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A B S T R A C T

Mineral carbonation is one of the many ways that are being actively investigated to sequester point-source
carbon dioxide emissions. However, relations between reaction conditions, variations in reactant mineral
composition, and carbon sequestration potential are poorly understood. In this study we used reaction path
geochemical modeling to evaluate carbon sequestration potential during ex-situ mineral carbonation of ten
mafic rock samples from Nevada, USA. Models were run using arbitrary dissolution kinetics at temperatures
between 0 and 200 °C. A subset of models were run using true dissolution kinetics. In the models, carbon is
sequestered in 5 mineral phases: magnesite, siderite, dolomite, calcite, and dawsonite, with magnesite and
dolomite the most abundant. Dawsonite sequesters carbon at T > 150 °C in most of the arbitrary kinetics models
but is not a significant carbon sink in the models using true dissolution kinetics. The arbitrary kinetics models
resulted in 4.5–13mol of carbon sequestered per kg of reacted mafic rock. True kinetics models only resulted in
1–2mol of carbon sequestered, but the models only reacted 12.5 to 15 wt percent of the mafic rock inputs.
Product minerals using the arbitrary kinetics model have volumes 150%–470% larger than the reactant volumes,
whereas using true kinetics the models have a modest increase. Modeling presented herein confirms several
areas of Nevada as having potential for mafic rock carbonation, some of which are located near existing coal- and
natural gas-fired power plants. As shown in this study, reaction path modeling is a vital and inexpensive tool to
help optimize costs and reaction conditions for ex-situ mafic rock carbonation projects.

1. Introduction

Carbon dioxide is a greenhouse gas that acts to trap heat in the
atmosphere. The amount of atmospheric CO2 has been increasing from
278 ppm in the year 1750 (ice core estimate, Etheridge et al., 1996) to a
global average of 405.0 ± 0.1 ppm in 2017 (Dlugokencky et al., 2018).
The atmospheric CO2 rate of increase has more recently been accel-
erating from 0.6 ± 0.1 ppm/yr in the 1960's to 2.3 ± 0.5 ppm/yr
during the 2010's (Dlugokencky et al., 2018). Most of this observed
change has been tied to combustion of fossil fuels, cement production,
and changes in land use (Service, 2004; Hartmann et al., 2013; IPCC,
2014; Boden et al., 2017; Dlugokencky et al., 2018). This increase is
projected to continue with an estimated 0.7% annual increase in global
CO2 emissions between 2015 and 2040 (EIA, 2017), with much of the
increase coming from Asia, the Middle East, and Africa. One of the

leading sources of the increase in atmospheric carbon is the burning of
coal and natural gas for electricity production, and in the past few
decades, both coal and natural gas have become the major source of
electricity for Nevada, USA. Although carbon dioxide is released from
these Nevada power plants every day, this carbon dioxide could po-
tentially be captured and stored in the vast volumes of mafic rocks
exposed in Nevada (Sturmer et al., 2007).

One of the recent foci of atmospheric greenhouse gas mitigation is
capture, storage, and/or utilization of anthropogenically-produced
carbon dioxide from point sources such as power and cement manu-
facturing plants (Dai et al., 2014, 2016; Ampomah et al., 2017;
MacDowell et al., 2017; Rackley, 2017). Carbon capture from point
source generators occurs by three main methods (Piers et al., 2011;
Zhang et al., 2018a; b; c; d). The most common capture method occurs
after combustion by scrubbing flue gas to capture CO2. Several
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techniques have been investigated for scrubbing the flue gas, including
adsorption, absorption, membranes, or combinations of these methods
(Kim et al., 2012; Liu et al., 2014; Wang et al., 2017; Rezakazemi et al.,
2017; Zhang et al., 2018c). The second method occurs during com-
bustion, where pure O2 is used instead of air as the primary oxidant in
combustion, resulting in flue gas dominated by CO2. Finally, CO2 can be
captured as part of the gasification process, prior to completion of fossil
fuel combustion.

As a concentrated gas, CO2 is hazardous because it is toxic to hu-
mans and heavier than the air so it preferentially hugs the ground. For
example, ∼80 million m3 of carbon dioxide were expelled from Lake
Nyos, Cameroon in 1986. The carbon dioxide flowed up to 25 km
downhill into several villages, where ∼1800 people died of asphyxia-
tion (Krajick, 2003; Service, 2004). Therefore, most efforts to sequester

carbon dioxide have focused on either injecting the CO2 into the ground
or sequestering the CO2 in biomass. The main methods include en-
hanced oil recovery (EOR) (Dai et al., 2014, 2016; Ampomah et al.,
2017; MacDowell et al., 2017), injection into deep saline aquifers, in-
creasing biomass, and storage in mined caverns in salt formations (Price
et al., 2005). Of these methods, EOR has been in use the longest
(Middleton et al., 2012) with recent work (e.g., Dai et al., 2014, 2016;
Ampomah et al., 2017) focusing on optimizing injection parameters to
maximize CO2 storage and oil production. However, scaling issues exist
with global implementation of CO2-EOR (Mac Dowell et al., 2017).
Additionally, there are concerns around potential leakage of injected
CO2. For example, in a study of a system that was naturally leaking CO2,
Zhao et al. (2017) found plant development adversely affected when
soil CO2 concentrations rose above 10%.

