotite
Serpentinite 95.7 wt% lizardite; 4.3 wt% magnetite 64.51 100
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Scan (FS) Mode of measurement was utilized for these sections. The FS
mode of measurement maps a core sample that has been mounted in the
polished section and collects a chemical spectrum at a set interval within
the field of view. Each field of view is then processed offline and a
pseudo image of the core sample is produced.

Polished thin sections (27 x 46 mm) of the samples were made by
Vancouver Petrographics Ltd. and examined under plane- and cross-
polarized light using a Zeiss Axioscope 5 microscope equipped and im-
ages obtained using an Axiocam 208 colour camera.

2.4.4. Stable and radiogenic isotopes

A suite of Venetia kimberlite residues (n = 14) was analyzed for their
stable carbon and oxygen isotopes by Jan Veizer Stable Isotope Labo-
ratory in Ottawa, Canada. Four of these samples were used in wetting
and drying experiments (Table 1). Samples were loaded into exetainers
and 0.1 mL of H3POy4 (S.G. 1.91) was added to the interior wall of each
exetainer. The exetainers were then capped and helium-flushed while
horizontal to prevent reaction between the sample and H3PO4. Once
flushed, samples containing calcite were reacted at 25 °C for 24 h and
samples containing magnesite were reacted at 70 °C for 4 h. The mea-
surements were performed on a Delta XP and a Gas Bench II, both from
Thermo Finnigan. Analytical precision (2 sigma) is +0.1%o. The stable
carbon and oxygen isotope values are reported in the conventional &
notation in per mil (%) relative to Vienna Pee Dee Belemnite (VPDB)
and Vienna Standard Mean Ocean Water (VSMOW), respectively.
Radiocarbon analyses were performed on a 3MV accelerator mass
spectrometer (AMS) at André E. Lalonde AMS Laboratory in Ottawa,
Canada. Detailed radiocarbon methods are provided as Supplementary
Material.

2.4.5. Specific surface area

Consistent with the methods of Stubbs et al. (2022), a Ny 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, Norcross, 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/P0 range of 0.01-0.90. All data processing was
done using MicroActive Interactive software (Micromeritics, Norcross,
GA, USA).

3. Results
3.1. Weathering experiments

Wollastonite skarn and brucite powders were cemented after 1 yr of
weathering, however, no visual changes were observed in the serpen-
tinite samples. The TIC of wollastonite skarn samples continuously
increased from 0.22% (n = 3) to 1.01% after 12 months (Fig. 3A). The
513C values of the carbonates decreased from —6.2%o to —17.7%o and the
5'80 values increased from 21.0%0 to 23.0%o (Fig. 3B) from 0 to 12
months. Brucite also showed a substantial increase in TIC from initial
measurements of 1.22% to 5.98% at 12 months (Fig. 3A). The 513C
values of the carbonates decreased by —2.9%0 and 5'%0 values increased
by +10.6%o from 0 to 12 months (Fig. 3B; Table 4). The F4C values for
carbonates in the initial wollastonite skarn and brucite powders were
0.23 and 0.39 respectively while final F**C values were 0.75 and 0.94,
respectively. In comparison to initial samples, XRD patterns showed an
increase in the intensity of peaks at 29.4° 20 and 17.6° 20 (CuKa) that
indicates an increase in the amount of calcite and hydromagnesite in the
wollastonite skarn and brucite samples, respectively. Serpentinite sam-
ples had negligible changes in TIC after 1 yr as values increased and
decreased but remained below the detection limit. Due to low carbon
content, these samples were not analyzed for their isotopic
compositions.
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Table 3
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Quantitative mineralogical compositions of the experimental kimberlite residues as determined with Rietveld refinement using XRD data. Quantification of blue
ground and yellow ground was determined with QEMSCAN. Minerals identified include Cal - calcite, Di — diopside, Or — Orthoclase, Phl — phlogopite, Clc — Clinochlore,
Talc, Qtz — quartz, Tr- tremolite, Ab — albite, Lz — lizardite, Sme — smectite, Brc — brucite, Dol — dolomite, Mt. — magnetite, Ap — apatite, Ol — olivine, and Ilm — Ilmenite.
Ry is the weighted profile residual, a function of the least squares residual (%). Minerals not detected are indicated by n.d. BET specific surface areas and median
particle sizes are provided.
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Table 4

Initial and final TIC, '3Cyppg (%0), and F*C values for experimental samples.
Serpentinite samples were not analyzed for isotopes due to low carbon content.
(n.a. indicates not analyzed).

Sample TIC (%) 5'3Cyppp (%0) FlC
Initial ~ Final Initial  Final Initial ~ Final

17VEN-FRD1-P1-K 0.46 0.48 —5.4 —-2.2 0.12 0.39
17VEN-FRD2-Cyclone-

7VEN FD2 Gyclone 046 045 55 —31 na  na

SampleB
K01 DVK2 0.87 0.87 —4.5 -3.7 n.a. n.a.
2018 DVK 0.43 0.45 —6.8 -1.1 0.16 0.44
Brucite 1.22 5.98 -5.1 -8.0 0.39 0.94
Wollastonite skarn 0.22 1.01 —6.2 -17.7  0.23 0.75
Serpentinite 0.00 0.00 n.a. n.a. n.a. n.a.

The kimberlite residues are a diverse mixture of non-carbonate and
carbonate minerals that are cation sources for secondary carbonate
precipitation (Table 3). White efflorescences were visible on the top
surfaces of the kimberlite residues after 1 month of wetting and drying
cycles (Fig. S1). XRD analysis of 17VEN-FRD2-SampleB and KO1 DVK2
showed that the dominant secondary phase in the efflorescences was
trona [Na3(CO3)(HCO3)-2H50]. SEM and EDS results of the secondary
precipitates confirm XRD and are available in the Supplementary
Material.

