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Key Points:

• A stimulation strategy for EGS, called pore pressure preconditioning, is introduced.
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by the induced stress- and fracture-energy- barrier.

• With sufficient preconditioning, the slipping patch must surpass the induced pres-
sure barrier before nucleating runaway dynamic rupture.
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Abstract
The stress state is an important parameter in terms of both earthquake nucleation and
rupture. Here, a new stimulation technique is proposed for Enhanced Geothermal Sys-
tems, which have previously been burdened with a number of high-profile incidences of
induced seismicity. This stimulation technique pre-emptively alters, or preconditions, the
stress state prior to injection. This preconditioning is achieved through fluid production,
such that the zone of reduced pore pressure around the well results in a stress- and fracture-
energy- barrier to potential nucleating and/or propagating ruptures near the point of in-
jection. Using an existing 1-D linear slip-weakening model, it is shown how this method-
ology has the potential to either suppress the nucleation of dynamic events or halt their
propagation. In particular, reducing the pore pressure around the region to be stimu-
lated such that the residual shear stress rises above the in-situ value of shear stress re-
sults in ultimately stable nucleation regimes. These results hold for injection times which
are small compared to the required time of production, but this methodology results in
nucleation lengths, or, analogously, stimulated areas, which are orders of magnitudes larger
than those safely achievable without preconditioning. An example of how this approach
may be applied in the field as well as other possible methods to achieve a preconditioned
reservoir are provided. Both laboratory- and meso-scale testing of preconditioning are
recommended to further constrain the applicability of this methodology for the creation
of Enhanced Geothermal Systems.

Plain Language Summary

Enhanced Geothermal Systems are attractive due to their ability to provide potentially-
ubiquitous clean baseload power. However, they have been shown to be capable of in-
ducing damaging and dangerous earthquakes, especially during and just after reservoir
stimulation, a process enhancing the ease of fluid flow and required if these systems are
to achieve sufficient energy fluxes. Interestingly, the state of stress is an important pa-
rameter for earthquake behaviour. As previous studies have shown that engineers are
able to influence the state of stress through their operations, a methodology is proposed
which pre-emptively alters, or preconditions, the stress field through the reduction of pres-
sure prior to stimulation. The possible effects of this type of preconditioning are inves-
tigated by building upon a previously-developed numerical model. The results indicate
that pore pressure preconditioning may be able to delay the nucleation of an earthquake
or stop an already-nucleated earthquake from growing larger, meaning it may allow for
reservoir stimulation at a reduced risk of induced seismicity. This methodology can be
performed with a single well but requires large production times when compared to the
time of injection. Laboratory- and medium-scale testing of this methodology are recom-
mended before its application to a real Enhanced Geothermal System.

1 Introduction

The stress state in the subsurface has been shown to be an important parameter
for a wide variety of considerations related to seismicity, both natural and anthropogenic.
It is characterized for a fault embedded in the subsurface by the shear stress acting along
and the total stress acting normal to the plane of the fault. The effective normal stress
acting on the fault is then defined as total normal stress minus the contribution of pore
pressure. The reactivation of a locked fault is controlled by the ratio of the shear to the
effective normal stress acting on the fault plane, as generally dictated by the Mohr-Coulomb
criterion. Upon reactivation, slip can either be characterized as seismic or aseismic (i.e.,
with or without the notable radiation of seismic waves) in nature, depending in large part
on the stress state (e.g., Okubo and Dieterich (1984); Leeman et al. (2016); Harbord et
al. (2017); Passelègue et al. (2019)). Further, the propagation of the rupture fronts of
these slip events can be halted by heterogeneous stress barriers along the fault, as ob-

–2–



manuscript submitted to Journal of Geophysical Research: Solid Earth

served on both natural- (Husseini et al., 1975; Lay & Kanamori, 1981; Sibson, 1985; Gupta
& Scholz, 2000) and laboratory- (Bayart et al., 2018; Ke et al., 2018; Wu & McLaskey,
2018; Ke et al., 2021) scale faults as well as predicted theoretically (Husseini et al., 1975;
Ampuero et al., 2006). This arrest occurs because propagation of a seismic rupture de-
pends on the local fracture energy, itself a function of the stress along the fault plane,
and the global stress drop profile along the fault which provides energy to the propagat-
ing rupture tip (Husseini et al., 1975; Freund, 1998; Kammer et al., 2015; Bayart et al.,
2016, 2018; Galis et al., 2017; Gvirtzman & Fineberg, 2021; Paglialunga et al., 2022; Ce-
bry et al., 2022).

Industrial reservoir-engineering operations have been shown to be capable of in-
fluencing the subsurface state of stress, as most notably evidenced by production- and
injection-induced seismicity related to pore pressure increase (Healy et al., 1968; Raleigh
et al., 1976), poroelasticity (e.g., Segall (1989); Suckale (2009); Segall and Lu (2015)),
thermoelasticity (e.g., Kwiatek et al. (2015); Rutqvist et al. (2016)), and stress redistri-
bution (e.g., Catalli et al. (2013, 2016)). This has also been shown by hydraulic fractur-
ing operations through stress shadowing (e.g., Fisher et al. (2004); Vermylen and Zoback
(2011)) and altered fracture geometries related to prior fluid injection and production
(e.g., Elbel and Mack (1993); Berchenko and Detournay (1997); Minner et al. (2002); Q. Gao
et al. (2019)).