Fig. 1. Mafic rock outcrops in Nevada (modified from Sturmer et al., 2007; outcrop extents from Stewart and Carlson, 1978). Circled areas represent concentrations
of mafic rocks large enough to supply at least one coal-fired power plant with material for carbon sequestration for 50 years (Sturmer et al., 2007). The ten samples
modeled in this study come from these circled areas and are listed.
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One unconventional method of CO2 sequestration that generally
avoids the secondary release potential is mineral carbonation. In this
process, CO2 is reacted with Fe- and Mg-rich rocks and minerals or
industrial waste products to form an inert product (Mazzotti et al.,
2005; Price et al., 2005; Sturmer et al., 2007; Garcia et al., 2010; Gysi
and Stefánsson, 2011, 2012a; 2012b; Aradóttir et al., 2012; Alfredsson
et al., 2013; Galeczka et al., 2014; Johnson et al., 2014; Renforth et al.,
2015; Rigopoulos et al., 2015, 2018; García del Real and Vishal, 2016;
Guha Roy et al., 2016; McGrail et al., 2017; Adeoye et al., 2017;
Griffioen, 2017; Snæbjörnsdóttir et al., 2017, 2018; Kularatne et al.,
2018; Pan et al., 2018; Wolff-Boenisch and Galeczka, 2018). The re-
action occurs naturally as a weathering reaction for mafic and ultra-
mafic rocks. Many studies (see Mazzotti et al., 2005) have focused on
reacting iron- and magnesium-bearing silicates (olivine, serpentine,
orthopyroxene, clinopyroxene) with CO2 to form iron, magnesium, and
calcium carbonates (siderite, magnesite, dolomite, ankerite, calcite).

Several recent studies have focused on CO2 injection into basalts in
Iceland (Gislason et al., 2010; Alfredsson et al., 2013; Snæbjörnsdóttir
et al., 2017, 2018) and Washington state (McGrail et al., 2014, 2017).
These tests showed successful carbon sequestration over months to
years, but also had occlusion of porosity by mineral precipitates. This
pore space occlusion is due to precipitation of both carbonate and si-
licate reaction products. Depletion of divalent cations will lead to
preferential precipitation of pore-filling clays (Wolff-Boenisch and
Galeczka, 2018). However, this can be mitigated somewhat by con-
trolling the fluid injection chemistry and injection flow rate (Wolff-
Boenisch and Galeczka, 2018). There is also some concern over CO2

injection and the potential for induced seismicity (Zoback and Gorelick,
2012), but this may be mitigated by mineral carbonation reducing fluid
pressure following CO2 injection into mafic rocks (Yarushina and
Bercovici, 2013). Ultimately however, carbon sequestration potential
for in-situ mineralization will be limited by the amount of reactive
surface exposed to the fluids, which is a function of porosity and per-
meability of the mafic host rock.

Beginning in 2003, a coalition of western states, with funding from
the U.S. Department of Energy, analyzed CO2 sequestration potential in
each state. Conventional methods of CO2 sequestration studied included
enhanced oil recovery, injection in deep saline aquifers, and biotic se-
questration. These methods were rejected for Nevada, because Nevada
does not have enough oil for enhanced oil recovery, it is illegal to inject
any waste product into any aquifer, and Nevada does not have enough
annual precipitation to support biotic sequestration (Price et al., 2005).
The method with the most potential for Nevada is mineral carbonation
of mafic rocks, which was explored in greater depth by Sturmer et al.
(2007). That study evaluated the volume of mafic rock exposed in nine
areas of the state for a large enough volume (> 1.3 km3) to supply a
coal-fired powerplant with mafic rock feedstock for mineral carbona-
tion for the life of the plant. Ultramafic rocks are thermodynamically

more favorable for mineral carbonation but are relatively rare in Ne-
vada (Fig. 1).

In this paper we present results from geochemical reaction path
modeling of reactions between mafic rocks from Nevada and CO2 from
several of the areas considered by Sturmer et al. (2007). First, we dis-
cuss modeling parameters and assumptions, mafic rock geochemistry,
and element partitioning with the models. Then critical parameters
resulting from the models are discussed. These include differences be-
tween using arbitrary and true dissolution kinetics, assessments of mi-
neral phases into which carbon is sequestered, relationships between
mafic rock geochemistry and carbon sequestration potential, reaction
temperature optimization, and volume ranges of product minerals. We
then make the case for reaction path geochemical modeling as an in-
tegral tool for evaluating mafic rock carbonation projects.

