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Abstract

Geologic carbon storage (GCS) is a promising method for reducing anthro-
pogenic COy emissions to the atmosphere. To safely deploy GCS in the field,
it is necessary to assess risks and the effect of uncertainty on safe storage. The
effect of uncertainty can be quantified using batches of simulations, but the high
computational costs of high-resolution simulations necessitate use of reduced-
order models (ROMs). Previous work involves ROMs for quantifying the risk of
different potential leakage paths from storage reservoirs to shallow formations.
However, previous studies on development of fault-leakage ROMs have limited
numbers of uncertain parameters and do not explicitly examine impacts of COq
solubility and thermal stresses on fault reactivation, which can generate high
permeability pathways and compromise CO4 storage. In this study, we analyze
an ensemble of simulations considering COq leakage from a storage reservoir to a
shallow aquifer through a fault while varying a number of uncertain parameters
related to thermo-hydro-mechanical properties and COs injection. We show the
effects of solubility on: free-phase COs-leakage rates, brine-leakage rates, and
poroelastic fault destabilization. We find that COg solubility is more important
for estimating free-phase COs-leakage rates compared to brine-leakage rates or
poroelastic fault destabilization. We also find that thermal stresses and over-
pressures have different spatial distributions within the fault, indicating that the

spatial variability of overpressures due to variation in flow parameters does not
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necessarily make the spatial variability of thermal stresses negligible. We sug-
gest the use of the CO5 phase-change path as a variable in future fault-leakage
ROMs.

Keywords: Geologic carbon storage, reduced-order model, fault leakage, COa,

fault reactivation

1. Introduction

Geologic carbon storage (GCS) is considered a promising method for reduc-
ing CO4 emissions to the atmosphere . With the enactment of the
recent §45Q statute (26 USC §45Q), , many billions of dollars of tax credits
are set to incentivize the growth of carbon capture and storage significantly over
the next decades. However, concerns exist over the safety of COs storage sites

(White & Foxalll 2016} Newell & Ilgen, 2019). Risk assessment is essential to

both the technical and economic viability of GCS projects. Probabilistic en-
sembles of simulations are a prominent way to quantify risk under uncertainty
because of their ability to integrate the various complexities of the subsurface;
however, they can often be too computationally expensive or numerically chal-
lenging to execute. Reduced-order models (ROM) are one way to overcome this
problem and so are favored for applications such as site-screening
. ROMs reduce the computational burden of simulations by captur-
ing only the physics essential to a given risk assessment problem. ROMs have

been applied to field cases (Onishi et all [2019).

Comprehensive risk assessment includes identification of uncertain variables
and impact of uncertainty on risks. It involves the risk of fault reactivation
and subsequent change in fault permeability, although these effects are not
straightforward to capture (Rinaldi et al) |2014; Zheng et al., [2021)). A fault
may reactivate and cause substantial changes in permeability

[2017; [Tran & Jhal 2021)), resulting in a high permeability pathway to the sur-

face, potentially causing loss of containment of stored CO2 and associated ge-

omechanical deformation patterns across the fault (Meguerdijian & Jhal 2021)).
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COg is partially miscible in brine. The dissolution process depends on COs
pressure and temperature, both of which can change with time as CO2 migrates
within the reservoir and potentially through a fault. It is believed that moni-
toring dissolved COs in brine can assist with monitoring CO5 plume migration,
solubility trapping, and groundwater contamination risk associated with COq
storage (Keating et all|2010). However, a limitation of the high computational
cost of storage simulations is that, for the purposes of producing ROMs, the
sample size of simulations to adequately cover the parameter space of even a
few uncertain variables can be quite large. When combined with coupled flow
and geomechanics, the computational burden can become substantial, such that
even training ROMs for use in uncertainty quantification becomes challenging.

In previous research, ROMs have been generated for simulations of wellbore
leakage (Harp et al.,|2016)), aquifer impacts (Keating et al., 2016} |[Bianchi et al.|
2016)), fault leakage without geomechanics (Lu et al., 2012), and preliminary
work on fault leakage as either a plane (Lindner, [2020) or a continuum with
aseismic slip (White et al., [2017)). These fault-leakage ROM studies include
those involving a limited number of uncertain variables (around five, though
possibly after a sensitivity analysis of potential inputs) or simplified physics,
such as the assumption of parallel plate flow. While these studies provide im-
portant information regarding the effects of fault slip or initial steps toward
development of a fault-leakage ROM that can be incorporated into risk assess-
ment frameworks, such as NRAP-IAM-CS (Pawar et all 2016), they do not
explore the effects of solubility or thermal stresses in detail.

