
1.  Introduction
Fluid sources in the subsurface, either natural or anthropogenic, are known to be responsible for the onset of 
slip on surrounding fault surfaces. Transient natural fluid sources, such as metamorphic dehydration reactions 
or mantle upwelling, can lead to the migration of generated fluids along fault zones and be responsible for the 
onset of seismicity swarms, slow slip events, or episodic tremors (Chen et al., 2012; Fulton et al., 2009; Fulton 
& Saffer, 2009; Hatch et al., 2020; Lohman & McGuire, 2007; Roland & McGuire, 2009; Shelly et al., 2016; 
Zhu et al., 2020). On the other hand, fluid injection performed in the context of subsurface energy and storage 
applications can lead to the onset of microseismicity, and to major induced seismic events (Candela et al., 2018; 
Ellsworth, 2013; Goebel & Brodsky, 2018; Keranen et al., 2014; Majer et al., 2007; Miller et al., 2004; Weingarten 
et al., 2015; Zang et al., 2014). A mechanistic understanding of the coupling between fluid pressurization and 
fault slip could therefore have important implications for understanding the influential extent of injection and for 
mitigating induced seismicity.

Several observations from the laboratory and the field demonstrated that microseismicity and major seismic 
events are generally preceded by the onset and propagation of aseismic fault slip (Cappa et  al.,  2018,  2019; 
Guglielmi et al., 2015; Scotti & Cornet, 1994; Wei et al., 2015). The nucleation of aseismic fault slip due to 
a fluid source is therefore thought to act as an accompaniment to microseismicity and seismic slip (Ciardo & 
Lecampion, 2019; Cornet et al., 1997; Eyre et al., 2019; Garagash, 2021). A number of studies also suggested 
that aseismic slip plays a major role in controlling the mechanisms responsible for slow slip and episodic tremors 
(Warren-Smith et al., 2019; Zhu et al., 2020).

Abstract  Microseismicity associated with fluid pressurization in the subsurface occurs during fluid 
injection but can also be triggered after injection shut-in. Understanding the extent and duration of the 
post-injection microseismicity is critical to limit the risk of fluid-induced seismicity and insure the safe 
utilization of the subsurface. Using theoretical and numerical techniques, we investigated how aseismic 
slip on a fault plane evolves and stops after a fluid pressurization event. We found that the locking 
mechanisms controlling the arrest of aseismic slip highly depend on the initial fault stress criticality and the 
pressurization duration. The absolute arrest time of fault aseismic slip after injection shut-in is proportional 
to the pressurization duration and increases significantly with the initial fault stress criticality. Given that 
microseismicity can be triggered by aseismic slip, these results provide insights into the mechanics controlling 
the arrest of microseismicity after fluid pressurization as a milestone toward induced seismicity mitigation 
strategies.

Plain Language Summary  Injection of fluid in the subsurface for energy and storage applications 
can lead to the onset of microseismicity, and possibly to major induced seismic events. Fluid pressurization 
decreases the shear strength of surrounding faults and slip occurs when the in situ shear stress on a fault reaches 
its shear strength. The nature of slip (aseismic or seismic) depends on the rate at which it occurs and thus on 
the stability of the deformation. Understanding the mechanics controlling the onset and arrest of aseismic slip 
and the transition to seismic slip is therefore key to design mitigation strategies for the safe utilization of the 
subsurface. In this contribution, we investigate using theoretical and numerical techniques how aseismic slip 
on a fault plane nucleates and evolves in response to fluid injection and how it stops after injection shut-in 
when fluid pressure relaxes. We demonstrate that critically stressed faults prior to injection can slip for a longer 
time after injection shut-in than during injection and that the extent of rupture can double in size after the 
end of injection. These results help to quantify the duration and sphere of influence of fluid injection where 
microseismicity can occur during and after injection.
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Several studies (Shapiro & Dinske, 2009; Shapiro et al., 1997, 2002) investigated how microseismicity migrates 
in response to fluid injection. Assuming a microseismicity triggering front that propagates at a distance 𝐴𝐴

√

𝛼𝛼𝛼𝛼 , 
where α is the effective fluid diffusivity and t the time since injection started, these studies aimed at estimating 
the fluid diffusivity by fitting the triggering front against observations of propagating microseismicity in response 
to natural and artificial fluid sources (Shapiro & Dinske,  2009;  Shapiro et  al.,  1997,  2002). The underlying 
assumption in this series of work is that microseismicity is a direct measurement of fluid overpressure migrating. 
Following the same principles, Parotidis et al. (2004) extended the concept of the triggering front to describe a 
back front, corresponding to the distance from the injection point at which seismicity is terminated at a given time 
after stopping fluid injection.

