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There is growing urgency for CO» removal strategies to slow the increase of, and
potentially lower, atmospheric CO» concentrations. Enhanced weathering, whereby the
natural reactions between CO» and silicate minerals that produce dissolved bicarbonate
ions are accelerated, has the potential to remove substantial CO, on decadal to
centennial timescales. The global mining industry produces huge volumes of fine wastes
that could be utilised as feedstock for enhanced weathering. We have compiled a global
database of the enhanced weathering potential of mined metal and diamond commodity
tailings from silicate-hosted deposits. Our data indicate that all deposit types, notably
mafic and ultramafic rock-hosted operations and high tonnage Cu-hosting deposits,
have the potential to capture ~1.1-4.5 Gt CO, annually, between 31 and 125% of
the industry’s primary emissions. However, current knowledge suggests that dissolution
rates of many minerals are relatively slow, such that only a fraction (~3-21%) of this
potential may be realised on timescales of <50 years. Field trials in mine settings are
urgently needed and, if this prediction is confirmed, then methodologies for accelerating
weathering reactions will need to be developed.

Keywords: mine tailings, enhanced weathering, carbon dioxide removal, silicate minerals, Paris Agreement

INTRODUCTION

Anthropogenic inputs of carbon dioxide (CO,) to the atmosphere are the primary cause of global
warming (Field and Raupach, 2004; Canadell et al, 2007; IPCC, 2014). The Paris Agreement
goal to limit the increase in global average temperature to 1.5°C is unlikely to be met without
deep decarbonisation of the global economy together with large scale CO; removal (CDR) from
the atmosphere of up to ~10 gigatonnes (Gt) CO, per year (year ') by 2050, rising to ~20 Gt
CO, year*1 by 2100 (UNEP, 2017; NASEM, 2019; Wilcox et al., 2021). This formidable challenge
requires the urgent assessment of the full range of potential CDR approaches, as it is unlikely that
any single technique will work at the scale required (e.g., Pacala and Socolow, 2004).

Enhanced weathering is a CDR strategy based on accelerating rock dissolution that
sequesters CO, through alkalinity production (Lackner et al, 1995; Hartmann et al., 2013;
Renforth and Henderson, 2017; Alcalde et al, 2018; Andrews and Taylor, 2019; Li et al,
2019; Renforth, 2019; Beerling et al, 2020; Kelemen et al, 2020). The essence of the
strategy is to mimic and accelerate natural chemical weathering, whereby minerals dissolve
and react with atmospheric CO, and water (H2CO3 carbonic acid; reaction 1) to form
bicarbonate solutions stabilised by solubilised cations (e.g., Ca2+, Mg2+; reactions 2 and 3).
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The dissolution products are subsequently transported to oceans
by rivers. This natural process can be summarised as:

Dissolution of atmospheric CO,: CO, + H,O = H,CO3 (1)

Carbonate rock and mineral weathering: H,CO; + CaCO3 —
Ca** +2HCO3 (2)

Silicate rock and mineral weathering: 2H,CO3 + CaSiO; —

Ca**t 4+ 2HCOj + SiO; + H,0 (3)
Thus, both carbonate and silicate weathering reactions consume
CO; and convert it to dissolved inorganic carbon (DIC), but
silicate weathering consumes twice as much CO; as carbonate
weathering (reactions 2 and 3). Although we do not consider
subsequent precipitation of secondary minerals here, it is
important to note that precipitation of carbonates on land or in
the ocean would result in release of some CO; (reverse of reaction
2), effectively halving the net CDR for silicate weathering.
Precipitation of other secondary minerals would also lower the
efficacy of CDR. Natural weathering processes are slow, occurring
over geologic timescales of tens of thousands of years, and the
amount of CO; taken up by weathering worldwide (~1.1 Gt CO,
year—!; Strefler et al., 2018) is a fraction of the annual increase in
the atmospheric CO, inventory (~8 Gt CO, year !, Rapp, 2014).
Removal of CO; via enhanced weathering aims to accelerate the
amount of natural chemical weathering by a factor of 2-10 such
that in the next decades, significant quantities of CO, can be
removed from the atmosphere each year.

