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Mineral carbonation of alkaline mine residues is a carbon dioxide removal (CDR)
strategy that can be employed by the mining industry. Here, we describe the
mineralogy and reactivity of processed kimberlites and kimberlite ore from Venetia
(South Africa) and Gahcho Kué (Canada) diamond mines, which are smectite-rich
(2.3-44.1 wt.%). Whereas, serpentines, olivines, hydrotalcites and brucite have been
traditionally used for mineral carbonation, little is known about the reactivity of smectites
to CO». The smectite from both mines is distributed as a fine-matrix and is saponite,
M)’Z}angg(AIXSi4_X)O1O(OH)Q-nHQO, where the layer charge deficiency is balanced by
labile, hydrated interlayer cations (M™T). A positive correlation between cation exchange
capacity and saponite content indicates that smectite is the most reactive phase within
these ultramafic rocks and that it can be used as a source of labile Mg?t and Ca?*
for carbonation reactions. Our work shows that smectites provide the fast reactivity
of kimberlite to CO» in the absence of the highly reactive mineral brucite [Mg(OH)»]. It
opens up the possibility of using other, previously inaccessible rock types for mineral
carbonation including tailings from smectite-rich sediment-hosted metal deposits and oil
sands tailings. We present a decision tree for accelerated mineral carbonation at mines
based on this revised understanding of mineralogical controls on carbonation potential.

Keywords: carbon sequestration, mineral carbonation, saponite, cation exchange, kimberlite, smectite

INTRODUCTION

Stabilization of atmospheric CO, concentration is an ongoing challenge that is necessary to
limit the adverse effects of climate change (IPCC, 2018). Mineral carbonation, also called carbon
mineralization, is a natural weathering process that regulates atmospheric CO, levels by forming
carbonate rocks, which constitute the largest carbon reservoir on Earth (Berner, 1998). Accelerated
mineral carbonation via enhanced weathering is a Carbon Dioxide Removal (CDR) strategy
that can be employed by industries that generate alkaline wastes to offset their greenhouse gas
emissions (Wilson et al., 2006, 2009a; Renforth et al., 2009). Mining companies, such as the De
Beers Group of Companies (Mervine et al., 2018), are exploring integration of this strategy within
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their operations (e.g., Project CarbonVault™). This approach
to Carbon Capture, Utilisation and Storage (CCUS) transforms
atmospheric CO;, into environmentally benign carbonate
minerals that are stable over geological time (Power et al., 2014).
The mineral carbonation reaction has traditionally been viewed
as silicate dissolution (1), releasing divalent cation(s) (M2>"),
followed by carbonate precipitation (2):

M,SiyOz+x + XH,0 + 2xCO, — xM*™ + 2xHCO; +ySi0; (1)

xM?** + 2xHCO; — xMCO; + xH,0 + xCO, )

This mineral trapping of CO, is generally described by the sum
of reactions (1) and (2):

M;SiyOx 2y + xCOy — xMCO3 + SiO; 3)

Key controls on the conversion of CO; into solid carbonates
relate to the nature of the target mineral used as a source of
divalent cations, in particular the nature of its divalent cations
(e.g., Ca’*, Mg?*, Fe’*) and its dissolution rate, which is a
function of reactive surface area, the strength of metal-oxygen
bonds (controlled by cation size and co-ordination number) and,
in the case of silicates, the degree of silica polymerization (Daval
et al., 2011; Power et al., 2013; Harrison et al., 2015). Parameters
such as water content, solution chemistry [a(Ca®t), a(Mg2+),
a(CO;3)?~, pH], temperature and pressure also serve as important
controls on carbonation rates and efficiency.

Mg?** and Ca** are the most important cations for mineral
carbonation because they compose the most common carbonate
minerals at Earth’s surface. Mg- and Ca-rich mafic and ultramafic
rocks such as basalts, peridotites and serpentinites play an
important role in chemical weathering and their carbonation
acts as a major sink for atmospheric CO;, (Goft and Lackner,
1998; Dessert et al., 2003; Oelkers et al., 2008). Numerous
experimental studies have described and/or measured the
reactivity of the Mg-, Ca- and Fe-bearing phases found in
(ultra)mafic rocks. Serpentine minerals, such as lizardite and
chrysotile [Mg3Si;O5(OH)4], have received wide attention due
to their high reactivity and their high Mg content (e.g., Hansen
et al., 2005; Daval et al., 2013; Power et al., 2013). Olivine
minerals [(Mg,Fe),SiO4] have also been extensively studied
because they are amongst (i) the most thermodynamically
favorable substrates for carbonation and (ii) the fastest dissolving
Mg-silicate minerals per unit of surface area (Giammar et al.,
2005; Daval et al., 2011; Guyot et al., 2011; Bundeleva et al., 2014;
Loring et al., 2015). Despite that, aqueous carbonation of olivine
has shown negligible carbonate formation at temperatures below
100°C (e.g., Wang and Giammar, 2013). Wollastonite (CaSiO3)
is one of the most reactive Ca-bearing silicate minerals and
it has also been studied for mineral carbonation (Daval et al.,
2009). Release of Mg or Ca from these silicate minerals is slowed
due to the precipitation of passivating Si-rich layers at grain
surfaces, which is why the use of organic compounds/chelators
in soils, attrition grinding exfoliation or wave action on beaches
are commonly studied and/or invoked in enhanced weathering

of these silicate minerals (e.g., Sissmann et al., 2013; Julcour
et al., 2015). The dissolution of silicate minerals also leads to
the liberation of Si into solution and to a thermodynamic and
kinetic competition between aqueous carbonate and silica species
for aqueous Mg (Zeyen et al., 2021). Consequently, the effect
of mineral carbonation can be limited by the precipitation of
authigenic Mg-silicate phases (e.g., stevensite, kerolite) rather
than Mg-carbonates (Alfredsson et al., 2013; Rigopoulos et al,,
2018; Oelkers et al., 2019; Oskierski et al., 2019).

Alternatively, brucite [Mg(OH),], which is a common
component of some ultramafic rocks, is considered the easiest
source of Mg for carbonation reactions because of its high
reactivity and high solubility at Earth’s surface temperatures
(Wilson et al., 2010, 2014; Zhao et al., 2010; Pronost et al., 2011;
Harrison et al., 2013; Power et al., 2020). Brucite content within
ultramafic rocks is the single most important determinant of
carbonation potential using atmospheric CO,, flue gas or CO,
streams from Direct Air Capture alone. Brucite carbonation
in ultramafic rock is optimized under water undersaturated
conditions (Assima et al., 2013b; Harrison et al., 2015; Hamilton
et al, 2020), which affords an advantage over serpentine
and olivine dissolution, since it does not require as large an
investment of water. The full reactivity of brucite to CO; can also
be accessed at ambient temperature and pressure. Nesquehonite
(MgCO03:3H,0), dypingite [Mgs(CO3)4(OH),-~5H,0] and/or
hydromagnesite [Mgs(CO3)4(OH),-4H,0] are the dominant
carbonation products (e.g., Zhao et al, 2010; Harrison et al.,
2013) of brucite dissolution (4) and carbonate precipitation (5):

Mg(OH), + 2CO, — Mg*" + 2HCO; (4)

Mg*" + 2HCOj + 2H,0 — MgCO3-3H,0 + CO,  (5)

The sum of reactions (4) and (5) describes carbonation of brucite
to nesquehonite:

Mg(OH), + CO, + 2H,0 — MgCO;3-3H,0 (6)

Kimberlites are diamond-bearing ultramafic rocks containing a
high quantity of reactive Mg- and Ca-silicates such as serpentine
and olivine minerals (Wilson et al., 2009b; Mervine et al.,
2018). They can also contain brucite so long as the kimberlites
have not experienced substantial crustal contamination, which
incorporates silica to form talc at the expense of brucite (Berg,
1989). An estimated range of 9-17 Gt/yr of mine tailings,
including processed kimberlites, are produced worldwide
(Bullock et al., 2021). Approximately 420 Mt/year of these
tailings are ultramafic and suitable for mineral carbonation
(Power et al., 2013). Although processed kimberlites have been
recognized as suitable rocks for carbon sequestration (i.e., the
multidisciplinary Carmex project, Bodénan et al., 2014), only a
few studies on mineral carbonation in kimberlite exist, including
those done at the Diavik mine, Northwest Territories, Canada
(Wilson et al., 2009b, 2011; Power et al., 2011), the Ekati mine,
Northwest Territories, Canada (Rollo and Jamieson, 2006) and
the Kirkland Lake and Lake Timiskaming kimberlites, Ontario,
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Canada (Sader et al., 2007). The mineralogy of kimberlites
from different diamond mines (i.e., Venetia, Voorspoed, Victor,
Gahcho Kué and Snap Lake) varies both between mines and
amongst facies within a single kimberlite pipe (Mervine et al.,
2018). This mineralogical diversity—particularly the abundances
and presence of serpentines, olivines, brucite, smectites, and pre-
existing carbonates (calcite and dolomite)—must be carefully
assessed and considered in choosing the most appropriate
mineral carbonation strategy for a given mine.

