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Introduction

The products of mining are essential for modern society, the

renewable energy infrastructure and transportation systems

of the future; however, their recovery produces an enor-

mous volume of solid waste and is a significant contributor

to anthropogenic greenhouse-gas emissions. The amount

of mine waste produced worldwide is on the same order of

magnitude as that of natural Earth-shaping erosional pro-

cesses: some tens of billions of tonnes of waste per year

(Fyfe, 1981; Förstner, 1999; Blight, 2011), most of which

consists of tailings (Kossoff et al., 2014). Mine tailings

(pulverized rock that remains after the extraction of eco-

nomic metals and minerals) are often disposed of within

dammed impoundments called tailings storage facilities.

The physical stability of mine tailings is important because

the failure of the impoundment walls can result in the re-

lease of large volumes of waste, which can cause signifi-

cant environmental and economic damage, and in some

cases, loss of human life (do Carmo et al., 2017). The focus

of this paper is achieving optimal management of mine tail-

ings and reducing greenhouse-gas (GHG) emissions,

which is important to the sustainability of extractive indus-

tries and society as a whole (Intergovernmental Panel on

Climate Change, 2014; Kossoff et al., 2014).

One method for stabilizing mine tailings suggested by Choi

et al. (2009) is the addition of binders such as Portland ce-

ment. Choi et al. (2009) found that a Portland cement con-

tent of 5 wt. % was sufficient to stabilize the tailings and

satisfy unconfined compressive strength guidelines of

0.35 MPa (50 psi.), which is generally accepted to represent

stabilized waste that can withstand overburden pressures in

a landfill (LaGrega et al., 1994). This approach would,

however, increase a mine’s carbon footprint because ap-

proximately 800 kg of CO2 is produced by manufacturing

1 t of Portland cement (Worrell et al., 2001). It would also

add significant costs because Portland cement is approxi-

mately US$100/t (Statista, 2018); therefore, 5 wt. % con-

sumption per tonne of tailings would add $5/t to the mining

costs.

For mines that produce ultramafic tailings, an attractive and

potentially cost-effective option is to promote the seques-

tration of CO2 in the tailings, which has the potential to pro-

mote stabilization by the formation of cementitious second-

ary magnesium carbonate minerals within the tailings after

they are deposited. This can be accomplished through the

exposure of the tailings to atmospheric CO2 and/or concen-

trated CO2 steam such as flue gas. This results in the alter-

ation of magnesium hydroxide minerals (e.g., brucite

{Mg(OH)2} and hydrotalcite-group minerals such as

iowaite {Mg6Fe2(OH)16Cl2·H2O}) that are typically pres-

ent in trace abundance in ultramafic tailings (Wilson et al.,

2014) along with the more abundant magnesium silicate

minerals (e.g., serpentine {Mg3Si2O5(OH)4}). During the

process, termed carbon mineralization, magnesium ions

(Mg2+) are released into the pore water of the tailings where

they can then react with dissolved CO2 species such as

HCO3
– to precipitate magnesium carbonate minerals such

a s n e s q u e h o n i t e { M g C O 3 · 3 H 2 O } , d y p i n g i t e

{Mg 5 (CO 3 ) 4 (OH) 2 ·5H 2 O} and hydromagnes i t e

({Mg5(CO3)4(OH)2·4H2O}; Wilson et al., 2014). These re-

actions effectively turn the CO2 gas into an environmen-

tally benign mineral. The most economically viable method

to accelerate these reactions is likely to target tailings that

contain enriched levels of highly reactive labile magnesium

so that energy- and chemical-intensive acceleration tech-

nologies are not required to overcome the relatively slow

bulk dissolution rates of magnesium silicate minerals

(Daval et al., 2013).

Geoscience BC Report 2019-1 109

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.



The authors define labile magnesium as being sourced from

highly reactive hydroxide minerals—brucite and

hydrotalcites—and from the surface of serpentine, where

the very outer layers of the sheet silicate will readily release

their magnesium ions but the bulk of the mineral grain will

not (Thom et al., 2013). Based on Thom et al. (2013), Harri-

son et al. (2015) and our preliminary flow-through dissolu-

tion experiments, this paper considers 100% of the magne-

sium in brucite and hydrotalcites to be labile and 2.5% of

the magnesium in serpentine to be labile. The labile magne-

sium ions are much more rapidly released into the pore wa-

ter of tailings at atmospheric temperature and pressure;

therefore, secondary magnesium carbonate cement can be

readily produced at low cost and within a relatively short

time frame. In the case of the Mount Keith nickel mine in

Western Australia, 11% of annual CO2 emissions were un-

intentionally offset due to the uptake of CO2 from the atmo-

sphere by labile magnesium–bearing tailings without any

additional costs, and reactive transport models infer that

small changes in tailings management practices could al-

low the labile magnesium to fully react and offset up to 60%

of the mine’s emissions (Wilson et al., 2014).