Mineral dissolution rates are in part controlled by the reactive
surface area of mineral grains and the freshness of grain
surfaces (Vance et al, 2009). Consequently, weathering rates
can be increased through crushing and grinding. The mining
industry extracts tens of Gt of rock material each year (Aachener
Stiftung, 2011; Cherlet et al., 2018) that is crushed and ground
to fine grainsizes (10-1,000 um), generating large amounts of
freshly exposed reactive surface area that can increase mineral
dissolution rates (Hitch et al., 2010; Pronost et al., 2011; Vogeli
etal., 2011; Bodénan et al., 2014; McCutcheon et al., 2016; Li et al.,
2018). As most common base metals (e.g., copper, lead, zinc,
nickel) are profitably mined at concentrations as low as ~1%,
precious metals [gold, silver, platinum group metals (PGMs)] at
parts per million levels, and diamonds at 100s of parts per billion,
most processed mine material is ‘waste’ and is stockpiled in
dumps and tailings ponds. These mine tailings, the commercially
uneconomic gangue material that remains following chemical
and mechanical processing and separation of the economic
fraction of the deposit, have been ground to clay-silt to sand-sized
particles. Particles are subsequently mixed with water and process
effluents to form slurries that accumulate in specialised storage
facilities such as dams, dry stacks and underground containment
areas. Depending on the targeted commodity, for every tonne
of ore mined, proportionally 60 to >99 % of that ore becomes
mine tailings (Ndlovu et al., 2017). Additionally, stripping ratios
(whereby overburden rock is removed to access the ore rock) may
produce up to an extra 16 tonnes of overburden for every one
tonne of ore rock mined, although lower ratios (3:1 overburden
to ore) are typically targeted by large open cast mining operations
(Kay, 2018).

Annual CO, equivalent (COe) emissions directly attributed
to the metal and diamond industries are ~3.6 Gt, based on 2018

data for production of primary minerals and metals (Azadi et al.,
2020), and minor contributions (<3 Mt total) from diamond
mining (160kg COze per polished carat; S&P Global, 2019;
Statista, 2020), uranium mining (up to 50t COe per t of U3Og;
Mudd and Diesendorf, 2008; Statista, 2020) and olivine aggregate
production used for slag conditioning (~55kg COse per t of
olivine; Hangx and Spiers, 2009; Kremer et al., 2019). As global
demand for metal, mineral and diamond resources continues to
grow, it is imperative for the mining industry to reduce its carbon
footprint (Mervine et al., 2018). Critically, the global mining
industry is the only sector with the knowledge and equipment
to redistribute and repurpose the huge quantities of materials
required for CDR through enhanced weathering. If effective CDR
schemes could be implemented at mine sites, combined with
emissions reduction technologies, the carbon footprint of the
mining industry would be greatly improved.

Here, we investigate the enhanced weathering potential and
CDR capacity via alkalinity production of major metal, mineral
and diamond commodity deposit types hosted by predominantly
silicate rocks. We have assembled a global database of large-
scale commodity-hosting mine tailings. Our assessment does not
include other types of unprocessed waste rock, such as stripped
rocks or overburden, which is removed and piled without
processing, or slag materials produced during smelting and
refinement, although these may provide additional silicate rock
masses that could have potential for enhanced weathering. We
concentrate on silicate mineral-hosted commodity deposit types
(Figure 1; Supplementary Material 1), although weathering of
carbonate minerals and carbonate-hosting deposit types (e.g.,
limestone and marble quarries, Mississippi Valley Type Pb-Zn
deposits) will also consume CO; (Kheshgi, 1995; Rau et al,
2007; Renforth et al, 2013), but is less efficient as only half
of the alkalinity produced is derived from atmospheric CO,
(reaction 2). We assume that the ore-hosting phases such as
sulphide minerals are largely removed from the silicate gangue
during the commodity concentration process (e.g., up to ~70-
90% ore recovery following beneficiation processes, McNab,
2006; Zanbak, 2012; Thenepalli et al, 2019; Zhang et al,
2020b).