In this study, we investigate the mineralogy and reactivity
of kimberlite ore and processed kimberlites from the Venetia
(South Africa) and Gahcho Kué (Canada) diamond mines,
mimicking the first step of crushing during kimberlite ore
processing. Highly reactive brucite is absent in samples from
Venetia and either scarce or absent at Gahcho Kué, necessitating
development of new strategies for mineral carbonation. Ore and
processed kimberlite from these two mines consist of a clay-rich
mineral assemblage that is dominated by serpentine minerals
and Mg- and Ca-rich smectite(s). Carbonation of serpentine and
brucite has long been a focus of CCUS in mine residues (e.g.,
Wilson et al., 2009a; Krevor and Lackner, 2011; Pronost et al.,
2011; Harrison et al., 2013). Although serpentine minerals are
abundant in ultramafic rocks, they react more slowly at Earth’s
surface temperatures, making the abundance of highly reactive
brucite the major control on how much mineral carbonation can
occur rapidly via enhanced weathering of mine tailings (Wilson
et al., 2010; Pronost et al., 2011; Harrison et al., 2013).

Smectites are a group of minerals consisting of trioctahedral
(e.g., stevensite and saponite) or dioctahedral (e.g.,
montmorillonite and non-tronite) swelling clays. Smectites
can act as a source of magnesium and/or calcium for carbonation
reactions via two possible mechanisms: (i) cation exchange, in
which labile interlayer calcium and magnesium are released from
the mineral in exchange for other less desirable cations (e.g.,
KT, NHI) from solution (7), avoiding silica dissolution and
the precipitation of secondary silicate(s) and (ii) dissolution or
direct replacement of smectites to form carbonate phases from
recalcitrant magnesium located in octahedral sheets (Figure 1).
The extracted cations M™" can then react with carbonate and/or
bicarbonate ions to form carbonate minerals, MCO3 (8).

M"™" 4 /mMgs(ALSis—x)O19(OH),-nH,0 + KCl —
(K)xMg3(ALSia—x)O10(OH)2-nH0 + x/m(M™F) + xCl™ (7)

x/m(M™) + 2x/mHCO; — x/mMCO;3 +
x/mH,0 + x/mCO, (8)

Equations (7) and (8) can be viewed as two distinct steps where
the first step consists of the liberation of cations through the
addition of a chemical amendment such as KClI (i.e., the cation
exchange) and the second step consists of carbonation of the
cation-rich leachate using a source of CO, (Figure 1).

The use of smectites for mineral carbonation, sensu stricto
(i.e., involving carbonate precipitation), has not previously been
explored, but here we propose that they can be employed as fast-
reacting alternatives to brucite. We then describe a framework

exchangeable cations

&5@& @(8@

Cation Exchange H,0

@ Interlayer

CaCO,(s)

FIGURE 1 | Conceptual diagram showing cation exchange between the
interlayer of smectites and a solution that is saturated with a potassium salt
(e.g., KCI). Divalent cations (Mg and Ca®*) are exchanged with K* in the
interlayer space of the smectite (step 1) making them available for carbonation
(step 2). T-O-T represents the layered configuration of smectite with an
octahedral layer (O) between two tetrahedral silicate layers (T).

for selecting technologies that are best suited to optimize
carbonation of processed kimberlites and other mine residues
based on their mineralogy.

MATERIALS AND METHODS

Field Localities and Sampling

Fieldwork and sampling were conducted in 2017 at
two kimberlite-hosted diamond mines, Venetia mine
(Limpopo Province, South Africa) and Gahcho Kué mine
(Northwest Territories, Canada), to assess the carbonation
potential of processed kimberlite at these sites (Figure 2).
Tablel summarizes the samples that were collected,
their corresponding lithofacies and the acronyms used to
describe lithofacies.

The Venetia pipes were formed at 519 &+ 6 Ma (Phillips et al.,
1998) and emplaced into the Sand River Gneiss basement (3.1
Ga), which consists of granulites retrogressed to amphibolite
facies, and the metamorphic Beit Bridge Complex (2.0-2.7
Ga), which consists of interlayered biotite gneiss, biotite schist,
amphibolite, quartzite and dolomitic marble (Stripp et al., 2006).
Samples of kimberlite ore were collected from stockpiles and
the mine pit, whereas samples of processed kimberlite were
obtained at the processing plants, Fine Residue Deposits 1 and
2 (FRD, particle size < 0.8 mm) and Coarse Residue Deposit
(CRD, particle size of 0.8-8 mm). Three crust samples, 17VEN-
FRD2-11A,—12A and 13A were collected at the surface of
FRD 2. Sampling at Venetia was done in March, July and
October 2017.

The pipes at Gahcho Kué were emplaced into the Archaean
basement granitoids of the Slave Craton (Hetman et al., 2004).
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FIGURE 2 | Maps showing the location (marked by orange diamond symbols) of: (A) Venetia mine in South Africa; (B) Gahcho Kué mine in Canada. Modified after

Four samples of kimberlite ore, including hypabyssal kimberlite
(17GK-22), transitional hypabyssal kimberlite (17GK-21, 17GK-
23) and transitional tuffisitic kimberlite (17GK-J-24) from the
5034 kimberlite pipe, were collected from ore stockpiles in
July 2017.

Bulk Analyses of Geochemical, Physical

and Mineralogical Properties

Since most of the samples are hand-specimens of ore kimberlites,
~40 g of each sample were finely ground in a shatter box for
3min, to mimic the first step in kimberlite ore processing.
Aliquots of the same powdered sample were used for bulk
analyses of geochemical composition and physical properties.

Major and Trace Element Geochemistry

Concentrations of major elements, total carbon and total
inorganic carbon, total sulfur and trace elements were measured
at SGS (Vancouver, Canada) on 21 samples (17 samples from
Venetia and 4 samples from Gahcho Kué). Approximately
10g of powder were used for each analysis. Major element
analyses (14 elements) were performed using borate fusion
for X-ray fluorescence (XRF) spectrometry. Trace elements
(56 elements) were analyzed using sodium peroxide fusion
combined with inductively coupled plasma—atomic emission
spectroscopy (ICP-AES) and inductively coupled plasma—mass
spectrometry (ICP-MS). Total carbon (TC) and total sulfur
contents were determined using a carbon/sulfur analyzer by
combustion. Total inorganic carbon (TIC) abundance was
determined using coulometry. The amount of organic carbon
was calculated as the difference between total carbon and total
inorganic carbon.

Particle Size Distribution and Surface Area

The particle size distribution of 19 pulverized samples and one
unpulverized sample, 17VEN-CRD-sampleB-13.10.2017, were
obtained using a Vibratory Sieve Shaker AS 200 digit cA (Retsch)
and a Horiba LA-950V2 laser scattering particle size distribution
analyser (Teledyne, USA). Sodium hexametaphosphate (30 g/L),
also known as Calgon, was used as a dispersant. Specific
surface areas of the same samples were determined using the
multipoint Brunauer-Emmett-Teller method (BET; Brunauer
et al., 1938). Samples were degassed overnight at 200°C on
a Smart VacPrepTM 067 instrument (Micromeritics, Norcross,
GA, USA). BET analysis was performed at 77K (—196°C) on
a 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 conducted with
the MicroActive Interactive software (Micromeritics, Norcross,
GA, USA). This provides an estimate of the reactive surface area
of processed kimberlite and ore.

Cation Exchange Capacity

CEC is defined as a measure of the ability of a clay or a
soil to adsorb cations in such a form that they can be readily
desorbed by competing ions (Bache, 1976). CEC analyses were
performed on 19 pulverized samples and one unpulverized
sample, 17VEN-CRD-sample B-13.10.2017. Two of these 20
samples were analyzed in triplicate to check the precision of
the analyses. In this study, we determined CEC in two ways:
(1) using the sum of all exchangeable cations (denoted CEC-
cations) in the NHjy-acetate leachates and (2) using only the
NHy-N concentration in the KCl leachates (denoted CEC-NHy4-
N), both of which are normalized to the BET surface area.
More information about the CEC method is provided in the
Supplementary Material S1.
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TABLE 1 | Kimberlite facies studied.

Mine Sample Date of collection Type Lithofacies?®
(day/month/year)

Venetia 17VEN-K1-KIMB1 07/2017 Ore CKNE kimberlite; K1 pipe
17VEN-K1 KIMB2 07/2017 Ore CKNE/MVK Contact kimberlite; K1 pipe
17VEN-K1 KIMB3 07/2017 Ore DVK kimberlite-core; K1 pipe
17VEN-K2 KIMB1 07/2017 Ore MVK kimberlite; K2 pipe
17VEN-K2 KIMB2 07/2017 Ore VKBR kimberlite; K2 pipe
17VEN-K3 KIMB1 07/2017 Ore VK kimberlite; K3 pipe
17VEN-KB KIMB2 07/2017 Ore CK kimberlite; K3 pipe
17VEN-K3 KIMB3 07/2017 Ore VKBN kimberlite; K3 pipe
17VEN-K3 KIMB4 07/2017 Ore CKW kimberlite; K3 pipe
VEN-CRD-SampleA 21/07/2017 Coarse residue deposit Unknown
VEN-CRD-SampleB 13/10/2017 Coarse residue deposit Unknown
17VEN-CRD1-01A 14/03/2017 Coarse residue deposit Unknown
VEN-FRD2-SampleA-Cycl 13/10/2017 Fine residue deposit Unknown
17VEN-FRD-06a 14/03/2017 Fine residue deposit Unknown
17VEN-FRD2-11A 15/03/2017 Fine residue deposit Unknown
17VEN-FRD2-12A 15/03/2017 Fine residue deposit Unknown
17VEN-FRD2-13A 15/03/2017 Fine residue deposit Unknown

Gahcho Kué 17GK-21 07/2017 Ore Pile A; HK/HKt; Centre Lobe; 5034 pipe
17GK-22 07/2017 Ore Pile F; HK; SW Corridor
17GK-23 07/2017 Ore E; HKt; South pipe
17GK-J-24 07/2017 Ore J; TKt; West Lobe

a\enetia: CKNE, coherent kimberlite north east; DVK, dark volcaniclastic kimberiite; MVK, massive volcaniclastic kimberlite; VKBR, layered volcaniclastic kimberlite breccia; VK,
volcaniclastic kimberlite; CK, coherent kimberlite; VKBN, volcaniclastic Kimberlite breccia (North); CKW, coherent kimberlite west.
Gahcho Kué: HK, hypabyssal kimberlite; HKt, transitional hypabyssal kimberlite; TKt, transitional tuffisitic kimberiite.