2. Methods

The conceptual model is based on a successful experiment reacting
forsterite (Mg-olivine) with carbon dioxide (Fig. 2, O'Connor et al.,
2002, 2005; Mazzotti et al., 2005). By this procedure, forsterite is first
mechanically ground to ∼37 μm. The ground forsterite is dissolved in
an aqueous solution of 1M sodium chloride and 0.64M sodium bi-
carbonate. The solution is then exposed to high-pressure carbon di-
oxide, and the forsterite is carbonated. When this reaction was con-
ducted at 185 °C and a CO2 partial pressure of 15MPa, ∼81% of the
forsterite was carbonated in 1 h (O'Connor et al., 2005). The sodium
and chloride ions in solution help to catalyze the reaction by releasing
the metal cations from the forsterite, but most of those ions remain in
solution after the reaction has completed and are thus recoverable. The
reaction is optimized at different temperatures and CO2 partial pres-
sures for different minerals, but carbonation reactions are generally
kept below 200 °C as CO2 preferentially remains in the gas phase at
higher temperatures (Mazzotti et al., 2005).

2.1. EQ3/6 model

All geochemical modeling in this study was done using the EQ3/6
code of Wolery (Wolery, 1992; Wolery and Daveler, 1992). EQ3/6 is a
reaction path code that calculates aqueous speciation of water-rock
reactions using sequences of thermodynamic equilibrium calculations.
EQ3/6 is well-suited for this study because it has a large geochemical
reference database, the ability to model kinetics, and a variety of ac-
tivity coefficient models at the range of temperatures of interest for this
study (Crawford, 1999). For this study EQ3/6 was used to simulate
reaction of 10 mafic rock samples from Nevada and an “average basalt”
with CO2 in an aqueous system using arbitrary dissolution kinetics
(Table 1). The 10 samples are from the PETROS and NAVDAT online
databases of published igneous rock geochemical data (Table 1) and all

Fig. 2. Conceptual model for mafic rock carbonation. The model is based on the process for wet single-step carbonation of forsterite outlined by O'Connor et al.
(2002, 2005) and Mazzotti et al. (2005). Note that many of the reactions are exothermic (Price et al., 2005; Sturmer et al., 2007).
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sample names are from the databases. Samples with the most mafic
values were chosen for each of the geographic areas of interest (Fig. 1).
The aqueous solution (with sodium bicarbonate and sodium chloride)
was first modeled, and then the reaction of mineral inputs with CO2 and
the aqueous solution were modeled. A subset of three mafic rock che-
mistries were analyzed using true dissolution kinetics.

2.2. Assumptions

The EQ3 input files (Wolery, 1992) consisted mainly of the added
sodium chloride and sodium carbonate. Each of these species was as-
sumed to completely dissociate, so that Na+, Cl−, and HCO3

− were
added at concentrations of 1.64, 1.00, and 0.64mol per liter, respec-
tively. This assumption may not be valid; however, it was acceptable to
simplify the model. Initial neutral pH was assumed. To prevent error
messages when running the model in EQ6 (Wolery and Daveler, 1992),
any ions that were part of the minerals added in EQ6 were added at an
arbitrary trace amount (1×10−8 mol/liter) to the EQ3 input file. Ac-
tivity coefficients were calculated using the B-dot version of the Debye-
Hückel equation. Corundum was suppressed as it is stable above 450 °C
(Deer et al., 1966) and all analyses for this study were between 0 and
200 °C.

For each run in EQ6, a total of 1 kg of normative minerals from each
of the 11 samples was added as solid reactants. Moles of minerals added
were calculated based on CIPW norms calculated from major oxide
geochemical data (Table 2). CIPW norms were calculated using the
CIPW-norm calculator from the Saskatchewan isotope laboratory
(available free for academic use at http://sil.usask.ca/software.htm).
Reactant minerals are assumed to be distinct, mechanically separable
phases. A closed system was assumed, and solid solutions were not
considered. Carbon dioxide was added to the system using the fixed
fugacity option to fix CO2 fugacity at 150 bar (15MPa) and allow up to
10mol of CO2 to be added. Models were calculated at 25 °C steps, be-
tween 0 °C and 200 °C. Higher temperatures were not considered as CO2

preferentially remains a gas above 200 °C (Mazzotti et al., 2005).
Pressure was set from the data file reference pressure curve. All arbi-
trary kinetics water-rock interactions were calculated using the relative
rate and partial equilibrium equations for the forward and reverse re-
actions, respectively.

