
Applied Geochemistry 152 (2023) 105630

Available online 21 March 2023
0883-2927/© 2023 Published by Elsevier Ltd.

Geochemical modeling of CO2 sequestration in ultramafic mine wastes from 
Australia, Canada, and South Africa: Implications for carbon accounting 
and monitoring 

Carlos Paulo a,*, Ian M. Power a, Nina Zeyen b,1, Baolin Wang b, Siobhan A. Wilson b 

a Trent School of the Environment, Trent University, Peterborough, Ontario, K9L 0G2, Canada 
b Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, Alberta, T6G 2E3, Canada   

A R T I C L E  I N F O   

Editorial Handling by: Dr. Robert Seal  

A B S T R A C T   

Passive carbonation in ultramafic mine wastes results from the spontaneous reaction of gangue minerals with 
carbon dioxide (CO2) to form stable carbonate minerals that store CO2. Mines can benefit from unintentional CO2 
sequestration to offset greenhouse gas (GHG) emissions. Quantitative X-ray diffraction (QXRD) analysis of 
numerous samples of mine wastes has typically been used to quantify passive carbonation rates. This analysis 
yields valuable information about carbon sinks; however, extensive mineralogical assessments are technically 
demanding and cost-prohibitive for routine carbon accounting. Alternatively, we explored using inverse 
geochemical modeling to estimate passive carbonation rates and monitor CO2 sequestration in active mines. 
Water chemistry data, tailings mineralogy, and operational information routinely collected by mines were used 
as inputs for models. The predictive capabilities of the models were tested for Mount Keith nickel mine 
(Australia), Diavik diamond mine (Canada) – for which rates were previously determined using QXRD. A new 
site — Venetia diamond mine (South Africa) — was used to illustrate the potential of geochemical modeling for 
carbon accounting and as a long-term monitoring tool for CO2 sequestration. Mount Keith models predicted 
passive carbonation rates (3900 g CO2/m2/yr) consistent with previous QXRD assessments (2400 g CO2/m2/yr; 
172 samples) using only two water samples. CO2 removal rates for Diavik were found to be impacted by sea-
sonality and to range between ~375 and 510 g CO2/m2/yr, showing similarities with previous QXRD rates es-
timates (313–350 g CO2/m2/yr). With the long-term water chemistry records (2009–2018) available for Venetia 
mine, we predicted calcite as the main CO2 sink and that ~14,875 t CO2 were stored in the kimberlite residues 
impoundments (3.5 km2) over 9 years at a rate of ~470 g CO2/m2/yr. Moreover, long-term monitoring shows a 
decline in CO2 removal rates at Venetia, possibly due to changes in kimberlite reactivity and current mine waste 
disposal practices. Overall, inverse modeling proved that it can be a viable alternative or complement to QXRD 
techniques for carbon accounting in active mines, substantially reducing the need for mine waste sampling and 
permitting long-term monitoring. Moreover, the model shows how passive carbonation rates change dynamically 
with the mine production and waste management practices. Simultaneously, the model provides insights into 
potential mineral reactions operating in tailings and that regulate carbon sequestration mechanisms. For that 
reason, this accounting technique has an enormous potential to assist in decision-making for implementing 
enhanced CO2 sequestration strategies (e.g., enhanced rock weathering) and to support carbon sequestration 
monitoring, validation, and reporting in active mines.   

1. Introduction 

Broad implementation of negative emission technologies (NETs) for 
carbon dioxide removal (CDR) is necessary to reach carbon neutrality by 

2050 and net negative emissions of carbon dioxide (CO2) afterward 
(Haszeldine et al., 2018; Minx et al., 2018; National Academies of Sci-
ences, 2019). CO2 mineralization and enhanced rock weathering (ERW) 
are two NETs that involve weathering of mineral powders and industrial 
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wastes to remove CO2 from the atmosphere. Natural mineral weathering 
has regulated atmospheric CO2 concentrations over geologic time and is 
estimated to consume ~1 Gt CO2/yr (Hartmann et al., 2009; Moosdorf 
et al., 2014; Zhang et al., 2021). The goal of mineral weathering-based 
technologies is to accelerate natural weathering and store CO2 as either 
a soluble phase (HCO3

− ), i.e., solubility trapping of CO2, or a solid car-
bonate mineral (e.g., CaCO3), i.e., mineral trapping of CO2 (IPCC et al., 
2019; Sandalow et al., 2021). 

Several similarities exist between CO2 mineralization in mine waste 
impoundments and ERW. Existing mines with (ultra)mafic tailings are, 
in essence, large land areas containing 10− 100s of megatonnes of 
mineral powders (commonly <1 mm). Ultramafic and mafic mine 
wastes are composed of magnesium- and calcium-bearing minerals, 
including olivine (e.g., forsterite: Mg2SiO4), diopside (CaMgSi2O6), 
serpentine (e.g., lizardite: Mg3Si2O5(OH)4), and brucite (Mg(OH)2) that 
are targeted for CO2 mineralization and ERW (cf. Assima et al., 2014; 
Bodénan et al., 2014; Daval et al., 2009; Huijgen et al., 2006; Power 
et al., 2014; Thom et al., 2013; Wilson et al., 2011). In ERW dispersal 
areas and mine waste impoundments, rock powders/tailings are spread 
over large areas — albeit for different purposes — and left exposed to 
weather for extended periods (Amann et al., 2020; Moosdorf et al., 2014; 
Schuiling and Krijgsman, 2006). Mineral reactivity determines the 
ability of rock powders to remove CO2 from the atmosphere, which at 
ambient conditions is primarily dominated by the cations that can be 
easily extracted from minerals (Lu et al., 2022b; Paulo et al., 2021; 
Stubbs et al., 2022). Mineral dissolution by carbonic acid (H2CO3) re-
leases divalent cations (e.g., Mg2+ and Ca2+), increases alkalinity, and if 
the mineral saturation state and kinetics are favorable, carbonate min-
erals can precipitate to store CO2 (Power et al., 2013). Mineral trapping 
in ultramafic tailings frequently occurs as secondary magnesium car-
bonates, including hydromagnesite Mg5(CO3)4(OH)2⋅4H2O], dypingite 
[Mg5(CO3)4(OH)2⋅~5H2O], and nesquehonite (MgCO3⋅3H2O) (Beau-
doin et al., 2017; Lechat et al., 2016; Oskierski et al., 2021; Power et al., 
2014; Turvey et al., 2017; Wilson et al., 2011). Mineral weathering by 
CO2 is accelerated in tailings, and since the geochemical processes that 
lead to CO2 sequestration are essentially the same, mines can be suitable 
sites for developing long-term monitoring, validation, and reporting 
tools for ERW. 

Passive carbonation, i.e., unintentional carbonation, has been 
documented in ultramafic tailings (e.g., asbestos, diamond, and nickel 
mines) at both active and abandoned mines (cf. Assima et al., 2013a; Bea 
et al., 2012; Hamilton et al., 2021; Meyer et al., 2014; Power et al., 2013; 
Wilson et al., 2011; Wilson et al., 2014; Wilson et al., 2009). In the past, 
extensive mineralogical surveys using numerous mine waste samples 
have been used to estimate passive carbonation rates supported by the 
abundance of secondary carbonate minerals in tailings (Hamilton et al., 
2021; Turvey et al., 2017, 2018; Wilson et al., 2009, 2011). Although 
these mineralogical assessments yield valuable information about cation 
sources and carbon sinks, they are technically demanding, require 
extensive sampling and specialized models for mineral identification 
and quantification, and have limited accuracy in quantifying 
low-abundance minerals (<2% wt.). Therefore, mineralogical assess-
ments can be technically demanding and likely cost-prohibitive for 
routine monitoring of CO2 sequestration, particularly for active mines. 
Moreover, these assessments do not provide insights into solubility 
trapping, the first sink for atmospheric carbon via chemical weathering 
in terrestrial and aqueous environments (Gaillardet et al., 1999; Hart-
mann et al., 2009), which has largely been overlooked as a carbon sink 
in mines. 

Most ultramafic mine wastes are deposited as a slurry of finely pul-
verized rock and water in large impoundments (km2− scale) that func-
tion as basins where waters are circulated to and from processing plants 
(Power et al., 2014; Stubbs et al., 2022). For that reason, mine waste 
impoundments are comparable to small catchment basins draining a 
specific rock type. Weathering of silicate and carbonate rocks in natural 
watersheds modifies the water chemistry baseline (Amann et al., 2020; 

Taylor et al., 2021), producing element fluxes between an initial and a 
final water composition that are quantifiable using mass-balance 
models. Similarly, mineral− water reactions occurring in the mineral 
processing circuit and within tailings impoundments strongly influence 
the composition of mine waters (e.g., porewaters in tailings) and carbon 
consumption rates in the mine waste impoundments. 

Mines often sample and analyze numerous surface and ground wa-
ters to meet regulatory requirements. These monitoring programs result 
in detailed records of water chemistry throughout the life of a mine, 
which, when paired with relevant operational data, can be used in 
geochemical models to assess CO2 sequestration. These models help 
determine the predominant chemical weathering processes, element 
mobility, and potential carbon sinks (Bricker et al., 2003; Frondini et al., 
2019), as investigated by Rollo and Jamieson (2006) for the Ekati dia-
mond mine (Canada). 

Here, we demonstrate how mass-balance geochemical models (in-
verse modeling) can be a viable alternative or complement to mineral-
ogical assessments to quantify CO2 sequestration rates at the mine scale 
(km2 and 10 s ML/yr). The predictive capabilities of the models were 
tested for the Mount Keith nickel mine (Australia) and Diavik diamond 
mine (Canada) and compared with previous passive carbonation rates 
obtained through extensive mineralogical assessments. In addition, 
modeling was applied to a new site — Venetia diamond mine (South 
Africa) — to estimate the passive carbonation rate and illustrate how a 
long-term monitoring program for carbon sequestration can be imple-
mented in active mines using existing water quality data. With the 
growing implementation of national and international carbon markets 
and the pressure to reach carbon neutrality, ultramafic mine tailings will 
rapidly become a vital feedstock for CO2 sequestration. Our study con-
tributes to the development of geochemical modeling tools designed to 
assist decision-making in implementing CO2 sequestration strategies and 
supporting carbon sequestration monitoring, validation, and reporting 
(MVR) programs for active mines. 

2. Mine site descriptions 

2.1. Mount Keith nickel mine 

The Mount Keith nickel mine is a large open-pit operation in the 
world’s largest dunite-hosted Archean nickel sulfide deposit (Brand and 
Butt, 2001). The mine has been operated by Nickel West, a division of 
BHP Group Ltd, since 2005. Mount Keith is located at 27◦14′50′′ S, 
120◦32′30′′ E in the Northeastern Goldfields district of Western 
Australia (Fig. 1a). The region is affected by high temperatures (average 
annual temperature of 29 ◦C), and evaporation (up to 3600 mm/yr) 
largely exceeds the annual mean rainfall (260 mm). 

The mine is hosted in serpentinized dunite enclosed by a larger 
peridotite-dunite komatiite with a lenticular structure designated the 
Mount Keith Ultramafic Complex (Brand and Butt, 2001). The deposit is 
dominated by sequences of weathered and serpentinized komatiites 
(Brand and Butt, 2001). The host rocks of this nickel deposit include 
volcanoclastic rocks, such as andesite and dacite, pyritic chert, tuffa-
ceous volcanoclastic sedimentary rocks, graphitic shales, and basaltic 
rocks (Brand and Butt, 2001). The sulfide ore contains 0.52− 0.58 wt% 
nickel, primarily hosted in iron–nickel sulfide minerals, such as pent-
landite [(Fe, Ni)9S8], present in serpentinized olivine pseudomorphs 
(Brand and Butt, 2001; Wilson et al., 2014). 

2.1.1. Mineral processing and mine waste management at Mount Keith 
Mineral processing at Mount Keith is performed with froth flotation 

methods using saline groundwaters primarily obtained from regional 
borefields (Albions Downs, Caprock, South Lake Way) located within 50 
km of the mine, as shown in Fig. 1a (MWES Consulting, 2017; Wilson 
et al., 2014). In 2006, the annual tailings production was estimated at 
~11 Mt (Table 1), utilizing 9.5 × 106 m3 of processing water (Power 
et al., 2014; Wilson et al., 2014). The tailings are piped as slurries from 
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the processing plant to the Tailings Storage Facility 2 (TSF2; TSF1 was 
only operational from 1994 to 1997) and deposited as a slurry from 
spigots located on risers (Bea et al., 2012; Wilson et al., 2014). The 
seepage from the tailings impoundment is collected in a return dam 
(Fig. 1a) located on the east side of TSF2. These waters are frequently 
sampled as part of the environmental monitoring programs of the mine. 