TIC content of the 17VEN-FRD1-P1K residues increased from 0.46%
to 0.54% during 0 to 6 months of wetting and drying (Fig. 4) before
decreasing to 0.48% C by 12 months. Similarly, 17VEN-FRD2-SampleB
residues increased from 0.46 to 0.48% C by 3 months and decreased to
0.45% C by 12 months (Fig. 4). The KO1 DVK2 sample had a substan-
tially greater initial TIC content of 0.87% C than the other kimberlite

Chemical Geology 637 (2023) 121674

samples and increased to 0.89% C after 2 weeks before declining to
initial measurements (0.87% TIC) by 12 months (Fig. 4). The TIC in
2018 DVK increased from 0.43 to 0.45% C between 0 and 6 months and
did not exhibit any changes for the remainder of the experiments
(Fig. 4).

The §'3C and 5'®0 values of the suite of Venetia kimberlite samples
(n = 14) ranged from —5.5%0 to —4.5%0 and 14.7%o to 17.3%o, respec-
tively (Fig. 5A). The isotopic compositions of samples 17VEN-FRD1-
P1K, 17VEN-FRD2-SampleB, KO1 DVK2, and 2018 DVK were analyzed
during the wet-dry cycling experiments. After 12 months, the §!3C
values of these samples increased on average (n = 2) by +3.2%o, +2.4%o,
-+0.8%o0, and + 5.6%o, respectively, following a linear trend (Table 4 and
Fig. 5B). The 5'80 values of 17VEN-FRD1-P1K and 17VEN-FRD2-Sam-
pleB increased on average (n = 2) by +3.6%o and + 3.0%o; however,
those for KO1 DVK2 decreased by —0.1%o by 12 months, despite in-
creases measured at 3 and 6 months (Fig. 5B). The F4C values for car-
bonate minerals in the kimberlite residues were 0.117 and 0.161 for
initial 17VEN-FRD1-P1K and 2018 DVK and 0.387 and 0.436 after 12
months of weathering, respectively (Table 4).

3.2. Blue and yellow ground

Blue and yellow ground kimberlite samples were characterized to
investigate long-term kimberlite weathering in the context of CO,
mineralization. These samples were mineralogically similar to the
Venetia residues with major abundancies of silicate minerals (e.g.,
serpentine, smectite, olivine and diopside) and minor abundances of
carbonates (e.g., calcite). The blue ground was dark and competent as it
had not been exposed to weathering (Fig. 6A). The yellow ground was
shades of light brown and yellow and was very fragile and friable, with
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Fig. 4. TIC over 1 yr of wetting and drying cycles for 17VEN-FRD1-P1K, 17VEN-FRD2-SampleB, KO1 DVK2, and 2018 DVK. Error bars of the TIC measurements
(analytical error) are smaller than the symbols used. Dashed, vertical blue lines represent equivalent rainfall at Venetia for 1 to 4 years. Coloured dashed lines denote
duplicate samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Stable carbon (53Cypps) and oxygen

(5'®0vsmow) isotopic compositions of kimberlites. A:
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distinctive secondary carbonate minerals visible on the surface of the
rock (Fig. 6B). TIC content of the blue ground (n = 9) ranged from 0.52%
to 3.60%, intermediately weathered kimberlite (n = 2) ranged from
0.62% to 1.15%, and yellow ground (n = 20) ranged from 0.69% to
3.43%. Surface carbonate coatings composed of pure calcite that were
sampled from the yellow ground were assumed to contain 12% C by
weight (Fig. 7B-C). There were insufficient masses of carbonate coatings
for TIC analyses.

The 8!3C values of the blue ground ranged from —7.2%o to —4.6%o
and 580 values ranged from 11.5%0 to 13.6%o. Yellow ground &'3C
values ranged from —7.0%o to —5.1%o with §!%0 values ranging from
15.4%0 to 22.8%o. The 5!°C values of carbonate surface coatings that
were selectively sampled ranged from —8.2%o to —6.0%o and 5'%0 values
ranged from 15.3%o to 27.0%. The §'3C values for intermediately

weathered kimberlite ranged from —6.4%o to —5.8%o and the 520 values
ranged from 12.6%o to 12.7%o (Fig. 7A-C). The F'C values for carbonate
minerals in the blue and yellow ground were 0.052 and 0.032, respec-
tively (Table 4).

QEMSCAN analysis showed there was twice as much calcite in the
yellow ground (3.1 wt%) as compared to the blue ground (1.7 wt%;
Fig. 8). Calculated calcite abundances based on TIC contents were much
greater than those obtained with QEMSCAN, although they also indi-
cated there was twice as much calcite in the yellow ground (15 wt%)
compared to the blue ground (7 wt%). The difference in the QEMSCAN
and TIC-based calcite abundances is likely due to the finely disseminated
nature of calcite throughout the yellow ground, which QEMSCAN could
not quantify. However, QEMSCAN provides valuable textural informa-
tion. Most of the calcite in the yellow ground was present as stringers or
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Blue ground

Fig. 6. Photographs of kimberlite rock from the Voorspoed Diamond Mine, South Africa. A-B: Hand specimens of blue ground (unweathered kimberlite) and yellow
ground (weathered kimberlite). C and D: Thin section micrographs of blue and yellow ground samples under cross-polarized light, respectively. Carbonate veinlets
(arrows) surround larger grains in the yellow ground. Red arrows indicate carbonate minerals. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

veinlets, whereas the blue ground contained discreet calcite grains.
Calcite veinlets commonly appeared surrounding coarse grains and in
fractures. Petrographic thin sections of yellow ground show large car-
bonate veinlets running through the kimberlite opposed to low car-
bonate content in the blue ground (Fig. 6C-D).

4. Discussion
4.1. Reaction pathways during weathering

Two main reaction pathways were identified from experiments: 1)
non-carbonate dissolution and 2) primary carbonate dissolution (Fig. 9).
The first pathway has two potential outcomes: atmospheric COz is
sequestered within new carbonate minerals (pathway 1A; desirable for
CO4 sequestration), or there is no change in CO2 content due to forma-
tion of new non-carbonate minerals such as clay minerals or sulfates
(pathway 1B; undesirable). Both pathways may be accompanied by
changes in TIC and carbon isotopic compositions. Experiments using
brucite, wollastonite skarn, and serpentinite were dominated by
pathway 1A.

