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ARTICLE INFO ABSTRACT
Keywords: This study presents a thermo-hydro-mechanical framework to model hydrothermal systems within a simplified
Hydrothermal system faulted synthetic reservoir, replicating current production scenarios in The Netherlands and Germany. The

Thermo-hydro-mechanics modeling
Numerical modeling

Coupled processes

Fault reactivation

reservoir, composed of porous and permeable sandstone, and the confining layer, made of porous but less
permeable shale, undergoes a process where cold water is injected and hot water is extracted. A fault, situated
750 meters from the injection well, is investigated to examine the conditions when fault slip could occur.
Various fault and formation stiffnesses are modeled to assess their impact on fault stability. Our analysis reveals
that stress changes induced by hydrothermal operations can lead to fault reactivation, with the stiffness contrast
between the reservoir and confining layers playing a significant role in when and where fault reactivation
can occur. Stiffer confining layers lead to reactivation occurring more closely associated with the passage of
the cooling front. In contrast, a stiffer reservoir results in greater and more gradual stress changes, making

reactivation more closely related to the total volume of cooled rock.

1. Introduction

In hydrothermal systems, hot fluid is extracted at a production well,
energy is then removed and the resulting colder fluid is reinjected
via an injection well. This fluid circulation alters the initial pore
pressure regime, impacting effective stress (Terzaghi, 1943; Skempton,
1954; Biot, 1955). Injection and extraction of a fluid also induce
deformation of the solid skeleton of the rock that leads to changes in
stress (Geertsma, 1957a; Zimmerman, 1990). As the cold fluid comes
into contact with the hotter rock, the fluid absorbs energy from the
rock, causing the rock to cool down (Tadmor et al.,, 2012; Zoback,
2010). The introduction of colder fluid from the injection well therefore
causes the progression of a cooling front, primarily driven by advec-
tion (Cathles, 1977; Cathles III, 1990). This reservoir cooling leads to
a change of stress and deformation within the reservoir (Geertsma,
1957b; McTigue, 1986). The resulting stress change has implications for
fault stability. Depending on the fault orientation, the normal effective
stress may decrease while the tangential stress increases, leading to an
overall increase in fault instability (Jaeger et al., 2009; Zoback, 2010).

Upon fluid injection or extraction, the initial pore pressure is dis-
turbed. During injection, the pore pressure near the well increases,
leading to a pressure gradient that causes water to diffuse away from
the well (Zoback, 2010). During extraction, the pore pressure near the

well decreases, resulting in a pressure gradient that causes water to flow
towards the well (Dake, 1983). After fluid is injected or extracted from
the rock matrix, the pore volume changes due to the (de)pressurized
water occupying the pore space (Zimmerman, 1986; Chilingarian and
Wolf, 1975). The increase or decrease in volumetric stress caused by
poroelastic effects progresses more extensively and rapidly compared to
the spread of pore pressure during injection, as shown by e.g. Duboeuf
et al. (2021), Krietsch et al. (2020), Boyet et al. (2023). This poroe-
lastic phenomenon, induced by fluid injection or extraction imposing
respectively tensile or compressive stress increments, has the potential
to either enhance or diminish fault stability based on their orienta-
tions (Segall and Lu, 2015; Zaal et al.,, 2021). The advancement of
the cooling front in the reservoir exhibits less prominence in spatial
distribution and is observed to propagate at a slower rate compared
to the effects of poroelasticity and fluid propagation, as demonstrated
by Jeanne et al. (2014) and Blocher et al. (2018).

Changes in pore pressure and temperature can jeopardize the sta-
bility of faults (Geertsma, 1957b; Lord and Shulman, 1967). This
phenomenon can be illustrated by a Mohr—Coulomb failure envelope,
where stress states are represented by Mohr’s circle (see Fig. 1). Injec-
tion activities lead to an increase in fluid pressure (Dake, 1983). Sub-
sequent cooling of the reservoir causes contraction, reducing hori-
zontal stresses due to geometric constraints, while vertical effective
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Fig. 1. Diagram illustrating stress changes in a geothermal reservoir (Vardon (2024) - Personal Communication): (A) Components contributing to the final stress state; (B) Mohr’s
circle and failure envelope demonstrating thermo-hydro-mechanical stress alterations. Line colors/types in (A) correspond to Mohr’s circles in (B).

stress remains unaffected by thermal effects, offset by overburden
pressure (Cryer, 1963; Mandel, 1953). A fault nearing or reaching
its failure threshold under stress conditions is considered critically
stressed, indicating potential for seismic activity (Jaeger et al., 2009;
McClure and Horne, 2014; Buijze et al., 2019). Slip is predicted to
arise when Mohr’s circle is predicted to intersect or exceed the failure
envelope, as shown in Fig. 1.