In this paper, we identify insights for future ROM development by investi-
gating the physical process of fault leakage. We present an analysis of brine and
COg, leakage rates through faults and their association with fault destabilization
induced by COs injection, with particular focus on COs solubility and thermal
stresses. We use a 3D model to simulate leakage from a storage reservoir through
a fault to a shallow aquifer, and we consider 19 uncertain variables associated
with fluid flow through faults. We compute poroelastic destabilization, temper-

ature changes, and thermal stress changes within the fault across an ensemble
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of realizations. We consider the effects of solubility on fault stability. We show
that in spite of substantial variations in input parameters, thermal stresses can
still exert significant effects on fault destabilization and thereby on changes in
fault permeability and resulting leakage rates. For the parameter space used
in this study, we note that the spatial distribution of thermal stresses in the
fault is different from that of overpressures. The two effects occur in different
portions in the fault in such a manner that the spatial variability of one does not
render the spatial variability of the other negligible. Moreover, we show that
CO,, dissolution affects free-phase CO5 leakage rates, where “free-phase” refers
to liquid, vapor, and supercritical phases combined but not COs dissolved in
brine. The effect of solubility on brine leakage rates and poroelastic fault desta-
bilization is minimal. We draw conclusions as to how to generate fault-leakage

ROMSs which incorporate these findings.

2. Methods

2.1. Description of the physics and constitutive equations

We used the Finite Element Heat and Mass Transfer (FEHM) code to
perform fully-coupled 3D multiphase simulations with heat and mass trans-
fer (Zyvoloski et al.l 2015). The relevant equations have been described previ-
ously (Zyvoloski et al.l [1999). We used the Pylith-FlowSim simulator (Jha &
Juanes, |2014; |Zhao & Jhal, [2019, 2021} [Tiwari et al., |2021) to conduct geome-
chanical analyses using the outputs of FEHM and one-way flow-to-mechanics
coupling. Given that this study is concerned with the risks to fault stability
due to injection in a deep aquifer and leakage from a deep aquifer to a shallow
aquifer, it is safer to assume that the mechanics-to-flow coupling is negligible, as
the presence of mechanics-to-flow coupling would tend to produce lower pressure
estimates and consequently lower leakage and risk of fault reactivation.

Mechanics-to-thermal coupling is considered insignificant because heat flow
occurs by two main mechanisms in the reservoir: (1) conduction and (2) con-

vection. Regarding conduction, the thermal conductivity of a cell depends on
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the relative fractions of brine, rock, and supercritical COs (scCOsz). Mechanics
would change this by changing the porosity. However, the porosity changes are
expected to be small, as the change in porosity due to pressure is proportional
to the inverse of the drained bulk modulus (Biot & Willis, [1957; |Coussy, 2004,
Eqns. 4.21c, 4.35, 4.44; as given by White et al., 2019, Eqn. 4). The drained

bulk modulus of a reservoir can be on the order of GPa, leading to small porosity
changes in the response to pressure changes on the order of MPa. Thermal con-
traction would also be small, considering that the volumetric thermal expansion
coefficient of many common minerals is on the order of 107°/°C
Table 9). This would limit the amount of convection which would occur
as a result of thermomechanical deformation. Consequently, in this study, one-
way coupling is safer for the estimation of fault reactivation risk than two-way

coupling.

The numerical formulation of (Jha & Juanes, 2014) is used to calculate

poroelastic effects while thermal stresses in the fault are calculated separately.

The change in the Coulomb Failure Function (CFF) (also known as the Coulomb

failure stress) (Reasenberg & Simpson| [1992} [Scholz, [2019) is used to estimate

fault destabilization due to poroelastic effects:
ACFF = Alr| + psAo), (1)

where 7 is the shear stress on the fault, p1f is the fault’s static coefficient of
friction, and o7, is the effective normal stress (assumed positive in tension) on the
fault. We consider only changes in the CFF in our work to avoid specifying an

initial stress state, which can have substantial uncertainties due to its methods of

measurement (Burghardt & Appriou) |2021) and is unnecessary for establishing

this study’s conclusions concerning fault destabilization. The thermal stresses

are volumetric in nature and are calculated as (Coussyl, 2004, Eqn. 4.24):
or = —3a5KdT(T — To)]_ (2)

where 1 is the rank-2 identity tensor, K, is the drained bulk modulus, 7T is the

current temperature, Tp is the initial temperature, and oy is the linear thermal
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expansion coefficient of the solid phase. Note that cooling of a fault can lead to

destabilization depending on the reservoir conditions (Jacquey et al., [2015]).