The second pathway has five possible outcomes (pathways 2A
through 2E), all considered undesirable for carbon removal. These
outcomes could result in either CO5 being retained, exchanged with the
atmosphere, or lost during precipitation of sulphates or clay minerals.
Carbonate mineral dissolution can result in the same carbonate mineral
being formed either from recycled CO5 (2A) or atmospheric CO, that is
exchanged with CO; in the pore fluids (2B). Neither outcome results in
net carbon removal; however, the latter outcome (2B) may affect the
isotopic compositions of the carbonate minerals. Similarly, carbonate
mineral dissolution can result in the formation of a different carbonate
mineral with CO; either retained (2C) or exchanged with the atmo-
sphere (2D; the dominant scenario for kimberlite) with the result

potentially being a different TIC content. Although not observed in this
study, the final potential pathway results in a loss of CO5 when there is
the precipitation of non-carbonate minerals (e.g., clay minerals or sul-
fates; 2E). Although these pathways are not desirable for CO4 seques-
tration, they have important effects on carbon cycling during rock
weathering with implications for verification of CO, removal.

4.1.1. Brucite, wollastonite skarn and serpentinite weathering reactions
Brucite is highly reactive with CO; and is considered a source of
easily extractable (labile) Mg (Vanderzee et al., 2019). In the weathering
experiments, brucite showed a net increase in TIC (+4.76%) which was
the greatest observed in all experiments. Secondary carbonates that
formed on the surface of the brucite were identified as hydromagnesite
(Egs. (1)-(2)) resulting in a net gain in COy (pathway 1A) which is
consistent with other studies (Harrison et al., 2015; Harrison et al.,
2013; Power et al., 2021, and references therein). Specifically, various
mining environments produce secondary efflorescences including
Mount Keith, where hydromagnesite forms via brucite carbonation
(Wilson et al., 2014) and Clinton Creek and Cassiar where silicate
weathering results in the formation of hydrated Mg-carbonate minerals
(Wilson et al., 2009a). This reaction pathway is the most favoured for
passive carbonation as it results in a net removal of CO5 (pathway 1A).

Mg(OH), + CO,»Mg*" + CO3*™ 4+ H,0 ¢))

5Mg?" +4C0;% +20H" +4H,0-Mg;(CO;),(OH),-4H,0 (2

The log dissolution rate of brucite is —11.5 mol/cm?/s at the pH of
deionized water used in experiments (pH = 5.6; Pokrovsky and Schott,
2004), which is orders of magnitude faster than the rates of other minerals
tested in this study. Faster mineral dissolution results in greater pH
buffering, leading to a greater drawdown of atmospheric CO,. Stubbs
et al. (2022) measured CO; fluxes between the atmosphere and a variety
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of mineral feedstocks, including brucite from the same source used here,
and found that the greatest CO, removal rates were achieved using ma-
terials with the fastest mineral dissolution rates. The rate of TIC increase
was rapid during the first 6 months, and then declined during the
remainder of the experiment (Fig. 3A). This change in carbonation rate
indicates that brucite was being consumed by the reaction and suggests
brucite surfaces may also have become passivated (Harrison et al., 2015).
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In dissolution/precipitation studies such as this, as well as carbonation in
aqueous solutions, the degree of brucite carbonation is almost always
limited by CO4 supply (Harrison et al., 2013; Power et al., 2016).

The wollastonite skarn contained a greater abundance of diopside
(38.8 wt%) than wollastonite skarn (20.1 wt%); however, the latter
mineral dissolves much more quickly: log dissolution rate = —12.5 mol/
em?/s at pH 5.6 (Pokrovsky et al., 2009) compared to diopside at —15.0
mol/cm?/s (Declercq and Oelkers, 2014). Thus, wollastonite skarn was
expected to be the primary source of calcium for carbonate precipitation
(Stubbs et al., 2022), which resulted in a TIC increase of 0.79% C.
Aqueous carbonation studies have reported that wollastonite rapidly
carbonates compared to Mg-silicates (Huijgen et al., 2006), similar to
what was observed in these dissolution/ precipitation experiments. The
dissolution of wollastonite skarn and subsequent reaction with dissolved
CO4, caused the formation of calcite (Egs. (3)—(4)), consistent with other
studies (Daval et al., 2010; Haque et al., 2019). For example, wollas-
tonite skarn has a CO, sequestration capacity of 44 g CO5 per 116 g
wollastonite skarn (Tai et al., 2006), therefore a total of 40 Mt. of CO5
could be stored in world’s wollastonite skarn reserve of at least 100 Mt.
(Haque et al., 2019; USGS, 2020).

CaSiO; + CO, +2H,0—-Ca’" + CO3*~ + H,Si0, 3

C)

Weathering of serpentine during experiments resulted in an insig-
nificant increase in TIC (+0.02% from O to 6 months), which is likely
within measurement error of a 0% overall increase. Furthermore, no
secondary precipitates were observed on serpentine surfaces and no
carbonate minerals were detected using XRD. Despite the negligible TIC
changes in this experiment, previous studies have observed precipitation
of secondary carbonate minerals during serpentinite weathering (Eq.
(5); Wilson et al., 2009a) where hydrated Mg-carbonates are a stable
sink for COs.

Ca*t + C0O;* - CaCo;

(5)

The log dissolution rate of chrysotile, a serpentine group mineral, is
—15.5 mol/cm?/s at a pH of 5.6 (Thom et al., 2013), which is substan-
tially slower than the rates for brucite and wollastonite skarn. However,
serpentine has a much faster initial dissolution rate where labile cations
on the mineral surface are released into solution quickly and supply
required Mg for carbonate precipitation (Power et al., 2020; Vanderzee
et al., 2019). In this study the serpentinite, which is dominated by liz-
ardite (95.7 wt%), had the greatest surface area available for reaction. If
the serpentinite was dominated by chrysotile this would have been
increased even further as there is also surface area in its lumen space.