Seismicity has been observed to occur after pore pressures have
stabilized, pointing to other triggering mechanisms such as the thermal
effects (Kivi et al., 2022; Buijze et al., 2023). Noteworthy events
with magnitudes M; > 2 in Unterhaching (Germany) were observed
within a few months to three years after pore pressure stabilization,
suggesting cooling as a triggering factor (Megies and Wassermann,
2014). Similarly, in Poing (Germany), two events with M; > 2 occurred
five years post-circulation commencement, indicating again cooling as
a potential trigger as pore pressures would have been stable long before
then (Seithel et al., 2019). Moreover, in the Californié geothermal
field in the Netherlands, cooling of the fractured carbonates reser-
voir induced events with a magnitude (M;) of 1.7. This led to the
suspension of the Dutch project due to concerns related to induced
seismicity (Voros and Baisch, 2022).

Numerical modeling can enhance the comprehension of the impact
of stress changes within cooling reservoirs, arising from alterations in
pore pressure and temperature (Rutqvist and Tsang, 2002; Rutqvist
et al., 2013). In a study conducted by Jacquey et al. (2015), the analysis
of a synthetic case revealed that a fault situated between an injector
and a producer well predominantly experiences slipping due to thermal
effects rather than pore pressure effects. In a numerical poro-thermo-
elasticity study conducted by Jacquey et al. (2016), the investigation
focused on assessing the influence of pore pressure and temperature
changes on the stability of the fault at the GroRSchonebeck geothermal
site. The study underscored the significance of coupling these factors
in numerical simulations (Jacquey et al., 2016). Furthermore, in a 2D
synthetic model, Kivi et al. (2022) demonstrated that faults located
1 km away from the injector and producer can undergo reactivation
primarily due to thermal effects. In this scenario, the stress change at
the fault was a result of reservoir contraction elsewhere in the system,
as the cooling front does not reach the fault (Kivi et al., 2022).

From a modeling prespective, fractures can be implicitly repre-
sented using an equivalent porous media approach. Prominent codes
that utilize this method include OpenGeoSys (Kolditz et al., 2012), the
MOOSE framework (Permann et al., 2020), TOUGH-FLAC (Itasca, 2011;

Rutqgvist, 2017), and CODE_BRIGHT (Olivella et al., 1996). Conversely,
the explicit representation of fractures aims to realistically capture the
geometry and impact of fractures, often requiring specialized treat-
ment. Notable techniques for explicit fracture modeling include FEM-
DEM/cohesive zone modeling (Lisjak et al., 2014; Grasselli et al.,
2015), Discrete Fracture Network using interface elements (Gischig and
Preisig, 2015), and Embedded lower-dimensional elements (Watanabe
et al., 2012). In this work we use a continuous FEM approach, with a
fracture zone that incorporate a zero-thickness element to replicate the
fracture.

The current study aims to develop a numerical model for a syn-
thetic geothermal project in a sandstone hydrothermal reservoir. The
reservoir includes a fault zone located at 750 m away from the in-
jection point. The reservoir properties and the depiction of the heat
extraction scenario draw inspiration from the comparative analysis
presented in Buijze et al. (2023) and the Tiefe Geothermie 2023/24
project in Germany (Piesnack, 2023). These detail current hydrother-
mal projects, including reservoir properties and injection scenarios,
and discuss fault stability (Buijze et al., 2023; Piesnack, 2023). Our
modeling approach integrates a coupled poro-thermo-hydro-mechanics
framework, including key couplings.

The critical parameters for fault reactivation need to be investigated
to identify cases where faults are more prone to reactivation (Rutqvist
et al.,, 2013; Kivi et al., 2022), and to investigate how reactivation
evolves. To address this issue, this study investigates and quantifies the
impact of fault, reservoir and caprock stiffness.

The primary focus is on investigating the potential reactivation of
a fault situated 750 meters away from the injection well. The specific
objectives include:

+ Assessing the slip tendency of a fault located at a 750 m away
from the injection well.

+ Investigating the triggering mechanism, considering poro-thermo-
hydro-mechanics.

* Sensitivity analysis of the system by examining the effects of
varying stiffness properties.

+ Evaluating the propagation of ruptured area.

By addressing these objectives, our study seeks to provide an insight
of fault behavior in a hydrothermal reservoir.
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2. Modeling approach
2.1. Fully coupled numerical simulator

In our investigation, the PorousFlow and TensorMechanics mod-
ules within the MOOSE framework, developed by the Idaho National
Laboratories, were used to construct our numerical model (Permann
et al., 2020; Wilkins et al., 2020, 2021). MOOSE makes use of advanced
mesh libraries such as libMesh to enable parallel computations with
adaptive mesh refinement (AMR) (Kirk et al., 2006). It also leverages
PETSc to achieve scalable solutions for scientific applications that
involve partial differential equations in a parallel computing envi-
ronment (Balay et al., 2017). Previously, the MOOSE framework, in
conjunction with the GOLEM application (Cacace and Jacquey, 2017),
was utilized by Jacquey et al. (2018) to simulate hydraulic stimula-
tion at the Geothermal Site of Grof3Schonebeck. Moreover, Sheldon
et al. (2021) employed MOOSE with PorousFlow module to inves-
tigate the thermo-hydraulics of an aquifer thermal energy storage
system. Additionally, Smith et al. (2022) utilized MOOSE with Porous-
Flow module to calculate permeability of fractures and its implications
for geothermal fluid flow and the influence of seismic-scale faults.

