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aMines Paris, Université PSL, Centre de Géosciences, 77300, Fontainebleau, France
bLawrence Berkeley National Laboratory, Energy Geosciences Division, 94720, Berkeley, USA
cSwiss Seismological Service, Swiss Federal Institute of Technology, ETH Zürich, 8092, Zürich, Switzerland

ABSTRACT

Geologic storage of carbon dioxide can efficiently contribute to reduce greenhouse gas emissions 
to the atmosphere. Two major hazards of this technology are leakage towards the ground
surface and fluid-induced seismicity. While major faults may be detected and avoided during 
site characterization, undetected subseismic faults could be encountered once injection has 
started.
This paper investigates leakage and reactivation of undetected faults through coupled thermal-
hydraulic-mechanical modeling. The simulations are performed using a recently developed
sequential simulator, TOUGH-Pylith, that allows to accurately account for the thermodynamics
of brine-CO2 mixtures, and to model faults as surfaces of discontinuity using state-of-the-
art fault friction laws. The simulator is benchmarked against well-known analytical solutions
and subsequently applied to investigate two cases of CO2 injection close to undetected faults 
under normal and strike-slip faulting regimes. Although the scenarios are generic and represent
unfavorable conditions, they suggest that leakage could occur and that undetected faults could 
trigger minor seismic events. Therefore, careful site characterization and continuous monitoring
during operations should be always performed.

1. Introduction1

Carbon dioxide (CO2) emissions to the atmosphere are the main contributors to anthropogenic global warm-2

ing (Collins et al., 2013). Important strategies to reduce greenhouse gas emissions include enhancing the efficiency of3

energy use, transitioning from fossil to low-carbon energy, and implementing carbon capture, utilization and storage4

(CCUS) (IEA, 2022). In CCUS, CO2 is captured from fuel combustion and industrial processes, transported by ships5

or pipelines, and either used as a resource or permanently stored in deep underground formations. Here, we focus6

on CO2 underground storage, for which extensive experimental, theoretical and numerical investigations have been7

undertaken, see e.g. Chu (2009); Sarkus et al. (2016); Raza et al. (2019); Cooper (2009); IEA (2008); Iglauer (2011);8

Ennis-King & Paterson (2001); Leung et al. (2014); Rutqvist (2012); Herzog (2016).9

Potential risks associated with CO2 sequestration must be evaluated prior to any site implementation. In addition to10

possible leakage (Meguerdijian & Jha, 2021), one aspect of concern is induced seismicity through the activation of11

faults (Pawar et al., 2015; Vilarrasa & Carrera, 2015; Zoback & Gorelick, 2012). Faults are conceptually zones of12

discontinuity within underground formations, and as such they often have markedly different properties compared13

to the surrounding layers (e.g., reduced stiffness, orders-of-magnitude different permeability). In the Earth’s upper14
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crust, fault zone architecture typically consists of a low-permeability core surrounded by a damaged zone having15

higher permeability (Caine et al., 1996; Sibson, 1977; Wibberley & Shimamoto, 2003). As the injection proceeds,16

the in situ stress state is modified in the storage formation and surrounding layers. If a fault is present, slip along the17

weakest surface could be triggered, with possible aseismic or seismic response. It should be noted however that to date,18

measured seismicity associated with CO2 sequestration is limited to microseismicity and someminor felt events (White19

& Foxall, 2016): exploration and high resolution geophysical reflection surveys are conducted prior to any injection20

operation and help characterizing the target formations and detectingmajor faults. On the other hand,minor faults (often21

referred to as the subseismic region, e.g. Lohr et al. (2008)), having negligible initial offset across geological layers,22

could be unnoticed during site selection and characterization. Reactivation of undetected faults has been discussed in23

the literature. Mazzoldi et al. (2012) and Rinaldi et al. (2014) performed 2D hydro-mechanical (HM) modeling in a24

reservoir system intersected by a subseismic fault having no vertical offset with the aim of studying the integrity of the25

reservoir, possible seismicity and CO2 leakage as a result of fault reactivation. Later, Rinaldi et al. (2015) extended26

the model to 3D and investigated the influence of well orientation. Using the same conceptual model, Mortezaei &27

Vahedifard (2015) performed 2D thermal-hydraulic-mechanical (THM) modeling to investigate the seismic potential.28

In this case, the thermal effect was considered by means of a heat flux, without considering the full thermodynamics of29

CO2-brine mixtures. Rohmer (2014) performed 2D HM modeling to investigate the influence of dissimilar properties30

and thicknesses across a subseismic fault. Le Gallo (2016) performed 3D HM modeling of a potential injection site in31

the Paris basin to investigate CO2 leakage and to evaluate the effect of the overpressure in the stress field. A subseismic32

fault extending up to a control aquifer was present not far from the injection well. In these works, the fault zone was33

implemented in a continuum framework, without including a surface of discontinuity. In the current work, we take a34

step forward and include an interface within the fault zone. Two scenarios of undetected faults, in normal and strike-slip35

regimes, are investigated through numerical modeling.36

The underground injection of CO2 is a multi-physics problem and involves, at least, thermal, hydraulic and mechanical37

coupled processes. Coupled numerical modeling of CO2 sequestration and fault reactivation is extensive in the38

literature, with conceptual models, numerical approaches and material behavior covering a wide range of complexity,39

e.g. Rutqvist et al. (2002); White & Borja (2008); McClure & Horne (2011); Cappa & Rutqvist (2011); Meng (2017);40

