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Abstract

Induced seismicity associated with subsurface fluid injection poses significant challenges for geothermal reservoir man-
agement. While quasi-static models capture long-term pressure, temperature, and stress evolution, dynamic rupture codes
resolve transient earthquake mechanics. In this study, we develop a fully coupled framework that integrates both approaches
to simulate fault reactivation and induced seismicity in a synthetic geothermal system. Unlike previous one-way coupled
frameworks, our approach implements a closed-loop feedback, where stress redistribution from dynamically simulated
seismic events is fed back into the quasi-static THM reservoir model. A 3D thermo-hydro-mechanical model tracks stress
build-up during injection until a failure criterion is met, triggering a transition to a dynamic rupture solver that computes
spontaneous 3D rupture propagation and seismic wave radiation. An automated coupling protocol ensures seamless data
exchange between solvers. We demonstrate the framework by simulating two injection-induced events on a single-fault res-
ervoir model. Results show that event-driven fault displacements and dynamic stress transfers significantly alter reservoir
stress states. Simulated Coulomb stress changes, focal mechanisms, and slip distributions align with the ambient stress field
and fault geometry. This closed-loop approach provides a robust tool for assessing seismic risk and optimizing injection
strategies in geothermal environments.

Highlights

We present a new modelling approach that links slow fluid-related changes in the subsurface with rapid fault movement.
The method follows how a fault becomes unstable, from gradual stress changes to sudden slip and shaking.

The two simulators interact automatically, allowing the subsurface and the fault to influence each other in real time.
The results show how fluid injection affects fault slip, helping improve safety in geothermal projects.
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Induced seismicity, defined as earthquakes caused by
human activities, occurs in various contexts, such as geother-
mal energy production, mining, waste-water underground
disposal, or hydrocarbon extraction (McGarr et al. 2002).
Among these, fluid injection has emerged as a significant
contributor, especially in the context of subsurface reservoir
exploration and development (Foulger et al. 2018). In this
study, we distinguish between ‘induced’ and ‘triggered’ seis-
micity: the term ‘induced’ refers to events primarily driven
by pore-pressure and thermoelastic stress changes associ-
ated with operations, whereas ‘triggered’ refers to events
in which injection-related stress perturbations advance the
timing of failure on faults already close to rupture.

Deep geothermal reservoirs are generally fractured and
faulted media, whose degree of fracturing can vary depend-
ing on the reservoir type. In enhanced geothermal systems
(EGS), the rock matrix is almost impermeable but stimula-
tion of the fracture and fault network near the wells aim to
ease and improve fluid circulation. On the contrary, hydro-
thermal systems exhibit high matrix permeability. In both
settings, however, the forced fluid flow injection and circula-
tion can induce and trigger seismic events on fractures and
faults (Beeler 2004; Gaucher et al. 2015). Hence, several
EGS projects had to be abandoned following the occurrence
of induced seismicity during their stimulation phases. For
instance, on 8 December 2006, hydraulic stimulation at the
Basel (Switzerland) geothermal site triggered an M; 3.4
event at a depth of about 4.6 km that led to numerous dam-
age claims and eventually cancelation of the project (Kraft
and Deichmann 2014). On 15 November 2017, the M; 5.4
earthquake in Pohang (Korea) was triggered by hydrau-
lic stimulations at similar depths and remains the most
destructive earthquake ever recorded in the country, caus-
ing substantial damage to infrastructure (Kim et al. 2020).
In Vendenheim (France), three events larger than M; , 3.0
and many other felt events occurred during the deep geother-
mal field development between 2019 and 2020 (Schmittbuhl
et al. 2021).

Many mechanisms leading to fault reactivation have been
identified, including direct pore pressure and poroelastic
effects (Atkinson et al. 2020), temperature decrease, net
fluid volume change, chemical alteration of fracture surface
(Majer et al. 2007), or stress transfer and interaction with
nearby earthquakes (Moein et al. 2023). All these mecha-
nisms ultimately induce effective stress changes on the fault,
promoting failure.

Following these observations, numerous modeling efforts
have focused on simulating induced seismicity in geothermal
reservoirs, with the aim of forecasting events and evaluating
potential ground motion at the surface (Gaucher et al. 2015).
The approaches can be grouped into three categories: sta-
tistical, physics-based, and hybrid, the latter combining ele-
ments of the first two. Each method should deliver, at least,
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a synthetic catalog of forecasted earthquakes in response
to the geothermal operations, i.e., origin time, location,
and magnitude, and where possible, the associated surface
ground motion. Each method has its strengths and limita-
tions, and the appropriate approach depends on the applica-
tion, data availability, and the characteristics of the seismic
event being forecasted.

Physics-based approaches explicitly account for the
physical processes that are assumed to be involved during
fluid injection or extraction, how these alter the subsurface
conditions and potentially induce earthquakes. They solve
numerically coupled equations for fluid flow, heat transfer,
and mechanical deformation, allowing to simulate complex
interactions in geothermal systems. These approaches are
computationally intensive and need observations for cali-
brating the simulations. However, they give the possibility to
link specific geothermal development or exploitation opera-
tions with the expected induced seismicity, thus providing
a mean to mitigate induced seismicity by optimizing opera-
tional strategies.

Physics-based methods for modeling induced seismicity
typically use hydro-mechanical (HM) modeling, which cou-
ples fluid flow with mechanical deformation to capture how
pore-pressure variations affect stress changes. In tempera-
ture-sensitive geothermal reservoirs, thermal effects can also
play a critical role, motivating thermo-hydro-mechanical
(THM) modeling, which extends HM approaches by incor-
porating thermal processes to simulate temperature-induced
stresses and their influence on fault stability.

In most cases, physics-based geomechanical models
assume quasi-static conditions and monitor a fault failure
criterion, which, if exceeded, suggests fault instability or
criticality and may result in a seismic event, but they do
not model explicitly the dynamics of the induced earth-
quake rupture. While the Mohr—Coulomb criterion is the
most commonly failure criterion used to evaluate triggering
potential (Ge and Saar 2022), other criterion exists and are
further discussed in Section 2.1.2.

Dynamic rupture modeling focuses on the physics of the
earthquake fault rupture, including its nucleation, propaga-
tion and arrest, and its interaction with the seismic wave
field, by solving the equations of motion coupled with a fric-
tion law (e.g., linear slip-weakening or rate-and-state fric-
tion). Galis et al., (2017) introduced a simple framework that
combines fracture mechanics and 3D dynamic rupture simu-
lations to model how fluid-induced stress perturbations can
trigger earthquakes that either arrest spontaneously or propa-
gate as runaway ruptures. Their work highlights that induced
earthquakes can grow well beyond the pressurized zone if
sufficient elastic energy is available in the surrounding fault,
offering an explanation for observed magnitude scaling with
injected volume. Recently, Mosconi et al., (2025) used high-
resolution 3D dynamic rupture simulations to explore how



Linking Coupled Reservoir Modeling to Dynamic Rupture Modeling: An Automated Workflow to...

modest variations in fault strength and dynamic stress drop,
resulting from fluid injection, can determine whether rupture
remains confined or grows into a fault-spanning event. These
studies emphasize that the transition between self-arresting
and runaway ruptures is governed not only by injection
parameters but also by the pre-existing stress state, fault
frictional properties, and the energy budget of rupture (e.g.,
Viesca (2016); Viesca and Garagash, (2015)). Incorporat-
ing such dynamic effects simulating rupture propagation
and ground motion from prescribed initial stress conditions
into either HM or THM modeling frameworks is crucial for
advancing physics-based approaches to induced seismicity
forecasting, supporting improved reservoir monitoring and
adaptive traffic-light systems for seismic hazard mitigation.
Dynamic rupture models capture processes on short time
scales (sub-second for induced seismicity), whereas stress
evolution from fluid injection or extraction occurs over
much longer periods. Coupling them with quasi-static HM
or THM reservoir models allows bridging these time scales.