2.2. Coupled thermo-hydro-mechanical equations

2.2.1. Mechanical formulation
The momentum balance, neglecting inertial effects, can be written
as (Tadmor et al., 2012; Wood, 2017):

V-6 —pg=0 (€H)

where ¢’ is the effective stress tensor, p the density and g the acceler-
ation.

The effective stress ¢’ in Eq. (1), incorporating both hydraulic and
thermal components, can be calculated as follows (Tadmor et al., 2012;
Wood, 2017):

A’ =C : A(€mechanical — Ethermal) — ahApfl 2

where C is a tensor incorporating the constitutive behavior, ¢ is the
strain tensor (small strain assumption), «, is the Biot coefficient, pr is
the pore pressure and I is the identity tensor.

Shear failure induced dilation is represented by the dilation angle,
y, which controls the magnitude of the volumetric strain during plastic
deformation. The Mohr-Coulomb plastic strain is generally defined as
follows (Wood, 2017):

P=) —= 3
€ do &)

where, €” is the plastic strain, 4 is the lagrange multiplier and g, the
plastic flow potential. The plastic flow potential in Mohr—Coulomb is
generally defined as (Wood, 2017):

g, = tany ol +c 4

where, 7 is the shear stress and o/, is the effective normal stress on the
fracture plane. The parameters y and c are the dilation angle and the
cohesion, respectively.

2.2.2. Hydraulic formulation

The equation for the mass balance of liquids in a porous medium is
generally defined as (Pruess et al., 1999):
on or aEuol

=-V. *, 5
o +npy o as tq (5)

where ¢* is the source term (injection), n the porosity, p, fluid den-
sity. The term ¢,,, is the volumetric strain, which is a coupling term
showing the effect of mechanical deformation on the water pressure.
The generalized Darcy’s law (Darcy, 1856) was used to describe the
flow velocity of water g, in Eq. (5) (neglecting gravitational pressure
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gradient):

k
qf=_pr(fo+pfg) (6)

where y, is the dynamic viscosity of water, k is the intrinsic perme-
ability tensor of the medium and g is the acceleration

2.2.3. Thermal formulation

The equation for the energy balance of in a porous medium is (Pruess
et al., 1999):
af aEuol
a o
where ¢,,, is the volumetric strain of the bulk, £ is the thermal energy
per unit volume in the rock-fluid system, F7 the heat flux, q” the heat
forcing term (injection/production).

The thermal energy per unit volume in the rock-fluid system, & in
Eq. (7) is expressed as (Pruess et al., 1999):

£=(1=mp,C,T +np;C;T ®)

=-V-FT 447 @

where p, is the density of the rock, C, is the volumetric heat capacity
of the rock, T temperature, p, density of the fluid, C, volumetric heat
capacity of the fluid.

The heat flux equation in Eq. (7) is as follow (Pruess et al., 1999):

FT =q;h+ VT 9)

where h is the enthalpy of the liquid phase and 4 is the thermal
conductivity, the bulk thermal conductivity is three times the linear
thermal conductivity.

2.3. Model set up

The domain, measuring 6500 m x 6500 m x 800 m, encompasses the
fracture zone, reservoir, and confining layer, as illustrated in Fig. 2. The
model includes two confining layers, each 300 meters thick, which
confine a 200 meter thick reservoir. A fault is included in the model,
and is represented by a zero-thickness element within a 20m-wide
fault zone. This fault is inclined at a 60 degree angle between the
Z and X axes and has an offset of 30 m. The center of the fault is
positioned at the X coordinate of 2590 m and the fault runs parallel
to the Y axis (Fig. 2). The injection well is located at a distance of 750
meters along the X coordinate from the fault and Y = 3250 m. This
well is modeled as a 1D line with a length of 180 m perpendicular
to the Z axis, with the lowest point being 10 m from the bottom of
the reservoir. The production well is situated 1600 m away from the
injection well. As for the injection well, it is modeled as a 1D line,
180 m in length in the direction of the Z axis, and again the lowest
point is 10 m from the reservoir’s bottom. The well to well distance
aims to prevent rapid thermal breakthrough and maximize the project’s
lifespan. In all simulations, a constant injection and flow rate of 150 1/s
was utilized, with the fluid introduced at a temperature of 30 °C. The
producer extracts fluid at a matching flow rate of 150 1/s. Around
50 years of production is simulated. This scenario is typical of Dutch
and German projects (Buijze et al., 2019; Piesnack, 2023). This paper
presents models of four different scenarios, each representing varying
levels of stiffnesses for different materials in the domain. Detailed
material properties can be found in Tables 1-3.