An alternative approach to the fluid-induced seismicity problem is to consider that seismicity is triggered by 
shear rupture of a network of faults/fractures and not directly by fluid pressure diffusion. By shifting the focus to 
a fault mechanics process, this implies the existence of a rupture front (mechanically driven) which is different 
from the nominal fluid pressure front. Recent studies demonstrated that this concept is mechanically plausible 
considering a single fault (Aochi et al., 2014; Bhattacharya & Viesca, 2019; Cappa et al., 2018; Sáez et al., 2022; 
Viesca, 2021) and that it plays a similar role at the scale of the faults/fractures network, including fault stress 
interactions (Ciardo et al., 2020). In particular, Bhattacharya and Viesca (2019) demonstrated that the relative 
position of the rupture front with respect to the fluid front is governed by a single quantity being the fault stress 
parameter capturing the ratio of the fault stress criticality to the amount of pressurization.

While the propagation of aseismic slip in response to fluid injection is now well understood and described in 
the literature (Bhattacharya & Viesca, 2019; Ciardo & Rinaldi, 2022; Sáez et al., 2022), it remains unclear how 
aseismic slip evolves after stopping injection or in response to transient injection schedules (Galis et al., 2017; 
Garagash & Germanovich, 2012). In particular, it is still unknown how far aseismic slip propagates during the 
post-injection phase, how much additional slip occurs, and how long it takes to the complete locking of the mobi-
lized fault segment. After injection shut-in, fluid pressure decreases around the previous injection point which 
may lead to a stress re-organization on the fault segment, both of which impacting the fault shear strength. Simi-
larly to the injection problem, the arrest of aseismic slip is likely to be controlled by the changes in shear stress 
induced by frictional constraints on the fault rather than by fluid diffusion directly. The nature of the coupling 
between fluid pressure, stress conditions, and aseismic slip arrest remains however unclear for the post-injection 
phase.

The objective of this study is to understand the processes controlling the arrest of fault aseismic slip after injection 
shut-in where injection is represented with a constant pressure fluid source. While the onset of injection-induced 
aseismic slip can be treated analytically or semi-analytically (Viesca, 2021), describing the spatial extent and 
evolution of aseismic slip after injection shut-in, leading eventually to its arrest is a more challenging problem 
which can only be treated numerically.

2.  Methods
In this study, we performed several numerical experiments of a schematized fault segment of thickness h 
depicted in Figure 1b subject to a background stress field represented by a normal and shear stress components 
with respect to the fault plane (along the x axis) noted σ0 and τ0 respectively. To account for the possibility of 
aseismic slip along the fault, its frictional strength τs is formulated using a constant Mohr-Coulomb static friction 
coefficient f:

𝜏𝜏𝑠𝑠 = 𝑓𝑓 (𝜎𝜎 − 𝑝𝑝),� (1)

where p is the fluid pressure and σ the normal stress (see Supporting Information for details about the slip 
update). A fluid source is represented by a constant pressure injection point at x = 0 which is maintained through-
out the pressurization duration (till t =  tp). In a recent study, Viesca  (2021) demonstrated that for a constant 
pressure fluid source, the problem of injection-induced aseismic slip reduces to a single parameter, being the 
fault stress parameter:

𝑇𝑇 =

(

1 −
𝜏𝜏0

𝑓𝑓𝑓𝑓
′

0

)

𝜎𝜎
′

0

Δ𝑝𝑝
,� (2)
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depending on the pre-injection shear and effective normal stresses τ0 and 𝐴𝐴 𝐴𝐴
′

0
 , the friction coefficient f, and the 

applied overpressure Δp. During the pressurization phase, the slip profiles are self-similar and enlarge with time 
as 𝐴𝐴 ∼

√

𝑡𝑡 with the fluid pressure given by:

