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The potential for mineral carbonation of carbon dioxide (CO3) in a plutonic mafic rock is addressed in this work
through a set of laboratory experiments on a gabbro-anorthosite sample from the Torrao - Odivelas Massif
(Portugal). The experiment was conducted in two stages under pressure (8 MPa) and temperature (313.15 K)
conditions similar to those expected around a CO; injection well. Stage-I simulated dissolution conditions, with a
crushed rock sample (1-3 mm) exposed for 30 days to CO, supersaturated seawater (0.576 M). Stage-II favoured
carbonation conditions; cubic rock specimens (8 cm®) were brought in contact with the Stage-I seawater sub-
saturated in CO, (0.095 M).

A multi-analytical methodology was applied to follow the mineralogical and geochemical evolution of rock
and seawater during both stages. At the end of Stage-I, the aqueous phase showed a marked increase in iron (Fe),
magnesium (Mg) and calcium (Ca) ions and milder increase in silicon (Si) and aluminium (Al) ions. At the end of
Stage-1II, a decrease in Si and Al concentrations was observed while the Fe, Mg, Ca concentrations still increased,
albeit at a lower rate. No significant geochemical variations were detected in the bulk solid phase. The bulk X-ray
diffraction (XRD) analyses detected halite as a new mineral phase, while the grazing-XRD design revealed the
presence of dolomite. Moreover, the elemental distribution mapping demonstrated the spatial association of
carbon with magnesium indicating magnesite crystallisation. The geochemical model developed in CrunchFlow
code was able to reproduce the experimental observations and simulate the chemical behaviour for longer time
periods.

Overall, the experiments and model point towards a mineral carbonation potential in the Torrao - Odivelas
Massif, with further studies being required to upscale the laboratory results to field scale.

1. Introduction

The storage of large volumes of industrial CO5 in deep geological
formations is one of the most promising climate mitigation alternatives,
necessary to achieve the goals of the Paris Agreement and the Glasgow
Climate Pact to limit anthropogenic warming to 1.5 °C (IEA, 2017; IPCC,
2022). CO4 storage in geologic reservoirs, such as deep saline aquifers or
depleted oil and gas reservoirs, that is, in porous media, has been studied
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extensively and is a demonstrated technology (GCCSI, 2021).

An alternative geological environment for CO storage is provided by
mafic and ultramafic rocks, in which the mineral composition favours
the reaction with CO5 and its precipitation as stable carbonate minerals,
such as calcite (CaCOg3), dolomite (CaMg(COs3),), magnesite (MgCO3)
and siderite (FeCOs3). This method induces the mineral carbonation of
CO; and, thereby, allows the permanent sequestration of carbon in a
solid phase, eliminating the risk of returning to the atmosphere and
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increasing storage security (Matter et al., 2009; IPCC et al., 2011;
IEAGHT, 2011; Sanna et al., 2014). The first step in the mineral trapping
process is the dissolution of CO; into the brine, which results in carbonic
acid. This solution will slowly dissolve silicates, and, under appropriate
conditions, divalent cations released by this dissolution can combine
with dissolved carbonate ions to form stable carbonates. (Zhang and
DePaolo, 2017; Peuble et al., 2017). According to Snabjornsdottir et al.
(2020), although in situ mineral carbonation, in which COs is injected
into a rock massif, offers a large potential volume for carbon storage in
formations such as basalts and peridotites (both onshore and offshore),
its large-scale implementation remains insufficiently explored beyond
laboratory and field-based experiments. Nevertheless, the feasibility of
this in situ mineral carbonation was demonstrated in two pilot projects;
the CarbFix project in Iceland (Druckenmiller and Maroto-Valer, 2005;
Gislason and Oelkers, 2014; Matter et al., 2016) and the Wallula project
in the USA (McGrail et al., 2014; Wells et al., 2017). The CarbFix project
demonstrated that CO, dissolution in water during injection reduces the
time scale for mineral carbonation to months or few years, discards the
need for extensive cap-rocks and allows for shallower injection depths,
down to 200 m-300 m (Snabjornsdottir and Gislason, 2016; Stockman,
2012). Still, the vast majority of laboratory and field studies aimed at
testing the mineral carbonation in porous volcanic rocks, a geological
environment particularly suitable for the technology (Berrezueta et al.,
2023). Little work has been done on other mafic and ultramafic lithol-
ogies that present similar geochemical composition but more chal-
lenging textural and structural conditions. Fractured plutonic mafic and
ultramafic rocks may show a reactive behaviour along fractures
adequate to enhance the mineral carbonation of small CO; sources. Such
possibility has seldom been addressed, but given the widespread
occurrence of plutonic mafic and ultramafic rock, their potential for
mineral carbonation should be investigated, in a first instance through
an experimental approach complemented with geochemical modelling.

Experimental studies of mineral dissolution and precipitation rates
have been widely used to provide insight into fundamental processes
behind mineral carbonation, like predicting the long-term fate of COy
stored in basalts and other rocks characterising the relevant gas-fluid-
mineral reactions and their kinetics (Zhang and DePaolo, 2017). In an
experimental study of Lacinska et al. (2017) on the carbonation of ser-
pentinite and partially serpentinised peridotites, the precipitation was
estimated to be approximately 3% wt. In 6.5 months, that is, a hundred
times greater than the natural carbonation of Clinton Creek mine tailings
in Canada (Wilson et al., 2006) and about 200,000 times greater than
the natural carbonation of peridotite in Oman (Kelemen and Matter,
2008). The carbonate precipitation occurred predominantly on the
surface of the core and within cross-cutting fractures, an indication that
mineral carbonation may be relevant along the fracture planes of
plutonic mafic and ultramafic rocks.