The reservoir is considered to be composed of sandstone and char-
acterized by properties inspired by Buijze et al. (2023). Hydraulically,
the reservoir is considered to be a permeable porous medium, governed
by Darcy’s law. The thermal aspect encompasses conduction and fluid
heat advection. Mechanically, the sandstone reservoir is considered to
adhere to Hooke’s law, i.e. it is perfectly linearly elastic. The confining
layer represents a shale, which is a porous medium with low perme-
ability, that follows Darcy’s law, and thermal behavior considers both
conduction and fluid advection. Mechanically, the confining layers are
linear elastic, i.e. adhere to Hooke’s law. The fault zone is modeled
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Fig. 2. Model domain and geometry.

with the Mohr-Coulomb constitutive model (Egs. (3) and (4)). The
relevant properties are detailed in Table 1, which were chosen to be
representative of field conditions (Buijze et al., 2023). The fault zone
hydraulically is modeled as a 2D element embedded in a 3D permeable
porous medium, governed by Darcy’s law, with heat transport again
including both conduction and fluid advection. Within this fault zone,
a zero-thickness element (2D) is employed to allow the influence of a
realistic fault aperture on the hydraulic properties. The permeability for
the zero-thickness element is represented by an equivalent transmissiv-
ity, calculated as: T = k - a, k represents the permeability of the fault
(m?), a signifies the fault aperture (m). The transmissivity 7' has units
of (m?) (or equivalently m? - m), reflecting the product of permeability
and aperture. Similarly, the porosity is expressed as a 3D equivalent,
denoted as nypickness = M - @, Where a is the fault aperture, and n
represents the fault porosity. A constant aperture has been assumed, set
at 1.1 micrometers. Consequently, Topickness €quals 1.1-1071° m3, and
Roshickness €quals 8.25 - 107> m. The fault is considered with transverse
and longitudinal properties being the same. This method guarantees
that the lower-dimensional fracture elements are connected to the
porous matrix elements, which represent the fault zone. By employing
fully-implicit time-stepping with PorousFlow’s complete Jacobian, we
enhance numerical performance (Permann et al., 2020). The mechan-
ical properties are incorporated directly into the fault zone, while the
thermal-hydraulics are accounted for within both the zero-thickness
elements and the fault zone. Other properties of the fault zone are
chosen to match the reservoir.

The model’s initial temperature is set at 134 °C, based on a calcu-
lated gradient of 35 °C/km and a surface temperature of 15 °C. Con-
sidering that the center of the reservoir is located at a depth of —3.4
km. This temperature is uniformly applied throughout the model, as
depicted in Fig. 3. All the thermal boundary conditions are fixed at
134 °C. The hydraulic initial condition is characterized by a hydrostatic
pressure gradient, ranging from 30 MPa at the top to 38 MPa at the
bottom, with the boundary conditions maintaining this gradient.

The initial vertical (Z-direction) stress at the top of the domain
is set as o,, = 75 MPa, corresponding to a 3 km overburden with a
density of 2500 kg/m>. The initial stress o,,, exhibits a gradient of 25
MPa/km across the entire domain. The initial major horizontal stress
(Y-direction) is the intermediate stress, set as o,, = 61.5 MPa at the

»y
top, with a gradient of 20.5 MPa/km depth. The initial stress in the

Table 1
Thermal, hydraulic and mechanical properties of the rock. Properties are based on
Buijze et al. (2023).

Parameters Unit Reservoir  Confining layer Fault zone
Rock properties

Biot coefficient (a;,) - 1 1 1
Young modulus (E) GPa Table 3 Table 3 Table 3
Poisson’s ratio (v) - 0.33 0.3 0.3
Density (p,) kg/m?3 2500 2500 2500
Porosity (n) % 25 20 75
Permeability (k) m? 10713 10719 10713
Thermal conductivity (1) W/(m K) 25 2.5 2.5
Specific heat capacity (C,) J/(kg K) 1200 1200 1200
Linear thermal - 3.10°° 3.10°° 3.107°
expansion coefficient (a,,)

Cohesion (c) MPa - - 0
Friction angle (¢) ° - - 30
Dilation angle () ° - - 2

Table 2
Fluid properties of the model. Properties from International Association for the
Properties of Water and Steam (Wagner and Pruf3, 2002).

Parameters
Density (p,) 1000 kg/m?
Viscosity (u,) 10~ MPa s

Bulk modulus (Kf) 2 GPa

Thermal conductivity (1) 0.6 W/(m K)
Linear thermal expansion coefficient (/) 2.14 107 (K1)
Specific heat capacity (C;) 4000 (J/kg K)

which is set at 52.5 MPa at the
top, with a stress gradient of 17.3 MPa/km along the Z-direction. This
= 0 /o, =

(v/(1 = v)) (Eaton, 1969), therefore not considering tectonic changes,

X-direction is the minor stress o,

latter value was determined via elastic theory o} . /0!
min v

and is therefore suitable only for exploratory analyses. The mechanical
top boundary condition is defined by ¢,, = 75 MPa, and the bot-
tom boundary condition is set to having no normal displacement in
the Z-direction and is free to move in the other directions. The Y-
and X-direction boundary conditions are also set to have no normal
displacement and are free in the other directions (see Fig. 3).
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Fig. 3. Boundary conditions of the model (locations of the cross-sections refer to Fig. 2 at the center-point of the Y and X axes of the domain, respectively): (a) Cross-section

XZ, (b) Cross-section YZ.