Different approaches have been proposed to couple quasi-
static and dynamic processes relevant to induced seismicity,
aiming to capture both the loading process leading to the
onset of seismicity and the fault behavior during and after
reactivation, and may incorporate modeling interactions
between wave propagation, mechanical deformation, fluid
flow, and thermal effects. For example, Baisch and Voros
(2010) developed a numerical model to simulate the hydro-
mechanical behavior of a reactivated fault at the Soultz-
sous-Foréts (France) enhanced geothermal site, during
and after seismic events induced by hydraulic stimulation.
Once an individual fault element reaches fracture critical-
ity, their approach applies a constant stress drop to the fault
element and iteratively redistributes stress around the fail-
ing element(s) until a new equilibrium is reached. While
their approach does not account for seismic wave mediating
rupture propagation, it reasonably captured the observed
seismicity pattern at the site, it is applicable to relatively
simple fault configurations, and it is computationally effi-
cient. Meng (2017) developed a 3D framework integrating
poroelastic flow, viscoelastic relaxation, and frictional fault
slip to simulate both static and dynamic crustal deformation,
though its applicability to geothermal systems is currently
limited by the absence of thermal effects. Jin and Zoback
(2018) proposed a 2D model for fluid-induced seismicity
that captures pore-pressure changes and fully dynamic spon-
taneous rupture including poroelastic effects, which also
lacks thermal coupling and post-rupture stress evolution.
Similarly, Han et al. (2021) presented a poroelastic reser-
voir-seismicity model, demonstrating predictive capabilities
for induced events, yet without incorporating thermoelastic
effects. Paap et al. (2020) introduced a three-stage workflow
involving geomechanical simulation of a depleting gas field,
dynamic rupture modeling, and seismic wave propagation

modeling, by coupling FLAC and SPECFEM codes in 2D.
In their workflow, each numerical code operates on sepa-
rate grid types and requires interpolation and re-meshing,
which can smooth out critical features such as stress concen-
trations. They limit their study to one seismic event. More
recently, Walker et al. (2023) introduced fully coupled con-
tinuum poromechanics onto the multiphysics open-source
tool PyLith, allowing poroelastic material rheology to be
used alongside quasi-static and dynamic modeling of earth-
quake. Unfortunately, PyLith does not support yet injec-
tion or production operations relevant to geothermal sys-
tems. Blanco-Martin et al. (2022) coupled TOUGH (Pruess
et al. 1999) with Pylith (Aagaard et al. 2013) simulators
for modeling THM-fault reactivation in NER300 ULCOS
CO2 storage project during injection. The simulation of the
model was performed up to the reactivation state and the slip
response and the change of stress at different depths of the
model were investigated.

A key challenge in coupling a geomechanical quasi-static
solver with a dynamic rupture solver is accurately detecting
the moment of fault reactivation, which determines when
to switch solvers. In several of the frameworks discussed
above, this transition is triggered by monitoring the over-
stress area relative to a theoretical estimate of the critical
nucleation size, marking the switch between quasi-static
and dynamic time scales. More reliable approaches require
the geomechanical solver to incorporate quasi-static fault-
ing, allowing it to capture the gradual progression of slip
until slip rate approaches seismic values. For example, Han
et al. (2023) proposed a method for controlling and adapt-
ing the time steps in hydro-mechanical reservoir models.
Their approach automatically refines temporal resolution to
accurately capture the quasi-steady progression of slip until
it reaches an unstable state, and the subsequent spontaneous
rupture propagation. Such integrated approaches, combin-
ing quasi-static and dynamic modeling, are considered the
most promising way forward for accurately simulating fault
behavior.

Several physics-based numerical software and open-
source tools have been developed to simulate induced
seismicity (Appendix A), each designed with specific fea-
tures tailored to different applications. Beyond financial
and ergonomic aspects, the choice of the appropriate tool
depends on factors, such as the field of application, the scale
and geological context of the case study, the coupled pro-
cesses to be taken into account, and the temporal extent
over which induced seismicity is modeled. With respect to
this last aspect, tools differ in their capabilities to model
key processes related to induced seismicity: injection opera-
tions to fault failure (FF) dynamic rupture propagation (RP)
and feedback effects (FB) between injection operations
and seismic events, enabling the simulation of multiple-
event sequences. Existing methods often rely on one-way
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coupling or simplified stress-update schemes, limiting their
ability to capture the feedback between the induced seis-
mic event and reservoir evolution. Simplified stress updates,
often quasi-static, may fail to capture the evolution and
final slip distribution of the dynamic events, and may not
capture fine-scale local stress concentrations. In contrast,
our framework implements a closed-loop approach, where
stress redistribution from dynamically simulated seismic
events feeds back into the quasi-static THM model, allow-
ing high-resolution, feedback-driven simulations of induced
seismicity. The review indicates that no existing software
can fully simulate fluid injection or extraction in geothermal
reservoirs while modeling the rupture dynamics of multiple
induced seismic events and their feedback on geothermal
reservoir properties and stress state. To fill this gap, we
propose a framework that couples 3D THM modeling and
3D dynamic rupture modeling, offering a comprehensive
approach for better understanding and analyzing induced
seismicity in faulted geothermal systems. To model the
behavior prior to and after the onset of induced seismicity,
we use TIGER, a MOOSE-based open-source application
(see Section 2.1) allowing us to simulate THM and solute
transport in 3D faulted-geothermal reservoirs (Gholami
Korzani et al. 2020). TIGER offers high spatial resolution
for simulating long-term THM processes in fractured res-
ervoirs, making it well suited for capturing the quasi-static
evolution of stress and pore pressure over the lifetime of a
geothermal reservoir exploitation. To simulate the dynamics
of induced earthquakes, modeled as dynamically propagat-
ing shear ruptures on predefined frictional interfaces, con-
trolled by a friction law and their associated stress changes,
we use SeisSol (Dumbser and Kiser 2006; Pelties et al.
2014; Uphoff et al. 2024). SeisSol is a high-performance
dynamic rupture code capable of resolving seismic wave
propagation and rupture processes with high temporal and
spatial resolution, down to milliseconds and centimeters,
respectively. The complementary nature of these tools and
their high degree of optimization and maturity makes their
coupling particularly powerful for fully capturing the com-
plex spectrum of induced seismicity, from injection opera-
tions to dynamic rupture.

In Section 2, we describe the physical components and
governing equations used to capture the THM processes in
the geothermal reservoir during injection operations, assess
fault criticality, and simulate seismic rupture and wave
propagation. The numerical implementations in the TIGER
and SeisSol software packages, as well as the framework
developed to couple them, are also detailed. Section 3 intro-
duces the synthetic model designed to validate the coupling
scheme, with results presented in Section 4. Following the
discussion in Section 5, we draw conclusions and propose
perspectives for future work.
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2 Methods

We use a compound numerical approach to simulate the
thermo-hydro-mechanical response of the geothermal sys-
tem to the fluid circulation, to assess possible failure on faults
and, if relevant, propagate the seismic rupture on the fault.
The approach couples two open-source applications, one
dedicated to the reservoir simulation, TIGER, and the other
to the dynamic propagation of seismic rupture, SeisSol. Both
codes are detailed in the following as well as their coupling.

2.1 Governing Equations
2.1.1 Thermo-hydro-mechanical Model

A finite-element in-house open-source application called
TIGER (THMC sImulator for GEoscientific Research),
introduced by (Gholami Korzani et al. 2020), is utilized
to simulate the thermo-hydro-mechanical behavior of the
geothermal system. The application is based on the object-
oriented framework MOOSE (Multiphysics Object-Oriented
Simulation Environment) (Permann et al. 2020) and can sim-
ulate thermal, hydraulic, and mechanical behavior as well as
solute transport in porous and faulted geothermal reservoirs,
in a fully coupled manner.

In TIGER, the hydraulics is satisfied by the mass trans-
port equation, which accounts for missing dimensions in
lower-dimensional elements such as fractures (2D) and
wells (1D) through the scale factor b, as found in other pub-
lications such as GOLEM (Cacace and Jacquey 2017) or
OpenGeoSys (Watanabe et al. 2012)

oP asvol
bSZ— + ba—22L + V - (bg) =
Sat+aat+ (bg) =0 (H
k
g=—(-VP+/g), )
Hy

where S is the constrained specific storage of the porous
media (Pa™)), P is the pore pressure (Pa), ¢ is the time (s),
a is the Biot coefficient, €, is volumetric strain of porous
medium, Q is the source term for injection/production (kg/s),
q is the fluid or Darcy velocity vector (m/s), k is the perme-
ability tensor (m?), Hy 1s the brine dynamic viscosity (Pa-s)
combined with perrheability known as the mobility term,
o' is the fluid density (kg/m>), and g is the gravitational
acceleration vector (m/s?). The scale factor b plays a crucial
role in accurately representing the physical characteristics
of lower-dimension mesh elements embedded in higher-
dimension mesh elements. For example, for elements like
wells or pipes, the scale factor represents the cross-sectional
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area, ensuring that flow rates and other related properties are
accurately modeled. For fractures or faults, the scale factor
represents the (hydraulic) aperture of the fracture, which
influences permeability and fluid flow within the simulation.

The permeability depends on porosity according to Eq. 3
where the current permeability in the model is proportional
to the initial permeability value (k) and the ratio of the cur-
rent (¢) over the initial porosity (¢,) at the power of m, m is
a material constant ranging from 3 to 5 for rocks

¢ m
k
(@) = ( ¢0> 3

The thermal response is modeled using the heat transfer
equation solved for temperature which can be mathemati-
cally estimated via the advection-diffusion equation in which
the advective term is implemented in non-conservative form,
which is appropriate for advection-dominated geothermal
systems where V - (bq) contributions to thermal energy are
secondary

oT

b(PC,,)eﬁfE

- (v (bAgy - VT) + 4/ by - VT) = b0, 4
where p is the effective density of the porous media (kg/m?),
¢, is the effective specific heat capacity of the porous media
(J kgl K 1, T is the temperature (K), 7 is the time (s), 4,4 is
the effective heat conductivity tensor of the porous media
(kg'm-s~>-K™1), pf is the density of the fluid (kg/m?), c’; is
the specific heat capacity of the fluid (J-kg'!-K™"), and ¢ is
the Darcy velocity in the porous media (m/s), the same as in
Eq. 2 and Q (W/m?) represents heat source. In Equation 4,
(pcp)e 7 represents the effective volumetric heat capacity of
the saturated porous medium, calculated as the volume-
weighted average of the phase products:
(pcp)eﬁ = q,')pfcz +(1- d))psc;, where ¢ is the porosity, p° is
the density of the solid (kg/m?), and c; is the specific heat
capacity of the solid (J-kg"!-K™"). Following the numerical
implementation in TIGER, all terms in the energy balance
are multiplied by the scaling factor, ensuring consistent heat
transport integration across different mesh dimensions.