Numerical geochemical models have been invaluable tools to study
the fate of the CO, following injection and to gain insight into the
interaction between rock + injected fluids + formation waters (Rogers
et al., 2006; Snasbjornsdottir et al., 2018). Although there is extensive
literature about dissolution rates of individual, common rock-forming
minerals when exposed to aqueous solutions of different pH and tem-
perature (e.g., Palandri and Kharaka, 2004), there is ambiguity about
how to apply the data to natural-fluid systems (e.g., Steefel, 2008).
Among the main limitations of laboratory studies are timescales (ex-
periments usually run for days, weeks or months, rather than years) and
spatial scales (e.g., 1 cm® to 1 dm® sample sizes) (Gysi and Stefansson,
2012a; Rosenbauer et al., 2005), which constrain the upscaling of
experimental results to field scale operation. To solve these limitations,
geochemical modelling is used to extend the results over longer time and
spatial scales (Gysi and Stefanson, 2012b; Harrison et al., 2019; Moita
et al., 2020a). Within the scope of the Portuguese INCARBON project,
the selection, classification and characterisation of plutonic ultramafic
and mafic rocks was carried out in southern Portugal as potential targets
for mineral carbonation, an alternative to conventional CO5 storage in
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sedimentary rocks, unavailable in the study region. The industrial area
of Sines, in Southern Portugal, is the main CO3 emission cluster in the
country, and since multiple plutonic mafic and ultramafic rock occur in
the region, the possibility of implementing mineral carbonation as a CO2
emissions reduction for the area of Sines is highly relevant for the in-
dustrial activity and its emission reduction targets. From a set of ten
mapped mafic and ultramafic rock massifs in the study region, a mul-
ticriteria decision analysis, including mineralogy, geological structure,
surface area, distance to CO, sources, expected volume and socioeco-
nomic conditions, led to the selection of the Torrao - Odivelas gabbroic
massif as one of the potential targets (Pedro et al., 2020). This article
presents the laboratory experiments and geochemical modelling con-
ducted to characterise its potential for mineral carbonation.

The approach used in the laboratory experiments is innovative in its
attempts to reproduce the actual physical, thermodynamic and chemical
conditions in which mineral carbonation could be implemented in these
dense, low porosity, gabbroic rocks. Thus, the experiments use pressure
and temperatures conditions similar to ensure supercritical behaviour of
CO,, do not use pure water or additives to enhance mineral carbonation
in the laboratory, and instead uses seawater and conducts experiments
in two stages to simulate longer interaction periods between rock,
seawater and CO,. The experimental setup is one of the main novelties of
this work, and together with the experimental results and its
geochemical modelling can provide lead to a new focus on the plutonic
for mineral carbonation in mafic and ultramafic rocks.

2. Methodology
2.1. Materials

Pedro et al. (2020) followed a screening and ranking procedure using
criteria to identify ultramafic and mafic plutonic rocks with potential for
mineral carbonation selected the Torrao - Odivelas Massif (Fig. 1), part
of the Beja Igneous Complex (BIC) in Southern Portugal, for detailed
laboratory studies.

The BIC is a Variscan magmatic belt with approximately 100 km
along the SW boundary of the Ossa-Morena Zone in Portugal. The Torrao
- Odivelas Massif has an estimate area of 100 km?, partially covered by
Cenozoic sedimentary formations, and occurs in the western sector of
the BIC, inside the Banded Gabbroic Sequence which comprises different
succession of gabbroic rocks. Despite the Variscan collisional faults and
thrust bordering the BIC, the Torrao — Odivelas Massif displays a N70°E
and N15°W subvertical fractures set, without evidence of movement or
with a rare strike-slip component, and a third one (N44°W; 25°SW),
sometimes parallel to the orientation of the magmatic layering and
decompression cracks. The sample used in this study is a gabbro-
anorthosite from the Torrao — Odivelas Massif, collected from a small
quarry (38°9°38’’; —8°9’22") with a near-horizontal magmatic layering
(Fig. 1).

The selected gabbro-anorthosite is a mesocratic rock, with medium
to coarse phaneritic texture. It is composed of Ca-plagioclase (70-75 vol
%), olivine (20-25 vol%), diopside (5-10 vol%) and Fe-Ti oxides (<5
vol%) (Fig. 2). The plagioclase appears as subhedral elongated crystals
and the olivine as anhedral rounded crystals. The diopside occurs
around the olivine crystals and reaction textures of thin amphibole
fringes can be observed on the borders. The Fe-Ti oxides are inclusions
situated inside fractures or bordering the olivine and diopside crystals.

The aqueous phase used in the experiment is seawater (Atlantic)
collected on the northern coast of Spain, at the longitude of the city of
Gijon. It was kept sealed at a temperature of 291.15 K 18 °C and filtered
(0.45 pm) before being used in the experiments. The CO; is from a
commercial source, supplied at a concentration of 95 vol%.

2.2. Experimental procedure

The laboratory experiments were designed to replicate i) the early
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Fig. 1. A simplified geological map of the Beja Igneous Complex (adapted from Jesus et al., 2003 and Pedro et al., 2013).

Fig. 2. Microphotograph of the studied gabbro-anorthosite sample from the Torrao — Odivelas Massif, A) Plane polarised light; B) Cross polarised light.

stages of interaction between the mineral phases and a brine supersat-
urated in CO, as expected around an injection well (this is called Stage-
D), and ii) the later stages of interaction between the mineral phases and
a brine subsaturated in CO, and enriched in cations dissolved in earlier
stages, as expected in areas farther from the injection well (this is called
Stage-II) (Fig. 3A-B) (André et al., 2007). The autoclave used in these
experiments is installed in the Tres Cantos Laboratory of the Spanish
Geological Survey (Instituto Geoldgico y Minero de Espana) (Fig. 3C)
and, the followed procedure is based on previous works described by
Berrezueta et al. (2016) and Moita et al. (2020b). The autoclave has two
COs, cylinders (standard industrial CO5 at 4.5 MPa) that are connected to
the other elements of the system by steel connectors (diameter: 5 mm).
The first CO5 cylinder is directly connected to the sample chamber. The
second COz cylinder is connected to a piston pump that operates with a
flow of 0.01 g/s. In case of gas leakage in the chamber during the
experiment, this pump maintains the experimental pressure defined for
the test. The inside of the chamber (capacity of 2 dm?®) is coated with
polytetrafluoroethylene (PTFE) to protect the material against corro-
sion. At the bottom of the chamber, a thermostat controls the internal
temperature. The calorimeter and pump are connected to the chamber
with pressure and temperature sensors and are connected to a computer.

