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Abstract: We used three-dimensional (3D), high-resolution simulations facilitated by parallel com-
putation to assess the effect of hydrogeological heterogeneity in the Mt. Simon Sandstone on CO2

plume evolution and storage and geochemical reactions in a portion of the Illinois Basin, Indiana.
Two scenarios were selected to investigate the effects of the hydrogeological heterogeneity in 3D
reactive transport simulations: a heterogeneous case with variable porosity and permeability, and a
homogenous case with constant porosity and permeability. The initial pressure, temperature, and
mineralogical distributions are consistently applied in both the heterogeneous case and the homoge-
neous case. Results indicate that including hydrogeological heterogeneity in 3D reservoir simulations
for geological CO2 storage significantly impacts modeling results for plume migration patterns,
CO2-water-mineral interaction, reservoir quality, and CO2 plume containment. In particular, results
indicate that (1) the CO2 plume reached the top of the Mt. Simon Sandstone in the homogeneous case,
but was restrained to the lower third of the formation when hydrogeologic heterogeneity was consid-
ered; (2) the dominant trapping mechanism in the heterogeneous case was mineral trapping (43%),
while it was solubility trapping (47%) in the homogeneous case (at 10,000 years); (3) incorporating
reservoir heterogeneity in the model leads to a higher likelihood of long-term containment.

Keywords: geological CO2 storage; geochemical reactions; hydrogeological heterogeneity; reactive
transport simulation

1. Introduction

Geological CO2 storage (GCS) is one of the most promising methods to mitigate
the emission of CO2 into the atmosphere at scales great enough for climate alteration
purposes [1–3]. Among geological storage sites, deep saline aquifers provide the most
significant capacity for CO2 storage [4]. The inherent heterogeneity of these reservoirs com-
plicates the simulation of the CO2 storage process. Numerical multiphase flow and reactive
transport modeling, which integrates chemical reactions with the transport of fluids in
porous media, is a valuable tool for predicting the fate of CO2 in the heterogenous under-
ground formations over spatial and temporal scales beyond those achieved experimentally,
bridging the gap between short-term experimental data and field observations [5–14]. In
recent years, many researchers have studied the effect of reservoir heterogeneity on differ-
ent aspects of GCS, including CO2 injectivity [15,16], CO2 storage [15,17], CO2 trapping
and caprock containment [18,19], CO2 plume evolution [20–23], and CO2 leakage [16,24].

Injected CO2 is permanently stored underground via four trapping mechanisms:
structural, solubility, residual, and mineral trapping [3]. In structural trapping, an overlying
formation with very low permeability stops the continued upward movement of CO2 in the
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reservoir due to buoyancy; in solubility trapping, CO2 dissolves into the formation brine
and hydrocarbons; in residual trapping, separated CO2 droplets remain in the pore space
by capillary forces as the remaining CO2 fluid passes through the reservoir; in mineral
trapping, CO2 reacts with formation minerals and organic matter, leading to immobile
carbonate mineralization [25–27].

Understanding the effect of heterogeneity on mineral trapping is vital because it plays
an essential role in GCS’s long-term viability. However, incorporating mineral trapping of
CO2 in 3D field-scale GCS modeling has gained less attention due to three main reasons:
first, mineral trapping was not a dominant trapping mechanism through the first several
hundred years after CO2 injection began [10,14]; second, including geochemical reactions in
a dynamic simulation (i.e., reactive transport modeling) is computationally expensive and
time-consuming [28,29]; third, mineralogical and formation water information is needed
for accurate reactive transport models, and is often lacking.

Previous works studying mineralogical reactions in heterogeneous reservoirs include
Hermanson [28], who studied the effect of stratigraphic heterogeneity on mineral dissolu-
tion and precipitation reactions using a hypothetical 2D model. The author used realistic
hydrological and geochemical input data from the literature to build a reactive transport
model. The author concluded that CO2 mineral trapping depends on the distribution and
type of heterogeneities, the initial formation water chemistry, and mineral composition.
Furthermore, the author reported that the most significant geochemical reactions occurred
within low-permeability layers. Tian and Pan [18] developed a 2D model with homogenous
mineral composition to study the effect of porosity and permeability heterogeneity on
caprock mineral alteration and containment in the Xingouzui Formation in the Jianghan
Basin, China. They concluded that the case with hydrological heterogeneity resulted in
a significantly different mineral alteration of the caprock than in the homogenous case.
They also observed that heterogeneity led to slower vertical CO2 migration and increased
horizontal propagation in the reservoir. However, to date, 3D reactive transport models
that investigate the effect of hydrological heterogeneity on CO2 trapping and geochemical
reactions are scarce.

This study aims (1) to assess the effect of hydrogeological heterogeneity on CO2 plume
evolution and storage and (2) to investigate the importance of porosity and permeability
heterogeneity on geochemical reactions. To achieve this goal, we investigated a potential
CO2 storage reservoir in the Cambrian Mt. Simon Sandstone of the Illinois Basin, Indiana.
Previous and ongoing studies of the Mt. Simon Sandstone in the Illinois Basin have
confirmed that it is favorable for CO2 storage. This formation consists mainly of sandstone
and is overlain by a near-impermeable shale of the Cambrian Eau Claire Formation, an
important aspect in evaluating GCS suitability. For this study, the Eau Claire Formation
was considered impermeable, and interactions between the Mt. Simon Sandstone and Eau
Claire Formation in regard to CO2 injection were not explored.

We selected two scenarios to investigate the effects of heterogeneity in porosity and
permeability in 3D reactive transport modeling: (1) a base case, where heterogeneity is
applied to porosity and permeability, and (2) a homogeneous case, where both porosity and
permeability are homogeneous throughout the reservoir. The initial pressure, temperature,
and mineralogical distributions are consistently applied in both cases. Results of the two
cases were compared to evaluate the importance of including heterogeneity in reactive
transport studies of GCS.

Geological Settings

The Cambrian Mt. Simon Sandstone is largely comprised of massive, poorly sorted
sandstones and unconformably overlies Precambrian basement rocks throughout much of
the Illinois Basin [30]. It is typically separated into upper, middle, and lower units, with
an arkosic interval often present at the base of the Lower Mt. Simon [30–32]. Porosity and
permeability of the Mt. Simon tend to increase with depth, likely caused by dissolution
and large grain size within the arkosic unit of the Lower Mt. Simon [32,33]. The Mt. Simon



Energies 2022, 15, 2171 3 of 30

is thickest near the depocenter of the Illinois Basin, reaching more than 790-m-thick, and
thins outward, especially toward the south, where it is not present in parts of southern
Illinois [32]. The total storage resource estimate (SRE) for the Mt. Simon in the Illinois Basin
ranges from 11.7 GtCO2 to 161.1 GtCO2 [34]. The primary seal for GCS in the Mt. Simon is
the overlying Cambrian Eau Claire Formation, which is predominantly shale and ranges
from 30- to 300-m-thick [31,35].

Additional deep saline formations that have been considered for GCS in the Illinois
Basin include the Cambrian Potosi Dolomite and the Ordovician St. Peter Sandstone [36–38].
The Potosi Dolomite is a member of the Cambro-Ordovician Knox Supergroup and is
known for vuggy and cavernous porosity [39]. While basin-scale SREs for the Potosi are not
available, the SRE for the Knox Supergroup for the Illinois Basin ranges from 27.7 GtCO2
to 239.7 GtCO2 [34]. The St. Peter Sandstone ranges in thickness from 10 to 200 m, with
the central and southern portions of the Illinois Basin meeting the criteria necessary for
GCS [38,40,41]. The SRE for the St. Peter Sandstone in the Illinois Basin ranges from
579.9 MtCO2 to 6.1 GtCO2 [34].