2.2. The model

Our conceptual model is shown in Figure [l The model consists of a deep
aquifer, a caprock, a shallow aquifer, overburden, and a two-part fault. The
fault consists of a fault core and damage zone and follows the description given
by (Johri, |2012)). The fixed parameters of the reservoir model are listed in Ta-
ble The varying parameters of the reservoir model are shown in Table
along with their respective ranges. The values of the varying parameters are
sampled uniformly (uniformly in the logarithmic domain for permeabilities) or
with equal probability for the discrete values using Latin Hypercube Sampling
(LHS) (Helton & Davis, 2002). Note that a reduced-order model is not gen-
erated in this study, but rather an ensemble of realizations across the range
of these varying parameters is analyzed. The FEHM flow simulation model is
constructed using a mesh (termed the “FEHM mesh”) that has evenly spaced
cells in all directions, except for a geometrically spaced region in the x-direction
near x=0 m to resolve the fault. The cell centroids of this mesh are then used
to make another mesh (termed the “Pylith mesh”). The Pylith mesh is used
with Pylith-FlowSim, and pressure values from the FEHM mesh are assigned to
the centroids of the Pylith mesh. This allows us to couple FEHM to Pylith to
perform geomechanical simulations using pressures directly from FEHM. Con-
structing the Pylith mesh in this manner avoids any loss in accuracy due to
interpolation of pressure, which will be required in case of two arbitrary meshes
for flow and geomechanics.

The reservoir is initialized to a steady-state geothermal and hydrostatic gra-
dient. The boundary conditions for fluid flow and heat transfer are no-flow on all
boundaries, except for the shallow aquifer, which has constant pressure outflow-
only boundaries for both brine and COs. This increases the pressure gradient
from the injection well to the shallow aquifer and so promotes leakage, enabling

a conservative leakage estimate. Note that pressure does increase within the
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Figure 1: A schematic of the fault-leakage model problem.



Parameters Value

Deep aquifer thickness (m) 225
Caprock thickness (m) 3750
Shallow aquifer thickness (m) 200
Overburden thickness (m) 225
Density of the rock (solid phase) (kg/m?) 2650
Specific heat capacity of the rock (solid phase) (J/(kg-K)) 920
Surface temperature (at the top of the domain)(°C) 10
Geothermal gradient (°C/km) 8.4
Temperature at the bottom of the domain (°C) 47
Pressure at the top of the domain (MPa) 0.1
Porosity of the caprock (dimensionless) 0.1
Porosity of the overburden (dimensionless) 0.1
Permeability of the caprock (m?) 10718
Permeability of the overburden (m?) 10718
COy injection temperature (°C) 32
Biot coefficient of the domain (dimensionless) 0.8
Biot coefficient of the fault (b, dimensionless) 0.8
Coefficient of static friction for the fault (4, dimensionless) 0.6
Height of the domain (m) 4400
X-width of the domain (m) 4000
Y-width of the domain (m) 4000
Well top z-coordinate (m) 225
Well bottom z-coordinate (m) 0
Total injection time (years) 10
Total simulation time (years) 30
Relative permeability model linear
Fault x-coordinate (m) 0
Fault y-cooordinates (m) [-1700, 1700)
Fault z-coordinates (m) [75, 4175]

Table 1: Fixed parameters of the reservoir model.



Parameters Range/Set

Fault core permeability (logio(m?)) [-18,-12]
Fault core porosity (dimensionless) [0.001,0.1]
Damage zone permeability (logio(m?)) [-15,-12]
Damage zone porosity (dimensionless) [0.001,0.1]
Shallow aquifer permeability (logio(m?)) [-14,-12]
Shallow aquifer porosity (dimensionless) [0.05,0.5)
Deep aquifer permeability (logio(m?)) [-14,-12]
Deep aquifer porosity (dimensionless) [0.05, 0.35]
Fault core thickness (m) [0.0, 0.5]
Damage/fault zone thickness (includes fault core thickness) (m) {33.33,70.85}
Fault permeable length (m) {800,1600,2400}
Rock conductivity (W/(m-K)) [1.0, 6.0]

Well x-coordinate (m)* {154.26,248.10,388.86}
Well y-coordinate (m) {-200,0,200}
Well rate (kg/s) [7.5, 25]
Solubility of CO, {soluble, insoluble}
Volumetric thermal expansion coefficient (°C~1) [1075,5x1079]
Poisson’s ratio (dimensionless) [0.2,0.35)
Young’s modulus (GPa) [5,20]

Table 2: Varying parameters of the reservoir model. Square brackets denote a continuous,
uniform distribution while brackets denote a discrete distribution. *The x-axis is at the center

of the fault.
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deep aquifer during injection under these boundary conditions. Injection occurs
through the well at depths of 4175-4400 m. The CO; injection rate is constant
during the injection period and zero after the injection period ends. The depths
are chosen such that the COy passes from a supercritical state to a gas state
as it migrates from the deep aquifer to shallow aquifer through the fault. The
flow and transport solvers are coupled. Density changes with pressure, temper-
ature, and dissolved CO5 concentration. COs solubility changes as a function of
pressure, temperature, and salinity. As capillary pressure would tend to inhibit
CO leakage, we neglect capillary pressures to obtain conservative estimates of
leakage and more easily draw conclusions from our simplified model.

