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Abstract: CO2 sequestration in deep geologic formations can permanently reduce atmospheric
CO2 emissions and help to abate climate change. Target formations must undergo a time- and
resource-intensive site evaluation process, assessing storage capacity, environmental safety, and
suitability for CO2 trapping via reactive transport models based on data from a limited number
of core samples. As such, simulations are often simplified and omit heterogeneities in formation
properties that may be significant but are not well understood. To facilitate more rapid site assessment,
this work first defines the aquifer properties of favorable storage formations through the analysis of
promising and active storage sites. Data show quartz is the most prevalent formation mineral with
carbonate minerals, highly reactive with injected CO2, present in over 75% of formations. Porosity
and permeability data are highly clustered at 10–30% and 10–1000 mD. Field-scale reactive transport
simulations are then constructed and used to analyze CO2 trapping efficiency. The models consider
porosity and carbonate mineral heterogeneity as well as the impacts of typical temperature gradients.
Simulated sequestration efficiencies are compared to results from a comparable homogenous model
to understand the implications of aquifer non-uniformities. The results show a lower sequestration
efficiency in the homogeneous model during the injection phase. During the post-injection phase, the
homogenization of porosity and carbonate mineralogy results in a higher sequestration efficiency.
Incorporating the temperature gradient also increases the sequestration efficiency. Importantly, the
maximum deviation between the homogeneous and heterogeneous simulations at the end of the
50-year study period is only ~10%. Larger impacts may be incurred for properties outside the defined,
promising ranges suggested here.

Keywords: carbon sequestration; aquifer properties; reservoir heterogeneity; site investigation; CO2

mitigation; reactive transport modeling

1. Introduction

While renewable energy generation is increasing [1], energy demands necessitate
continued energy production through hydrocarbons [2]. Unfortunately, CO2 emissions,
a major greenhouse gas and contributor to climate change, continue to increase as a
consequence of fossil fuel use [3,4]. Carbon capture and geologic storage, however, provides
a pathway for reducing atmospheric CO2 emissions and can aid efforts to achieve future
energy sustainability and net-zero carbon emissions [5]. This technology averts the release
of CO2 into the atmosphere by capturing it and then injecting the CO2 into subsurface
geologic formations [6]. Large-scale and widespread application of this technology will
involve the utilization of porous saline aquifers as storage reservoirs due to their ubiquity
and enormous available storage volume [7,8].

The Class VI injection well permit issued by the U.S. Environmental Protection Agency
(EPA) for the geologic sequestration of CO2 is based on the requirement for safe injection
and storage. Therefore, the storage aquifer is expected to be geologically stable against
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potential tectonic activities, porous, permeable, sufficiently deep, and sealed by imper-
meable rocks or caprocks [9]. There are myriads of potential considerations to guarantee
the success of the project each time the subsurface is utilized for the development of CO2
sequestration technology. A thorough subsurface site investigation is carried out before
developing a project to ensure potential storage aquifers meet these guidelines and to
guarantee the success of the project and the onsite safety [8,10,11]. This is a time- and
resource-intensive process and may inhibit the widespread adaptation of such approach.
Existing site data may be limited, and additional site sampling is often restricted to a few
select wells. As such, the suite of geological wellbore log information and core sample data
used for estimating and evaluating the storage capacity and response of the entire formation
to CO2 injection is estimated from select points in the formation. Nevertheless, the borehole
logging, geophysical mapping, core sample analysis, well testing, and geological mapping
from these select spots still provide meaningful overall insights into the suitability of the
target formation to store CO2.

Numerical modeling can be used to provide rapid insight into the field-scale geo-
chemical behavior of CO2 injected into the subsurface and assess the potential viability of
new storage sites [12–14]. Numerical simulations have been used to study the complexity
of various subsurface conditions that affect CO2 storage and consider trapping rates and
mechanisms, often validated with laboratory experimental observations [15]. In other cases,
numerical modeling has been used independently to understand the potential geochem-
ical evolution of a storage site, comparing results to field observations [10,16]. Models
can provide invaluable information of the geochemical suitability of a formation for CO2
storage where an ideal site promotes the secure trapping of injected CO2. This includes
trapping of the injected CO2 by the caprock, termed structural trapping, dissolution of
CO2 in the brine (solubility trapping), residual trapping of free phase CO2 bubbles, and
mineralization [17,18]. Mineralization is the conversion of CO2 to carbonate rocks that
permanently sequester the CO2. This is the most secure and favorable form of trapping
and highly desirable sites favor mineralization of the injected CO2 [19,20].