The Maquoketa Group shale is considered a potential regional seal for sequestration
for both the St. Peter Sandstone and the Potosi Dolomite, though other members in the
Knox Supergroup, as well as the Ordovician Ancell Group and Black River Formation
overlying the Knox, are also considered seals for the Potosi Dolomite [42,43]. Impermeable
members of the Knox and the Maquoketa shale can also be considered secondary and
tertiary sealing units, respectively, for the Mt. Simon.

Large-scale GCS projects in the Illinois Basin have focused on the Mt. Simon Sandstone
as the primary reservoir to date (Figure 1a). The Illinois Basin—Decatur Project (IBDP)
injected a total of one million tonnes of CO2 into the Lower Mt. Simon Sandstone from 2011
to 2014 [44]. This project was monumental in demonstrating the potential of large-scale CO2
injection in deep saline formations and provided valuable data for characterizing the Mt.
Simon Sandstone. One of the findings from this project was the distinction of the Cambrian
Argenta Formation, previously considered part of the Lower Mt. Simon Sandstone [45,46].
The success of IBDP led to development of commercial operations at the Archer Daniels
Midland facility in Decatur, IL, the IL-CCS project, which is conducting ongoing injection
of CO2 into the Mt Simon Sandstone. These projects have spurred further interest in
GCS throughout the Illinois Basin, including in western Indiana, where depositional and
diagenetic features in the Mt. Simon Sandstone may be different than observed in the
central part of the Illinois Basin [47,48].
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Figure 1. (a) Isopach map of the Mt. Simon throughout the Illinois Basin region in central U.S.
showing the study area in blue rectangle, and (b) block diagram of the 3D permeability model of the
study area.

In this study, we chose an area in southwest Indiana with GCS potential [49] to
investigate the effect of hydrogeological heterogeneity in the Mt. Simon Sandstone on
CO2 plume evolution and storage and geochemical reactions. The area is associated with
the Edwardsport integrated gasification combined cycle power plant (IGCC), which is a
potential CO2 source for GCS in the Illinois Basin [50].

2. Modeling Approach
2.1. Geological Model

The three-dimensional (3D) geologic model for this study was selected from the Indiana
Mt. Simon Sandstone Petrel model provided by the Indiana Geological and Water Survey
(Figures 1b and 2) [35,51,52]. The selected reservoir is in southwest Indiana in the vicinity of
the Edwardsport deep well, which is one of the potential targets for geological CO2 storage in
the Illinois Basin. The model horizontally extends for 35 km and consists of four vertical units
that, in descending order, are the Upper Mt. Simon Sandstone, Middle Mt. Simon Sandstone,
Arkosic Mt. Simon Sandstone, and Argenta Formation (Figure 2). Vertical thickness changes
throughout the model, with an average value of ~550 m. The minimum and maximum depths
of the model are −1991 and −3214 m subsea (mss). All units are proportionally divided into
15 layers; ∆Z of each vertical layer varies with location, ranging between 2 and 67 m. The grid
consists of 18,375 cells with a uniform ∆X and ∆Y of 1000 m.
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This study assumed the Mt. Simon Sandstone was overlain by the low-permeability
Eau Claire Formation [35]; as such, the top boundary of the model was assumed to be closed
to flow and transport. It was also assumed that the Mt. Simon Sandstone was underlain by
Precambrian basement rock, consisting of low-permeability igneous rocks, so the lower
boundary of the model was also considered to be closed to flow and transport. The left
and right sides of the model were set to have constant reservoir pressure, temperature, and
water chemistry.

2.2. Reactive Transport Simulator

Flow and reactive transport simulations of CO2 and brine were conducted using
the ECO2N module of TOUGHREACT V3.0-OMP V3.0 [53,54]. Open multi-processing
(OMP) provides parallelization of chemical and coupling routines for significantly faster
performance on multi-core shared memory computers. Hence, all simulations were carried
out on the Big Red 3 supercomputer at Indiana University. Featuring 930 dual-socket
compute nodes equipped with 22,464 compute cores, Big Red 3 theoretically has a peak
performance of 934 trillion floating operations per second (https://kb.iu.edu/d/aoku
(accessed on 7 March 2022)).

TOUGHREACT-ECO2N was used to simulate flow, transport, and chemical reactions
of supercritical CO2 with the Mt. Simon initially fully brine-saturated. The effect of salt on
the phase partitioning of CO2 and H2O was considered. The precipitation and dissolution of
minerals were dynamically coupled to porosity variations, and permeability was calculated
as a function of porosity using the Kozeny–Carman equation. The simulations were
conducted in isothermal mode, considering that heat transfer from chemical reactions
was negligible.

2.3. Flow Properties and Initial Conditions of Pressure and Temperature

We conducted a 3D homogenous reservoir simulation as a baseline for comparison to
assess the effect of porosity and permeability heterogeneity on CO2 plume migration and
mineral alteration.

In the heterogeneous case (base case), the porosity field was heterogeneously dis-
tributed throughout the model, ranging from 0.01 to 0.135 volume fraction (VF). Average
vertical and horizontal permeability was used for each layer. Due to the lack of field and
core data in the study area, the accurate estimation of the vertical-to-horizontal permeability
ratio was not possible. Other studies on Mt. Simon reservoir characterization reported
vertical-to-horizontal ratio from 0.016–1.0 [55]. Hence, we assumed the anisotropy ratio to
be 0.1. The bottom of the Arkosic Mt. Simon has the highest horizontal permeability (up to
720 mD), and the top of the Upper Mt. Simon layer has the lowest horizontal permeability
(as low as 0.1 mD).

The homogenous reservoir model is identical to the heterogeneous model except
for porosity and permeability. The porosity and horizontal/vertical permeability of the
homogenous model are 0.1 and 10 mD, respectively, throughout the reservoir.

The initial temperature field for both the base and homogenous cases was set using a
linear regional geothermal gradient reflecting 62.3 ◦C and 92.0 ◦C at the top and bottom
of the reservoir, respectively. The initial pressure was set at regional hydrostatic pressure,
resulting in an initial steady-state condition with pressure ranging between 10.7 and
25.8 MPa throughout the reservoir.

The relative permeability and capillary pressure were each calculated as a function
of water and gas saturation. Table 1 summarizes the model hydrogeological properties.
Table 2 lists all symbols and notations.

https://kb.iu.edu/d/aoku
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Table 1. Hydrogeological properties of the model.

Parameter Upper Mt. Simon Middle Mt. Simon Arkosic Mt. Simon Argenta Formation

Porosity 0.02–0.13 0.01–0.12 0.03–0.135 0.01–0.07

Horizontal permeability
(mD) 0.1–0.4 0.3–2.7 90–720 0.7–3.7

Capillary pressure
(Van Genuchten) a

m = 0.457
Slr = 0.3

P0 = 65.8 kPa

Relative permeability
(Van Genuchten–Mualem) b

n = 0.58
Slr = 0.3
Sgr = 0.1

a Pc = −P0

(
S−1/m
∗ − 1

)1−m
, S∗ = (Sl − Slr)/(1− Slr). b Krl =

√
S∗
{

1−
(

1− S1/n
∗
)n}2

, Krg = (1− S∗∗)
2×

(
1− S2

∗∗
)
,

S∗∗ = (Sl − Slr)/
(
1− Slr − Sgr

)
. Pc: Capillary pressure, P0: Strength coefficient, m: Exponent, Sl: Water satu-

ration, Slr: Irreducible water saturation. Krl: Relative permeability of water, Krg: Relative permeability of gas,
Sgr: Irreducible gas saturation, n: Exponent.

Table 2. List of symbols and definitions.