Table 3
Parameters of the different scenarios modeled. Properties are based on Buijze et al.
Buijze et al. (2023).

Scenario Epaunr E Reservoir Econy

1 4 MPa 7 MPa 20 MPa
2 7 MPa 7 MPa 20 MPa
3 4 MPa 20 MPa 7 MPa
4 7 MPa 20 MPa 7 MPa

In this configuration, the stress regime on the fault is characterized
as a normal fault (Zoback et al., 2003; Jaeger et al., 2009). A nor-
mal fault regime is typical in many deep geothermal projects, such
as the Grof3Schonebeck (DE), Essen (DE), Poeldijk (NL) and de Lier
(NL) (Moeck et al., 2009; Buijze et al., 2019).

The model is assumed to be fully saturated and gravity is taken
into account. However, changes in fluid properties, which depend on
water pressure and temperature are not incorporated into the model,
with the fixed values found in Table 2. This was chosen as the details
of, for example, bouyancy driven flow are though to be of secondary
importance for fault reactivation. Changes in fault permeability due to
the evolution of aperture are not modeled. The model used 171 820
nodes and 972 427 tetrahedral elements. The mesh has been refined
at the locations of the wells, on the fault and between the fault and
the injection well, as shown in Fig. 4. Prior to injection, the model
is in hydraulic, thermal and mechanical equilibrium. Variations in
(comparative) stiffnesses were investigated, as shown in Table 3. These
values are typical for Dutch projects (Buijze et al., 2023).

2.4. Slip tendency

Slip tendency is a quantification of how close a material is to
slipping. It is defined as the ratio of shear stress to normal effective
stress (Morris et al., 1996). This equation is a linearized Mohr-Coulomb
relationship, i.e., not taking into account any cohesion, which can be

defined as:

ST = (% < tan(¢) (10)
n

where 7 is the shear stress acting on the fault, ¢/, the normal effective

stress acting on the fault and ¢ the friction angle.

If the slip tendency ratio is equal to ran(¢), and the fault does not
have cohesion, then the fault is considered to be slipping. Here, a
friction angle of 30° has been assumed to be indicative of a typical
fault (Healy et al., 1984; Zoback, 2010).

2.5. Limitations

It is important to note that the transition from fault slippage to
seismic activity is not accounted for. To achieve this, calculating the
seismic moment tensor and employing more advanced constitutive
models are necessary. These models would allow for the accumulation
of strain energy, which could be released during specific events, leading
to an uncertain frequency or magnitude of such occurrences. Addition-
ally, incorporating changes in fluid properties with temperature would
improve the accuracy of the scenarios, particularly for site-specific anal-
yses. However, the simulations presented here depict a hypothetical
geothermal exploitation scenario, and have been simplified to enhance
the interpretation.

3. Results

In a uniform elastic medium, thermo-elastic stress predominantly
relies on the Young’s modulus and the linear thermal expansion co-
efficient, coupled with temperature changes (Soltanzadeh and Hawkes,
2009a,b). Hence, the investigation is made with different Young’s mod-
uli for the fault zone, reservoir and confining layers (see Table 3). This
choice aims to explore how varying stiffness affects stress variation and
the ruptured area of the fault within a nonhomogeneous thermo-poro-
elasto-plastic model.
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Fig. 4. Nodes and meshes: (a) Reservoir cross section, (b) Fault.
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3.1. Reservoir pore pressure and temperature

Cold water injection and water extraction significantly influence the
pore pressure and temperature fields within the reservoir. In Fig. 5, the
evolution of pore pressure and temperature in the reservoir along the
scan line of Fig. 2 over different time intervals is presented. As fluid
circulates, the pore pressure increases near the injector and decreases
near the producer, stabilizing after one year. The pore pressure profile
at 1 year and 55 years is virtually identical, indicating that the system
reaches equilibrium after a year of injection. Although minor changes in
pore pressure might continue if permeability is assumed to change with
porosity, the overall effect of injection and extraction is a stable pore
pressure distribution over time. This highlights the system’s tendency to
equilibrate, with long-term stability in pore pressure despite the initial
perturbations (see Fig. 5)a.

The non-linear pore pressure spatial gradients are due to the radial
flow away and towards the wells. The magnitude of variation in pore
pressure at the wells aligns consistently with on-site measurements
from Dutch geothermal projects, as documented by Buijze et al. (2023).