Powder X-Ray Diffraction

Approximately 2g of each pulverized sample was milled for
7 min under anhydrous ethanol using a McCrone micronizing
mill. Following drying and disaggregation, micronized samples
were Ca-exchanged by agitation on a shaker table for 24 h while
suspended in a solution of 1 M CaCl, following the method of
Mervine et al. (2018). Ca-exchanged samples were rinsed three
times with MilliQ water to prevent the formation of chloride salts
as an artifact of this treatment during drying. Relative humidity
(RH) strongly influences the structures of swelling clays (i.e., Bish
et al., 2003). As such, samples were stored in a humidity vessel
containing a slurry of NaCl (RH ~ 75%) for 24h prior to X-
ray diffraction (XRD) analysis, which served to stabilize the basal
spacing of smectites to ~15 A. A humidifier was used to maintain
RH between 66.7 and 73.3% during acquisition of XRD patterns.
Samples were back-loaded into cavity mounts and patterns
were collected using a Bruker D8 Advance X-ray diffractometer
equipped with a high-speed energy-dispersive LYNXEYE XE-
T detector. Data acquisition was done using a Co X-ray tube
operated at 35 kV and 40 mA. All patterns were collected over a
26 range of 3-80° with a step size of 0.02°/step at a rate of 1 s/step.
Mineral phase identification from all patterns was conducted
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 for samples from Venetia and Gahcho Kué, which
contain high abundances of both serpentine and smectite, were

done using the Poorly Ordered or No Known Crystal Structure
(PONKCS) method (Scarlett and Madsen, 2006) using TOPAS
5 (Bruker). More information about this method is provided in
Supplementary Material S2.

Thermogravimetric Analyses

Twenty-one samples were analyzed using TGA at the
University of British Columbia. This technique was used as
a complementary approach to XRD to confirm the absence
of brucite in the samples. Approximately 50mg aliquots of
McCrone milled samples were analyzed using a Perkin Elmer
TGA 4000 with Polyscience chiller and an AS 6000 autosampler.
The samples were heated at a rate of 10°C/min from 40 to 900°C
with and inert carrier gas (N;) flowing at a rate of 19.8 mL/min
to prevent oxidation.

Fourier Transform Infrared Spectroscopy

FTIR analyses were performed on 21 samples to confirm the
presence of the mineral phases detected by XRD and in particular
to confirm the trioctahedral characteristic of the smectites.
Approximately 10 mg aliquots of McCrone milled samples were
analyzed using a Nicolet iS50 FTIR spectrometer (Thermo Fisher
Scientific). The spectrometer was equipped with a diamond
crystal attenuated total reflectance (ATR) cell outfitted with
a potassium bromide (KBr) beam splitter and a deuterated
triglycine sulfate (DTGS) detector. The sample was deposited
directly on the ATR diamond crystal and was clamped to the
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crystal surface with a pressure arm to ensure a good optical
contact between the sample and the crystal. Data were collected
using the OMNIC software. ATR-FTIR spectra represent an

average of 32 scans collected between 400 and 4,000 cm™!,

with a data spacing of 0.482 cm™! and a resolution of 4 cm™!.
A background (ambient atmosphere) spectrum was collected
between each sample and subtracted from sample spectra in

all cases.

Microscopy

Scanning Electron Microscopy

SEM analyses were performed to describe the distributions,
textures and elemental compositions of minerals. Analyses were
performed on polished thin and thick sections made from
kimberlite ore samples using a Zeiss Sigma 300 VP-field emission
gun SEM. Backscattered electron (BSE) images were acquired
under variable pressure (VP) mode at an accelerating voltage of
25 kV (for uncoated samples) and at 15 kV (for C- or Au-coated
samples), a working distance of ~7.5mm and with a 30 um
aperture. The elemental composition of mineral phases was
determined using energy dispersive X-ray spectrometry (EDXS)
with a Bruker detector. EDXS data were analyzed using the
ESPRIT software package (Bruker).

Raman Microspectroscopy

Two polished petrographic thin sections, 17VEN-K2-KIMB1
and 17GK-J-24, were analyzed to confirm the nature of phases
observed with optical microscopy and SEM. For the latter
sample, luminescence induced by the incident laser precluded
Raman analysis. Raman spectra were recorded using a HORIBA
LabRam HR Evolution spectrometer. Analyses used a 532 nm
laser focused on the sample using an Olympus 100X LWD
objective (NA = 0.80) and a confocal pinhole aperture of 50 pum,
to obtain a planar resolution of ~ 1 um?. The signal was
filtered by edge filters and dispersed by a diffraction grating
with 1,800 grooves/mm and the signal was analyzed with a
HORIBA Synapse Plus CCD (charge-coupled device; 1,024-
256 pixels) detector. Before each session, the spectrometer was
calibrated using a silicon standard. Spectra were collected using
the LabSpec6 software provided by HORIBA.

X-Ray Fluorescence Microscopy

Two kimberlite samples from Venetia mine (17VEN-K1-KIMB-
1 and 17VEN-K2-KIMB-1) were prepared as thin sections on
quartz slides for trace element analysis using XFM at the
Australian Synchrotron, Clayton, Australia. X-ray Fluorescence
Microscopy (XFM) allows for rapid quantitative elemental
analysis over large areas (such as a geological thin section) at high
resolution (using pixel sizes as small as ~1 pm) with ppb-level
sensitivity (Paterson et al., 2011; Ryan et al., 2014; Howard et al.,
2020). Scans were conducted with an incident monochromatic
X-ray beam of 12.9 keV focused to ~2 pum using Kirkpatrick-
Baez mirrors, a step size of 5 um, and a dwell time of 20 ms/pixel.
Elemental abundance data were collected using a Maia detector
(Ryan et al., 2010, 2014) and the data were processed using the
GeoPIXE software program (Ryan, 2000).

In addition, XFM mapping data were acquired at the
GSECARS X-ray microprobe beamline, 13-ID-E, at the
Advanced Photon Source (APS), Argonne National Laboratory,
Illinois, USA over the course of two beamtime allotments.
Those analyses were performed on one kimberlite sample from
Gahcho Kué (17GK-J-24) (regular borosilicate glass slide) and
one sample from Venetia (17VEN-K2-KIMB1) (quartz slide).
The 13-ID-E station uses an APS 3.6cm period undulator
source, a cryogenically-cooled double crystal monochromator
and microfocusing mirrors in a Kirkpatrick-Baez (KB) geometry
to produce focused X-ray beams of 1 (V) x 2 (H) pm (Sutton
et al, 2017). For the experiments described here, a Si(111)
monochromator crystal set was used to provide incident beam
energies between 16.5 and 18 keV with an incident flux to
the sample (Ig) between ~5 x 10! and 2 x 102 photons
per s. Energy dispersive XRF spectra were collected using a
Canberra/Mirion SX7, 7-element silicon drift diode detector.
Pulse processing was done with a high-speed Quantum Xpress3
digital spectrometer system. The resultant XRF maps were
processed using the Larch software package (Newville, 2013).
Note that the XRF maps are RGB maps corresponding to
the distribution of three elements plotted with the brightest
color indicating the highest measured count rate (and black
corresponding to the lowest count rate), and the color ranges
are not linked to the concentration of one element vs. another
element within the same map.

RESULTS
Bulk Chemistry

The bulk elemental chemistry of the samples from Gahcho Kué
and Venetia mines is summarized in Supplementary Table S1.
The kimberlite facies that comprise Venetia ore have average
Mg contents of 15.30 & 2.07 wt.% and Ca contents of 5.68
=+ 0.53 wt.%. The Mg and Ca contents of kimberlite ore from
Gahcho Kué differ in that the average Mg concentration is
higher (18.60 £ 2.56 wt.%) whereas the Ca content is lower
(2.18 £ 1.54 wt.%). The Mg and Ca contents of the processed
kimberlites (FRD and CRD) from Venetia are lower compared to
the unprocessed ore with average values of 12.10 & 2.27 wt.% for
Mg and 4.50 =+ 0.21 wt.% for Ca (FRD) and 13.39 & 2.97 wt.%
for Mg and 5.00 £ 0.10 wt.% for Ca (CRD). These differences are
likely due to the incorporation of more silica-rich country rocks
(mainly biotite gneiss, biotite schist, and amphibolite) during the
mining process.