Enhanced weathering potential and CDR capacity are
calculated for each major deposit type from estimates of annual
tailings production, and the mineralogical and geochemical
compositions of the commodity-bearing rocks. We also assess
the kinetics of mineral dissolution for implementation of CDR
on a societal (i.e., Paris Agreement relevant) timescale (1-
100 years). This work extends previous studies that have
focused on ultramafic-hosted deposits (e.g., Picot et al., 2011;
Pronost et al, 2011; Vogeli et al, 2011; Meyer et al., 2014;
Li et al, 2018; Renforth, 2019) and/or specific mine sites
(e.g., Wilson et al., 2009; Power et al,, 2013; Mervine et al.,
2018) by (1) considering all major types of silicate rock-
hosted commodities and geological deposits, (2) estimating the
CDR potential of given waste materials and sites, and (3)
placing constraints on present and future tailings volumes. Our
aim is to identify mine waste-types with the highest CDR
potential to help prioritise engineering efforts for CDR via
alkalinity generation.
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definitions, references and examples of selected deposit types.

FIGURE 1 | Representative localities of the different mining commodity and deposit types examined in this study. See Supplementary Material 1 for general

MATERIALS AND METHODS

Mine Tailings Production

Annual tailings production (ATPx, in million tonnes per year,
Mt year~!) for each deposit type (Supplementary Material 1)
has been estimated based on known ratios of commodity
production to tailings production from published reports
(see Supplementary Material 2). The proportional contribution
of annual production of each commodity from different
deposit types (e.g., how much of total global diamond
production comes from kimberlite deposits and how much
from alluvial deposits) has been estimated based on the
information presented in Kesler and Simon (2015), Ndlovu
et al. (2017) and U.S. Geological Survey mineral commodity
summaries (USGS, 2021). Tailings production uncertainty was
estimated based on the range of typical economic cut-off
grades for each commodity sector (Supplementary Material 2).
Estimates do not consider the effects of secondary targeted
commodities (e.g., secondary chromite production at a PGM
mine site).

Enhanced Weathering Potential

The chemical composition of targeted minerals and
deposit types was determined from analyses of mineral
compositions from 31 different large-scale mined deposit

types and their associated targeted commodities (Figures 1,
2; Supplementary Materials 3-6). Exemplar deposits were
selected based on the availability of geochemical data, with at
least six analyses assessed for each deposit type to determine
the range in chemical composition. In a few cases (e.g., U
hematite breccia complex), analytical data are lacking or are
poorly defined, and consequently single analyses were used.
Exemplar deposits also targeted regions of large-scale active
mining (Figure 1), except for mostly abandoned asbestos
mines. The CDR potential through enhanced weathering
and alkalinity production (Epe, kg CO, t~1) of mine waste
material and the constituent minerals was calculated from
the major element oxide concentrations of the mineral
compositions (Supplementary Material 3-4) and bulk ore rocks
(Supplementary Material 5-6), using a slightly modified version
of the formulae described in Renforth (2019), based on Steinour
(1959) (eqn 4):

M CaO MgO Na,O K0
EPOt _ V€O, o a g . a 1o 2
100 Mcao Mpg0 Mna,0 Mg, 0
MnO  SO;  _ PyOs s
+p +y +4 -10° -1 (4)
Mmno Mso;, Mp, 05
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where CaO, MgO, SO3;, P05, MnO, Na,O, and K,O
are the respective elemental concentrations expressed as
major element (wt%) oxides, My is the molecular mass
of those oxides and 5 is molar ratio of CO, to cation
sequestered during enhanced weathering. For silicate
minerals, . = 2 (Eq. 3), but here we use a conservative
value of 1.5 to take into account buffering in the seawater
carbonate system (Renforth and Henderson, 2017; Renforth,
2019).

The coefficients o, B, y, 8, &, 0 and p consider the relative
contribution of each oxide to the enhanced weathering: o
= 1 for solutions pH < ~12, § = 1 for solutions pH <
~10, y = -1 for solutions pH > 3, 8 = -2, ¢ =1, 6
= 1 and p = 1 (Renforth, 2019). Coeflicients may vary at
extreme pH conditions (e.g., lower than 2 or higher than 12),
but these are unlikely to be encountered in any atmospheric
CDR scheme (Renforth, 2019). All carbonate was attributed
to CaCO3;. Mg may also be a major component of some
carbonates, but the effect on Ep, is the same as for Ca. For
deposit type Ep, calculations, the o value varies with carbonate
content (and therefore CaO contribution) of the deposit. The
coefficient for Ca (a) was therefore adjusted for calculations
of deposit types, based on the modal carbonate content of
the rock. If the deposit type contains no carbonate, then o
= 1. However, if all Ca is hosted in carbonates, then o =
Y, because half of the alkalinity produced from weathering
of the Ca is derived from carbonate, rather than CO,. The
abundance of Ca associated with silicate or carbonate minerals
was estimated from the modal mineralogy of the deposit type
(Supplementary Material 5-6).