Jin & Zoback (2018); Torberntsson et al. (2018); Yang &Dunham (2021); Jha & Juanes (2014); Dieterich et al. (2015);41

Vilarrasa et al. (2010). The fault zone can bemodeled either as a continuum having different (often reduced)mechanical42

properties as compared to the adjacent formations (Rinaldi et al., 2014), or as a region including one or several surfaces43

of discontinuity that allow to model slip using advanced laws more representative of fault frictional strength (Jha &44

Juanes, 2014). The main advantage of the latter is that it allows for a more accurate estimation of the induced events;45

however, it often requires the use of specialized codes. In this work, we use two existing codes to perform sequential46
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two-way THM coupling, TOUGH2 (Pruess et al., 2012) and Pylith (Aagaard et al., 2017, 2013), and take advantage47

of their strengths: TOUGH2 includes several Equation-Of-State (EOS) modules to model non-isothermal subsurface48

multiphase and multicomponent flow, and Pylith allows for the modeling of continua and fault surfaces, the latter49

being implemented as zero-thickness cohesive cells. The codes are successfully coupled for the first time in a THM50

framework, allowing to conduct coupled simulations accounting for the thermodynamics of the relevant fluids, and for51

faults in a more realistic manner.52

In this paper, we first present the TOUGH-Pylith simulator and briefly describe the coupling approach and fault53

interface implementation. Then, the coupling is verified against analytical solutions of coupled processes. In section 4,54

we apply the simulator to investigate CO2 injection into deep saline aquifers intersected by subseismic faults, with a55

focus on possible fault reactivation and leakage. Some conclusions and perspectives are given in the last section.56

2. Material and Methods57

2.1. Numerical simulator58

TOUGH-Pylith is a sequential simulator for coupled THM processes modeling based on the sequential coupling59

of TOUGH2 (Pruess et al., 2012) and Pylith (Aagaard et al., 2017, 2013). A rich discussion of different approaches60

to perform coupled THM simulations (fully coupled, sequential, one-way, two-way) is available in the literature (see61

e.g. Dean et al. (2006); Kim et al. (2009)) and is out of the scope of this work. TOUGH2 allows for the modeling62

of multiphase, multicomponent and non-isothermal flow in porous and fractured media, and is based on the integral63

finite difference method. One main advantage of TOUGH2 is that it includes a wide range of EOS modules that permit64

to account for the thermodynamic behaviour of pure fluids and mixtures encountered in natural and anthropogenic65

processes in the subsurface (water, air, oil, CO2, NaCl, hydrogen, water-NaCl-CO2, . . . ). In turn, Pylith allows for the66

computation of geomechanical equilibrium under static, quasi-static and dynamic conditions, in domains including67

discontinuities at different scales. This open-source, finite-element code embeds several constitutive laws for faults,68

and provides templates to implement additional bulk and fault models. While TOUGH2 is written in Fortran77, Pylith69

is written in C++ and Python. Pylith allows for parallel computing and TOUGH2 runs in serial; however, a recent70

version, TOUGH3, can be run in parallel (Jung et al., 2017).71

Similarly to TOUGH-FLAC (Rutqvist, 2011; Blanco-Martín et al., 2017), TOUGH-Pylith is based on the fixed-72

stress split sequential method to couple flow and geomechanics (Kim et al., 2009). After an initial version of the73

simulator (Miah et al., 2015; Miah, 2016), its full development has been achieved recently. The governing equations74

of the flow and geomechanics sub-problems are solved one at a time within a time step, and relevant information (pore75

pressure, temperature, volumetric deformation, etc.) is passed between sub-problems using the intermediate solution76

information technique (Settari & Mourits, 1998). Figure 1 shows a schematic representation of the coupling sequence.77
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In each time step, the flow sub-problem is solved first, and after convergence (circle in the Figure), relevant information78

is passed to the geomechanics sub-problem via a THM interface (arrow "1" in the Figure) to compute geomechanical79

equilibrium under drained conditions. Every time the coupling is made (square in the Figure), the total stress tensor is80

updated using81

�new = � − �ΔP1 − 3�tℎKΔT 1 (1)82

where �new is the updated total stress tensor, � is the total stress tensor at the end of the previous Pylith run, 1 is the83

unit tensor, K = E
3(1−2�) is the bulk modulus (E is the Young’s modulus and � is the Poisson’s ratio), � is the Biot84

coefficient, �tℎ is the linear thermal expansion coefficient, andΔP andΔT are respectively the changes in pore pressure85

and temperature between two consecutive TOUGH2 time steps. Pressure, temperature and fluid mass are transferred86

to Pylith by means of the THM interface. Pylith then runs until mechanical equilibrium is reached (arrow "2" in the87

Figure). At equilibrium (triangle in the Figure), volumetric stresses (or strains) are transferred to TOUGH2 by means88

of the THM interface (arrow "3" in the Figure) and used to compute a mechanically-induced porosity correction in the89

next time step:90

Δ� = A (�, �,K) ΔP + B
(

�tℎ
)

ΔT + Δ�corr (2)91

whereΔ�corr is the porosity correction from geomechanics, a function of the total mean stress (Kim et al., 2012). Note92

that in order to compute mechanically-induced changes in other flow variables, such as permeability k or capillary93

pressure Pc , additional variables may be transferred through the THM interface (Rutqvist, 2011). A new time step of94

the flow sub-problem begins with the updated flow variables (arrow "4" in the Figure), and the described procedure is95

repeated until the end of the simulation.