A subset of the samples was rerun using true dissolution kinetics.
Kinetics values (Table 3) were obtained from Brantley (2003). For runs
with kinetics, reactant surface area must be provided. Total surface area
of each reactant was calculated assuming that the sample had been
crushed into 37 μm-diameter spheres following the conceptual model
(O'Connor et al., 2002, 2005; Mazzotti et al., 2005).

3. Results

Model results have carbon sequestered in several Fe, Mg, Na, Ca,
and Al-bearing mineral phases. Each model also has non-carbon-
bearing product minerals. A sample model output is presented in Fig. 3,
showing minerals precipitated throughout the model. Each of these
elements is a component of the input mafic rock minerals. Partitioning
of each of these cations and comparison with observations from pub-
lished experimental work is discussed below.

3.1. Magnesium

Magnesium is one of the more critical elements for sequestering
carbon. Dolomite and magnesite are ubiquitous product minerals for all
arbitrary kinetics models and most true kinetics models. The exceptions
in the true kinetic models include a lack of dolomite precipitation at
low temperatures, at T > 50 °C for sample nvz11, and suppression of
magnesite precipitation at T > 150 °C by calcite and dawsonite for
sample nd467943. Mg was also present in nontronite-Mg (Mg-smectite)
in the arbitrary kinetics models. Nontronite-Mg is generally present at
temperatures between 50 and 100 °C, replacing nontronite-K, which
precipitates at lower temperatures, and replaced by nontronite-Na,

Table 1
Geochemical samples used in this study. Data were retrieved from NAVDAT (nd samples; http://navdat.kgs.ku.edu/) and PETROS (nv samples, http://www.ngdc.
noaa.gov/mgg/geology/petros.html) databases.

Sample Location County Latitude Longitude Reference

hypbas n/a n/a n/a n/a Sturmer et al. (2007)
nd589 SW Mineral County Mineral 38.1733 −118.6466 Brem (1978)
nd4682 Garfield Hills Mineral 38.4833 −118.35 Ormerod (1988)
nd4736 Pah Rah Range Washoe 39.5333 −119.7 Ormerod (1988)
nd14011 S. Pancake Range Nye 38.2 −116.1 Lum et al. (1989)
nd469743 Pah Rah Range Washoe 39.488 −119.618 Everson (1979)
nvb16 W. Humboldt Range Pershing 40 −118 Speed (1962)
nvc2 Battle Mountain Lander 41 −117 Roberts (1964)
nvc24 Sheep Creek Range Lander 41 −117 Mark et al. (1975)
nvz9 Lunar Crater Area Nye 38 −116 Trask (1969)
nvz11 Lunar Crater Area Nye 39 −116 Wilshire et al. (1972)

Table 2
CIPW norms for samples used in this study.

Sample Forsterite
Mg2SiO4

Fayalite
Fe2SiO4

Wollastonite
CaSiO3

Enstatite
MgSiO3

Ferrosilite
FeSiO3

Anorthite
CaAl2Si2O8

Albite
NaAlSi3O8

Orthoclase
KAlSi3O8

Nepheline
NaAlSiO4

Magnetite
Fe3O4

Hematite
Fe2O3

hypbas 15.00 5.00 7.00 23.00 1.00 3.00 1.00 0.00 0.00 0.00 0.00
nd589 9.46 0.00 8.06 12.57 2.61 23.15 26.59 7.72 0.00 9.85 0.00
nd4682 13.18 0.00 7.18 10.74 0.00 25.25 28.40 8.36 0.00 0.00 6.89
nd4736 12.68 0.00 5.90 8.18 0.00 27.54 28.01 11.05 0.00 0.00 6.63
nd14011 15.96 9.74 8.00 4.97 3.03 24.76 27.46 6.08 0.00 0.00 0.00
nd469743 12.00 3.23 9.67 8.36 0.00 26.10 28.98 11.66 0.00 0.00 0.00
nvb16 33.38 3.96 4.99 18.65 2.21 19.14 12.95 2.14 0.00 2.59 0.00
nvc2 14.03 5.07 5.80 5.13 0.00 28.59 34.67 6.71 0.00 0.00 0.00
nvc24 10.17 4.04 8.17 13.72 4.40 37.34 20.04 2.13 0.00 0.00 0.00
nvz9 13.12 4.67 12.58 9.28 0.00 21.01 9.23 11.79 18.31 0.00 0.00
nvz11 79.63 7.51 0.00 9.86 0.00 3.00 0.00 0.00 0.00 0.00 0.00
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which precipitates at higher temperatures. True kinetics models only
had precipitation of nontronite-Na.