𝑝𝑝(𝑥𝑥𝑥 𝑥𝑥) = 𝑝𝑝0 + Δ𝑝𝑝 erfc

(

|𝑥𝑥|
√

𝛼𝛼′𝑡𝑡

)

.� (3)

Bhattacharya and Viesca (2019) introduced the aseismic slip front amplification factor λ used as a measure of the 
relative position of the rupture front ar with respect to the fluid front 𝐴𝐴

√

𝛼𝛼′𝑡𝑡 where α′ = 4α and α is the hydraulic 
diffusivity (see Figure 1c). This front amplification factor depends on the fault stress parameter T, leading to a 
slip rupture front ahead of the fluid front for critically stressed faults (T → 0) or behind for marginally pressurized 
faults (T → 1).

After injection shut-in for t > tp, the fluid source is deactivated and the pressure distribution is given (see Support-
ing Information S1) by:

𝑝𝑝(𝑥𝑥𝑥 𝑥𝑥 𝑥 𝑥𝑥𝑝𝑝) = 𝑝𝑝0 +
Δ𝑝𝑝

√

𝜋𝜋𝜋𝜋′(𝑡𝑡 − 𝑡𝑡𝑝𝑝)
∫

+∞

−∞

erfc

(

|𝑠𝑠|
√

𝛼𝛼′𝑡𝑡𝑝𝑝

)

exp

(

−
|𝑥𝑥 − 𝑠𝑠|

2

𝛼𝛼′(𝑡𝑡 − 𝑡𝑡𝑝𝑝)

)

𝑑𝑑𝑑𝑑𝑑� (4)

This pressure distribution is characterized by a relative drop in fluid pressure around the former injection point 
together with a slight increase in fluid pressure away from the former injection point, resulting in two symmet-
rical slipping regions as depicted in Figure 1c. After injection shut-in, the locking front propagates away from 
the former injection point and aseismic slip finally arrests when the locking front reaches the rupture front (see 
Figure 2).

Where aseismic slip occurs on the fault segment, the shear stress equals the fault shear strength. The quasi-static 
changes in shear stress due to in-plane (mode-II) or anti-plane (mode-III) slip δ can be expressed as (Rice, 1968; 
Uenishi & Rice, 2003):

𝜏𝜏(𝑥𝑥𝑥 𝑥𝑥) = 𝜏𝜏0 +
𝜇𝜇
′

𝜋𝜋 ∫
+∞

−∞

1

𝑠𝑠 − 𝑥𝑥

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
(𝑠𝑠𝑠𝑠𝑠 )𝑑𝑑𝑑𝑑𝑑� (5)

Figure 1.  (a) Increase in fluid pressure along a fault segment due to fluid injection and associated fault aseismic slip. (b) Geometry and boundary conditions for 
numerical experiments of fluid-induced fault aseismic slip. Evolution over time of the fluid pressure at the injection point is also illustrated. (c) Profiles of fluid 
pressure, shear stress, slip, and slip rate during injection and after injection shut-in obtained numerically.
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where x is the position along the fault and 𝐴𝐴 𝐴𝐴
′ =

𝜇𝜇

2(1−𝜈𝜈)
 the effective elastic 

modulus for in-plane (mode-II) case and 𝐴𝐴 𝐴𝐴
′ =

𝜇𝜇

2
 for anti-plane (mode-III) 

case, μ and ν being the shear modulus and the Poisson's ratio respectively. 
In this study, we discretized Equation 5 using the Displacement Discontinu-
ity Method (DDM) with piecewise constant shape functions (see Support-
ing Information S1 for details), which allows to express the discretized shear 
stress as: 𝐴𝐴 𝐴𝐴 = 𝜏𝜏0 + 𝔼𝔼 𝛿𝛿 , where τ0 is the initial shear stress and 𝐴𝐴 𝔼𝔼 is the elastic 
collocation matrix (dense matrix). Several studies modeled aseismic fault slip 
using a rate-and-state friction model (Dieterich, 1979; Ruina, 1983) with a 
slightly velocity strengthening (or slightly velocity weakening and stable) fric-
tion coefficient (Dublanchet, 2019; Garagash, 2021; Larochelle et al., 2021; 
Rubin, 2008; Yang & Dunham, 2021). An alternative to model aseismic slip 
is to consider the friction coefficient to be constant. This approach implies 
an unconditionally stable system and provides a simple criterion to account 
for locked regions on the fault interface where shear stress falls below shear 
strength. To account for the frictional constraints on the fault plane with a 
constant friction coefficient, we adopt a local elasto-plastic splitting of the 
fault slip as described by Sáez et al. (2022), and summarized in the Support-
ing  Information  S1. The results presented here were produced using an 
in-house implementation (Jacquey, 2022) written with the Julia programming 
language. Details about the implementation and benchmarking against the 
analytical solution for constant pressure fluid source (Viesca, 2021) can be 
found in the Supporting Information S1.