Figure 1: TOUGH-Pylith coupling sequence (adapted from Blanco-Martín et al. (2015)). The gray zones correspond to
the time step marching from tn to tn+1 (the symbols and labels are explained in the text).

96
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2.2. Fault interface implementation and constitutive models97

Pylith specializes in the modeling of earthquake faulting (prescribed and spontaneous ruptures) and embeds several98

constitutive laws for fault surfaces. However, in agreement with the classic Andersonian theory (Anderson, 1951), no99

distinction is made between total and effective stresses. Fault surfaces, which are not necessarily planar, are modeled100

using cohesive elements having no thickness and allowing in-plane and normal relative displacements (details can be101

found in Aagaard et al. (2017)). The fault slip vector is defined as the relative displacement between the two sides of102

the fault,103

d⃗ = u⃗+ − u⃗− (3)104

where u⃗+ and u⃗− are the displacements on the positive and negative sides of the fault surface, respectively. Vector d⃗105

has a tangent component on the fault surface, and a normal component to the fault surface. Penetration is not allowed.106

Likewise, the stress state in the fault is represented as a normal component, �n, and a shear component, �,107

�n =
(

� ⋅ n⃗
)

⋅ n⃗ (4)108

109

� =
√

||�|| − �n2 (5)110

where n⃗ is the fault normal vector, pointing from the negative to the positive side of the fault surface. In the context of111

TOUGH-Pylith, new fault constitutive models have been implemented in Pylith, in which the effective stress is used,112

�′ = � + �P1 (note that compression is assumed to be negative here). For such purpose, the pore pressure is passed113

from TOUGH2 to the fault constitutive models every time the coupling is made. In agreement with Jha & Juanes114

(2014), a fault pressure Pf is defined, which is a function of the pore pressure on both sides of the fault surface. Since115

the side on which the failure criterion is first met determines fault stability, we take Pf = max(P+, P−) (maximum116

pore pressure of all adjacent cells on both sides of the fault surface). This allows to uniquely define the effective normal117

stress on the fault, �′n =
(

�′ ⋅ n⃗
)

⋅ n⃗.118

In order to evaluate fault stability, the shear stress on the fault is compared against a Coulomb-type criterion that119

provides the shear strength, �c ,120

�c = C − � ⋅ �
′

n (6)121
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where C is the cohesion and � is the friction coefficient. Note that in Pylith, if �′n > 0 (tensile regime), �c = C . As122

long as � < �c , there is no relative movement between the two sides of the fault, i.e., the fault is locked. On the other123

hand, if the failure criterion is exceeded, slip occurs until the criterion is met again. In this case, a Lagrange multipliers124

approach is used. Note that when the fault surface does not reach the boundaries of the model (i.e., it has buried edges),125

the Pylith algorithm adjusts the topology automatically, so that cohesive cells are inserted up to the buried edge, and126

no additional degrees of freedom are added along that edge (Aagaard et al., 2017). For this purpose, the user defines127

an additional group of nodes including only those that form the buried edge.128

The evolution of the friction coefficient � is described differently among the constitutive models. In this work, we129

focus on two models widely used to evaluate fault frictional strength: slip weakening and rate-and-state. In the slip130

weakening model, the coefficient of friction evolves from a peak value, �p, to a residual value, �r, as the slip d = ||d⃗||131

increases from 0 to the critical slip distance, dc :132

� = �p −
(

�p − �r
) d
dc

(7)133

In the rate-and-state model, the friction coefficient evolves as a function of the slip rate, v = ||

dd⃗∕dt||, and also as a134

function of a state variable, �:135

� = �∗ + a ln
( v
v∗

)

+ b ln
(

�v∗

L

)

(8)136

where �∗ is the friction coefficient at the reference slip rate v∗, L is the characteristic length and a, b are empirical137

parameters. Note that in Pylith, a linearization is applied to the friction coefficient when the slip rate falls below a138

threshold (Aagaard et al., 2017). The evolution of the state variable � is given by the ageing law described in Ruina139

(1983),140

d�
dt

= 1 − v�
L

(9)141

The state variable, homogeneous to time, represents the maturity of the asperities in the fault interface (Rice, 1993).142

Depending on the parameter set, this model can account both for friction increase (strengthening) and decrease143

(weakening). At steady-state, the state variable tends towards L∕v and therefore � = �∗+(a−b)ln(v∕v∗). Rate-and-state144

allows to simulate repetitive stick-slip behavior and the seismic cycle (Dieterich, 1981). Also, as state evolution occurs145

over time scales in the order of L∕v, adaptive time stepping is more efficient when using this law.146
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3. Verification cases147

In this section, we benchmark TOUGH-Pylith against well-known analytical solutions of HM and THM coupling.148

Indeed, TOUGH2 and Pylith have been tested and verified previously (Aagaard et al., 2017; White et al., 2016; Pruess,149

2005; Okada, 1992), but the validity of the coupling scheme between the two codes has to be demonstrated before it150

is applied to subsurface scenarios.151

3.1. Mandel’s problem (HM coupling)152

Mandel’s problem of poroelasticity (Mandel, 1953) is illustrated in Figure 2. A saturated porous material with153

rectangular cross-section and infinite length in the out-of-plane direction is sandwiched by two stiff, frictionless154

plates. Drainage is possible along the lateral boundaries. The sample is initially in equilibrium, and at t = 0+ a155

compressive force is applied normal to the plates. The original resolution of this 2D plane strain problem was extended156

by Abousleiman et al. (1996) to account for compressible fluids and non-isotropic materials.157

Initially, the load applied to the plates induces an excess of pore pressure (Skempton effect). Over time, drainage

Figure 2: Schematic representation of Mandel’s problem, including monitoring points P1 and P2 for Figure 3.