As fluid circulates, the temperature around the injector decreases.
Fig. 5b illustrates the temperature variation within the model at dif-
ferent time intervals. Initially, when at rest, the temperature is at
134 °C. As fluid circulates, the temperature around the injector de-
creases. After 1 year, the temperature immediately around the injector
drops to 30 °C, with a cooling diameter of approximately 500 m. After
10 years, the cooling radius extends to 1230 m. The cooling front makes
direct contact with the fault after 27.5 years of production. By the 55th
year, the diameter reaches approximately 2415 m. The cooling front
advances more rapidly towards the producer (right side of the figure)
compared to the injector, seen most clearly in the later stages of the
analysis. The current design does not have thermal breakthrough in the

investigated time.
3.2. Stress changes within the reservoir

The perturbation of pore pressure and temperature impacts the
fault stress field, with varying effects depending on the reservoir stiff-
ness. As shown in Fig. 6, stress around the injection wells decreases,
while stress near the production wells increases, although to a smaller
degree. In stiffer reservoirs, stress redistribution leads to greater de-
stressing around the injection site. The horizontal stress perturbation
is more elliptical, with the most significant reservoir distress occurring
along the x-axis than the z-axis (see Fig. 6). These findings highlight the
importance of reservoir stiffness in influencing the stress distribution
and fault behavior during injection and production processes.

3.3. Stress changes at the fault

The changes in the stress field within the reservoir have a direct
impact on the local fault stress. The local changes in temperature,
pore pressure, and stress are depicted in Fig. 7. The evolution of pore
pressure and temperature at the center point of the fault is depicted
in Fig. 7a. The pore pressure exhibits a stabilization after one year of
injection (from 35.3 MPa to 36.06 MPa).

The temperature of the fault (see Fig. 7a) begins at an initial tem-
perature of 134 °C. After around 27.5 years of injection, the cold front
reaches the fault, causing the temperature to sharply decrease. The
smooth, but accelerating, reduction in temperature is due to the ther-
mal conductivity reducing the severity of the thermal front. After
49.13 years of production, the initial patch undergoes reactivation, co-
inciding with a temperature of 117.5 °C at that time. Upon completion
of the simulation, the center of the fault’s temperature has reduced to
110 °C.

The contrasting behaviors highlight the critical role of stiffness.
Higher reservoir stiffness increases fault reactivation and increases the
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rate of tangential stress accumulation (as shown in Fig. 7). Cooling
further accelerates failure in Scenarios 3 and 4, demonstrating that
thermal effects can significantly alter fault stability when coupled
with poroelastic stress changes. The tangential shear stress acting on
the fault evolves due to the interplay between cooling, pore pressure
changes, and stiffness. As shown in Fig. 7b, the initial shear stress
on the fault is 11.5 MPa. Over time, the stress evolution varies sig-
nificantly between scenarios. In Scenarios 1 and 2, the shear stress
increases throughout the simulation, reaching 13.38 MPa and 13.56
MPa, respectively, after 55 years of injection. The larger fault stiffness
in Scenario 2 leads to a higher rate of stress increase compared to
Scenario 1. In contrast, Scenarios 3 and 4 show fault failure due to
cooling effects and lower stiffness. Scenario 3 reaches a peak stress of
14.73 MPa after 51.2 years, while Scenario 4 reaches 14.85 MPa after
49 years. Post-failure, both scenarios exhibit a reduction in stress due
to stress redistribution and sliding along the failure plane.

The observed variations underscore the impact of material stiff-
ness. Lower reservoir stiffness amplifies stress redistribution, acceler-
ating fault instability. Conversely, stiffer confining layer exhibit more
gradual stress changes, delaying fault reactivation. Effective normal
stress, which governs fault stability, is also influenced by pore pressure
and temperature changes (Fig. 7¢). Initially, the normal effective stress
is 32.5 MPa, but injection-induced changes vary across scenarios. In
Scenarios 1 and 2, effective normal stress reduces and then increases
slightly during the first 27.5 years due to poroelastic effects, reaching
32.1 MPa, before decreasing to 29.8 MPa after 55 years as cooling
effects dominate. In Scenarios 3 and 4, the normal effective stress
decreases steadily to 29.61 MPa and 29.43 MPa, respectively, after
27.5 years, and further declines to 25.31 MPa and 24.97 MPa at the
end of the simulation. Cooling fronts and stiffness contrasts exacerbate
stress reduction, leading to earlier reactivation in these scenarios.