To estimate the deformation and stress, TIGER calls the
Tensor Mechanics Module from MOOSE (INL 2023). The
governing equation is the momentum balance equation (Jaeger
et al. 2007). The coupling of hydraulic and solid mechanics
(poroelasticity) is written in effective stress form as follows:

V.o + P8 = Owheres' = —aPl, &)

with o is the total stress tensor, o the effective stress tensor,
a the Biot coefficient, and p, the solid rock density. We fol-
low the sign convention for rock mechanics where the com-
pression is negative for stress. Similarly, thermal-mechanical
coupling is modeled through linear thermoelasticity Eq. 6,

where stress is related to strain via the fourth-order isotropic
elasticity tensor, C according to Hook’s law given in Eq. 8

AO‘ = Cl]kl(Aekl - afAT(SU) (6)
_ 1(6Au 0Auj)

ij ) 0x 0x; %)

Ciy = 286 + 2pu(88; + 6;5;); 8)

Ao’ is the change of effective stress in time, C is the elastic-
ity tensor, Ae is the strain change in time, ar is the volumetric
drained thermal expansion coefficient, AT is the temperature
change, 6 is the Kronecker delta, A is the shear modulus or first
Lamé parameter, and u is the second Lamé parameter.

TIGER solves the equations for pressure (fluid flow), tem-
perature (heat transfer), and displacement (solid mechanics)
as main variables, but stress calculation can be carried out
as a by-product of simulation from the framework viewpoint.
As in the hydraulic equations, the porosity is hidden in the
solid mechanics equations. Considering a fully saturated, sin-
gle-phase, single-component fluid, the porosity is connected
to the volumetric strain change (Aeg,) and fluid density (p)
through the mass continuity equation for the fluid in the porous
medium

2 (¢ = —poie,. 9
t

This form assumes incompressible solid grains (@ = 1),
consistent with the Biot coefficient adopted throughout this
study. Under this assumption, porosity changes are driven
solely by skeleton volumetric strain, as derived from the
general poromechanical framework of (Coussy 2004). This
simplification is physically justified for fault damage zones
where fracture compliance dominates matrix compressibility,
and it ensures robust numerical coupling during rapid pres-
sure evolution. Since fluid density depends on the temperature
and pressure changes (AT and AP, respectively), the left-hand
side of the equation can be written as Eq.10 with M, a, and A
being Biot Modulus, Biot coefficient, and effective volumetric
thermal expansion coefficient. Furthermore, the Biot modulus
and the effective volumetric thermal expansion can be calcu-
lated by Eqs. 11 and 12, where K, and K refer to the solid and
fluid bulk modulus, respectively, and & and agare the thermal
expansion coefficient of the drained porous skeleton and volu-
metric thermal expansion coefficient, respectively (INL 2023)

0
Lgp=p(s- 2 4=t 4o (10)
1_9¢, (-0E-¢
MK K an
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A= (a— P+ q’)af. (12)

TIGER was validated against thermal, hydraulic pro-
cesses but also against coupled hydro-thermal processes
(Gholami Korzani et al. 2020) or hydro-solute processes
(Egert et al. 2021). To verify the hydro-mechanical coupling
(poroelasticity), validation was made for the case proposed
by (Altmann et al. 2010), which is based on the analytical
solution of (Rudnicki 1986; Egert 2022). TIGER has been
applied to simulate various problems in geothermal systems,
including fluid flow in fractures (Egert et al. 2021), heat
storage (Stricker et al. 2024), and transport in fractured EGS
reservoirs (Yan et al. 2022).

2.2 Stress Implementation on Fault and Failure
Criterion

To simulate potential seismic activity in a porous and
faulted geothermal reservoir using TIGER, it is necessary
to incorporate a failure criterion on the faults within the
modeled domain. The Mohr-Coulomb (MC) failure cri-
terion is well suited for systems with pre-existing weak
planes embedded in a porous matrix, as it evaluates the
stress state to determine when shear failure occurs along
these planes, in contrast to alternative criteria such as
Drucker—Prager and von-Mises, which are primarily
designed to capture yielding within the bulk rather than
shear failure (Vermeer 1998), while cap models (e.g.,
CamClay) are developed for plastic compaction of porous
media and capture deformation rather than frictional slip,
and the Hoek—Brown criterion is empirical, intended for
rock mass failure modeling but is not friction-based (Muir
Wood 1990; Vermeer 1998; Eberhardt 2012). Furthermore,
the MC can directly integrate pore-pressure effects, reduc-
ing fault effective normal stress, making it particularly
appropriate for simulating fault reactivation due to fluid
injection.

Formulating the MC failure criterion requires computing
normal and shear stresses on the fault, obtained by project-
ing the stress tensor onto the fault plane. The stress traction,
T", acting on a plane of normal n and crossing an arbitrary
point inside a rigid body can be calculated as follows:

=6 -n, (13)
where o' is the stress tensor and n is the unit normal vector
to the considered plane. The traction can be decomposed in
two components: one perpendicular to the plane, the effec-
tive normal stress o,/ (which is a scalar), and one orthogonal
to it, the shear stress 7, vector

c/=T"-n=n-6 -n (14)
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The local fault traction vector has generally a strong influ-
ence on the direction of displacement during failure (rake
angle) and, therefore, on the focal mechanism of the seismic
event.

In the proposed workflow, the Coulomb stress change
is monitored to detect the MC failure. The Coulomb stress
change, ACFS, is defined as (Kivi et al. 2022)

ACFS = Az — u|(Ac + AP)|. (16)

When ACFS is positive, the system is stable, but when
it is negative, the failure criterion is reached. The sign of
ACFS can be evaluated at the scale of a single element of
the mesh or over a larger area.

We intentionally use an element-local failure criterion
that neglects the energy balance considerations required to
sustain dynamic rupture, which is sufficient to demonstrate
code coupling. A consequence of such a local failure cri-
terion is that rupture evolution remain quasi-static within
the dynamic rupture models. In fact, while the failure of
a single-fault element may produce local stress drops and
transient slip, the elastic stiffness of the surrounding medium
typically prevents further rupture growth.

Dynamic propagation can occur only when rupture initi-
ates over a sufficiently large region that exceeds the critical
nucleation size. In this case, the energy release rate at the
rupture front equals or exceeds the fracture energy, allow-
ing self-sustained propagation. Several theoretical esti-
mates of the critical nucleation size have been proposed
(e.g., Andrews 1976; Uenishi and Rice 2003; Shi and Day
2013)), and their consistency with the numerical implemen-
tation of SeisSol has been evaluated by (Galis et al. 2017)
who derived a general functional expression for the critical
nucleation length, partly from numerical simulation with
SeisSol. It simplifies under near-critical stress conditions to
the formulation of (Uenishi 2009)

C(v)uD,

L. =0624——m—-—,
¢ (I=v)(z,— 1)

A7)

where p is the shear modulus, v is Poisson’s ratio, D, is
the characteristic slip-weakening distance, 7, and 7, are the
static and dynamic fault strengths, and C(v) is a dimension-
less function of Poisson’s ratio. 7, and 7, typically depend
on the effective normal stress, which depend on local stress
and pore pressure.

It should be emphasized that theoretical estimates of L,
are obtained under idealized, homogeneous conditions. In
fluid injection scenarios, however, pore pressure and effec-
tive stress vary significantly in space and time, making the
determination of a reliable nucleation size highly uncertain.
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Modeling quasi-static faulting coupled with geomechanical
modeling could allow modeling accurately the onset of slip in
highly heterogeneous conditions, but would require a numeri-
cal challenging higher degree of integration of the earthquake
and geomechanical model. We plan to explore more realistic
failure criterion and coupling strategies in the future.

2.3 Earthquake Rupture Dynamics

To model induced seismicity and wave propagation in the
modeled domain, the open-source software SeisSol (Uphoff
et al. 2024; Gabriel et al. 2025) is utilized. SeisSol implements
the Arbitrary high-order accurate DERivative Discontinuous
Galerkin method (ADER-DG) (Dumbser and Kiser 2006)
to solve the 3D dynamic rupture problem coupled to seismic
wave propagation (e.g., (Harris et al. 2018)). Besides modeling
the spatial and temporal evolution of earthquake rupture, Seis-
Sol provides various output products, including the moment
magnitude of the event, surface displacements, and the ground
shaking caused by the radiated seismic waves. In the SeisSol
framework, the fault geometry is represented as a geometrical
interface within an unstructured tetrahedral mesh. Pelties et al.
(2014) verified SeisSol’s capability in simulating complex
geometries, e.g., across fault intersections and including het-
erogeneity of physical model parameters along the fault as well
as complicated friction laws such as rate-and-state friction.