While powerful, numerical simulations are often based on the available limited site
data, requiring the simplification of site geology and aquifer properties. In reality, aquifer
properties may be spatially heterogenous [21], resulting from the diagenetic evolution of the
original sediment [22]. Larger-scale lithological heterogeneities, resulting from variations
in facies [23] or the presence of faults [24], may also exist.

Heterogeneities in aquifer properties can impact fluid flow [25,26], the migration of
CO2 [27], and CO2–brine interactions [28,29]. Prior work has noted that large-scale strati-
graphic heterogeneities control the migration of the CO2 plume and need to be accurately
parameterized. For example, siltstone rock layering over a sandstone reservoir has been
shown to limit plume migration and promote geochemical conditions encouraging the ex-
tensive reaction and mineralization of the injected CO2 [30]. There have also been attempts
to examine the impacts from the heterogeneity of hydrologic and geochemical properties
on CO2 sequestration. Using the Mt. Simon formation as a case study, simulations from
Shabani et al. (2022) [31] showed that considering the heterogeneity of porosity and perme-
ability impacted CO2–water–mineral interactions where the migration of the CO2 plume
was restricted in heterogeneous systems, resulting in more extensive CO2 mineral trapping
and a higher likelihood of long-term containment. In terms of geochemical reactions, the
spatial heterogeneity of caprock mineralogy has been suggested to improve the long-term
sealing capacity of caprocks [32]. While these case studies suggest that heterogeneity is
important in understanding the fate of injected CO2, a fundamental understanding of the
impacts of aquifer property heterogeneity on the geochemical evolution of injected CO2,
that could help to facilitate more rapid site assessment is lacking. Developing this concep-
tual understanding through a systematic evaluation of aquifer property heterogeneity is
the focus of this work.

In this work, a framework for more rapid site assessment in terms of trapping potential
is considered. First, a thorough evaluation of the acceptable range of formation properties is
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gained by surveying data from active and promising storage formations. These data alone
provide an initial means of site screening that can help to rapidly identify formations of
interest. Then, reactive transport simulations are leveraged to assess the need to carry out
an extensive, core-scale characterization of the heterogeneities in the formation properties.
Simulations consider the geochemical implications of heterogenous distributions of aquifer
porosity, formation depth, and carbonate composition. This study is unique in not only
providing a comprehensive survey of promising formation properties, but additionally
considering the mineralogy of the formations and the impact of accounting for heterogenous
mineralogy at the core to field scale on CO2 trapping.

The Paluxy sandstone formation, southeastern United States, is considered as a case-
study, and heterogeneity is introduced by considering the range of formation properties
from aquifers identified as promising or operational storage formations. CO2 trapping in
homogenous and heterogenous formations is evaluated via field-scale reactive transport
simulations. Spatial heterogeneities in porosity and carbonate mineralogy are considered in
addition to simulations incorporating and excluding temperature gradients. The simulation
results are analyzed to understand how the heterogeneity associated with temperature,
porosity, and carbonate mineralogical composition impact simulate sequestration efficiency
and thus the assessment of potential sequestration sites. Sequestration efficiency refers to
the rate at which the injected supercritical CO2 evolves to be dissolved into the formation
brine or mineralized as carbonate minerals.

2. Evaluating Aquifer Properties

A systematic literature review was conducted to gather data on the characteristics
of sandstone saline aquifers identified as promising or operational storage reservoirs.
Data collection was streamlined to consider only actual site investigations for aquifers
that are currently being used for CO2 storage or evaluated as a potential storage site and
exclude data points that are hypothetical estimates. The associated promising formations
include CO2 storage projects in sandstone aquifers from around the world which are
completed, under consideration, or terminated (for economic or legal reasons [33]). The
data of interest here include mineral composition, fraction of carbonate minerals, reservoir
porosity, permeability, thickness, and depth. These data are important in understanding the
suitability of a target aquifer and the associated favorable property values which can serve
as a quick resource for rapid initial evaluation of the promise of a particular storage aquifer.