The carbonation rate (Eq. (6)) was calculated for brucite and
wollastonite skarn after 1 year of weathering:

Mg, Si,05(OH), +3CO, +2H,0—3 Mg*" +3C05>" +2H,Si0,

Carbonation rate (kg CO,/t mineral/yr)

TG -TIC; Mco, 100 wr.% 1000 kg
( 100% > X (MC X (mim’ml wt.%) X (l rmineral)

t

(6)

where TIC; and TIC; are the final and initial TIC contents (% C),
respectively, Mco, and M are the molar masses of CO2 and C (g/mol),
respectively, mineral wt% is the abundance of the mineral of interest,
and t is time (yr). Brucite and wollastonite skarn had carbonation rates
of 212 kg COy/t bre/yr and 145 kg CO2/t wol/yr, respectively (Table 5).
These rates are consistent with other studies investigating the carbon-
ation potential of identical feedstocks. Based on the CO5 removal rates in
brucite reported by Wilson et al. (2014) approximately 145-360 kg
CO2/t brc/yr are removed at Mount Keith Nickel mine. Haque et al.
(2019) tested the use of wollastonite skarn in soil for both CO, seques-
tration and plant growth and estimated that approximately 145 kg CO/t
soil with wol/yr are removed, similar to this study. No carbonation rate
was calculated for serpentine due to the negligible changes in TIC.
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Yellow ground
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Fig. 8. QEMSCAN images of blue (left) and yellow (right) ground. Calcite is shown in a teal colour in both images. Carbonate (calcite) veinlets (indicated by arrows)
are found within fractures or have formed around coarser particles which is a result of secondary mineralization from fluids. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

4.1.2. Kimberlite weathering reactions

Changes in TIC were variable within the kimberlite, with increases in
TIC measured up to 6 months, reaching a maximum CO, removal rate of
2.6 kg COy/ t kimberlite/ yr (Table 5) before declining again later in the
experiment. The early TIC increases were likely caused by the rapid
initial dissolution of lizardite, diopside and clinochlore, owing to the
presence of labile cations on mineral surfaces as previously described for
the weathering of serpentine (Lu et al., 2022; Power et al., 2020; Van-
derzee et al., 2019). After the supply of labile surface cations was
exhausted, reaction of the recalcitrant bulk of the silicate minerals did
not result in a measurable increase in TIC during the remainder of the
experiment. After more exposure to wetting periods, the carbonate
minerals that had formed (i.e., trona) likely dissolved due to their
instability.

TIC decreases may result from the dissolution of pre-existing car-
bonate minerals that have a favorable ratio between cations and anions,
such as calcite or magnesite (1,1 Me:CO,, where Me = Ca or Mg) and
subsequent precipitation of a carbonate mineral with a lower TIC con-
tent (pathway 2D) on a per mole basis. Because trona has a lower TIC
content (10.6 wt%) compared to pre-existing calcite (12 wt%), CO, must
either be retained from the dissolution of the pre-existing calcite
(pathway 2C) or exchanged with atmospheric CO, (pathway 2D) during
formation of trona. In another example, if pre-existing magnesite in
mine residues dissolved it would release Mg and C and could repreci-
pitate as hydromagnesite, which is hydrated and has a 5:4 ratio of Mg:
CO; (Power et al., 2017), resulting in a lower TIC value. In the experi-
ments reported here, addition of water promotes mineral dissolution
and is wicked up through capillary forces towards the surface where it
evaporates to precipitate efflorescences of secondary minerals. These
evaporites appear and disappear over time, however, there are not
substantial changes in TIC, implying that C is likely retained (pathway
2A).

The majority of minerals present in the kimberlite residues are
dominantly Ca- and Mg-bearing, with the exception of saponite, which
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also contains interlayer Na at Venetia. Consequently, the cations present
in trona are likely sourced from saponite. Zeyen et al. (2022) examined
how the cation exchange capacity of smectites can be used for mineral
carbonation whereby labile interlayer cations of interest (e.g., Ca>") are
exchanged for less desirable cations (e.g., Na™, K) present in solution.
Following this process, the available cations may react with dissolved
inorganic carbon to form secondary carbonate minerals. Zeyen et al.
(2022) tested Venetia kimberlite and found high Na extraction
(2.82-3.93 g/kg) occurred, indicating that saponite present in these
residues is a source of Na for carbonate precipitation.

The last pathway shown in Fig. 9 involves the precipitation of
non-carbonate minerals such as clays or sulphates (pathway 2E). At
Venetia, sulphates were seen on the surface of the FRD which is not
favorable for CO, sequestration as these minerals act as non-carbonate
sinks for cations. It is possible that sulphate efflorescences formed in the
latter half of the experiment at abundances that were too low to be
detected by XRD yet sufficiently high to decrease TIC content.

For the kimberlite residues, carbonate dissolution likely dominated
(pathway 2) compared to non-carbonate dissolution (pathway 1) in the
other experiments. Although the calcite abundance (3.8-4.7 wt%) in the
residues was relatively low compared to the abundances of most silicate
minerals, the dissolution rate of calcite is orders of magnitude faster. For
instance, the log dissolution rate of calcite at the same pH of water used
in experiments is —9.7 mol/cm?/s while the rates for diopside, lizardite,
and clinochlore are —15.0, —15.5, and — 17.0 mol/cm?/s, respectively
(Declercq and Oelkers, 2014). Carbonates in the residues neutralized the
acidity of the water (pH 5.6), limiting silicate dissolution that would
otherwise occur in the absence of the more reactive carbonate minerals.
In these experiments, water could not drain from the vials, resulting in
constant carbonate cycling; thus, carbonate, Mg and Ca were continu-
ously cycled between solution and solid, never being removed from the
vials to better expose silicate minerals to weathering.
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Fig. 9. Conceptual diagram illustrating fundamental processes occurring during weathering experiments. Four wet-dry cycles occurred per day where water
infiltration (pH = 5.6) promoted mineral dissolution of non-carbonate and carbonate minerals and evaporation drove the precipitation of secondary carbonate
minerals. Carbonate dissolution and reprecipitation likely resulted in CO, exchange where there was no net gain in atmospheric CO,. The flow diagram outlines
potential reaction pathways when sourced from non-carbonates (left branch) versus carbonates (right branch) during weathering. Possible effects on TIC and 8'3C
and §'80 values are shown using 1 (increase), | (decrease) and — (no change). Brucite, wollastonite, and serpentinite are dominated by non-carbonate dissolution and
precipitation of carbonates (1A) while kimberlite residues are dominated by dissolution and reprecipitation of carbonates with CO, exchange from the atmo-

sphere (2D).