2.1.2. Mineralogy of the mine waste 
Bea et al. (2012) and Wilson et al. (2014) reported detailed quali-

tative and quantitative mineralogy (summarized in Table 2) for Mount 
Keith tailings. The mineralogy was inferred from the analysis of hun-
dreds of samples collected in April 2005 and September and October 
2006. The sampling locations are indicated on Fig. 1a. Sampling was 
conducted along the TSF2 perimeter and service roads because large 
areas of the impoundment were saturated with process water and 

inaccessible. Samples were randomly distributed and collected from 
cores and vertical sections on exposed surfaces and excavated trenches. 
Wilson et al. (2014) provide additional details regarding Mount Keith 
sampling. 

Mount Keith mineralogy is highly favorable for CO2 mineralization 
due to minor abundances (average 2.5 wt%) of brucite [Mg(OH)2]. This 
mineral reacts rapidly with atmospheric CO2 to form hydromagnesite at 
Mount Keith (Wilson et al., 2014). Serpentine minerals (48.5− 89.7 wt% 
− antigorite, lizardite, and minor chrysotile [Mg3Si2O5(OH)4] are much 
less reactive yet are more abundant than brucite in Mount Keith tailings 
(Table 2). Hydrotalcite-group minerals (1.1− 11.3 wt% — e.g., iowaite 
[Mg6Fe2(OH)16Cl2⋅4H2O]; woodallite [Mg6Cr2(OH)16Cl2⋅4H2O]; 
pyroaurite [Mg6Fe2(OH)16CO3⋅4H2O)]; and stichtite [Mg6Cr2(CO3) 

Fig. 1. Overview of the mine wastes impoundments, and the water and mine 
waste sampling locations in (a) Mount Keith nickel mine, Australia, (b) Diavik 
diamond mine, Canada, (c) Venetia diamond mine, South Africa. The solids 
sampling locations are indicated in the figures insets and correspond to the sites 
investigated by Wilson et al., (2014) (Mount Keith), Wilson et al., (2009) 
(Diavik), and Stubbs et al., (2022) (Venetia). 

Table 1 
Summary of operational data used to calculate passive carbonation rates.   

Mount Keith Diavik Venetia 

Location Australia Canada South Africa 
27◦14′50′′S, 
120◦32′30′′E 

64◦29′46′′N, 
110◦16′24′′W 

22◦ 25′ 59′′ S, 
29◦18′50′′ E 

Geology nickel sulphide 
deposit 

kimberlite kimberlite 

Type of mine Open-pit Open-pit Open-pit 
Climate arid subarctic semi-arid 
Mean annual 

rainfall (mm) 
260 mm 291 mm (50% 

snow) 
200–400 mm 

Mean annual 
evaporation 
(mm) 

3200 to 3600 
mm 

275–315 mm ~2050 mm 

Mean annual 
temperature (◦C) 

29 ◦C − 4.5 ◦C 22.4 ◦C 

Operational data 
Water sources Aquifer Lac de Gras Aquifer 
Process water (m3/ 

yr) 
~9.5⋅106 ~2.3⋅106 ~3.0⋅106 

Mine wastes 
production (Mt/ 
yr) 

11 2.5 4.74  

Mine wastes 
reservoirs 

TSF2 PKF FRD 

Area (km2) 16.6 0.86 3.5 
Water chemistry 

datasets 
1998 (N = 2) 2004–2006 (N =

36) 
2009–2018 (N =
70) 

Inverse model    
Initial water Pre-processing PKF North Dam 
Final water TSF2 North Inlet FRD  

Table 2 
Mineralogy for mine wastes of Mount Keith, Diavik, and Venetia mines. Abun-
dances were determined via Rietveld refinement with XRD data as reported in 
the literature.  

Mine Mineral Ref. 

Mount 
Keith 

48.5− 89.7 wt% serpentine; 1.1− 11.3 wt% 
hydrotalcite; <6 wt% brucite; <5 wt% talc; 
0.7− 10.1 wt% magnetite and chromite; <5 wt% 
quartz; 0.4− 13.6 wt% magnesite; 0.2− 4.3 wt% 
dolomite; <1 wt% calcite; (<0.5 wt%) vermiculite or 
smectite; 2.5 wt% hydromagnesite 

Wilson et al., 
(2014) 

Diavik 40.0− 76.2 wt% lizardite; 12.3− 46.3 wt% high-Mg 
forsterite; 1.9− 4.1 wt% calcite; 0.5− 8.4 wt% 
vermiculite or smectite; <5 wt% plagioclase, <5 wt 
% diopside; <5 wt% quartz; 0− 6.4 wt% pyrope-rich 
garnet; 1.6–3.5 wt% phlogopite; 0.50 wt% 
nesquehonite 

Wilson et al., 
(2011) 

Venetia 10.8− 58.4 wt% lizardite; 6.2− 39.9 wt% smectite; 
2.4− 10.3 wt% calcite; 1.1− 22.0 wt% diopside; 
0.8− 6.0 wt% orthoclase; 6.3− 21.1 wt% phlogopite; 
0.6− 10.7 wt% clinochlore; 0.9− 6.2 wt% talc; 
0.2− 3.6 wt% quartz; 0.3− 8.1 wt% tremolite; 
2.4− 8.7 wt% albite; 0.3− 1.3 wt% magnetite; 
0.1− 1.3 hydroxylapatite 

Zeyen et al., 
(2022)  
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(OH)16⋅4H2O] rapidly take up carbonate ions in exchange for interlayer 
chloride or sulfate ions; however, carbonation of these minerals is 
relatively inefficient as only one CO2 molecule can be stored for every 
six magnesium atoms (Table 2). Secondary halide and sulfate minerals 
have also been reported in Mount Keith tailings (Wilson et al., 2014). 
These minerals form due to the high evaporation promoted by the 
regional arid climate conditions, which affects the water balance of the 
mine waste impoundments. 

2.2. Diavik diamond mine 

The Diavik diamond mine (64◦29′46′′N, 110◦16′24′′W) is an open-pit 
operation located on East Island in Lac de Gras, Northwest Territories, 
Canada (Fig. 1b). The location of the mine is impacted by a subarctic 
climate with a mean annual air temperature of − 4.5 ◦C. The mine is 
located on terrain under continuous permafrost with an active thaw 
zone of approximately 4 m depth (Neuner et al., 2013). The warmest and 
coldest months are typically July (avg. 16 ◦C) and January (avg. 
− 27 ◦C), respectively. The average annual precipitation is 291 mm, and 
most rainfall occurs between May and October, with ~50% of precipi-
tation falling as snow. Evaporation is approximately 270 mm/yr, 
occurring predominantly from July to early November (Neuner et al., 
2013). 

The volcanoclastic and pyroclastic kimberlites pipes of Diavik 
intrude Late Archean granitoids and supracrustal rocks of the Yellow-
knife Supergroup in the Slave Structural Province (Graham et al., 1998; 
Moss et al., 2018). The kimberlites are hosted in moderately to coarsely 
crystalline peraluminous S-type granites, granodiorites, tonalitic gran-
ites, and pegmatites that contain only trace sulfides, resulting in a low 
potential for acid-generation (Graham et al., 1998; Neuner et al., 2013; 
Smith et al., 2013). The country rocks contain abundant xenoliths of 
metasedimentary biotite schist from the Yellowknife Supergroup (Gra-
ham et al., 1998). Pyrrhotite [Fe1− xS] and minor abundances of other 
sulfide minerals are locally disseminated in the biotite schist and are 
potentially acid-generating (Smith et al., 2013). In addition, several 
Proterozoic diabase dikes are present and correspond to the last intru-
sive events before kimberlite emplacement (Graham et al., 1998; Smith 
et al., 2013). The kimberlite pipes are constituted by bedded volcani-
clastic kimberlite, and pyroclastic rocks including tuffs, breccias, and 
mudflows (Graham et al., 1998; Moncur and Smith, 2012). Olivine and 
serpentine minerals are abundant in the pyroclastic kimberlites (Gra-
ham et al., 1998; Moss et al., 2018). 

2.2.1. Mineral processing and mine waste management at diavik 
Mining operations at Diavik started in 2003 with a production esti-

mated at 2 Mt/yr of kimberlite rock, at an average rate of up to 6300 
tonnes of kimberlite per day, mostly mined from an open pit (Smith 
et al., 2013; Wilson et al., 2009). Gravity-based methods combined with 
X-ray screening systems are used to separate diamonds from crushed 
kimberlite rock. After diamond extraction, kimberlite residues are 
transported as a slurry via a pipeline into a closed basin called Processed 
Kimberlite Containment facility (PKC). Approximately 2.3 × 106 m3/yr 
of water from Lac de Gras has been used in mineral processing (Power 
et al., 2014). The PKC is a permanent storage facility for two streams of 
kimberlite residues designated by fine processed kimberlite (FPK) and 
coarser processed kimberlite (CPK). Until 2016, the PKC was divided 
into three cells or containment basins, namely: the main closed basin 
(PKCF) inserted in a natural valley used to store FPK, and the west and 
southeast cells (CPKC) used to store CPK (Golder Associates Ltd., 2018). 
CPK has also been used in the construction of containment dams. The 
CPK is stored subaerially, whereas the PKCF is often flooded with pro-
cess water, runoff, rain, or snow that falls within the containment area 
(Wilson et al., 2009). The water collected from a reclaim barge located 
in the central part of the PKCF pond is used for water quality assessment 
(Fig. 1b). 

In 2006, when Wilson et al. (2009) sampled the processed kimberlite 

residues, the PKCF had an area of ~0.86 km2 designed to retain 5–8 ×
105 m3 of water (Golder Associates Ltd., 2018). More recently, the PKCF 
has been expanded and encloses approximately 1.6 km2 of kimberlite 
residue storage area (Golder Associates Ltd., 2018). The excess process 
and runoff water in the PKCF are transferred via a pipeline to the North 
Inlet, a basin with a storage capacity of 5 × 106 m3 (Diavik Diamond 
Mines Inc., 2020). The North Inlet’s collects and retains water prior to 
discharges into Lac de Gras. 

2.2.2. Mineralogy of the mine waste 
Kimberlite residue sampling by Wilson et al., (2009) was done in 

September 2005 and August 2006 (Fig. 1b). Efflorescent crusts of sec-
ondary minerals were collected from the surface of the mine residues 
stored in the FPKC. In addition, coring was conducted in the periphery of 
the PKCF (Fig. 1b), sampling up to 100 cm depth below the surface of the 
fine PKC. Detailed sampling information is described by Wilson et al. 
(2009). 

The most commonly observed minerals (Table 2) in the kimberlite 
residues were identified as serpentine minerals [predominantly liz-
ardite: Mg3Si2O5(OH)4; 40.0− 76.2 wt%], high− Mg forsterite (Mg2SiO4; 
12.3− 46.3 wt%), calcite (CaCO3; 1.9− 4.1 wt%), Cr-rich diopside [Ca 
(Mg,Cr)Si2O6], Mg-rich garnets [(Fe,Mg)3Al2(SiO4)3], plagioclase 
[NaAlSi3O8], phlogopite [KMg3(AlSi3O10) (OH)2], quartz (SiO2), and 
swelling clays (e.g., vermiculite [Mg3(Al,Si)4O10(OH)2⋅4H2O], smec-
tites, and possibly interstratified phases). The evaporative crusts at the 
surface of PKCF include nesquehonite (MgCO3⋅3H2O), Ca-carbonates 
(vaterite, calcite), Na-carbonates {nahcolite (NaHCO3) and trona 
[Na3(NaHCO3) (CO3)⋅2H2O]}, and sulfates [gypsum (CaSO4⋅2H2O), 
anhydrite (CaSO4), epsomite (MgSO₄⋅7H₂O)] (Wilson et al., 2009, 
2011). Radiocarbon results (i.e., F14C > 1) are consistent with modern 
carbon sources (i.e., atmospheric or organic) in secondary carbonates 
collected from the PKCF (Wilson et al., 2011), providing evidence for 
storage of atmospheric CO2 in the processed kimberlite. 