The two experiments consisted of the exposure of a gabbro-
anorthosite sample to a COp-saturated brine (i.e., COy-rich brine) in
the autoclave under pressure (P) of 8 MPa and temperature (T) of

313.15 K, without flow. The P and T conditions were selected to exceed
the SC CO; point and to simulate the conditions of field-scale CO5 in-
jection and storage. In Stage-I, rock + seawater + CO3 (~0.576 M) was
used, while in Stage-II, rock + seawater + CO3 (~0.095 M) was used.
The ionic strength of solutions were measured using ideal gas equation.

Stage-I (Table 1), with an exposure period of 30 days, aimed to
enhance cation availability in the seawater through the dissolution of
rock-forming minerals during the early stages of interaction between
rock, seawater and CO,. For this purpose, crushed rock (1-2 mm
diameter) was used to increase the specific surface. The resulting
enriched seawater was then used (after 3 h and pH increase to ~7) in
Stage-II.

Stage-II (Table 1), with an extended exposure period (90 days), was
designed to favour precipitation (i.e. mineral carbonation) using the
enriched seawater from Stage-I and cubic rock samples of 8 cm®. The
proportion between rock, seawater and injected CO, was different from
Stage-I, as the availability of CO, was considerably lower. This condi-
tion, on the one hand, simulates the decrease in CO5 concentration as
moving away from the injection well and, on the other hand, ensures
that pH conditions are more appropriate for mineral carbonation.

Both experimental runs comprised three stages: (a) pressurised COy
injection for 3h, starting from 4.5 MPa to 20 °C up to the SC conditions;
(b) a pressurised s stabilisation, the actual test period, with no CO5 flow
inside the chamber; and (c) a CO; pressure release, from supercritical
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Table 1
Experimental conditions (Stage-I and Stage-II) of rock-brine-CO, interaction in an autoclave.
Sample Rock (cm®) Specimens Brine (cm®) CO, (ecm®) Pressure MPa Temperature Run (Days)
K
1 Gabbro anorthosite 100 Crushed rock 1550 350 8 313.15 30
)i Gabbro anorthosite 1050 Cubes (8 cm®) 920 30 8 313.15 90

conditions to ambient conditions, for a similar time period as the pres-

surisation in stage (a) (i.e. 3h), following the chamber manufacturer
recommendations.

2.3. Analytical techniques

The analytical techniques used to identify mineralogical, textural
and chemical changes due to SC CO5 exposure were similar to those
applied previously (Moita et al., 2020a, b; Pedro et al., 2020). The an-
alyses were performed at the HERCULES Laboratory (University of
Evora, Portugal).

i) Thin-section petrography was performed with a Leica bright-field
optical microscope (LEICA DM 2500P, Wetzlar, Germany);

ii) X-ray powder and in situ diffractograms were produced using a
Bruker AXS-D8 Discover (Bruker Corp., Billerica, MA, USA), with
Cu-Ka radiation (A = 0.1540598 nm), under the following con-
ditions: scanning between 3° and 75° (26), scanning velocity of
0.05° 26/s, accelerating voltage of 40 kV, and current of 40 mA.
To evaluate the mineralogical composition of the specimen sur-
face, in situ grazing incidence geometry experiments were con-
ducted, with an incidence of 1.5° and 26 scanning from 8 to 60°;

iii) Surface chemical analysis was performed using Scanning Electron

Microscopy with Energy Dispersive Spectroscopy (SEM-EDS),
using a Hitachi S-3700N SEM (Hitachi High Technologies, Berlin,
Germany), coupled with a Bruker XFlash 5010 SDD detector
(Bruker Corp, Billerica, MA, USA). The analysis was performed
under a low vacuum of 40 Pa, with a current of 20 kV. A Bruker
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Hyperion 3000 infrared spectrometer was used, equipped with a
single-point MCT detector cooled with liquid nitrogen and a 20x
ATR objective with a Ge crystal of 80 pm diameter;

iv) X-ray fluorescence (XRF) was applied for whole-rock geochem-
ical analysis, concretely for the quantification of major oxides
(SiOZ, TiOz, A1203, Na20, Kzo, CaO, MgO, MnO, FeO, P205),
sulphur and some minor elements (Rb, Sr, Y, Zr, Nb, Ba, Cr, Co,
Ni, Cu, Zn). Analyses were performed with an S2 Puma energy-
dispersive X-ray spectrometer (Bruker), using a methodology
similar to that adopted by Georgiou et al., (2015). A description
of the standard reference materials (SRM) utilised in the cali-
bration method can be found elsewhere (Beltrame et al., 2019).
After the determination of loss on ignition (LOI), samples were
fused in a Claisse LeNeo heating chamber, using a flux (Li-tet-
raborate) to prepare fused beads (ratio sample/flux = 1/10). The
software utilised for data acquisition and processing was Spectra
Elements 2.0, which reported the final oxide/element concen-
trations and the instrumental statistical error (Stat. error) asso-
ciated with the measurement.

The brine analyses (Na*; K*, Mg?™ Ca?*, S0Z~, CI-, HCO3, SiO,)
were performed at the Spanish Geological Survey (IGME, Madrid, Spain)
by ion chromatography (Dionex 600 de Vertex) and ICP-OES (Varian
Vista MPX) before and after each experiment. In addition, both in Stage-I
and Stage-II, the Fe and Al content of the brine was determined at the
HERCULES Laboratory (Evora, Portugal) with an Agilent 8800 ICP
Triple Quad (ICP-QQQ), operating with an RF power of 1550 W, RF
matching of 1.7 V, a sample depth of 10 mm, carrier gas (Ar) of 1.1 L/
min and plasma gas (Ar) of 15 L/min. Prior to the analysis, the equip-
ment was calibrated with a tuning solution from Agilent, the sensitivity
and resolution were optimised and the doubly charged ions (<1.84%)
and oxides (<1.10%) were minimised.