3.2. Iron

Iron is present in one carbon-bearing and several non-carbon-
bearing product minerals. Siderite is a product mineral at all tem-
peratures for all true kinetic samples and all arbitrary kinetic samples
except nd4682 and nd4736. This may be due to a lack of normative
fayalite (the Fe-end member of olivine) in the CIPW norms for these
samples. Iron is present in the three nontronite species, which are
present in all models at T≤°175C. Iron is also in hematite, which is
present in all models at T= 200 °C and at all temperatures for sample
nvz11 using true kinetics.

3.3. Aluminum and Sodium

Aluminum and Sodium are present in one carbon-sequestering and
several non-carbon sequestering product minerals. These elements are
present in dawsonite, which is a hydrated sodium aluminum carbonate.
Dawsontie precipitated in arbitrary kinetics and two true kinetics
models for all samples at T < 150 °C. Dawsonite formed early in the
true kinetics models for sample nvz11, but it was replaced by non-
tronite-Na later in the reaction. For all samples at T≥ 150 °C, albite
forms instead of dawsonite. The loss of the carbon-bearing mineral
phase dawsonite is displayed by the decrease in moles of carbon se-
questered for most samples between 125 °C and 150 °C (Figs. 4 and 5).
Sodium and aluminum are present in product minerals albite and
nontronite-Na. In addition, aluminum is also present in nontronite-Mg,
nontronite-K, microcline, muscovite, and diaspore, all of which are non-
carbon-bearing product minerals.

3.4. Calcium

Calcium is present in two carbon-sequestering product minerals.
Dolomite is present as a product mineral for all models using both ar-
bitrary and true kinetics. Calcite only precipitates for the true kinetics
models of sample nd467943 at T≤ 125 °C. Calcium is not present is any
other product minerals for this set of models.

3.5. Product mineral comparison

All carbon-bearing product minerals reported in these models have
been observed in experimental and/or natural reactions of mafic rocks
with CO2. Magnesite is a common product mineral in experimental
carbonation of mafic rocks (Rogers et al., 2006; Garcia et al., 2010;
Johnson et al., 2014; Sissman et al., 2014; Kularatne et al., 2018).
Siderite is also present in some experimental products and natural
systems (Rogers et al., 2006). Mg- and Fe-bearing carbonates are
especially prevalent due to the relative instability of olivine at surface
(or near-surface) conditions (García del Real and Vishal, 2016). Calcite
and dolomite have been observed as product minerals in lab

experiments (Aradóttir et al., 2012; Gysi and Stefánsson, 2012b; Guha
Roy et al., 2016; Wolff-Boenisch and Galeczka, 2018), well injection
experiments (Snæbjörnsdóttir et al., 2017), and in natural systems
(Rogers et al., 2006). Dawsonite is generally over-reported in models
(Wolff-Boenisch and Galeczka, 2018) but has been observed to pre-
cipitate with a supply of Na + cations and continuous CO2 partial
pressure (Hellevang et al., 2011, 2014). End-member carbon-bearing
phases were used for calculations in these models, but solid-substitu-
tions are commonly reported from experimental studies, including an-
kerite (Ca(Fe, Mg, Mn) (CO3)2) (Gysi and Stefánsson, 2012b; McGrail
et al., 2017), Fe-bearing magnesite (Kularatne et al., 2018), and Fe-Mg
carbonates (Aradóttir, 2012; Gysi and Stefánsson, 2012a;
Snæbjörnsdóttir et al., 2018).

Most of the non-carbon-bearing secondary minerals that precipitate
in the models have been observed in experimental studies or natural
analogue systems. Smectite is a common secondary product in experi-
mental mafic carbonation reactions (Aradóttir et al., 2012; Gysi and
Stefánsson, 2012a, 2012b; Guha Roy et al., 2016; Snæbjörnsdóttir et al.,
2018; Wolff-Boenisch and Galeczka, 2018). Though specific clays are
generally not identified, nontronite has been identified as the main
smectite clay in some studies (Gysi and Stefánsson, 2012a; Hellevang
et al., 2017). Aluminum and iron oxides, hydroxides, and oxy-hydro-
xides, including hematite, are common secondary minerals in experi-
mental mafic carbonation reactions (Aradóttir et al., 2012; Gysi and
Stefánsson, 2012a; Kularatne et al., 2018; Snæbjörnsdóttir et al., 2018),
particularly when the experiments are done at temperatures above
∼150 °C (Gysi and Stefánsson, 2012b). Albite and phyllosilicates (in-
cluding chlorite but not muscovite) have been observed from higher-
temperature experiments (Gysi and Stefánsson, 2012b; Kularatne et al.,
2018). Microcline is not known to have been reported as a product
mineral of mafic carbonation experiments, with Na+ and Al3+ cations
likely partitioned into clays and/or zeolites.