The fault consists of a vertical fault core and damage zone whose properties
are considered equivalent properties (e.g. an upscaled permeability) and whose
parameter variations are meant to reflect the variety of conditions which can
occur in the subsurface. Faults can exhibit complex, time-dependent behavior
with slip, such as slip-dependent permeability followed by leakage and fracture
self-healing (Chester et al., [1993), and numerous mechanisms can be involved
in a fault’s history (Sibsonl 1977)). Fault core composition varies with distance
from the slip surface (Scholz, |2019)), with asymmetry potentially across the fault
(e.g. pulverization on one side of the fault when rock stiffness values differ on
each side of the fault (Mitchell et al., [2011; Dor et al., [2006))). Fault zone
conceptual models include differences in the architecture of the fault (e.g. a
single fracture vs. a deformation zone, fractured rock around the core vs. solid
rock around the core) (Caine & Forster) [1999). In this work, we opt for a fault
model which focuses on the leakage amounts and selected stresses, incorporating
the uncertainties in the fault architecture through a two-part fault model (fault
core and damage zone), the use of equivalent permeabilities and porosities for
the fault, and a range of fault property values to capture the fault’s properties’
uncertainties. This is a simplified model and is not applicable in all cases. We
choose to increase the parameter uncertainties instead of the model complexity
to obtain clear causative relationships.

The permeabilities and porosities of the fault core and damage zone are

10
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obtained by LHS. These values are then upscaled, with the resulting upscaled
permeabilities and porosities assigned to the mesh vertices in the x-direction
nearest to the fault. The fault is modeled as a zone consisting of a plane of cells
one-cell thick on each side of the fault’s center plane when the damage zone is
33.33 m thick and a region two-cells thick on each side of the fault when the
damage zone is 70.85 m thick. When the damage zone is 70.85 m thick, the
properties of the second sheet of cells furthest from the fault’s center plane are
those of the damage zone. In both cases, the first sheet of cells (those adjacent to
the fault’s center plane, here called the “inner fault zone cells”) have upscaled
properties incorporating both damage zone and fault core properties. These

upscaled properties are calculated using the following equations:

% Tip — Le
kfc,ac = Lfc + zip—Lye (3)
kfc kdz
. _ kpeLje+ kaz(wa — Lyc) 4
s = L @
* ¢ cL c + ¢dz (xib —L c)
o3, = Prels f %)

Tip — Tc

where:

. k;‘cqw is the upscaled permeability in the x-direction of the inner fault zone

cells,

° ;c u/ is the upscaled permeability in the y- and z-direction of the inner

fault zone cells,
® ¢}, is the upscaled porosity of the inner fault zone cells,

e x;;, is the thickness of the inner fault zone cells in the x-direction (equal

to 33.33 m),
e 1. is the x-coordinate of the center of the fault (z. = 0 m in this case),

e Ly is the fault core thickness,

11
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kg is the fault core permeability,

kg is the damage zone permeability,

@yc is the fault core porosity, and

4. is the damage zone porosity.

A low geothermal gradient is chosen (the value in Tableis roughly that of an
old continental craton (Lowell et al., |2014)); this allows for a more conservative
estimate of COs solubility effects on ACFF and allows phase change to occur
within the fault. Phase change produces both temperature changes (which

induce thermal stresses) and substantial drops in density in the fault.

3. Results and analysis

3.1. Base Case

We performed a base case simulation to demonstrate the physics of the
model problem. Table [3| shows the parameters used in the base case. The case
does not take into account CO4 solubility in brine, but the effect of solubility is
shown through comparison with results from the model with CO5 solubility. The
damage zone permeability is about 7 mD while the deep aquifer permeability is
about 389 mD. The shallow aquifer permeability is about 405 mD. A corner of
the simulation domain is plotted in the following figures to show the properties
from the simulation in both the fault and aquifers. Figure [2]shows this cutout of
a corner of the domain with £ = 0 m corresponding to the fault. The injection
rate is roughly 706,000 metric tons of COy per year. Figure a) shows that
water movement occurs around the well and within the fault both vertically up
the fault and laterally across the fault, with greater water movement occurring
in the fault areas closest to the well and vertically above. Such 3D patterns of
leakage have been missing in some of the earlier 2D modeling studies of leakage.
Water movement also occurs in the fault section within the shallow aquifer.