The recognized significance of the stress state for many industrial operations as well
as operators’ proven ability to influence it, has led to the notion that the stress state can
be intentionally preconditioned prior to an operation to that operation’s eventual ben-
efit. The idea of preconditioning was first introduced by the mining industry in the late
1950’s as a way to improve rockburst conditions in mines, by blasting to relieve stress
in near-face regions (Roux et al., 1957; Toper et al., 2000). In the petroleum industry,
reservoir-engineering solutions which involve the manipulation of the stress field have been
proposed since the 1970’s (Shuck, 1977). Initially, these proposals were exclusively fo-
cused on mode-I hydraulic fracturing and were related to the altering of the stress field
such that a hydraulic fracture would either be oriented in a different direction (Shuck,
1977; Warpinski & Branagan, 1989), directed towards a desired location (Bouteca et al.,
1983), or have its containment ensured within a production reservoir (van Eekelen, 1982).
More recently, a stress preconditioning technique called microseismic-depletion delineation
has been developed and applied to field-scale hydraulic fracturing operations (Dohmen
et al., 2013, 2014; Norbeck & Horne, 2015; Dohmen et al., 2017).

Enhanced Geothermal Systems (EGSs), while offering the attractive possibility of
providing renewable baseload power, have been plagued by a number of instances of high-
profile induced seismicity, most notably in Basel, Switzerland (Häring et al., 2008) and
Pohang, South Korea (Grigoli et al., 2018; Kim et al., 2018). This has led to the real-
ization that the development of new reservoir stimulation techniques is crucial for the
development of EGS (Baria et al., 2004; Häring et al., 2008), with the recognition of the
importance of injection strategy (Gischig, 2015; Ciardo & Rinaldi, 2022) and a number
of stimulation strategies already being proposed (Baria et al., 2004; Zimmermann et al.,
2010; Zang et al., 2013; Hofmann et al., 2018; Cornet, 2019; Fryer et al., 2020), albeit
with limited success up to this point (e.g., Hofmann et al. (2019); Noël et al. (2019)).
For the moment, the preconditioning of the stress field as applied in the mining and oil
and gas industries has rarely been suggested (Fryer et al., 2020) and has not yet been
applied to an EGS, despite the adoption of a number of other oil and gas technologies
such as directional drilling (e.g., Tester et al. (2006); Kwiatek et al. (2008); Kim et al.
(2018); Norbeck et al. (2018)) and multi-stage well stimulation (Meier et al., 2015; Ku-
mar & Ghassemi, 2019), as well as the general recognition that the adoption of techniques
from the oil and gas industry is critical for the development of EGS (Häring et al., 2008).

EGS stimulation is generally assumed to occur in shear (e.g., Evans, Moriya, et al.
(2005); Evans, Genter, and Sausse (2005)) due to shear-induced dilatancy (e.g., Lee and
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Cho (2002)), albeit with certain instances thought to be more related to mode-I open-
ing (e.g., McClure and Horne (2014)). If it can be assumed that EGS stimulation de-
pends on inducing slip along a shear fracture, understanding what conditions cause a fault
to slip aseismically as opposed to dynamically becomes a highly relevant question.

Here, a new form of pore-pressure, or effective-normal-stress, preconditioning is pro-
posed. The proposal consists of a well drilled into a fault. This well is used to produce
fluid from the fault, reducing the fluid pressure and thereby increasing the effective nor-
mal stress along the fault. Following this, high pressure injection is performed to stim-
ulate the fault, resulting in its reactivation. Slip is proposed to begin near the well due
to the increased fluid pressure, but the nucleation of a runaway dynamic event is pro-
posed to either be halted or delayed, depending on background stress and injection pres-
sure, by the zone of increased normal stress in front of the nucleating event caused by
the prior fluid production, in a similar fashion to how dilatancy-induced pore pressure
barriers have been shown to result in stable slip or arrested rupture on otherwise unsta-
ble faults (Sibson, 1985; Ciardo & Lecampion, 2019). By extending the original model
of Garagash and Germanovich (2012) to include piece-wise fluid injection and produc-
tion, the combination of a 1-D analytical flow model coupled to an earthquake nucleation
and propagation model will be used to show how the proposed stimulation strategy is
able to shift the nucleation behaviour of a stimulated fault thereby reducing the risk of
a runaway seismic event when compared to the base case of simple fluid injection.

2 Methodology

The specific case of a well intersecting the plane of a fault is considered here, Fig-
ure 1. This allows the problem to be modelled in 1-D. The well is assumed to maintain
constant down-hole pressures, and leak-off along the fault is neglected; meaning an an-
alytical solution for pore pressure evolution can be used. The behaviour of the fault is
then modelled with a linear slip-weakening formulation. This combined model is based
on Garagash and Germanovich (2012).

2.1 Governing Equations

2.1.1 Analytical Fluid model

Beginning with the conservation of mass balance and considering a constant fluid
viscosity and constant and isotropic permeability, the pressure diffusion equation can be
written as,

∂P

∂t
−D∇2P = q, (1)

where P is the pore fluid pressure, t is time, q is the source term, and D = k
ηϕct

is the
diffusivity, where k is the permeability, η is the fluid dynamic viscosity, ϕ is the poros-
ity, and ct is the total compressibility. Being of the same form as the heat equation, an-
alytical solutions are well known.

The analytical solution to Equation 1 for a constant wellbore injection pressure in
1-D can be written as (Carslaw & Jaeger, 1959; Garagash & Germanovich, 2012),

P (x, t) = P0 +∆PiErfc
∣∣ x√

Dt

∣∣, (2)

where P0 is the initial pore pressure, x the location, ∆Pi is the injection pressure used
for stimulation, and Erfc the complementary error function. This model corresponds to
a line source in a fault without leakoff. In the case that the wellbore pressure changes
in a piece-wise manner, producing and then injecting, the analytical solution can be writ-
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EGS