Regarding the governing equations, SeisSol solves the elas-
tic (or viscoelastic, poroelastic) seismic wave equation in the
velocity-stress formulation where six components of stress and
three components of velocity are considered as unknowns in
the equation (e.gKrenz et al. 2021a, b; Wolf et al. 2025). The
set of the equations is as follows (for an elastic material):

P 9 P P
9 G2 lu-2Zv-21lw=o,
o I Agy = Agw

., .0 P 9
O 2 lu—G+2wZv-21Zw=o,
50w T A T A nG v = As
o, .0 P P
9o —alu—-22yv—(+2mZw =0,
2% T At T Ay T kA
s, P
2o —ul Zv-Zu) =0,

Pt ”(axv 9 ”)

o, o 0
a—tayz—ﬂ a—ZV—a—yW =0, (18)
o, P

2o —ul Zu-Zw) =0,

o “<az” axw>
I SV SV YA
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where ¢’ ,¢’ ,c’ , are normal stress components and
XX yy 2

ol i o-y’z, o, are shear stress components. The velocity com-
ponents are defined as u,v,w in x-, y-, and z-directions
respectively, A and p refer to the Lamé constants, and p is the
mass density of the medium. In addition, SeisSol supports
various friction laws such as linear slip weakening and rate-
and-state friction, whose fault strength is to be considered
in the framework of the failure criterion. For example, the
fault strength in the linear slip-weakening law is defined as

follows (Ida 1972):

min(d,D,)
D

c

7= |y — (g — uy) (c)), (19)
with 7 the shear strength of the fault, y, the static friction
coefficient, u, is the dynamic friction coefficient, d the slip
distance, and D, the critical slip-weakening distance. When
slip accumulates, the fault strength drops from static to
dynamic shear strength, as defined by the friction law. Seis-
Sol propagates fault slip, which is used to calculate the seis-
mic moment and the moment magnitude. In this workflow,
the MC criterion controls fault activation, while the friction
law governs slip evolution, both of which are essential inputs
for determining earthquake magnitude.

The dynamic rupture is initiated by applying the stress
from the THM modeling, which includes an overstressed
area, the size of one or more mesh elements, over which the
rupture nucleates. As the rupture begins to slip, the motion
at the rupture front generates dynamic stress changes in the
surrounding fault, increasing shear stress ahead of the rup-
ture front. These neighboring areas of the fault may now
experience shear failure, leading to the dynamic propaga-
tion of the rupture, advancing into areas newly brought to
failure. The rupture eventually stops when It encounters a
barrier (e.g., stronger patch, an unfavorable stress condi-
tion), or when energy is insufficient to overcome resistance
ahead of the front. SeisSol has been applied in various set-
tings for modeling dynamic rupture, seismic activity, and
earthquakes.

2.4 Coupling of TIGER and SeisSol

In this section, the proposed coupled workflow is described
with emphasizing on the computational domain used and
variables transferred by the codes. The exact state at which
the MC criterion is reached in the THM simulation is deter-
mined via an iterative process (see also discussion in the
introduction section), before the output from this state is
passed to the dynamic rupture solver. In the following, we
detail our workflow step by step. From a numerical compu-
tational viewpoint, the time and spatial scale of each mode
is different which challenges data exchange.
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2.5 Meshing

As mentioned above, both simulators are finite-element
codes; TIGER implements a continuous Galerkin method
and SeisSol a discontinuous Galerkin method. The chal-
lenges of coupling a continuous Galerkin with a discontinu-
ous Galerkin method in our workflow are discussed in the
Discussion section. While TIGER can use hexahedral or tet-
rahedral meshes, SeisSol requires tetrahedral elements (spe-
cifically, well-shaped ones are preferred as they impact the
time step calculation, although local time-stepping loosens
this constraint Breuer et al. 2016; Uphoff et al. 2017) The
simplest option is then to use the same tetrahedral mesh for
both. Practically, the mesh (computational domain) is here
generated with Gmsh (Geuzaine and Remacle 2009). We
note that this option may be suboptimal as both codes have
different resolution requirements. In fact, mesh size plays
a key role in the resolution and accuracy of the numerical
solution, and the mesh has to capture the processes mod-
eled in both codes. Specifically, TIGER needs high resolu-
tion near the well, and can accommodate coarser resolution
elsewhere on faults. Therefore, the mesh is highly refined
around the injection point, up to 10cm element length, and
the mesh size gradually is increased away from the point.
In contrast, SeisSol needs a uniform resolution everywhere
on faults, high enough to resolve the process zone width,
the characteristic length scale over which fault weakening
occurs, and may also require high resolution in the volume
if high-frequency synthetics are required, or to properly cap-
ture potential seismic waves mediated multi-fault dynamic
triggering. Problems posed by differing simulation and out-
put resolution and their consequences on the accuracy of the
data transfer are further discussed in Section 5.2.

The adopted element size near the injection point is
several orders of magnitude smaller than the characteristic
scales of pore-pressure diffusion and stress redistribution
along the fault domain. Consequently, the mesh resolution
is sufficient to resolve the spatial variations of the key state
variables controlling fault reactivation. In quasi-static, injec-
tion-driven problems, deformation evolves gradually, and the
governing fields (stress and pore pressure) remain smooth in
space and time. Unlike dynamic rupture simulations, the slip
onset is not sensitive to inertial effects or critical nucleation
size, and the numerical resolution is primarily controlled by
the ability to capture pressure-induced stress perturbations.
The 10 cm refinement adopted here lies well within the range
used in comparable THM studies of injection-induced fault
reactivation (e.g., Rutqvist et al. (2015)). While a complete
mesh convergence analysis is beyond the scope of this study,
the combined physical arguments, smoothness of computed
fields, and consistency with previously validated THM injec-
tion models support the physical robustness of the adopted
mesh configuration.
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2.6 Failure Timing

TIGER evolves slow processes (e.g., fluid pressure diffusion,
thermal expansion), where time steps might be on the order
of hours, days, or even longer as the solution progresses
steadily, leveraging TIGER’s implicit time scheme (e.g.,
backward Euler or Crank—Nicolson). In contrast, SeisSol
models dynamic rupture with high-frequency wave propa-
gation using an efficient explicit time scheme (ADER-DG),
requiring time steps in microseconds to maintain numeri-
cal stability (CFL condition). For example, after 5 years
of injection, the failure criterion is satisfied in TIGER, at
which point the THM simulation is stopped. A dynamic
rupture simulation of the induced earthquake is then car-
ried out using SeisSol, until rupture arrest occurs and the
seismic waves have exited the computational domain, typi-
cally within a few tens of seconds. The difference in the time
scale of the modeled processes allow for the two codes to be
sequentially coupled.

To converge toward the critical state, the exact state at
which the fault is about to reactivate, we apply an iterative
strategy, halving the time step size until the critical state
is reached. Table 1 illustrates the algorithm, using arbi-
trary values, more details in the following. The simula-
tion begins with a prescribed initial time step, which then
gradually increases, in this example approaching a larger
near-constant time step size (e.g., 1 month). After a cou-
ple of time steps, the failure criterion is exceeded, indi-
cating that the large time steps has advanced the system
beyond the critical state, which is somewhere between
the last time step and the current time step. Table 1 illus-
trates of such a situation, in which, at the end of the 4
time step, the MC criterion is exceeded, implying that
the critical state, at which the failure value reaches 1, is
between the 3™ and 4" time steps. The model is re-started
from the previous time step with a time step size reduced
by half. In the second try for the 4™ time step, the fail-
ure value is larger than 1 again, prompting TIGER to try
an even smaller time step (one-fourth of the initial time
step). The iterative process stops when the time step size
falls below a given threshold (e.g., 1 s), at which point
the THM simulation is terminated. From this state, the
dynamic rupture model (SeisSol) is initialized using the
last stress state of TIGER.