3.  Results
We performed a series of numerical experiments considering different pres-
surization durations tp and different values of the fault stress parameter T by 
varying the initial shear stress acting on the fault plane. Each run consists of 
a pressurization phase where the constant pressure fluid source is maintained 
followed by an injection shut-in phase where the injection boundary condi-
tion is removed. The simulations are stopped when the entire fault segment 
is locked and no more slip occurs. In addition to the main quantities describ-
ing the system (slip, shear stress, fluid pressure, etc…), we kept track of the 
rupture front (slipping point the farthest form the injection point), the locking 
front after injection shut-in (slipping point the closest from the former injec-
tion point), and the aseismic moment (spatial integral of slip). The results 
only depend on the fault stress parameter T, as the pressurization duration tp 

can be accounted for in the scaling of the temporal quantities. After injection shut-in, the rupture continues to 
extend farther away from the former injection point, though at a slower pace than if injection was maintained (see 
Figure 2) while the fault locked region extends from the former injection point until finally reaching the rupture 
extent. These two fronts delimit the actively slipping region (see gray area in Figure 2) which is maximum at the 
end of the pressurization phase and decreases in size after injection shut-in. The aseismic moment increases line-
arly with time during the injection phase. Due to the still actively slipping region, the aseismic moment continues 
to increase after injection shut-in (see Figure 2). This indicates that a significant amount of microseismicity can 
still occur after stopping injection and at further distances than reached during the injection phase.

After injection shut-in, we identified three regions on the fault segment as depicted in Figure 3. The first one 
being the locking region around the previous injection point. This region is characterized by a sudden decrease in 
fluid pressure and associated increase in fault shear strength which leads to the arrest of slip. While the decrease 
in fluid pressure is the dominant driving mechanisms in this region, we also observed a slight increase in shear 
stress (see Figure 1c), indicating that locking is primarily a mechanically driven mechanism. The size of this 
region grows over time after injection shut-in until the entire fault segment is locked. The second region refers 
to an uninterrupted slipping area where slip still occurs after shut-in. A slight increase in fluid pressure due to 
diffusion (see Equation 4) triggers a stress re-organization associated with a decrease in shear stress. This region 

Figure 2.  (a) Rupture (black solid line) and locking (red solid line) fronts as a 
function of the time since injection. The black dashed line corresponds to the 
evolution of the rupture front if injection is maintained. (b) Aseismic moment 
release as a function of the time since injection. These results are obtained 

using a fault stress parameter 𝐴𝐴 𝐴𝐴 =

(

1 −
𝜏𝜏0

𝑓𝑓𝑓𝑓
′
0

)

𝜎𝜎
′
0

Δ𝑝𝑝
= 0.4 .
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is dominated by a stress transfer imposed by the frictional constraints and its size decreases over time. Finally, 
the third region refers to the newly slipping region where the rupture extended after injection shut-in. The driving 
mechanism for the new slipping region is similar to the rupture propagation observed during the injection phase. 
As this region is located near the rupture front, we observed a large increase in shear stress after injection shut-in 
due to the frictional constraints with peak shear stress values located at the rupture front.

During the pressurization phase, the fault stress parameter T has a significant influence on the mechanical response 
of the system to injection: Bhattacharya and Viesca (2019) demonstrated that for critically stressed faults (T → 
0), the rupture front is far ahead of the fluid front. Our results for the post-injection phase also emphasize the role 
of the fault stress parameter T on the rate at which slip decays over time after injection shut-in and ultimately on 
the absolute arrest time of aseismic slip. Given the same pressurization duration tp, critically stressed faults (T 
→ 0) slip aseismically for a significantly longer time (several order of magnitudes) than marginally pressurized 
faults (T → 1) (see Figure 4b). The influence of the fault stress parameter is also significant regarding the final 
rupture extent. The rupture area can increase by more than 50% for faults with a fault stress parameter of T ⩽ 0.2 
and double in size for T ⩽ 0.05 after injection shut-in (see Figure 4c). Similar outcomes can be observed for the 
aseismic moment after injection shut-in. For critically stressed faults (T → 0), the aseismic moment increases by 
more than 200% (see Figure 4d).