Aquifer mineral composition is important for considering the potential long-term
security of carbon sequestration in geological formations. Geochemical reactions that
dissolve primary formation minerals are an important source of cations that promote
secure mineral trapping. Such reactions may alter the storage capacity and injectivity of the
formation by changing the formation porosity and permeability [34]. Carbonate minerals
in particular have been observed to rapidly react upon interaction with the acidified brine
and are thus critical in assessing the associated impacts on the formation properties [35,36].

The total available volume for carbon storage is a function of the total available pore
volume of a reservoir. Thickness has a direct relationship with the total available pore
volume, indicating that a thicker formation will have more available volume for carbon
storage [37]. Hence, due to the significant capital investments associated with establishing
a carbon storage operation at a potential reservoir, higher storage capacities result in lower
unit prices for carbon storage at a target location [35,36].

Reservoir depth is also an important parameter for the selection of a promising
storage reservoir. At sufficient depths, storage reservoirs achieve pressures large enough
to maintain CO2 in the supercritical phase. In the supercritical state, the density of CO2 is
substantially larger, facilitating an increased storage capacity. CO2 solubility is additionally
enhanced under such conditions. Hence, reservoir depth can influence the security of CO2
storage. However, it is worth noting that for a greenfield site, carbon storage costs generally
increase as injection depth increases dues to the exploration costs of drilling [35,36].
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The complete data set of the collected aquifer properties is available in Table S1. The
collected data include twenty-nine different sandstone formations from four continents.
The relative frequency of formation mineralogy is shown in Figure 1 and indicates that
quartz is the most prevalent formation mineral in the associated formations followed by
feldspar, clay, and carbonate minerals. All target sandstone formations contain, and are
predominantly composed of, quartz. As such, Figure 1 shows that the relative frequency
of quartz is unity and the relative weight percentage of quartz ranges from 30% to 95%
with an average abundance of over 75%. Feldspar minerals are highly ubiquitous and their
interquartile range is relatively typical to the other minerals in the formation. Calcite is the
most prevalent carbonate mineral noted in the storage formations followed by dolomite
while ankerite is the least frequent carbonate mineral. However, ankerite possesses the
highest average abundance. Clay minerals are commonly kaolinite or smectite/illite. It is
worth noting that this reflects only the initial mineralogy and that other mineral phases
may precipitate because of geochemical reactivity which is not accounted for in Figure 1.
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Figure 1. Box plot of the relative mineral weight percentage in a rock matrix (a) and the relative
frequency plot of initial mineral composition of potential and operational sandstone storage forma-
tions (b).

The distributions of formation porosity, permeability, aquifer depth, and thickness are
shown in Figure 2. The porosity and permeability values range from 3% to 43% porosity
(Figure 2a) and 0.08 mD to 5000 mD permeability (Figure 2b). The permeability distribution



Sustainability 2024, 16, 5515 5 of 16

has a large frequency of low permeabilities (0.08–456 mD). Overall, the permeability
has a logarithmic distribution with sparse data in the higher permeability values. The
distribution of the porosity data is not sparse at either boundary but there are a few
formations with porosity values at the high and low extremes which results in a right
skewed distribution. Many formations have porosity values between 10% and 20% with
the frequency consistently decreasing with increasing porosity values.
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Figure 2. The frequency distribution of (a) porosity, (b) permeability, (c) depth, and (d) thickness of a
sandstone storage aquifer.

The distribution plots of aquifer depth and thickness show maximum values of 4500 m
and 700 m, respectively (Figure 2d). Like the permeability distribution, the thickness data
points are sparse and few at the upper limits (Figure 2c). The distribution of thickness
is logarithmic since the majority of formations have thickness values that are closer to
the minimum thickness. In terms of the depth distribution, there is an outlying deeper
formation depth which, when ignored, makes the mean and median depth of storage
approximately 1500 m. It should be noted that given the typical geologic temperature
and pressure gradients, depths beyond ~800 m result in conditions for CO2 to exist in
the supercritical state, facilitating higher storage capacities. Temperature and pressure
conditions vary with location such that shallower formations, like the Stuttgart and Bunter
formations, may also meet the criteria for CO2 to be stored in the supercritical phase [21,38].