Symbol Definition

A Arrhenius pre-exponential factor (mol m−2 s−1)
ai Activity of species i
ci Molality of species i (mol kgw−1)
Ea Apparent reaction activation energy (J mol−1)
∆rG Gibbs free energy of the dissolution reaction
J Dissolution flux (mol·m−2 s−1)
K Equilibrium constant
k Rate constant (mol m−2 s−1)
k′ Rate coefficient (s−1)
m Current moles of minerals per water mass (mol kgw−1)
m0 Initial moles of minerals per water mass (mol kgw−1)
ni Reaction order for species i
p, q Empirical exponents
Q Reaction quotient
R Universal gas constant (8.31446 J mol−1 K−1)
r Reaction rate of mineral (mol kgw−1 s−1)
rj Reaction rate of mineral for mechanism j (mol kgw−1 s−1)
SA Surface area per unit water mass (m−2 kgw−1)
So

A Initial surface area per unit water mass (m−2 kgw−1)
SI Mineral saturation index (log Ω)
T Temperature (K)
t Time (s)
β1, β2 Correction parameters
vi Stoichiometry coefficient of reactant or product i in the reaction
ρ Density of reactive surface sites on the mineral surface (mol m−2)
Ω Mineral saturation quotient (Q/K)

2.4. Mineral and Formation Water Composition

The initial mineral composition is listed in Table 3. As the formation water contains a
small amount of sulfur (Table 4), anhydrite is included as the potential secondary sulfate
mineral. Gypsum is excluded because anhydrite is the stable thermodynamic phase within
the range of formation temperatures in this study (~75 ◦C, on average).

The thermodynamic data of aqueous species and minerals are from Xu [56]. Calcite
and anhydrite were set in equilibrium; all other minerals are kinetically controlled (Table 5).
Prior to simulating reactive transport, a batch kinetic modeling of water-rock interaction
is performed with the rate laws and kinetic data identical to the base case (Table 5). The
chemical composition for the formation water (Table 4) is taken from Labotka [57]. In the
batch model, the formation water reacted with the mineralogy of the Upper Mt. Simon
Sandstone, Middle Mt. Simon Sandstone, Arkosic Mt. Simon Sandstone, and Argenta
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Formation, for one million years. The resulting water compositions were used as the initial
water in both models.

Table 3. Initial mineral volume fractions a and possible mineral phases used in the simulations.

Minerals Introduced in the Model Chemical Formula Upper Mt. Simon
(%)

Middle-Arkosic Mt. Simon
(%)

Argenta
(%)

Quartz SiO2 68.4 83 82.5
K-feldspar KAlSi3O8 22.2 12 11

Albite NaAlSi3O8 2.1 1 1.5
Dolomite CaMg(CO3)2 3.1 1.5 1

Illite K0.6Mg0.25Al1.8(Al0.5Si3.5O10)(OH)2 3.1 1 3.5
Calcite CaCO3 1.1 1 0.5
Siderite FeCO3 0 0 0

Anhydrite CaSO4 0 0 0
Oligoclase Ca0.2Na0.8Al1.2Si2.8O8 0 0 0
Chlorite (Mg2.5Fe2.5Al)(AlSi3)O10(OH)8 0 0 0

Magnesite MgCO3 0 0 0
Kaolinite Al2Si2O5(OH)4 0 0 0

Dawsonite NaAlCO3(OH)2 0 0 0
Clinochlore Mg5Al2Si3O10(OH)8 0 0 0

a Modified from [57].

Table 4. Solution chemistry of the Mt. Simon Sandstone brine from [57].

Component Concentration
(mol/kg H2O)

Ca2+ 4.95 × 10−1

Mg2+ 9.1 × 10−2

Na+ 1.988
K+ 5.2 × 10−2

Fe 1.236 × 10−3 a

SO4
2− 4.0 × 10−3

Sr2+ 7.918 × 10−3

Cl− 3.202
Alkalinity 1.837 × 10−4 a

pH 6.35
Temperature 49 ◦C

a Ref. [58].

Table 5. Kinetic parameters in the model.

Acid Mechanism Neutral Mechanism Base Mechanism

A
mol m−2 s−1

Ea
kJ/mol nH logk25

A
mol m−2 s−1

Ea
kJ/mol logk25

A
mol m−2 s−1

Ea
kJ/mol nH logk25

Anhydrite 1 - - - - 2.05 × 10−1 14.3 −3.19 - - - -
Dawsonite - - - - 1.01 × 104 62.8 −7.00 - - - -
Magnesite 2.51 × 106 62.8 1.00 −4.60 45.7 62.8 −9.34 - - - -
Oligoclase 51.3 65.0 0.46 −9.67 2.40 69.8 −11.84 5.01 × 10−5 71.0 −0.57 −16.75
Calcite 2 - - - - 6.59 × 104 66.0 −6.74 - - - -
Dolomite 3.21 × 104 46.0 0.61 −3.55 2.97 × 10−3 31.0 −7.96 - - - -
Kaolinite 2.56 × 10−4 43.0 0.51 −11.12 5.00 × 10−8 38.0 −13.96 2.87 × 10−3 46.0 0.58 −10.60

K-feldspar 4.59 × 10−6 31.0 0.27 −10.77 2.70 × 10−9 31.0 −14.00 3.78 × 10−5 31.0 0.35 −9.85
Quartz - - - - 1.98 77.0 −13.19 1.97 × 104 80.0 0.34 −9.72
Siderite 3.82 × 104 56.0 0.60 −5.23 13.6 56.0 −8.68 - - - -

Chlorite 3 1.00 × 10−4 30.0 0.74 −9.26 4.70 × 10−11 13.0 −12.61 1.50 × 10−9 15.0 0.43 −11.45
Illite 4 1.00 × 10−2 58.0 0.55 −12.16 2.00 × 10−5 54.0 −14.16 1.49 × 10−3 77.0 0.35 −16.32
Albite 1.45 58.4 0.34 −10.07 4.97 × 10−10 57.0 −19.29 7.41 × 10−1 55.5 0.32 −9.85

Clinochlore 7.80 × 10−6 17.0 0.28 −8.09 4.07 × 10−14 16.0 −16.19 4.39 × 10−6 16.0 0.34 −8.16

1 Ref. [59]; 2 Ref. [60];3 Ref. [61];4 Ref. [8].

2.5. Model Initialization, Simulation Time, and CO2 Injection Rate

The model was first set for a 10,000-year simulation time under natural conditions
without performing reactive transport calculations to stabilize the reservoir pressure com-
pletely. The result of the pressure stabilization served as an initial flow condition for
further simulations. Using the initial brine composition from the batch simulation and
the initial flow condition from the pressure stabilization simulation, the reservoir was
simulated for 100,000 years without any injection to reach a semi-steady-state condition.
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Then, the resulting steady-state condition of pressure and quasi-state field of water and
mineral compositions were used as initial conditions for the simulation of CO2 injection.
A vertical injection well was placed at the center of the model, penetrating all Mt. Simon
units. This well was perforated in a 10-m interval at the bottom of the Arkosic Mt. Simon,
which is the target reservoir for CO2 storage in this study. CO2 was injected at the rate
of 30 kg/s (0.95 MtCO2/year) for 30 years, followed by a 9970-year post-injection period.
The maximum allowable time step was set at 3.65 days.

2.6. Kinetics of Mineral Reactions

Mineral dissolution or precipitation rate is the time-dependent concentration of reac-
tants and products in the reaction system [62,63]:

rnet =
1
vi

dCi
dt

(1)

where rnet denotes net or overall mineral dissolution or destruction rate (mol kgw−1 s−1),
Ci is the concentration of a reactant or product (mol kgw−1), t is the time (s), and vi is the
stoichiometry coefficient of reactant or product i in this reaction.