Figure b) shows that water movement is substantially reduced both laterally

12
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in the fault and within the shallow aquifer when solubility effects are included.
This indicates changes in the pattern of CO4 spread, which we analyze further
below.

While the COs plume travels a smaller distance laterally in the fault when
solubility effects are present, the fault is nevertheless pressurized across its per-
meable length. A substantial amount of CO4 dissolution occurs within the fault.
Figure [da) and (b) show that the supercritical COy (scCOz) is present near
the injection well and within the fault, but the lateral spread of scCO in the
fault is reduced when solubility is included. The same is observed with the
length of the plume across the top of the fault, in the shallow aquifer zone, in
Figure c) and (d). Figure e) shows that when solubility is present, dissolu-
tion of COs limits the lateral spread of the free-phase CO5 plume in the fault.
This is important because it shows how COs may leak in both the free-phase
(undissolved) and the aqueous phase (dissolved), and why COs monitoring ef-
forts should consider CO4 solubility in cases where dissolved CO5 may act as a
signature of CO presence or risks such as elevated metal concentrations. The
pressure has a different distribution than the COs saturation: Figure |§| shows
that, while initially pressurized according to the hydrostatic gradient in (a), the
fault is laterally pressurized nearly equally along the fault’s permeable length
(y-direction), as shown in (b). This can be attributed to the relatively high
deep-aquifer permeability in comparison to the damage zone permeability.

The thermal stresses show a substantially different spatial distribution than
the poroelastic ACFF but with a similar magnitude, suggesting that thermal
effects are important for the evaluation of fault stability in this case. Figure |§|(a)
and (b) show that the thermal gradient stays largely the same in the fault
except at the top, below the overburden. Figure |§|(c) shows that the fault
itself warms slightly, but the top of the fault cools much more. This is due to
CO4 vaporizing from a liquid phase to a gas phase, absorbing its latent heat of
vaporization from it surroundings and causing cooling (see Figurefor the phase
transition depths), and Joule-Thomson cooling from gaseous CO5y expanding.

In terms of thermal stresses, Figure @(d) shows that the thermal stresses within

13
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the fault are slightly stabilizing (compressive), but those at the top of the fault
are significantly tensile and could potentially reactivate the fault depending on
the proximity of the initial stress state to the Mohr-Coulomb failure envelope.
In contrast, Figure a) shows that the poroelastic ACFF is greatest slightly
above the bottom of the fault. This corresponds to the overpressure (shown
in Figure (b)) in the fault and above the deep aquifer. A difference appears
between the ACFF and pressure fields at the bottom of the fault, in the deep
aquifer region and immediately above it. As the pore pressures on both sides of
the fault are more equal in the deep aquifer than in the fault (where permeable
damage zone is surrounded by impermeable caprock), the reduction in effective
normal stress is greater in the region within the caprock than in the deep aquifer.
Therefore, while poroelastic effects promote destabilization deep in the domain
but above the deep aquifer in this case, thermal stresses promote destabilization

at shallow depths.
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Parameters Value

Fault core permeability (logio(m?)) -13.8114
Fault core porosity (dimensionless) 0.0134959
Damage zone permeability (logio(m?)) -14.1377
Damage zone porosity (dimensionless) 0.00549412
Shallow aquifer permeability (logio(m?)) -12.3988
Shallow aquifer porosity (dimensionless) 0.444103
Deep aquifer permeability (logio(m?)) -12.4161
Deep aquifer porosity (dimensionless) 0.315762
Fault core thickness (m) 0.483355
Damage/fault zone thickness (includes fault core thickness) (m) 33.333
Fault permeable length (m) 2400
Rock conductivity (W/m*K) 5.99166
Well x-coordinate (m) 154.265
Well y-coordinate (m) 0
Well rate (kg/s) 22.3783
Solubility of CO4 insoluble*
Volumetric thermal expansion coefficient (°C~1) 2.15876*1075
Poisson’s ratio (dimensionless) 0.20312
Young’s modulus (GPa) 7.91083

Table 3: The varying parameters for the base case. *The base case results are for the insoluble

case unless otherwise noted.
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Figure 2: The location of the corner cutout and permeable portion of the fault in the base
case figures. The corner cutout and permeable fault location are shown in solid colors. The

entire simulation domain is shown using a wireframe drawing.

8.2. Autocorrelation of inputs

We sampled the uncertain parameters using LHS. A portion of numerical
simulations did not complete due to numerical instabilities. We used 217 simu-
lations and verified that the sampling is unbiased to a first-order approximation.
Cumulative distribution functions of the inputs for the completed runs are shown
in Figure[S.1]in the supplementary information. Figure[S.I|shows that the input
distributions are sufficiently uniform.

