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Abstract

While CO; storage has traditionally focused on sedimentary formations, basaltic rocks have recently gained
attention as promising targets because they have high mineral trapping potential, which depends on several
factors, including wettability, which controls how fluids distribute and interact within the rock.
Experimental and field studies indicate that wettability in subsurface reservoirs is inherently heterogeneous,
and this heterogeneity can significantly affect CO, migration and trapping. These effects are further
complicated in basaltic formations, where rapid geochemical reactions promote mineralization. In this
study, a two-dimensional reactive transport model was developed using a robust compositional simulator
to investigate the coupled impacts of wettability heterogeneity and mineralization on CO, storage
performance in basaltic reservoirs. Three heterogeneous wettability scenarios were considered, consisting
of 80%/20%, 50%/50%, and 20%/80% of water-wet/CO,-wet distributions, implemented through distinct
relative permeability and capillary pressure curves. Results show that in the absence of mineralization,
water-wet dominant reservoirs promote enhanced lateral CO, plume spreading, with approximately 15%
greater horizontal extent and 15% reduced vertical migration compared to CO,-wet dominant reservoirs.
When mineralization is included, water-wet dominant reservoirs exhibit the highest mineral trapping
efficiency, reaching approximately 48% of the injected CO,, compared to about 41% in CO»-wet dominant
cases. However, this enhanced trapping is accompanied by increased pressure buildup, revealing a trade-
off between long-term storage security and injection performance. This research offers practical guidance
for CCUS developers and reservoir simulators to design safer and more reliable carbon storage strategies
in basaltic formations. It highlights that wettability heterogeneity is a key factor controlling mineral
reactions and overall storage performance and should be explicitly considered in large-scale modeling and
project design.
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Introduction

Achieving ambitious global CO, emissions reduction targets requires the integration of multiple
mitigation technologies. In energy-intensive sectors, carbon capture and storage (CCS) has become a central
component of these strategies due to its unique capacity to permanently store large volumes of CO, [1].
CCS involves capturing CO, from major emission sources and injecting it into deep geological formations
such as saline aquifers, depleted oil and gas reservoirs, and coal mines [2]. CO» is often trapped through
structural, residual, dissolution, and mineral trapping mechanisms, with mineral trapping typically
occurring over timescales of thousands of years after injection [3]. Although mineral trapping is a relatively
slow process, it represents the most secure storage mechanism, as CO, is converted into stable carbonate
minerals with minimal risk of leakage [4]. In contrast, basalt formations have been recognized as very
promising storage candidates due to the abundance of reactive silicate minerals which readily convert CO,
into stable carbonates with minimal leakage risk [2,5].

Structural and residual trapping mechanisms typically dominate during the early stages of active
injection and the post-injection period, and are highly sensitive to multiphase flow properties such as
interfacial tension, wettability, mass transfer, and capillary pressure[6]. Among these properties, wettability
controls the spatial distribution of brine and CO, within the reservoir. Wettability not only determines
structural and residual trapping capacities [7], but also exerts strong control over multiphase flow
properties, including relative permeability, capillary pressure, and saturation of aqueous and nonaqueous
phases[8]. Despite its importance, wettability remains a complex and incompletely understood parameter,
particularly in reservoir rocks[9]. It is most commonly evaluated through contact angle measurements
where the rock is classified into either water-wet, mixed-wet, or CO»-wet [10].

Previous experimental and numerical studies investigating the influence of wettability on CO;
storage capacity have shown that water-wet rocks tend to limit steep vertical CO, migration within the
reservoir while enhancing residual trapping mechanisms [11-13]. However, these numerical investigations
commonly assume spatially homogeneous wettability distributions. In basaltic reservoirs, available
measurements indicate that wettability can vary substantially with storage conditions and basalt type,
including a transition from strongly water-wet at shallow conditions to more intermediate-wet behavior at
greater depths [14]. Such depth-dependent evolution implies that natural basalt formations are unlikely to
exhibit a single uniform wetting state; instead, different reservoir intervals may simultaneously display
distinct wettability characteristics, creating spatial heterogeneity in initial wettability states. In addition,
basalt wettability is also sensitive to surface alteration and chemical conditioning (e.g., organic aging or
surfactant exposure), which can further modify local wetting states and amplify small-scale variability
within the rock matrix [15].