It is also important to consider the first-row transition
metal abundances of kimberlites and other ultramafic rocks
because carbonation technologies can mobilize these valuable
(and potentially toxic) elements (Hamilton et al., 2016, 2018,
2020). We compared the concentrations of these elements
within kimberlites vs. their concentrations within CI chondrites
(primitive meteorites) to describe weather kimberlites are
enriched or depleted compared to the primitive mantle. Some
of the first-row transition elements, such as Ti and V, are
more concentrated in the studied kimberlites compared to CI
chondrites (McDonough and Sun, 1995). Conversely, Fe, Mn,
Ni, Cr are less concentrated in the kimberlites compared to
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17VEN-K1-KIMB1 3.0 120 503 16.2 1.7 34 21 10.3 0.4 0.6 100.0 10.6
17VEN-K1-KIMB2 0.8 183 544 73 5.8 2.8 1.1 8.7 0.8 100.0 12.9
17VEN-K1-KIMB3 1.7 211 378 98 3.3 1.8 2.4 49 113 5.2 0.5 100.0 1.1
17VEN-K2-KIMB1 10.7 85 16.6 33.8 1.7 0.6 0.7 220 3.0 2.0 0.3 0.1 100.0 7.5
17VEN-K2-KIMB2 35 164 108 399 27 1.8 2.5 10.8 1.6 8.5 0.8 0.8 100.0 11.2
17VEN-K3-KIMB1 19 172 501 7.6 1.7 10.4 4.7 52 0.3 0.9 100.0 1.7
17VEN-K3-KIMB2 0.6 20.7 426 6.2 2.3 174 27 21 2.4 1.8 0.2 03 0.8 100.0 12.8
17VEN-K3-KIMB3 58 165 229 274 09 1.5 0.2 2.4 2.4 6.3 6.6 0.3 3.2 1.9 0.5 1.5 100.0 13.2
17VEN-K3-KIMB4 6.3 584 7.7 0.7 28 147 6.8 1.3 1.3 100.0 12.1
VEN-CRD-SampleA 62 99 370 136 6.2 37 37 0.8 7.5 4.6 6.2 0.5 100.0 9.7
VEN-CRD-SampleB 46 76 229 233 19 87 6.0 3.6 8.4 7.3 4.9 0.7 100.0 10.3
17VEN-CRD1-01A 55 129 410 126 26 38 1.2 7.2 3.8 9.0 0.6 100.0 10.2
VEN-FRD2-SampleA-Cycl (etOH wash) 4.7 143 186 304 23 6.8 4.1 4.0 6.5 3.1 4.1 1.1 100.0 11.3
VEN-FRD2-SampleA-Cycl (no wash) 77 127 180 294 33 65 39 3.6 7.0 2.9 4.0 1.0 100.0 10.4
17VEN-FRD-06a 3.7 109 121 298 41 74 5.1 4.3 9.6 8.1 4.9 0.4 100.0 11.0
17VEN-FRD2-11A 5.1 80 250 386 29 15 0.3 0.9 1.7 9.0 1.5 4.7 0.4 0.4 100.0 8.7
17VEN-FRD2-12A 6.0 84 266 356 34 08 0.2 1.0 19 85 1.6 5.2 0.6 0.4 100.0 8.6
17VEN-FRD2-13A 6.0 73 233 380 24 17 0.1 1.4 16 115 1.8 3.8 0.8 0.3 100.0 9.1
17GK-21 24 146 544 116 2.0 1.9 7.7 1.9 0.2 1.4 1.9 100.0 11.9
17GK-22 0.7 384 900 23 3.1 0.6 100.0 9.7
17GK-23 6.6 143 358 134 9.0 3.0 1.8 4.9 7.5 0.8 0.2 1.7 0.8 100.0 11.6
17GK-J-24 75 116 19.2 4441 9.3 1.1 1.0 0.3 1.1 2.3 0.3 2.1 0.1 100.0 7.3

. Rup: weighted profile R-factor, a function of the least-squares residual (%).
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CI chondrites. More generally, the concentrations of transition
metals in kimberlites from Venetia and Gahcho Kué are
comparable with average kimberlite compositions globally
(Mitchell, 1986). The concentration of Cr is higher in Gahcho
Kué ore (1,338 & 160 ppm) compared to the Venetia ore (1,084
=+ 270 ppm). Regarding the concentration of total carbon, the
Venetia ores show a higher content compared to the Gahcho Kué
ores (0.67 4+ 0.36 wt.% vs. 0.12 £ 0.10 wt.%). The total carbon
content of the Venetia CRD is greater than that of the Venetia
FRD (0.73 £ 0.13 wt.% vs. 0.58 £ 0.09 wt.%).

Mineralogy of the Ore and Processed
Kimberlites From Venetia and Gahcho Kué

Mines

Quantitative mineralogical results determined by Rietveld
refinement with XRD data are provided in Table 2. Serpentine
minerals and smectites are the most abundant phases in most
samples. Supplementary Figure S1 shows an example Rietveld
refinement plot for the ore sample 17VEN-K2-KIMBI1 (i.e.,
K2 pipe, MVK facies, Venetia mine). This sample contains
12 detectable mineral phases illustrating the mineralogical
complexity of the samples. Lizardite is abundant in ore samples
from Venetia in proportions varying from 10.8 wt.% (17VEN-
K2-KIMB2, K2 pipe, VKBR facies) to 58.4 wt.% (17VEN-K3-
KIMB4, K3 pipe, CKW facies). This mineral phase is also
particularly abundant in the samples from Gahcho Kué with
proportions varying broadly from 19.2 wt.% (17GK-J-24, TKt
facies) to 90.0 wt.% (17GK-22, HK facies). Smectite is present
in all samples from the two mines ranging from 6.2 wt. %
(17VEN-K3-KIMB?2, K3 pipe, CK facies) to 39.9 wt.% (17VEN-
K2-KIMB?2, K2 pipe, VKBR facies) at Venetia and from 2.3 wt.%
(17GK-22, HK facies) to 44.1 wt.% (17GK-J-24, TKt facies) at
Gahcho Kué.

Calcite (CaCOs3) is present in all samples from Venetia with
proportions varying from 2.0 wt.% (17VEN-K2-KIMB1, K2 pipe,
MVK facies) to 10.3 wt.% (17VEN-K1-KIMBI, K1 pipe, CKNE
facies). Calcite is likely to have been inherited from both the
kimberlite ore and from the country rock in the FRD and
CRD samples from Venetia. Notably, calcite is present at low
abundance (<2 wt.%) in the four ore samples from Gahcho
Kué. In addition to calcite, dolomite [CaMg(COs3);] is either
absent or present at low abundance (<2 wt.%) in the samples
from the two mines. The calcite content determined via Rietveld
refinement with XRD data and calculated from the bulk TIC
analyses (measured by coulometry analyses) of all samples are
in excellent agreement (Figure 3), supporting the accuracy of the
Rietveld refinement results.

Brucite is difficult to detect with XRD in kimberlite samples
since its most intense peak (i.e., 001 at 4.78 A, 21.58 © 26), and
its second (i.e., 101 at 2.37 A, 44.39 ° 20) and third (i.e., 102 at
1.80 A, 59.71 ° 260) most intense peaks, all overlap with peaks
of clinochlore [Mg5Al(AlSi3O;9)(OH)s]. Clinochlore is absent
in one sample (17VEN-K3-KIMB4) and is present in all the
other samples from Venetia and Gahcho Kué with proportions
varying from 0.6 wt.% (17VEN-K3-KIMB2, facies CK) to 10.7 wt.
% (17VEN-K2-KIMBI, facies MVK). Brucite was not detected

from XRD data in any of the samples from Venetia or Gahcho
Kué. Nor could it be detected using any of the microscopy
or spectroscopy techniques used in this study. Finally, TGA
analyses were performed using the method of Assima et al
(2013a) to detect brucite at low abundances in mineralogically
complex samples. None of the 21 samples showed TG weight
loss between 250 and 400°C, which is the temperature range over
which dehydroxylation of brucite occurs (Assima et al., 2013a)
(Supplementary Figure S2).

The modal proportions of minerals differ substantially
between samples of processed kimberlite and ore. For instance,
quartz content is higher in processed kimberlites, reaching
4.3 wt.% for a FRD sample from Venetia (17VEN-FRD-06a),
whereas quartz is absent or present at much lower abundance
for ore from the two mines. Similarly, albite (NaAlSi3zOg)
is detectable in the FRD and CRD samples from Venetia
while absent in Venetia and Gahcho Kué ore. Tremolite
[OCayMgsSigO22(OH),, where O indicates a vacancy in the
crystal structure], is also systematically present in the processed
kimberlites while absent or present at trace or minor abundance
in Venetia ore and absent in Gahcho Kué ore. Contrastingly,
some minor phases that are detectable in ore (spinels, garnets,
forsterite) are commonly undetectable in samples of processed
kimberlites. The mineralogy of Venetia FRD (17VEN-FRD2-
SampleA-Cyclone) and CRD (17VEN-CRD-SampleB) is similar.

R®=0.93

17VEN-K1-KIMB-1

—_

0 L
17VEN-K1-KIMB-2

17VEN-CRD1-01A &

©
T

17VEN-K3-KIM B-4‘

17VEN-K1-KIMB-3
17 VEN-K3-KIMB-1

’

4
A 17VEN-FRD2-12A

17VEN-FRD1-06A ," 17VEN-CRD-SampleB

17VEN-FRD2-11A

Calcite (wt.%) Rietveld
» (o]
T

0 47GK-J-24 | | | |
0 2 4 6 8 10
CaCO,(wt.%) calculated from TIC

FIGURE 3 | Biplot representing CaCOz abundances calculated from bulk TIC
analyses (measured by coulometry) vs. the calcite content (wt.%) determined
by Rietveld refinement. The R? of the regression line is 0.93 and close to the
1:1 line supporting the accuracy of the calcite estimation using Rietveld
refinement. Samples from Venetia are represented by black diamonds and
samples from Gahcho Kué are represented by blue circles. Samples from the
Gahcho Kué mine are calcite and TIC-poor.
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The most noticeable difference between these FRD and CRD
samples is the smectite content, which is higher in the FRD
sample (30.4 wt.% in FRD samples vs. 23.3 wt.% in CRD).
This difference is consistent with fine-grained clay minerals
concentrating preferentially into FRD.