2.7 Automating the Workflow

The connection point between TIGER and SeisSol can span
multiple events sequentially. After each earthquake, the
stress change induced by the dynamic rupture is added to
the stress state of the TIGER model, which is then reiniti-
ated and advanced until the next critical state is reached.
This multi-event workflow is illustrated in Fig. 1. In this
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Table 1 Detection of
reactivation moment using
arbitrary values

Solving try Time step Start time
in solution

Dt (time step size, s) End time Failure value Solution status

in solution

time time
1 1 0 0.3 0.3 0.3 Accepted
2 2 0.3 0.3 0.6 0.6 Accepted
3 3 0.6 0.3 0.9 0.9 Accepted
4 4 0.9 0.3 1.2 1.2 Aborted
5 4 0.9 0.15 1.05 1.05 Aborted
6 4 0.9 0.075 0.975 0.975 Accepted
7 5 0.975 0.15 1.125 1.125 Aborted
8 5 0.975 0.075 1.05 1.05 Aborted
9 5 0.975 0.0375 1.0125 1.0125 Aborted
10 5 0.975 0.01875 0.99375 0.99375 Accepted
11 6 0.99375 0.0375 1.03125 1.03125 Aborted
12 6 0.99375 0.01875 1.0125 1.0125 Aborted
13 6 0.99375 0.009375 1.003125 1.003125 Aborted
14 6 0.99375 0.00496875 0.99871871 0.99871871  Accepted

process, the SeisSol simulation time is neglected, as the
rupture is assumed to occur instantaneously compared to
the much slower THM processes. This assumption is rea-
sonable for induced seismic events in geothermal fields,
which typically last only a few seconds. In the proposed
workflow, the stress tensor serves as the coupling interface:
when TIGER meets the failure criterion, its final stress state
is passed to SeisSol. SeisSol then returns the earthquake-
induced stress change, which is added to TIGER’s stress
field before the simulation continues. Practically, TIGER
produces an Exodus file, while SeisSol preferentially reads
inputs on rectilinear grid stored as Netcdf file, meaning that
an interpolation and a format conversion must be performed
from exodus to Netcdf. Similarly, the hS SeisSol output of
SeisSol must be converted to Exodus format to be able to

Fig.1 Schematic representation
of the coupling workflow

Init
#MOOSE

Mesh: .msh file
ICs/BCs
Failure criterion

Format: Exodus file

Output: Stress field \

add it to the THM stress state. These conversions are done
through Python scripts. Thus, each event loop consists of
one TIGER simulation, one SeisSol simulation, and two file
conversions, including possible interpolation and regridding,
which is automated through a shell script (Fig. 1).

3 Synthetic Case Study
3.1 Model Geometry
To illustrate the processing workflow, a synthetic case study

of fluid injection into a vertical fault embedded in a reservoir
is developed. Such a conceptual model could represent a

(WMOOSE

ICs: last state — SeisSol stress changes
Failure criterion
Output: Stress field
Format: Exodus file

_—

Format Conversion
(Exodus to xdmf & h5)

Format conversion

\

ICs: MOOSE Stress field
Friction law
Output: Seismic event source parameters

Format: XDMF & h5

(xdmf & h5 to Exodus)

Seis\ Sol

Stress changes
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hydraulic stimulation operation for an EGS or the re-injec-
tion of geothermal fluid in a fault.

The model domain is an 8 x 8 x 6 km® volume in the x
(North), y (East), and z (Depth) directions. A cubic reservoir
of 2 km side length, oriented N45°, hereafter referred to as
the matrix, is laterally centered in the domain, and reaches
the surface. It is crossed in its center by a vertical fault that
also strikes N45°. The fault is 2 km long and extends 1.8 km
in depth. A 1 cm fault thickness is assumed and is accounted
for in TIGER through upscaling (Stricker et al. 2024). A
point-source injection is assumed at 1 km depth, located at
the center of the fault. All model components are hierarchi-
cally embedded, from the smallest feature (injection point)
to the largest (the entire domain). Figure 2a shows a top view
and a perspective view of the model, while Fig. 2b provides
a close-up around the fault. The virtual vertical line ABC
passes through the injection point, the fault, the reservoir,
and the matrix. Points A and B refer to the points on the fault
at surface and at the endpoint of the fault over depth, and
point C refers to the bottom of the model. In the following,
many of the results will be plotted along this line.

The finite-element mesh is created in Gmsh, where the
injection point and the fault are defined as a point (0D)
and a 2D triangular surface, respectively, and the reser-
voir and matrix parts are represented as 3D tetrahedrons.
As mentioned above, the same mesh is used in the THM
and dynamic rupture models, with the exception of the
definition of the boundary elements and the presence of
the injection point in the THM model. The generated mesh
contains 85881 nodes and 551543 elements. The mesh size
ranges from 0.1 m around the injection point to 200 m at the
boundaries of the model. The highly refined mesh around
the injection point enables accurate representation of the
injection operations.

3.2 Material Properties and Boundary Conditions

The vertical component of the lithostatic stress is defined by
the gravitational load of the overlying layer. Intentionally, a
strike-slip stress regime (6., > o6,, > 0,,) is defined in the
model, so the vertical stress acts as the intermediate princi-
pal stress. The other components of the lithostatic stress, i.e.,
the maximum (o, = 1.20,,) and minimum (o, = 1.20,,)
principal stresses, are oriented along the x- and y-directions,
respectively Hence, the fault is intentionally oriented close
to a critical state, allowing it to be reactivated within a short
period of time. As shown by (Jaeger et al. 2007), the most
critical state for fault reactivation is 45°+¢/2 (where ¢ is
friction angle). The fault therefore deviates by 15° from this
optimal orientation. In the THM model, the side boundaries
are fixed only in their normal direction, while the bottom is
fixed in all directions, and the top (ground level) is free to
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move, and the fault is a thin region (modeled as a surface)
with enhanced permeability, porosity, and thermal conduc-
tivity, and decreased specific heat capacity. We apply Dir-
ichlet conditions for both pore pressure (hydrostatic) and
temperature (geothermal gradient) at the top and bottom
boundaries. The lateral faces are treated as closed to fluid
and heat flow (no-flux Neumann conditions), representing
a typical symmetry or far-field assumption in modeling. In
SeisSol, the external surfaces are tagged as absorbing and
free-surface boundaries in the dynamic rupture model, and
the fault as a dynamic rupture interface. Table 2 summarizes
the list of boundary conditions applied in the model in both
regimes.

The material properties of the fault, reservoir, and matrix
including thermal, hydraulic, and mechanical properties
are given in Table 3. Some of these properties in the quasi-
static regime are representative of the Pullach site (Gaucher
and Egert 2022); however, others such as permeability and
frictional parameters in the dynamic regime are chosen for
numerical stability. While certain material parameters (for
example, fault permeability k = 2 - 107'°; static friction
coefficient y = 0.6) were selected partly to ensure numeri-
cal stability, they remain within physically realistic bounds
informed by field data. The permeability value represents
an upscaled bulk property for a stimulated fault damage
zone, consistent with the upper range of estimates from the
Soultz-sous-Foréts EGS site (~10~'* m? for natural condi-
tions; higher values plausible post-stimulation) (Auradou
et al. 2005; Kosack et al. 2010; Zhang et al. 2025). The
friction coefficient follows Byerlee’s empirical law for
crustal rocks (u = 0.6 — 0.86) and aligns with laboratory
measurements on granite gouge under hydro-thermal condi-
tions (Valley and Evans 2007; Lei et al. 2024). Qualitative
sensitivity analysis (for example, Pandey and Vishal 2017;
Mahmoodpour et al. 2022) indicates that permeability vari-
ations of +1 order of magnitude primarily affect pressure
propagation timescales, while friction coefficient variations
mainly influence fault slip thresholds. Coupled permeability-
stress feedback may amplify these effects, suggesting that
future work should incorporate dynamic property evolution.
Because this study focuses on the coupling framework using
a realistic but rather idealized geothermal system, and not
a specific site, we use a relatively generic set of parameters
in our modeling. A systematic sensitivity analysis of the
impact of modeling parameters on induced seismicity could
be explored in future work, e.g., when investigating a real
site.

In the quasi-static THM model, the injection is prescribed
as a point-source boundary condition for the thermal and
hydraulic components, with a constant flow rate of 20 L/s
and a constant injection temperature of 303.15°K.
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a)

b)

NS . Injection point

Point B

Fig.2 The geometry of the model including fault, reservoir, and the matrix are shown in green, blue, and purple, respectively; a whole domain
and b zoomed-in view
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Table 2 Boundary conditions (BC) applied in the model

Face Mechanical BC (quasi-static and dynamic) Hydraulic BC (quasi-static) Thermal BC (quasi-static)
Top Free Surface (Neumann o.n = 0) Dirichlet (fixed pressure) Dirichlet (fixed temperature)
Bottom Fixed (u, = U, =u, = 0) Dirichlet (fixed pressure) Dirichlet (fixed temperature)
Front/Back Roller (1, = 0) No Flow (Neumann) Insulated (Neumann)
Left/Right Roller (u, = 0) No Flow (Neumann) Insulated (Neumann)

Table 3 Thermo-hydro-

. ’ Parameter Description Value and unit
mechanical properties of the
model used in the quasi-static THM model
il(_)lgglznd dynamic rupture Porosity Reservoir and matrix 5%
Fault 15%
Permeability Matrix 3e-18 m?
Reservoir 3e-17 m?
Fault 20e-11 m?
Fluid compressibility Matrix 2.16e+09 m*/N
Fluid viscosity Matrix 0.85 mm?/s
Fluid heat capacity Matrix 3800 J-kg 'K 7!
Fluid thermal conductivity Matrix 0.6 W/(m.K)
Fluid density Matrix 1000 kg/m®
Thermal expansion coefficient Matrix le-6 K!
Specific heat capacity Reservoir and matrix 1400 J-kg 'K !
Fault 1000 J-kg ~' K !
Thermal conductivity Reservoir and matrix 2 W/(m.K)
Fault 3 W/(m.K)
Young’s modulus Reservoir and matrix 15e9 Pa
Fault 15e9 Pa
Poisson’s ratio Reservoir and matrix 0.2 (-)
Fault 0.2 ()
Biot-Willis coefficient Matrix 1(-)
Solid bulk modulus Matrix 8¢9 Pa
Rock density Matrix 2500 kg/m?
Injection flow rate Injection point 20 /s
Injection temperature Injection point 303.15°K
Dynamic rupture model
Rock density Matrix 2500 kg/m?
Critical slip-weakening distance Fault 1.5m
Fault static frictional coefficient Fault 0.6
Fault dynamic frictional coefficient Fault 0.2
Young’s modulus Matrix 15e9 Pa
Poisson’s ratio Matrix 0.2 (-)