The mathematical equation of reaction rate can be defined as [64]:

rnet = SA ∑j Aje
−Ea, j/RT ∏i ani

i, j f (∆rG) (2)

k j = Aje
−Ea, j/RT (3)

where j stands for a specific mechanism of the reaction, SA is reactive surface area (m2 kgw−1),
Aj is the Arrhenius pre-exponential factor (mol m−2 s−1), Ea,j is the apparent activation
energy (J mol−1), R is the universal gas constant (8.31446 J mol−1 K−1), T is the temperature
in Kelvin, and ai is the activity of aqueous species i. f (∆rG) is the Gibbs free energy term of
a dissolution reaction.

Palandri and Kharaka [59] defined the pH-dependence of reaction rates with H+, H2O,
and OH−-promoted mechanisms:

k = k25
nuexp

[
−Enu

R
(

1
T
− 1

298.15
)

]
+ k25

H exp
[
−EH

R
(

1
T
− 1

298.15
)

]
anH

H + k25
OHexp

[
−EOH

R
(

1
T
− 1

298.15
)

]
anOH

OH (4)

where subscripts nu, H, and OH indicate neutral, acid, and base mechanisms, respectively;
k25 is the rate constant at 25 ◦C, E is the apparent activation energy, R is the universal gas
constant, T is the absolute temperature, a is the activity of the aqueous species, and n is a
power term.

In this study, the acid or base mechanism is considered for dissolution reactions, but
not for precipitation reactions, which only uses a neutral pH mechanism. Table 5 lists the
kinetic parameters [56]. The main geochemical reactions considered in the model are listed
in Table 6.

Table 6. List of main geochemical reactions considered in the model.

Chemical Reaction

CaCO3 (Calcite) + H+ ↔ HCO3
− + Ca++

NaAlCO3(OH)2 (Dawsonite)↔ H+ + HCO3
− + Na+ + AlO2

−

Al2Si2O5(OH)4 (Kaolinite)↔ 2H+ + 2SiO2(aq) + H2O + 2AlO2
−

KAlSi3O8 (K-feldspar)↔ K+ + SiO2(aq) + AlO2
−

SiO2 (Quartz)↔ SiO2(aq)
NaAlSi3O8 (Albite)↔ Na+ + 3SiO2(aq) + AlO2

−

K0.6Mg0.25Al2.3Si3.5O10(OH)2 (Illite)↔ 1.2H+ + 0.25Mg++ + 0.6K+ + 3.5SiO2(aq) + 0.4 H2O + 2.3AlO2
−
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3. Results
3.1. CO2 Plume Migration
3.1.1. Base Case

In general, the shape and size of the CO2 plume are controlled by reservoir hetero-
geneity, viscous forces, capillary forces, and gravity forces (Figures 3 and 4). The simulated
section of the reservoir deepens from northeast to southwest (Figure 1b). Hence, CO2
tends to travel to the lower pressure directions of northeast and upward. CO2 is injected in
the high-permeability arkosic layer, which is confined by the low-permeability Argenta
Formation and Middle Mt. Simon layer.
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During CO2 injection, CO2 propagates laterally in the high-permeability arkosic layer
(Figure 3a1–b1). By the end of CO2 injection, the maximum CO2 plume distance from the
injection point is about 5 km laterally (Figure 4b1). During post-injection, CO2 continues
to move upward (Figure 3c1–d1). In the base case, CO2 does not reach the caprock after
10,000 years of simulation (Figure 3e1).

3.1.2. Homogenous Case

CO2 plume migration in the homogeneous case differs significantly from the base
case (Figures 3 and 4). In the homogeneous case, the gas migrates upward rapidly to
develop into a conical cylinder after 30 years of injection (Figure 3b2). After the CO2
reaches the formation top, it spreads along the top of the formation and becomes pillar-
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shaped at 100 years (Figure 3c2). It continues to expand along the top of the formation
until 1000 years (Figures 3d2 and 4d2). The CO2 concentration at the top of the reservoir
diminishes by 10,000 years (Figures 3e2 and 4e2). Most of the supercritical CO2 that remains
in the reservoir after 10,000 years of simulation is trapped in the lower layers (Figure 3e2).
The maximum CO2 plume distance from the injection point is about 5 km laterally to the
northeast (Figure 4d2).

The most intense reactions and lateral movement in the base case occurs in the arkosic
layer, and in the homogenous case they occur in the Upper Mt. Simon. Hence, these layers
are considered good representatives of the simulations and are used in figures from the
top view.

3.2. HCO3
− and pH Variations

3.2.1. Base Case

The areal extent of the HCO3
− profile is generally comparable with that of the

CO2 plume (Figures 3 and 5). The maximum total dissolved HCO3
− concentration is

1.03 mol/kgw (Figure 5). Due to CO2 dissolution, the area of high HCO3
− increases, while

Sg decreases in the same area (Figures 3 and 5).Energies 2022, 15, x FOR PEER REVIEW 13 of 34 
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Figure 5. Fence diagrams of simulated HCO3
− concentration (mol/kgw) evolution for the base

case (a1,b1,c1,d1,e1) and homogeneous case (a2,b2,c2,d2,e2) at (a) 1 year, (b) 30 years, (c) 100 years,
(d) 1000 years, and (e) 10,000 years. Each figure’s size is approximately 35 km × 550 m (x, z).

The solution pH in the reservoir is controlled mainly by CO2-water-rock interactions.
The pH front migration is almost identical to the CO2 plume migration and HCO3

− front
migration (Figures 5 and A1, and Figures 6 and A2). After one year of injection, the
horizontal distribution of the pH front is nearly symmetrical (Figure A2a1). The extent
of the pH profile in the N-S direction is slightly larger than the E-W direction because
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the reservoir dips from northeast to southwest (Figure A2b1–c1). Vertically, it forms a
conical cylinder (Figure A1a1). The pH value decreases from 8 (initial value) to ~4.8 near
the injection well, due to the presence of carbonate acid generated by CO2 dissolution.
However, it buffers to ~6.8 near the pH front (Figures A1 and A2). After injection for
30 years, the pH front reaches ~6.5 km laterally and the shape of the plume becomes
more asymmetric. The plume in the N-S direction is more elongated than that in the E-W
direction because the reservoir dips toward the southwest, and buoyancy effects and plume
development occur more in the east direction than in the west direction (Figure A2b1).
Similar to the CO2 plume, the pH front develops more in the horizontal direction than
in the vertical direction to become mushroom-shaped (Figure A1b1). The reservoir pH
in the middle of the plume increases to ~5. Since injection stops after 30 years, the size
of the pH plume at 100 years is smaller than that at 30 years (Figure A2c1) and slightly
shrinks vertically (Figure A1c1). The pH in the middle of the plume further increases to
~5.2 (Figure A1c1). From 1000 to 10,000 years, the pH plume expands in the N-S direction
and shrinks from the west of the injection well (Figure A1d1–e1). The pH in the middle of
the plume further increases to ~5.6 at 1000 years and ~6.1 at 10,000 years (Figure A2d1–e1).Energies 2022, 15, x FOR PEER REVIEW 14 of 34 
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3.2.2. Homogenous Case

Similar to the heterogeneous case, the areal extent of HCO3
− is comparable with that

of pH evolution and CO2 plume (Figures 5 and A1, and Figures 6 and A2). The maximum
total dissolved concentration of HCO3

− is around 1.03 mol/kgw near the injection well af-
ter 1 yr of injection (Figure 5a2), where the pH drops from 8 to ~4.8 (Figure A1a2). However,
pH buffers to ~6.8 at the front of the CO2 plume. The HCO3

− front moves upward until it
reaches the caprock at 30 years (Figures 5b2 and 6b2), and expands under the caprock, pri-
marily northeast, toward the lower pressure zone (Figures 5c2–e2 and 6c2–e2). The distribu-
tions of pH profiles are similar to those of CO2 plume and HCO3

− (Figures A1c2–e2 and A2c2–e2).
The pH value in the middle of the plume further increases to ~5 at 1000 years and ~5.6 at
10,000 years (Figure A2d1–e1).