4. Discussion

4.1. Arbitrary and true dissolution kinetics

More carbon was sequestered using the arbitrary kinetic reaction
path than the true kinetic path. Arbitrary kinetic models were run for
all rocks (Fig. 4), and true kinetics models were run for three of the
mafic rock samples (Fig. 5). The true kinetics models for all samples
sequestered between 1 and 2mol C/kg reactant by the end of the re-
action path. Using arbitrary kinetics, 4.5–7mol C/kg reactant were se-
questered for samples nd469743 and nvc2, and ∼13mol C/kg reactant
were sequestered for sample nvz11.

Percent reactant mineral dissolution is the main cause of the dif-
ference in carbon sequestration between the two kinetics options. Using
the arbitrary reaction path, the reactant minerals are forced to dissolve
completely, thereby placing a constant stream of cations in solution to
form carbonate minerals. The true kinetics option does not force the
reactants to dissolve completely; rather the solid reactants dissolve at
the true kinetic rate until they establish equilibrium with the solution.
The amount of dissolution is also a function of surface area, with dis-
solution increasing as surface area increases. For these models, only
∼120–145 g of the initial input kilogram dissolve, with ∼90% (130 g)
of the dissolution from forsterite. The decrease in the amount of re-
actant dissolved results in a decrease in metal cations released and
available to bond with carbonate anions.

Carbon sequestration efficiency is generally greater using true dis-
solution kinetics when compared on a carbon sequestered per kg of
reactant dissolved basis. Using this metric, samples nd469743 and nvc2
sequester between 8 and ∼12mol C per kg sample reacted, compared
with 4.5–7mol C for arbitrary kinetics. Sample nvz11 results in slightly
more carbon sequestered per kg dissolved with true dissolution kinetics,
except for at lower temperatures (Fig. 5).

Table 3
Log dissolution rates and activation energies used for true dissolution kinetics
models. All values from Brantley (2003).

Mineral Formula Log dissolution rate (mol/
m2/s)

Activation energy (kcal/
mol)

Forsterite Mg2SiO4 −9.4 19
Fayalite Fe2SiO4 −9.4 19
Wollastonite CaSiO3 −7.8 13
Enstatite MgSiO3 −10.5 12
Anorthite CaAl2Si2O8 −11.4 19
Albite NaAlSi3O8 −12.2 16
K-Feldspar KAlSi3O8 −12.4 13
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4.2. Cation partitioning and carbon sequestration

Mg and Ca are the most critical cations for carbon sequestration
when modeled using arbitrary kinetics. Mg results in 30–70% of the
carbon sequestered for most of the models. The percentage of carbon
captured in Mg-bearing minerals increases with increasing temperature.
Sample nvz11 has 88–94% of the carbon sequestered in Mg-bearing
minerals. For most of the samples 20–40% of the carbon is captured in
Ca-bearing minerals. Na and Al (cations in dawsonite) are important at
lower temperatures, capturing 20–45% of the carbon at 0 °C and 25 °C.
At higher temperatures the importance of Na + Al for carbon capture
decreases to 10–30% at 125 °C. At T ≥ 150 °C dawsonite is not stable

and Na + Al do not participate in carbon capture. Fe accounts for less
than 15% of the carbon captured for most of the models. The pre-
valence of Mg- and Ca-bearing minerals for carbon sequestration is
consistent with observations from lab experiments (Garcia et al., 2010;
Aradóttir et al., 2012; Gysi and Stefánsson, 2012b; Sissman et al., 2014;
Johnson et al., 2014; Guha Roy et al., 2016; Wolff-Boenisch and
Galeczka, 2018), field-scale tests (Snæbjörnsdóttir et al., 2017; McGrail
et al., 2017; Kularatne et al., 2018), and natural systems (Rogers et al.,
2006).

Ca and Mg are the critical cations for carbon sequestration using
true dissolution kinetics. For sample nvz11, 94–96% of the carbon is
sequestered as magnesite. For nvc2, 43–68% of carbon is stores in

Fig. 3. Examples of product minerals formed during low-temperature (25 °C) and high-temperature (200 °C) reactions for nvc24. Log product minerals are plotted
against log ξ (ξ is a modeling parameter where ξ=0 represents reaction initiation and ξ=1 represents reaction completion, in this case dissolution of all reactant
minerals).
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magnesite (Mg) and dolomite (Mg + Ca). The amount of dolomite
precipitated decreases with temperature, so Ca decreases from 43% to
15% of carbon captured. Sample nd469743 has calcite precipitating at
lower temperatures, so Ca is responsible for 74% of carbon capture at
0 °C, decreasing to 27% at 200 °C. Mg increases from 24% of carbon
capture at 0 °C to 62% at 200 °C, reflecting the loss of calcite as a
precipitated mineral and increases in the amounts of dolomite and
magnesite precipitated. Fe is responsible for between 1 and 17% of the
carbon captured, increasing in importance with increasing temperature.
Na and Al are not important cations for carbon sequestration in the true
dissolution kinetics models as dawsonite accounts for< 2% of carbon
sequestration.