It is apparent that the inputs do not have any substantial linear correla-
tions between themselves. Figures and show that all the correlations

have correlation coefficient values less than 0.3. Because of this, first-order lin-

16
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Figure 3: Corner cutout views of the water saturation field along the fault in the base case at
the end of injection, where (a) does not include solubility effects and (b) includes solubility

effects.

ear effects and interactions estimated from the completed runs can be taken
as representative of the simulation physics. While linear relationships can be
detected using Pearson coefficients, they do not necessarily show monotonic
nonlinear effects. We use Spearman coefficients to estimate first-order nonlin-
ear correlations between the input variables to ensure that significant nonlinear
relationships do not exist between variables. Figures[S.4] and [S.5| show that the
nonlinear monotonic relationships between variables is not significant, regard-
less of CO5 solubility. We therefore proceed with our analysis of the outputs
and their first-order relationships to the inputs, noting that the inputs are un-
correlated to a first-order and are generally uniformly distributed regardless of
COxz solubility and thus can be used to draw conclusions about first-order effects

on COs and brine leakage rates and CFF.

3.8. Solubility effects on brine and COs leakage rates

Brine and CO4 leakage rates and their variations show that COs dissolution

does not significantly affect brine leakage rates but does strongly affect COq
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(e) shows the dissolved CO2 mass fraction with solubility effects included.
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of the fault is evident in (b).

leakage rates, suggesting that solubility trapping, while potentially taking hun-
dreds of years to reach its full potential Fig. 5.9), can change
the rate of horizontal movement of free-phase COs substantially in the first
few years and decades of a COy injection operation. As Figure [9] shows, the
maximum brine leakage rates are largely clustered at low leakage rates for the
range of parameters used in our study, with a moderate number reaching high
leakage rates. The shape of the distribution is the same regardless of whether or
not solubility effects are included. The distribution of maximum CO5 leakage
rates is starkly different with and without COg solubility effects: when solubil-
ity effects are included, a substantial proportion of simulations yield no COq
leakage, as indicated by a jump in the cumulative distribution function (CDF)
near zero. The CDF of CO; leakage rates reaches 1 at lower leakage rates when
solubility is included. Using the maximum leakage rates as proxies for overall
leakage, Figure [J] suggests that the inclusion of solubility effects increases the
share of brine leakage relative to free-phase CO5 leakage. This can be due to the

free-phase CO3’s horizontal mobility being reduced in the reservoir due to CO4
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normal stress is positive in tension.
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dissolution in the brine. After injection, the COs rises toward the caprock and
spreads thinly as a plume due to buoyancy. Since the edges of the plume consist
of a thin layer of COs in a large contact area with brine, dissolution may occur
faster than during vertical migration of CO45 toward the caprock. This dissolu-
tion reduces the relative permeability of the edge of the COg plume, resulting
in substantially inhibited plume movement toward the fault. These results,
along with results showing the impact of vertical grid resolution on COs disso-
lution (Pickup et al.} |2010)), suggest that solubility must be carefully considered
when making fault-leakage ROMs with respect to free-phase CO5 leakage rates.

3.4. Effects on fault reactivation

The poroelastic changes in the fault are sufficient to cause fault reactiva-
tion, and the driving factor is the overpressure in the fault. Figures
and [15] show results from the combined ensemble of 217 simulations, including

those with and without solubility effects. Note that these figures show the en-
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tire fault plane (the permeable fault location in Figure [2[ and adjacent aquifer
and caprock). Figure [10fa) shows that the overpressures in the lower portion
of the fault (below z = 1000 m) can reach above 10 MPa relative to initial
conditions. Figure[I1]shows that the mode of the max(ACFF) across all runs is
approximately 4 MPa. As ACFF = A|7| + pfAo), (Eqn. [1) and o], = o, + bp,
ACFF varies as pybp, where p is the pore pressure and oy, is the total normal
stress. In this case, usb = 0.6 x 0.8 = 0.48, such that a 10 MPa overpressure
causes a ACFF change of 4.8 MPa, which is close to the average of the values in
Figure with the difference being due to changes induced in the total traction
and the shear traction. The overpressure values in Figure [10[a) in the lower
portion of the fault also correspond to the maximum ACFF locations in Fig-
ure Note that Figure [L1] shows that the presence of CO5 solubility does not
exert a clear impact on the distribution of max(ACFF), and Figure [12| shows
that solubility does not affect the areal distribution of max(ACFF) in the fault.
Figure shows that virtually the entire fault permeable region experiences
some degree of destabilization, which Figure a) strongly suggests is due to
pressurization. Pore pressure, regardless of COs solubility, is the driving factor
behind the fault destabilization.