2.3. Venetia diamond mine 

The Venetia diamond mine (Fig. 1c) is an open-pit operation located 
50 km west of Musina, Limpopo, South Africa (22◦ 25′ 59′′ S, 29◦18′50′′

E). Semi-arid conditions mark the regional climate near the Venetia 
mine, characterized by high average temperatures (22.4 ◦C), low rainfall 
(200–400 mm/yr), and high evaporation rates (2050 mm/yr). Most of 
the rainfall occurs during summer (October to March). 

The kimberlite pipes were discovered in early 1980, and mining 
operations were initiated in 1993. The pipes are within the Central Zone 
of the Proterozoic Limpopo Belt and are dominated by either 
monticellite-phlogopite or phlogopite-calcite assemblages, with the 
dominant groundmass being serpentine [Mg3Si2O5(OH)4] (Mervine 
et al., 2018). There are fourteen distinct kimberlite pipes with unique 
geometry at Venetia. The country rock surrounding the kimberlites is 
composed of a sequence of amphibolite, quartzo-feldspathic gneisses, 
biotite gneiss, amphibolite, biotite schist, metaquartzite, and marble 
(Stripp et al., 2006). 

2.3.1. Mineral processing and mine waste management at Venetia 
Kimberlite processing results in the annual production of 4.74 Mt of 

residues (Mervine et al., 2018) that are separated into two streams: 
~60% as fine kimberlite residues (<1 mm) and ~40% as coarse 
kimberlite residues (1− 8 mm) after diamond separation by 
gravity-based methods. The fine residues are stored in two large reser-
voirs (Fig. 1c), referred to as the Fine Residues Deposits (FRD), that act 
as retention basins and have a combined area of 3.5 km2 (Stubbs et al., 
2022). The water used in mineral processing is sourced from alluvial 
aquifers (Greefswald and Schroda wellfields) located near the Limpopo 
River (Aquatico Scientific, 2016). These waters are transported from the 
wellfields by a 35 km pipeline into a reservoir inside the mine (i.e., 
North Dam), where it is stored for further circulation (Aquatico 
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Scientific, 2016). The waters are characterized by their high salinity that 
results from the aquifers’ low recharge rate and the groundwater age. 
According to information shared by De Beers Group of Companies, 
kimberlite processing at Venetia uses ~3.9 × 106 m3/yr of processing 
water. 

2.3.2. Mineralogy of the mine waste 
Extensive physical, chemical, and mineralogical characterization of 

processed kimberlite mine wastes from Venetia have been conducted in 
recent years — as part Project CarbonVault™ sponsored by the De Beers 
Group of Companies — to define the potential of kimberlite residues for 
CO2 mineralization (Paulo et al., 2021; Stubbs et al., 2022; Zeyen et al., 
2022). Fieldwork was conducted in May 2017 and May 2018 on the FRD 
impoundments. Samples were collected from the surface and at depth in 
areas of the FRD impoundment that were not flooded (Fig. 1c). In 
addition, fine kimberlite residues were collected as a slurry from one of 
the outlet pipes used to transport processed kimberlite into the FRD 
reservoir. Unprocessed kimberlite rocks were also collected from the ore 
stockpile and further processed in the laboratory for geochemical and 
mineralogical analysis. Stubbs et al. (2022) provide further details on 
sampling procedures. 

The kimberlite residues are mineralogically complex and are domi-
nated by serpentine minerals (primarily lizardite); smectite clays [Mm+

x/m 

(Mg3) (AlxSi4-x)O10(OH)2⋅nH2O, with M, m, and x corresponding to the 
hydrated interlayer cations, the charge of the M cation, and the layer 
charge, respectively]; diopside; tremolite [Ca2Mg5Si8O22(OH)2]; and 
calcite (Paulo et al., 2021; Stubbs et al., 2022; Zeyen et al., 2022). Liz-
ardite is an abundant mineral (10.8− 58.4 wt%) and occurs as pseudo-
morphed forsterite macrocrysts (200 μm − 1 cm) and as microcrysts 
(<200 μm) (Zeyen et al., 2022). Fe– Ca– Mg- and Al-rich smectite 
(6.2− 39.9 wt%) is also abundant and distributed as a fine-grained ma-
trix around the lizardite and calcite microcysts (Zeyen et al., 2022). 
Potential sources for labile cations in Venetia kimberlite include calcite, 
diopside, tremolite, and smectite for Ca, and lizardite, diopside, phlog-
opite, clinochlore, smectite, tremolite, and talc for Mg (Paulo et al., 
2021). 

Mineral sinks for CO2 have not yet been identified in the Venetia 
residues; however, laboratory tests suggest the formation of Ca-, Na-, 
and possibly Fe-carbonates from the evaporation of porewaters (data not 
published). Based on the geochemistry of the mine waste, the maximum 
CO2 sequestration capacity was estimated at 268–342 kg CO2/t of 
kimberlite, assuming full carbonation of the kimberlite and conversion 
of leached Ca and Mg to carbonates (Paulo et al., 2021). If only the labile 
component from non-carbonate sources is accessible for CO2 minerali-
zation, the potential of Venetia kimberlite was estimated at 3–9 kg CO2/t 
(Paulo et al., 2021). 

3. Geochemical modeling 

3.1. Data collection 

The water chemistry dataset for Mount Keith was obtained from 
Wilson et al. (2014). The information available was limited to two water 
samples, used as input for the model to represent the general chemistry 
of the pre-processing and tailings (TSF2) waters (Table 3). The dataset 
covering the water chemistry of Diavik from 2004 to 2005 contained 32 
data points selected from the PKCF (N = 16) and the North Inlet (N =
16). These samples covered monthly sampling from February 2004 to 
September 2005. In this dataset, alkalinity was not reported for the 
North Inlet. Therefore, hardness was assumed to be equivalent to car-
bonate (CaCO3) alkalinity in the North Inlet for modeling purposes. 
Operational data for Mount Keith and Diavik were obtained from Power 
et al. (2014) and complemented with data obtained from publicly 
available reports. The annual water consumption (ML of processing 
water) and ore production (Mt of rock) for both mine sites are reported 
in Table 1. 

Venetia water chemistry and operational data were obtained from 
internal reports provided by the De Beers Group of Companies for this 
study. The water chemistry dataset contained 70 water data points 
recorded between 2009 and 2018 for the pre-processing water (North 
Dam, N = 35) and the kimberlite waste impoundments (FRD, N = 35). 
Water sampling frequency at Venetia changed from a monthly 
(2009–2011) to a quarterly basis from 2012 onwards. In addition, 
detailed water consumption (m3/t of rock) and kimberlite processing 
data (t rock/yr) were provided for the period between 2015 and 2018 by 
the mine. 

The models used values for pH, alkalinity or hardness, temperature, 
and concentrations of major cations (Ca2+, K+, Mg2+, Na+) and anions 
(Cl− , NO3

− , SO4
2− ). These parameters were selected for analysis as they 

are the most relevant to CO2 sequestration and account for >90% of the 
analytes in the solution. Changes in these parameters reflect the major 
dynamics of elements in the waters and mass transfer related to mineral- 
water reactions and evaporation. Si concentrations were not reported 
consistently in any dataset; however, these data would be useful in 
future studies. A summary of the water chemistry for each mine is 
provided in Table 3. Time-series trends for specific elements in Diavik 
and Venetia mine waters are also presented in Figs. 2 and 3, respectively. 
All datasets are included in the mandatory water quantity and quality 
monitoring programs for the mines, and sampling followed the required 
standard procedures stipulated by Canadian, Australian, and South Af-
rican regulations. 

Table 3 
Summary of the average water chemistry (standard deviation in parentheses) for the mine waste impoundments and processing waters for Mount Keith, Diavik, and 
Venetia mines.    

Mount Keith Diavik Venetia 

Unit Source (initial) TSF2(final) PKCF(initial) North Inlet (final) North Dam (initial) FRD (final) 

N = 1 N = 1 N = 16 N = 16 N = 35 N = 35 

pH  8.2 8.9 9.1 (0.5) 8.1 (0.8) 8.7 (0.5) 8.5 (0.3) 
Temp. ◦C n.a. n.a. 4.0 (4.9) 4.0 (4.4) n.a. n.a. 
Alkalinity mg/L 46.0a 70.0a 99.8a (23.9) 144.2b (22.4) 175.6a (36.7) 129.4a (41.3) 
Ca mg/L 385.0 100.0 11.0 (5.3) 20.5 (4.7) 25.5 (48.3) 51.2 (62.7) 
Mg mg/L 2600.0 1600.0 26.7 (11.0) 20.8 (3.3) 21.9 (8.1) 21.7 (16.9) 
Na mg/L 19000.0 15000.0 38.0 (7.1) 38.2 (7.1) 158.0 (128.8) 979.1 (489.7) 
K mg/L 1200.0 870.0 41.1 (8.2) 13.0 (2.4) 9.6 (6.5) 95.0 (63.0) 
Cl mg/L 32000.0 23000.0 27.5 (7.6) 79.2 (19.5) 136.2 (91.2) 809.9 (411.9) 
NO3
¡ mg/L 50.0 20.0 9.0 (3.3) 7.9 (1.8) 2.6 (5.3) 36.6 (31.3) 

SO4
2- mg/L 9200.0 8400.0 110.9 (5.1) 14.0 (5.1) 144.4 (136.1) 996.7 (646.4) 

n.a. − information not available. 
a HCO3

− . 
b CaCO3. 
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3.2. Prediction of secondary carbonate minerals saturation 

Mineral trapping of CO2 in mine wastes is driven by partial or 
complete evaporation of porewaters (Power et al., 2013). PHREEQC 
(Parkhurst and Appelo, 2013) was used to simulate evaporation and to 
predict whether secondary carbonate minerals are saturated in the mine 
waters. As Parkhurst and Appelo (2013) describe, the evaporation model 
simulates an irreversible reaction where water is continuously lost from 
the chemical system. In this model, a volume of tailings water (1 L) was 
concentrated by sequentially removing a fixed amount of water. The 
pitzer. dat database was preferred for simulations because the 
specific-ion-interaction model of Pitzer provides more accurate pre-
dictions of mineral equilibria in high ionic strengths (I > 1) conditions 
compared to other geochemical databases (Lu et al., 2022a; Parkhurst 
and Appelo, 2013), particularly under high evaporation conditions. The 
concentration factors were determined by the quotient between the 
volume of the initial and final water and after evaporation. Ca- and 
Mg-carbonate minerals were compared before and after evaporation, 
and changes in SI were used to indicate viable conditions (SI > 1) for 
their precipitation. For simplification, evaporation was simulated at a 
constant temperature of 25 ◦C and not in equilibrium with atmospheric 
pCO2 (10− 3.4 atm). Phases were not removed after saturation in waters, 
as this did not show that hydrated-Mg carbonates became saturated, 
despite their presence in tailings. With our simulations, we do not 
explore the precipitation reactions or sequential removal of minerals 

from the solution. Instead, we provided an indirect approach to validate 
the field data and identify the secondary carbonate minerals, including 
hydrated Mg-carbonate, that are more likely to precipitate in tailings 
and act as CO2 sinks for mass-balance models. 

3.3. Inverse modeling 

The objective of the numerical method of inverse modeling was to 
determine the set of mole transfers for specific mineral and gas phases 
(e.g., CO2) that result in chemical changes along a defined flow path 
correlated to mineral carbonation reactions. For each mine, the flow 
paths were defined between a selected initial and final sampling loca-
tions used in water quality monitoring programs. The initial and final 
locations were set preferentially before and after mineral processing or 
slurry deposition, respectively (Fig. 1, Table 3). As such, the flow paths 
were defined as: (1) from the source water (Albion borefields) to the 
TSF2 at Mount Keith; (2) from the PKCF to the North Inlet at Diavik, and 
(3) from the North Dam (source) to the FRD at Venetia (Fig. 1). The 
mineralogical data for each site were obtained from previous studies 
(Paulo et al., 2021; Stubbs et al., 2022; Wilson et al., 2009, 2014). 