Weathering of S- and P-bearing minerals reduces the CDR
potential (y = —1, § = —1.5) of ores because oxidative
weathering acts to produce CO; in the presence of carbonates
(Torres et al., 2014; Renforth, 2019; Bufe et al., 2021). Although
weathering of Al and Fe can generate alkalinity, these metals
are not included in our Ep, calculations because Al and
Fe form insoluble complexes with OH- in solution over pH
ranges relevant to enhanced weathering, and consequently Al
and Fe are rapidly removed from solutions by secondary
mineral formation.

RESULTS
Annual Tailings Production (ATPy)

The total quantity of mine tailings material produced annually
for the selected commodities and deposit types is estimated
to be ~13 Gt year~! (mean quantity; range 9-17 Gt year™};
Supplementary Materials 2, 7). The largest producers of
tailings material are associated with Cu (porphyry, VMS,
sediment-hosted and IOGC deposits), Fe (banded iron
formation (BIF), ironstone and Kiruna-type deposits) and
Au (hydrothermal deposits) extraction (Figure2B). Mining
of Cu deposits produces the highest quantity of tailings, mean
ATPx = ~10 Gt year~!. Other deposit types producing high
quantities of tailings include U hematite breccia complexes,
Al bauxites, Ni sulphide deposits and PGM layered mafic
intrusions. Deposits primarily producing Pb, Sn, W, Ti and

diamonds generally generate estimated ATPx quantities of <20
Mt year’l.

CO, Removal Potential (Epot) of Mineral
Phases and Deposit Types

Mineral groups with the highest potential for sequestering
CO; are Mg-Fe-Ca-bearing silicate minerals, including olivine
(high forsterite olivine, Fogg—100), serpentine (chrysotile,
lizardite and antigorite), clinopyroxene (diopside and augite),
orthopyroxene (enstatite and hypersthene) and amphibole
(hornblende) (Figure 2A). Overall, pyroxene group minerals,
which constitute a high modal abundance of many deposit
types (Supplementary Material 5), span a range of Ep,; values,
from aegirine (143kg CO; t™1) to the Mg-endmember enstatite
(658kg CO, t~1). Other minerals with high E,o include
brucite, talc, clinochlore, phlogopite and wollastonite (see
Supplementary Material 4). Brucite, a Mg-hydroxide mineral
with a high Epe, has a pH-dependent dissolution rate that is
several orders of magnitude faster than olivine and serpentine
group minerals (Harrison et al., 2013; Power et al., 2013, 2014,
2016; Wilson et al., 2014; McCutcheon et al., 2017; Li et al.,
2018). Other common silicate minerals found within mine
tailings such as feldspars (albite, anorthite and orthoclase)
have modest E,,; values (118-238kg CO, t™*, with the highest
value for Ca-rich anorthite; Figure 3), whereas minerals such
as quartz, hematite, kaolinite and magnetite that are barren
in readily soluble cations (e.g., Na, K, Ca, Mg) have no CDR
potential. Minerals with high Al and Fe concentrations have
low Epo values, because of their tendency to form insoluble
secondary minerals in the weathering environment (e.g., biotite
and muscovite micas).