The collected paired porosity–permeability values are shown in Figure 3 and cover a
wide range of values, both between and within formations where in-formation variability
is indicated by the permeability error bars. The majority of data points are in the 10–30%
porosity range with a corresponding 10–1000 mD permeability, defining the typical charac-
teristics of promising CO2 storage aquifers. Sufficient porosity–permeability is necessary to
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ensure adequate storage capacity and injectivity. Higher porosity and permeability present
more favorable injection qualities such as a better pressure dissipation during injection.
Porosity and permeability values lower than the typical range may still be favorable for CO2
sequestration where additional features, such as natural fractures, may allow for sufficient
flow in the formation [38]. Geochemical reactions following CO2 injection, including the
dissolution of primary mineral phases, may also increase the porosity and permeability
of the formation, enhancing injectivity [39]. Maintaining sufficient CO2 injectivity while
ensuring the storage aquifer is adequate for storing the injected fluid is one of the key
concerns when accessing the porosity and permeability of a potential storage aquifer [40,41].
Such geochemical effects are considered in the following reactive transport simulations.
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Figure 3. Porosity–permeability plot for sandstone aquifer CO2 storage reservoirs. The black dots
represent formations with a single data point for a given aquifer and the error bar represents the
range of values for cases for which there are numerous available data points available for a given
formation with the mean values indicated by the red triangle.

3. Reactive Transport Model

The simulation approach adopted here aims to help us to understand the effects of
aquifer property heterogeneity on CO2 sequestration efficiency. A finite number of wells,
and associated samples extracted from corresponding wells, are examined during the site
investigation process. As this is a time- and resource-intensive process, and the creation of
additional wells may also introduce additional leakage pathways, only a finite number of
data points are available from which to carry out detailed reactive transport simulations to
assess the engineering design and the large-scale, long-term impacts of CO2 sequestration
in a particular formation. As such, simulations often utilize average formation parameters
based on a single or finite number of measurements to define the aquifer. However, such
properties may widely vary at the core to field scale, as is evident for the permeability
measurements in Figure 3. As such, the implications of this practical limitation from a
CO2 trapping perspective are considered through two sets of field-scale simulations, one
with homogeneously distributed properties and the other with spatially heterogeneous
distributions of aquifer properties. To compare the impact of spatial heterogeneity on
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the site evolution, the average properties for the two sets of simulations are equivalent.
Noted heterogeneities in properties may or may not be well-characterized in the formation,
even after an excellent site investigation study has been carried out. Moreover, accounting
for such core- to field-scale heterogeneity in simulations significantly increases the model
complexity and may not be numerically feasible. As such, most simulation studies adopt
initial conditions that seem to be more suited for the local evaluation of an aquifer, versus
field scale.

The field-scale modeling work here builds off the of the TOUGHREACT reactive
transport simulator model developed in Iloejesi et al. (2023) [29]. The simulator couples
subsurface multiphase transport and reaction and uses the ECO2N fluid property mod-
ule to handle the CO2 and water thermophysical properties under the typical range of
temperature and pressure conditions of a saline aquifer [42,43]. A radially symmetric
two-dimensional model is used here to consider the extent of CO2 trapping in porous saline
aquifers. The aquifer was discretized into 20 layers using a uniform and logarithmically
increasing radial discretization with the lateral boundary considered to be at infinity to
mimic constant temperature, concentration, and pressure conditions at the boundaries.

Two sets of models were developed for this study. The first set, a homogeneous
model, was initialized with the aquifer properties of the Paluxy formation located in the
southeastern region of the United States which is being considered as a potential CO2
storage formation [44–46]. The second set, the heterogeneous models, were initialized with
spatial variations in aquifer properties, aiming to evaluate the impact of each property on
the sequestration efficiency of injected CO2 independently.