These observations motivate the current study. While wettability heterogeneity has extensively
investigated in carbonate formations, a significant knowledge gap remains for basalt formations, where
mineral trapping through CO; mineralization represents a dominant long-term storage mechanism due to
the high reactivity of basaltic minerals with CO»-rich fluids [4]. The interaction between spatially variable
wettability and geochemical mineralization processes therefore remains poorly understood in basalt
formations. This gap in literature motivates the present study, which systematically investigates the coupled
effects of wettability heterogeneity and mineralization on CO, storage capacity in basalt reservoirs.

Methodology

In this study, we use the CMG-GEM (version 2025.10) reservoir simulator to model CO;
mineralization driven by geochemical reactions in a basaltic reservoir under heterogeneous wettability
conditions. The simulator employs the Peng—Robinson equation of state (EOS) to describe the
thermodynamic behavior of the CO>—brine system, enabling the coupled simulation of multiphase flow,
mass transport, and geochemical reactions within the reservoir [16].
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The 2D reservoir model comprised of 12,000 grid blocks (200 x 1 x 60), spanning a length of 1000
m and height of 100 m, shown in Figure 1 [17]. The top of the reservoir is located at a depth of 1200 m,
with an initial pressure of 11,800 kPa specified at the reservoir top. No-flow boundary conditions are
applied along all model boundaries. A centrally located vertical injection well is completed with
perforations in grid blocks (200:1:55-57). A total of 1.706x10° kg (~1706 metric tons) of CO, injected at a
rate of 250 m’/day under standard conditions over a 10-year injection period. The corresponding
supercritical CO, density at reservoir conditions was ~651 kg/m®. The simulation is continued for a total
duration of 100 years to evaluate long-term trapping behavior. Although this injection rate may appear low
compared to field-scale operations, it is consistent with injection rates used in scaled 3D simulation studies
(Bump et al [18]). Isothermal conditions are assumed throughout the simulations, with a constant reservoir
temperature of 50 °C. A homogeneous absolute permeability of 1 mD is assigned to the reservoir, with a
vertical-to-horizontal permeability ratio (k./kn) of 0.1 and a porosity of 0.18.
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Figure 1-2D reservoir model used in the study. The color map illustrates the spatial distribution of
wettability-based rock types, where values of 1 and 2 represent water-wet and CO.-wet relative
permeability and capillary pressure sets, respectively. The distribution shown corresponds to the 50% water-
wet and 50% CO,-wet (WWS50-CW50) heterogeneous wettability case.

It is well established that reservoir wettability can vary spatially and that wettability exerts a strong
control on capillary pressure, relative permeability, and the resulting residual gas and water saturations
[13,19,20]. To represent heterogeneous wetting conditions, two distinct sets of relative permeability and
capillary pressure curves were employed in this study, corresponding to water-wet and CO,-wet conditions.
The relative permeability curves were adopted from Al-Khdheeawi et al. [21] and are shown in Figure 2.
Relative permeability hysteresis was modeled using the Carlson hysteresis model. Capillary pressure curves
were described using the Brooks—Corey model (Eq. 1), with capillary entry pressure (P..) values taken from
Park et al. [22] i.e., 8.33 kPa for the water-wet case and 1.45 kPa for the CO»-wet case.

_1
Sw - Swi) 1

= X

(1)

Sy 1s the water saturation, S,,; is the initial water saturation, and A is the pore saturation index [23].

Following experimental observations and previous numerical studies indicating that wettability
heterogeneity is often represented using stochastic distributions [13,24,25], a similar approach was adopted
in this study. Three wettability distribution scenarios were considered: (i) 80% water-wet and 20% CO,-



CCUS 4436779

wet (WW80-CW20), (ii) 50% water-wet and 50% CO»-wet (WW50-CWS50), and (iii) 20% water-wet and
80% COr-wet (WW20-CW80) using two wettability defined rock types for water-wet and CO,-wet rocks,
respectively. Figure 1 shows the 50% water-wet and 50% CO,-wet case. These cases enable a systematic
assessment of the impact of wettability heterogeneity on CO; plume migration and trapping behavior.
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Figure 2—(a) Capillary Pressure Curves and (b) Relative Permeability Curves for CO,-wet and water-wet
conditions.