The crust samples collected from FRD2 at Venetia (17VEN-
FRD2-crust-11A,—12A, and—13A) contain particularly high
proportions of smectite (35.6-38.6 wt.%). These three samples
show a similar composition and can be distinguished from
the three other FRD samples (VEN-FRD2-SampleA-Cyclone,
VEN-FRD2-SampleB and 17VEN-FRD-06a) by a higher lizardite
content, the trace presence of olivine, spinels (e.g., chromite) and
the absence of talc. The six samples of processed kimberlite and
crusts from Venetia have a similar mineralogical composition to
that of the MVK ore, which is consistent with MVK being the
dominant ore mined at the time of sampling. The mineralogy
of the kimberlite ore from Gahcho Kué and Venetia differs. In
particular, ore from Gahcho Kué is calcite- and diopside-poor
which contrasts with most of the Venetia ore.

FTIR analyses are consistent with XRD results.
Supplementary Figure S3 shows three FTIR spectra of samples
with distinct mineralogical compositions and abundances:
(1) a kimberlite ore (17VEN-K1-KIMB2, K1 pipe, facies
CKNE/MVK) from Venetia containing major lizardite (54.4
wt.%), minor smectite (7.3 wt.%) and no talc, (2) a crust sample
from FRD2 at Venetia (17VEN-FRD2-12A, MVK) containing
smectite (35.6 wt.%), lizardite (26.6 wt.%) and no talc and (3)
a kimberlite ore (17GK-J-24, J; TKt; West Lobe) from Gahcho
Kué, containing smectite as the most abundant phase (44.1
wt.%), lizardite (19.2 wt.%) and talc (9.3 wt%). Lizardite is
consistently detected in the samples with bands at ~939 and
~1,086 cm ™! (Supplementary Figure S3A), interpreted as two
degenerate equatorial stretching modes of Si-O bonds and the
symmetric stretch of apical Si-O, respectively (Balan et al., 2002).
In the hydroxyl region (Supplementary Figure S3B), lizardite
is characterized by a sharp peak at 3,683 cm™!, interpreted
as in-phase stretching of the three inner surface OH groups
(Balan et al., 2002). Two broad bands at ~3,580 and ~3,643
cm™! are interpreted as the result of minor Fe substitution
for Mg in octahedral sites and two degenerate out-of-phase
stretching modes of the inner surface OH groups (Balan et al,,
2002). The peak at 3,683 cm™! is not observed for the kimberlite
ore from Gahcho Kué (17GK-J-24). This might be due to the
high amount of smectite and talc in this sample as quantified
with Rietveld refinement (Table2). A sharp band at 3,674
cm™! is observed for this last sample and observed in sample
17VEN-FRD2-12A as well. This band is classically indicative of
Mgj3-OH stretching vibrations, characteristic of Mg in octahedral
coordination such as in trioctahedral smectites (saponite and
stevensite) and talc (Farmer and Russell, 1964; Madejova and
Komadel, 2005). Additional broad bands at ~3,226, ~3,416—
3,445, and ~3,620-3,630 cm™! are observed in the hydroxyl
region and are interpreted as the H,O bending vibration, the
OH stretching associated with interlayer H,O and Al3-OH
stretching, respectively, in trioctahedral smectites (Farmer,
1974; Tosca and Masterson, 2014; Kloprogge and Ponce, 2021).
Finally, a band observed at ~1,640 cm™! in the smectite-rich
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FIGURE 4 | corrected). No significant correlation exists (R? = 0.3); (B)
CEC-NH4-N (normalized to the BET) vs. smectite content (wt.%) determined
by Rietveld refinement. The R? of the linear fit is 0.58; (C) Ca contents of the
NH,-acetate leachates normalized to the BET [cmol (4)/m?] vs. the calcite
content (wt. %) determined by Rietveld refinement. The R? of the fit is 0.39.
Samples from Venetia are represented by black diamonds and samples from
Gahcho Kué are represented by blue circles.

samples only is attributed to the H-O-H bending vibrations of
H,O molecules located in the interlayer space of the smectite
(Kloprogge et al., 2006). Consistent with XRD data, calcite is
detected in some samples from Venetia (e.g., 17VEN-K1-KIMB2
and 17VEN-FRD2-12A, Supplementary Figure S3A) with
bands at 713, 875, and 1,428 cm~! (Huang and Kerr, 1960).

Cation Exchange Capacity of Venetia and

GK Ores and Mine Residues

The two parameters describing the cation exchange capacity
of each sample (i.e., CEC-cations and CEC-NH4-N), both
normalized to specific surface area, lack a significant positive
correlation (R? = 0.3) (Figure 4A). The CEC-cation values
lie above the 1:1 line indicating that additional processes are
occurring in solution, potentially including dissolution of very
soluble phases and/or desorption of cations. CEC determined
using the NH4-N concentrations in leachates is positively
correlated to smectite abundance as determined with Rietveld
refinement (Figure 4B, R? = 0.58), indicating that smectite
content within kimberlite drives the reactivity of these rocks.
A positive trend is observed between the calcite content of the
samples and the Ca released following the NHjy-acetate leach
(Figure 4C), supporting the hypothesis that a fraction of bedrock
carbonate may dissolve during the process.

CEC values can also be expressed in g/kg and data are
available for CEC for each of Mg, Ca, K and Na at Venetia
and Gahcho Kué (Supplementary Table S2). Except for 17VEN-
FRD2-11A, Ca is the most abundant element extracted from
the calcite-rich Venetia samples, reaching a maximum of 10.43
g/kg for sample 17VEN-K2-KIMB2. The amount of Ca extracted
is much lower in the non-pulverized sample, 17VEN-CRD-
SampleB, compared to the pulverized samples (and the two
other CRD samples). Ca is the main cation extracted in the
calcite-poor samples from Gahcho Kué, reaching 6.74 g/kg for
the smectite-rich sample, 17GK-J-24, suggesting that smectite
is the most important source of Ca at Gahcho Kué. Mg is
the second most important cation extracted from Gahcho Kué
samples, with values ranging from 1.07 g/kg (17GK-23) to
2.38 g/kg (17GK-J-24). Sample 17VEN-FRD2-11A shows the
highest amount of Na extracted (12.63 g/kg). The two kimberlite
samples from the K2 pipe at Venetia also show high Na
extraction of 2.82 and 3.93 g/kg. Processed kimberlite samples
show Na extraction varying from 1.23 g/kg (17VEN-CRD1-01A)
to 2.72 g/kg (17VEN-FRD2-cyclone-SampleA). No significant
correlations were observed between smectite content and the
Ca, Mg, Na and K concentrations measured in the leachates
during CEC analyses (Supplementary Figure S4), suggesting

that different cations, with different proportions are populating
the interlayer spaces of the smectites.

Distribution of Mineral Phases and

Transition Elements Within Kimberlites
Lizardite is an abundant mineral phase in samples from Venetia
and Gahcho Kué. It is distributed as (1) pseudomorphosed
forsterite macrocrysts with grain sizes between 200 wm and 1 cm
and (2) microcrysts with grain sizes inferior to 200 um in all
the ore samples from Venetia and Gahcho Kué (Figures 5, 6).
Relict forsterite was observed in particularly large macrocrysts
where serpentinization was incomplete (Figure 5). This relict
forsterite tends to be more Fe-rich (brighter in backscattered
electron mode) compared to the lizardite (Figures 5C-E). Nickel
is homogeneously distributed with lizardite as shown in the
XFM map of sample 17GK-J-24 from Gahcho Kué (Figure 6B).
Rims composed of talc [Mg3SisO;9(OH),], Ti-rich particles
(likely ilmenite, FeTiO3) and phlogopite [KMg3AlSizO19(OH), ]
are distributed around lizardite grains in sample 17GK-J-24
(Figure 6). Smectite is distributed as a fine-grained matrix
around the lizardite pseudomorphs after forsterite micro- and
macrocrysts (Figure 6). XFM maps show the distribution of
(1) K, which is mainly borne by phlogopite, (2) Ca, which is
associated with smectite and (3) Ni, which is associated with
lizardite (Figure 6B). Smectite is also distributed around calcite
macrocrysts (Figure 7).

The smectite at Venetia and Gahcho Kué systematically
showed the same chemical composition when analyzed using
SEM-EDXS: this mineral phase is Fe- Ca- Mg- and Al-rich
(Figures 6, 7). However, SEM-EDXS (Figure 6D) cannot be used
to discern which of these elements is found in the interlayer
vs. the octahedral sheets of the smectite structure. Raman
analyses reveal the presence of main bands at 193.9, 676.8,
and 1,054.7 cm™! (Figure 7G), corresponding to lattice mode
vibrations, the v, internal symmetric stretching of Si-O-Si bonds
and the vy internal symmetric stretching of the Si-O bonds of
saponite, respectively (Wang et al., 2015; Kloprogge and Ponce,
2021). The exact position of the band at 676.8 cm™! confirms
the trioctahedral nature of the smectite which is different
for dioctahedral smectite (e.g., 709 cm™! for montmorillonite)
(Wang et al., 2015). In the hydroxyl stretching region, an intense
band at 3,675 cm~! is observed and attributed to v(Mg3;OH)
vibrations and the broad band near 3,460 cm™! is attributed
to v(HOH) of interlayer H,O molecules (Kloprogge, 2017)
(Figure 7H).