A problem with using this process at a mine site to stabilize

tailings and significantly offset greenhouse-gas emissions

is that the labile magnesium content within a single mineral

deposit, and therefore within mine tailings, is highly vari-

able due to the inherent geological variability. The abun-

dance and spatial distribution of labile magnesium

throughout a mineral deposit can be inferred by measuring

mineral abundance in exploration drillcore through

Rietveld X-ray diffraction; however, this technique is time

and cost intensive and is not practical for mine planning re-

connaissance studies that can require a mineral abundance

analysis of several tens of thousands of samples. Alterna-

tively, the problem can be solved by using estimations of

mineral abundance that can be rapidly and inexpensively

computed from whole-rock analytical data that are rou-

tinely collected on drillcore during exploration. In this pa-

per, the authors apply the projection method of computing

mineral abundance (Thompson, 1982; Gordon and Dipple,

1999) to the whole-rock analytical data from exploration

drillcore from the Baptiste nickel deposit (MINFILE

093K 116; BC Geological Survey, 2018), which is part of

the Decar nickel district in central British Columbia (BC).

This deposit is unique in that the nickel is hosted within a

highly magnetic and dense nickel-iron alloy called

awaruite (Britten, 2017; Milidragovic et al., 2018). The

mineral abundance computations are used to estimate the

labile magnesium content of the Baptiste nickel deposit,

and therefore, the carbon sequestration potential. This al-

lows the spatial distribution of the labile magnesium to be

mapped and the enriched zones to be targeted for the cre-

ation of cemented and stabilized tailings impoundment

walls. If successful at a mine operating scale, this could

reduce the cost of tailings storage as well as the magnitude

of environmental risk.

Methods

Whole-Rock Chemical Compositions

The whole-rock chemical composition of 9990 exploration

drillcore pulps from the Baptiste nickel deposit were deter-

mined by four-acid digestion followed by inductively cou-

pled plasma–optical emission spectrometry (ICP-OES)

analysis and were supplied by FPX Nickel Corp. These data

were reduced to 7604 samples by removing samples la-

beled as wasterock (2323 samples) and dikes (63 samples).

Included in these data are measurements of loss on ignition

(LOI), which can be derived from the volatilization of H2O

from hydroxyl within brucite and serpentine, CO2 from car-

bonate minerals and SO2 following the oxidation of sul-

phide minerals during ignition. It is assumed that the LOI is

derived solely from H2O loss because carbonate-bearing

rock types such as listwanite (which is composed of

magnesite and quartz and is not a source of labile magne-

sium) were removed from the dataset by the wasterock

query filter, and the sulphur content of the Baptiste samples

was negligible (mean of 0.02 wt. %). The major-element

composition for the test set of 30 samples with high MgO

that was used for model calibration and validation is shown

in Table 1.

Rietveld X-ray Diffraction

In this paper, Rietveld X-ray diffraction (R-XRD) data on

10 samples were used to determine the model minerals,

which are minerals that are characteristic of the deposit—or

at least characteristic of specific zones of interest within the

deposit—and to calibrate the mineral abundance computa-

tion model. An additional 20 samples were used to validate

the computations of the model. The samples analyzed by

R-XRD were course rejects from exploration pulps and

were prepared for XRD analysis by first reducing the mate-

rial’s particle size in a steel ring mill for 5 minutes. The ma-

terial was then further pulverized as an ethanol slurry in a

vibratory McCrone micronizing mill for 7 minutes (Wilson

et al., 2006). The R-XRD results are shown in Table 2.

Computing Mineral Abundance from
Whole-Rock Elemental Compositions

A mass balance relationship is used to determine what pro-

portion of the model minerals best explains the whole-rock

chemical assay data. There must be a mass balance for each

of the m constituents (commonly the oxides that represent

most of the rock) of the analyses with the computed model

mineral abundances n. These mass balances can be

expressed as follows:

a x bij

j

n

j i

=
∑ =

1

i m

j m

=
=

1 2

1 2

, , ...

, , ...
(1)
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where aij represents the amount of constituent i in mineral j,

bi represents the amounts of constituent i in the whole-rock

chemical composition and xj represents the unknown abun-

dance of model minerals. In this approach, exchange com-

ponents are allowed for (Thompson, 1982), which in this

paper allows Fe2+ to substitute for Mg2+ (FeMg-1) and

Fe3+Al3+ to substitute for Fe2+Si4+ (AlSi-1) within minerals

to an extent that best fits the projected mineral abundance to

the whole-rock chemical assay data, and allows each sam-

ple to have a unique computed mineral composition.