3.3. Mineralogical Evolutions
3.3.1. Coupled Reactions

Previous studies identified coupled K-feldspar dissolution with illite and quartz
precipitation to be the dominant reaction in the Mt. Simon Sandstone system [10,14]. The
overall reaction can be written as:

2.3 KAlSi3O8 (K-feldspar) + 0.25 Mg2+ + 1.2 H+ + 0.4 H2O→ K0.6Mg0.25Al2.3Si3.5O10(OH)2 (illite) + 3.4 SiO2 (quartz) + 1.7 K+ (5)

However, the mineralogy of the Mt. Simon varies throughout the Illinois Basin.
In [10,14], the formation consists of 21.2% K-feldspar and 0.44% of oligoclase, but, in this
study, the Mt. Simon consists of 11–22.2% K-feldspar and 1–2.1% albite, and oligoclase is
absent. The presence of albite, high CO2(aq) activity, and NaCl-dominated formation water
prefers the formation of dawsonite [13]:

CO2(aq) + H2O + NaAlSi3O8 (albite)→ 3SiO2 (quartz) + NaAlCO3(OH)2 (dawsonite) (6)

Therefore, the coupled reaction of dawsonite and quartz precipitation at the expense
of albite is also important in the studied system.

3.3.2. Feldspar Dissolution

Base case K-feldspar dissolution: The dissolved K-feldspar exhibited three differen-
tiated dissolution zones at 1000 years, including (1) the moderate dissolution zone (e.g.,
dissolved ~0.0023 VF of K-feldspar at 1000 years) in the high HCO3

− concentration zone
in the middle of the plume, (2) the intensive dissolution zone (e.g., dissolved ~0.0035 VF
of K-feldspar at 1000 years) at the gas-water contact, and (3) the gentle dissolution zone
(e.g., dissolved ~0.001 VF of K-feldspar at 1000 years) outside of the gas-water contact and
extending into the water zone) (Figure 7c1). The formation of the intensive dissolution zone
is likely due to more illite precipitation (Figure A6). Illite precipitation consumes K+, which
promotes K-feldspar dissolution (Equation (5)). Dawsonite precipitation mainly occurs
in the moderate dissolution zone (Figure A3c1), where less illite precipitates (Figure A6).
At 10,000 years, an extensive dissolution zone (up to ~0.0103 VF of dissolved K-feldspar)
at the gas-water contact to the west of the CO2 plume, and a K-feldspar precipitation
zone (up to ~0.00025 VF of precipitated K-feldspar) at the gas-water contact to the east
of the plume occurs (Figure 7d1). The gentle dissolution zone extends to the southeast,
but the amount of dissolved K-feldspar remains almost the same (dissolved ~0.001 VF of
K-feldspar) (Figure 7d1).

Homogenous case K-feldspar dissolution: Compared to the base case, the areal cov-
erage of the K-feldspar dissolution zone is much smaller, but the dissolution is more
intensive. Like the base case, dissolved K-feldspar exhibited three differential dissolution
zones at 1000 years (Figure 7c2) in the homogenous case. This is also related to the differen-
tiated illite and dawsonite precipitation (Figures A3 and A6). At 10,000 years, K-feldspar
dissolution reached up to ~0.006 VF.
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Figure 7. Plan view diagrams illustrating the simulated ∆ K-feldspar volume fraction evolution for
the base case from the arkosic layer top view (a1,b1,c1,d1) and homogenous case from the Upper Mt.
Simon top view (a2,b2,c2,d2) at (a) 30 years, (b) 100 years, (c) 1000 years, and (d) 10,000 years. Each
figure’s size is 35 km × 35 km (x, y).

Base case albite dissolution: The dissolution of albite was promoted by the high
HCO3

− concentrations to form quartz and dawsonite (Equation (6)). The distribution of
dissolved albite is roughly comparable with the distribution of HCO3

− (Figures 6 and 8).
The amount of dissolved albite increases to ~0.001 VF at 100 years and ~0.0025 VF at 1000
years (Figure 8b1–c1). At 10,000 years, ~0.006 VF albite is dissolved near the injection well
and the dissolved amounts decrease outward, forming a halo-like profile (Figure 8d1).
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Figure 8. Plan view diagrams illustrating the simulated ∆ albite volume fraction evolution for the
base case from the arkosic layer top view (a1,b1,c1,d1) and homogenous case from the Upper Mt.
Simon top view (a2,b2,c2,d2) at (a) 30 years, (b) 100 years, (c) 1000 years, and (d) 10,000 years. Each
figure’s size is 35 km × 35 km (x, y).

Homogeneous case albite dissolution: Similarly, the distribution of dissolved albite
is roughly comparable with the distribution of HCO3

− (Figures 6 and 8). Compared to the
base case, the areal coverage of the albite dissolution zone is much smaller, but the dissolu-
tion is more intensive. At 10,000 years, albite is almost completely exhausted (~0.014 VF)
near the injection well and the dissolved amounts decrease outward (Figure 8d2).

3.3.3. Secondary Silicate Mineral Precipitation

Base case quartz precipitation: The distribution of precipitated quartz is roughly
comparable with those of dissolved albite and high HCO3

− (Figures 6, 8 and A5). The
amount of quartz precipitation increases to ~0.001 VF at 100 years and ~0.0025 VF at 1000
years (Figure A5b1–c1). At 10,000 years, it reaches ~0.0045 VF near the injection well and
decreases outward, forming a halo-like profile (Figure A5d1).

Homogeneous case quartz precipitation: Compared to the base case, the areal cover-
age of the quartz precipitation zone is much smaller, but the precipitation is more intensive.
At 10,000 years, it reaches ~0.013 VF near the injection well (Figure A5d2).
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Base case illite precipitation: The distribution of precipitated illite is roughly com-
parable with that of dissolved K-feldspar to form the moderate, intensive, and gentle
precipitation zones (Figures 7 and A6). At 10,000 years, it reaches ~0.007 VF at the intensive
precipitation zone (Figure A6d1).

Homogeneous case illite precipitation: Compared to the base case, both the areal
coverage of the precipitation zone and the intensity are much smaller. At 10,000 years, it
reaches ~0.004 VF at the intensive precipitation zone (Figure A6d2).

3.3.4. Secondary Carbonate Mineral Precipitation

We focused on calcite and dawsonite for secondary carbonate minerals only because
ankerite, dolomite, magnesite, and siderite were insignificant.

Base case dawsonite precipitation: The distribution of dawsonite is limited to the
high HCO3

− concentration area (>0.25 mol/kgw; Figures 5 and A3). The extent of the
dawsonite precipitation area and the amount precipitated continuously increase during
0–100 years (Figure A3a1–b1). At 1000 years, the extent of the precipitation area slightly de-
creases, but the amount of precipitation increases (Figure A3c1). The maximum abundance
of dawsonite increases to ~0.002 VF near the dawsonite front. At 10,000 years, the extent of
the precipitation area further decreases, but the abundance of dawsonite increases, up to
0.0035 VF (Figure A3d1). The dawsonite abundance decreases outward from the injection
well. In the dawsonite dissolution zone, more K-feldspar dissolves (Figure 7d1), and pH
increases to ~7 (Figure A2e1). Lower HCO3

− concentration and higher pH make dawsonite
unstable and convert it to calcite instead.