2.4. Geochemical modelling

2.4.1. Modelling tool

Simulations were performed using CrunchFlow (Steefel and Lasaga,
1994; Steefel, 2009), a multicomponent reactive-transport code for
studying fluid-rock interactions in porous media. This reactive transport
code has many advantages, such as a complete equilibrium thermody-
namic treatment, flexible kinetic rate law formulations for each mineral
depending on the reaction mechanism, and a range of 3D flow capa-
bilities. The mineral dissolution in aqueous phases and the precipitation
of secondary phases are kinetically controlled, thus a reaction rate is
given in terms of primary species. The reaction kinetics are treated based
on the transition state theory (TST) (Steefel and Lasaga, 1994; Steefel,
2009; Steefel et al., 2014).

In the present study, the reaction rate was described only as a
function of time. All parameters controlling the kinetic reaction rate
(initial brine concentration, aqueous COs concentration, mineral
composition, and reactive surface) were evaluated. The Crunchflow
simulator considers the transition state theory (TST) to define the re-
action rate, which is directly dependent on the saturation state of min-
erals (derived from experiments and confirmed by speciation
simulation), the kinetic constant (derived from literature, Palandri and
Kharaka, 2004; Xu et al., 2005) and the reactive surface (Xu et al., 2004).
A poor evaluation of the reactive surface area (RSA) will contribute to
significant uncertainties in the quantitative simulation of chemical
processes. Currently, there is no universally accepted method for esti-
mating average mineral reactive surface areas. Usually, a range of ap-
proximations is adopted based on easily measurable attributes. These
approximations to the reactive surface area are then calibrated on
mineral dissolution rates by comparison between modelling and
experimental results.
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2.4.2. Input conditions for rock and fluid

The experimental results were numerically reproduced based on two
different reactive surface definition approaches. In Stage-I, where the
crushed rock was reacted, the dissolution rate was calculated using the
mineral grain size geometry approach for reactive surface (Bekhingham
et al., 2016; Abdoulghafour et al., 2021). Abdoulghafour et al. (2021)
applied the spherical geometry approach with satisfactory results,
making it possible to change the mineral fraction volume during the
simulation.

In Stage-II, where the samples are cube-shaped, the reactive surface
area was estimated using the fractal approach (Sonnenthal and Spycher,
2001). The cubes were arranged inside the autoclave to allow the
COq-rich brine to be in contact with the cube surfaces, triggering surface
mineral dissolution/precipitation reaction, similar to those expected at a
large scale due to percolation of COo-rich brine along the fracture
networks.

The surface geometry of the crushed rock (GSA) and the surface
geometry of cube-shaped samples (A;) can be respectively assessed as
described in Equations (1) and (2):

A
GSA=_ 1
v 1

where As is the grain surface, which is a function of the average grain
diameter (0.15 mm), and V is the crushed rock bulk volume;

_ Af—m

= (2)
207

r

A —m
A, = Afm
zq)/’—m

Afm is the cube-matrix total area to volume ratio and ¢y ,, is the
fracture porosity of the rock.

The Ay, value, in Equation (3), is determined considering the cube
surface (S.) to volume (V,) ratio and the crushed rock surface (Ss) to
volume (V) ratio and multiplied with the mineral volume fraction (f,).
N represents the number of cubes in the autoclave.

S. S,
A = e -s
f_m f’”("vfw) 3

The fracture porosity, in Equation (4), is the ratio between the
fracture volume (Vy), which is the void between adjacent cube surfaces,
and the bulk volume (V).

V;  neced
ViV

Prm = ()]

a is the cube edge length and e the spacing between opposite
surfaces.

In Stage-I, the area to volume ratio of the sand-size crushed rock was
660 m2/m°>. Considering an average porosity of sand of ¢ = 0.34
(Hudak, 1994), the reactive surface of all the crushed rock is 1470.7
m?/m>. The reactive surface of each mineral phase was determined
considering the molecular weight over the mineral density times the
volume fraction (Equation (5)).

Apuix =@, © GSA o M, /p,, 5)

The resulting reactive surfaces are reported in Table 2. The sand
volume (100 cm®) represents only 6% of the volume (brine + rock); thus,
each mineral surface was multiplied by this fraction after the adjustment
with the mineral parameters (Equation (5)).

In Stage-II, the total volume occupied by the rock was 1050 cm® and
the total surface of cubes was estimated to be 3072 cm?; therefore, the
area to volume ratio was 2.92 cm?/cm®. The total fracture volume was
estimated to be 76 cm® yielding a total fracture porosity of 0.073. The
resulting reactive surface was therefore 2007.8 m2/m®. To determine
the reactive area of each mineral, the total area was multiplied by the
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Table 2
Reactive surface of the studied minerals in the crushed rock sample (sand) and in
the cubes.

Minerals Volume Reactive surface (mz/ Reactive surface (mz/
fraction (%) m?): sand m®): cubes

Albite 0.08 24.04 67.44

Anorthite 0.68 187 863

K feldspar ~ 0.012 5.88 56.2

Diopside 0.047 12.93 36.14

Forsterite 0.067 30.92 41.36

Fayalite 0.042 46.97 40.15

Enstatite 0.01 14 28.11

Ferrosilite  0.01 12 22.05

volume fraction of each mineral (Table 2).

According to the mineralogy of the dominant gabbro-anorthosite
end-member mineral phases (Table 2), i.e., plagioclase (anorthite-
albite), pyroxene (diopside, enstatite, ferrosilite) and olivine (forsterite
and fayalite), the cations with the highest concentration in the rock are
calcium, magnesium and iron.

The initial seawater composition is shown in Table 3 (0-days
composition); reactants in Stage-I and the fluid chemistry after 30 days
were used as the input composition for the simulation in Stage-II
(Table 3).