The computations were performed in MATLAB by de-

scribing the mass balance equation (equation 1) as the sys-

tem of equations shown below. Based on the R-XRD data in

Table 2, brucite {Mg(OH)2}, magnetite {Fe3O4}, forsterite

{Mg2SiO4}, serpentine {Mg3Si2O5(OH)4} and diopside

{CaMgSi2O6} were used as model minerals to explain the

whole-rock chemical assay data; however, the addition of

the FeMg-1 exchange component introduces an unknown

into the computation formula without adding an equation

because no new major chemical constituents are intro-

duced. As a result, if all the model minerals identified in Ta-

ble 2 were retained in addition to the exchange compo-

nents, the system would become underdetermined and a

unique solution for mineral abundance would not be ob-

tainable. This necessitates the removal of one of the model

minerals so that the number of unknowns will equal the

number of equations. Magnetite was selected for removal

because the R-XRD and whole-rock composition assay

data showed that the magnetite abundance was not propor-

tional to the total amount of Fe in the sample, and the mea-

sured abundance in the 10 calibration samples showed a

relatively low degree of variability (~1–5 wt. % magnetite).

A constant magnetite abundance of 3.8 wt. % was assumed

in all samples, which was estimated based on petrographic

and geochemical data. Now that the model minerals, their

constituents (Table 1) and exchange components have been

identified, the system of equations can be described in

matrix form, as seen in Figure 1.

The projection model was then empirically refined based

on the quantitative R-XRD data by adjusting a series of pa-

rameters (serpentine composition and the percentage of

LOI associated with the dihydroxylation of serpentine and
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Table 2. Results of Rietveld X-ray diffraction refinement on course rejects of
exploration pulps.

Figure 1. System of equations used to compute mineral abundances within the Baptiste nickel deposit, where the ‘X’ matrix is the unknown
and defines the number of moles of each model mineral or exchange component per 100 g of material, with column dimensions defined by
the number of model minerals plus the number of exchange components, and row dimensions by the number of samples (n). The ‘A’ matrix
represents the molar stoichiometry of each model mineral and exchange component. As shown by the labels adjacent to the A matrix, the
column dimensions are defined by the major chemical constituents (e.g., Fe, Mg, H2O) and the row dimensions are defined by the model
minerals and exchange components. Lastly, the ‘B’ matrix defines the number of moles of each chemical component per 100 g of material,
with column dimensions defined by the number of major chemical components and row dimensions defined by the number of samples (n).
The values in the B matrix are obtained by converting whole-rock geochemical assay data (Table 1) from weight percent oxide to molar con-
centrations. Abbreviations: Atg, antigorite; Brc, brucite; Di, diopside; Fo, forsterite.



brucite) through a least squares approach. The serpentine

composition was refined so that the magnesium to silicon

ratio was 1.57 to 1.0, and the LOI was adjusted by a factor

of 0.96 to reflect structurally bound water. The mineral

abundance computation model was refined based on

R-XRD results for 10 samples and 20 additional samples

were used to verify the computations of the model.

Results

Brucite and serpentine are the predominant sources of la-

bile magnesium in the Baptiste nickel deposit. Accurate es-

timation of their abundance is therefore important for esti-

mating labile magnesium abundance. A comparison

between the measured and computed abundance of brucite

is shown in Figure 2. The first 10 samples were used to cali-

brate the projection model and an additional 20 samples

were analyzed after the projection model was built to test its

accuracy. Figure 2 shows that the projection model could

provide useful mineralogical computations with an average

difference between the measured and computed brucite

abundance of –0.1 wt. % and a standard deviation of

1.1 wt. %. Where the projection model produced negative

computed brucite abundances (1477 samples out of 7604),

the values were set to zero and might be explained by the

presence of trace or amorphous minerals that were not

included as model minerals.

Figure 3 shows the comparisons between the measured and

computed abundances of all the model minerals that were

included in the projection model and shows that the projec-

tion model also has strong predictive capability for serpen-

tine content, which is important because the mineral sur-

faces of serpentine are also a significant source of labile

magnesium. The forsterite and diopside computations are

significantly less reliable; however, this is not important

because forsterite and diopside do not contribute a signifi-

cant amount of labile magnesium (or calcium) to mine

tailings because of low reactive surface area density and

slow dissolution kinetics, respectively.

The projection model was then applied to all 7604

whole-rock assays from the Baptiste deposit to assess the

mineralogical heterogeneity, the labile magnesium content

as a measure of the carbon sequestration capacity and the

fraction and location of future tailings material that has suf-

ficient labile magnesium to potentially stabilize the tailings

through carbon mineralization. Histograms of computed

brucite and serpentine content within the Baptiste deposit

are shown in Figure 4. Although more than 25% of the de-

posit is computed to have no brucite, 75% contains brucite

ranging from trace amounts to in excess of 10%. Serpentine

dominates the mineralogy of all samples.

Implications

Labile magnesium content estimated from computed min-

eral content is plotted as weight percent MgO in Figure 5.