Calcite is distributed as polycrystalline aggregates, covering
areas measuring up to 0.8cm across (Figures7A,B). Calcite
is also observed as altered areas measuring from 10pum up
to several 100 um (Supplementary Figure S5). Calcite was
identified by Raman analyses based on a main band at 1,084.5
cm™! corresponding to the v; internal symmetric stretching of
the C-O bonds in the carbonate group (Perrin et al., 2016). Based
on this exact position, the Mg content is almost zero. This is in
accordance with SEM-EDXS analyses and the d(104) position of
calcite at 3.04 A in XRD patterns (Lumsden, 1979). Even though
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FIGURE 5 | Lizardite distribution within kimberlite ores from Venetia and Gahcho Kué. (A,B) Optical microscope images of the entire petrographic thin section for
each of two different kimberlite ores; (C) Backscattered electron image of a petrographic thick section showing large lizardite (Liz) pseudomorphs grains (dashed
arrows) containing regions with relict forsterite (Forst); (D,E) EDXS spectra corresponding to the areas circled in (C). The sample was Au-coated.
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dolomite was detected in some samples with XRD, it was not
possible to observe it in these samples due to its low abundance.

DISCUSSION

Mineralogical Heterogeneity

The kimberlite ore and processed kimberlites from Gahcho Kué
and Venetia mines display complex and diverse mineralogical
compositions. This diversity was highlighted by Mervine et al.
(2018) for kimberlites from different mines (Venetia, Gahcho
Kué, Victor, Snap Lake) and from different lithofacies within a
single mine or pipe. The mineralogical diversity of kimberlites
from different locations in Russia (Archangelsk and Yakutia
provinces) and China (Liaonin and Shandong provinces) has also
been described by Posukhova et al. (2013). In particular, these last
authors were able to subdivide kimberlites into four main groups
based on their mineralogy: (i) saponite-rich, (ii) serpentine-
rich, (iii) carbonate and phlogopite-rich and (iv) rocks with a
complex mineralogical composition. The samples studied here

belong to these four groups. This mineralogical diversity can be
explained by differences in parent melt compositions, different
degrees of hydrothermal metamorphism, the extent of meteoric
alteration, the type of country rocks that the kimberlites intrude
and variation in mineral processing techniques.

Whereas, kimberlites are commonly described as olivine-rich
igneous rocks (e.g., Mitchell et al., 2019), olivine was either not
detected or present at low abundance (<2 wt.%) in the majority
of kimberlite samples. It reached maximum abundances of 7.5
wt.% (for 17GK-23) and 6.3 wt. % (17VEN-K3-KIMB3) for
samples from Gahcho Kué and Venetia, respectively. Conversely,
lizardite is the most abundant mineral in the majority of the
samples. Kimberlite deposits are typically serpentinized as a
result of the reaction of olivine and water during hydrothermal
metamorphism, where olivine macrocrysts are pseudomorphed
by lizardite (e.g., Stripp et al., 2006; Afanasyev et al., 2014). This
hydrothermal metamorphism also results in the precipitation
of carbonate minerals and other phyllosilicate phases such
as smectites. Although the precise origin of smectites within
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17GK-J-24 42

FIGURE 6 | Distribution of mineral phases within kimberlite ores from Gahcho Kué (17GK-J-24). (A) Backscattered electron image of a petrographic thick section
showing lizardite grains (after forsterite) surrounded by bright rims and a smectite matrix; (B) XFM map of Ni (red), Ca (green) and K (blue) of the area marked by a solid
rectangle in (A). The red, green and blue colors correspond to the measured intensities of the Ni K-alpha, Ca K-alpha and K K-alpha emission lines, with the brightest
color, the highest measured count rate and black corresponding to the lowest count rate; (C) Close up corresponding to the dashed rectangle in (A) showing that the
rim is composed of talc, Ti-rich grains (Ti), likely imenite, and phlogopite (Phl); (D) SEM-EDXS spectrum of the circled area in (B).
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kimberlites is still not clear, several hypotheses have been put
forward to explain their formation. The source of AI** to form
chlorite and smectite is attributed by Stripp et al. (2006) to
alteration of plagioclase. Posukhova et al. (2013) suggested that
saponite is a pseudomorph of olivine in autolith breccias of the
Archangelsk, Pionerskaya, Lomonosov and Karpinsky pipes in
Russia. White et al. (2012) also observed the partial or complete
replacement of phlogopite by saponite. Since such replacements
are not observed here, one hypothesis cannot be preferred.

An important difference between the kimberlite ore samples
from Venetia and Gahcho Kué is their carbonate content.
Mg-poor calcite and, to a lesser extent, dolomite are present
in ore and processed kimberlites from Venetia. Calcite is
present at 2.0 to 10.3 wt% in ore from Venetia but
is much less abundant (<2 wt.%) in ore from Gahcho
Kué. The presence of carbonates is commonly invoked
as support of either metasomatic CO, enrichment of the
source or derivation from low-degree partial melting of
peridotite (e.g., Giuliani and Pearson, 2019). This mineralogical

difference is of prime importance for choosing a mineral
carbonation strategy (Paulo et al., 2021), which will be further
discussed in Section A Decision Tree for Mineral Carbonation
in Kimberlites.

Sources of Mg and Ca for Mineral

Carbonation

Brucite

Carbonation of brucite-rich mine residues has been documented
in tailings storage facilities at ambient temperature and
atmospheric pCO, (e.g., Oskierski et al., 2013, 2019; Wilson
et al,, 2014; Lechat et al,, 2016; Gras et al., 2017; Hamilton et al.,
2018; Turvey et al,, 2018). This unassisted CO, sequestration
process is commonly described as passive carbonation. The
lack of strong Si-O bonds within brucite makes it orders
of magnitude more reactive than the more abundant Mg-
silicates in ultramafic rocks (Harrison et al., 2013). Accelerated
carbonation of high-purity brucite (Harrison et al., 2013,
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FIGURE 7 | Distribution of mineral phases within kimberlite ores from Venetia (17VEN-K2-KIMB1) (A) XFM map showing the distribution of Ni (red), Ca (green) and Fe
(blue) of the entire thin section. The red, green and blue colors correspond to the measured intensities of the Ni K-alpha, Ca K-alpha and Fe K-alpha emission lines,
with the brightest color, the highest measured count rate and black corresponding to the lowest count rate; (B) Optical photograph of the area marked by a rectangle
on (A) showing agglomeration of calcite crystals; (C) Backscattered electron image of the area marked by a rectangle in (B) at the interface between the matrix and
the polycrystalline calcite grain; (D) XFM map showing the distribution of Ni, Ca and Fe. The red, green and blue colors correspond to the measured intensities of the
Ni K-alpha, Ca K-alpha and Fe K-alpha emission lines, with the brightest color, the highest measured count rate and black corresponding to the lowest count rate. (E)
Backscattered image of the area marked on (C); (G,H) Raman spectra of the areas circled in (F).

2015) and brucite in serpentinite tailings (Hamilton et al,  Serpentine Minerals
2020) has been demonstrated in laboratory experiments using  The serpentine polymorphs are of particular interest owing
high-CO, gases. to their high Mg content, large surface areas, and relatively
Despite the results of past studies, which reported the  fast dissolution rates, which make them good feedstocks for
presence of brucite in kimberlites from South African  carbonation reactions (e.g., Power et al, 2013). Acid leaching
mines, including the Venetia mine (Berg, 1989; Stripp  has long been used to accelerate silicate mineral dissolution
et al., 2006), we detected no brucite using bulk methods  (Park et al, 2003) and pH-swing methods (Park and Fan, 2004)
(XRD, FTIR, TGA). Nor did we observe any brucite allow optimization of conditions firstly (1) to enhance silicate
with the spatially resolved techniques used in this study  dissolution at low pH (step 1), then (2) to promote carbonate
(optical microscopy, SEM-EDSX, XFM). The absence of  mineral precipitation at high pH (step 2). Repeated heap leaching
brucite in the samples from Venetia and Gahcho Kué  of ultramafic tailings from the Woodsreef chrysotile mine
mines necessitates the development of other strategies for  (Australia) with dilute sulfuric acid was tested by Hamilton et al.
mineral carbonation. (2020) and shown to provide 14-25x the CO; sequestration
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potential of brucite carbonation alone using the same tailings.
However, this method is not appropriate for carbonate-rich
samples, which are already storing a substantial amount of CO,
in minerals that are highly soluble at low pH.