The mass-balance models with the inverse modeling function were 
developed using PHREEQC V3 (Parkhurst and Appelo, 2013) and the 
carbfix. dat thermodynamic database (Voigt et al., 2018). This database 
has been optimized for CO2–water–mineral reactions, including most of 
the minerals present in the mine wastes and their reactions with CO2, 

Fig. 2. pH, alkalinity (mg/L), and major ion concentrations (mg/L) in Diavik mine waters. Lines represent the 5-day moving averages for each element in the PKCF 
(blue dots and line) and the North Inlet (light blue dots and gray line) waters. 
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except for some secondary carbonate minerals. As such, the thermody-
namic data for hydromagnesite (Gautier et al., 2014), nesquehonite and 
dypingite (Harrison et al., 2019), and trona (Ball and Nordstrom, 1991) 
were added to the model input. A set of minerals was constrained to 
precipitate, or dissolve based on their solubility products. For example, 
silicate minerals and brucite (i.e., Mount Keith model) were set to 
dissolve, whereas calcite was allowed to function as either an ion source 
(dissolve) or sink (precipitate). Although dolomite and magnesite were 
found to be oversaturated (SI > 1) in the mine waters, when present, 
these phases were only set as ion sources (dissolution) because their 
precipitation is kinetically inhibited at Earth’s surface conditions 
(Arvidson and Mackenzie, 1999); therefore these minerals are unlikely 
to precipitate directely from the mine waters. More common 
low-temperature precipitates, such as hydrated Mg-carbonates (hydro-
magnesite, nesquehonite, dypingite) and Na-carbonates (trona, nahco-
lite), sulfates (gypsum), and amorphous SiO2 were set to precipitate. 
Mg-sulfates were not included in the model because these are less 
abundant and not saturated in waters. Cation exchange (CaX2, NaX, 
MgX2, KX, where X corresponds to the exchange master species) was also 
introduced in the diamond mine models due to the high abundance of 
smectites in the kimberlite, which can serve as a source of cations for 
carbonation reactions (Zeyen et al., 2022). 

Data for mass-balance calculations can be affected by analytical er-
rors, spatial or temporal variability in the concentration of each element, 
alkalinity, and fraction mixing. These unknowns are constrained by an 
uncertainty limit that fixes the maximum deviation of the concentration 

of an element allowed for the mass-balance calculations (Parkhurst, 
1997; Parkhurst and Appelo, 2013). Satisfying the mass, valence, and 
charge balances in simulations was obtained for uncertainty limits of 
0.5–0.8 (±50− 80%). These limits assumed a larger variation of the 
concentration of each element in the solution to produce viable models 
(Murray et al., 2021; Parkhurst and Appelo, 2013). Increasing the un-
certainty limits also helped reduce the number of reactions predicted by 
models (Parkhurst, 1997) and simplified the analysis for possible carbon 
removal pathways in the mine waste impoundments. Due to the multiple 
mass-balance simulations generated, a set of criteria was defined to 
better scrutinize the model predictions. First, the output data were 
scrutinized to reject: (i) all simulations that predicted the precipitation 
of silicate minerals (e.g., lizardite, forsterite, diopside) or showed results 
inconsistent with minerals stability; (ii) all simulations with a residual 
sum of squares greater than 5 (RSS>5) were rejected to limit the 
analytical data being changed by their maximum uncertainty, and (iii) 
results that produced mole transfer values greater than 1 mol/L for CO2 
were not selected as these often resulted from a larger mole transfer 
contribution from the dissolution of silicate minerals (>1 mol/L) when 
compared to carbonate and sulfate minerals, which dissolution is in 
general three orders of magnitude faster than silicate (Power et al., 
2013). Scenarios with large moles transfer produced unrealistic esti-
mates of CO2 consumption (mega to gigatonnes) at low temperature and 
pressure conditions, and therefore were discarded. Once these models 
were removed, the remaining models were sorted according to scenarios 
dominated by the dissolution of specific minerals (e.g., forsterite, 

Fig. 3. pH, alkalinity (mg/L), and major ions concentrations (mg/L) in Venetia mine waters. Lines represent the 5-day moving averages for each element in the North 
Dam (gray) and the FRD (green) waters. 
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lizardite, brucite, calcite). The mole transfer for CO2 for the viable sce-
narios were averaged and the mine passive carbonation rate (R) was 
determined with the general formula (Eq. 1), where mCO2 corresponds 
to the average CO2 mole transfer per liter of solution, MCO2 is the molar 
mass of CO2 (g/mol), A corresponds to the area (m2) of the mine waste 
impoundments, and V is the volume of water (L/yr) used in mineral 
processing per year. This operation was repeated for each sampling 
period listed in the mine water chemistry data. 

R
(
g
/

m2 / yr
)
=mCO2 ×MCO2 × [1 /A] × V (1) 

Calculations for Mount Keith and Diavik used constant volumes of 
processing water (L/yr) reported in Table 1. For Venetia, the calcula-
tions between 2009 and 2014 use a fixed processing water volume of 3 
× 106 m3/yr, whereas the rate calculations from 2015 to 2018 incor-
porated the specific volumes recorded by the mine as part of their 
monthly monitoring programs. Because the Venetia dataset also covered 
multiple years, the mass of CO2 consumed between specific time in-
tervals could be calculated by a definite integral (Eq. (2)) that calculates 
the area (mCO2) under the passive carbonation function R(t) for the in-
terval (years) a ≤ x ≤ b. 

mCO2
(
g CO2

/
m2)=

∫ b

a
R(t)dt= lim

n→+∞

∑n

k=1
R(t)t (2)  

4. Results and discussion 

4.1. General physicochemical characteristics of the mine waters 

Waters from the three mines have an alkaline pH > 8 (Table 2) and 
high electrical conductivity (EC). TSF2 waters at Mount Keith have a pH 
~8.9, whereas the pH of the source water has been measured at 8.2 
(Table 2). At Diavik, the average pH in PKCF waters has been recorded at 
9.1 ± 0.5, and a slightly lower pH is recorded for the North Inlet (8.1 ±
0.8). Time series data (Fig. 2) also showed that the pH of the North Inlet 
waters fluctuates more widely during spring and summer months than in 
the PKCF (Fig. 2). These fluctuations are possibly related to seasonality 
(i.e., ice thawing, increased runoff) and periods of water discharge from 
PKFC to the North Inlet. At Venetia, the average pH values of the source 
water (North Dam) and the FRD waters are 8.7 ± 0.5 and 8.5 ± 0.3, 
respectively. However, the pH of the North Dam waters experiences 
greater fluctuations when compared to those in the FRD (Fig. 3). 

Greater EC values were reported for Mount Keith waters (110,000 
μS/cm), followed by waters from Venetia (North Dam: 479− 2800 μS/ 
cm; FRD: 1890− 9770 μS/cm), and Diavik (PKCF: 381− 920 μS/cm; 
North Inlet: 342− 700 μS/cm) attesting their saline composition. The 
average elemental concentrations (Table 3) indicate that ion predomi-
nance in Mount Keith waters follows the sequence Cl− > Na+> SO4

2− >

Mg2+> K+> Ca2+>NO3
− > Mg2+> HCO3

− . At Diavik, sulfate is the most 
predominant ion in PKCF waters (SO4

2− > HCO3
− >K+ > Na+ > Cl− >

Mg2+ > Ca2+ > NO3
− ), whereas bicarbonate is more dominant in the 

North Inlet (HCO3
− > Cl− > Na+ > Mg2+ > Ca2+> SO4

2− > K+ > NO3
− ). 

The FRD waters from Venetia follow a similar trend with sulfate as the 
most abundant ion in the residues (SO4

2− > Na+ > Cl− > K+ > HCO3
− >

Ca2+ > NO3
− > Mg2+) versus the North Dam waters where sodium is 

more dominant (Na+ > SO4
2− >Cl− >HCO3

− > Ca2+ > Mg2+ > K+ >

NO3
− ). The ionic charge balance for most samples was ≤10% suggesting 

that the major ions species in solution were well-balanced and that the 
mine water chemistry datasets used for geochemical modeling were 
reliable. 

Mount Keith waters have the greatest dissolved solids concentrations 
for the ultramafic mines under evaluation, except for alkalinity, which 
was greater at Venetia (Table 3). For example, the Mg concentration in 
TSF2 is recorded at 1600 mg/L versus 100 ± 24 mg/L and 175 ± 37 mg/ 
L in Diavik (PKFC) and Venetia (FRD), respectively. The concentration 
of Ca2+ in TSF2 is expected to be low since mineral sources for this 

element are scarce in Mount Keith mine residues. However, the con-
centration of 100 mg/L of Ca2+ in TSF2 is still greater than those re-
ported for the diamond mines (11 ± 5 mg/L PKCF; 51 ± 63 mg/L FRD). 
Cl− and Na+ concentration in Mount Keith waters are 30–300 and 
15–370 orders of magnitude greater than the measured concentrations 
of the same elements in Diavik and Venetia waters (Table 3). Sulfate 
concentrations of 8400 mg/L in TSF2 largely exceed those measured in 
the diamond mines residue impoundments, which typically contain 10 
to 100 times less SO4

2− . Likewise, K+ concentrations are 6–70 times 
greater at Mount Keith than at the diamond mines (Table 3). In contrast, 
the alkalinity of Mount Keith waters (<70 mg/L) is the lowest recorded 
(Table 3). 

At Diavik, long-term water quality trends (Fig. 2) show that Cl−

concentrations in PKCF remained relatively constant until mid-2015 
(Fig. 2). After this period, Cl− concentrations steadily increased from 
20 mg/L to 80 mg/L. Ca2+ shows a similar trend to Cl− suggesting that 
these elements varied together (Fig. 2), possibly due to evapoconcen-
tration. Changes in alkalinity, Mg2+, SO4

2− , K+, and Na+ in the PKCF 
(Fig. 2) follow an undulated trend, likely affected by seasonality, with 
greater concentrations peaking during the winter months. This trend 
appears to be independent of the Cl− pattern, suggesting that evap-
oconcentration has less impact on alkalinity, Mg2+, SO4

2− , K+, and Na+

variations. A similar undulated trend was observed for all elements in 
the North Inlet (Fig. 2). Concentrations of Ca2+, Cl− , and alkalinity in the 
North Inlet are systematically greater than in the PCKF, whereas Mg2+, 
K+ and sulfate concentrations are much lower in the North Inlet (Fig. 2). 
Na concentrations are similar in PKCF and North Inlet waters. 

The water chemistry of the North Dam at Venetia mine has been 
relatively stable over the nine-year period. Conversely, the concentra-
tions of Ca2+ and Mg2+ in the FRD have increased at least two times for 
the same period (Fig. 3). The trends of Ca2+, Mg2+, Na+, K+, and SO4

2−

concentrations converge with those observed for conservative elements 
(e.g., Cl− ), suggesting that these elements are under a similar environ-
mental influence, and that most likely their concentrations in the mine 
residues impoudment are regulated by evapoconcentration of the waters 
and, consequently mineral precipitation. Evapoconcentration of the FRD 
waters can be expected to range from 5 to 30 times based on the dif-
ference in the concentration of Cl− in the North Dam and the FRD. From 
2012 to 2015, Ca2+ and Mg2+ were not evapoconcentrated in the FRD, 
and concentrations were lower than those measured in the North Dam 
(Fig. 3). In contrast, the concentration of Cl− increased by approximately 
five times during the same period. These data indicate that there is a sink 
for Ca2+ and Mg2+ in the kimberlite wastes, such as carbonate and/or 
sulfate minerals. After 2015, the concentrations of Ca and Mg in the FRD 
have increased and fluctuated more often, closely matching variations in 
Cl− concentration. Mineral dissolution and precipitation cycles may 
have significantly influenced the FRD water chemistry after 2015. 
Recirculation and dewatering of the FRD are also likely to have affected 
the water quality during this period. All cations and anions concentra-
tions in the FRD have increased after 2015. Alkalinity has increased 
consistently in the North Dam and FRD waters from 2009 to 2015 
(Fig. 3). 

A Piper diagram was used to classify the predominant hydro-
chemistry types for waters from each mine (Fig. 4). Mount Keith waters 
were classified as sodium− chloride− sulfate-type waters (Fig. 4). The 
PKCF waters from Diavik were defined as predominantly SO4

2− type 
waters, whereas the waters from the North Inlet were characterized as 
mixed HCO3

− and Cl− type waters. Venetia waters were classified as 
Cl− type with a predominance of Na+ and K+. The high SO4

2− and Cl− in 
the mine waters suggests that evaporation strongly affects the water 
chemistry. The enrichment in SO4

2− and Cl− is more prevalent at Mount 
Keith and Venetia because of their arid climate conditions where annual 
evaporation (>2000 mm) is greater than precipitation (Table 1). 
Nevertheless, the PKCF at Diavik is also affected by evapoconcentration, 
as suggested by the predominance of SO4

2− and Cl− type waters, the long- 
term increasing trend of Cl− concentrations in the waters (Fig. 2), and in- 
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situ precipitation of sulfates reported by Wilson et al. (2011). Due to 
limited storage capacity, the PKCF impoundment is frequently drained 
and discharged into the North Inlet. As a result, the discharge contrib-
utes to the export of ions and alkalinity from PKCF to the North Inlet 
(Fig. 2). This practice exposes kimberlite residues to drier conditions in 
the PKCF, which can lead to the precipitation of secondary carbonate 
minerals on their surface leading to the formation of the efflorescences 
reported by Wilson et al. (2009). 