158

occurs at the open boundaries, which makes the laterals of the sample more compliant than its core. However, since159

the vertical displacement must be equal along the stiff top and bottom boundaries, there is an increase of pore pressure160

in the central region, yielding a non-monotonic pore pressure evolution, known as the Mandel-Cryer effect (Schiffman161

et al., 1969). At a later time, the excess of pore pressure dissipates completely.162

For the comparison with TOUGH-Pylith, we have assumed a sample with dimensions l1 = 5 m and l2 = 1.25 m.163

Gravity is neglected and cohesive elements are inserted above and below the sample to model frictionless plates. The164

initial stress field is -0.1 MPa (isotropic) and at t+ = 0we apply -10 MPa normal to the plates. The initial pore pressure165

is 0.1 MPa. Table 1 lists the parameters used. Module EOS1 of TOUGH2 (only one component, water) is used in166

isothermal conditions, and we force constant viscosity, �f , and compressibility, Cf , for compliance with the analytical167

solution detailed in Abousleiman et al. (1996).168
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Table 1
Mandel’s problem: parameters used in the simulation

Parameter (unit) Value
k (m2) 6.51 ⋅ 10−15
�0 (-) 0.425
E (MPa) 450
� (-) 0
� (-) 1
�f (Pa ⋅ s) 10−3

Cf (Pa−1) 4.5 ⋅ 10−10

Figure 3 compares the evolution of the pore pressure, relevant stresses and displacements at the monitoring points169

shown in Figure 2. As the plots show, the comparison is very satisfactory. Note that the differences observed initially170

are due to different initial states: while in the analytical solution the load is already applied and borne by the fluid, in171

the simulation the load is applied at t = 0+.
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Table 2
McTigue’s problem: parameters used in the simulations

Parameter (unit) Value
k (m2) 1.27 ⋅ 10−19
�0 (-) 0.01
�gr (kg/m3) 2500
C (J/kg/K) 800
� (W/m/K) 4
E (GPa) 21
� (-) 0.25
� (-) 1
�tℎ (K−1) 4 ⋅ 10−5

�f (Pa ⋅ s) 10−3

Cf (Pa−1) 4.5 ⋅ 10−10

�f (K−1) 1.6 ⋅ 10−4

3.2. McTigue’s problem (THM coupling)173

McTigue (1986) proposed a theory for linear thermoporoelasticity in a saturated medium. Compressibility and174

thermal expansion of the fluid are taken into account. Analytical solutions for the one-dimensional heating of a half175

space are also provided, considering different boundary conditions for the temperature and the pressure fields. As176

demonstrated in the original paper, solutions for the temperature and pressure depend on the ratio of the fluid and177

thermal diffusivities, R = (Df∕Dℎ)1∕2.178

Here, we investigate the case with a constant temperature boundary. Two cases are studied for the pressure field:179

drained and undrained boundary conditions at x = 0. A constant stress condition is applied normal to this boundary.180

A 1D model is built with sufficient extent for compliance with the analytical solution. At the boundary x → ∞, the181

temperature, pressure and stress are kept at their initial values. Module EOS1 of TOUGH2 is used. To comply with182

the assumptions of the analytical solution, water viscosity (�f ), compressibility (Cf ) and expansivity (�f ) are taken as183

constant values. Moreover, convective heat transport is disabled, so that only conductive heat transport is active with184

thermal conductivity �, and, in the heat accumulation term, grain density �gr and specific heat C . Table 2 lists the185

parameters used in the simulation. The initial stress field is -0.1 MPa (isotropic), the initial pore pressure is 0.1 MPa186

and the initial temperature is 50 °C. At t = 0+, we apply a temperature of 55 °C at x = 0. Figure 4 shows a schematic187

representation of the problem being solved and compares the simulation results with the analytical solution for different188

ratios of fluid and thermal diffusivities (in practice, the permeability listed in Table 2 corresponds to R1 and a factor189

is applied for the cases R2 and R3). Overall, considering the simplifications of the analytical solution and the different190

definition of the pore pressure coefficient in TOUGH2 and McTigue (1986), the comparison is very satisfactory.191
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temperature field is the same for both, displayed in the upper right). The pore pressure coefficient b′ is defined in McTigue
(1986), Eq. (27).