Other Silicate Minerals (Excluding Smectites)

Other phyllosilicate minerals present in kimberlites, such as
talc, clinochlore and phlogopite are not sufficiently reactive
(e.g., Brantley and Olsen, 2014) to contribute appreciably to
the carbonation potential of processed kimberlites. Dissolution
of these phyllosilicate minerals necessitates temperatures above
100°C (Saldi et al., 2007; Smith et al, 2013), injection of
supercritical CO, with SO, and O, (Pearce et al,, 2016) or longer
timeframes for reaction using approaches such as enhanced rock
weathering in soils (Paulo et al., 2021; Stubbs et al, 2022).
Tremolite has a slow dissolution rate under acidic pH (ie.,
similar to talc) and due to its crystal structure, the removal
of Ca tends to promote the breaking of tremolite crystals into
small needle-shaped particles, potentially toxic to human lungs
(Diedrich et al., 2014). Pyroxenes have received some attention
as feedstocks for mineral carbonation (e.g., Stockmann et al.,
2008; Daval et al., 2011), however their slow dissolution rates
make them less suitable for mineral carbonation (Power et al,,
2013). The reactivity of Mg-rich pyrope to CO;, is largely
unknown, although, in theory, garnets should dissolve relatively
quickly (e.g., Palandri and Kharaka, 2004) since they lack silica
polymerization like the fast-dissolving olivine minerals.

Smectites as a New Resource for Mineral
Carbonation in Kimberlites

Smectites are overlooked in petrographic descriptions of
kimberlites, which tend to focus on primary minerals, such
as forsterite, that have long been replaced rather than on
the current mineralogical composition of kimberlites. As
notable exceptions, smectite was detected with XRD by
Posukhova et al. (2013) within kimberlites from the Chidviya
pipe (Izhmozero, Archangelsk province), Snegopadnaya pipe
(Daldyn) and Chernyshevsk pipe (Muna), Yakutia province,
Russia. In addition, saponite was noted within the Wesselton
kimberlite pipe (Kimberley, South Africa) (White et al., 2012).
Smectite behavior in kimberlites was the focus of work by
Morkel et al. (2006, 2007). The presence of saponite in
kimberlite has mainly been highlighted in hydrometallurgy and
water reclamation studies, where methods of cleaning saponite-
containing water from diamond processing plants were tested
(O’Gorman and Kitchener, 1974; Chanturiya et al., 2018).
Saponite was observed as the dominant mineral of the slime
fraction (i.e., very fine residues) of the kimberlites at the Cullinan
mine (previously named Premier Mine), South Africa, where
methods of coagulation and flocculation were investigated to
simplify water recovery and recycling (O’Gorman and Kitchener,
1974). Saponite was also described as the main mineral of the clay
fraction of kimberlites from the Lomonosov deposit, Archangelsk
province, Russia (Chanturiya et al., 2018), where electrochemical
separation of saponite from process water and the potential of
saponite to host heavy metals were discussed. Our work calls
for a better petrographic and crystallographic description of the

smectite fraction of kimberlites owing to its potential utility for
mineral carbonation. Smectites, not brucite, provide the labile Mg
and Ca needed for mineral carbonation in kimberlites.

The smectite phase at Venetia and Gahcho Kué is the Al-,
Fe-, Mg- and Ca-rich, trioctahedral species, saponite. Every
kimberlite facies studied at both mines contains saponite.
Specific facies of kimberlite ore from Gahcho Kué and Venetia
are particularly saponite-rich: transitional tuffisitic kimberlite
(Tkt) at Gahcho Kué and layered volcaniclastic kimberlite
breccia (VKBR) and massive volcaniclastic kimberlite (MVK) at
Venetia, with smectite abundances of 44.1, 39.9, and 33.8 wt.%,
respectively. The reactivity of smectites has been well studied
for industrial applications (e.g., Murray, 2000; Komadel, 2003;
Krupskaya et al., 2017). For example, a traditional application
of smectites is their use as a component of barrier systems
for (radioactive) waste disposal (Krupskaya et al., 2017). In
the context of CCUS, the smectite minerals, montmorillonite

[M;"/fn(Alz,ngx)Siz;Om(OH)z'”HZO] and fluorohectorite
[MT/J;”(Mg3—xLix)Si4010F2-nHZO], are able to host CO, within

their interlayer spaces under conditions relevant to direct
injection of supercritical CO; into subsurface reservoirs (Loring
et al., 2012; Michels et al., 2015). The dissolution rate of smectite
is similar to that of chlorite (logk= —11 mol/m?/s) under acidic
conditions at 25°C (Palandri and Kharaka, 2004). Dissolution
of smectites poses the same kinetic restrictions as dissolution of
serpentine and olivine minerals; it also produces highly reactive
amorphous silica which initiates the thermodynamic battle
between carbonate and silica for Mg. Alternatively, labile cations
from the interlayer spaces of smectites are easily and rapidly
exchanged using cation exchange reactions (Odom, 1984), such
as the quick and routine CEC test used in this study.

The interlayer cations in smectites are easily exchanged
without modifying the T-O-T structure, i.e., the octahedral layer
(O) sandwiched between two tetrahedral silicate layers (T). The
cation exchange capacity of smectites is high (Schiffman and
Southard, 1996) and the exchange rate is rapid (Komadel, 2003).
It is achievable in water undersaturated conditions and in humid
air (Wilson et al.,, 2011; Wilson and Bish, 2012), meaning that
low water-rock ratios can be used to drive cation exchange
reactions. This process also leads to the liberation of Mg and
Ca for mineral carbonation without releasing silica, offering
the advantage of avoiding the precipitation of amorphous silica
and/or Mg-silicate.

Kang and Roh (2013) experimentally explored the reactivity
of vermiculite (another swelling clay with a greater layer charge
than smectites) for mineral carbonation with a focus on cation
exchange. To our knowledge, only Morkel et al. (2006, 2007)
have previously published a detailed description of the crystal
chemistry, CEC and abundances of smectites within kimberlites.
The focus of their work was on the role of smectite swelling
and cation exchange in kimberlite weathering, with the goal of
making ore processing less energy intensive. We observed that
saponite occurs as a fine matrix within the samples from Gahcho
Kué and Venetia. The fine particle size of saponite is of prime
importance for its increased surface reactivity and makes it a
good target for producing high-Mg and -Ca leachates via cation
exchange reactions.
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Maximum Extractable Mg and Ca:
Potential for CO, Offsets

Previous studies have relied on the fast reactivity of brucite for
mineral carbonation using serpentinites (e.g., Wilson et al., 2010;
Pronost et al., 2011; Harrison et al., 2013; Wilson et al., 2014).
The analogous Ca-hydroxide mineral, portlandite [Ca(OH);], is
also highly reactive to CO,; while it is vanishingly rare in nature,
it is a key component of Portland cement and its carbonation
in air is one of the reactions responsible for the setting of
cement. We calculated the equivalent amount of brucite and
portlandite reactivity that CEC from smectites provides (Table 3)
to provide a comparator to previous estimates of serpentinite
reactivity based on brucite content. Details of the calculations are
provided in Supplementary Material S3. The CEC of smectites
is equivalent to between 0.13 and 0.43 wt.% “brucite” at Venetia.
At Gahcho Kué, the reactivity of smectites is equivalent to
0.26-0.51 wt.% “brucite”. In comparison, ore from the Baptiste
nickel deposit (Decar district, British Columbia, Canada), which
is dominated by serpentine minerals, contains 0.6-12.6 wt.%
of brucite (Power et al., 2020) with an average value of 1.8

wt.% (Vanderzee and Dipple, 2019). The brucite content of the
Woodsreef chrysotile mine (new South Wales, Australia) is very
similar at 2.2 wt.% (Turvey et al., 2018). An average of 2.5 wt.%
brucite is present in the tailings produced at Mount Keith nickel
mine (Western Australia). This mine offsets ~11% of its annual
greenhouse gas emissions via passive carbonation, although only
half of the brucite is carbonated before being buried under freshly
deposited tailings and cut off from atmospheric CO5.

Importantly, a positive trend between the Ca concentration
of CEC leachates and the calcite content of the Venetia samples
(Figure 4C) suggests liberation of Ca from calcite following
the NHjy-acetate leach. Partial dissolution of calcite must be
accompanied by release of carbon as CO§_. As such, we have
used the Ca component of CEC with caution when calculating
the equivalent amount of “portlandite” reactivity, and the
corresponding emissions offset potentials, at Venetia given its
calcite-rich ore. Since the calcite from both mines is Mg-free, and
given that dolomite [CaMg(CO3),] is either absent or present in
low abundance, almost all of the labile Mg comes from silicates
rather than carbonates. Thus, we used the Mg component of CEC

TABLE 3 | Annual emissions offset potentials from cation exchange capacity at Venetia and Gahcho Kué mines.