3.3 Initial Conditions

For the initial conditions of fluid circulation, the pressure
is set to hydrostatic over depth and the temperature follows
a gradient of 0.03° C/m. In the dynamic rupture model, the
initial conditions consist of the stress field, which is initial-
ized using the stress state in the THM model at the reacti-
vation state. Initial velocities are set to zero. As mentioned
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in Section 2.2.3, after the seismic event, the stress field in
TIGER is updated by adding the stress change induced by
the seismic event. The THM simulation is then run with this
updated stress field until a new static equilibrium is reached,
allowing the displacement field to adjust accordingly. The
change of stress field from the reactivation moment are used
to initialize the new THM model.
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4 Multi-event Strategy

In the following, we present the response of the synthetic
model to fluid injection into the fault. To illustrate the cou-
pling and interaction between TIGER and SeisSol, we simu-
late two seismic events. Figure 3 shows the timeline of the
simulation with the two induced seismic events (stars) and
the different stages of the simulation workflow that will be
described and whose results will be given. Hence, the end
of stages pre-slip 1 and pre-slip 2 correspond to the criti-
cal state of the reservoir when fault reactivation can occur.
The seismic event dynamics are simulated in stages slip 1
and slip 2, once the stress state from TIGER is transferred
to SeisSol (stages pre-slip 1—slip 1 and pre-slip 2—slip
2). Following each seismic event dynamics simulation,
fluid injection resumes in stages post-slip 1 and post-slip 2,
once the stress changes from SeisSol have been transferred
to TIGER (stages slip 1—post-slip 1 and slip 2—post-slip
2). The key aspects of the induced seismicity modeling are
highlighted, in particular the reactivation time, the stress
redistribution patterns after rupture, the displacement along
and across the fault plane, and the spatial extent of the total
slip. Table 4 summarizes the characteristics of the two
induced seismic events.

4.1 Pre-slip 1
Once the synthetic model is initialized with the prescribed

stress regime, the predefined boundary and initial condi-
tions, it is run to steady state until static equilibrium is

Time (life span of reservoir)

reached. During this phase, consolidation takes place result-
ing in a 15.2 m subsidence at the top of the model. Figure 4a
shows the depth profiles of the diagonal components of the
stress tensor (pink, green, cyan curves), pore pressure (black
curve), and temperature (purple dotted curve) measured
along the vertical [AC] segment crossing the center of the
model (see Fig. 4) and obtained at static equilibrium. Fig-
ure 4b shows the same parameters as well as the normal (red
curve) and Coulomb (blue curve) stresses along the [AB]
fault segment (see Fig. 2).

Once the static equilibrium has been reached, the 20 1/s
injection is initiated. After ~3.3 years of operations (105
552 000 s), the fault reaches a reactivation critical state
at point (0, 0, -1000). Figure 5 shows the normal, shear,
and Coulomb stress changes at the reactivation time (last
time step in TIGER) along the [AB] fault segment. The
element-wise output (one value per element) highlights
that the MC failure criterion is reached at one element
only in this case (the reason of elemental output is dis-
cussed in Section 5.1).

4.2 Pre-slip 1—Slip 1

In this section, the accuracy of data transformation from
TIGER to SeisSol is verified. As mentioned in Section 2.2,
the parameter coupling both software is the stress tensor.
At reactivation time, the next step of the workflow consists
in projecting and interpolating the stress data generated by
TIGER provided element-wise on the unstructured tetrahe-
dral grid of TIGER onto a rectilinear grid readable by Seis-
Sol. We verify that the transfer is performed correctly by

Simulation timeline

Slip 1

Fig.3 Timeline of the simulation of the first two seismic events (red
stars) induced by the fluid injection into the fault. The different stages
of the simulation workflow (numbers) are described in the text with
their results: prior to first seismic event (pre-slip 1), during seismic

Pre-slip 1* \\\Post-slip 1

Pre-slip 2},«""*‘\“\‘\Post-slip 2

Slip 2

event (reactivation phase) (slip 1), after reactivation and back in the
THM simulation (post-slip 1), prior to the second event (slip 2), dur-
ing second event (slip 2) and, after the earthquake, back in the THM
simulation (post-slip 2)

Table 4 Characteristics of the

; Event No. Event characteristics
first two induced events
Event time (day) Location (m) (X, Y, Z) Magnitude (M,,) Focal mechanism
(strike, dip, rake)
El 1222d (0, 0, - 1000) -1 (45°,90°, 0°)
E2 1222d + 2h (0.074, 0.074, -999.62) -0.67 (45°, 90°, 0°)
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Fig.4 Depth profile of tem-
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comparing the normal, shear, and Coulomb stresses changes
at the reactivation time (last time step in TIGER) and in the
first time step of SeisSol. Figure 6a shows the differences of
normal, shear and Coulomb stress changes over depth along
the [AB] fault segment closed up around the injection point,
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Stress (MPa)

which confirms that the stress data can be transferred from
TIGER to SeisSol with minor errors between stages pre-slip
1 and slip 1. The differences between the stresses before
and after projection is smaller than 1 Pa. Moreover, Fig. 6b
shows the conversion error in Coulomb stress changes
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Evolution of normal stress and Coulomb stress change (MPa)
5 10 15 20

—— Coulomb stress change
—— Normal stress

200

400

600

1400

Depth along fault (m), from A to B

1600

1800

Fig.5 Normal and Coulomb stresses change over the depth, along the
[AB] fault segment, at the reactivation time

resulting from the regridding and interpolation procedure
coupling Tiger to SeisSol. The accuracy of the conversion is
quantified using the percent error with respect to the target
value. The percent error is defined as

Utarget — Uconverted

Error x 100,

Uiarget

where u,,,,, denotes the target stress value and i, eq T€P-
resents the converted stress value. This definition provides a
dimensionless measure of the deviation between target and
converted values, enabling a consistent comparison across
different spatial locations. This comparison is taken before
the first event over a 600 x 600 m? fault region centered on
the injection point, corresponding to the region of the high-
est pressure gradient and finest mesh resolution. The abso-
lute error does not exceed 5% even in the regions farthest
from the injection point, where element sizes are coarser.
This is acceptable, given that the typical stress changes
induced by injection are on the order of 2MPa. This confirms
that the conversion preserves the stress field accurately for
subsequent dynamic rupture simulations.

4.3 Slip1

The induced seismic event is simulated in SeisSol for 10 s.
This duration is long enough to guarantee that the stress
changes induced by the dynamic rupture reach a near steady
state near the fault and while remaining short enough to
minimize computing time. In this synthetic study, we do not
focus on the seismic waveforms generated by the rupture.
Figure 7 shows the stress changes induced by the seismic
event for the three diagonal components at the hypocenter
depth (1000 m). The seismic event has a My,-1 magnitude,
and results in stress changes of less than 1 MPa. All stress

components show the same polarity pattern, which is rep-
resentative of the event focal mechanism. As seen from the
compression zones (red zones) in the northwest and south-
east quartiles around the fault and the extension zones (blue
zones) in the northeast and southwest quartiles, a right-lat-
eral strike-slip event is induced.

4.4 Slip 1—Post-Slip 1

The stress changes induced by the seismic event, computed
in SeisSol, are added to update the stress field in the TIGER
quasi-static simulation. To this end, the SeisSol stress field is
first converted from HDFS5 to Exodus format, and imported
into TIGER using the SolutionUserObject available in
MOOSE. The stress change is then added via a MOOSE
ParsedFunction to the TIGER stress field from the end of
pre-slip 1, i.e., the last stress field prior to reactivation.

TIGER then is run with this updated “initial” stress
field, but without resuming injection, until a new equilib-
rium state is reached. In this phase, the model is allowed to
readjust toward equilibrium, which may involve evolution
of the displacement field. This step is necessary to balance
the stress perturbation induced by the seismic event in the
THM model. Figure 8 illustrates the change of the displace-
ment field along and across the fault after the seismic event,
i.e., between the reactivation time of pre-slip 1 and post-slip
1. Figure 8a shows a horizontal section of the fault-normal
displacement changes resulting from the coseismic motion
around the hypocenter (at 1000 m depth) and, similarly,
Fig. 8b illustrates the fault-parallel displacement changes.
The orientation of the deformation field is consistent with
the right-lateral strike-slip event with positive NE-directed
displacement along the western side of the fault.