Slipping regionLocked region

Induced pressure
barrier

High injection
pressure

1

Wellbore

Fault plane

Figure 1. Problem overview. A wellhead at the surface connected to a wellbore which inter-

sects a target fault in a parallel fashion. The fault is stimulated after pore pressure precondition-

ing. The specific geometry of this setup allows for a 1-D investigation. (Lens, above) A schematic

of a 1-D fault with a total normal stress, S0, and background shear stress, τb, acting on it. The

crack tip is located at ±a. Beyond the crack tip the fault is locked. Closer to the wellbore the

fault is slipping. (Lens, below) An example change in pore pressure profile along the fault when

preconditioning is employed. The change in pore pressure, ∆P , is large and positive near the

wellbore where injection is occurring, but negative far from the wellbore due to previous produc-

tion (preconditioning). (Lens, inset) A representation of the linear slip weakening law used to

relate friction, f (δ), to slip, δ. The peak friction, fp, residual friction, fr, linear slip-weakening

coefficient, w, slip required to achieve residual friction, δr, and characteristic slip, δ∗w are also

represented.
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ten as,

P (x, t)− P0 =

 ∆PpErfc
∣∣ x√

D(t+tp)

∣∣ −tp < t ≤ 0

∆PpErfc
∣∣ x√

D(t+tp)

∣∣+ (∆Pi −∆Pp) Erfc
∣∣ x√

Dt

∣∣ t > 0,
(3)

where ∆Pp is the difference between pre-injection production pressure and P0 and is by
definition negative. Further, tp is the time used for pre-injection production. From this
point onward, t = 0 will correspond to the onset of injection.

2.1.2 Earthquake model

Following the model of Garagash and Germanovich (2012), a 1-D symmetrical shear
crack of length 2a is assumed to be located in a uniform background stress field, with
a constant normal total stress, S0, and background shear stress, τb, acting on it. The
definition of the normal total stress further yields the definition of Terzaghi’s effective
normal stress, σ = S0 − P . Through quasi-static elastic equilibrium the shear stress,
τ , is related to the slip, δ, (Bilby & Eshelby, 1968; Garagash & Germanovich, 2012),

τ (x, t)− τb = −µ∗

2π

∫ a

−a

∂δ (s, t)

∂s

ds

x− s
. (4)

Here, µ∗ is equivalent to the shear modulus, µ, for mode III and µ
1−ν for mode II, where

ν is Poisson’s ratio. Two constraints are imposed on the distribution of τ along the crack,
which result from a finite slip rate at the crack tips, (Rice, 1968a; Garagash & Germanovich,
2012), ∫ a

−a

τ (x, t)− τb√
a (t)

2 − x2

dx = 0,

∫ a

−a

τ (x, t)− τb√
a (t)

2 − x2

xdx = 0. (5)

These two conditions ensure that the stress intensity factor at the crack tip is balanced
by the cohesive frictional forces, leaving no singularity. Due to the symmetry of the shear
stress and pore pressure distributions with respect to the borehole location (x = 0), crack
expansion is symmetric and the second constraint is automatically satisfied. In the re-
gion where slip is occurring, the shear stress is equivalent to the fault strength,

τ = f (δ)σ, (6)

where f is the friction coefficient, which is given by,

f (δ) =

{
fp − wδ δ ≤ δr
fr δ > δr.

(7)

Here, fp is the peak value of friction and w is the linear slip-weakening coefficient (e.g.,
Ida (1972); Garagash and Germanovich (2012)). Note that the slip required to achieve
residual friction, fr, is denoted by δr =

fp−fr
w , whereas the slip and crack length at the

nucleation of a dynamic event are denoted, where applicable, by δnuc and anuc, respec-
tively. This model leads to the definition of a characteristic length scale, a∗w =

µ∗δ∗w
fpσ∗

0
,

based on a characteristic slip, δ∗w =
fp
w , and a characteristic effective stress, σ∗

0 = S0−
P0.

Equations 4, 6, and 7 are then used to evaluate the quasi-static behaviour of a slip-
ping crack due to a change in fault strength caused by a change in pore pressure (Uenishi
& Rice, 2003; Garagash & Germanovich, 2012), where slip is activated when,

τb ≥ τp − fp (P − P0) , (8)

with τp = fpσ representing the peak shear stress the fault can support. A schematic
of the model setup is shown in Figure 1, and tables summarizing the variables used are
presented in Appendix 6.
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Note that this linear slip-weakening model represents a simplification of natural
faults, which generally exhibit more complicated weakening (e.g., Paglialunga et al. (2022))
and as well as frictional healing (Dieterich, 1972). Further, the analysis here concerns
a constant-permeability 1-D fault without leak-off under quasi-static equilibrium. These
assumptions are addressed in Section 4.5.

2.1.3 Small scale yielding (s.s.y.) model

In the case that the quasi-static crack length is large compared to a characteris-
tic length, a∗w, slip weakening is localized in a small zone near the crack tip and the small
scale yield (s.s.y.) approach is implemented (Rice, 1968b, 1968a; Palmer & Rice, 1973;
Garagash & Germanovich, 2012). Then, the fracture energy, Gc, is evaluated as,

Gc ≃ (fp − fr)σ (a)
δr
2
, (9)

by assuming that the effective normal stress is approximately constant near the crack
tip and has a value of σ (a). The mode-II stress intensity factor, K, considering the far-
field stress and the residual fault strength, is written as the sum of the contributions of
the total stress drop and the local changes in pore pressure associated with fluid injec-
tion,

K =
(
τb − τ r

)√
πa+∆K (a, t) , (10)

where,

∆K (a, t) = fr

√
a

π

∫ a

−a

P (x, t)− P0√
a2 − x2

dx, (11)

and the residual shear stress τ r = frσ. Note that the residual shear stress is the strength
of the fully-weakened fault. At the initiation of slip, shear stress is reduced down to a
minimum value corresponding to the residual shear stress. Residual shear stress is de-
pendent on the effective normal stress and therefore by extension also the pore pressure.
The rate at which elastic energy can be quasi-statically released in the crack tip region
due to crack propagation can then be evaluated as G = K2

2µ∗ . The condition for stable
crack propagation,

K2

2µ∗ = Gc, (12)

then yields the asymptotic solution for the crack length. In this work, the s.s.y. approach
is used for crack lengths larger than 7a∗w. More details on this model can be found in Garagash
and Germanovich (2012).