Table 5
Maximum carbonation rates (kg CO»/ t sample/ year) for the
different feedstocks tested.

Sample name CO, removal rate

(kg COy/ t sample/ yr)

Brucite 212
Wollastonite 145
Serpentinite 0

Kimberlite 2.6

4.1.3. Changes in isotopic compositions during weathering experiments
Atmospheric CO3 and pre-existing carbonate minerals were the only
carbon sources in the experiments; other carbon sources, such as or-
ganics, were absent. Many processes and environmental factors may
affect the isotopic compositions of carbonate minerals including mineral
dissolution and precipitation, carbon cycling between primary
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carbonate and atmospheric sources, and the temperature of formation.
Thus, deciphering isotopic compositions to assess CO2 sequestration in
complex environments is challenging. The experiments in this study
offer an opportunity to interpret the isotopic compositions of carbonate
minerals formed under relatively simple conditions (e.g., room tem-
perature) with few carbon sources and sinks.

4.1.3.1. Brucite weathering. Despite a substantial increase in TIC and
formation of hydromagnesite, there was a decrease in §!3C values by
—2.9%o after 1 yr. Dypingite [Mgs(CO3)4(OH)2-5H20] can transform to
hydromagnesite and may have been the initial precipitate in experi-
ments (Harrison et al., 2015). If dypingite precipitates at equilibrium
with atmospheric CO,, it would have a 513C value of approximately
4.1%o rather than —2.9%o [using fractionation factors from Harrison
et al. (2021) and Mook et al. (1974) and §'3C = —8.5%, for atmospheric
CO]. The 5!%0 values were more enriched in the brucite (28.1%0)
compared to the wollastonite (23.0%o) which is likely a result of more O
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from H50 being consumed in the hydromagnesite into the CO3, OH, and
H20. This amplifies the evaporative signal compared to what is seen in
calcite from the wollastonite experiments. These data indicate that the
hydromagnesite (or dypingite) did not form in equilibrium with atmo-
spheric CO,.

However, the increase in TIC unequivocally demonstrations removal
of CO; and radiocarbon analysis confirms it is modern atmospheric COy
with F'*C increasing from 0.39 to 0.94 over the course of the experi-
ment. The F}*C of atmospheric COz is currently 1.01 (Hua et al., 2022),
so the greater the amount of modern atmospheric CO5 incorporated into
a mineral, the greater its FC value. Similarly, Wilson et al. (2010)
found that 8'3C values decreased during the carbonation of brucite to
form dypingite which demonstrated that carbonation outpaced CO,
uptake into solution; thus, reactions were CO; limited. Given the rela-
tively fast carbonation rates of brucite (Harrison et al., 2013), the
depletion in '3C was likely a result of a kinetic isotope fractionation
effect whereby carbonation was limited by the supply of atmospheric
CO into pore waters (Wilson et al., 2010). Consequently, carbonate
minerals were not precipitated at equilibrium with atmospheric CO,. It
is not possible to conclusively fingerprint drawdown of atmospheric CO5
from the 5'3C values of the secondary carbonate minerals, thus we
recommend that stable isotopes not be used as a sole means of moni-
toring or confirming carbon storage.

4.1.3.2. Wollastonite skarn weathering. Wollastonite weathering also
caused a decrease in 8'3C values by —11.5%0 in 1 yr despite the increase in
TIC (+0.79%; Fig. 3) and the detection of newly formed calcite. Radio-
carbon analyses showed an increase in F1*C from 0.23 to 0.75, confirming
drawdown of atmospheric CO,. Other studies have documented negative
trends in 5'3C values during carbonation (Harrison et al., 2013) however,
there is limited published research on kinetic isotope fractionation
occurring during wollastonite skarn carbonation (Peck et al., 2023). The
equilibrium carbon isotope fractionation between calcite and HCO3 at
room temperature is +2%o (Deines et al., 1974), which means that calcite
precipitated at equilibrium with atmospheric COy should have a §'3C
value of approximately 1.5%o rather than —17.7%o. The 8'C values are
much more negative than brucite (—8.0%0) which may be caused by the
formation of calcite crusts. Upon the completion of experiments the
wollastonite was heavily cemented by calcite whereas the brucite was
cemented by hydromagnesite, but to a lesser extent. It is likely that the
latter was more permissive of CO, ingress compared to calcite given the
difference in physical properties and carbonate composition. These data
indicate that these secondary minerals are not forming in isotopic equi-
librium. Consistent with the brucite interpretation, stable isotope data
cannot be used to verify atmospheric CO, sequestration and should be
coupled with radiocarbon analysis.