4. CO2 injection cases192

4.1. Subseismic fault in strike-slip regime193

In this section, we investigate a scenario inspired from the foreseen storage project NER300 ULCOS, which aimed194

to reduce CO2 emissions related to the steel industry (Lupion & Herzog, 2013). Based on Le Gallo (2016), CO2195

injection targets lower Triassic sandstone formations, and we investigate possible leakage and induced seismicity196

associated with a subseismic fault, assumed to be vertical and with negligible offset. Figure 5 displays the conceptual197

model investigated, which considers seven material layers from the underburden (Permian basement) to the ground198

surface. The size of the model is 22 × 17.5 × 3 km3. The fault, which extends about 800 m along the z axis (limited199

vertical extent), intercepts the storage aquifer, the overlying caprock and the control aquifer. The thickness of these200

layers are 200, 500 and 90 m, respectively.201
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In the model proposed in Le Gallo (2016), the fault was oriented N155E, which is parallel to the maximum horizontal

Figure 5: Subseismic fault in strike-slip regime: conceptual model.

202

stress (y direction in Figure 5); in these conditions, the initial shear stress on the fault is negligible and fault reactivation203

is highly unlikely (note that in Le Gallo (2016), the target was to investigate fault leakage rather than induced204

seismicity). In our scenario, the fault is oriented N145E, which corresponds to an angle of 80° between the maximum205

horizontal stress and the fault normal vector , or equivalently, 10° between the maximum horizontal stress and the206

fault direction. The thickness of the fault zone is about 100 m (x direction), and the fault core is about 20 m thick.207

Since field data suggest that the core-damaged zone contact may slip at an early stage during earthquakes (Cappa208

& Rutqvist, 2011), a fault interface is added between the fault core and the damaged zone closest to the injection209

well. CO2 is injected at a depth of about 1900 m, with a rate of 0.8 Mt/y through a vertical well located about 1 km210

down-dip from the fault; this rate is typical of a mid-size onshore scenario. The salinity of the storage aquifer is 50 g/l.211

Injection conditions are P = 25 MPa and T = 45 °C (supercritical state). Table 3 lists relevant properties of the212

different layers and the fault; these properties are average values for each formation and are taken from the literature213

when available (Millien, 1993; Bésuelle et al., 2000; Vidal-Gilbert et al., 2009; Rohmer, 2014). Except for the fault214

interface, it is assumed that the materials behave elastically. The fault interface responds to the criterion described in215

Eq. (6), and the evolution of the friction coefficient follows the slip-weakening law with C = 0, �p = 0.2, �r = 0.1216

and dc = 0.1 m; �p and �r are purposely low to force reactivation, but could be representative of clay-rich materials217

that are sometimes found in the fault gouge (Ikari et al., 2011; Le Gallo, 2016). Note that the permeability of the fault218

core is ten times smaller than that of the damaged zone. Also, in the fault zone, the vertical permeability (kv, along219

the z direction) is 40 times smaller than the horizontal permeability (kℎ); this reduces possible up-dip leakage along220

the fault, but it is a conservative assumption for fault reactivation. Corey’s relative permeability model (Pruess et al.,221

2012) is used for all layers with Slr = 0.1 and Sgr = 0.05. For capillary pressure, we use van Genuchten’s model (van222

Genuchten, 1980) with �V G = 0.457, P0 = 600 kPa, Pmaxcap = 10MPa and Slr = 0.01.223

Regarding initial and boundary conditions, the top and bottom boundaries are kept at P = 0.1 MPa, T = 15 °C and224
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Table 3
Subseismic fault in strike-slip regime: parameters used in the simulation. Each layer is represented by a different color in
Figure 5. For all layers, � = 2 W/m/K, C = 880 J/kg/K, �tℎ = 10−6 K−1, � = 0.25 and � = 1.

Layer �gr � kℎ kv E
(kg/m3) (-) (m2) (m2) (GPa)

Bathonian 2400 0.15 5⋅10−13 5⋅10−13 10
Secondary caprock 2500 0.05 10−15 10−15 15
Lias 2500 0.10 10−14 10−14 15
Control aquifer 2400 0.15 10−13 10−13 20
Primary caprock 2600 0.05 10−18 10−18 20
Storage aquifer 2400 0.15 10−14 10−14 20
Permian basement 2700 0.07 10−17 10−17 25
Fault (damaged zone) 2400 0.10 10−16 2.5⋅10−18 10
Fault core 2400 0.10 10−17 2.5⋅10−19 5

P = 28.2 MPa, T = 105 °C, respectively. All lateral boundaries are closed to fluid flow. For the geomechanics225

sub-problem, displacement is fixed to zero normal to the bottom and the lateral boundaries. Initial stress conditions226

are those of the Bure site (Wileveau et al., 2007). The major horizontal stress �H is oriented N155E, and �H = �v227

(lithostatic). The ratio between horizontal stresses is �ℎ∕�H = 0.7 (Vidal-Gilbert et al., 2009). The geothermal gradient228

is 30 °C/km.229

We use module ECO2N of TOUGH2, which accounts for the thermodynamics and thermophysical properties of H2O-230

NaCl-CO2 mixtures (Pruess, 2005). Three phases are possible: an aqueous phase, a CO2-rich phase (liquid or gas) and231

solid phase (precipitated NaCl, which may reduce the effective porosity and the permeability). Phase partitioning of232

H2O and CO2 is modeled as a function of pressure, temperature and salinity using the correlations in Spycher et al.233

(2003); Spycher & Pruess (2005). Salting out effects (CO2 solubility reduction with increasing salinity) are accounted234

for. Note that this EOS does not account for CO2 phase changes nor mixtures of liquid and gaseous CO2; in fact, in the235

scenarios that we investigate CO2 remains in supercritical state, and phase changes do not occur. In cases where phase236

changes are likely, module ECO2M should be used (Pruess, 2013), with minimal impact in the coupling procedure.237