After injection shut-in, the evolution of the extent of the actively slipping region strongly depends on the initial 
fault stress criticality. Figure 4a shows the evolution of the rupture and locking fronts over time for several values 
of the fault stress parameter. Considering the same pressurization duration, the locking and rupture fronts scale 
differently for each value of the fault stress parameter, even though all these realizations share a common fluid 
pressure evolution. These results indicate that, similarly to the injection case where the rupture front depends 
not only on the fluid front but also on the fault stress parameter, the locking of the fault after injection shut-in is 
primarily driven by changes in shear stress imposed by frictional constraints and fluid pressure relaxation. For the 
limit of marginally pressurized faults (T → 1), the locking front evolution scales with the square root of the scaled 
time after injection (dashed black line in Figure 4a), indicating that for this regime, fluid pressure relaxation by 
diffusion might dominate shear stress changes and therefore control fault locking.

Figure 3.  Driving mechanisms for fault aseismic slip after injection shut-in. Red solid line shows the profile of the scaled 
slip rate after injection shut-in at t = 1.5 × tp. The black dashed and solid lines correspond to the scaled slip profiles at t = tp 
and t = 1.5 × tp respectively. The panels show the Mohr-Coulomb diagrams for the three different regimes identified.
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While the self-similarity of slip observed during the injection phase (Viesca, 2021) breaks when injection stops, 
our dimensional analysis indicates that the pressurization duration (tp) and the rupture extent 𝐴𝐴 (𝑎𝑎𝑟𝑟(𝑡𝑡𝑝𝑝)) are time 
and spatial scales respectively which control how slip and slip rate distributions evolve over time after injection 
shut-in. In consequence, the arrest time of aseismic slip is found to be proportional to the pressurization duration 
and the final rupture extent to be proportional to the rupture extent at the end of the injection phase. The dura-
tion of the constant pressure fluid source has therefore impacts on the long-term slipping behavior of the fault, 
even  after stopping injection. The absolute values of slip and slip rate also depends on the pressurization duration 
as demonstrated in Supporting Information S1.

4.  Discussion and Conclusion
The results presented in this study demonstrate the importance of the initial fault stress criticality on the 
post-injection behavior of fault aseismic slip. Our numerical analysis highlighted the role of the coupling between 
fluid pressure and fault aseismic slip in controlling the locking of the fault after injection shut-in. These insights 
into the controlling mechanism of aseismic slip arrest can help estimating the extent and duration of microseis-
micity clouds after injection and improve existing mitigation strategies for fluid injection to minimize the risks 
of fluid-induced seismicity.

Parotidis et al. (2004) investigated the existence and propagation of a back front controlling the arrest of micro-
seismicity events after termination of fluid injection. They proposed that the arrest of microseismicity is governed 
by the diffusive expansion of a fluid pressure decay following the termination of an overpressure point source and 