2.2 Scaling

The problem is generalized by introducing a number of dimensionless quantities
and expressing the relevant variables as the product of a characteristic quantity and a
dimensionless variable. The characteristic quantities are time independent. The char-
acteristic length scales are denoted by the previously-defined characteristic slip δ∗w and
length a∗w. The characteristic effective stress, σ∗

0 , has also been previously defined. Fi-

nally, the characteristic time is given by t∗ =
a∗2
w

D . The introduction of these charac-
teristic quantities allows for the definition of the following dimensionless variables, in-
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troduced for convenience,

x̃ =
x

a∗w
, ã =

a

a∗w
, ãnuc =

anuc
a∗w

, t̃ =

√
t

t∗
, t̃p =

√
tp
t∗
,

∆P̃ =
P − P0

σ∗
0

, ∆P̃p =
∆Pp

σ∗
0

, ∆P̃i =
∆Pi

σ∗
0

,

f̃r =
fr
fp

, τ̃ =
τ

τp
, τ̃b =

τb

fpσ∗
0

,

δ̃ =
δ

δ∗w
, δ̃nuc =

δnuc
δ∗w

, δ̃r =
δr
δ∗w

,

G̃c =
2Gcµ

∗

f2
p (S0 − P0)

2
a∗w

, K̃ =
K

fp (S0 − P0)
√
a∗w

.

(13)

As previously introduced by Garagash and Germanovich (2012), this approach leads to
a number of characteristic behaviours, restated here for clarity, Figure 2.

3 Results

The general principle of pore pressure preconditioning is that, by reducing the pres-
sure along the fault far from the well, ruptures that nucleate in the near-wellbore region,
where the pore pressure is high during injection, will either be suppressed or propagate
into the low-pressure region and be arrested. This would allow for the stimulation of the
near-wellbore region with a reduced risk of a runaway rupture. Ultimately of course, as
injection continues, the previously created pressure barrier will be undone as pore pres-
sure rises. At this stage runaway rupture would still occur. Relevant points of under-
standing for pore pressure preconditioning are therefore related to the creation of a pres-
sure barrier, this barrier’s ability to alter the nucleation behaviour of an eventual early-
time earthquake, and its influence on the ultimate late-time runaway rupture. These top-
ics will therefore form the core of this results section.

3.1 The creation of a pressure barrier

When a period of pre-production is followed by injection, a pressure barrier is formed
which steadily moves away from the injection well and reduces in magnitude. This pres-
sure barrier can be characterized by the minimum value of the pressure profile and this
minimum’s location. Its location, x̃b, moves away from the well in time and can be found

by
∂∆P̃(x̃,t̃)

∂x̃ = 0, such that, in 1-D for fixed production and injection pressures,

x̃b

(
t̃
)
= ξt̃

√
t̃2 + t̃2p, (14)

where,

ξ =
1

t̃p

√√√√√ln

(1− ∆P̃i

∆P̃p

)√
1 +

t̃2p

t̃2

. (15)

The value of the pressure minimum reduces in magnitude with time and is given by,

∆P̃
(
x̃b, t̃

)
= ∆P̃pErfc

∣∣ξt̃∣∣+ (∆P̃i −∆P̃p

)
Erfc

∣∣ξ√t̃2 + t̃2p
∣∣. (16)

Considering that the scaled fracture energy can be given by,

G̃c =
2Gcµ

∗

f2
p (σ∗

0 − P0)
2
a∗w

≃
(
1− f̃r

)2 (
1−∆P̃

)2
, (17)

the fracture energy barrier scales with the square of the pressure barrier. That the frac-
ture energy barrier scales with the pore pressure barrier is consistent with the notion that
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Figure 2. Nucleation regime overview. An overview of the nucleation regimes presented by

Garagash and Germanovich (2012) in their Figure 11 and adapted for presentation here. Results

pertain to a given overpressure during injection, ∆P̃i, at a given background stress, or stress

criticality, τ̃b, with no preconditioning. This results in a number of characteristic nucleation be-

haviours, or regimes. These nucleation regimes are designated by a number: 1, 2a, 2b, 2c, 3, or

4, with N referring to the nucleation of a dynamic event, and A referring to its arrest. In regime

1 slip is not initiated as ∆P̃i < 1 − τ̃b. Regimes 2c and 4 result in ultimately stable sliding as

τ̃b < f̃r. Regimes 2a, 2b, and 3 result in an un-arrested dynamic event as τ̃b > f̃r. In the case of

regime 2b an initial dynamic event is arrested before a second, runaway dynamic event nucleates.

Regime 3 is affected by f̃r as the slip at nucleation is large enough to allow the fault to reach

residual friction (i.e., δ̃nuc > δ̃r). Note that the curve δ̃nuc = δ̃r is found numerically; see Garagash

and Germanovich (2012), Figure 8e.
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fracture energy is the energy dissipated per unit of nominal contact area and that the
real contact area increases with the normal load (Bayart et al., 2018). The significance
of the barrier depends on the durations and magnitudes of both the production and in-
jection phases. While not addressed here, similar pressure barriers can be created in both
2- and 3-D and also for constant-rate wells.

3.2 Spatially delaying dynamic rupture

3.2.1 Demonstration of rupture delay

For certain combinations of injection pressure and background stress, precondition-
ing will delay the nucleation of a runaway dynamic rupture, Figure 3. Nucleation in in-
stances of high background stress and no preconditioning are characterized by regime
2a. This situation corresponds to a critically-stressed fault, which is more likely to host
dynamic events (Garagash & Germanovich, 2012). In this regime, the crack length at
nucleation can be predicted by ãnuc =

0.579
τ̃b (Garagash & Germanovich, 2012). In this

sense, the crack length at nucleation for these cases does not depend on the injection pres-
sure and is solely controlled by the initial weakening behaviour of the frictional inter-
face. However, by performing preconditioning prior to injection, the nucleation regime
can be changed to regime 3. In regime 3 this analytical expression no longer holds and
the crack length at nucleation is larger than the analytically-predicted value for regime
2a. If production has changed the nucleation regime from 2a to 3, nucleation also only
occurs once the crack length has extended beyond the pore pressure minimum. This sug-
gests that pore pressure preconditioning has potential to drive a fault away from crit-
icality.