At Venetia, mine wastes are deposited as slurries in the impound-
ments that first react with process waters and are further weathered 
when exposed to rainfall. Weathering of mine residues is influenced by 
the composition of waters used for ore processing and depends strongly 
on climate. The majority of the water used by the plant is recirculated for 
mineral processing in a closed loop. However, the slurries deposited on 
the FRD retain their water and, for that reason, dissolved ions in the 
water retained by the FRD are expected to become more concentrated 
due to evaporation, which is conducive of the precipitation of secondary 
minerals. The progressive increase of Ca2+, Na+, K+, Cl− concentrations 
and alkalinity in the Venetia residues waters over nine years is likely a 
consequence of the combined effects of continuous deposition of 
kimberlite slurries, water mixing, and the evapoconcentration cycles 
that affect water chemistry (Fig. 3). Yet, this trend was not observed for 
Mg, whose concentration has generally decreased from 2009 to 2016 in 
the mine waste impoundment waters, which can be related to silicate 
weathering. 

4.2. Determining mineral sinks for CO2 with geochemical modeling 

Results from evaporation simulations and their effect on secondary 
mineral saturation indices (SI) in mine residues impoundments waters 
are presented in Fig. 5. Waters from Mount Keith are initially slightly 
saturated with respect to calcite (SI = 0.25) and undersaturated in hy-
drated Mg-carbonates (hydromagnesite, nesquehonite, dypingite, SI <
0), gypsum (SI < 0), and epsomite (SI < 0). With gradual water evap-
oration, calcite saturation was predicted to increase further until it 
plateaus at SI ≈ 1 in the TSF2 at approximately a 10− fold concentration 
factor. Afterward, calcite saturation drops, and gypsum becomes su-
persaturated. Hydromagnesite and dypingite become saturated once 
more than 40% of the water in the TSF2 evaporate (>3− fold 

Fig. 4. Piper diagram showing the main water chemistry-type for Mount Keith 
(MK), Diavik, and Venetia waters. Mount Keith and Venetia waters are domi-
nated by Na–Cl type waters, whereas Ca–SO4 dominates at Diavik. The arrows 
indicate the general water path used for modeling. Values for ions concentra-
tion are in meq/L. 

Fig. 5. Simulations of the effect of evaporation on minerals saturation indices 
(SI) in the mine waste impoundment waters. The evaporation simulations 
indicate that calcite is saturated in all mine waters and can precipitate, whereas 
hydrated Mg-carbonate minerals are more likely to precipitate from Mount 
Keith and Diavik waters (PKCF). Concentration factors represent the quotient 
between the initial mass of water and the mass of water after evaporation (i.e., 
after moles removal). Nesquehonite, Na-carbonate minerals, and gypsum 
require greater concentration factors to reach saturation. Minerals identified in 
the model include Cal – calcite, Gyp – gypsum, Hmgs – hydromagnesite, Nes – 
nesquehonite, Dyp – dypingite, Tn – trona, Nah – nahcolite, Ep – Epsomite. 
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concentration factor). The simulations show that after carbonate satu-
ration, the rapid pH decrease predicted for TSF2 is consistent with 
carbonate precipitation scenarios. Nesquehonite remains undersatu-
rated in the Mount Keith waters, even if evaporated, and therefore un-
likely to be a sink for CO2 in the mine wastes. Trona and epsomite 
remained undersaturated in Mount Keith waters even at greater con-
centration factors. 

Evaporation of the kimberlite mine waters results in an abrupt pH 
decrease (Fig. 5), which is consistent with carbonate mineral precipi-
tation. Calcite is saturated in the PKCF waters at Diavik (SI = 0.2), and 
applying a ten-fold concentration factor, the SI rises to ≈1.4, which 
strongly suggests calcite as a viable sink for CO2. Diavik waters are 
generally undersaturated with respect to hydromagnesite, nesquehon-
ite, and dypingite. However, increasing evaporation of the waters results 
in hydromagnesite, dypingite, and nesquehonite reaching SI values 
closer to saturation in the PKCF, which can lead to mineral trapping of 
CO2 if these minerals can precipitate. Wilson et al. (2011) reported that 
nesquehonite is the most common secondary Mg-carbonate in the Diavik 
fine residues. Nesquehonite occurs as thin efflorescences at the surface 
and is also preserved at trace abundance (<1 wt%) in deeper residues 
(Wilson et al., 2011). Transformation of nesquehonite to either dypin-
gite or hydromagnesite occurs at temperatures greater than 25 ◦C. 
Furthermore, the direct precipitation of hydromagnesite is kinetically 
inhibited below 40 ◦C. These temperatures are rarely exceeded at Dia-
vik; hence Mg-carbonate transformations are likely slowed (Harrison 
et al., 2019; Power et al., 2009; Wilson et al., 2011), which may explain 
the absence of dypingite and hydromagnesite in the tailings despite 
having SI > 0 as a result of evaporation. Nesquehonite reaches satura-
tion only after nearly complete evaporation of PKCF waters, providing 
an explanation for its relative scarcity and predominance in drier areas 
of the PKCF. Epsomite and the sodium carbonates remained undersat-
urated. Gypsum and Na-carbonates were more frequently observed in 
tailings than Mg-sulfates (Wilson et al., 2011). 

Venetia mine waters are slightly supersaturated with respect to 
calcite (SIcal = 0.5− 0.7) and become rapidly more supersaturated (SIcal 
≈ 1.6) above a 10− fold evapoconcentration (Fig. 5). Gypsum saturation 
index (SIgyp) reaches values greater than zero in the FRD waters with a 
20− fold evaporation. Thus, the precipitation of calcium sulfate minerals 
in FRD may interfere with CO2 mineralization at Venetia by reducing the 
Ca available to form calcium carbonates. Hydrated Mg-carbonate min-
erals have not been found in the Venetia mine residues, and the model 
corroborates that these minerals will remain undersaturated even after 
extensive evaporation. Moreover, the Mg/Ca molar ratio of ~0.4 will 
not inhibit calcite precipitation (Mg/Ca >2) in favor of the precipitation 
of aragonite and Mg-carbonates (Sun et al., 2015). Therefore, calcite is 
likely the main secondary carbonate phase forming in the mine waters. 

The predicted mineral sinks for CO2 are consistent with mineralog-
ical data from previous studies of the Mount Keith and Diavik mines 
waste (Wilson et al., 2009, 2011, 2014). Based on geochemical 
modeling, the most viable sinks for mineral trapping are calcite and 
hydromagnesite for Mount Keith; calcite, nesquehonite, dypingite, and 
hydromagnesite for Diavik (PKCF); and calcite for Venetia (FRD) 
(Fig. 5). Nesquehonite and sodium carbonates (e.g., trona and nahcolite) 
also form in the kimberlite mines and have been previously documented 
in efflorescences at Diavik, instead of dypingite and hydromagnesite for 
which formation is inhibited by the low temperatures. However, nes-
quehonite, trona, and nahcolite saturation require close to complete 
evaporation of mine waters. Mg-sulfates, like epsomite, are also not 
saturated in the mine water even at high evaporation and tend to 
redissolve as tailings are rewetted. 

Although Mount Keith and Diavik waters are also saturated with 
respect to dolomite and magnesite (SI > 1), their formation at Earth’s 
surface conditions is very slow (Power et al., 2019). For this reason, 
dolomite and magnesite were not considered viable sinks for CO2 and, 
therefore, not reported in the modeling results and were not considered 
sinks for inverse modeling. In fact, the greater saturation of dolomite, 

magnesite, and huntite in the models compared to the hydrated 
Mg-carbonates, became a limitation to determine the potential CO2 sinks 
in tailings. For example, dolomite, magnesite, and huntite were rapidly 
saturated at lower concentration factors but not the hydrated 
Mg-carbonate. If the simulations had considered removing dolomite, 
magnesite, and huntite by precipitation as these became saturated, the 
hydrated Mg-carbonates could not saturate in the remaining waters 
containing much lower alkalinity and cations concentrations, despite 
evidence of their occurrence in the mine tailings. As such, the evapo-
ration models were conducted without mineral removal by precipitation 
to detect the possible carbon sinks that can form from saturated mine 
waters. This approach is intended to determine the potential CO2 sinks 
at ambient temperatures rather than mimicking sequential mineral 
precipitation reactions in the mine tailing waters. 

Waters from all three mines were saturated with respect to calcite, 
regardless of the amount of evapoconcentration that was modeled. 
Hence, secondary calcite will likely form in all types of ultramafic mine 
wastes evaluated. Since calcite is commonly present as a bedrock or 
gangue mineral in ultramafic ores, validating the presence of secondary 
calcite in mine wastes cannot be easily assessed through crystallographic 
assessments. Geochemical modeling provides complementary informa-
tion for understanding reaction pathways and CO2 sinks in mine wastes. 

4.3. Passive carbonation rates 

4.3.1. Mount Keith nickel mine 
Wilson et al. (2014) estimated the initial brucite content in Mount 

Keith tailings at 2.5 wt%. Although brucite is usually a minor phase of 
ultramafic rocks, its dissolution is orders of magnitude faster than the 
more abundant silicate minerals (Harrison et al., 2013; Power et al., 
2013). For this reason, mine wastes containing brucite have greater 
reactivity to CO2 at ambient conditions and, consequently, a more sig-
nificant potential to offset carbon emissions (Assima et al., 2013b, 2014; 
Beaudoin et al., 2017; Paulo et al., 2021; Power et al., 2020). The re-
action of brucite with CO2 to form hydromagnesite (Eq. (3)) was 
determined with inverse modeling to be the dominant process affecting 
changes in Mount Keith water chemistry (Table 4). 

The model results corroborate Wilson et al. (2014), who determined 
the passive carbonation rate at Mount Keith based on the measured 
abundance of hydromagnesite in tailings. The viable models that pre-
dicted the consumption of CO2 through brucite carbonation did not 
include serpentine minerals dissolution predictions. When simulated, 
lizardite dissolution was predicted to exceed the 1 mol CO2/L threshold 

Table 4 
Mount Keith passive sequestration rates calculated from geochemical mass- 
balance modeling (scenario 2). The moles transferred were used to calculate 
the mass of CO2 linked to brucite carbonation in TSF2. Phases that dissolved are 
presented as positive (+) values, and phases that precipitated as negative (− ) 
values.  

Phases mol/L g CO2/ 
L 

t CO2/yr Passive carbonation rate g 
CO2/m2/yr 

CO2(g) 1.57 ×
10− 1 

6.89 65,701 3958 

Lizardite n.c.    
Dolomite n.c.    
Calcite − 7.62 ×

10− 3 
− 0.34 − 3198 − 192 

Hydromagnesite − 3.79 ×
10− 2 

− 6.66 − 63,511 − 3826 

Brucite 1.97 ×
10− 1 

6.94 66,136 3984 

SiO2(am) n.c.    
Gypsum − 1.03 ×

10− 2    

Magnetite n.c.    

n.c. − no change. 
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defined as criteria to reject simulations scenarios as these produced an 
overestimated CO2 consumption rate (Mt to Gt). In addition, most sim-
ulations with lizardite dissolution were uncoupled with the consump-
tion of CO2 and, therefore, discarded from the analysis. Wilson et al. 
(2014) reported that despite observing that serpentine minerals can act 
as seeds for hydromagnesite crystals in Mount Keith tailings, their 
contribution to CO2 sequestration at Mount Keith is likely minimal 
compared with brucite carbonation. These authors have shown that 
brucite abundance declines in all surficial tailings (<25 cm) while it is 
accompanied by an almost proportional increase of hydromagnesite in 
the tailings. In contrast, the changes in serpentine abundance in the 
tailings are likely reflecting a dilution effect in Rietveld refinement es-
timates introduced by adding new crystalline mass (i.e., precipitates) to 
the tailings rather than by extensive weathering of serpentine. 
Furthermore, laboratory carbonation experiments indicated that brucite 
dissolution is viable at near-ambient pressures and temperatures in 
alkaline brines, similar to the Mount Keith tailings water (Harrison et al., 
2015). Finnaly, reactive transport modeling simulations corroborated 
the development of a brucite-depleted zone linked to the precipitation of 
hydromagnesite, whereas serpentine dissolution is unlikely to occur 
under the supersaturated conditions of the tailings waters {Wilson et al., 
2014 #3}. Thus, despite the 49− 90 wt% abundance of serpentine 
minerals (lizardite, antigorite, and minor chrysotile), lizardite dissolu-
tion contribution for CO2 sequestration was considered minimal for our 
model. 