Samples Mg Brucite Ca Portlandite CO; stored in CO, CO; stored in Minimum Emissions
eq secondary stored in calcite + offset offset
eq hydromagnesite secondary hydromagnesite potential potential
calcite (considering (considering
Mg only) Mg + Ca)
Mg(OH). Ca(OH), [Mg5(CO3)4(OH)2-4H20] (CaCOs)
(mg/kg) (wt.%) (mg/kg) (wt.%) (wt.%) (wt.%) (wt.%) (%) (%)
17VEN-K1-KIMB1 1,7722 043 9,058.8 1.68 0.26 0.995 1.25 5.8 28.2
17VEN-K1-KIMB2 1,1106 0.27 8,189.2 1.51 0.16 0.899 1.06 3.6 23.9
17VEN-K1-KIMB3 853.0 0.21 4,564.0 0.84 0.12 0.501 0.62 2.8 14.1
17VEN-K2-KIMB1 556.5 0.13  7,030.1 1.30 0.08 0.772 0.85 1.8 19.2
17VEN-K2-KIMB2 520.1 0.13 10,425.4 1.93 0.08 1.145 1.22 1.7 275
17VEN-K3-KIMBH 9049  0.22 8,087.3 1.50 0.13 0.888 1.02 3.0 23.0
17VEN-K3-KIMB2 1,659.0 0.37 3,630.9 0.67 0.23 0.399 0.63 5.1 141
17VEN-K3-KIMB3 525.7 0.13  7,169.9 1.33 0.08 0.787 0.87 1.7 19.5
17VEN-K3-KIMB4 1,393.1  0.33 8,025.5 1.48 0.20 0.881 1.08 4.6 24.4
17-VEN-CRD-sampleA 1,656.5 040 8,371.2 1.55 0.24 0.919 1.16 5.4 26.2
17-VEN-CRD-SampleB (crushed) 544.7 0.13  8,131.6 1.50 0.08 0.893 0.97 1.8 21.9
17-VEN-CRD-SampleB (not crushed) 79.5 0.02 15275 0.28 0.01 0.168 0.18 0.3 4.0
17-VEN-CRD1-01A 1,6561.8 0.37 8,904.7 1.65 0.22 0.978 1.20 5.1 271
17-VEN-FRD2-SampleA-Cycl 396.9 0.10  6,494.8 1.20 0.06 0.713 0.77 1.3 17.4
17VEN-FRD1-06a 331.3 0.08 5845.6 1.08 0.05 0.642 0.69 1.1 15.6
17VEN-FRD2-11A 3826 0.09 8,971.2 1.66 0.06 0.985 1.05 1.3 235
17GK-21 2,136.4 0.51 2,962.0 0.55 0.31 0.325 0.64 3.4 6.9
17GK-22 2,104.7 051 1,735.2 0.32 0.30 0.191 0.49 3.3 5.4
17GK-23 1,065.5 0.26 1,677.5 0.31 0.15 0.184 0.33 1.7 3.7
17GK-J-24 2,382.5 057 6,7354 1.25 0.35 0.740 1.09 3.7 11.8

Values were calculated using annual mine residues production of 4.27 Mt and 0.91 Mt and CO» emissions of 0.21 Mt and 0.084 Mt for Venetia and Gahcho Kué mines, respectively,
after Mervine et al. (2018). For Venetia, offset potentials written in bold text are more conservative; they do not use the contribution of Ca to CEC in order to account for partial dissolution
of calcite. The contributions of both Mg and Ca are considered for the calculation of the offset potentials (written in bold text) for Gahcho Kué, where kimberlites are calcite-poor. Details
of the calculations are provided in Supplementary Material S3.
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alone to determine the minimum offset potentials at Venetia.
If all of the Mg could be fully extracted from the interlayers of
smectites and carbonated on an annual basis, it would offset 1.1-
5.8% of the current annual CO, emissions at Venetia (Table 3).
This calculation of the emissions offset potentials is based on
current residue production and CO, emissions as reported by
Mervine et al. (2018) and the assumption that extracted Mg will
precipitate as hydromagnesite [Mgs(CO3)4(OH),-4H,0O] and Ca
as calcite, both of which are common carbonate minerals at Earth
surface temperatures.

Since the ore samples from Gahcho Kué are calcite-poor, the
emissions offset potentials were calculated considering both the
Mg and Ca components of CEC. If all of the labile Mg and
Ca could be fully extracted from the interlayers of smectites
and carbonated on an annual basis, it would provide an offset
potential of 3.7-11.8% of the annual CO, emissions at Gahcho
Kué (Table 3). Interestingly, sample 17VENK2-KIMBI1 which is
particularly carbonate-poor (2 wt.%) and particularly smectite-
rich (33.8 wt.%), has an emissions offset potential (considering
both Mg and Ca recovered via cation exchange reactions) of
19.2% of the annual CO, emissions at Venetia (Table 3). This
result suggests that smectite-rich and carbonate-poor kimberlites
show the greatest emissions offset potentials using cation
exchange while having a lower risk of calcite dissolution. It is
noteworthy that crushed CRD shows a greater emissions offset
potential using CEC compared to uncrushed material (21.9 vs.
4.0% for 17VEN-CRD-SampleB), suggesting that the use of FRD
(or crushed CRD) is optimal for mineral carbonation using CEC
in smectite-rich processed kimberlite.

A Decision Tree for Mineral Carbonation in

Kimberlites

Here, we provide a decision tree based on the mineralogy
(absence/presence of brucite, carbonate, serpentine, smectite) of
processed kimberlite and the presence or absence of an on-
site point source for CO, (Figure8). We propose four on-
mine carbonation strategies: (1) CO;, injection and (2) passive
carbonation for brucite-rich residues; (3) cation exchange for
smectite-rich residues; and (4) acid leaching for serpentine-rich
and carbonate-poor residues. The first two strategies combine
cation extraction and carbonation in a single step, whereas the
latter strategies necessitate two spatially separated steps: (i) a
cation extraction step and (ii) a carbonation step. Power et al.
(2014) proposed a decision tree that considers the presence or
absence of highly reactive phases, such as brucite, and site-
specific factors such as the availability of a CO, point source
or the availability of water to build carbonation bioreactors.
Depending on these factors, they proposed different strategies for
passive carbonation or enhanced carbonation (using a bioreactor
and waste organics) when no CO; point source is available. CO;
injection was the favored strategy where a point source for CO,
is available on site. This decision tree was built on knowledge
and data from the Mount Keith nickel mine whose komatiitic
ore is dominated by serpentine minerals with notably high
abundances of brucite and hydrotalcite minerals. However, the
reactivity of ultramafic rocks is variable and strongly dependent
on mineralogy. The reactivity of serpentinites, kimberlites,
peridotites, basalts, and gabbros is different.

| Mine residues |

/ Yes

Is a CO, point source available?

Characterization/quantification of the mineralogical composition

Does this material contain brucite (Mg(OH),)?

No\
Is this material smectite-rich?
ch
Does this material contain
other silicates (e.g., serpentine, olivine) ?
Yes
Does this material contain

2

preexisting carbonate(s)? No
No ¢ Yes
Enhanced Rock Weathering
CO, Injection || Passive carbonation || Cation exchange || Acid leaching %]

AN s

Direct carbonation of brucite

the mineralogy of the processed kimberlite and the availability of a CO, point source.

A second carbonation step is needed
(e.g., bioreactor, CO, injection if available)

FIGURE 8 | Decision tree for carbonation of mine residues. Whether CO, injection, passive carbonation, cation exchange or acid leaching can be used depends on

N\ ¥

Not suitable for
CO, mineralization

e
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Acid leaching could be a good strategy for accelerated mineral
carbonation at Gahcho Kué where kimberlites are carbonate poor
(<2 wt.% calcite). Although it would release some CO, during
calcite dissolution, it would make it possible to access the much
greater carbonation potential of Mg in the octahedral sheets
of lizardite and saponite. Venetia samples are rich in lizardite
and saponite but also calcite (up to ~10 wt.%). This mineral
assemblage necessitates another strategy to extract Mg and Ca for
mineral carbonation—one that avoids dissolution of pre-existing
(bedrock) calcite.

The more general model proposed here covers the most
reactive and the most mined ultramafic rocks. The first and most
critical decision point depends on careful characterization of ore
and residue mineralogy using a combination of XRD, FTIR and
TGA. The combination of these three techniques is of particular
importance when the mineralogical composition is complex
(many different phases + the presence of amorphous phases). In
addition, the quantification of mineral abundances using Rietveld
refinements, or whole-rock chemical compositions (when the
mineralogical composition is simple), will help to determine
the most suitable carbonation strategy for a given ultramafic-
hosted mine.

Since brucite is particularly reactive, its presence should
be prioritized and systematically investigated. CO, injection
or passive carbonation (when no CO, point source is
available) should be the favored strategies for brucite-rich
residues. If the mine residues do not contain brucite, but
contain smectites, cation exchange should be considered given
the lability of their interlayer Mg and Ca. This is the
“lowest-hanging-fruit” strategy for on-mine carbonation of
most of the residues and ore from Venetia and Gahcho
Kué given that they are smectite-rich and do not contain
brucite. Finally, in the case of serpentine-bearing residues
characterized by the absence of both brucite and smectite,
and great abundances of carbonate minerals, we recommend
that the mineralogy is not suitable for carbon mineralization
given the risk of calcite dissolution. This general framework
for selecting technologies will need to be further adjusted
considering the proportions of the minerals (brucite, carbonates,
smectites) as well as considering life cycle assessments for
implementation of such processes, including the estimation of
the carbon footprints for the production and transportation of
different chemical amendments such as KCl and NH4-CI at a
given mine.

Given the particular mineral assemblage of the kimberlites
from Venetia and Gahcho Kué, cation exchange capacity in
smectites opens up the fast reactivity of kimberlites to CO;. In
addition to the existing mineral carbonation approaches, i.e., (1)
dissolution of serpentines, olivines, wollastonite and other silicate
minerals, (2) replacement of brucite and (3) anion exchange
in hydrotalcites, we highlight here a new type of reactivity:
cation exchange in smectites. The diversity of mechanisms and
in particular the specific chemical conditions leading to cation
exchange from smectites will need to be further assessed in
laboratory-based experiments. Lastly, smectites are common and
highly abundant in many types of rock and sediment on Earth
(e.g., within marine and lacustrine sediments and in rocks found
in sedimentary basins), which means that cation exchange in

smectites could broaden the applicability of mineral carbonation
to a variety of volcanic- and sediment-hosted ore deposits.
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