As an example, a case is shown where f̃r = 0.6, τ̃b = 0.95, and ∆P̃i = 0.7, Fig-
ure 3. A comparison is made between no preconditioning and a preconditioned charac-
terized by ∆P̃p = −0.5 and t̃p = 10. As predicted by the analytical expression, the
case of no preconditioning has a nucleation length of 0.625, occurring after an injection
time of 0.06. The preconditioned case, however, is driven away from criticality and does
not follow the analytical prediction, having a nucleation length of 1.81, occurring after
an injection time of 0.75. Further, at the moment where both cracks have achieved a crack
length corresponding to the analytically-predicted nucleation length, the preconditioned
case has achieved significantly more slip along the crack, Figure 3(c), at a lower slip ve-
locity, Figure 3(d). It is further propagating in a region of higher fracture energy which
is less critically stressed, Figure 3(e,f). That the fault in this region is less critically stressed
implies that the stress drop available to fuel the propagation of the crack tip is also re-
duced. Further, it can be seen in Figure 3(f) that the center of the crack has reached resid-
ual friction and is therefore sliding in slip-neutral manner.

3.2.2 The effect of production time and magnitude

The duration of the production phase and its magnitude both have a significant
influence on the effect of the preconditioning phase. Larger production times and mag-
nitudes lead to larger and more significantly preconditioned zones. This results in not
only temporally-delayed nucleation but also in nucleation lengths which are larger than
those in the case that the reservoir is not preconditioned.

For example, in Figure 4(a,c,e) an example is shown where f̃r = 0.6, τ̃b = 0.8,
∆P̃i = 0.8, and t̃p = 100, but ∆P̃p is varied, assuming the values −0.3, −0.5, and −0.7.
Injection is continued until t̃ = 10. Compared to the case of no preconditioning where
the nucleation length is 0.8 occurring after an injection time of 0.29, the cases where ∆P̃p

is equal to −0.3 and −0.5 have nucleation lengths of 9.15 and 30.80 occurring after in-
jection times of 2.00 and 8.91, respectively. The case where ∆P̃p = −0.7 has not yet
nucleated a dynamic event after an injection time of 10, and instead has quasi-statically
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Figure 3. An illustration of preconditioning’s ability to delay the nucleation of dynamic rup-

ture on a critically-stressed fault, for f̃r = 0.6, τ̃b = 0.95, and ∆P̃i = 0.7. Two cases are shown,

one case without pre-injection production and one where ∆P̃p = −0.5 and t̃p = 10. a) The pore

pressure profiles at the moment when both cracks have achieved the analytical nucleation length,

given by 0.579
τ̃b (Garagash & Germanovich, 2012). The crack length at nucleation for the case

without preconditioning is given by the black dot; the preconditioned case has not yet nucleated

a dynamic event. The analytically-predicted nucleation length for regime 2a is shown by the

vertical dotted line. Regime 3’s nucleation length is always larger than this analytically-predicted

value. The key point is therefore that preconditioning has changed the nucleation regime from

2a to 3 and delayed nucleation. b) The development of crack length in time. Faded dotted lines

represent non-physical solutions. The (c) slip, (d) slip velocity, (e) fracture energy, and (f) stress

criticality at the analytically-predicted nucleation length. Note that the preconditioned case has

not yet nucleated a dynamic event at this point. In (c), the slip required to reach residual friction

is given by a dashed-dotted line. In (f), the residual friction is denoted by a dashed-dotted line.
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grown a crack of length 14.60. Of course, once the injection period is no longer small when
compared to the production period, the pore pressure changes incurred by precondition-
ing will have been largely undone and the nucleation of a dynamic event will follow.

Similarly, Figure 4(b,d,f) shows an example where f̃r = 0.6, τ̃b = 0.8, P̃i = 0.8,
and ∆P̃p = −0.5, but t̃p is varied, assuming the values 3, 30, and 300. Injection is con-
tinued until t̃ = 10. Compared to the case of no preconditioning where the nucleation
length is 0.8 occurring after an injection time of 0.29, the case where t̃p is equal to 3 and
30 have nucleation lengths of 2.03 and 10.68 occurring after injection times of 1.01 and
3.90, respectively. The case where t̃p = 300 has not yet nucleated a dynamic event af-
ter an injection time of 10, and instead has quasi-statically grown a crack of length 20.49.

3.3 Halting dynamic rupture

3.3.1 Demonstration of rupture halting

In order to demonstrate pore pressure preconditioning’s ability to arrest a rupture
that would otherwise have led to a runaway event, an example case is compared to the
base case of no pre-injection production, Figure 5. In both cases, f̃r = 0.6, τ̃b = 0.8,
and ∆P̃i = 0.4. In the case of preconditioning, ∆P̃p = −0.5 and t̃p = 10. In both in-
stances a dynamic event was nucleated after achieving a crack length of 0.75. The re-
quired injection time to achieve this nucleation was 0.58 when no preconditioning was
employed and 1.41 when there was preconditioning. In the case of no preconditioning
this nucleation led to a runaway event, whereas with preconditioning this event was ar-
rested at a crack length of 0.89. It then continued to grow stably until a time of 2.74 and
a crack length of 4.83 before re-nucleating, this time leading to uncontained dynamic rup-
ture. The slip profiles in Figure 5(c,d) show that the preconditioned case achieved larger
values of slip at lower slip velocities at the nucleation of the first event. This dynamic
event then propagated into a zone which was less critically stressed, Figure 5(f), and was
characterized by a larger fracture energy, Figure 5(e). Preconditioning can arrest a prop-
agating dynamic rupture in this manner because it creates a fracture energy barrier, Fig-
ure 5(e), and slows down the crack by reducing the energy available at the crack tip through
a decrease in the available stress drop, Figure 5(f), even resulting in values of τ̃ which
are less than f̃r; both of these elements can be seen to play a major role, for example in
the s.s.y. propagation criterion, Equation 12.