Slip tendency results indicate that systems with lower confining
layer stiffness are more prone to instability, due to the clamping effect
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of the confining layer. Monitoring slip tendency evolution can serve
as an early warning for fault reactivation during geothermal opera-
tions. Slip tendency, defined as the ratio of tangential shear stress to
effective normal stress, evolves with injection and cooling (Fig. 7d). In
Scenarios 1 and 2, the slip tendency increases gradually, reaching 0.445
and 0.457 after 55 years. Faults remain stable throughout the simula-
tion due to limited reductions in effective normal stress and moderate
increases in shear stress. In Scenarios 3 and 4, slip tendency increases
monotonically, eventually reaching the critical value of 0.577. Failure
occurs at 51.2 years in Scenario 3 and 49 years in Scenario 4. The
acceleration of slip tendency is driven by the combined effects of
cooling and reduced stiffness, which amplify stress perturbations.
Poroelastic effects lead to reductions in minor stress, while cooling
causes further expansion of the Mohr’s circle, particularly affecting
minor stress as explained in Fig. 1b. These effects, combined with
changes in stress distributions, ultimately lead to fault reactivation
in scenarios 3 and 4, as the minor stress reaches critical levels re-
quired for failure. During different stress perturbation regimes in the
reservoir, fault stress experiences significant changes. Figs. 8a and
8b illustrate the stress state at the center of the fault at a depth of
= -3470 m for Scenarios 1 and 2, where the Mohr’s circle initially
shows major and minor stresses. As fluid is extracted and injected, the
Mohr’s circle moves laterally without changing size due to increased
fluid pressure, which isotropically affects the effective stress. However,
due to the poroelastic effect and horizontal movement restrictions,
the circle reduces in size. Cooling further causes the Mohr’s circle
to expand due to volumetric changes restrained by horizontal stress
within the reservoir. The effects of stress perturbations over time vary
across different scenarios. After 1 year, the major and minor stresses
decrease, with Scenario 1 showing a larger decrease in the major stress

compared to Scenario 2 as shown in 8a and b. After 27.5 years, both
scenarios show a decrease in minor stress, but the major stress increases
in both cases. At the end of the simulation, further cooling leads to a
substantial reduction in minor stress, while the major stress remains
largely unchanged. The stiffness of the reservoir and confining layer
plays a key role in how stress is distributed. In Scenarios 3 and 4,
the poroelastic effect has a lower impact on major stress due to the
lower stiffness of the overburden, leading to less stress arching. After
1 year of production, both scenarios show a decrease in minor and
major stresses, with Scenario 4 showing slightly larger reductions than
Scenario 3. Over time, the cooling process increases the diameter of the
Mohr’s circle, primarily affecting minor stress as the volume of cooled
rock expands. As the fault reaches the failure line, the Mohr’s circle
slides along it, perturbing both major and minor stresses. By the end of
the simulation, further changes in stress are observed, with a notable
decrease in both major and minor stresses in both scenarios as shown
in Fig. 8.

Slip tendency evolves over time due to variations in pore pressure
and temperature, leading to different spatial distributions across the
fault depending on the stiffness scenarios. Initially, the slip tendency is
uniform along the fault, but after 27.5 years of operation, areas at the
top and bottom of the fault show increased slip tendency, indicating
reduced stability (see Fig. 9). In contrast, the central section remains
stable until the cold front reaches it. Over the course of the 55 year
simulation, the instability in the central and outer sections of the fault
continues to evolve, with the fault becoming progressively more unsta-
ble, particularly in the middle section, where the cold plume impacts
the fault. These changes highlight how fault stability is influenced by
thermal and pressure perturbations, with significant variations between
the different stiffness scenarios as shown in Fig. 9.
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Fig. 10 illustrates the evolution of the ruptured area of the fault over
time for different stiffness scenarios. Reactivation occurs at different
points for scenarios 3 and 4, with scenario 4 showing reactivation
at 49 years and scenario 3 at 51.2 years. Both exhibit a bi-linear
evolution of the ruptured area over time, with inflection points at
50.8 years for scenario 3 and 53.75 years for scenario 4. Scenario 4
experiences a much larger maximum ruptured area compared to sce-
nario 3, indicating a greater degree of fault reactivation under higher
stiffness conditions. These findings highlight the sensitivity of fault
reactivation to changes in stiffness, with scenario 4 being more prone
to significant ruptures. This value for the ruptured area aligns with
findings from other studies on fault reactivation during geothermal op-
erations (Boyet et al., 2023; Kruszewski et al., 2023). Specifically, Boyet
et al. (2023) reported a ruptured area ranging from 846 to 14236
m?, while Kruszewski et al. (2023) observed values between 8000 and
22000 m?.

It is seen that the stiffness of the fault results in small changes in
the re-activation time, and then a stiffer fault (scenario 4) results in a
slower progression of the rupture area - the rate being approximately
50% lower.

4. Discussion
4.1. Fault reactivation

Over time, it is observed that different mechanisms contribute to
fault reactivation:

Mechanism 1: Poroelastic response following injection causes the
reservoir to expand, resulting in fault contraction.

Mechanism 2: Changes in water circulation affect pore pressure
due to injection.

Mechanism 3: Reservoir cooling induces reservoir contraction,
thereby causing fault expansion.

Mechanism 4: Cold fronts percolating the fault perturb the stress
regime in the fault.

These mechanisms have different dominance over time. Mechanisms
1 and 2 disturbed the stress regime early in the models, while mecha-
nisms 3 and 4 disturbed it more significantly later in the models. The
observation that pore pressure stabilizes on a monthly scale while
fault reactivation occurs after several years of production indicates
that the primary mechanisms driving reactivation are cooling and the
percolation of cold fronts (Mechanisms 3 and 4).