Calculated Ejor values reflect the ore host-rock geochemistry
of the localities shown in Figure 1. However, deposit types
have significant compositional variations, both within a specific
locality and from region to region. The maximum and minimum
Epor values presented in Supplementary Material 6, 7 reflect
these variations. The total annual removal potential for a
commodity-hosting silicate deposit type is the product of the
global annual tailings production (ATPx) and the enhanced
weathering alkalinity potential of the ore-hosting rocks (Ep).
The cumulative sum for all deposit types is ~2.4 Gt CO,
year’1 (based on mean E,y; and ATPx), with an overall range
of 1.1-4.5 Gt CO, year~! due to variations in geochemistry
and economic cut-off grades. It follows that commodity-hosting
deposit types hosting high abundances of Ca-Mg bearing
silicate minerals (and minor amounts of brucite) have the
highest potential for CDR per Mt of tailings (Figure 2B).
These deposits include talc and asbestos-hosting serpentinites,
olivine-rich dunites, magmatic Ni sulphides, kimberlites, skarns,
layered mafic intrusions and podiform type deposits. These
deposits are typically formed as mafic and ultramafic magmas, as
derivatives of magmatic processes in mafic and ultramafic rocks,
or as later alteration products. Consequently, they have high
modal abundances of potentially reactive primary and secondary
silicates, including olivine, pyroxene (particularly diopside and
enstatite), serpentine, amphibole and chlorite. Some of these
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FIGURE 2 | Production tonnages and enhanced weathering potential (E,o;) of deposit types and associated common rock-forming minerals. (A) Calculated Epor of
common minerals and major gangue minerals likely to be present in tailings. CO, captured as alkalinity per 1 Mt of each mineral also shown. (B) Mean Ep; values of
commodity-hosting deposit types (blue line) and mean estimated tailings production (red bars) from major commodity-hosting deposit types. Data and explanation of
abbreviations are provided in Supplementary Material 3-6.
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in economic cut-off grades) for commodity-hosting silicate deposit types. Contours show CO,-capture in tCO, year—'. Typical gangue minerals also shown (based on
estimated abundances in deposit types).

deposits contain minor amounts of highly reactive brucite.
Deposits that contain high quantities of felsic minerals, such
as quartz or alkali feldspar-rich deposits, those that contain
high proportions of sulphide minerals and those that are barren
in high Ca-Mg-bearing minerals, have low CDR potential.
Deposit types that have highly variable whole rock compositions
or which may have undergone alteration (e.g., carbonation),
such as some dunites, Ni sulphides and kimberlites, have a
wide range of E,y values (Figure 3). Importantly, due to the
high production tonnages (mean tonnages >2 Gt year™!),
deposit types such Cu-hosting porphyry, VMS and sediment-
hosted deposits with only moderately high Ep values (129-
224kg CO, t~1), still have high CDR capacities (Figure 3).
The calculated Ep, values indicate that deposits such as
bauxite, BIF and ironstone are chemically unfavourable for
enhanced weathering as they are high in SiO,- and Fe,O3-rich
minerals but low in MgO and CaO. Consequently, although
there are large quantities of mine wastes generated by BIF

and ironstone mining, their enhanced weathering potential
is low.

Frontiers in Climate | www.frontiersin.org

DISCUSSION

Global CO, Removal Potential of Mine
Waste Material

Our best estimate for the annual potential for CDR by
enhanced weathering of silicate mine tailings through the
generation of alkalinity is ~2.4 Gt year~! (range 1.1-4.5 Gt
CO, year~!). Global mining operations are estimated to emit
up to ~3.6 Gt COze year ! from extraction and processing
(Azadi et al, 2020). Consequently, enhanced weathering
of mine tailings has the potential to make a significant
contribution to the industry’s net-zero ambitions. If the
mining industry were to pursue far-reaching decarbonisation
through the comprehensive deployment of renewable energy,
electrification and improved efficiencies, then enhanced
weathering of wastes could be a major contributor of
negative carbon emissions and potentially accommodate
a significant portion of the ~10 Gt CO, year ! (IPCC,

2014) reductions required to meet the 2050 Paris Agreement
climate targets.
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https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles

Bullock et al.