While the stress change is confined to a small rupture
zone, displacement appears over a broader area, more than
400 m along the fault. Although this apparent mismatch
could partly arise from the visualization scale, it is in fact
a consequence of elastodynamic theory and Green’s func-
tion solutions for point dislocations in an elastic half-space
(Madariaga 1976; Freund 1998; Aki and Richards 2002).
Specifically, the far-field displacement field resulting from
a localized rupture decays with distance as % in 3D-elastic
media, whereas the corresponding stress changes decay
more rapidly, typically as rlz or faster. This difference arises,
because stress is related to the spatial derivative of displace-
ment, making its spatial decay inherently steeper.

4.5 Pre-slip 2 and Pre-slip 2—Slip 2
Once the THM model has been re-equilibrated with the updated

stress, the injection resumes with the same flow rate (20 L/s)
until the next event is triggered. We assume that any mesh
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«Fig. 6 a Difference of the normal, shear, and Coulomb stress changes
between the first time step of SeisSol (slip 1) and the last time step
of TIGER (pre-slip 1), along the [AB] fault segment and around the
injection point (at 1000 m depth). b Spatial distribution of the conver-
sion error between the first time step of SeisSol and the last time step
of TIGER over a 600*600 m2 fault patch (centered on the injection
point). The error is computed as the absolute relative difference, high-
lighting deviations across the domain and demonstrating the accuracy
of the conversion

element that was fractured in a previous seismic event cannot
break again. To implement this numerically, such elements are
identified in the mesh, and the Mohr—Coulomb failure criterion
is no longer evaluated for them. In this way, the simulation
treats these elements as “already broken,” ensuring that they
do not trigger any subsequent rupture detection.

Following the first event, after nearly 2 h of injection, an ele-
ment at (0.074, 0.074, —999.62), which had not met the failure
criterion in the earlier stages, now becomes critically stressed.
This marks the initiation of the second event and the end of
pre-slip 2. As at the end of pre-slip 1, TIGER stops and the
stress field is transferred to SeisSol. Like Fig. 6, a comparison
is performed between the normal, shear, and Coulomb stresses
calculated in TIGER at the reactivation moment (last time step)
and at initialization (first time step) of SeisSol. These results are
not shown here to avoid redundancy.

4.6 Slip2

The simulation workflow in slip 2 is similar to that in slip 1.
SeisSol runs for 10 s to simulate the dynamic rupture of the
second seismic event. The second event, with a My, -0.67
magnitude, is slightly larger than the first one. As shown
in Fig. 9, the stress change components have a similar pat-
tern to the first event. Hence, the movement of the fault is
comparable, still a right-lateral strike-slip. However, the
magnitudes and extent are larger. We intentionally used the
same viewing perspective and color scale for Figs. 9 and 7
to emphasize the differences.

4.7 Slip 2—Post-slip 2 and Post-slip 2

Following the second event, the stress field in TIGER is
updated using the stress changes output by SeisSol and the
displacements associated with the dynamic rupture calcu-
lated before resuming the geothermal fluid injection. Fig-
ure 10a, b shows the coseismic displacements across and
along the fault, respectively, on a horizontal section crossing
the hypocenter (-999.62 m depth). This highlights the right-
lateral strike-slip nature of the second event.

5 Discussion

In the following, we discuss constraints associated with the
numerical implementation of the coupling as well as physi-
cal assumptions that may affect the interpretation and limit
the modeling approach. We also highlight potential exten-
sions of the framework and opportunities for further devel-
opments, aimed at improving model realism and enhancing
its application to forecasting and risk assessment.

5.1 Numerical Implementation of the Workflow

In the MOOSE framework, a variable can be defined either
as an elemental or a nodal variable. The theoretical differ-
ence between them is that a nodal variable has its values
stored at the node of an element (in FE techniques) and is
interpolated across elements using the nodal finite-element
shape functions, while an elemental variable has its values
stored at one or several quadrature points within the element,
depending of the polynomial degree of the basis function.
In our TIGER models, as in MOOSE per default, the stress
tensor variables are defined as elemental material properties
of polynomial degree 0. This allows efficient computation
with other elemental material properties (e.g., elasticity ten-
sor, thermal expansion, etc.) and avoids applying a projec-
tion method to transfer a value from the node to the element
or vice versa in the THM model, which can may introduce
interpolation artifacts and degrade numerical accuracy.

Using an element constant stress variable comes with the
limitation that the magnitude of the stress value at a given point
strongly depends on the local mesh size and resolution. When
the mesh is coarse or the stress varies spatially significantly
around a given point, large difference can appear between the
stress values of nearby elements. This explains the step-wise
stress profiles (numerical artifact) in Fig. 7a. The mesh size
around the fault is reduced to avoid this stepping. We note that
the potential presence of such artifacts is much more critical
around the fault than at the bottom of the model, where pro-
nounced step-wise stress profile can be safely ignored. Overall,
given the fine mesh resolution, and our choice of degree-0 basis
functions in TIGER does impact significantly numerical and
code coupling accuracy, given the fine mesh resolution.

We note that SeisSol implements a quadrature free approach
in which element mass and stiffness matrix are computed ana-
lytically. Therefore, the solved quantities can be evaluated with
similar accuracy anywhere in the element. On the other hand,
fault friction (and the fault tractions it depends on) is evaluated at
quadrature points on the fault, which are typically much denser
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Fig. 7 Magnitude of stress changes induced by the first seismic event »

as calculated in SeisSol: a stress-xx, b stress-yy, and ¢ stress-zz

than the quadrature points in TIGER, due to the high polynomial
degree basis function used in SeisSol.

It is worth mentioning that TIGER solves the THM problem
using continuous Galerkin finite elements, while SeisSol fea-
tures discontinuous Galerkin finite elements. Such a discrep-
ancy is challenging for the developed approach. In fact, Seis-
Sol calculates stress change in 3D elements while the fault is
a 2D interface across which stress drop (discontinuity) occurs
during rupture. On the other hand, stress must be continuous
across the fault in TIGER. Hence, to transfer the stress changes
from SeisSol to TIGER, the stress changes of SeisSol are used
to initialize the stress changes in the 3D elements of TIGER
and subsequently mapped into a continuous field on the 2D
elements of the fault. Such a coupling introduces a kinematic
incompatibility: SeisSol permits displacement jumps across the
fault during dynamic rupture, while TIGER enforces displace-
ment continuity. After transferring the post-slip stress field from
SeisSol back to TIGER, a quasi-static re-equilibration step is
performed to project the stress state onto TIGER’s continuous
displacement space. This re-equilibration solves the static equi-
librium equation with the transferred stress as initial condition,
allowing the system to relax to a compatible state before the next
quasi-static loading increment. Mathematically, this is equiva-
lent to treating the dynamic slip as a strain localized on the fault
interface, which is then homogenized into the continuum frame-
work. While this introduces a numerical artifact, we minimize its
impact through fine fault-zone meshing (element size ~10 cm)
and coupling time steps small enough to limit slip increments
per event. Figure 13 shows that the stress transfer after the event
between both sides of the fault is reasonably reliable. A more
rigorous approach would involve implementing displacement
discontinuity directly within TIGER.

TIGER combines elements of different dimensions (3D
tetrahedra, 2D fault triangles and OD injection points). Nodal
variables that are explicitly shared between domains (e.g.,
pressure) transfer directly through the shared nodes. How-
ever, volumetric variables that are evaluated over the ele-
ment (e.g., stress) are typically represented by projection
onto element quadrature points. In our workflow, the 3D
stress field is computed in the volume and then projected
onto the 2D fault surface. Because 3D tetrahedra and 2D
triangles generally use different quadrature rules and differ-
ent numbers/locations of integration points, straightforward
sampling can produce apparent step-wise transitions when
the 2D fault triangle is attached to a 3D tetrahedron with
more quadrature points. Theoretically, to avoid this issue, the
governing equations containing elemental variables should
be adapted to the dimension of the element considered and
discretized on the involved domain (Keilegavlen et al. 2019;
Koch 2020). In our approach, along the fault, 2D triangle
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Fig. 9 Magnitudes of stress changes induced by the second seismic »

event as calculated in SeisSol: a stress-xx, b stress-yy, and ¢ stress-zz

elements (with one quadrature point) are interfaced with
their surrounding 3D tetrahedra (each using several quadra-
ture points). The difference in integration schemes between
the two element types leads to slightly inconsistent values of
elemental variables across the interface. Increasing the mesh
resolution around the fault interface mitigated this artifact
by smoothing the transition of these quantities between ele-
ments of different dimensions.

Stress changes due to the induced seismicity could be rel-
atively large and lead to significant differences between the
stress field at the last time step of TIGER and the updated
stress field. Such abrupt changes could cause numerical dif-
ficulties in the quasi-static model, potentially preventing
convergence to a steady state when the new stress state is
applied in TIGER (slip 1—post-slip 1). In our approach,
the user can take control of each processing stage before
starting it, if necessary. In this particular situation, the dura-
tion of the initial time step could be decreased to manage
convergence in TIGER. However, this manual tuning is not
realistic for simulations involving thousands of events over
long stimulation periods (e.g., a 1-day EGS operation). To
deal with it, for example, an adaptive control mechanism
could be added, able to monitor residuals or stress incre-
ments and dynamically modify simulation parameters, such
as time step size or solver tolerances, without user interven-
tion. This would significantly enhance the robustness and
scalability of the coupled workflow for realistic field-scale
applications.