(OH)2 4CO2 + H2O Mg5(CO3)4(OH)25H2O (3) 

The relative stoichiometry derived from inverse modeling for brucite 
to CO2 molar ratio (1.254) agrees with the expected molar ratio of 1.25 
for brucite to CO2 in carbonation reactions (Table 4). Therefore, Mount 
Keith’s most plausible CO2 sequestration scenarios involve brucite 
carbonation accompanied by either calcite dissolution (scenario 1) or 
calcite precipitation (scenario 2; Table 4). Mineralogical data presented 
by Wilson et al. (2014) show that calcite abundance remains relatively 
constant (<0.5 wt%). Moreover, Mount Keith waters are saturated 
relative to calcite (Fig. 5), and the pH > 8 (Table 3) favors carbonate 
precipitation rather than dissolution. Thus, scenario 2, for that reason, is 
more likely to occur as part of the CO2 mineralization reactions in Mount 
Keith. 

The mass of brucite added yearly to the mine waste impoundments 
was computed from the annual tailings production (11 Mt) and the 
average abundance of brucite (2.5 wt%). The tailings impoundments 
were estimated to have received ~275,000 t Mg(OH)2 per year. The 
complete carbonation of this brucite (Eq. (3)) would sequester 
~166,000 t CO2/yr as hydromagnesite. However, brucite carbonation is 
limited by the slow ingress of CO2 into tailings and only 55 wt % or 
~151,000 t of t Mg(OH)2 were estimated to react in tailings (Wilson 
et al., 2014). In our model, the brucite carbonation reaction was esti-
mated to consume ~1.6 × 10− 1 mol/L of CO2 or ~7 g of CO2 per liter of 
process water (Table 4). Given that 9534 ML of water were expected to 
interact with the tailings annually, the mass of CO2 consumed by brucite 
carbonation was estimated at ~66,000 t CO2/yr, meaning that ~109, 
000 t/year of brucite would be carbonated in the tailings. These values 
correspond to the carbonation of ~40% of the total mass of brucite 
added to the tailings, which resembles the conclusions of Wilson et al. 
(2014). Mineral trapping as hydromagnesite was calculated at ~63,500 
t CO2/yr, which is equivalent to a passive carbonation rate of ~3960 g 
CO2/m2/yr (Table 4). For comparison, the passive carbonation rate 
estimated with QXRD using 172 tailings samples collected from TSF2 
and based on hydromagnesite abundance was determined at 2400 g 
CO2/m2/yr or ~40,000 t CO2 per year (Wilson et al., 2014). Overall, our 
model predictions are consistent with these rates demonstrating the 
practicality of using inverse modeling as a tool to determine passive 
carbonation rates for active mines. 

4.3.2. Diavik diamond mine 
Mass-balance simulations using the PKCF and North Inlet waters 

predicted that the dissolution of silicate and carbonate minerals affect 
passive carbonate rates. Viable scenarios (Supplementary Table A) for 
CO2 mineralization were dominated by the dissolution of lizardite 
(scenario D1) and forsterite (scenario D2). These scenarios included 
calcite dissolution and the precipitation of Na-carbonates, amorphous 
SiO2, and gypsum as the most abundant secondary minerals (Table 5). 
Scenarios that predicted nesquehonite precipitation were not considered 
for analysis as these simulations failed to fit the validation criteria 
defined for the inverse model predictions (e.g., CO2 and nesquehonite 
mole transfer >1). Furthermore, dypingite and hydromagnesite were 
not predicted to form. 

The average Si concentration in the PKCF waters (~2.3 mg/L; n = 2) 
is two orders of magnitude greater than in the Lac de Gras waters 
(~0.01 mg/L; Deton’ Cho Stantec (2015)), which are used for ore pro-
cessing. The range of amorphous SiO2 mole transfer predicted for sce-
narios D1 (− 1.2 × 10− 4 to − 6.1 × 10− 4 mol/L) and D2 (− 1.1 × 10− 4 to 
− 4.9 × 10− 4 mol/L) corresponds to a dissolved load of 8 ± 4 mg Si/L 
and 1 ± 0.4 mg Si/L, respectively. These values are in good agreement 
with field results and support the link between silicate weathering and 
CO2 sequestration for Diavik, as reported by Wilson et al. (2011). 
Nevertheless, the acid neutralization potential (NP) of the kimberlite 
residues was estimated at ~39–85 kg CaCO3 eq/t, and primarily regu-
lated by calcite dissolution (Moncur and Smith, 2012). Carbonate 
dissolution would be promoted by the slightly acidic waters of Lac de 
Gras (pH: ~6.6; SICalcite < 0) used for kimberlite processing and cause an 
increase in dissolved inorganic carbon that is not related to silicate 
dissolution. 

Since calcite dissolution (Eq. (4)) was predicted for all the viable 
scenarios, the passive carbonation rate is potentially affected by the 
recycling or loss of stored carbon from the residues. In fact, the sec-
ondary Ca- and Na-carbonates collected from the PKFC showed variable 
13C compositions that indicate mixed carbon sources, including bedrock 
carbonate, atmospheric CO2, and organic carbon (Wilson et al., 2011). 
Therefore, more accurate estimates of the net sequestration of CO2 
through passive carbonation will need to account for carbonate recy-
cling, which can be particularly relevant in the case of kimberlite resi-
dues (Paulo et al., 2021). Given the stoichiometry of calcite dissolution 
(Eq. (4)), where 1 mol of calcite reacts with 1 mol of CO2, the passive 
carbonation rate formula (R; Eq. (1)) can be corrected by subtracting the 
mole transfer predicted for the dissolution of calcite (mCaCO3) from the 
mole transfer of CO2 (mCO2). This transformation generates a new rate 

Table 5 
Passive carbonation rates corrected (RC) for carbonate dissolution in Diavik. 
Mineral trapping (MT) as secondary carbonate minerals was determined using 
proportional molar equivalences of the secondary carbonate to CO2. Solubility 
trapping (ST) was calculated as R′-MT.  

Passive carbonation rates Scenario 1: 
Lizardite 

Scenario 2: 
Forsterite 

g CO2/ 
m2/yr 

t CO2/ 
yr 

g CO2/ 
m2/yr 

t CO2/ 
yr 

Passive carbonation     

CO2 consumption 
(total) 

R(CO2) 707 608 674 580 

CO2 in CaCO3 

dissolution 
R 
(CaCO3) 

203 175 295 254 

Passive carbonation 
(corrected) 

RC 504 433 379 326 

Mineral trapping      
Nesquehonite 

Trona 
Nahcolite 
Total Mineral 
trapping (total)  

– – – –  
70 60 70 61  
105 90 86 74 

MT 175 – 156 – 

Solubility trapping ST 329 – 222 –  
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(Rc) described by Equation (5), where mCO2 and mCaCO3 correspond to 
the average CO2 and calcite mole transfer per liter of solution, respec-
tively. MCO2 is the molar mass of CO2 (g/mol), A corresponds to the area 
(m2) of the mine waste impoundments, and V is the volume of water 
(L/yr) used in mineral processing in 1 yr. 

CaCO3(s)+CO2(g)+H2O → Ca2+ + 2HCO−
3 (4)  

Rc( g
/

m2 / yr
)
= [mCO2 − mCaCO3] ×MCO2 × [1 /A] × V (5) 

The predicted average mole transfer for each CO2 mineralization 
scenario is summarized in Supplementary Table A, and the passive 
carbonation rates are plotted with time in Fig. 6. The mole transfers of 
CO2 fluctuate, indicating that passive carbonation rates at Diavik are 

also changing over time (Fig. 6). For example, peaks in CO2 mole 
transfers were observed mainly by the end of 2004 and at the beginning 
of 2005, suggesting that seasonality and mine residues management 
practices are likely to impact the CO2 sequestration rates in active mines. 
Moreover, passive carbonation (R) peaks often coincided with calcite 
dissolution peaks (Fig. 6). The average CO2 consumption rates (R) were 
calculated at ~710 and ~675 g CO2/m2/yr for the lizardite and for-
sterite dissolution scenarios respectively. Correction of these values for 
calcite dissolution (R’) results in an average passive carbonation rate of 
~375–510 g CO2/m2/yr. At these rates, the annual CO2 sequestered at 
Diavik was estimated at ~320− 440 t CO2 (0.86 km2) per year, reflecting 
mineral and solubility trapping (Table 5). 

The mass-balance models also predicted that trona and nahcolite 
precipitation at Diavik is linked to water chemistry variations. Wilson 
et al. (2011) reported that mineral trapping of CO2 at Diavik occurs 
mainly as nesquehonite, but Na- and Ca-carbonate minerals are also 
present in crusts on the PKCF. These authors showed that based on the 
radiocarbon values (0.9 ≤ F14C ≤ 1), approximately 89–100% of the 
carbon stored in secondary carbonate minerals is consistent with mod-
ern carbon sources (i.e., atmospheric and organic carbon). Mineralogical 
surveys have determined that ~1800 t CO2 were trapped and stored 
within nesquehonite during the first six years of the mine’s operations 
(Wilson et al., 2009). The corresponding average annual sequestration is 
270–300 t of CO2, given the percentage of modern carbon in the sec-
ondary carbonates (Wilson et al., 2011), which is equivalent to a passive 
carbonation rate of ~313–350 g CO2/m2/yr for the PKCF. If accounting 
for the carbon stored as trona and nahcolite determined by inverse 
modeling, mineral trapping would produce a rate of ~175–300 g 
CO2/m2/yr (Table 5). This rate is similar to the mineral trapping rate 
determined that Wilson et al. (2011) determined. Possible sources for Na 
in Diavik kimberlite residues include smectite and plagioclase (albite). 
In the absence of additional secondary carbonate minerals predicted by 
the model, we assumed that the remaining 200− 210 g CO2/m2/yr are 
assigned to solubility trapping of CO2 in waters. The possibility to pre-
dict and discriminate between mineral and aqueous sinks for CO2 in 
active mines can be a noteworthy advantage of the geochemical 
modeling approach compared to mineralogical surveys. 

4.3.3. Venetia diamond mine 
Secondary Mg-carbonate minerals, which would provide unequivo-

cal evidence for passive carbonation, have not been detected in Venetia 
mine residues. Instead, the mineralogical data from numerous samples 
collected from the FRD showed that calcite is the most abundant car-
bonate mineral in the mine residues (Mervine et al., 2018; Paulo et al., 
2021; Stubbs et al., 2022; Zeyen et al., 2022). As predicted with 
PHREEQC, calcite is saturated (SI > 1) in the mine waters and is likely 
the main sink for CO2 in the kimberlite residues (Fig. 5). However, the 
kimberlite ore also contains 4− 10 wt% of primary calcite (Paulo et al., 
2021; Zeyen et al., 2022), complicating the identification of secondary 
calcite in the processed kimberlite. Thus, mineral abundance does not 
work well as a proxy for passive carbonation rates in this case. There-
fore, using mass-balance models can be advantageous because of their 
ability to predict carbonate dissolution and precipitation reactions. 