The greatest uncertainties in overpressure are deep within the fault and
within the uncertainty in the spatial extent of the permeable fault region. The
standard deviation of overpressure (Figure[I0[b)) shows that the greatest uncer-
tainties in overpressure are at around z = 425-675 m and y = £700-900 m, which
reflect variability in the fault permeable length. These standard deviations reach
about 6 MPa across the ensemble of runs (both soluble and insoluble). The stan-
dard deviations are also larger immediately above the aquifer (which terminates
at a depth of 225 m). Both the average overpressures and standard deviations of
overpressure are substantially less significant at the top of the fault. The over-
pressures in the fault tend to be higher the closer the y-coordinate is to those
of the wells (0 m, £200 m), although the standard deviations of overpressure
do not change significantly in the y-direction except at fault permeable region

values. This shows that uncertainty in the fault permeable length introduces
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significant uncertainty in the spatial distributions of overpressures, especially
deep within the fault.

The thermal stresses caused by temperature changes in the fault exhibit
significant destabilizing tensile stresses at the top of the fault, distinctly different
from the pressure distribution. Figure (a) shows the largest overpressures
below 1000 m depth, and Figure b) shows the largest uncertainties also
below this depth. In contrast, the average temperatures in Figure a) and
(c) show that there is mild heating in the fault but substantial cooling at the
top of the fault, with the amount of cooling increasing between the time of the
maximum ACFF (Figure [14a)) and the end of the simulation (Figure [14fc)).
The standard deviations of these temperature changes are largest at the top of
the fault and increase with time (Figure[I4|(b) and (d)). This corresponds to the
phase transition from liquid COs to gaseous COs, during which the latent heat of
vaporization is absorbed from the environment and Joule-Thomson expansion
occurs, causing cooling (cf. Figure @ The thermal stresses corresponding
to these temperature changes are mildly compressive in the fault and tensile
(destabilizing) at the top (Figure [15(a) and (c)). The standard deviations of
these thermal stresses are largest at the top and increase with time (Figure b)
and (d)). The thermal stresses can potentially reactivate the fault at a shallow
depth, under the overburden, which is different from pressure-induced stresses,
which may result in fault reactivation slightly above the deep aquifer. Thermal
stresses seem benign or small outside of the region where COs phase change
occurs. These observations are confirmed by a comparison of the magnitudes
of the thermal stresses versus the pore pressure increase in the fault, shown
in Figure At the top of the fault (shown in Figure [16{a)), the thermal
stresses and fault’s pore pressure increase are comparable in magnitude, albeit
different in timing (year of max(ACFF) versus the end of the simulation). At
the bottom of the fault (shown in Figure [I6[b)), the distributions of thermal
stresses and overpressures do not overlap, and the thermal stresses are negligible
compared to the overpressures. These results suggest that fault-leakage ROMs
should capture the phase-change path in the fault, possibly as a variable, to
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the mazimum pressure adjacent to the fault. Pressures taken at the time of the max(ACFF)
for each run in the ensemble. (b) Standard deviation of the ensemble pressures corresponding

to (a).

incorporate the effects of thermal stresses on fault reactivation and possible
leakage pathway creation. The COs phase-change path is the sequential order
of CO2 phase states as CO5 leaks up the fault based on the initial conditions.
For example, Figure [7] shows that the COy phase-change path in the base case
is: scCOg, liquid COs, gaseous CO,. This path can, for example, be represented
in a ROM by an indicator variable e.g. the path of scCOq, liquid CO3, and then
gaseous COs can be represented by a 1 if it is reflective of the phase transitions

in the fault of a given realization or 0 if it is not.

4. Discussion

4.1. Solubility in the Fault-Leakage Context

Solubility in GCS has been frequently studied within the context of a COs
storage reservoir, but this study’s novelty includes examining the effects of sol-

ubility in the context of fault leakage. Extensive work has been done on solutal

convection and density-driven fingering (Amooie et al. 2018} [Ershadnia et al.|

20205 Singh et al., 2021). The model problem studied in these papers has a
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Figure 11: A histogram and kernel-density plot of the maximum ACFF values encountered
in each run, both for runs with CO2 solubility and those without COg solubility. Note that
the soluble CO2 histogram overlays the insoluble CO2 histogram and a third color appears

where the two overlap.
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run. Note that while the runs including solubility and not including solubility were plotted