Prior to the start of the injection, a simulation is run to obtain equilibrium (hydrostatic, geothermal and lithostatic238

gradients). Subsequently, we model 30 years of CO2 injection, followed by a period of 20 years of post-injection239

phase. In the injection horizon, the initial pore pressure and temperature are about 19 MPa and 78 °C, respectively.240

Figure 6 shows the evolution of pore pressure in the injection area as well as in the fault. After 30 years of injection, the241

overpressure is about 6.5 MPa in the injection area and about 3.2 MPa in the fault area. Note that this is an unfavorable242

scenario, as permeability is assumed to remain constant (another assumption will be investigated in section 4.2). As243

the injection stops, the pore pressure decreases towards the initial value. The temperature evolution is displayed in244

Figure 7. As CO2 is injected at T = 45 °C, the temperature decreases in the injection area, but the extent of the cooled245

zone does not exceed 500 m around the well. Similarly to the pressure evolution, the temperature evolves towards the246

initial gradient once the injection stops.247
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As the injection proceeds, a fraction of CO2 is dissolved in the aqueous phase to ensure thermodynamic equilibrium
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Figure 6: Subseismic fault in strike-slip regime: evolution of pore pressure in the injection and fault zones.
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Figure 7: Subseismic fault in strike-slip regime: evolution of temperature in the injection and fault zones.

248

(the CO2 concentration in the aqueous phase is about 4.5% at the given conditions). A CO2 plume is created rapidly,249

and after 30 years of injection, the saturation of the CO2-rich phase is about 65% around the well, see Figure 8. Owing250

to the reservoir properties and the injection rate, the CO2 plume does not reach the fault area; therefore, in this particular251

scenario there is no risk of CO2 leakage along the fault.252

From a mechanical viewpoint, both the shear and the effective normal stresses on the fault plane increase, and253

eventually the failure criterion is reached, see Figure 9. After about 0.8 years of injection, the fault plane shows very254

small amounts of slip (right plot) in the upper part, which is more critically stressed as the left plot shows. After 15 years255

of injection, a slip event of maximum instantaneous magnitude 16 cm occurs over an area of about 2.03 km2, affecting256

all the vertical extent of the fault. During this event, the friction coefficient decreases from �p to �r. Later on, there is257

continuous slip until the end of the injection because the failure criterion is reached due to the low value of the friction258
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coefficient (very unfavorable conditions). Note that in this simulation we have neglected possible fault healing, so that259

the slip in Eq. (7) is not reset to zero every time step (accounting for fault healing may also affect the permeability260

evolution as discussed in Aochi et al. (2013)). Although the simulation is quasi-static, we can estimate the magnitude261

of the associated event at 15 years. The seismic magnitude M is calculated from the seismic moment M0 using the262

following equations (Kanamori & Brodsky, 2004; Kanamori & Anderson, 1975):263

M0 = GAd (10)264

265

M = 2
3
log10M0 − 6.1 (11)266

where G = E
2(1+�) is the shear modulus, A is the ruptured area and d is the current slip magnitude on A (the area267

associated to each node is computed, and multiplied by the current slip on that node). Note that in Eq. (11), the seismic268

moment is expressed in N⋅m. Applying these equations, we get a magnitude of 3.7 at 15 years.269

270

4.2. Subseismic fault in normal faulting regime271

In this section, we investigate a scenario inspired from Rinaldi et al. (2015), in which CO2 is injected in the vicinity272

of a subseismic fault. Figure 10 shows the conceptual model, with dimensions 3 × 10 × 2 km3. Owing to symmetry,273

the geometry shown in Figure 10 corresponds to one quarter of the total domain being modeled, which features two274
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(z = −1250 m) (left), and cumulative slip at the same locations (right). The maximum instantaneous slip at 15 years is
16 cm.

faults about 3 km apart. The storage aquifer is 100 m thick and lies between two 150 m thick caprocks. The thickness275

of the upper and lower aquifers is 800 m. A quasi-vertical fault (dip 80°) with negligible offset intersects the five layers276

shown. As in the previous case, the fault comprises a low-permeability core surrounded by a damaged zone with higher277

permeability. A fault interface is added between the fault core and the damage zone closest to the injection well. The278

thickness of the fault zone along the x axis is 90 m. CO2 injection occurs through a vertical well located at x ≈ 1440m279

and y = 0, and open along the lowest 50 m of the storage aquifer layer. In this case, CO2 is injected at a rate of 120 kg/s280

(3.78 Mt/y). The minimum distance between the injection well and the fault plane is 75 m; note that the high injection281

rate used and the well location are intended to represent an unfavorable scenario of an undetected fault that happens282

to be very close to the injection well, thereby increasing the likelihood of fault reactivation and leakage. Injection283

conditions are 15 MPa and 37 °C (supercritical state), and the salinity of the storage aquifer is 50 g/l. Table 4 lists284

relevant properties of the five layers and the fault. Except for the fault interface, all materials are assumed to behave285

elastically. Corey’s relative permeability model is used for all layers with Slr = 0.3 and Sgr = 0.05. For capillary286

pressure, we use van Genuchten’s model with �V G = 0.457, Pmaxcap = 50 MPa and Slr = 0. Permeability is assumed287

isotropic in all layers.288

In this case, the evolution of the friction coefficient follows the rate-and-state law (Eqs. (8-9)) with parameters C = 0,289