Figure 4.  Influence of the fault stress parameter on the rupture and locking fronts evolution (a), the arrest time of aseismic slip (b), final rupture extent (c), and final 
aseismic moment (d). The red dotted lines in (b) correspond to power law fits at the limits T → 0 and T → 1.
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the authors formulated a back front evolution depending on the fluid diffusivity. Using this approach, Parotidis 
et al. (2004) could indirectly estimate the bulk fluid diffusivity of a fractured rock mass using several catalogs of 
fluid-induced microseismicity clouds in the field. However, these estimates neglected the impacts of the inelastic 
deformation occurring in fracture networks on the propagation and arrest of microseismicity. Figure 5 shows 
such a catalog with the microseismicity recorded in Soultz-sous-Forêts (France) during the hydraulic stimulation 
of the GPK1 geothermal well in 1993. During the first phase of the stimulation between 1 September and 17 
September 1993, approximately 20,000 m 3 of fluid was injected at a depth between 2,850 and 3,400 m. More-
over, an apparent 10,000 microseismic events were recorded (Cauchie et al., 2020). As an approximation of the 
volumetric extent stimulated by active aseismic slip, our model predictions of the rupture and locking fronts give 
satisfying qualitative constraints of the spatio-temporal evolution of these events during the stimulation and after 
injection shut-in. Our prediction of the rupture and locking fronts share strong similarities with the previously 
estimated pressurization envelope and back front of Parotidis et al. (2004), indicating that an existence of the 
two fronts could as well be explained by the cessation of aseismic slip on a fault facture network. This compar-
ative example remains however qualitative as the level of idealization in our conceptual model prevents us from 
drawing precise estimates of the fault stress parameter or the effective hydraulic diffusivity. A more realistic if 
computationally intensive representation would be to consider transient fluid injection and migration in a fracture 
network, rather than on a single fault. This would refine our estimates of the rupture and locking fronts and, in 
turn, our quantification of the estimate of effective hydraulic diffusivity of the fractured rock mass and of the 
regional stress field (as resolved on the most critically oriented, conductive faults). An initial step in this direction 
is the examination of the same phenomenon in mixed mode rupture (Sáez et al., 2022; Sáez & Lecampion, 2022) 
and in the plane-strain analysis of monotonic injection into a fracture network (Ciardo & Lecampion, 2023).

Figure 5.  Microseismicity events recorded at Soultz-sous-Forêts (France) during the 1993 hydraulic stimulation of the GPK1 well (Baria et al., 1996; 
EOST and GEIE EMC, 2017) displayed as their distance from the injection point as a function of the time since the beginning of the stimulation treatment. The size and 
color of each event correspond to its magnitude. The dashed lines correspond to the triggering and back fronts estimated by Parotidis et al. (2004) based on the diffusion 
of a fluid pressure point source. The solid lines correspond to the estimation of the rupture and locking fronts following the concepts presented in this study obtained 
with T = 0.425. The vertical gray line corresponds to the interruption of the stimulation and the beginning of the shut-in phase.
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A number of technologies involved in fluid injection in the subsurface rely on so-called traffic light systems to 
mitigate the risk of fluid-induced seismicity. The traffic light systems are a set of procedures put in place when 
a given field observation exceeds a predefined threshold (usually seismic magnitude) which, in turn, adjust the 
fluid injection schedule (reducing injection pressure or injection flow rate) to reduce the said field observation 
(Bommer et al., 2015; Hofmann et al., 2018). These procedures usually rely on instantaneous field observations 
and integrate statistical models combined with geological and geophysical data. Considering a transient injection 
schedule and a network of faults and fractures could extend the results presented in this study to better predict the 
duration and the sphere of influence of a transient injection, including the extent of microseismicity and its cessa-
tion time after injection shut-in. This is particularly relevant considering that an increase in magnitudes is often 
observed after injection shut-in (Majer et al., 2007). Another concept which could be tested using this approach is 
to consider back flow as a potential tool to accelerate locking of slipping fractures and therefore limit the extent 
of microseismicity after reaching a given magnitude. The results presented in this study are therefore a first step 
toward integrating physics-based criteria into traffic light system relying on the coupling between fluid flow and 
fault slip thus improving their reliability.

Our study indicates that the final arrest time of fault aseismic slip after stopping injection depends on how crit-
ically stressed the fault is and on how long the fault was pressurized. Our results suggest that the post-injection 
behavior should not be neglected as faults can slip for a significantly longer time than the pressurization duration 
and rupture can extend to large distances. The implications of these findings emphasize the need to account for 
the post-injection phase when designing traffic light systems for reducing the risk of fluid-induced seismicity and 
to estimate the time and spatial frame of potential induced events after fluid-injection.

Data Availability Statement
Data used in Figure 5 are available from the CDGP (CDGP - Data Center for Deep Geothermal Energy) website 
https://doi.org/10.25577/SSFS1993. The modeling results presented in this manuscript were obtained using an 
in-house software written in the Julia programming language (Jacquey, 2022). More details about the software 
can be found in the Supporting  Information  S1  and on the repository webpage https://github.com/ajacquey/
DDMFrictionalSlip.jl.git, including examples of input files.
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