The parameters for the homogenous and heterogenous simulations are given in Table 1.
The rest of the model is defined via the properties of the Paluxy formation as obtained from
the literature and given in Table S4 [45]. This formation is predominantly quartz (76.74 w%)
with over 10% carbonate minerals (9.70 w% calcite and 2.98773 w% siderite), 7.19 w%
smectite, and minor K-feldspar (3.33 w%) and muscovite (0.32 w%). This is a typical
mineralogic composition in comparison to other favorable storage formations (Figure 1).
Also, in comparison to the other studied aquifer properties of the storage formation, the
25% porosity, 500 mD permeability, and 1500 m depth of storage of the Paluxy formation
are slightly higher than the modal values of 18% porosity, 100 mD permeability, and 1400 m
depth observed for a typical aquifer in the literature review. Tables S4 and S5 have more
information on the model parameters including mineral composition, reactive surface
areas, hydrostatic pressure gradient, and temperature. The hydrostatic pressure gradient
of 0.43 psi/ft was used [47] and the temperature was calculated based on the surface
temperature of 20 ◦C and temperature gradient of 20 ◦C/km [48,49].

Spatial heterogeneity was defined in the heterogenous simulations by randomly assign-
ing aquifer properties to the model grid cells, ensuring the average initial value of the entire
grid matched the property value assigned to the entire grid for the homogeneous model.
For example, in the model that considered porosity heterogeneity, five different porosities
ranging from 10% to 40% were randomly assigned to the aquifer grid (Figure S1) while
maintaining the overall average porosity of the entire grid as 25% which was equivalent
to the porosity of the Paluxy formation used to define the homogeneous model. Similarly,
the model for evaluating the impact of carbonate mineral heterogeneity in the rock matrix
considered five different values for carbonate abundance with equal proportions of siderite
and carbonate. These mineral abundances were randomly assigned to grid cells to maintain
an average carbonate mineral abundance equivalent to the homogeneous system. The
quartz fraction was adjusted to accommodate the variation in the fraction of carbonate
minerals in associated simulations as quartz has been shown to minimally affect geochem-
ical reactions because of its slow kinetics and stability in acidic conditions [50]. Lastly, a
non-isothermal model setup with a geothermal gradient of 20 ◦C/km was used to depict
the subsurface temperature variation in a heterogeneous model. A constant temperature of
50 ◦C, corresponding to the temperature at the center of the aquifer thickness, was used to
initialize the isothermal model for the corresponding homogeneous simulation.
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Table 1. Simulation parameter values for each considered aquifer property. Aquifer formation
properties for acting and proposed CO2 reservoir formations were collected from the literature. The
values are representative of the range of aquifer properties in these target formations and do not
necessarily correspond to the exact values. The heterogenous values are chosen so that the aquifer
value could be numerically the average of the homogeneous model.

Model Setup Porosity Carbonate
Content (wt%)

Temperature
(Associated Depth)

Heterogeneous
model

Case 1 10% 2%

49.6 ◦C (1500 m)
through
50.4 ◦C (1540 m)

Case 2 20% 5%

Case 3 25% 12.5%

Case 4 30% 16%

Case 5 40% 21%

Homogeneous model 25% 12.5% 50 ◦C (1520 m)

Both homogenous and heterogenous models considered a single CO2 injection well
with an eight-meter injection screen thickness. The two-dimensional evolution of the
injected CO2 phase used the van Genuchten function for capillary pressure and the van
Genuchtem–Mualem model for water relative permeability, respectively [51,52]. The gas
relative permeability for the two-phase system was modeled with Corey’s curve [53]. The
activity of aqueous species was modeled using the extended Debye–Huckle equation [54,55].
The initial brine composition was determined via equilibration of the formation minerals
with 1M NaCl brine [13].

Simulations considered constant CO2 injection at a 20 kg/s injection rate for ten years
followed by geochemical monitoring for forty years, reflecting anticipated typical required
short-term monitoring periods [56]. This simulation period provides useful information for
understanding CO2 stratigraphic, solubility, and mineral trapping for reservoirs with varied
properties. It should be noted, however, that mineral trapping continues over extended time
periods with previous studies considering 500 to 1000-year monitoring periods showing
that the amount of mineralized CO2 increases close to linearly with time [57]. As in
Iloejesi et al. (2023) [29], we track the relative quantity of the aqueous, supercritical, and
mineralized CO2 in the system (further details in Supplementary Materials).

4. Simulation Results

The simulation results compare the evolution of supercritical, dissolved, mineralized,
and trapped CO2 in the homogeneous and heterogeneous models for each case of hetero-
geneity. The term trapped CO2 is used here to refer to the summation of the amount of
aqueous and mineralized CO2. The sequestration efficiency, the amount of injected CO2
that evolves from supercritical CO2 to aqueous and mineralized CO2, is calculated and
compared for each simulation.