�0 = 0.6, v0 = 2 ⋅ 10−9 m/s, L = 0.01 m, a = 0.002 and b = 0.08 (note that these values favor unstable sliding). It is290

assumed that the fault is initially in a steady state, with � = 5 ⋅ 106 s. To ensure stability, the maximum grid size Δx291

is smaller than the critical length scale, Lc = �GL
�′n(b−a)

(Rice, 1993). Additionally, we use adaptive time stepping.292

As in Rinaldi et al. (2015), we account for mechanically-induced permeability changes along the fault. For the damaged293

zone, having randomly oriented fractures, we use a formulation based on experimental data on sandstone initially294
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Figure 10: Subseismic fault in normal faulting regime: conceptual model.

Table 4
Subseismic fault in normal faulting regime: parameters used in the simulation. Each layer is represented by a different color
in Figure 10. For all layers, �gr = 2260 kg/m3, � = 0.1, � = 1.8 W/m/K, C = 900 J/kg/K, �tℎ = 10−5 K−1, � = 0.25 and
� = 1.

Layer k E P0
(m2) (GPa) (kPa)

Upper aquifer 10−14 10 20
Upper caprock 10−19 10 620
Storage aquifer 10−13 10 20
Lower caprock 10−19 10 620
Lower aquifer 10−18 10 620
Fault damaged zone 10−15(a) 10 20
Fault core 10−17(a) 5 20
(a)Non-constant value (see text).

proposed by Davies & Davies (2001). It relates permeability changes to changes in porosity and mean effective stress,295

Δ�′M ,296

kℎm = k0 exp

⎡

⎢

⎢

⎢

⎣

22.2

⎛

⎜

⎜

⎜

⎝

(

�0 − �r
)

exp
(

5 ⋅ 10−8Δ�′M
)

+ �r
�0

− 1

⎞

⎟

⎟

⎟

⎠

⎤

⎥

⎥

⎥

⎦

(12)297

where �0 and k0 are the initial porosity and permeability, respectively, and �r is the residual porosity, taken to be298

5% (Rutqvist & Tsang, 2002). This formulation allows for up to 3 orders of magnitude change in permeability (Rinaldi299
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et al., 2014). The fault core permeability evolves following a model inspired from Hsiung et al. (2005):300

kℎm = k0

[

a
1 − c

(

c�′n
)

√

�0
12k0

+
� − �0
�0

]3

(13)301

where302

c =

1 −

√

1 + 4�′na
√

�0
12k0

2�′n0
(14)303

and a = K−1 is an empirical constant.304

As for the boundary conditions, no flow is allowed across planes x = 0 and y = 0, and the displacement normal to those305

planes is fixed to zero. The vertical displacement is zero at z = −2500m, and at z = −500m, the overburden weight is306

applied. Pressure and temperature are fixed at the top (5 MPa, 22.4 °C) and the bottom (24 MPa, 72.6 °C) boundaries.307

Hydrostatic, geothermal and lithostatic gradients are applied on the lateral boundaries at x = 3 km and y = 10 km. The308

geothermal gradient is 25 °C/km. The minor horizontal stress is parallel to the x direction, and �H = �v (lithostatic).309

The ratio between horizontal stresses is �ℎ∕�H = 0.7. Note that fault orientation relative to the stress field is intended310

to represent an unfavorable scenario.311

Similarly to section 4.1, a first simulation is run to obtain equilibrium (hydrostatic, geothermal and lithostatic312

gradients). The initial pore pressure and temperature at the injection horizon are about 15 MPa and 48 °C, respectively.313

Subsequently, we model 5 years of CO2 injection. Figure 11 shows the evolution of pore pressure and permeability314

in the injection horizon. The pressure increases rapidly with injection, and peaks at about 20 MPa after 180 days.315

Later on, it decreases due to the permeability increase in the fault, see right plot. This is in contrast with the pore316

pressure evolution in the previous scenario discussed in section 4.1, where permeability remained constant. Here, in317

the damaged zone permeability increases by a factor up to 300, while in the fault core, it increases up to a factor of318

10. As compared to the results in Rinaldi et al. (2015), here the pressure peaks at a lower value due to the different319

porosity evolution model, which induces different permeability variations according to Eqs. (12-14).320

The temperature evolution in the injection horizon is displayed in Figure 12. Injection of cold CO2 reduces the321

temperature around the well, in an area correlated with the extent of the CO2 plume, displayed in Figure 13. Given322

the high injection rate used, the proximity of the fault to the well and the fault permeability increase, leakage occurs323

along the fault, primarily along the damaged zone as shows the vertical profile at 5 years, and reaches the upper aquifer.324

Despite the permeability increase, the fault core still acts as a flow barrier, and as Figure 13 shows, no CO2 is observed325

across the fault.326
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Figure 11: Subseismic fault in normal faulting regime: evolution of pore pressure in the injection horizon (left), and
permeability changes in the fault core and damaged zone (right).

The stress path at different locations is displayed in Figure 14. After about 2 weeks of injection, a slip event of
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Figure 12: Subseismic fault in normal faulting regime: evolution of temperature in the injection horizon.