Homogeneous case dawsonite precipitation: Similarly, the distribution of dawsonite
is limited to the high HCO3

− concentration area (>0.25 mol/kgw; Figure 5). The extent of
the dawsonite precipitation area and the amount precipitated continuously increases, and
the area of the dawsonite precipitation zone is consistent with that of the albite dissolution
zone (Figures 8 and A3). At 10,000 years, the amount of dawsonite precipitated reaches
~0.0096 VF (Figure A3d2), about three times higher than that in the base case.

Base case calcite precipitation: The distribution of calcite cement is generally com-
parable with the distribution of the high pH zone (pH > 5.6) (Figures A1 and A4). It
becomes increasingly asymmetric after 1000 years due to the reservoir heterogeneity
(Figure A4). During 1000–10,000 years, the dissolved dawsonite mainly converts to calcite
(Figures A3c1–d1 and A4c1–d1). At 10,000 years, it reaches ~0.0015 VF (Figure A4d1) at the
intensive K-feldspar dissolution zone.

Homogeneous case calcite precipitation: Compared to the base case, calcite precip-
itated, in this case, is relatively insignificant. At 10,000 years, it only reaches ~0.0004
(Figure A4d2) at the intensive K-feldspar dissolution zone.

3.4. Porosity and Permeability Changes

Base case porosity changes: At 100 years, there is a slight decrease of porosity near the
injection well and a slight increase outside the porosity reduction zone (Figure A7b1). The
decreased zone is roughly comparable with the high quartz and dawsonite precipitation
zone (Figures A5b1 and A3b1) and is caused by more quartz and dawsonite precipitation
than albite dissolution. At 1000 years, porosity further decreases at the porosity reduction
zone and increases outside of it (Figure A7c1). Generally, the porosity changes are insignif-
icant during 0–1000 years (~0.00015 VF). However, at 10,000 years, there is an enhanced
porosity generation zone outside of the porosity reduction zone (Figure A7d1), which is
likely due to more K-feldspar dissolution than secondary mineral precipitation. Up to
0.0014 VF porosity is generated in this zone. Outside of the porosity generation zone, there
is another porosity reduction zone with slight porosity reduction. At 10,000 years, the
distribution of ∆ porosity zones are roughly comparable with the ∆ K-feldspar dissolution
zone (Figures 7d1 and A7d1).

We evaluated the mineralogical contributions to the porosity changes in a cell near the
injection well (Figure A9). K-feldspar dissolution is the most important contributor to the
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porosity generation, followed by albite dissolution, while dawsonite precipitation plays the
most important role in porosity reduction followed by illite precipitation.

Homogeneous case porosity changes: Compared to the base case, the size of the
porosity change zone in the homogeneous case is much smaller. A slight porosity gen-
eration occurs near the injection well from 30–100 years (Figure A7a2–b2), due to more
K-feldspar and albite dissolution than secondary mineral precipitation. However, from
1000–10,000 years, a porosity reduction zone occurs near the injection well (Figure A7c2–d2),
which correlates well with the dawsonite precipitation zone (Figure A3c2–d2). At 10,000 years,
the porosity reduction reaches up to ~0.0045 VF.

Albite dissolution is the most important contributor to the porosity generation, fol-
lowed by K-feldspar dissolution and dawsonite precipitation plays the most important role
in porosity reduction followed by illite precipitation (Figure A10). The conversion of albite
to dawsonite plays much important role in porosity changes in the homogeneous case than
that in the base case.

Base case permeability changes: Permeability changes are generally correlated with
porosity changes and become more evident after 1000 years. At 1000 years, permeability
decreases up to 2 mD at the porosity reduction zone and increases up to 2 mD at the
porosity generation zone (Figure A8a1). At 10,000 years, permeability decreases up to 3 mD
at the porosity reduction zone and increases up to 5 mD at the porosity generation zone
(Figure A8b1).

Homogeneous case permeability changes: Similarly, the permeability changes in
the homogeneous case also correlate to porosity changes. At 10,000 years, the porosity
reduction reaches up to ~1 mD near the injection well.

4. Discussion
4.1. Competitions of K-Feldspar and Albite Dissolution

The carbonate mineral precipitation is related to CO2-driven feldspar dissolution.
In the base case, coupled K-feldspar dissolution and illite precipitation (Equation (5)) is
dominant and coupled albite dissolution and dawsonite precipitation (Equation (6)) is
minor. Reactions in Equation (5) will raise the pH to 5.6 or higher and promote calcite
precipitation. However, in the homogenous case, Equation (6) is dominant, and Equation
(5) is minor. Dawsonite precipitation requires high pCO2 or high HCO3

− concentration; it
usually occurs near the injection well.

Albite dissolution was focused at the high HCO3
− concentration zone in both cases.

This is because high HCO3
− concentration (and activity) facilitated the precipitation of

dawsonite when Na+ concentration (and activity) was high and because dawsonite pre-
cipitation removed Na+ from the solution, which, in turn, promoted albite dissolution
(Equation (6)).

There was more dissolved K-feldspar than dissolved albite outside of the high HCO3
−

concentration zone. For example, the dissolved amount of K-feldspar was ~0.002 VF at
100 years, while it was ~0.001 VF for albite in the base case (Figures 7b1 and 8b1). This is
likely due to (1) K-feldspar’s higher initial surface area due to its high mineral abundance,
and (2) high Na+ concentration (~2 M) in the solution inhibiting the dissolution of albite.

Both albite and K-feldspar dissolution release SiO2
o(aq). Because of slow quartz and

illite precipitation (Table 5), SiO2
o(aq) remained high in the high HCO3

− concentration zone
due to more albite dissolution in this zone, which suppressed the dissolution of K-feldspar
(i.e., the common ion effect). Therefore, there was a competition between K-feldspar and
albite dissolution; albite dissolution was preferred at the high HCO3

− concentration zone
and K-feldspar dissolution was preferred outside this zone.

4.2. Temporary Presence of Dawsonite

Dawsonite is proposed to be a major carbon sink for mineral trapping in geological
carbon sequestration. However, dawsonite has only limited geological occurrences, and
the plausibility of dawsonite formation in GCS carries lingering doubts. It is found that,
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using a thermodynamic phase diagram and one-dimensional reactive transport modeling,
high Na and C concentrations are required to form dawsonite [65]. Additionally, dawsonite
is unstable in the general reservoir conditions for GCS and will redissolve if the CO2
partial pressure drops. The area of dawsonite redissolution during 1000–10,000 years was
found to be consistent with the area of the decreased HCO3

− concentrations in the base
case (Figures 6d1–e1 and A3c1–d1). At 10,000 years, there is still a significant amount of
dawsonite (up to 0.0032 VF) present near the injection well, which corresponds to the zone
with high HCO3

− concentration. IPCC indicates that “a delay in emissions in the order of a
thousand years may be almost as effective as perfect storage.” [3] Though it may ultimately
redissolve, mineral trapping by dawsonite is still a very important carbon sink mechanism.

In contrast, redissolution of dawsonite is not observed in the homogeneous case even
at 10,000 years (Figure A3d2). This is due to HCO3

− concentration remaining quite high
(~0.9 M) at 10,000 years (Figure 6e2).

4.3. Effects of Reservoir Heterogeneity

The homogeneous case is compared with the results from the base case to illustrate the
effects of reservoir hydrogeological heterogeneity on CO2 plume migration, CO2-water-rock
interactions and trapping mechanisms, and CO2 plume containment.

4.3.1. Differences in the CO2 Plume Migration

In the base case, the distribution of CO2 gas is restrained within the lower third of
the formation (Middle Mt. Simon and below) and never reaches the top layer (Upper Mt.
Simon layer), causing the CO2 plume to be mushroom-shaped. This is because the Middle
Mt. Simon layer has low permeability (vertical permeability: 0.03–0.27 mD) and prevents
CO2 from migrating upward.