3. Results
3.1. Mineralogical and chemical evolution of the rocks

The mineralogical composition of the tested gabbro-anorthosite
defined by the bulk XRD analysis (Table 4) agrees with the above
petrographic analysis. The used samples were not weathered, as
revealed by the low Loss on Ignition (LOI) value. The chemical
composition (Table 5), specifically the concentration of SiOy (49 wt%)
and MgO (7.5 wt%), is consistent with the basic nature of the rock.

There were no noticeable differences in the bulk chemical compo-
sition throughout the experiment (i.e. 0-day, 30-day and 90-day tests).
Variations in terms of major and minor elements were not significant.
The only significant difference was the Cr and Ni-enrichment at 30 days,
possibly related to a higher amount of chromite in the powdered
fraction.

Regarding the mineralogy of the solid phase, halite was detected
both after Stage- I and Stage-II. In bulk XRD analysis, any small amounts
of newly formed phases will be masked by the volumetrically more
abundant phases.

Since the rock specimen did not have consequential primary
porosity, the presence of new phases was expected to occur on the sur-
face of the specimens and not as interstitial phases. Thus, the surface of
the specimens was analysed by grazing XRD (Fig. 4). This method is a
discrete analysis that scans areas on the surface of the sample. The dif-
fractogram in Fig. 4 shows a peak at 20 = 31° that indicates the presence

Table 3
Chemical composition of the solution used as input in the simulation.

Components  Input for Stage-I (0 days) (molkgw 1)  Input for Stage-II (30 days)
(molkgw’l)

Ca?* 0.0112 0.0135

Mgt 0.0576 0.065

Na* 0.648 0.79

K" 0.0141 0.0144

S0%~ 0.0291 0.031

cl- 0.726 0.845

HCO3 1.09 1.09

Si0, 3.3 x107° 0.00128

Fe?* 9.4 x10°° 0.0012

AR 4.7 x 107 0.00073

pH 8.10 4.75
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of dolomite, a carbonate not detected in the specimens before the
carbonation experiment, alongside diopside, halite, and plagioclase.
Since it is not representative of the volume, the height of peaks should
not be considered for quantification.

Texturally comparing the specimens before and after the 90 days of
Stage-II, no dissolution was observed as in a similar previous experiment
(Moita et al., 2021a). With less magnification, it is clear that the
enrichment in Cl and Ca (Fig. 5) occurs due to the precipitation of halite
that occurs during the drying in the oven (313.15 K), after the
experiment.

At a higher magnification, the elemental chemical distribution ob-
tained by SEM-EDS showed occasional spatial association of carbon with
Mg (Fig. 6). This association is clearly not related to silicate minerals
since silicon and aluminium have a different spatial distribution.

3.2. Chemical evolution of the seawater

The fluid (i.e., the seawater) used in the experiments (Stage-I and
Stage-II) was recovered immediately after the end of the runs, for
chemical analysis (at 30 days and 90 days, respectively, Table 6). The
brine collected after 30 days was used as the initial fluid for the Stage-II
experiments.

In Stage-I, elements concentrations generally increased: Na™ (21 wt
%), Ca®* (20 wt%); K* (2 wt%), Mg?* (13 wt%), total Fe (12,658 wt%),
Si045(37,940 wt%) and Al (1492 wt%).

The anions SO7~ and Cl~, not present in the solid rock, maintained
their original concentrations after 30 days. The initial seawater pH of 8.1
dropped to 6.1 after the COy-seawater-rock interaction (measured just
after concluding the test) (Table 6).

In Stage-II, the behaviour of cations in solution was variable: the
concentration of Ca?t (26 wt%), Mg?* (3 wt%) and total Fe (33 wt%)
increased, while that of Na™ (3 wt%) and K™ (14 wt%) decreased. In
addition, SiO, (66 wt%) and Al (72 wt%) decreased, and SO%’ and C1™
did not show variation. The initial pH of 7.0 (measured just before
beginning the test) dropped to 6.32 (measured just after concluding the
test) after COy-seawater-rock interaction (Table 6).

3.3. Modelling results

3.3.1. Fluid chemistry and secondary minerals

The simulation results in Stage-I were presented in terms of the
evolution of fluid pH, the concentration of dissolved CO2 and the con-
centration of dissolved major cations. For the 30 days simulation, the
fluid (seawater with CO5) remained acidic, and pH increased slightly
from 4.60 to 4.73 (Fig. 7A). Simultaneously, the dissolved COy con-
centration, COy (aq), remained constant during the simulation time,
indicating that only dissolution occurred (Fig. 7A). Therefore, the in-
crease in pH and the constant COs(aq) imply a dissolution dominant
stage for the primary minerals. The dissolution process correlates with
the increase in calcium and magnesium concentration from the initial
seawater concentration to 540 mg.L’1 (a variation of 17%) and 1502
mg.L_l (a variation of 7 wt%), respectively (Fig. 7B). Experimental
calcium and magnesium concentrations confirmed these results
(Table 5).

The concentration of iron (originally under the detection limit)
increased suddenly on day-1 before decreasing sharply (Fig. 8). Simul-
taneously, aqueous silica also increased strongly from the initial low
concentration (10 mg.L™!) to 300 mg.L™! in the first 2 days, before
decreasing to a value around 200 mg.L ™! at t = 30 days (Fig. 8). The
measured Fe®" (67.62 mg.L’lz experimental measure) is in the order of
the simulation (30.2 mg.L’l), the measured SiO, (76.8 mg.L’lz experi-
mental measure) is three times lower than the simulated value (228 mg.
L1, respectively) but still within the same order of magnitude.