Calcite precipitation was predicted in scenarios dominated either by 
the dissolution of diopside (scenario V1), tremolite (scenario V2), or 
lizardite (scenario V3) (Table 6). These minerals account for approxi-
mately 35 wt% of the kimberlite mineral assemblage (Table 2). On 
average, the mass-balance scenarios linked to diopside dissolution 
resulted in greater CO2 mole transfer (1.1 × 10− 2 mol/L), followed by 
the tremolite (6.9 × 10− 3 mol/L), and lizardite (3.5 × 10− 3 mol/L) 
scenarios (Table 6). A stoichiometric equivalence of 1:1 between calcite 
precipitated and the CO2 consumed was frequently observed in monthly 
estimates of mole transfer rates (Table 6). Albite (plagioclase) dissolu-
tion is enhanced at high pH and salinity (Gruber et al., 2019), and albite 
is also predicted to dissolve in all models (9.0 × 10− 3 mol/L). This 
mineral can be a source of Na in solution in addition to smectite. The 

Fig. 6. Passive carbonation rates estimated from CO2 (R(CO2)) and calcite 
(R(CaCO3)) mole transfer for the lizardite (D1) and forsterite (D2) inverse models 
for Diavik. The red line indicates the corrected passive carbonation (R′). The 
dashed line indicates the annual average passive carbonation estimated by 
Wilson et al. (2011) based on nesquehonite abundance in the tailings. The 
shaded pink area shows the average range for Diavik’s passive carbonation 
calculated with inverse modeling. 
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release of sodium into waters might enhance cation exchange in 
kimberlite, which promotes the replacement of calcium and magnesium 
from smectites and increases their availability for mineral trapping. 

Calcite precipitation has been documented in several laboratory 
studies as a by-product of diopside (pyroxene) and tremolite (amphi-
bole) dissolution (Diedrich et al., 2018; Kalinkina et al., 2001; Ryu et al., 
2011; Stockmann et al., 2008, 2013). Diopside dissolution is typically 
incongruent at low temperatures (25− 70 ◦C) and over a wide pH range 
(Knauss et al., 1993; Stockmann et al., 2008). The release of Ca from 
diopside is generally much greater than Mg and Si, (Knauss et al., 1993), 
and calcium carbonate coatings (calcite, aragonite) can form directly on 
dissolving diopside surfaces without inhibiting mineral dissolution 
(Stockmann et al., 2008, 2013). Tremolite also releases calcium pref-
erentially, yet calcite has only been reported to form at high tempera-
tures (290 ◦C) (Diedrich et al., 2018; Ryu et al., 2011). Thus, calcite 
precipitation due to tremolite dissolution is unlikely to occur under 
Venetia mine conditions. 

Previous batch dissolution experiments using Venetia kimberlite 
residues (CO2 >99%, 25 ◦C) suggested that lizardite is the dominant 
source of Mg in the kimberlites (Paulo et al., 2021). The reaction of 
serpentine minerals with CO2 generates Mg-carbonates + quartz ± H2O, 
yet only calcite was identified as the main carbon sink for CO2 in sce-
nario 3 (Table 6). It is possible that given the high pH of the waters, 
silicate dissolution is rather limited, and Mg concentrations in waters are 
insuficient to induce Mg-carbonate saturation. On the other hand, a 
direct correspondence between the mole transfer of calcite and Ca 
exchanged (CaX2, where X corresponds to the exchange master species) 
was often observed in the inverse modeling results (Table 6). These re-
sults are consistent with cation exchange being an important source of 
cations for CO2 mineralization in kimberlite mine residues in addition to 
mineral dissolution (Zeyen et al., 2022). Given the high smectite content 
of the kimberlite (up to 40 wt%), it is expected that interlayer cations 
will be exchanged with aqueous cations in mine waters (Odom, 1984). 
Calcium is the most abundant element that can be extracted via cation 
exchange (3.8− 10.4 g Ca/kg versus 0.3− 2.3 g Mg/kg) from Venetia 
kimberlites (Zeyen et al., 2022). The positive CaX2 and negative NaX, 
along with the smectite mole transfer predicted by inverse modeling 
simulations, support the hypothesis that Ca is likely released and 
replaced by Na in the clays during wetting periods (e.g., CaX2 + 2Na+ =

Ca2+ + 2NaX). Furthermore, the replacement of Ca2+or Mg2+ by Na+ in 
the exchange sites on clay surfaces can be fostered in waters with low Na 
(Zou et al., 2021), like those of Venetia. Therefore, it is likely that cation 

exchange also affects CO2 mineralization in kimberlites. 
Using the long-term water chemistry records (2009–2018) from 

Venetia mine enabled the detection of CO2 sequestration patterns during 
the mine lifetime, illustrated by changes in the mass balance for CO2, 
calcite, diopside, and CaX2 (Fig. 7a). These trends show that calcite 
precipitation increases in periods with greater consumption of CO2, 
diopside, and greater exchange of calcium (CaX2). The changes in CO2 
mole transfer are reflected in the passive carbonation rates (Fig. 7b) and 
provide insights into the long-term efficacy of the impoundments in 
retaining CO2. Because passive carbonation (R) rates from 2015 to 2018 
account for the monthly water volume and mass of kimberlite processed, 
this period correlates more strongly with possible effects of mine residue 
storage practices and the water budget used in kimberlite slurries 
(Fig. 7). For example, a peak in passive carbonation rates (2000 g CO2/ 
m2/yr, Fig. 7b− c) estimated for 2016 results from a significant increase 
in kimberlite processing and, consequently, water usage. The annual 
average passive carbonation rate, based on the CO2 mole transfer in the 
diopside model, was estimated to vary from 300 to 770 g CO2/m2/yr 
(Fig. 7a). These rates agree with estimates recently obtained for un-
weathered kimberlite (200− 900 g CO2/m2/yr) based on direct CO2 
fluxes into Venetia kimberlite residues measured with CO2 flux cham-
bers (Stubbs et al., 2022). Moreover, the calcite precipitation mole 
transfer translates into a passive carbonation rate of 145–770 g 
CO2/m2/yr. The passive carbonation rate suggests that most CO2 
reacting with the kimberlite has been stored as a solid phase (calcite) 
within the mine wastes. 

The total mass of CO2 sequestered from 2009 to 2018 in Venetia 
kimberlite residues was calculated from the definite integral (Eq. (2)) 
defined by the passive carbonation function (Fig. 7b). The use of the 
definite integral function is advantageous because it allows for CO2 
sequestration rates to be monitored at different intervals, helping with 
verification of the impact of mine waste production in carbon capture. 
Using this technique for the nine years of operation, we estimated that 
the kimberlite residues stored ~4250 g CO2/m2 (Fig. 7b) primarily as 
calcite at an average passive carbonation rate of ~470 g CO2/m2/yr. 
Limiting the integral to the period between 2015 and 2018, for which 
calculations used the precise volume of the water in the kimberlite 
slurries, the passive carbonation of the kimberlite residues contributed 
to the sequestration of 1450 g CO2/m2 which is equivalent to an average 
passive carbonation rate of ~480 g CO2/m2/yr. Assuming the average 
6.28 × 10− 3 mol/L of calcite precipitation in the mine wastes (Table 6) 
and at a slurry deposition rate of 3 × 106 m3/yr, the mass of calcite 
would increase by ~1700 t/yr in the FRD. Considering that the annual 
production of fine kimberlite residues is 2.8 Mt/yr, this would imply that 
the abundance of calcite in the mine wastes would increase by 0.07 wt% 
or 700 mg/kg. The quantification of passive carbonation rates with 
QXRD at Venetia is largely complicated by the heterogeneity of the 
feedstocks, the occurrence of abundant pre-existing calcite, and the 
relatively low mass changes in carbonate minerals. The carbonation rate 
of Venetia kimberlites is particularly complex to evaluate due to their 
variable calcite content, which ranges from 4 to 10 wt% (Zeyen et al., 
2022). These small changes in calcite abundance would unlikely be 
detectable with QXRD. Thus, when dealing with such significant het-
erogeneity, minor changes in calcite abundance are unlikely to be 
detected through crystallographic assessments or even total inorganic 
carbon analysis, as recently reported by Stubbs et al. (2022). Our results 
suggest that using mass-balance models is perhaps a better assessment 
tool for quantifying mineral trapping in mineralogically complex mining 
wastes, particularly when CO2 is being stored in calcite that also occurs 
as a gangue mineral. 

A potential offset of 1.5% of Venetia’s annual emissions (0.21 Mt/yr, 
Mervine et al. (2018)) was previously reported for the FRD based on the 
maximum uptake of CO2 by residues dominated by the dark volcano-
clastic kimberlite facies (Stubbs et al., 2022). Similarly, we estimated 
that an offset of ~1% is likely achieved today through passive carbon-
ation at Venetia mine, which corresponds to ~1700 t CO2 being stored 

Table 6 
Average mole transfers (mol/L) for the different minerals in scenario V1 
(diopside), V2 (forsterite), and V3 (lizardite) using the flow path defined from 
the North Dam and FRD for the common data from 2004 to 2018. Positive values 
(+) correspond to phases dissolving (+), and negative values to mineral phases 
precipitating (− ).  

Venetia mine: Scenario V1 Scenario V2 Scenario V3 

Phases (diopside) (tremolite) (lizardite) 
Dissolution    
CO2(g) 9.25 × 10− 3 5.42 × 10− 3 2.85 × 10− 3 

Diopside 6.38 × 10− 3   

Magnetite 1.08 × 10− 3 1.08 × 10− 3 1.08 × 10− 3 

Tremolite  1.28 × 10− 3  

Lizardite   2.12 × 10− 3 

Albite 9.00 × 10− 3 9.00 × 10− 3 9.00 × 10− 3     

Precipitation    
Calcite − 9.57 × 10− 3 − 5.74 × 10− 3 − 3.17 × 10− 3 

SiO2(am) − 1.28 × 10− 2 − 1.02 × 10− 2 − 4.24 × 10− 3 

Smectite-low-Fe-Mg − 7.20 × 10− 3 − 7.20 × 10− 3 − 7.20 × 10− 3     

Exchange    
NaX − 1.04 × 10− 2 − 1.04 × 10− 2 − 1.04 × 10− 2 

CaX2 3.43 × 10− 3 3.43 × 10− 3 3.43 × 10− 3 

KX 3.50 × 10− 3 3.50 × 10− 3 3.50 × 10− 3  
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annually within mine residues with the current mine waste management 
practices. However, our model also shows a general decreasing trend in 
the passive carbonation rate (Fig. 7b), suggesting that carbon seques-
tration in the mine residues at Venetia may become less effective over 
time. Changes in the bulk geochemistry of the kimberlite residues, loss 
of reactivity, or excess water in the impoundments are important factors 
that limit CO2 mineralization reactions (Stubbs et al., 2022). Therefore, 
efforts to increase or maintain carbon sequestration rates at Venetia will 
require adopting new management strategies. Some of these strategies 
may include introducing physical modifications to the mine residue 
impoundments, such as expanding the area available for processed 
kimberlite disposal, reducing the thickness of the mine waste layers, and 
minimizing flooding (Stubbs et al., 2022). Alternatively, utilizing 
kimberlite residues as a soil amendment for enhanced rock weathering 
can foster mineral weathering reactions and increase CO2 consumption. 

5. Implications for carbon accounting at the mine scale 

Unintentional passive carbonation demonstrates the ability of tail-
ings to sequester CO2 and offers an opportunity for mines to introduce 
management practices that enhance this process. Ideally, mining oper-
ations would claim carbon offsets resulting from accelerating passive 
carbonation to contribute toward meeting carbon neutrality goals. 
However, frequent and extensive sampling of mine residues for miner-
alogical assessments may be limited due to analytical expenses, staffing, 
and potential safety risks at active mines. For example, submerged or 
saturated mine wastes (e.g., tailings) are not easily or safely accessed, 
limiting the ability to sample all parts of a mine residue storage com-
pound as part of a monitoring program. For these reasons, there is a need 
to develop more simple carbon measurement, reporting, and validation 
methodologies for active mines. As demonstrated in this study, inverse 
geochemical modeling is a valuable alternative to extensive sampling 
and analysis needed to estimate passive carbonation rates based on mine 
waste mineralogy. 

Passive carbonation rates based on mass-balance calculations were 
consistent with those previously determined using mineralogical as-
sessments (Table 7). The main differences between the two methodol-
ogies are that inverse modeling requires much less sampling and relies 
on information regularly reported as part of the mine’s environmental 
monitoring programs and mineral processing activities (e.g., bulk 
mineralogy and environmental and operational data). Moreover, given 
the time covered by environmental monitoring data, mass-balance 
models can help track carbon sequestration rates over time, as dis-
cussed for Venetia. The continuous monitoring of CO2 sequestration 
with mass-balance models is highly advantageous as it could enable 
mine managers to report and recognize patterns between CO2 seques-
tration, waste management practices, and seasonality. These correla-
tions can support decisions to introduce new practices to enhance and 
optimize CO2 removal. 