CO, Removal Potential From Mining

Increasing demand for certain metals due to economic
growth and resource requirements for new green technologies
means that deposits associated with important industrial
commodities such as Ni, Zn, Fe, Co, Cu, Cr, Ti, PGMs
and rare earth elements are likely to grow over the next
10 years (World Bank Group, 2017; Pariser et al, 2018;
Supplementary Material 8) with consequent increases in tailings
production. Projected market growth for commodities such as
Ni (market estimated to rise by 4.5% between 2018 and 2030;
Mining Technology, 2019), W (estimated market growth 4.2%
between 2019 and 2030; Freedonia, 2019) and Cr (estimated
market growth 3.5% between 2018 and 2030; KPMG, 2018)
mean that the ATPx associated with these deposit types will
likely increase. We estimate that, if market growth follows
projected trends, the mining industry could remove an additional
~280 Mt CO; by 2030 (see Supplementary Material 8).
Future production at lower operational cut-off grades, and
consequently high gangue to ore ratios, due to anticipated
improvements in extractive technologies and increased market
demand would further increase the CDR potential of the
mining industry.

In addition, many mining operations host very large volumes
of historic tailings that have accumulated over many decades. As
historic tailings are often stored at mine sites for future resource
extraction (at lower grades), future processing of these tailings
also presents an opportunity for additional CDR. Effective
utilisation of historic mine tailings for enhanced weathering
may increase the CDR capacity by several orders of magnitude.
Furthermore, there are other waste streams associated with the
mining, processing and production of metals and diamonds that
may have additional CDR potential. For example, blast furnace
slags, formed as a by-product of Fe production after the additions
of magnesia and lime fluxes (e.g., forsterite and magnesite),
consist of crystallised Ca-Al-Mg silicates, with physicochemical
properties similar to crushed natural basalt (Horii et al., 2013;
Ndlovu et al., 2017). Ferrochromium smelter dusts and slags,
which have also been fluxed with silica, lime and/or dolomite,
consist of partly crystalline forsterite, pyroxene and Mg-spinel
phases (Hayhurst, 1974; Sedumedi et al., 2009; Ndlovu et al,
2017).

Favourable mine sites for CDR are distributed across the globe
(Supplementary Material 9 and  Supplementary Figure 9),
noting that there is a lack of information (mine sites and
production estimates) for areas of northern and eastern
Asia that are known to host favourable sites. For instance,
areas of Russia and China host significant PGM, nickel,
diamond, talc, asbestos and olivine resources (according
to national reports cited in USGS mineral commodity
summaries), but detailed site information is scarce. Site
examples and reliable estimates of wollastonite and
brucite production are also limited for most countries.
Where site information is available, parts of the western
United  States, eastern and north-western Canada,
Southern Africa, western Australia, the South American
Andes and southern Europe all show multiple possible
implementation sites.

Efficacy of Enhanced Weathering of Mine

Wastes

The enhanced weathering and alkalinity production potential
(Epor) only estimates the hypothetical maximum CDR capacity
of mine wastes. It assumes 100% mobilisation of fluid soluble
cations from waste minerals with the consequent production of
alkalinity. It takes no account of reaction kinetics and hence
it is imperative to also consider the timescales of mineral
dissolution. Dissolution rates are mineral specific and remain
poorly known. Estimates often span many orders of magnitude
and are strongly dependent on environmental conditions such
as temperature, biological activity and pH, with rates tending
to minima at near neutral pH (pH ~5.6-8.2, Palandri and
Kharaka, 2004; Bandstra et al., 2008). Furthermore, mineral
dissolution rates calculated from catchment-scale field studies
are two to five orders of magnitude slower than experimental
mineral dissolution rates that are usually determined under
far-from-equilibrium conditions (e.g., White et al, 1996).
Although microbial, fungal and other biological activities are
expected to develop micro-environments that increase mineral
dissolution rates, secondary coatings on weathered mineral
surfaces mean that dissolution rates decrease dramatically with
soil age following a power-law relationship (e.g., Vance et al,
2009). Reaction rates increase with increasing reactive surface
area exposed by finer particle sizes. The fresh mineral surfaces
generated by crushing and grinding during ore beneficiation
should mean that mine wastes weather more quickly than in situ
geological materials or soils. Consequently, it is reasonable to
apply the higher estimates of mineral dissolution rates to mine
waste studies.