The Stage-II simulation used the reactive surface area estimated by
the fracture geometric approach (Table 2) and the brine properties from
Stage-I. The simulated pH increased (Fig. 9A) from the initial value of
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Table 4
Mineralogical composition determined by bulk XRD on powdered samples (++++ very abundant; ++ abundant; +present; tr. Trace amount).
Sample Diopside Amphibole Plagioclase Clino-pyroxene Vermiculite Talc Lizardite Forsterite Halite
ODF_1A (powder) ++ + +4+++ + tr tr + +
ODF 1A 30 days (sand) ++ ++ ++++ ++ ++ ++ ++
ODF 1A 90 days (specimens) ++ ++ ++++ tr + + +
ODF 1A (white sand) ++ ++ -+ + + + +
Table 5 experiment because the uncertainty between the experiment and
able . . simulated concentration is < 20 wt% for calcium and 6 wt% for mag-
Whole-rock geochemistry of the gabbro-anorthosite by XRF. . . X
nesium. As the rock contains more than 80 wt% of Ca-plagioclase, the
Components  ODF_1A ODE.1A continued dissolution of Ca?* beyond 90-days can be explained by its
(powder) (with sand) ODF_1A 30 ODF_1A 90 days . P
- abundance in the initial rock.
days (sand) (specimens) i ) . 3 .
The simulated iron and silica evolution matched the experimental
j 9 . . . .
Major elements (wt. %) data with non-negligible differences. At 90 days, the measured experi-
Si0, 49.87 49.18 49.71 48.50 i ; . 1
TiO, 0.24 0.25 0.24 0.25 mental silica and iron concentration values were 30 mg.L™ " and 95 mg.
ALO; 21.55 21.27 21.48 21.24 LY respectively, compared to the 3.8 mg.L’1 and 189 rng.L’1 values
Na,0 3.21 3.09 2.99 2.81 obtained by modelling (Fig. 10). However, iron and SiO, were measured
MgO 7.83 7.50 7.64 7.40 using different methods than calcium and magnesium.
Fe,03 5.91 5.98 5.92 6.09
MnO 0.11 0.10 0.11 0.10 . .
K0 0.07 0.06 0.01 0.07 3.3.2. Mineral evolution
Ca0 11.24 10.88 11.04 10.64 During Stage-I, the fraction volume of olivine (forsterite-fayalite;
P20s 0.08 0.08 0.08 0.08 Fig. 11A), plagioclase (anorthite) and pyroxene (diopside; Fig. 11B)
Lol 0.87 263 274 3.62 decreased by 1-2 units without the formation of a significant amount of
Trace elements (ppm) .
Rb 7.67 5.60 6.49 4.79 secondary minerals.
Sr 538.72 517.51 523.50 526.48 During Stage-II, secondary minerals, including silicates and carbon-
Y 10.63 9.86 8.10 8.87 ates, were predicted to precipitate (e.g., dolomite around 80 days); a
Zr 31.68 28.79 30.00 30.29 very small amount of carbonates (0.02 vol% of siderite and 0.006 vol%
Nb 28.27 8171 82.29 29.18 of dolomite) were estimated (Fig. 12)
Ba 973.39 1025.66 1013.07 868.31 8 14).
Cr 682.27 227.9 1008.38 260.61
Co 45.72 43.59 40.86 59.72 4. Discussion
Ni 317.38 135.51 624.38 131.86
Cu 63.92 67.15 63.59 99.42 Previous laboratory experiments on mineral carbonation have
Zn 30.13 29.35 26.20 21.74 . . e
invariably recorded very small amounts of carbonates precipitation,
mostly due to the short time periods for which the experiments can be
4.75-5.70, while the CO5 (aq) concentration decreased slightly from run, but also reflecting the small size of the rock samples that render the
0.09 mol.L ™! to 0.06 mol.L " at 90 days, corresponding to a decrease of observation of the newly formed carbonates very difficult. To stimulate
27 mol.%, and decreased further to values below 0.05 mol.L "L, after 120 the precipitation of carbonates, experimental works have often resorted
days. The continuous decrease observed from pH = 5.30, after the 20 to additives to control the pH conditions and the use of crushed rock to
days, testified the consumption of CO3 over time. increase the reactive surface area. That was not the approach used in this
Calcium and magnesium concentrations increased during the simu- study, which privileged reproducing realistic field conditions. This
lation time, as shown in Fig. 9B, and this was also confirmed by the section discusses the results obtained by reconciling observed and
experimental results. Again, the simulation results reproduced the simulated result to understand the chemical processes acting in the fluid
140
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Fig. 4. Grazing diffractogram obtained on the surface of the sample; plg — plagioclase, hal - halite,
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Fig. 5. SEM-EDS images of a gabbro-anorthosite specimen before (left) and after (right) interaction with SC COo-rich brine, during Stage-II.

and mineral phases, and by discussing the adequacy of the experimental
setup for reproducing field conditions that might be encountered in a
field experiments for mineral carbonation in the targeted mafic rock.

4.1. Geochemical variations (brine)

The Ca®*, Mg?* and total Fe concentrations increase in the seawater
observed during Stage-I (20 wt%, 13 wt% and 12,658 wt%, respectively)
and in Stage-II (25 wt%, 2 wt% and 33 wt%, respectively). This increase
was expected in Stage-I, during which dissolution of magmatic mineral
phases prevailed due to the acidic brine and the dissolution was
enhanced by the high specific surface of the crushed rock. In fact, as
projected by the geochemical model, the initial seawater charged with
1.09 mol/L of COy was prone to dissolve Ca-plagioclase (delivering
Ca?*, 507~ and AI*"), olivine (the most reactive mafic phase, delivering
Mg%*, Fe** and silica) and, in less extent, diopside (delivering Ca?*, Fe,
Mg, si** and AI®"). Despite the significant difference observed in the
measured and simulated pH, the Ca?* and Mg?* experimental concen-
trations were correctly reproduced by the simulation. Consequently, we
assume that the actual pH in the reactor after 30 days ranged from 4.7 to
5.0 as indicated in the literature for such thermochemical conditions,
and as suggested by other experimental works carried out in autoclave
(e.g., Gysi and Stefanson, 2012a, b; Luquot and Gouze, 2009; Tarkowski
et al., 2014). Modelled iron and silica concentrations were in the range
of the experiment (within the same order of magnitude). The difference
between the experiments and simulation data is related to the stoi-
chiometric dissolution in the simulation versus the incongruent disso-
lution in the experiment.