327

maximum instantaneous amplitude 6 cm occurs over an area of 94000m2. Using Eqs. (10-11), the associatedmagnitude328

isM = 2.4. Slip starts at the injection depth (bottom of storage aquifer) and propagates particularly into the underlying329

layers, see right plot. These evolution is consistent with previous investigations, e.g.,Jha & Juanes (2014); Meguerdijian330

& Jha (2021); Rinaldi et al. (2014). The friction coefficient decreases to 0.23 as a consequence of the reduction in the331

state variable during the event. Later on, it increases as the state variable increases due to slip rate reduction (Eqs. 8-9).332

Some minor, sudden slip events (M ≈ 1) occur until a second M = 2.1 event takes place after about 270 days of333

injection, with an associated maximum slip of 2 cm, rupture area of 132000 m2 and a friction coefficient reduction to334

0.34. Again, after the event the friction coefficient increases as the slip rate decreases and the state variable increases.335

At 5 years, � = 0.85.336
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5. Discussion and conclusions337

Geologic storage of anthropogenic CO2 has the potential to reduce greenhouse gas emissions to the atmosphere.338

From the geomechanical perspective, two major hazards associated with this technology that need to be addressed339

before any site implementation are fault reactivation (injection-induced seismicity) and leakage along the fault. Proper340

site characterization conducted before injection may help detect and avoid major faults, and in fact, to date seismicity341

associated with CO2 sequestration is scarce. In this paper, we focus on subseismic faults having negligible offset that342

could be undetected during site selection and characterization.343

We perform coupled THM modeling of CO2 injection into deep saline aquifers intersected by undetected faults under344

two different tectonic regimes, strike-slip and normal faulting. To study fault failure more accurately, the fault zone345
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includes a surface of discontinuity. We perform sequential, two-way THM coupling using TOUGH-Pylith, a simulator346

based on the non-isothermal, multiphase and multicomponent flow simulator TOUGH2, and the geomechanics, open-347

source code Pylith. The two simulators are successfully coupled for the first time in a THM framework, and TOUGH-348

Pylith takes advantage of the strengths of the two codes, namely, a wide range of equations-of-state to account for349

the thermodynamic behaviour of pure fluids and mixtures, and the implementation of fault surfaces as discontinuities350

whose behavior is more representative of observed fault frictional strength, with quasi-static and dynamic ruptures.351

2D and 3D simulations can be performed with TOUGH-Pylith. The coupling of the two codes is verified by means352

of comparison of numerical results with available analytical solutions. Then, we investigate two 3D cases of CO2353

injection in the vicinity of subseismic faults. The scenarios are taken from the literature and do not intend to reproduce354

real conditions; instead, to a certain extent they represent unfavorable situations for fault reactivation and leakage355

(high injection rates, moderate to high overpressures, proximity of the fault to the injection well, favorable in situ356

stress field relative to fault orientation, choice of friction parameters and permeability evolution). They suggest that357

minor events could be triggered, and highlight the need of thorough site characterization and careful monitoring during358

operations. Although not discussed here, the grid resolution used should be fine enough to accurately predict the CO2359

plume (Youssef et al., 2021) and allow for numerical stability (Rice, 1993).360

In a broader sense, TOUGH-Pylith allows to investigate many situations beyond subseismic faults. For instance, it361

could be used to estimate leakage rates over long periods of time (Miocic et al., 2019), or to model different fault362

architectures (e.g., homogeneous vs. fault system comprising a core and a damaged zone) and evaluate their impact on363

fault stability and possible leakage paths. In this context, the permeability evolution within the fault zone is not fully364

understood, and different evolution laws could be tested with the simulator, and the uncertainties could be quantified.365

Additionally, it could be used as a numerical support to many field studies, such as those at the decameter scale and366

under controlled conditions, that seek to better understand the link between induced seismicity and leakage in reservoir367

and caprock analogs (Guglielmi et al., 2021; Zappone et al., 2021), or the monitorability and the impacts of a fault368

zone on CO2 migration (Michael et al., 2020). The applications are not solely related to CO2 storage, but rather extend369

to scenarios comprising one or several faults in different natural or anthropogenic settings, such as geothermal (Amann370

et al., 2018) or nuclear waste disposal (Orellana et al., 2018).371

Finally, it should be noted that in the cases investigated here, the fluid-induced slip rates are slow, much smaller372

than 0.1 mm/s, so the use of a quasi-static approach with appropriate parameters (in particular, large values of the373

characteristic length) is justified (Torberntsson et al., 2018). While the current methodology enables the simulation374

of a sudden slip, the quasi-static approach does not allow for a complete separation of aseismic and seismic slips.375

The resulting magnitudes could then be overestimated, as the final co-seismic deformation accounts for more than376

the true seismic slip. As a next stage, adapting the coupling scheme to quasi-dynamic (through the introduction of377
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a radiation damping term in the shear stress, such as in Torberntsson et al. (2018), Yang & Dunham (2021) or Rice378

(1993)) and fully dynamic approaches (through the introduction of the inertial term in the momentum equation, such379

as in Jin & Zoback (2018) or Yang & Dunham (2021)) would extend the use of TOUGH-Pylith to investigate dynamic380

fault seismic slip. Additionally, the use of TOUGH3 would allow for parallelized simulations of both the flow and the381

geomechanics sub-problems, thereby reducing the computational time (Rinaldi et al., 2022).382
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