4.1. Varied Carbonate Mineral Fraction

The effect of spatial variations in the carbonate mineral fraction on the simulated
evolution of injected CO2 is shown in Figure 4. The simulation results depict the CO2 in
varied phases across the entire simulation domain. Differences in these simulations consider
only grid-scale differences in the fraction of carbonate minerals while keeping the other
aquifer properties equal to those of the homogeneous model. The simulation results show
that the rate at which the injected CO2 evolves into aqueous and mineralized CO2 is greater
during the injection phase for the heterogeneous system compared to the homogeneous
system. As the reactions progress, the rate of aqueous dissolution and mineralization of
CO2 in the system becomes greater in the homogeneous model. The dissolution rate of CO2
into the aqueous phase notably increases in the homogenous system following injection
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with the total mass of dissolved CO2 surpassing that in the heterogenous simulation after
15 years.
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The trapped CO2, which combines the evolution of aqueous and mineralized CO2,
shows that a formation with a heterogeneous distribution of carbonate minerals results in
a higher mass of sequestered CO2 in the early stages of the injection and storage phase,
before 15 years. Over longer times, however, the homogenous system performs better in
terms of lowering the amount of free, supercritical CO2 over the simulation duration by
just over 0.2 million tons. This observed difference at 50 years is largely a result of the
increased aqueous dissolution of CO2 in the homogenous model. Carbonate minerals in
contact with acidified brine undergo relatively fast dissolution which increases formation
porosity and liberates divalent cations that promote mineralization [58,59]. The increase in
pore volume increases the brine volume available for the dissolution of supercritical CO2
into the aqueous phase. This increased dissolution of CO2 into the aqueous phases reduces
the solution pH, further promoting the dissolution of carbonate minerals. The increase in
divalent cations that results from increased mineral dissolution creates conditions more
favorable for the mineralization of CO2.

To understand the difference in the impact of carbonate on the homogenous and het-
erogenous systems, it should be noted that the dissolution of carbonate minerals releases
carbonate ions into solution. As such, the reprecipitation of new carbonate minerals may
not be sequestering the CO2 that was injected into the formation but instead incorporating
carbonate ions released from primary minerals. Sequestration of the injected CO2 via min-
eralization occurs when the cations incorporated into new carbonate mineral precipitates
originate from non-carbonate minerals. Both such processes may occur here, but it is not
feasible to discern from where the carbonate ions incorporated into newly precipitated
carbonate minerals originate.

The heterogeneous model has cells with as high as 35 w% carbonate minerals. Regions
with higher fractions of carbonate minerals are highly reactive zones that favor mineral
dissolution, liberating more positive divalent cations like calcium, magnesium, and iron
which favor subsequent secondary mineral precipitation. This is evident in the higher
simulated early aqueous and mineral trapping in the heterogenous model over the ho-
mogenous model. However, more rapid dissolution of the primary carbonate minerals
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reduces the overall fraction of carbonate minerals in the system, eventually resulting in the
homogenous model having more remaining high-carbonate grid cells in the domain. This
is the point when the observed transition in the amount of mineralized CO2 begins to favor
the homogeneous system.

It should be noted that the kinetics of mineral reactions are important and significantly
slower than the transport-controlled process of aqueous dissolution. Hence, the simulation
result of Figure 4 shows that unlike in the aqueous CO2 evolution graph where the rate of
aqueous dissolution changed instantaneously after 15 years from a heterogeneous system to
a higher value in the homogeneous system, the transition to a higher mineralization rate of
the homogeneous model happened over a prolonged period that spanned from 20 years to
30 years for the mineralization evolution. The associated time for mineralization to occur in
a particular storage site will depend on the unique kinetic and geochemical properties that
characterize the formation. As such, the timescale for the observed evolution in mineralized
CO2 between the homogenous and heterogenous simulations will be site dependent.