In this example, the nucleation behaviour was altered from runaway dynamic event
nucleation, regime 2a, to contained dynamic event nucleation and arrest followed by dy-
namic event nucleation, regime 2b. Further, the slipping patch length at nucleation of
a runaway dynamic event was increased by a factor of 6.4.

3.3.2 The influence of background stress

The effect of preconditioning is also dependent on the background stress and in-
jection pressure, similar to the original regimes of Garagash and Germanovich (2012).
To illustrate the influence of background stress, two cases are presented, each comprised
of five background stresses. In the first case, ∆P̃p = −0.3, whereas in the second case
∆P̃p = −0.7. In both cases f̃r = 0.6, ∆P̃i = 0.3, and t̃p = 3. The background stresses
are 0.75, 0.8, 0.85, 0.9, and 0.95. In the first case, Figure 6(a,c), the preconditioning is
insufficient to alter the nucleation regime, and the nucleation length is given by the an-
alytical solution of Garagash and Germanovich (2012). However, in the second case, Fig-
ure 6(b,d), the first dynamic event is nucleated and then arrested by the pressure bar-
rier for all but the lowest values of background stress. The crack then propagates quasi-
statically until passing the pressure barrier and re-nucleating a dynamic event. There-
fore, not only does sufficient preconditioning lead to the arrest of an otherwise runaway
event, the runaway event which ultimately occurs only nucleates when the crack length
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Figure 4. A demonstration of how increasing (a,c,e) the magnitude of production, ∆P̃p, and

(b,d,f) the duration of production, t̃p, during preconditioning can result in larger stress barriers

and delay nucleation, resulting in more slip across a wider area (and therefore a larger stimu-

lated zone) prior to the nucleation of a runaway dynamic event. (a,b) Pore-pressure-profile versus

distance-from-wellbore example cases for an injection pressure ∆P̃i = 0.8 and injection time

t̃ = 10, with the initial pressure denoted by the dashed line. a) The pre-injection production

time is set to t̃p = 100 and the magnitude of the production ∆P̃p assumes the values 0, −0.3,

−0.5, −0.7. Note that ∆P̃p = 0 corresponds to the base case of no pre-injection production. b)

The pre-injection production magnitude is set to ∆P̃p = −0.5 and the time of the production

t̃p assumes the values 0, 3, 30, 300. Note that t̃p = 0 corresponds to the base case of no pre-

injection production and that both (a) and (b) are independent of background stress. (c,d) show

the development of the crack for both of these cases when f̃r = 0.6 and τ̃b = 0.8, with the black

dot corresponding to the nucleation of a runaway dynamic event. Faded dotted lines represent

non-physical solutions. (e,f) show the slip profiles at the eventual moment of nucleation.
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Figure 5. An example comparison demonstrating rupture halting between the base case of

no pre-injection production and a preconditioned case where, for both cases, f̃r = 0.6, τ̃b = 0.8,

and ∆P̃i = 0.4. For the case that preconditioning is employed, ∆P̃p = −0.5 and t̃p = 10. a)

shows the pore pressure profiles at the time of the nucleation of the first dynamic event. In the

case of no preconditioning this nucleation leads to a runaway event, whereas it leads to arrest for

the preconditioned case. b) shows the development of crack length with injection time for both

cases. Faded dotted lines represent non-physical solutions. (c-f) The slip, slip velocity, fracture

energy, and stress criticality profiles at the moment of nucleation of the first dynamic event. In

(a,b,e) the crack tip location at nucleation of a runaway dynamic event is given by a black dot, at

nucleation of a contained event by a grey dot, and at arrest by a white dot. In (f), the residual

friction is denoted by a dashed-dotted line.
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Figure 6. A demonstration of how applying a larger magnitude of production, ∆P̃p, can lead

to arrested rupture for a variety of background stresses, τ̃b. (a,c) The case where pre-injection

production lasted for t̃p = 3 with a magnitude of ∆P̃p = −0.3 before injection at ∆P̃i = 0.3

occurred. a) The pore pressure profiles at nucleation of a runaway event for different values of

τ̃b. The length of the crack at the nucleation of a runaway dynamic event is denoted by the black

dot. c) The development of crack length versus time for these same values of τ̃b. Runaway rup-

tures are denoted by black dots. The position of the minimum value of pore pressure is shown by

the dark dashed-dotted line. Faded dotted lines represent non-physical solutions. (b,d) The same

plots for the case where pre-injection production had a magnitude of ∆P̃p = −0.7. d) Contained

ruptures are denoted by grey dots, and the arrest of a rupture is denoted by a white dot. Note

the runaway dynamic ruptures occurring after passing the pressure barrier in the case of arrested

rupture. In all cases f̃r = 0.6.

has grown beyond the pressure minimum induced by the preconditioning. As operators
will be able to exhibit a fair amount of control over the location of the pressure mini-
mum and are capable of taking down-hole pressure measurements, this opens up the pos-
sibility to a degree of operator control over the nucleation of the runaway dynamic event.

3.4 Nucleation regime change

Preconditioning’s ability to alter the nucleation regime is a reflection of its abil-
ity to delay or halt dynamic events before runaway. For this reason the change in nu-
cleation regime across the entire space of possible injection pressures and background
stresses is a relevant tool for the assessment of the efficacy of the preconditioning. In or-
der to achieve the delay or arrest of a dynamic rupture that would have otherwise been
a runaway event, a certain level of pre-injection production is required, depending on both
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the magnitude and duration of the production. A further dependence on the injection
pressure, background stress, and residual friction will also be present, as demonstrated
for the case of no preconditioning by Garagash and Germanovich (2012). Figure 7 illus-
trates the influence of the magnitude of the production phase for one production dura-
tion across the space of possible injection pressures and background stresses.