The primary basaltic minerals considered in the geochemical model include forsterite, wollastonite,
enstatite, and anorthite [26]. The initial volume fractions assigned to these minerals are 21.42% for enstatite,
20.97% for forsterite, 35.87% for anorthite, and 1.73% for wollastonite, which are representative of
crystalline basalt mineral assemblages. The secondary minerals allowed to precipitate during the
simulations include magnesite and calcite. The corresponding mineral dissolution and precipitation
reactions considered in the model are listed below:

Forsterite(Mg,Si0,) + 4H' & 2H,0 + 2Mg?* + Si0,(aq) (a)
Wollastonite(CaSiO3) + 2H* & H,0 + Ca** + Si0,(aq) (b)
Enstatite(MgSiO3) + 2H' & H,0 + Mg?* + Si0,(aq) (©)
Anorthite (CaAl,Si,05) + 8H' © 4H,0 + Ca?* + 2A13* + 25i0,(aq) (d)
Magnesite(MgCO3) + H* & Mg?* + HCO3 (e)
Calcite(CaC03) + HY & Ca?* + HCO3 (1

These mineral reactions proceed at relatively slow rates and are therefore described using kinetic
rate laws [27]:

Qa

eq,a

ra=21;-ka<1— >,a=1,2,...,Rmn 2

where 7, is the reaction rate of mineral a, k, is the rate coefficient, 4, is the effective reactive
surface area, Q is the ion activity product, and K, , represents the corresponding chemical equilibrium
constant. Figure 3 shows the mineral change (Agmole) for the specific minerals considered in this study
with forsterite undergoing significant dissolution to precipitate magnesite while calcite precipitation is
dependent on wollastonite dissolution.
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A brine salinity of 10,000 ppm NaCl was specified [28]. The initial aqueous composition includes
Ca*", A", H', Mg**, Si0,, and HCOs", with concentrations adapted from Deng et al. [17] and an initial pH
of 7 [29].
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Figure 3—Mineral evolution trends over entire simulation period (100 years).

Results and Discussion

Mineralization was first excluded to investigate the impact of the different heterogeneous
conditions on CO; migration and plume extents. Figure 4 illustrates the spatial distribution of CO, gas
saturation (Sg) at the end of the simulation period (100 years) for the three heterogeneous wettability
scenarios. In the water-wet dominant case (WW80-CW20), the CO, plume exhibits enhanced lateral
spreading, with a horizontal extent of approximately 135 m and a vertical rise of about 43.4 m. As the
fraction of CO,-wet regions increases, a progressive shift in plume geometry is observed. In the WWS50-
CWS50 case, the plume shows a reduced lateral extent and an increased vertical migration height. This trend
becomes more pronounced in the CO>-wet dominant case (WW20-CW80), where the plume is more
vertically focused, with a lateral extent 15% lower and vertical extent 15% higher than the water-wet
dominant case. These trends are consistent with previous numerical findings by Al-Khdheeawi et al. [30],
who reported that higher capillary entry pressures in water-wet systems restrict upward CO, migration and
promote lateral plume spreading.

Although the plume geometry clearly follows the expected directional trend with changing
wettability, the magnitude of change is modest relative to the large, imposed contrast in wettability fraction.
This suggests that CO, migration responds to wettability distribution in a moderated manner, as spatial
variations in wetting state redistribute flow paths and reduce the overall sensitivity of plume development
to wettability fraction.
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Figure 4-CO; plume migration for the three heterogeneous wettability conditions at the end of the
simulation period. The CO;-wet dominant case (WW20-CW80) heterogeneous case exhibited the
highest vertical migration.

CO;, mineralization was now incorporated into the analysis, and the resulting CO, trapping
contributions are shown in Figure 5. The figure presents the partitioning of trapped CO, among the three
heterogeneous wettability scenarios considered in this study. At the end of the simulation period, mineral
trapping and dissolved CO; clearly dominate the overall trapping, while residual and mobile CO; constitute
only minor fractions.