Modelling of Stage-II predicted a pH increase from an initial pH
charge equivalent to 4.75 (similar to Stage-I), to pH = 5.60 after 90 days
of simulation, which is compatible with the experimental results
showing that, during Stage-II, mineral dissolution was still taking place
due to the still acidic pH, although it was less intense than in Stage-I.
Silica and aluminium concentrations increase at 30-day runtime
(37,940 wt% and 1494 wt%, respectively) reflect this behaviour. For
longer time periods, the geochemical model explains the observed,

decrease in Silica and Aluminium (66 wt% and 72 wt%, respectively) at
90 days by their consumption by precipitation as new solid phases. In
fact, the model shows that, CO5 concentration started to decline slightly
after 20 days of simulation. This CO2 decrease is associated with a
moderate increase in the cation concentrations, mainly calcium and
magnesium, in agreement with the results of the experiment.

In general, the variability of the concentration of elements in the
seawater (Table 6: Stage-I and Stage-II) reflects the reaction dynamics
imposed by the rock composition (Table 5), the experimental conditions
(Table 1) and the composition of the seawater.

4.2. Mineralogical variations

The experimental mineralogical results obtained after 30 (Stage-I)
and 90 (Stage-II) days are generally in agreement with the modelled
prediction. That is, the association of carbon and magnesium detected
on the surface of the specimens, after 90 days, concurs with the pre-
dicted magnesite (MgCOs3) formation. Additionally, the dolomite
encountered by the grazing XRD diffractogram reflects the contribution
of magnesium in the carbonation process.

The phyllosilicates and zeolites, predicted by the modelling, are not
detected by any of the used analytical techniques. Nevertheless, the
decrease in silica and aluminium oxide associated with similar behav-
iour for Na and K in the brine can be explained by the modelled pre-
cipitation of kaolinite and mesolite. According to the modelled results,
kaolinite and mesolite, associated with small amounts of siderite, are the
first secondary phases to precipitate, followed by dolomite formation
beyond the observation period. The decrease in dissolved CO5 (20 vol%
with respect to the initial concentration), predicted by modelling for
times shorter than 90 days could be associated to the early formation of a
small amount of siderite (<1 x 10~* vol%). The sharp breakthrough of
the iron and silica concentration in the seawater is in agreement with the
precipitation of Fe- and SiO-rich secondary phases favoured by the pH
conditions (pH > 5.0 at t > 20 days). Furthermore, up to 90 days and
more, the amount of carbonates and other secondary phases, including
clays, increased to 0.32 vol%.
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Fig. 6. SEM-EDS images of a gabbro-anorthosite after Stage-II (90days) for two areas A and B. Backscattered electron image (BSE) and respective elemental dis-

tribution for carbon (C), magnesium (Mg), silicon (Si) and aluminium (Al).

Table 6
Seawater composition at 0, 30 and 90 days. (*at the end of 30 days experiment,
** before starting the 90 days experiment).

Elements Brine 0 days Brine 30 days Brine 90 days
(mg/L) (mg/L) (mg/L)

Na' 14,915 + 2088 18,160 + 2542 17,600 + 2464

K* 552 + 66 565 + 67 485 + 58.2

Mgt 1400 + 140 1580 + 158 1620 + 162

Ca*! 450 + 45 540 + 54 680 + 68

803~ 2800 + 392 3000 + 420 3080 + 431

Cl™ 25,800 + 3096 30,000 + 3600 30,000 + 3600

HCO3 10+1 10+1 10+1

SiO, 0.2+0.1 76.8 +7.7 30+3

Fe 0.53 + 0.03 67.62 + 3.38 94.04 + 4.70

AR 1.26 + 0.06 20.06 + 1.00 5.57 + 0.28

pH 8.10 £ 0.16 6.10* & 0.12/7.00** + 0.14 6.32 £ 0.12

The newly formed phases, namely carbonates, are indistinguishable
in bulk analyses. The difficulty in detecting new mineral phases comes
from their minimal quantity. The observation scale of the images

(magnifications of 5000x), in which magnesite crystals of 12 pm size
were detected, reveals the difficulty of this approach.

Although there are no significant variations in the global mineral-
ogical and chemical composition of samples from the two experiments,
the observed changes could be due to local precipitations/dissolutions at
the specimen surface and could represent the early effects of the influ-
ence of the CO5-rich brine on the rock.

4.3. Conceptual model - approaching real conditions

The experimental design aimed to reproduce two scenarios that are
expected to occur during real COs injection in mafic rocks at around 800
m depth, while adopting the general injection strategy of the Carbfix
project as described by Snabjornsdottir and Gislason (2016) and
Stockman (2012), in which COs is injected simultaneously with water,
promoting CO2 dissolution within the injection. This procedure ensures
that the dissolved CO5 is immediately available for mineral carbonation
as soon as it is in contact with the reactive minerals and prevents the risk
of the CO5 ascending to the surface by buoyancy, since the water with
the dissolved CO is denser than the surrounding formation water. A



E. Berrezueta et al.

A) 6.5
——pH @ pH_Exp ——CO2
i e -9 1001
®
6.0
1.089
Iss
1.087
5.0 1.085
4.5 1.083
0 10 20 30 40
Time (days)

C02_aq (mol/L)

Geoenergy Science and Engineering 228 (2023) 212010

Concentration (mg/L)

10

20
Time (days)

30

Fig. 7. The evolution of pH and Ca-Mg and their comparison with experimental data during the 30 days run. A) evolution of pH and dissolved CO,concentration; B)

evolution of Ca and Mg over time.
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Fig. 8. The evolution of Fe?" and SiO, concentration in the solution compared
to the experimental data in Stage L.

further consequence of this injection strategy, is the less stringent re-
quirements for reservoir selection, since the presence of a caprock is not
essential (Snabjornsdéttir and Gislason, 2016; Stockman, 2012).

Stage-I of the described laboratory experiment aims to mimick the
conditions of this, early injection phase, with the CO, dissolved in
seawater and placed in contact with the specimens reproducings
chemical reactions favouring mineral dissolution in the immediate vi-
cinity of an hypothecal injection well (Fig. 13A).