4.1.3.3. Kimberlite residue weathering. The stable isotopic composition
of carbonates within the Venetia samples (Fig. 6A) falls within the broad
range of isotope values of other kimberlites compiled by Giuliani et al.
(2014) in southern Africa (Deines and Gold, 1973; Kirkley et al., 1989;
Kobelski et al., 1979; Sheppard and Dawson, 1975), Kenya (Ito, 1986),
North America (Arima and Kerrien, 1988; Deines and Gold, 1973;
Fedortchouk and Canil, 2004; Price et al., 2000; Wilson et al., 2007),
Russia (Galimov and Ukhanov, 1989; Kamenetsky et al., 2012; Kuleshov
and Ilupin, 1983; Ustinov et al., 1994), and Greenland (Tappe et al.,
2011). Kimberlitic carbonates may have 8'3C and §'%0 compositions
that are similar to other materials derived from the mantle. However,
the isotopic composition of kimberlites may also reflect the incorpora-
tion of sedimentary carbonate minerals and organics during kimberlite
emplacement as well as post-emplacement alteration by hydrothermal
and meteoric fluids as well as CO, degassing/exsolution (Giuliani et al.,
2014). The isotopic compositions of the Venetia carbonates (average
513C and §'80 values of —5.0%o and 16.4%o) likely reflect a mixture of
these various sources.
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Numerous studies have noted that isotopic compositions can be
altered whether in equilibrium or disequilibrium (Gorski and Fantle,
2017; Harrison et al., 2022; Li et al., 2014; Stamm et al., 2019). In this
study the overall decrease in TIC, precipitation of trona, and continuous
enrichment in '3C and '®0 towards an atmospheric signal confirm that
pathway 2D was dominant. In this scenario, an enrichment in *3C occurs
because C from the primary carbonate is exchanged with C from the
atmosphere and incorporated into secondary phases. Similarly, the
reprecipitated carbonate minerals became increasingly enriched in %0
because trona forms as an evaporite from 80-enriched pore waters and
it contains O in multiple sites compared to only one in calcite. The TIC
content would still decrease if the newly formed carbonate has a lower C
content, but the §'°C and 8'®0 values still increase because it is
sequestering C from the atmosphere. Unfortunately, this scenario does
not result in a net gain in CO5 as confirmed by the small but measurable
decrease in TIC.

There are other plausible explanations for the increasingly positive
5'3C and 5'%0 values of the kimberlite residues, albeit less supported by
the data. Over the year of repeated wetting and drying cycles, white
efflorescences formed on the surface would dissolve and re-precipitate
due to their instability. At 6 months, when there was a substantial in-
crease in TIC, it is possible that calcite had formed via silicate weath-
ering prior to trona forming at around 12 months. Similarly, other
studies have observed that (Mg) carbonate phase transformation via
mineral dissolution-precipitation processes results in substantial alter-
ations to the isotopic composition (Harrison et al., 2021).

Temperature affects the isotopic composition of carbonate minerals
as fractionation factors are temperature dependent (Muhlinghuas et al.,
2009). There is less fractionation at higher temperatures than at lower
temperatures. In this study, we must consider the two types of carbonate
minerals that are present (primary versus secondary), which formed at
different temperatures. For example, the original fluid which formed the
primary carbonate in the kimberlite rock is going to be different in
composition and temperature than the fluid which formed the secondary
carbonate in these weathering experiments. Although the formation
temperature of the primary carbonates is not known, these temperatures
would be much higher than the secondary carbonates which formed at
room temperature in the laboratory and may affect the isotopic
composition.

4.2. Blue and yellow ground

Kimberlite pipes typically have unweathered bases (blue ground)
with weathered kimberlite (yellow ground; da Costa, 1989; Smith et al.,
1996; Wagner, 1971) extending from the surface to depths as great as
tens of meters (Sarma and Verma, 1996). Weathered kimberlite has a
yellow colouration resulting from oxidation and hydration of iron
(Sarma and Verma, 1996), whereas blue ground is much darker due to
less alteration. While experiments were designed to simulate short-term
weathering, the yellow ground provides insights into long-term
kimberlite weathering.

As demonstrated by QEMSCAN, most of the calcite in the yellow
ground occurred as veinlets or stringers characteristic of secondary
mineralization from weathering by fluids, such as meteoric water. In
kimberlite bodies, open fractures can allow for the crystallization of
secondary minerals, such as calcite, resulting in stringers (Ignatov et al.,
2018). The pre-existing calcite detected in blue ground samples suggests
there could have been carbonate dissolution and eventually reprecipi-
tation in the yellow ground, similar to the kimberlite weathering ex-
periments (2D). However, the doubling of TIC between blue ground and
yellow ground samples suggest that prolonged kimberlite weathering
results in detectable CO, mineralization, meaning that non-carbonate
dissolution must also have been a factor in yellow ground formation.

The stable isotope trends of the yellow ground were similar to those
for brucite and wollastonite skarn as yellow ground exhibited depletions
in §'3C (—5.8%o0) and enrichments in 180 (18.96%o) with increasing TIC.
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One hypothesis is that during precipitation events, rainwater would
infiltrate into the kimberlite where secondary carbonates can precipitate
in isolation from the atmosphere. This infiltrating fluid has a large pool
of oxygen from the water and a miniscule pool of dissolved inorganic
carbon from atmospheric CO,. Thus, calcite precipitation would occur
out of equilibrium with atmospheric CO5, causing a depletion in 13C.
This depletion occurs because the uptake of CO, into solution is out-
paced by the removal of DIC during secondary carbonate formation
(Wilson et al., 2010), which in the case of yellow ground are the calcite
veinlets. Mixing between the primary carbonate pool, which is much
larger, and the atmospheric CO, present in meteoric waters will also
confound the interpretation of isotope values. In contrast, secondary
carbonate minerals are likely to precipitate in equilibrium with water
given the large pool of oxygen, resulting in enrichment in 180 (Oskierski
et al., 2016). Thus, 5'80 values show an enrichment in yellow ground
while there is a small decrease in 8'3C values. The isotopic values of
brucite and wollastonite skarn exhibited similar trends caused by C
isotopes being out of equilibrium whereas O isotopes were in
equilibrium.