4.2. Porosity Heterogeneity

The simulated evolutions of aqueous, mineralized, trapped, and supercritical CO2 for
simulations with homogenous and heterogeneous distributions of porosity are shown in
Figure 5. The only difference between the two simulations is the variation in the initial
porosity values of individual grid cells. During the injection phase (the first 10 years), a
higher extent of CO2 dissolution into the aqueous phase is evident for the heterogeneous
simulation. At the end of the injection phase, however, the mass of aqueous CO2 in both
simulations is about equal (Figure 5). From that point on, the mass of aqueous CO2 in the
homogeneous model is greater, and increases at a higher rate, than in the heterogeneous
model. The extent of mineralized CO2 is higher in the heterogeneous system than the
homogenous system for the duration of the simulation period. The simulated trapped
CO2 shows that initially CO2 trapping via dissolution and mineralization is higher in the
heterogeneous model than the homogeneous model throughout the injection phase and
for the initial monitoring years. As the mineralization rate and the aqueous dissolution
rate decrease in the heterogeneous model, the trapped CO2 increases in the homogeneous
model, eventually surpassing that of the heterogenous model. As a result, there is less free
supercritical CO2 in the homogeneous model at the end of the study period.

The variation in porosity in the heterogenous model introduces a range of water-
to-rock ratios in the simulation which highlights the difference in the storage efficacy
between the homogeneous and heterogeneous system. In cells with small water-to-rock
ratios, reduced extents of mineral dissolution are required to reach ion concentrations
favoring mineral precipitation. Hence, the observed initial high rate of mineralization
in the heterogeneous model is attributed to the faster mineral precipitation occurring
in the low porosity grid cells of the heterogeneous model. Larger water-to-rock ratios
provide an increased driving force for dissolution and associated increased brine capacity
to accommodate more supercritical CO2 dissolution into the aqueous phase. We see here
that the aqueous CO2 was marginally higher in the heterogeneous model during the
injection period. Initially, the low-porosity grid cells are the drivers of the mineral
reactivity that favor higher mineralization in the heterogeneous model. Over time,
the dominating reactive regions in the heterogeneous model will be the high-porosity
grid cells in which porosity was as much as 15% more than the initial porosity of the
homogeneous model cells.
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4.3. Effect of Temperature Gradient

The homogenous simulation in this case uses a uniform temperature throughout the
domain, while the heterogeneous model considers a typical vertical temperature gradient
of 20 ◦C/km. CO2 injection is simulated into the deepest part of the domain, corresponding
to the highest-temperature region in the heterogeneous model.

The simulation results (Figure 6) show a similar trend in the behavior of the aqueous
and mineralized CO2 for the homogenous and heterogenous simulation with a higher rate
of conversion of the injected CO2 to the aqueous and mineralized form in the heterogeneous
model during injection. Here, higher temperatures also increase mineral reaction rates
and higher rates of mineralization are evident in the heterogeneous simulation results.
Consequently, the resulting trapped CO2 shows that overall, more CO2 is in the aqueous
and mineralized form in the heterogeneous model. As such, there is a lower amount of
supercritical CO2 in the heterogeneous model than in the homogeneous model for the
whole study period.

While overall, the homogeneous and heterogeneous models have an equal average
aquifer temperature, the storage impacting difference lies in the inclusion of the temper-
ature gradient which has a noticeable impact on the simulation results. This difference
caused by temperature heterogeneity shows that a poor understanding of aquifer tempera-
ture conditions could lead to remarkable distortions of the simulated CO2 sequestration
efficiency at a storage site. This is because temperature plays a key role in the kinetics of
the geochemical reactions.

4.4. Assessment of Aquifer Properties Importance on Heterogeneity

A comparison of the simulated trapped CO2 for the homogenous and heterogenous
simulations over varying times is shown in Figure 7 by considering the difference be-
tween the trapped CO2 in the heterogeneous models and the homogeneous model. A
positive value of trapped CO2 mass signifies a higher mass of trapped CO2 in the het-
erogeneous model. The figure shows that the homogenization of aquifer properties will
yield a lower simulated estimate of the mass of trapped CO2 during the injection phase
(0–10 years). Post-injection, assuming a uniform porosity and carbonate mineral fraction
throughout the formation results in greater simulated CO2 trapping. However, using a
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single temperature for the formation, and ignoring the expected temperature gradient in
the formation, underestimates the potential extent of CO2 trapping throughout the injection
and monitoring period.
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Capturing small-scale variations in porosity and carbonate mineralogy is relatively
impractical due to time, resource, and risk limitations. On the other hand, it is easy to
account for temperature gradients within the formation. As evident in Figure 7, the impact
of accounting for vertical variations in temperature on the estimation of trapped CO2 is
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often more significant than assuming homogenous porosity or carbonate mineralogy. In this
study, accounting for vertical differences in temperature resulted in up to a 10% simulated
deviation in the sequestration efficiency between the homogeneous and heterogeneous
models. It should be noted, however, that this observed deviation is formation dependent
and reflects the unique properties of the model setup in this study.