4.3. Mafic rock geochemistry and carbon sequestration

The geochemistry of the mafic rock used in mafic rock carbonation
has a large impact on both the carbon sequestration potential and the

volume of product minerals following mafic carbonation reactions. In
general, volcanic rocks lower in SiO2 and higher in Fe and Mg have
greater potential for sequestering CO2 with ultramafic rocks having the
highest sequestration potential (García del Real and Vishal, 2016). In
Nevada, ultramafic rocks are volumetrically minor, but mafic rocks are
abundant (Stewart and Carlson, 1978; Sturmer et al., 2007). The
anomalous sample in these models (nvz11) is a lherzolite, an ultramafic
rock from a xenolith in basalt. Using arbitrary kinetics, the maximum
moles of C sequestered ranges between 6.5 and 8mol of C sequestered
per kg reacted, with an increase to 8–13mol of C sequestered where
SiO2 content drops below 46% (Fig. 6).

The Fe/Mg ratio also appears to affect the carbon sequestration
potential of mafic rocks (Fig. 7). For the samples from Nevada, in-
creased carbon sequestration correlated with increasing percent nor-
mative forsterite, which is the Mg-bearing end member of olivine. This
was also true in models using true dissolution kinetics.

Fig. 4. Moles of carbon sequestered per kg
of reacted basalt as a function of tempera-
ture using arbitrary dissolution kinetics.
Above 150 °C dawsonite is not stable and
albite precipitates instead, resulting in a
drop of 1.5–3mol of carbon sequestered per
kg of basalt reacted. Dawsonite is a rela-
tively minor component in the product mi-
neralogy of sample nvz11 making this
sample less sensitive to higher temperature
reactions.

Fig. 5. Graph showing the amounts of
carbon sequestered using true dissolu-
tion kinetics to reaction completion
(diamonds), arbitrary dissolution ki-
netics per kg of mafic rock dissolved
(triangles), and true dissolution kinetics
per kg of mafic rock dissolved (squares)
for samples nd469743 (green), nvc2
(red), and nvz11 (black). (For inter-
pretation of the references to colour in
this figure legend, the reader is referred
to the Web version of this article.)
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4.4. Optimizing reaction temperature to maximize carbon sequestration

In the arbitrary kinetics models, most mafic rock samples have
carbon sequestration maxima with the reaction at 25 °C (Fig. 4). The
exceptions are the picrite cumulate (nvb16; sequestration maximum at
50 °C) and the lherzolite xenolith (nvz11; maximum at 100–125 °C).
The models are insensitive to reaction temperature below ∼100 °C.
Above 150 °C dawsonite is not stable and albite precipitates instead,
resulting in a drop of 1.5–3mol of carbon sequestered per kg of basalt
reacted. Dawsonite is a relatively minor component in the product
mineralogy of sample nvz11, as this sample only has 0.16 wt percent
Na2O compared to 1.5–4% for the other samples. Therefore, low so-
dium content in the mafic rock decreases reaction sensitivity to tem-
perature.

True dissolution kinetics results show a more efficient sequestration
of carbon per unit volume, but less sequestration at modeled reaction

completion (Fig. 5). Using true kinetics, reactions reached completion
at 12–14.5% mineral dissolution, compared to 100% dissolution for the
arbitrary models. This results in only ∼1.5–2mol of C sequestered at
reaction completion compared to the arbitrary dissolution kinetics with
∼5–13mol C sequestered. However, when the two methods are com-
pared per kg of mafic rock reacted, the true kinetic reactions result in
more carbon sequestration. Sample nvz11 results in a slight increase in
CO2 sequestered, whereas nvc2 and nd469743 have an increase of be-
tween 20 and 140% (Fig. 5). The gap in carbon sequestration efficiency
increases with increasing temperature. This is dominantly due to in-
creased dissolution of forsterite and fayalite with increasing tempera-
ture in the true dissolution kinetics models.

The other element to consider is time. Reaction rates increase with
increasing temperature (Fig. 8). Reaction completion takes several
years at 25 °C, down to less than an hour at 175–200 °C. This supports
the study of O'Connor et al. (2002) where they allowed the mafic

Fig. 6. Maximum moles of carbon sequestered per kg of reacted basalt plotted against percent SiO2.

Fig. 7. Maximum moles of carbon sequestered per kg of reacted basalt plotted against percent normative forsterite.
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carbonation reaction to go to completion within 1 h at 185 °C. The
carbonation reactions are dominantly exothermic, which may decrease
the initial amount of energy input for an individual batch reaction.
Ultimately, maximum carbon sequestration will occur at higher tem-
peratures, but ideal temperature for an individual reactor will depend
on set up, availability rate of mafic rock and CO2, and economic factors.