A second hypothesis is that the depletion in '3C is due to the incor-
poration of carbon sourced from soil organic matter (SOM) during
weathering to form the yellow ground. For example, Wilson et al. (2011)
showed that organic matter causes a depletion in '3C in secondary car-
bonates in the kimberlite residues at the Diavik Diamond Mine as a
result of mineralization of organic wastes deposited in the impound-
ment. Various shrubs and grasses that require warm growing seasons
have 8'3C values ranging from —17%o to —9%o with an average value of
—13%o (Farquhar et al., 1989; Lee et al., 2005; O’Leary, 1981). Plant
species and SOM at Voorspoed have not been analyzed for their §'3C
values; however, incorporation of carbon derived from these sources
into the yellow ground carbonates could explain the '*C depletion
relative to the blue ground.

Although the carbonate veinlets and stringers are strong evidence of
secondary carbonate precipitation involving meteoric waters, the yellow
ground is nearly radiocarbon dead and contains less '*C than the blue
ground. It is possible that any *C mineralized through weathering has
decayed over time. For example, given that the yellow ground had twice
as much carbon stored in carbonate minerals as the blue ground, and
assuming that this additional carbon is modern, there would be
approximately 50% modern carbon. With a half-life of 5730 + 40 for
14¢, the portion of modern carbon in the yellow ground would return to
similar levels in the blue ground after tens of thousands of years.

4.3. Implications for carbon verification

The weathering experiments in this study using brucite, wollastonite
skarn, serpentinite, and kimberlite were evaluated using four carbon
verification methods: 1) quantitative mineralogy, 2) total inorganic
carbon, 3) stable carbon and oxygen isotopes, and 4) radiocarbon
(Table S2). These techniques have advantages and disadvantages and
should be used in combination with each other or additional methods.

4.3.1. Quantitative mineralogy

The advantages of using mineralogical analyses by XRD and
QEMSCAN are that secondary carbonates (i.e., the COy sinks) are
identified as well as the cation sources, which are useful for under-
standing reaction pathways (Table S2; e.g., Farquhar et al., 2015; Wilson
et al., 2009a). However, there are also disadvantages to mineralogical
carbon verification, including: 1) the inability to quantify amorphous
carbonates by XRD, 2) challenges in distinguishing between primary and
secondary carbonates, and 3) erroneous results if primary carbonate is
transformed to a secondary carbonate.

Mineralogy by XRD is not able to identify and quantify amorphous
carbonates, which results in underestimating the total CO, sequestra-
tion. For example, Turvey et al. (2018) documented hydrotalcite and
hydrated Mg-carbonate minerals as carbon sinks in serpentinite mine
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wastes, yet, emphasized that the carbon sequestration rates were
underestimated due to the inability to quantify non-crystalline phases by
XRD.

Identifying and quantifying secondary carbonates is essential for
using mineralogical approaches for carbon verification. However, dis-
tinguishing between primary and secondary phases can be difficult,
particularly when the secondary mineral is also a primary mineral in the
rock being used for CO5 sequestration (Stubbs et al., 2022). For example,
calcite is present in the Venetia kimberlite ore and is also a likely carbon
sink as process waters are supersaturated with respect to this mineral. If
new calcite formed; it would be nearly impossible to differentiate be-
tween the bedrock carbonate using solely XRD. Similarly, brucite and
wollastonite skarn from this study contain pre-existing hydromagnesite
and calcite, respectively. If the secondary carbonates were quantified
without knowing the initial abundance, it would lead to erroneous
carbon verification.

Mineralogical transformations during weathering may also confound
carbon verification if not monitored closely. The formation of trona in
experiments was misleading regarding CO2 sequestration, given that
there was no significant increase in TIC after 1 yr of weathering. Our
interpretation is that trona mainly formed from the dissolution of pri-
mary calcite and release of Na from the kimberlite residues; thus, there
was no net increase in TIC. Consequently, quantifying the increase in
trona abundance without also quantifying calcite loss would lead to
overestimating CO, sequestration. As another example, the dissolution
of primary magnesite can lead to the formation of secondary hydro-
magnesite (e.g., Power et al., 2019), which, if quantified as a new carbon
sink without accounting for the loss of magnesite, overestimates CO5
sequestration.

4.3.2. Total inorganic carbon

Using TIC as a method for carbon verification is advantageous as it is
an absolute measure of the stored CO, and accounts for amorphous
phases unlike XRD (Table S2). However, TIC has two key limitations as a
carbon verification method: 1) it fails to account for solubility trapping
of COy and 2) it is difficult to establish the initial TIC content in large
complex systems (e.g., tailings impoundments).

In enhanced weathering studies, it is necessary to quantify solubility
trapping of CO; as mineral trapping may not occur or be insignificant
when pore waters are undersaturated with respect to carbonate minerals
(Bach et al., 2019; Montserrat et al., 2017). Thus, TIC measurements of
solid samples are inappropriate carbon verification method. For
example, Stubbs et al. (2022) measured CO fluxes of the same mineral
feedstocks and kimberlite residues used in this study and observed a
drawdown in CO» via solubility trapping in powdered kimberlite resi-
dues, and pulverized serpentinite and forsterite. As water evaporated
CO4 was degassed from the system unlike brucite and wollastonite skarn
where there was a constant drawdown in CO2 leading to mineral
trapping.

Failure to accurately determine the initial baseline TIC content will
lead to erroneous CO, sequestration estimations. Many rock types,
including kimberlite, often have pre-existing carbonates that can be
heterogeneously distributed through large rock formations, making the
initial TIC content highly variable. Kimberlite residues sampled from
Venetia have TIC contents ranging from 0.43 to 0.87% despite being
collected within meters of each other. Extensive sampling (e.g., 1000s of
samples) may be required to accurately determine the initial TIC content
of a large open system such as an ERW site. In smaller systems with
reactive minerals, such as the brucite and wollastonite skarn experi-
ments, the increase in TIC was significantly greater than its variation
amongst small masses, which can almost entirely be analyzed through
replicate analyses.