As the production time is increased, larger regions of the reservoir are precondi-
tioned. This results in higher values of background stress having their nucleation lengths
significantly increased, with the slipping zone’s size prior to nucleation of a runaway dy-
namic event reaching a size orders of magnitude larger than it would have been able to
without preconditioning, Figure 8.

3.5 Long production, short injection asymptotic

3.5.1 Required production magnitude

Long production phases essentially alter the background stress in the entire region
seen by the rupturing crack during nucleation. When the crack length due to injection
is large compared to a∗w, but has still not left the preconditioned zone, the small scale
yielding approach can be used to evaluate the stress intensity factor (Garagash & Ger-
manovich, 2012),

K̃ =
√
πã
(
τ̃b − f̃r

)
+ f̃r

√
ã

π

∫ ã

−ã

∆P̃
(
x̃, t̃
)

√
ã2 − x̃2

dx̃, (18)

with the crack propagation criterion written as,

K̃2 = G̃c. (19)

Assuming that injection is occurring in a fully-preconditioned reservoir, such that the
pore pressure was homogeneous prior to injection, and that the crack has run far ahead
of the zone of pore pressure increase caused by fluid injection, Equation 18 can be rewrit-
ten as,

K̃ =
(
τ̃b − f̃r

)√
πã+∆P̃ f̃r

√
πã, (20)

implying that the contribution of the initial background stress to the stress intensity fac-
tor is cancelled out by the reduction in pore pressure when,

∆P̃ ≤ 1− τ̃b

f̃r
. (21)

This criterion is equivalent to saying that the stress criticality must become less than
the residual friction, τ̃ < f̃r, as found by Garagash and Germanovich (2012) and shown
experimentally by Cebry et al. (2022). In this case, the crack will still be able to prop-
agate due to the increase of pore pressure near the wellbore, but, like for the criterion
derived by Garagash and Germanovich (2012), the crack will be ultimately stable as long
as it remains in the preconditioned zone.

While it has been possible to provide a criterion for the required magnitude of pro-
duction, the amount of production time required to effectuate a regime change in nu-
cleation is difficult to constrain. It essentially corresponds to the amount of production
required such that, when injection commences, the region near the injection well will fully
weaken before the nucleation of a dynamic event, and, therefore, t̃p must be significantly
larger than one, considering that time is normalized by a∗w.

3.5.2 Re-scaling

When significant fluid production has been achieved, the dimensionless background
stress and dimensionless injection pressure can be re-scaled, based on their original def-

initions, to consider the preconditioned pore pressure field as τ̃ = τ̃b

1−∆P̃p
and

∆P̃i−∆P̃p

1−∆P̃p
.
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Figure 7. The nucleation regime as a function of the overpressure-background stress param-

eter space for various magnitudes of production, ∆P̃p. These numerical results can be compared

to the base diagram in Figure 2. Each point corresponds to one simulation, with the color denot-

ing its slip regime as defined by Garagash and Germanovich (2012). In regime 1 (grey) the in-

crease in pore pressure is not sufficient to activate slip. Regime 2a (red) corresponds to runaway

dynamic slip. Regime 2b (purple) corresponds to nucleation of dynamic slip followed by arrest

and then re-nucleation of runaway dynamic slip. Regime 2c (blue) corresponds to nucleation of

dynamic slip followed by arrest and ultimate stability. Regimes 2a, 2b, and 2c are not affected by

residual friction such that slip at nucleation δnuc is less than δr. Regime 3 (orange) corresponds

to runaway dynamic slip where nucleation is affected by residual friction such that δnuc is larger

than δr. Regime 4 (green) is stable, with no dynamic slip. a) corresponds to the case of no pre-

injection production, an equivalent to Garagash and Germanovich (2012), their Figure 11, or

Figure 2 here. Production lasting t̃p = 1 is displayed for b) ∆P̃p = −0.3, c) ∆P̃p = −0.5, and

d) ∆P̃p = −0.7. Note how production is able to change the regime type for ultimately unstable

cases. The vertical line corresponds to f̃r. In all cases, f̃r = 0.6. The line separating regimes 2c

and 4 corresponds to δ̃nuc = δ̃r. The boundaries between regimes 2a, 2b, and 3 are the same as in

Figure 2 for (a), but altered for (b-d) and deliminated by shading. For comparison, the original

boundaries between these regimes is always shown by black lines.
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Figure 8. A comparison of runaway nucleation for varying values of t̃p, with ∆P̃p = −0.5.

This figure demonstrates how increasing production time, t̃p, increases the ultimate nucleation

length of a runaway dynamic event. a) The crack length development as a function of injection

time, for the specific case of τ̃b = 0.8 and ∆P̃i = 0.3. Four different production durations are

shown, with t̃p = 0 corresponding to the base case of no pre-injection production. Black circles

correspond to the nucleation of runaway dynamic rupture, grey circles correspond to the nucle-

ation of a foreshock that is ultimately contained, and white circles correspond to the point of

arrest. Faded dotted lines represent non-physical solutions. b-d) show, for b) t̃p = 3, c) t̃p = 30,

d) t̃p = 300, the size of the slipping patch at the nucleation of runaway dynamic rupture for

a wide variety of background stresses and injection pressures. The vertical line corresponds to

τ̃b = f̃r. In all cases, f̃r = 0.6.
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Using this updated scaling, the results of three cases where the t̃p ≫ 1 are plotted, up
until an arbitrary crack length of ã = 20, Figure 9. This crack length is larger than the
nucleation crack lengths for non-preconditioned critically-stressed reservoirs. However,
it can still be considered early time for these simulations because t̃ ≪ t̃p and the be-
haviour is governed by the preconditioned- and not the original-background stress.