Simple shrinking core modelling of mineral dissolution
indicates that for typical grainsizes of mine tailings (~50-
500 wm; Lapakko et al., 2006; Koomson and Asiam, 2013;
Ndlovu et al., 2017; Zhang et al., 2020a), relatively fast mineral
dissolution rates (W;) of greater than ~1072-1071° mol m~—2
s~! are required for near complete weathering of mine waste
minerals on reasonable societal timescales of years to decades
(Figure 4). However, estimated particle dissolution times are
strongly dependent on grain size distributions and specific
surface area (Gbor and Jia, 2004), and empirical studies with
actual mine tailings are required to verify estimates. If current
estimates of mineral dissolution rates are representative of
actual mine waste, then this would restrict enhanced weathering
of mine waste to a limited number of gangue minerals
such as olivine, brucite and wollastonite, even for the most
optimistic (highest) values of W;. These minerals are minor
constituents of mine waste and only contribute up to ~21%
(mean 8%) of the estimated global CDR potential of mine
wastes. Other major gangue mineral groups with high to
moderate enhanced weathering potential such as pyroxenes,
amphiboles, serpentine, chlorites and feldspars that make up
the bulk of mine tailings, have mineral dissolution rates of
less than 1071 mol m™2 s~! at near neutral pH (Palandri
and Kharaka, 2004; Bandstra et al., 2008) and would require
decades to millennia to react (e.g., Figure4). Given that
most tailings are mixtures of minerals, with some including
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FIGURE 4 | Alkalinity production through enhanced weathering of selected minerals and mine waste with time. (A) Cumulative CDR by weathering in ambient (~25°C)
near-neutral pH conditions (pH ~7) for olivine Mg-end member forsterite (Fo), orthopyroxene Mg-end member enstatite (En), and plagioclase Ca-end member
anorthite (An) as these are common minerals in some major ore types such as Cr and PGM deposits. End member compositions are used because experimental
dissolution rates are available for these phases. We acknowledge that solid solutions to iron-bearing mafic minerals and sodic feldspars are most commonly present in
nature. The E,or for each mineral was calculated using Eq. 5, and dissolution time trajectories calculated using a shrinking grain model (following Kelemen et al., 2020)
for 1t of mineral of a uniform grainsize (50, 100 and 500 ytm) using W, for near-neutral pH conditions (log WF® = —9.3; WE" = —11; WA" = —12, after Bandstra et al.,
2008). Finer grains dissolve more quickly and alkalinity production would increase by approximately one order of magnitude if a more realistic grainsize distribution is
used (as shown in Kelemen et al., 2020). Only relatively fine-grained olivine (100 wm or less) weathers completely on decadal time scales (<50 years). (B) Cumulative
CDR by enhanced weathering in ambient (~25°C) conditions of 1t of hypothetical mine waste comprising 100 um grains of 20% Fo, 40% En and 40% An, which is
representative of mafic rocks that host Cr and PGM deposits. At near-neutral conditions (blue lines) olivine (Fo) dissolution provides ~85% of the alkalinity with only
minor contribution from En, and there is only a very slow increase in alkalinity after 50 years due to the exhaustion of the Fo reservoir. At more acidic, pH = 3.5
conditions (green lines), as might be achieved by CO»-saturated water, reaction rates are significantly increased, all available Fo is consumed within 10 years (log WF®
= —8.5), and An weathering is complete in ~50 years (log Wﬁ" = —10). Pyroxene dissolution rates are poorly determined and highly variable (Bandstra et al., 2008)
with experiments to date suggesting only a slight increase in dissoluton rates (log W,En = —10.4) for pH 3.5. Consequently, for this hypothetical mixture, almost 30% of
the potential alkalinity is unrealised even after 100 years.
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phases such as olivine, pyroxene and feldspar (e.g., Cr and
PGE deposits), this would suggest that for a specific batch
of mine tailings, less than half of the full CDR potential of
the tailings would be realised within 50 years (at pH ~7;
Figure 4B).

Clearly there is a need for better understanding of mine
waste weathering through demonstrator scale field experiments
using actual wastes in local conditions. Nevertheless, it is almost
certain that new approaches will need to be developed to greatly
accelerate mineral dissolution rates (W) to harness the full
potential of mine waste as a feedstock for CDR. This is especially
pertinent for high tonnage Cu operations and Cr and PGM
deposits that are rich in feldspars and/or pyroxenes that weather
relatively slowly. Demonstrator scale experiments will need to
adjust for climatic and environmental conditions, geography
and availability of critical resources such as water and space.
To date, field- and laboratory-based experiments with a focus
on accelerating the weathering of mine waste minerals and
rocks are limited and generally restricted to ultramafic host
rocks (e.g., Harrison et al., 2013; Power et al., 2013, 2014, 2016;
Wilson et al.,, 2014; McCutcheon et al., 2016; Mervine et al,,
2018).