4.5. Product volume optimization

One of the challenges with ex-situ mineral carbonation reactions is
that the volume of product minerals is larger than the volume of re-
actant minerals (Fig. 9). All volumes were calculated using an average
20% porosity, though that value could vary. With arbitrary reaction
kinetics, low temperature reactions produce 3–5 times as much product
volume as the high temperature reactions for all samples but nvz11 (the
lherzolite). The volume increase is mainly a function of dawsonite
precipitation. Dawsonite is most abundant as a product in the low
temperature reactions and has a molecular volume of ∼500 cm3/mol;
3.5 to 28 times larger than the other product minerals. Therefore, at
lower temperatures product volumes are much higher. At higher tem-
peratures the volume increase of product minerals is lower, but less
carbon is sequestered as albite precipitates instead of dawsonite at
T≥ 150 °C.

The true kinetics models result in a lower volume increase per kg of
reactant. In these models only ∼12–14.5% of the reactants dissolve at
model completion/equilibrium, resulting in a volume loss of between
14 and 25%. When calculated adding 20% porosity, the combined
product and unused reactant minerals result in a 12%–39% increase in
volume across the temperature range modeled (Fig. 10). This is a much
lower increase than the 150%–470% volume increase at low tempera-
tures in the arbitrary kinetics models, due to the relatively minimal
precipitation of dawsonite in the true kinetics models.

4.6. Modeling use for mafic carbonation

Reaction path geochemical modeling can be very valuable when
assessing a mafic carbonation project. Running a series of models can
help to choose between potential mafic rock source materials, optimize
reaction conditions, and predict how much product will result from the
reactions. These are critical for choices in locating and designing fa-
cilities, estimating costs, and project viability.

This study demonstrates the utility of reaction path geochemical
modeling for making informed decisions when choosing between po-
tential sites for CO2 sequestration by mafic carbonation. However,
other economic factors must be considered when ranking potential se-
questration sites. For example, of the samples considered in this study, a
sample from the Reveille/Pancake Range area (Fig. 1) sequesters the
most carbon per kg of rock reacted (Fig. 4). However, these rocks are
located far from infrastructure and potential CO2 point sources. The
nearest coal-fired power plant is at Valmy (280 km to the north-
northwest), and the nearest natural gas power plants are in northern
Clark County (250 km south-southeast) and in Lyon County (300 km
west) (Fig. 1, NV Energy, 2018). In this case it would likely be more cost
effective to choose a basalt field near power plant even if the amount of
carbon sequestered per kg of rock reacted is lower. For example, the
Battle Mountain area basalt field is only 30 km from the Valmy coal-
fired power plant (Fig. 1). Additionally, reaction path modeling pro-
vides an estimated range of product materials following the mineral
carbonation reactions. The product materials could possibly be sold for
aggregate feedstock, thereby increasing the economic viability of mi-
neral carbonation and helping to alleviate the ever-increasing demand
for aggregate used in construction and land reclamation (e.g., Peduzzi,
2014). Recent work has also shown the potential to generate and cap-
ture H2 as a byproduct of mafic rock carbonation (Kularatne et al.,
2018). The hydrogen is produced by oxidation of iron in olivine during
the carbonation reactions. As shown here, the estimates produced by
reaction path geochemical modeling are a relatively quick and in-
expensive way to estimate both carbon sequestration potential and

Fig. 8. Relationship of reaction rate to temperature. O'Connor et al. (2002) allowed the forsterite-carbon dioxide reaction to run for 1 h. The only reactions that reach
completion in this time frame are those at or above 175 °C.
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amounts of product material when assessing the economic feasibility of
a proposed mineral carbonation project.

5. Conclusions

Reaction path geochemical modeling of mafic rock-CO2 reactions of
mafic rocks from Nevada results in carbon being sequestered in up to
five mineral phases: magnesite, dolomite, calcite, siderite, and dawso-
nite. Using arbitrary dissolution kinetics, the samples sequester be-
tween 4.5 and 13mol of carbon per kg of mafic rock. The product
minerals in these models have a much larger volume than the reactants,
though the volume differential decreases with increasing temperature
and decreasing precipitation of dawsonite. Models using true dissolu-
tion kinetics only resulted in 1–2mol of carbon sequestered per kg of
reactant, but the models only allowed 12.5–15% of the mafic rock to

react. However, the sequestration is more efficient on a per-kg-reacted
basis. The results of this and further geochemical modeling will help
both to elucidate the geochemical processes involved in mineral car-
bonation and to optimize conditions for ex-situ mineral carbonation.
With more research and physical experimentation, mineral carbonation
has the potential to drastically reduce the amount of carbon dioxide
released from point sources in areas like Nevada, where more con-
ventional sequestration methods are not possible.
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