5. Conclusions

The major goals of this work are to facilitate more rapid site assessment through an
increased understanding of the formation properties at promising and active storage sites
and assess potential CO2 trapping, accounting for heterogeneities. Here, heterogeneity
as it affects the field-scale sequestration of CO2 is considered with the aim of providing
a new perspective on the impact of aquifer property homogenization during typical site
investigation resulting from limited data availability.

This work presents an aquifer evaluation framework which can provide insight to-
wards a holistic understanding of aquifer storage potential to reduce greenhouse emissions
of CO2. Such an approach uses field-scale aquifer parameters that are typically obtained
early in the site characterization or exploratory phase of a potential subsurface CO2 storage
project. Such an approach will aid in the sustainability of subsurface storage of CO2 as a
viable means of greenhouse gas reduction by helping to reduce the initial site screening in
terms of both resource and time investment for an initial evaluation.

The aquifer data used for conducting the assessment were obtained through extensive
literature review, the properties of active and promising sandstone aquifer storage sites were
collected, and the range of promising aquifer properties was defined. Active storage sites
show a high cluster density of data points falling in the 10–30% porosity and 10–1000 mD
permeability range. In terms of mineralogy, all target sandstone formations are quartz-rich
with calcite occurring as the most frequent carbonate mineral, present in 75% of formations.
Clay minerals are commonly kaolinite or smectite/illite.

Based on observed variations in aquifer properties, homogeneous and heterogeneous
models of CO2 injection and subsequent evolution were developed to evaluate the impact
of the spatial heterogeneity of promising formation properties on trapping in the formation.
Deviations in the simulated extent and type of CO2 trapping are observed in the simulation
results over the fifty-year study period that comprised a ten-year injection phase followed
by a forty-year monitoring phase.

During the injection phase, the homogenization of properties underestimates the
trapping potential of the formation. Accounting for the temperature gradient has the
largest effect on simulated CO2 trapping, increasing the dissolved and mineralized CO2.
This may be explained by the fact that higher temperatures increase the kinetics of reactions.
Systems with heterogeneous carbonate distributions and porosity also show an increased
trapping potential compared to homogenous systems.

Post-injection, the temperature gradient still plays a dominant role, increasing the
simulated amount of trapped CO2. Homogenizing the formation porosity and carbonate
mineralogy, however, increases the simulated amount of trapped CO2.

Considering the implication of these observations on a typical storage site, we can
see that understanding the temperature gradient of the target aquifer is a critical factor in
estimating the sequestration efficiency. Fortunately, accurate estimation of the formation
temperature gradient is more feasible than obtaining highly spatially resolved porosity and
mineralogical composition data.

In general, the homogenization of the target aquifer porosity and mineralogy will give
a conservative estimation of the geochemical potential of the target aquifer for CO2 trapping
given that the properties are within the defined, promising ranges noted here. If the
properties have larger deviations than the favorable ranges defined here, greater variations
in CO2 trapping would be anticipated. While differences in simulated CO2 trapping were
observed, there was only a 10% deviation in CO2 sequestration efficiency between the
homogeneous and heterogenous model systems. As such, extensive investigation of the
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variation in formation mineralogy and porosity at the core scale is not necessary to estimate
the trapping potential of a formation given that the measured values are within the defined,
promising range.
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areas of secondary minerals [13]; Table S5: Fixed aquifer properties of the formation obtained from
the literature. Geothermal gradient [48,49]. Hydrostatic gradient [47], liquid relative permeability
and capillary pressure [52], and gaseous relative permeability [53]; Figure S1: A demonstration of the
difference in the model setup for the study on the effect of aquifer porosity and carbonate mineralogy
heterogeneity on sequestration efficiency. The heterogeneous model shows the random assignment
of aquifer values for each grid cell. The homogeneous model has each grid cell assigned the average
value of the heterogeneous model.
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