Solutions to improve the efficacy of weathering of mine
wastes take two forms: (a) approaches to increase W, and
(b) engineering techniques that maximise the exposure of
waste materials to the atmosphere or reacting agents. Reaction
kinetics can be accelerated through reaction with CO;-rich
fluids and gases (Huntzinger et al., 2009; Harrison et al., 2013;
Marieni et al., 2020), addition of water and heat (Martinez
et al., 2000; Zevenhoven and Kohlmann, 2001), the addition of
organic and inorganic acids (Azdarpour et al., 2015; McCutcheon
et al., 2015, 2016, 2017; Power et al., 2016; Li et al., 2018),
and techniques exploiting microbial metabolisms (Salek et al.,
2013; Power et al., 2015, Power et al., 2020) that push local
reaction environments away from the slowest near pH neutral
conditions. For example, carbon capture rates of brucite-
containing Ni sulphide tailings were increased 5-fold by aerating
tailings with 10% CO;, gas (Power et al, 2020), with a
~2400-fold acceleration for pure CO, (Harrison et al., 2013).
The addition of bovine carbonic anhydrase enzymes greatly
accelerated (>2x) reactions with brucite ores (Power et al.,
2016).

Presently, mine tailings storage facilities are engineered
to maximise safe storage for a particular unit area, resulting
in thick (~10s of m) piles of rapidly accumulated tailings.
These sediments are typically of silt to fine sand grainsize
(~4-250 um) and often ground to restricted grain-size
ranges for specific ore treatments. Consequently, due to the
monotony of particle size, both active and historic tailing
stacks often have relatively low interconnected porosities
limiting the exposure of reactive surfaces to CO;-charged
fluids and the atmosphere. This could be improved by
mixing waste tailings with other less finely ground material
(e.g., discarded overburden material) optimised to promote
interconnected porosity. Accumulation rates of tailings
could also be modified to allow more time for reactions to
occur before reactive materials are buried beyond the active

weathering horizon (e.g., Wilson et al., 2014), but this requires
more tailings ponds and proportionally larger areas to store
the wastes.

A related approach is to widely spread tailings over
agricultural or other land (e.g., Corti et al., 2012; Edwards et al.,
2017). An annual application rate of ~40t ha™! of basalt, which
is compositionally similar to some tailings generated from PGM,
Cr and Ni mines, has been suggested as an effective additive
to improve soils (Beerling et al., 2020). Similar agricultural
and coastal spreading approaches have been proposed and
undertaken with olivine (e.g., Schuiling and Krijgsman, 2006;
ten Berge et al., 2012) and wollastonite minerals (e.g., Dudhaiya
et al,, 2019; Haque et al, 2019). However, for a typical large
mine producing ~10 Mt year~! of tailings, this rate would
require tailings distribution over a wide region (2500 km?),
which may only be possible in remote areas. Higher application
rates, such as 400 or 4000t ha™!, would require proportionally
smaller but still substantial distribution regions (250 and 25
km? respectively) and the tailings would become a substantial
proportion of the soil (~5-50% year™!) for a ~30cm tillage
depth. As with all enhanced weathering of mine tailings
approaches, soil porewaters need to be monitored to ensure that
toxic metals (e.g., Ni, Cr) are not mobilised into the environment
or crops.

Engineered solutions for enhancing weathering rates
could involve utilising enclosed reactor systems or heap
leaching (Darton and Yang, 2020; Hamilton et al, 2020;
Xing et al, 2021). For on-site operations and reactor-based
weathering systems, several mine-specific considerations
need to be addressed for successful deployment in addition
to the chemical and kinetic barriers to implementation.
The spatial requirements for such schemes need to be
carefully considered, as well as their water and energy
requirements, the destination of any discharged liquid or
solid outputs, and the resultant environmental, economic and
societal considerations.
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