During CO2 injection, viscous and buoyancy forces dominate, leading to CO2 propa-
gating laterally in the high-permeability arkosic layer. This leads to CO2 moving upward
to the top of the arkosic layer due to buoyancy effects, and then expanding laterally (the
highly concentrated CO2 plume in red in Figure 3a1–b1). This is similar to the typical
CO2 movement in high-permeability isotropic homogenous reservoirs, where CO2 moves
mostly upward during CO2 injection until it reaches an impermeable or low-permeability
area and then expands laterally.

During post-injection, CO2 continues to move upward due to buoyancy, until capillary
forces balance buoyancy factors. In the base case, CO2 does not reach the caprock after
10,000 years of simulation (Figure 3d1).

In the homogenous case, the injected CO2 primarily migrates vertically until it reaches
the top of the reservoir and then expands up dip in the N-E direction. Due to a consistent
higher vertical permeability in the homogenous case and a lower horizontal permeability,
the buoyancy effect dominates lateral viscous forces, resulting in upward movement of
the gas toward the upper low-pressure regions for 1000 years (Figures 3d2 and 4d2). Then,
gas concentration gradually decreases because of the mineral and solubility trapping
domination. The remaining gas in the reservoir after 10,000 years of simulation traps in the
lower layers by capillary forces (Figure 3e2). It can be predicted that the remaining gas will
eventually vanish because of the mineral reactions and solubility mechanism. The lateral
expansion of CO2 in the base case is greater than the homogenous case. This is mainly due
to the high horizontal permeability of the arkosic layer and the low permeability of the
overlying layer in the base case.

4.3.2. Differences in the CO2-Water-Rock Interactions

In both base and homogeneous cases, the areal extension of the HCO3
− front is

consistent with the CO2 plume (Figures 3 and 5). The pH front had higher pH near the edge
and lower pH at the center (Figures 6 and A2). The distribution of pH in the homogeneous
case is more symmetric than in the base case because the CO2 plume developed less in the
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lateral directions in the homogeneous case. At 10,000 years, pH in the middle of the plume
is ~6.1 in the base case but increases to ~6.5 in the homogenous case.

For K-feldspar, albite, and quartz, the areal distribution of dissolution and precipitation
reactions are smaller and more symmetric in the homogenous case than those in the base
case, but the reactions were more intense in the reaction zones. However, for illite, both
the areal distribution and the intensity were smaller in the homogenous case than in the
base case.

In the homogenous case, the coupled albite dissolution-dawsonite (and quartz) precip-
itation reaction was more important than the coupled K-feldspar dissolution-illite precipi-
tation reaction in the study site, especially near the injection well, while in the base case
coupled K-feldspar dissolution-illite precipitation reaction was more important.

In the base case, the total precipitated calcite (in terms of volume fractions) is compa-
rable with that of dawsonite. However, in the homogenous case, dawsonite is the predomi-
nant carbonate cement precipitated and the amount of calcite precipitation is negligible.

4.3.3. Porosity and Permeability Differences

Unlike the base case, porosity generation in the homogeneous case is negligible
(Figure A7). Porosity reduction of up to 0.0045 VF is observed near the injection well
at 10,000 years (Figure A7d2) that is caused by more dawsonite precipitation than albite
and K-feldspar dissolution. Similar to porosity, permeability decreases mostly during
1000–10,000 years with a maximum of 1 mD reduction near the injection well at 10,000 years
(Figure A8).

The comparison of change in volume fraction for different mineral dissolution and pre-
cipitation along with the porosity and permeability alteration is shown in Figures A9 and A10.
The demonstrated results are taken from a cell near the injection well in the arkosic layer
for the base case, and from the top of the reservoir in the homogenous case. This cell is
representative of the area where the HCO3

− availability is high. The results also prove
that the combination of K-feldspar dissolution-illite precipitation is a dominant mineral
reaction in the base case, while the albite dissolution-dawsonite precipitation is dominant
in the homogenous case.

4.3.4. CO2 Plume Containment

The behavior of CO2 plume development has significant impacts on the safety and
security of CO2 storage. In the base case, the CO2 plume developed more laterally than
vertically. The lower permeability Middle Mt. Simon layer acted as the first caprock, and
the low permeability Upper Mt. Simon layer worked as the second caprock. With the two
layers of caprocks to prevent upward migration of CO2, the risk of CO2 leakage in this site
can be regarded as very low. This leakage rate means that the Mt. Simon Sandstone itself
has the capacity to retain all the injected CO2 safely, and the Eau Claire Shale can provide
extra security to prevent leakage.

However, in the homogeneous case, upward migration dominates CO2 plume migra-
tion. Within 30 years, the plume quickly travels the entire thickness of the formation to
reach the formation top and then spreads out along the top of the unit. In this case, the
CO2 leakage potential will depend on the sealing capacity of overlaying formations (i.e.,
the Eau Claire Shale).

The differences in the behavior of CO2 plume development for the two cases also
affect the trapping mechanisms. CO2 plume migration in the subsurface is a complex
process and generally involves four storage mechanisms: (1) structural and hydrodynamic
trapping; (2) residual trapping; (3) solubility trapping; and (4) mineral trapping. Of these
four processes, mineral trapping is considered the safest trapping mechanism for long-term
CO2 storage [66]. In this study, gas trapping is defined as a combination of structural and
hydrodynamic trapping and residual trapping.

For the base case, solubility trapping begins at ~35% and increases to ~45% at 1 year,
(Figure 9), and gradually decreases to ~30% at 30 years. During the post-injection period,
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solubility trapping gradually increases to ~40% at 100 years. After ~3000 years, the per-
centage slightly decreases and reaches ~37% at 10,000 years. Mineral trapping does not
occur until ~200 years, and its percentage steadily increases to ~43% by the end of the
simulation. More than half of the injected CO2 is in gas form until ~700 years, after which
the gas trapping gradually decreases to ~20% at the end of the simulation.

Energies 2022, 15, x FOR PEER REVIEW 22 of 34 
 

 

simulation. More than half of the injected CO2 is in gas form until ~700 years, after which 
the gas trapping gradually decreases to ~20% at the end of the simulation. 

 
Figure 9. Graph showing contribution of different trapping mechanisms for base case through time. 

For the homogeneous case, solubility trapping begins at ~45% and decreases to 35% 
at ~1 year. (Figure 10). After that, it decreases to ~30% at 10 years and increases gradually 
during post-injection until the end of the simulation, where it reaches 47%. Mineral trap-
ping does not occur until ~500 years. Its percentage gradually increases to ~25% at 10,000 
years. More than half of the injected CO2 is in gas form until ~1000 years. After that, gas 
trapping gradually decreases to ~28% at the end of the simulation. 

 
Figure 10. Graph showing contribution of different trapping mechanisms for homogenous case 
through time. 

0
10
20
30
40
50
60
70
80
90

100

0.
1

1.
0

10
.0

30
.0

50
.0

70
.0

10
0.

0
20

0.
0

30
0.

0
40

0.
0

50
0.

0
70

0.
0

10
00

.0
20

00
.0

30
00

.0
40

00
.0

50
00

.0
60

00
.0

70
00

.0
90

00
.0

10
00

0.
0

Tr
ap

pi
ng

 m
ec

ha
ni

sm
 c

on
tr

ib
ut

io
n,

 %

Time, year

Gas Trapping Solubility Trapping Mineral Trapping

0

10

20

30

40

50

60

70

80

90

100

0.
1

1.
0

10
.0

30
.0

50
.0

70
.0

10
0.

0

20
0.

0

30
0.

0

40
0.

0

50
0.

0

70
0.