The contrast in confining layer and reservoir stiffness plays a key
role into how local the horizontal stress changes in the reservoir and
confining layers are, and therefore also in the fault where these layers
are intersected. When the reservoir is cooled, a thermally induced
shrinkage occurs, and due to the overall horizontal constraint (i.e. at
the model boundaries), the horizontal stress reduces. In scenarios 1 and
2, the stiff confining layer ensures that the stress changes are more local
and do not propagate throughout the reservoir. In scenarios 3 and 4,
the stiff reservoir is less easily constrained by the confining layers and
the reduction in horizontal stress is able to more easily spread through
the domain. This stress change also impacts the confining layers (both
due to cooling and the mechanical interaction in other parts of the
domain). The fault stiffness plays a secondary role in the resulting
slip tendency, with a stiffer fault zone leading to slightly delayed fault
reactivation and a higher variation of values across the fault.

4.2. Hazards

As mentioned in Section 2.5, the focus of this work is on fault
rupture, and not the translation into seismicity, although fault rupture
is a prerequisite for seismicity. It is seen here that in projects with
similar geological conditions and fault strengths (Buijze et al., 2019),
the relative stiffness of the caprock and reservoir play an important
role. In situations with a stiffer caprock, the likelihood of reactivation
is lower leading to a generally safer situation. However, stress changes
are more local (when the cold front reaches the fault), which can reduce
the potential to monitor small scale seismicity prior to significant seis-
micity. In situations with a stiffer reservoir, the likelihood of seismicity
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is higher, but stress changes are more gradual, linked more to the
overall cooling in the system. This implies that seismicity is likely to
slowly increase (linked also to the predicted increase of rupture area in
this work), and therefore monitoring can be used more effectively as a
control tool. Reactivation is seen in this case to occur over a time span
of several years. Any seismic impact will vary depending on whether
the fault slip occurs incrementally or occurs in a single event and
depends on several aspects including the material behavior and state.
This requires further research, linking fault slip and thermo-mechanical
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state and behavior to the manifestation of seismicity. It is important to
consider that, over a longer simulation period, the rupture area will
continue to expand in the scenarios where it ruptures. Faults (or fault
zones) with higher rigidity were shown to exhibit a larger slip area
compared to a fault with lower rigidity (see Fig. 10). However, faults
are in most cases avoided during drilling, which means that properties
are difficult to estimate. This is the case in the examples considered
here. This uncertainty is likely to persist in many projects and should
be accounted for when assessing the temporal variation of fault rupture.
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Fig. 9. (continued).

5. Summary and conclusion

Understanding the reactivation of faults is crucial for mitigating
the risks associated with induced or triggered seismicity in geothermal
projects. A key aspect of this concern involves the cooling-induced
reactivation of faults. In this study, a coupled thermo-hydro-mechanical
model is presented to investigate the reactivation of faults within a
porous and permeable sandstone reservoir. This work contributes to
expanding our understanding of far-field fault reactivation and the
impact of material properties on fault behavior. The fault under con-
sideration was situated at 750 m away from the injection well, as is
commonly targeted in hydrothermal systems. The reactivation of the
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fault occurs more readily in a reservoir with greater stiffness compared
to the caprock.

The normal stress on the fault in this situation is seen to progres-
sively decrease and the shear stress progressively increase. After an
initial reactivation, the affected area then expands laterally due to
differences in permeability and stiffness between the caprock and the
reservoir. In scenarios with a stiffer caprock, the stress changes are seen
to be more local to the cooling zone, and the changes progress in a
more non-linear manner. In this situation, with the fault was less stable,
rupture was not seen to occur. This analysis of varying stiffness pro-
vides valuable insights into how fault rigidity influences reactivation
behavior, which is crucial information for geothermal development.
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In Unterhaching, Germany (Megies and Wassermann, 2014), Poing,
Germany (Seithel et al., 2019) and the Californié geothermal field in
the Netherlands (Voros and Baisch, 2022), fault reactivation was pri-
marily attributed to cooling effects rather than pore pressure changes,
as seismic activity was observed well after pore pressure had stabilized.
Our model supports this conclusion, showing that Mechanisms 1 and
2, which reach their maximum destabilizing effect after one year of
production, are not the predominant factors. Instead, cooling appears
to be the primary driver of significant changes in critical slip tendency.

It is common practice to ensure that the cooling plume has limited
interaction with faults, as they are considered prone to reactivation
if they fall within the cooling radius. In this study, the model results
partially confirm this criterion. However, it is demonstrated that the
escalation of shear stress and reduction in effective normal stress
are consequences of coupled mechanisms, and interactions between
the caprock and the reservoir. Consequently, if the initial slip ten-
dency value approaches its failure threshold, the fault may slip due
to reservoir contraction, prior or after cold front interaction with the
fault. Therefore, consideration should be given to faults that lie both
inside and outside the cooling radius, especially where the caprock has
a lower stiffness than the reservoir.
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