Stage-II aims to replicate the conditions expected to take place
further from the injection well. “Aging” the brine, i.e. enrichening it in

cations and depleting it in CO9, reproduces the evolution of the fluid
along distance from an injection point and the time elapsed since the
injection, favouring carbonation. Stage-II can also be envisaged as if the
injection is stopped (Fig. 13B); pressure will decrease near the injection
point, leaving the enriched brine in non-saturated CO2 conditions. In
this case, carbonation is expected to occur also near the injection point.

Although seawater has been used as brine in other experiments (e.g.
Rigopoulos et al., 2018; Wolff-Boenisch and Galeczka, 2018) some au-
thors (Marieni and Oelkers, 2018) mention difficulties in predicting its
performance; namely, due to sulphate scaling, clay precipitation and
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Fig. 10. The evolution of aqueous silica and iron concentration in the solution
compared to the experimental data, in Stage-II.
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clogging. These are associated to the lack of information on core scale
experiments or optimisation of pH for maximum mineral carbonation.
Seawater was used in this work due to its availability and the possibility
of using it in larger-scale processes, thus offering an economic advantage
when compared to other water sources. Moreover, we did not want to
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catalyse or manipulate the process by introducing additives (e.g., by
controlling acidity with sodium hydrogen carbonate (NaHCO3)) in order
to maintain a realistic design of anand economically viable injection. We
chose to induce pH variation by changing the CO, concentration from
Stage-I to Stage-II. This approach and the use of seawater instead of a
high salinity brine, resulted in mineral carbonation that had not been
obtained in a previous experimental study (Moita et al., 2020b) and
allows for a cautious optimism regarding the mineral carbonation of CO2
in plutonic mafic rocks.

The results obtained demonstrate that mineral carbonation can occur
in plutonic mafic rock under conditions similar to those expected for
field experiments. However, significant challenges need to be studied to
understand what the scale of that mineral carbonation might be. The
dense nature of these rocks, with negligible primary porosity, in which
flow occurs only along fractures imply that the available reactive surface
of the minerals is small, restricted to area of the reactive minerals along
the surface planes. Typically, the secondary porosity provided by frac-
tures in this type of rock massif will be in the order of a 1%-2%, with
fractures tending for closure with increasing depth. Upscaling of the
geochemical model to the massif conditions is currently being conducted
to understand the carbonation rates that might be achieved under such
conditions. The possibility of increasing the reactive surface area and the
injectivity by inducing hydraulic fracturing (e.g., Kelemen and Matter,
2008) is also being investigated.

In any case, the strong reactions that were observed in the Stage-I
experiment, in which the reactive surface area was drastically
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Fig. 13. A) Stage-I and Stage-II can represent a change in conditions due to the increasing distance from the injection zone and elapsed time. B) Stage-II can also take

place sometime after the cessation of CO; injection.
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increased by using crushed rock, demonstrate that the mineral compo-
sition of these gabbroic rock massifs is very suitable for intense rock-
water-CO, interactions, opening perspectives for ex-situ mineral
carbonation or even “enhanced weathering” CO2 sequestration tech-
niques, in which these plutonic rock massifs are quarried and crushed to
small size grains and made to react with CO; in purposely built reactors
(ex-situ mineral carbonation) or under natural conditions (enhanced
weathering).

5. Conclusions

This study addresses, through laboratory experiments and
geochemical modelling, the feasibility of using a plutonic mafic rock to
perform CO, mineral carbonation. The mafic rock tested was a gabbro-
anorthosite specimen from the Torrao - Odivelas Massif (Portugal), with
a chemical composition similar to volcanic rocks (basalts) that, in other
projects, ensured fast mineral carbonation of CO,.

The main novelties of the study lies in its experimental approach and
the rock type tested. The experimental setup aimed at maintaining
realistic conditions in terms of pressure, temperature, and the chemical
properties of the injected fluid. Thus, and besides testing plutonic mafic
rock that have seldom been the subject mineral carbonation studies,
seawater was used instead of ultrapure MilliQ water, and no additives
were introduced to reach a pH level adequate for mineral precipitation,
as is often done in other laboratory experiments. Instead, we chose to
reproduce the evolution of the pH by “ageing” the brine, conducting the
experiments in two stages.

(i) In Stage-I, the seawater supersaturated in CO, created an acidi-
fied environment (pH decrease) that favoured rapid silicate
dissolution (Ca2*, Mg?*, Si0F~ and AI®" increased in the brine)
through reaction with crushed rock

(ii) In Stage-II, the “aged” seawater from Stage-I subsaturated in CO»,
still under acidic conditions, resulted in a lower dissolution rate
of silicates (lower increase of Ca and Mg and decrease of SiO5 and
Al), and signs of carbonation were detected by SEM-EDS and
XRD.

Calcium, magnesium, iron and silica can be used to describe the
gabbro-anorthosite dissolution-precipitation. The experimental results
were generally reproduced by a geochemical model implemented in
Crunchflow to simulate the laboratory experiments and extrapolate data
for longer time periods. The geochemical model showed a variation of
the brine composition that can be explained by the precipitation of new
mineral phases, in agreement with the small amounts of detected car-
bonates, after 90 days.

The very low specific surface of a plutonic specimen does not provide
the best environment for large-scale mineral carbonation, as the specific
surface is restricted to the secondary porosity provided by fractures.
Still, the laboratory experiments and model showed that mineral
carbonation does occur on the surface of specimens and that the possi-
bility of using these geological environments for in situ mineral
carbonation should not be discarded. Further research is being con-
ducted to upscale the results of the geochemical model to the field scale
and understand if the carbonation rates in the whole massif are adequate
for CO; emissions reduction, even if from small CO5 sources, possibly
coupled with hydraulic fracturing to increase the permeability and the
reactive surface area around an injection well.

Perhaps even more interesting prospects are provided by the strong
COy-water-rock interaction observed when using crushed rock in the
Stage-I experiment, a robust indication that ex situ mineral carbonation
or enhanced weathering could be achieved with plutonic mafic rocks
outcropping in southern Portugal.
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