0

10
00

.0

20
00

.0

30
00

.0

40
00

.0

50
00

.0

70
00

.0

90
00

.0

10
00

0.
0Tr

ap
pi

ng
 m

ec
ha

ni
sm

 c
on

tr
ib

ut
io

n,
 %

Time, year

Gas Trapping Solubility Trapping Mineral Trapping

Figure 9. Graph showing contribution of different trapping mechanisms for base case through time.

For the homogeneous case, solubility trapping begins at ~45% and decreases to 35% at
~1 year. (Figure 10). After that, it decreases to ~30% at 10 years and increases gradually
during post-injection until the end of the simulation, where it reaches 47%. Mineral trapping
does not occur until ~500 years. Its percentage gradually increases to ~25% at 10,000 years.
More than half of the injected CO2 is in gas form until ~1000 years. After that, gas trapping
gradually decreases to ~28% at the end of the simulation.
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Figure 10. Graph showing contribution of different trapping mechanisms for homogenous case
through time.
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The dominant trapping mechanism in the base case is mineral trapping (43%), while it
is solubility trapping (47%) in the homogeneous case at the end of the simulation. Because
the fraction of mineral trapping in the base case is higher than that in the homogeneous
case (25%), CO2 storage is more secure in the base case at the time scale of 10,000 years.

5. Conclusions

In this study, 3D high-resolution simulation facilitated by parallel computation on a
supercomputer was conducted to investigate the impact of hydrogeological heterogeneity
on reactive transport simulation of GCS in the Mt. Simon Sandstone.

Results from this study indicate that the inclusion of hydrogeological heterogeneity of
a formation has a significant influence on carbon storage in 3D reservoir simulations, in
terms of CO2 plume migration pattern, CO2-water-mineral interaction, reservoir quality,
and CO2 plume containment. Because of these findings, it is necessary to include hydroge-
ological heterogeneity in reactive transport simulation of GCS. Even if the full 3D reservoir
heterogeneity parameters are not available, assigning several layers of lithofacies with the
variations in porosity and permeability in the vertical direction is highly recommended.
The results show that:

• The shape of the CO2 plume is greatly affected by the incorporation of reservoir
heterogeneity in reactive transport modeling. In the case of this study, including
porosity and permeability heterogeneity resulted in a mushroom-shaped CO2 plume
that was contained in the lower third of the reservoir, compared to a pillar-shaped
CO2 plume for the homogeneous case that reached the reservoir top.

• The difference in mineral trapping is primarily related to the distribution of the
CO2 plume. The wider plume and lower pCO2 in the base case caused coupled
K-feldspar dissolution and illite precipitation (Equation (5)) to be dominant, while, in
the homogenous case, more concentrated plume and higher pCO2 resulted in coupled
albite dissolution and dawsonite precipitation (Equation (6)) domination.

• Without considering reservoir heterogeneity, the coupled albite dissolution-dawsonite
(and quartz) precipitation reaction becomes more important than coupled K-feldspar
dissolution-illite precipitation reaction in the study site, especially near the injection
well. As a result, dawsonite is the dominant secondary carbonate mineral in the
homogenous case.

• Since including hydrogeological heterogeneity in reservoir modeling leads to higher
estimates for mineral trapping and slower upward CO2 migration, modeling re-
sults may indicate safer and more secure CO2 storage when reservoir heterogeneity
is considered.
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Figure A1. Fence diagrams illustrating the simulated pH evolution for the base case (a1,b1,c1,d1,e1) 
and homogeneous case (a2,b2,c2,d2,e2) at (a) 1 year, (b) 30 years, (c) 100 years, (d) 1000 years, and (e) 
10,000 years. Each figure’s size is approximately 35 km × 550 m (x, z). 

Figure A1. Fence diagrams illustrating the simulated pH evolution for the base case (a1,b1,c1,d1,e1)
and homogeneous case (a2,b2,c2,d2,e2) at (a) 1 year, (b) 30 years, (c) 100 years, (d) 1000 years, and
(e) 10,000 years. Each figure’s size is approximately 35 km × 550 m (x, z).
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Figure A2. Plan view diagrams illustrating the simulated pH evolution for the base case from the
arkosic layer top view (a1,b1,c1,d1,e1) and homogenous case from the Upper Mt. Simon top view
(a2,b2,c2,d2,e2) at (a) 1 year, (b) 30 years, (c) 100 years, (d) 1000 years, and (e) 10,000 years. Each
figure’s size is 35 km × 35 km (x, y).
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the base case from the arkosic layer top view (a1,b1,c1,d1) and homogenous case from the Upper Mt.
Simon top view (a2,b2,c2,d2) at (a) 30 years, (b) 100 years, (c) 1000 years, and (d) 10,000 years. Each
figure’s size is 35 km × 35 km (x, y).Energies 2022, 15, x FOR PEER REVIEW 27 of 34 

 

 

 
Figure A4. Plan view diagrams illustrating the simulated calcite volume fraction evolution for the 
base case from the arkosic layer top view (a1,b1,c1,d1) and homogenous case from the Upper Mt. 
Simon top view (a2,b2,c2,d2) at (a) 30 years, (b) 100 years, (c) 1000 years, and (d) 10,000 years. Each 
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Figure A4. Plan view diagrams illustrating the simulated calcite volume fraction evolution for the
base case from the arkosic layer top view (a1,b1,c1,d1) and homogenous case from the Upper Mt.
Simon top view (a2,b2,c2,d2) at (a) 30 years, (b) 100 years, (c) 1000 years, and (d) 10,000 years. Each
figure’s size is 35 km × 35 km (x, y).
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Figure A5. Plan view diagrams illustrating the simulated ∆ quartz volume fraction evolution for
the base case from the arkosic layer top view (a1,b1,c1,d1) and homogenous case from the Upper Mt.
Simon top view (a2,b2,c2,d2) at (a) 30 years, (b) 100 years, (c) 1000 years, and (d) 10,000 years. Each
figure’s size is 35 km × 35 km (x, y).Energies 2022, 15, x FOR PEER REVIEW 29 of 34 

 

 

 
Figure A6. Plan view diagrams illustrating the simulated ∆ illite volume fraction evolution for the 
base case from the arkosic layer top view (a1,b1,c1,d1) and homogenous case from the Upper Mt. 
Simon top view (a2,b2,c2,d2) at (a) 30 years, (b) 100 years, (c) 1000 years, and (d) 10,000 years. Each 
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Figure A6. Plan view diagrams illustrating the simulated ∆ illite volume fraction evolution for the
base case from the arkosic layer top view (a1,b1,c1,d1) and homogenous case from the Upper Mt.
Simon top view (a2,b2,c2,d2) at (a) 30 years, (b) 100 years, (c) 1000 years, and (d) 10,000 years. Each
figure’s size is 35 km × 35 km (x, y).
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Figure A7. Plan view diagrams illustrating the simulated ∆ porosity evolution for the base case from 
the arkosic layer top view (a1,b1,c1,d1) and homogenous case from the Upper Mt. Simon top view 
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Figure A7. Plan view diagrams illustrating the simulated ∆ porosity evolution for the base case from
the arkosic layer top view (a1,b1,c1,d1) and homogenous case from the Upper Mt. Simon top view
(a2,b2,c2,d2) at (a) 30 years, (b) 100 years, (c) 1000 years, and (d) 10,000 years. Each figure’s size is
35 km × 35 km (x, y).
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Figure A8. Plan view diagrams illustrating the simulated ∆ permeability evolution for the base case
from the arkosic layer top view (a1,b1) and homogenous case from the Upper Mt. Simon top view
(a2,b2) at (a) 1000 years, and (b) 10,000 years. Each figure’s size is 35 km × 35 km (x, y).
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Figure A9. Change in volume fraction of different minerals in the base case along with porosity and
permeability alteration near the injection well in the arkosic layer throughout the 10,000 years of
simulation. Change in permeability is in Darcy.
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