Hamilton et al. (2021) discussed the technical limitations of only 
using QXRD analysis to assess passive carbonation within mine wastes. 
The authors highlighted the inability of XRD to detect relatively low 
abundances of amorphous carbonate phases and distinguish between 
pre-existing and newly formed calcite, which can significantly affect rate 
estimations, as shown here in the case of Venetia. Alternatively, 
combining QXRD and total inorganic carbon data can better estimate 
passive carbonation rates, as the latter method quantifies both crystal-
line and amorphous carbonate phases. However, this approach still 
likely requires the analysis of 10s–100s of samples and overlooks the 
amount of CO2 sequestered as a soluble phase (i.e., solubility trapping), 
which can be a substantial sink for atmospheric carbon, as suggested by 
the Diavik model. Inverse geochemical modeling also provides insights 
into the dominant mineral–water interactions influencing CO2 seques-
tration rates within mine wastes, such as carbonate recycling in the 
system, which mineralogical assessments alone cannot determine. In 
addition, small changes in carbonate abundance are unlikely to be 

Fig. 7. (a) Mole transfer (diamond symbols) simulated for CO2, diopside, CaX2, 
and calcite. The lines represent the average mole transfer for each phase. (b) 
Distribution of the passive carbonation rates (g CO2/m2/yr) for Venetia FRD 
between 2009 and 2018 based on CO2 mole transfer. (c) Distribution of the 
passive carbonation rates (g CO2/m2/yr) for Venetia FRD between 2009 and 
2018 based on calcite mole transfer. Results after 2015 were influenced by 
changes in the availability of operational data (tonnes of kimberlite and water 
usage). Average annual passive carbonation (blue dots; calculated for equal 1 yr 
intervals) and the area highlighted (pink) were used to calculate the defi-
nite integral. 
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detected and quantified using methods mentioned prior when mineral 
heterogeneity is a predominant characteristic of the mine wastes, such 
as observed for the kimberlites. Thus, integrating geochemical modeling 
as a regular practice for carbon accounting in active mines can be more 
advantageous than mineralogical assessments. 

Mine waste impoundments are closed basins in which the slurries 
deposition exerts the most control of the basin hydrology. Thus, the 
passive carbonation rates presented here combine the mass balance re-
sults with the volume of processing water, assuming this volume is the 
primary water input. As described, the passive carbonation rate was 
calculated using a constant water budget (Table 2), corresponding to the 
volume (flow) of the processing water used per tonne of ore into the 
mine residues impoundments. However, a better knowledge of a mine’s 
water budget is desirable to improve further the model predictions. As 
shown for Venetia, using the exact mass-to-water ratio deposited in the 
impoundments between 2015 and 2018 produces a more comprehensive 
and dynamic analysis of the impact of the mine production on the pas-
sive carbonation rate. In addition, atmospheric precipitation (i.e., vol-
ume and chemical composition of rain and snow) could also be 
accounted for in models, since its accumulation in the impoundments is 
expected to increase the transfer of atmospheric CO2 into tailings and 
contribute further to mineral reactions. Given that the fluid-to-mineral 
ratio in mine wastes strongly impacts mineral carbonation at ambient 
temperature (Stubbs et al., 2022), accounting for the total volume of 
water reacting with mine waste will help increase the accuracy of the 
model predictions. As such, detailed water budgets are recommended to 
improve the model’s ability to track CO2 more accurately and provide 
more rigorous long-term monitoring assessments for carbon sequestra-
tion in active mines. 

On the other hand, improving the accuracy of mass-balance models 
for passive carbonation monitoring will largely depend on the quality 
and the frequency of collection of water chemistry data. Our inverse 
modeling calculations assume a steady-state and that water samples 
along a flow path were obtained on the same date (Parkhurst and 
Appelo, 2013). The mass balance also assumes that changes in water 
chemistry are related to mineral dissolution and precipitation, but it 
does not account for reaction kinetics, temperature, or the spatial vari-
ability of aqueous geochemistry (Parkhurst and Appelo, 2013). Because 
mass-balance models determine the differences between an initial and 
final water composition, missing information in the datasets can 
compromise the ability to predict the products of mineral carbonation 
accurately and also imply greater uncertainty limits (i.e., variation 
allowed for the concentration of each element in the solution to run a 
model). For example, an increase in Si concentrations in waters provides 
evidence for silicate mineral dissolution in the mine residues. However, 
Si concentrations were usually absent or sporadically analyzed and re-
ported in the datasets. Furthermore, reporting alkalinity or dissolved 
inorganic carbon more frequently will also improve the quality of esti-
mates for CO2 sequestration. In some cases, alkalinity was also absent (e. 
g., Diavik) from datasets which necessitated the use of hardness as a 
substitute for carbonate alkalinity in waters. Finally, incorporating sta-
ble isotope data (e.g., δ18O and δ2H) into the model could also improve 
our understanding of the extent to which water chemistry is affected by 
mixing with meteoric precipitation and evaporation (Chad et al., 2022). 
Thus, we recommend systematically measuring dissolved Si, alkalinity, 
and stable isotopes to help reduce model uncertainty and produce more 

accurate predictions of passive carbonation in active mines. 
Finally, ultramafic mines can be considered enhanced rock weath-

ering demonstration projects where rock powders are continuously 
dispersed over land with the advantage that environmental monitoring 
programs are already in place to support carbon accounting. Conse-
quently, mine residue impoundments can play a crucial role in 
researching and developing acceleration technologies for ERW that 
reduce the dependency on large land footprints while simplifying MVR 
by containing CO2 removal within closed basins. For instance, mines are 
ideal sites to test and develop new chemical, biological, and physical 
strategies (Hamilton et al., 2021; Stubbs et al., 2022; Zeyen et al., 2022) 
to accelerate the removal of atmospheric CO2 via mineral weathering 
processes. Developing such strategies will provide a wider range of so-
lutions for implementing ERW technologies. 

5.1. Passive carbonation of ultramafic mine wastes on a global scale 

Most ultramafic mines produce hundred of kilotonnes to tens of 
megatonnes per year of pulverized rock that has the capacity for CO2 
sequestration (Paulo et al., 2021; Power et al., 2020); however, their 
collective contribution to global CO2 consumption is still poorly con-
strained. Interestingly, the passive carbonation rates estimated for the 
studied mines are comparable to or greater than those estimated for the 
world’s largest rivers indicating that weathering is accelerated in mine 
wastes impoudments filled with rock powders (Fig. 8). The rates of CO2 
consumption linked to mineral weathering based on river water chem-
istry are estimated to vary from 1 to 338 g CO2/m2/yr, with greater rates 
observed in basins dominated by carbonate or basaltic bedrock (Gail-
lardet et al., 1999). We estimated that kimberlite mine residues with 
high surface areas have weathering rates comparable to those measured 
in the Kikori River basin, Papua New Guinea (338 g CO2/m2/yr), even 
though this basin is dominated by carbonate and basalt lithologies that 
are more reactive to CO2. 

While completely offsetting mine emissions with passive carbonation 
rates may be possible at certain types of mines (e.g., Mount Keith), most 
mines will only sequester a fraction of their GHG emissions via passive 
carbonation. For most mines, greater carbon removals through passive 
carbonation are mostly constrained by the area available for spreading 
mine wastes since the CO2 removal rates in the mines are much greater 
than natural weathering rates. However, given the worldwide distribu-
tion of ultramafic mine, passive carbonation and enhanced weathering 
of mine wastes is expected to have a global impact on carbon removal 
efforts. More than 21,000 mine sites, including 129 diamond mines, 
have been delineated globally with an estimated area of 57,277 km2, 
accordingly to the visual interpretation of satellite images of the land 
area corresponding to the active mines included in the SNL metals and 
mining database (S&P Global Market Intelligence) (Maus et al., 2020). If 
the surface areas of all diamond mine residue impoundments are similar 
to those of Diavik (0.86 km2) and Venetia (3.5 km2), the global land 
footprint of kimberlite residues likely corresponds to 110− 450 km2. As a 
result, passive carbonation of kimberlite residues alone may contribute 
to the sequestration of 0.04–0.21 Mt CO2/yr, assuming rates for Diavik 
and Venetia are representative. There are 79 mines worldwide with 
more reactive mine residues, comprised mainly of olivine and serpentine 
minerals and possibly brucite (Bullock et al., 2021). If comparable in size 
to the Mount Keith nickel mine, tailings impoundments of these 79 

Table 7 
Comparison of the passive carbonation rates for active ultramafic mines estimated with different methodologies.  

Passive carbonation g CO2/m2/yr Mount Keith Diavik Venetia  

samples R avg. samples R range samples R range R avg. 
Mineralogical assessments 172 2,4001 20 313–3502 – – – 
CO2 fluxes3 – – – – 1 200–9004 – 
Geochemical modeling4 2 3900 32 375–510 72 300–770 472 

(− ) no data; 1Wilson et al., (2014); 2Wilson et al., (2011); 3Stubbs et al., (2022); 4 this study. 
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mines could occupy 1200 km2. Assuming passive carbonation rates of 
~3900 g/m2/yr, these mines may be sequestering 4.3 Mt CO2/yr 
(Fig. 8). These estimations assume that only the area of the mine residue 
impoundments is available for passive carbonation and illustrates the 
current baseline for passive carbonation at a global scale. Logically, 
scaling-up carbon removal via ERW requires expanding the area avail-
able to spread mineral powders, as recently demonstrated for very 
reactive magnesium oxide powders (Rausis et al., 2022). At the 
mine-scale level, the total land footprint of mines includes open pits, 
waste rock piles, and roads, which could be utilized for greater CO2 
sequestration. At Venetia, approximately 1700 t CO2/yr are predicted to 
be currently sequestered in the 3.5 km2 of the kimberlite residue im-
poundments. Increasing the rate of CO2 removal via passive carbonation 
at Venetia could be achieved if residues are spread over an area of 10 
km2, dedicating 50% of the total footprint of the mine (~20 km2) for 
carbon sequestration. This approach refers to the implementation of a 
low-cost technology where passive carbonation is accelerated exclu-
sively by ERW, which implies the spreading of pulverized rock over 
large areas of land and assumes no changes to the mineral processing 
practices, or changes in mine waste disposal techniques. Venetia could 
sequester roughly three times more CO2 per year (4900 t CO2/yr) in the 
kimberlite residues, maintaining similar production rates. Thus, the 
introduction of accelerated weathering technologies in active mines, 
such as the redesign of the mine residues facilities, will be necessary to 
maximize the capacity of mines to remove CO2 and achieve carbon 
neutrality targets faster. 

6. Conclusions 

Passive carbonation occurs spontaneously in ultramafic mine resi-
dues due to mineral–water reactions. Passive carbonation rates depend 
strongly on process water chemistry as well as climate since evaporation 
of mine waters is typically required to precipitate carbonate minerals. 
Moreover, passive carbonation rates in active mines are affected by the 
amount of ore processed and the volume of slurries deposited in mine 
waste impoundments. Changes in mine water chemistry reflect ongoing 
mineral dissolution and precipitation reactions, which can be used to 
determine baseline CO2 consumption rates for active mines with 
geochemical modeling (inverse modeling). As demonstrated by this 
study, geochemical modeling produces estimates similar to those ob-
tained from mineralogical and geochemical surveys that measure the 
amount of CO2 stored by secondary carbonate minerals. Geochemical 

modeling only requires pre-existing information, such as mine water 
geochemistry and mine operational data, significantly reducing the need 
for an extensive or additional sampling of mine residues. Long-term 
monitoring of CO2 sequestration can be done with geochemical 
modeling, enabling mine managers to report and recognize patterns 
between CO2 sequestration, waste management practices, and season-
ality. Further improvements to the inverse modeling approach as a 
predictive tool to estimate passive carbonation in active mines include.  

- measuring and reporting dissolved Si, alkalinity, and stable isotopes 
in mine water chemistry data to reduce the model uncertainty 
related to silicate mineral dissolution, water evaporation, and mixing 
effects in water chemistry; 

- using detailed water budgets for mines that account the exact vol-
umes of water added to the mine waste impoundments. 

In conclusion, our study demonstrates that geochemical modeling 
can be an alternative to more intensive methods used to measure carbon 
sequestration in active mines. Maximizing carbon sequestration in mine 
wastes is desirable since CO2 mineralization and enhanced rock 
weathering have the potential to accelerate atmospheric carbon dioxide 
removal at the gigatonne scale (Beerling et al., 2020; Campbell et al., 
2022). With the methodology presented here, we provide a more 
straightforward and manageable approach for measuring, validating, 
and reporting carbon removal by ultramafic mine tailings that is readily 
integrated into existing water quality monitoring. 
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