This provides a preliminary assessment of the carbon se-

questration capacity of mine tailings. To estimate green-

house-gas emissions from mine operations production data

from the Mount Keith nickel mine in Western Australia, a

serpentinite-hosted nickel deposit was used. At Mount

Keith, natural gas is used to generate electricity for the ore

processing facility (which accounted for ~66% of their CO2

emissions) and diesel-powered mining haul trucks account

for the remaining ~34% (WMC Resources Ltd., 2002). In

total, the mine produced 33.6 t CO2/kt rock mined (Wilson

et al., 2014); therefore, mines that use hydroelectric power

still need to sequester 11.4 t CO2/kt rock mined to be GHG

neutral due to emissions from the haul truck fleet. From

these data, it can be estimated that an average of 1.3 wt. %
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abundance measured by Rietveld X-ray diffraction.



labile MgO is sufficient to make an open-pit nickel mine

carbon neutral assuming hydroelectricity is used, and

3.9 wt. % labile MgO if natural gas is used for electricity

generation. The Baptiste nickel mine is located near hydro-

electric infrastructure; therefore, an estimated average of

1.3 wt. % labile MgO would provide sufficient capacity for

carbon-neutral mining. Figure 5 shows that the projection

model computations give an average labile magnesium

content of 2.3 wt. %. This suggests that the Baptiste mine

has more than enough carbon sequestration capacity from

labile magnesium to become a carbon neutral mine. Fig-

ure 6 shows that if carbon mineralization efforts are fo-

cused on the most labile magnesium–rich tailings, only

30% of the tailings need to react with CO2 to make the

Baptiste mine carbon neutral over its lifetime. In addition,

this same labile magnesium–rich 30% fraction of the tail-
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Figure 3. Mineral abundance for brucite and three other minerals computed by the projection model ver-
sus the mineral abundance measured by Rietveld X-ray diffraction.

Figure 4. Abundance of brucite and serpentine computed by the projection model across the Baptiste nickel deposit. Samples described as
wasterock or dikes in the geochemistry dataset were omitted. The mean brucite and serpentine content is 1.8 wt. % and 88.8 wt. % respec-
tively.
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Figure 5. Histogram of the computed labile magnesium content of drillcore from the Baptiste nickel deposit.

Figure 6. Anticipated CO2 emissions from nickel mining as a function of the percentage of the deposit that
has been mined. The authors assume 1.8 Gt of rock will be mined because this represents the indicated re-
serve of the Baptiste deposit (FPX Nickel Corp., 2018). The solid line shows the potential rate of carbon se-
questration if the most labile magnesium–rich (MgO) zones are used first. Hydroelectricity is assumed for
computed complete greenhouse-gas (GHG) offset.



ings has the potential to become stabilized by the formation

of magnesium carbonate cement, as indicated by lab-scale

tests that showed that tailings with approximately 3 wt. %

brucite or more can achieve unconfined compressive

strengths of approximately 4137 kPa (600 psi.) to more

than 5516 kPa (800 psi.) after sequestering 10% CO2 for

two weeks (Vanderzee et al., 2018).

These results may be typical of serpentinite-hosted nickel

deposits. For example, carbon mineralization in tailings of

the Mount Keith nickel mine has been documented (Wilson

et al., 2014) and the potential at the Dumont nickel mine in

Quebec is being explored (Kandji et al., 2017). To help tar-

get the labile magnesium–rich areas of mineral deposits for

carbon mineralization purposes, the authors propose using

exploration geochemical data to make mineral abundance

computations so that 3-D maps of labile magnesium

(Figure 7) can be incorporated into the mine plan.

Conclusions and Future Work

This study, in combination with Vanderzee et al. (2018), has

demonstrated at the lab scale that the Baptiste mine likely

contains enough labile magnesium to potentially sequester

all the CO2 produced by its mining trucks (11.4 t CO2/kt

rock mined). This would make Baptiste GHG neutral if it

used hydroelectric power, which is likely to be the case in

BC, and may stabilize the tailings at the same time. To im-

prove, or at least complement, the accuracy of the labile

magnesium estimations, other methods of computing min-

eral abundance can be applied to Baptiste. These methods

include linear programming (Gordon and Dipple, 1999),

phase equilibria (Connolly, 2005) and MINSQ (Herrmann

and Berry, 2002). Furthermore, the authors’ laboratory

work on tailings stabilization has been very encouraging

and the next steps include investigating methods to further

accelerate the reaction rates by promoting the transport of

CO2 into the tailings and conducting larger field-scale ex-

periments. These experiments will include measurements

of CO2 sequestration rates, stabilization tests and reactive

transport modelling. If the laboratory work can be verified

at the field scale, Baptiste could be revolutionary for tail-

ings management and climate change mitigation efforts, as

well as for being the first awaruite deposit in the world to be

mined.
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