The mobile CO; fraction remains 100 -
small primarily because rapid mineralization
consumes a large portion of the free CO»
available in the reservoir, thereby limiting
both mobile and residual contributions to
less than ~9% and 5%, respectively for all
cases. A clear wettability dependent trend,
however, is observed. As CO;-wet
conditions become dominant, the mineral
trapping efficiency decreases from ~48% to
41%, highlighting the strong influence of 201
wettability on mineral trapping performance
in basalt reservoirs. These observations are 0!
consistent with findings reported by WW80-CW20  WW50-CW50  WW20-CW80
Khoramian et al. [31], who reported
enhanced mineral dissolution as wetting
conditions shifted from CO-wet to water-
wet. The 7% difference in mineral trapping,
however, seems minimal when compared to
the large, imposed contrast in reservoir-wide
wettability fractions, suggesting that mineralization is influenced by the wettability of the regions contacted
by the migrated CO; plume rather than by the overall assigned wettability fraction alone. Although a greater
proportion of water-wet zones increases the likelihood that the plume encounters water-wet regions, CO»-
wet zones remain present within the flow path, resulting in a mixed-wettability interaction that moderates
the overall mineralization response.

80 1

60 1

40

CO: trapped (%)

I Mobile W Trapped
B Dissolved I Mineralized

Figure 5—-CO; trapping contributions across different
heterogeneous wettability conditions.

Figure 6 presents the well bottom-hole pressure (BHP) for the three heterogeneous wettability
scenarios at the start of injection (1 year) and at the end of the injection period (10 years), highlighting the
influence of wettability heterogeneity on pressure buildup during CO, injection. At 1 year, the WW80—
CW?20 case exhibits the highest BHP of ~14,650 kPa, followed by the WW50-CW50 case at ~14,500 kPa,
while the WW20-CW80 case shows the lowest BHP of ~14,450 kPa. This early-time response reflects
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increased flow resistance in the water-wet dominant reservoir associated with enhanced mineral trapping
near the injection region.

As injection progresses, these differences persist and become more pronounced. At the end of the
10-year injection period, the WW80-CW20 case maintains the highest BHP (~15,200 kPa), whereas the
WW50-CW50 and WW20—CW8O0 cases exhibit progressively lower pressures of ~15,150 kPa and 15,100
kPa, respectively. The higher pressure buildup observed in the WW80-CW20 case is attributed to the
intensified geochemical reaction in the water-wet fractions of the reservoir, where greater CO,-brine contact
promotes the dissolution of primary minerals and subsequent precipitation of carbonates. This mineral
precipitation clogs pore spaces near the injection well, reducing permeability and increasing flow resistance.
As a result, pressure near the well increases.

These results reveal a critical coupling between wettability heterogeneity, reactive transport, and
injectivity evolution. While water-wet dominant sections of a reservoir may favor enhanced mineral
trapping, they also experience greater pressure buildup during injection, potentially leading to injectivity
limitations. This highlights a fundamental tradeoff between maximizing long-term storage security through
mineralization and maintaining operational injectivity.

15200 1

15000 1

14800 1

14600 1

14400 1

Well BHP (kPa)

14200 1

14000

13800 1

WW380-CW20 WW50-CW50 WW20-CW80 WW80-CW20 WW50-CW50 WW20-CW80

(2) (b)

Figure 6-Well BHP at (a) 1 year and (b) 10 years for the different wettability heterogeneity conditions.

For CCUS developers, this pressure-based trade-off underscores the need to balance allowable
injection pressures with long-term storage security when designing injection strategies and selecting storage
sites. For reservoir simulators, the findings emphasize that wettability heterogeneity and its coupling with
geochemical reactions must be explicitly represented to reliably predict pressure evolution, injectivity
constraints, and long-term trapping performance.

Conclusions

This study examined the coupled effects of wettability heterogeneity and mineralization on CO; plume
migration, trapping mechanisms, and injectivity in basalts. The key findings are summarized as follows:

e In the absence of mineralization, water-wet dominant reservoirs (WW80-CW20) were
characterized with 15% greater lateral plume spread and 15% reduced vertical migration compared
to CO,-wet dominant reservoirs (WW20-CW80).
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When geochemical reactions were included, water-wet dominant reservoirs exhibited the lowest
fraction of mobile CO; and the highest mineral trapping efficiency, reaching ~48% of the total
trapped CO,, compared to ~41% in the CO,-wet dominant reservoir.

CO,-wet—dominant reservoirs maintained lower pressure buildup but at the expense of reduced
mineral trapping, highlighting competing objectives between injection efficiency and long-term
storage permanence.

These findings demonstrate that wettability heterogeneity and mineralization are strongly coupled
phenomena that jointly govern CO; plume evolution, trapping efficiency, pressure evolution, and injection
performance in basaltic reservoirs.
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