Although the case study we showcase are characterized
by limited complexity in terms of the number of faults and
their geometries, and assume a near-critically stressed initial
state allowing a short time to fault reactivation, the frame-
work we developed is explicitly designed for field-scale, dec-
adal simulations. In fact, parallel scalability enabled in Tiger
through MOOSE’s PETSc-backed domain decomposition
and implicit Newton—Krylov solvers, which scale efficiently
to thousands of cores, as well as in SeisSol by end-to-end
optimization targeting recent HPC systems (Heinecke et al.
2014; Uphoft et al. 2017; Krenz et al. 2021a, b; Dorozhinskii
2024), enables modeling larger real-case studies over longer
time frames. In addition, static mesh adaptivity and the
dimension reduction approach implemented in Tiger allow
the use of a high-quality mesh with a constrained number
of elements, reducing the time to solution. Adaptive time-
stepping combined with the implicit time integration imple-
mented in Tiger and checkpointing capabilities ensures the
long-term stability of the simulation and further constrains
the time to solution.
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Fig. 10 Horizontal section at the injection point (1000 m depth)
of the coseismic displacement field induced by the second seismic
event: a across the fault and b along the fault

5.2 Friction Heterogeneity

In this work, we did not apply a heterogeneous friction coef-
ficient, although both TIGER and SeisSol already support
this capability. This variability could be assigned stochas-
tically to represent aspects of fault complexity, improving
the physical realism of the reactivation process, as natural
faults are rarely uniform. It would also enable the study
of rupture nucleation at weak patches and more complex
seismic sequences such as foreshock—mainshock patterns,
contributing to a deeper understanding of fault behavior in
geothermal systems.

5.3 Thermal and Hydraulic Feedback

Currently, our coupled modeling framework only transfers
stress changes from SeisSol to TIGER, while other dynami-
cally evolving properties, such as permeability and friction
coefficients, remain unchanged between events. This is a sim-
plification, since properties like permeability, friction, and even
temperature can evolve rapidly during fault slip (Liu and Manga
2009; Manga et al. 2012). In particular, shearing may release
heat, potentially leading to localized temperature increases
that could affect hydro-mechanical behavior. These coseismic
thermal effects are not currently transferred back into the quasi-
static model (TIGER). In other words, in the current version of
the framework, the quasi-static thermal effects are included in
the quasi-static simulator through cold water injection; how-
ever, the dynamic thermal effects due to shearing, for example,
are not considered. Despite this limitation, the sequential nature
of the coupling, where SeisSol and TIGER run in series, offers
a flexible foundation to incorporate additional state variables
(e.g., permeability or temperature) in future implementations.
Updating these properties after each event, based on physically
motivated rules or empirical relations, would enhance realism
without requiring simultaneous time integration.

However, fully capturing these transient processes would
require a much stronger coupling between the simulators,
solving the governing equations of dynamic rupture and
hydro-mechanics in parallel. While strong coupling is theo-
retically appealing, it remains methodologically and com-
putationally complex.

5.4 Seismic hazard modeling

We demonstrated that the proposed coupled approach (using
TIGER for quasi-static THM processes and SeisSol for
dynamic rupture) can generate a seismicity catalog by simu-
lating multiple fault reactivation events under realistic reser-
voir conditions. A full quantitative validation of the coupled
THM-dynamic rupture framework is not feasible at present, as
no benchmark solutions exist for this level of multiphysics cou-
pling. Instead, the current study focuses on verifying the physi-
cal consistency of the approach. Several checks support the
robustness of the implementation: (i) stress transfer between the
quasi-static and dynamic solvers introduces negligible errors,
(ii) the resulting displacement field is consistent with expected
mechanical behavior, and (iii) the simulated focal mechanisms
align with stress conditions and patterns reported in the litera-
ture. These results indicate that, while quantitative validation
remains an open challenge, the coupled framework reproduces
physically meaningful behavior and provides a reliable tool for
exploring induced seismicity in complex systems. For exam-
ple, despite the presented model used a simplified geometry
with a planar fault and uniform injection, the methodology is
applicable to more complex scenarios, including non-planar

@ Springer



R. Habibi et al.

fault surfaces and heterogeneous injection schemes. These
enhancements would produce a more representative synthetic
seismicity catalog, potentially matching field observations. The
framework’s field-scale capabilities could be validated through
application to a real geothermal site, such as the Soultz-sous-
Foréts or Basel projects. Although our study did not leverage
the full capabilities of SeisSol, such as surface displacement
modeling or high-resolution ground motion simulations (e.g.,
(Taufiqurrahman et al. 2022)), this remains an important oppor-
tunity. Leveraging this in our coupling scheme would allow
direct modeling of ground motion and seismic intensity at the
surface for selected seismic event, a critical factor for induced
seismicity risk assessment and communication with stakehold-
ers. Our serial coupling setup provides flexibility, allowing the
user to monitor and manage each step, for example, adjusting
time step sizes in TIGER following large stress changes from
dynamic rupture.

Overall, this approach lays the foundation for a predictive,
physics-based simulation pipeline for induced seismicity in geo-
thermal systems. Future developments should include updat-
ing material properties (e.g., permeability, friction) based on
fault slip and stress history, and incorporating thermally driven
processes such as thermal pressurization. Besides, having
considered the development of alternative approaches, such
as Phase-Field Modeling (PFM) (Xu et al. 2024b, a; Xu et al.
2026), which has recently proven suitable for simulating frac-
ture propagation in reservoir geomechanics, enables modeling
of complex crack initiation, branching, and coalescence without
explicit re-meshing or surface tracking.), This approach could
be integrated into a coupled THM-seismicity framework simi-
lar to the one presented here, allowing for studies that simu-
late evolving fracture networks and more complex fracturing
scenarios, beyond pre-existing faults. While a fully coupled
THM-—dynamic rupture solver remains a long-term goal, the
current framework can be expanded incrementally to improve
realism and operational value.

6 Conclusion

In this study, we propose a new approach to model the coupled
quasi-static THM processes and dynamic rupture response of a
faulted geothermal reservoir under operational conditions. The
methodology involves coupling two state-of-the-art open-source
software packages: TIGER (based on MOOSE) for simulating
the 3D THM response of the reservoir and SeisSol for simulat-
ing the 3D dynamic rupture process on the fault and the associ-
ated stress field in the surrounding medium.

Code-coupling is implemented in a serial manner: the
simulation begins with TIGER under predefined initial and
boundary conditions. Once the reactivation condition is met,

@ Springer

the critical stress state is transferred to SeisSol, which simu-
lates the dynamic rupture of the seismic event. The resulting
stress changes are then transferred back to TIGER, updating
the stress field for continued fluid circulation modeling. This
stage updates the stress field in the fluid circulation model based
on the stress change of the dynamic model which completes
one loop of the coupled workflow. To automate data exchange,
manage simulations, and archive outputs, a workflow automa-
tion script was developed. To validate our method’s capability,
a simple synthetic model with a faulted reservoir is created in
which we model reservoir and injection operations and dynamic
rupture. Two seismic events are simulated using two loops of
our coupling approach. Each event’s results are analyzed across
three stages: before the seismic event, during dynamic rupture,
and after the event. The results show that the method success-
fully captures the interaction between geothermal operations
and fault rupture dynamics, including stress redistribution due
to induced seismicity.

This approach is suitable for application to field-scale
cases, offering a way to verify and deepen understanding
of coupled fluid-induced seismic processes in geothermal
systems. The modular, automatable design of the framework
allows for future integration with high-performance com-
puting workflows and ensemble modeling strategies. Future
improvements could incorporate dynamic permeability
changes, rate-and-state friction, or thermal pressurization
to more accurately capture fault response under varying
operational scenarios.

Appendix: Review of Existing Numerical
Code for Simulating Induced Seismicity

Over the past decade, several studies have reviewed and
classified numerical tools for modeling subsurface energy
systems and induced seismicity, highlighting their applica-
bility, underlying physics, and capabilities. In 2011, Rutqvist
(2011) explained and listed numerical tools for modeling
subsurface energy systems (e.g., oil and gas industry, geo-
thermal, CO2 sequestration, etc.) based on their applicabil-
ity, physics, and equations involved. More recently, Song
et al. (2023) listed numerical tools specifically used for
modeling induced seismicity in CO2 storage. In Table 5,
we present an updated list of physics-based numerical tools
applied to simulate induced seismicity in geothermal sys-
tems, including several that were discussed in the previous
paragraphs. The table shows the strengths and limitations
of each code for geothermal system modeling and indicates
whether they can simulate injection operations to fault fail-
ure (FF), dynamic rupture propagation (RP), or feedback
effects (FB) enabling models of multiple-event sequences.
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