4.3.3. Stable carbon and oxygen isotopes
Stable carbon and oxygen isotopes have been used to identify carbon
sources and verify atmospheric CO; sequestration during weathering of
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ultramafic mine wastes (Flude et al., 2017; Gras et al., 2017; Oskierski
etal., 2013; Wilson et al., 2011). However, there are limitations to using
stable isotopes for carbon verification, including 1) isotope signatures
reflecting multiple carbon sources, 2) CO; exchange indicating atmo-
spheric CO;, sequestration, and 3) kinetic fractionation effects that
obscure atmospheric CO5 sequestration.

Secondary carbonates precipitating from mixed sources of CO; (e.g.,
atmospheric CO, and organic C) make it difficult to interpret stable
isotope data. For example, Wilson et al. (2011) documented Ca-, Mg-,
and Na-carbonate efflorescences within kimberlite mine wastes at the
Diavik Diamond Mine that included powdery films at the surface, at
depth, and thick crusts where processed sewage effluent had been
deposited. Carbon fixed within these less common Na-carbonates has
been either 1) a result of organic carbon mineralization (given that FHc
> 1) or 2) recycled from the dissolution of calcite in the kimberlite
residues (Wilson et al., 2011) which is similar to what occurred in our
kimberlite experiments (pathway 2D). Stable isotope data for Diavik
consisted of either a mix of kimberlite and carbonate (Ca and/or Na-
rich) or nesquehonite crusts that were relatively pure, i.e., no dilution
from the kimberlite residues. The nesquehonite crusts were enriched in
13¢ and 80, indicating atmospheric COy sequestration, while Ca- and
Na-carbonates had an organic carbon signal, suggesting the incorpora-
tion of carbon from waste organics (Wilson et al., 2011).

Failing to account for recycled or exchanged carbon will likely result
in the overestimation of total carbon sequestered. During the precipi-
tation of trona during kimberlite weathering experiments there was a
decrease in TIC. It is likely that carbon was recycled between the pri-
mary and secondary carbonates and exchanged with atmospheric CO2
rather than just the incorporation of new atmospheric carbon. CO; ex-
change between dissolved inorganic carbon and atmospheric CO; would
increase 5 '3C and & 180 values, indicating atmospheric CO2 incorpo-
ration as was observed in experiments (Fig. 6).

Despite clear indications of atmospheric CO; sequestration in brucite
and wollastonite samples (TIC increases and secondary carbonate pre-
cipitation), 8'3C values were not indicative of atmospheric CO5 incor-
poration as they decreased due to kinetic fractionation, which results
when carbonate precipitation outpaces CO5 supply (Power et al., 2013a;
Wilson et al., 2010). Thus, kinetic fractionation may obscure atmo-
spheric CO5 sequestration. If solely relying on stable isotope data, it
would suggest that weathering of brucite and wollastonite skarn did not
result in atmospheric CO, sequestration. These findings suggest that
stable isotope data should not be relied on as a sole method for carbon
verification.

4.3.4. Radiocarbon

The incorporation of atmospheric COs is reflected in the radiocarbon
content of carbonate minerals. An advantage of 1*C analyses is that all
modern carbon is accounted for regardless of its source, e.g., organic
carbon and atmospheric CO;. However, a fundamental limitation,
similar to with stable carbon and oxygen isotopes, is that CO, exchange
can be misleading. Finstad et al. (2023) performed *C analyses of car-
bonate samples collected from ultramafic rock surfaces to verify carbon
storage. Results suggest that radiocarbon is a useful technique to verify
and account for the proportion of atmospherically derived carbon;
however, all potential carbon sources must be characterized and their
T4c signatures determined (e.g., host rocks, local atmospheric COo,
surface and ground water). However, if primary carbonates were present
in the ultramafic rocks at Dumont Nickel Project and Swift Creek
Landslide (Finstad et al., 2023), it is possible that C exchanged and
precipitated a new carbonate with a modern signal, confounding in-
terpretations. For example, Gras et al. (2017) describe how the disso-
lution of bedrock carbonate occurs during weathering of Dumont
residues and affects the stable carbon isotopes of the secondary car-
bonates; however, they suggest that calcite dissolution is a minor
contributor. In the present study, brucite and wollastonite skarn expe-
rienced a clear incorporation of atmospheric CO, as the F**C increased,
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corresponding to substantial TIC increases. The F'*C data of the
kimberlite residues also showed substantial incorporation of modern
carbon; however, there was no net gain in CO, based on TIC. As with the
stable carbon isotope data, the *C data are misleading because the
incorporation of modern carbon is due to CO5 exchange with the at-
mosphere, not net sequestration of CO, from the atmosphere.

5. Conclusion

Two primary weathering reaction pathways were identified where
there is either silicate/hydroxide dissolution leading to carbonate pre-
cipitation or dissolution and reprecipitation of carbonates. Four
different techniques were used to help verify carbon storage which was
consistent of 1) mineralogy, 2) total inorganic carbon, 3) stable carbon
and oxygen isotopes, and 4) radiogenic isotopes. Laboratory wetting and
drying experiments demonstrate that changes in TIC in kimberlite resi-
dues over time are variable, while stable isotopic compositions indicate
atmospheric CO3 is incorporated within secondary Na-carbonate phases
without a net gain in CO», a less desirable pathway in the context of CO,
sequestration. More reactive minerals including brucite and wollas-
tonite skarn exhibited much greater increases in TIC and incorporation
of modern carbon, despite a depletion in '3C, indicating that CO, supply
was rate-limiting for carbonation of these highly reactive minerals.
Experimental samples were compared to yellow ground, a primary
example of long-term weathering in a mining environment. This
approach is exemplified by the conversion of blue ground to yellow
ground that shows an approximate doubling of the TIC content with a
clear presence of secondary carbonates as demonstrated by QEMSCAN.
Both Voorspoed kimberlites were essentially radiocarbon dead; how-
ever, during weathering experiments, substantial modern carbon was
incorporated into the kimberlite residues and brucite powder. Results
demonstrate that in order to confirm storage of atmospheric COj,
numerous analyses need to be compared to one another as part of the
monitoring, reporting, and verification process.
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