separately, the points overlap.
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COz plume positioned vertically above a brine column and migrating laterally
beneath the bottom boundary of a caprock layer while gradually dissolving in
brine. CO4 dissolution causes density instabilities to form, causing fingering and
convection due to the sinking of denser, COs-laden brine into the relatively less
dense brine below. The consequence of such convection is increased solubility
trapping in the storage reservoir. In contrast, solubility during fault-leakage
is primarily a matter of CO9 leakage-rate effects: as the fault itself would not
be expected to store much COs, the effect of solubility manifests in the mag-
nitude of free-phase CO5 leakage. Figure [J] shows that brine leakage rates do
not change much with solubility, although they do exhibit a slight shift toward
lower leakage rates while free-phase CO, leakage rates decline substantially.
Here, the flow in the fault is driven by the pressure gradient between the two
aquifers and buoyant force due to the density difference between the COs and
brine phases. Nevertheless, CO5 dissolution does occur within the fault and
the storage reservoir. Unlike previous studies, which focused on the effects of
solubility in the storage reservoir, this study shows an initial estimate of the

effect of COs solubility on the magnitude of free-phase CO5 and brine leakage.
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Figure 14: All changes shown are deviations from initial conditions. (a) Ensemble average

Temperatures taken at the time of the

max(ACFF). (b) Standard deviation corresponding to (a). (c) Ensemble average temperature

increase in the fault at the end of the simulation.

temperatures in (c).
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Figure 16: Comparison of thermal stress and overpressure at the top and bottom of the fault.
(a) The thermal stress (positive in tension) and the overpressure in the fault relative to the
initial conditions at the top of the fault. (b) The thermal stress and the overpressure in the
fault relative to the initial conditions at the bottom of the fault but slightly above the storage
(deep) aquifer.
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4.2. Generalizability and Limitations for Real GCS Sites

This study definitively shows that thermal stress changes can rival pore
pressure increases in faults during fault leakage if there are phase change-induced
temperature changes in the fault, a finding which impacts site evaluation for

operators. Recent studies have incorporated thermal effects in the case of fault

leakage behavior (Jung et al. 2015) and noted the importance of stress fields

in affecting failure, which then affects leakage pathways (Miocic et al. 2020).

This work connects these two lines of investigation by showing that thermal
stresses resulting from phase change-induced temperature changes during fault

leakage during GCS can affect stress fields enough (on the order of 1 MPa -

see Figure [16] and compare to a threshold of 0.1 bar (Reasenberg & Simpsonl

1992)) to induce fault failure and so potentially affect the leakage behavior. As
the changes in thermal stresses would tend to be concentrated near the phase-
change boundary from liquid to gaseous COs, operators should estimate the
phase-transition depth and use it to enhance their fault-seal analysis.

Given the simplified fault model, there are limitations to this study’s gener-

alizability, especially with respect to its modeling of a fault seal. Fault zones at

sites considered for GCS can be complex (Dockrill & Shipton, 2010; [Mulrooney|
2020), and the sealing capacity of a fault can vary widely depending on
factors such as the fault’s throw (Wu et al., 2021, fault-rock strength parame-

ters (Rahman et al. |2021)), and in-situ stresses (Rahman et al., 2021). Thermal

stresses induced by COs phase change can also vary with the rock properties,
such as the thermal expansion coefficient or drained bulk modulus (Eqn. [2)).

This study’s model also does not take into account differences in leakage due to

dip angle, which have been found to be important (Meguerdijian & Jhal 2021]).

While CO3 migration parallel to the fault is taken into account in this study, the
use of a fault seal analysis algorithm (e.g. the shale-gouge ratio (SGR) (Yielding
1997))) and the incorporation of dip angle would be helpful in a site study.
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5. Conclusions

Thermal stresses and COg solubility are phenomena that can affect the fault
stability and leakage rates during CO, leakage from a deep saline aquifer. In

this study, we find that:

1. Solubility effects can be neglected insofar as estimating poroelastic fault
reactivation or brine leakage rates are concerned, but solubility cannot be
neglected for estimating free-phase CO leakage rates.

2. Thermal stresses can be more significant at shallow depths than at deep
depths in a fault when CO, phase change can take place, unlike pore
pressure changes, which are larger at deep depths in the fault.

3. Increases in tensile thermal stress post-injection can be sufficient to cause
failure in the fault when phase change is present.

4. Given the possibility of COy phase change during fault leakage and the
associated thermal stresses, it may be advantageous to estimate the phase
change path of potentially leaking CO5 and use it as a variable or param-

eter in fault-leakage ROMs.

We show that pore pressure and thermal stresses exhibit distinct effects in
different locations but that both can potentially cause fault reactivation. Future
work involves investigation of dip-angle effects on leakage rates and the creation

of fault-leakage ROMs.
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