Note the similarities between the results plotted with this altered scaling in Fig-
ure 9(a,c,e) and the original case with no pre-injection production, Figure 7a. As long

as the period of injection is small and τ̃ b̃

1−∆P̃p
< f̃r, the cases which previously led to

runaway dynamic rupture will now follow the nucleation behaviour of regimes 2c and 4.
The allowable injection time such that the assumption of small injection times holds is
dependent on the duration and magnitude of production and the initial background stress.
Note that if injection were to continue, the stress changes associated with precondition-
ing would be undone and the runaway dynamic events associated with cases where τ̃b >
f̃r would ultimately result. The amount of time required to grow the crack to a length
of ã = 20 is shown in Figure 9(b,d,f), such that the crack grows significantly slower in

those cases where τ̃ b̃

1−∆P̃p
< f̃r.

4 Discussion

4.1 Changing the nucleation regime

As can be seen in Figure 7a, there exist background stresses for which dynamic rup-
ture will occur for small nucleation lengths, in particular for near-critically-stressed faults.
Critically-stressed faults are common, not just in general (e.g., Harrison et al. (1954)),
but especially in EGS applications (Evans et al., 2012). One implication of the work of
Garagash and Germanovich (2012), therefore, is that it may be difficult to achieve large
shear-stimulated zones in EGS without triggering a runaway dynamic rupture. Indeed,
creating a stimulated reservoir while avoiding significant levels of seismicity has proven
to be a problem for EGS. However, the results here indicate that pre-stimulation reser-
voir production can potentially provide a solution. In particular, preconditioning has been
shown to result in a regime change, either halting or delaying what would otherwise be
a runaway dynamic rupture via both a fracture energy barrier and a reduction in the en-
ergy available at the crack tip achieved by a decrease in the potential stress drop. Ad-
ditionally, the larger values of slip achieved near the injection well mean that faults are
more likely to reach residual friction when preconditioning has been applied. These ar-
eas of residual friction represent patches of aseismic slip which act to stabilize the rup-
ture through a heterogeneous weakening rate with a central slip-neutral zone, resulting
in a larger overall nucleation length (Garagash & Germanovich, 2012; Lebihain, Roch,
Violay, & Molinari, 2022). Finally, preconditioning has been shown to result in lower slip
velocities along the fault. As thermal weakening mechanisms are generally slip rate de-
pendent and often result in enhanced weakening (Rice, 2006; Di Toro et al., 2010; Niemei-
jer et al., 2011), this reduced slip velocity may further help to prevent large seismic events.

4.1.1 Halting dynamic rupture

In the case that δnuc < δr (regimes 2a, 2b, and 2c), the nucleation length of the
first dynamic event for this model is controlled only by the background stress, as shown
by Garagash and Germanovich (2012). Under certain conditions, preconditioning has
the ability to change the nucleation regime from 2a to 2b, implying the halting of this
initial rupture. This is reminiscent of the finding by Uenishi and Rice (2003) that nu-
cleation is unaffected by loading, with the ultimate size of the event being controlled by
the conditions on the fault as opposed to the nucleation process (Lapusta et al., 2000;
Cebry & McLaskey, 2021). Preconditioning in these cases is not affecting nucleation, but
it is altering the conditions on the fault such that the ultimate size of the event is re-
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Figure 9. The slip regimes as defined by Garagash and Germanovich (2012) and restated

here in Figure 2. This figure demonstrates how the scaling developed here captures the behaviour

of sufficiently preconditioned reservoirs. (a,c,e) These regimes are shown here for a significant

duration of production, t̃p = 300, an updated scaling, and a short period of injection, stopping

when the crack length ã = 20. (b,d,f) show how long these same cases took to achieve this crack

length. (a,b) ∆P̃p = −0.3, (c,d) ∆P̃p = −0.5, and (e,f) ∆P̃p = −0.7. The vertical line corre-

sponds to f̃r. In all cases, f̃r = 0.6. The solid line separating regimes 2c and 4 corresponds to

δ̃nuc = δ̃r. The dashed line separates regime 2a from regime 2b in Garagash and Germanovich

(2012). The vertical line corresponds to τ̃b = f̃r.
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duced. Preconditioning works by changing the background effective normal stress in the
region relevant to the rupturing earthquake. As the shear stress is assumed to be un-
affected by the change in pore pressure, an increase in effective normal stress means that
the residual shear stress is increasing, reducing the stress drop, and therefore energy, avail-
able to the rupturing earthquake, an idea consistent with experiments (Cebry et al., 2022).
Dynamic crack propagation being largely sensitive to stress drop (Ampuero et al., 2006;
Viesca & Rice, 2012; Garagash & Germanovich, 2012; Ke et al., 2018; Bayart et al., 2018;
Cebry et al., 2022), this effect has the ability to halt these ruptures by reducing the amount
of energy flowing to the crack tip. Indeed, it has previously been shown numerically that
fault sections which were once prone to large seismic ruptures may tend to later halt rup-
ture propagation after a change in stress (Lapusta et al., 2000). Additionally, through
an induced increase in effective normal stress, preconditioning results in an increased frac-
ture energy, which acts as a further local barrier to rupture propagation and has been
previously shown to be capable of halting a propagating rupture (Husseini et al., 1975;
Bayart et al., 2016, 2018; Gvirtzman & Fineberg, 2021). Preventing a dynamic rupture
from growing large by halting it with unfavourable conditions along the fault has been
shown experimentally to prevent it from efficiently radiating energy (Wu & McLaskey,
2018; Cebry et al., 2022).

4.1.2 Delaying nucleation

Alternatively, preconditioning can suppress an early time event, delaying its nu-
cleation to a later time, such that the nucleation regime shifts from 2a to 3. This cor-
responds to preconditioning resulting in a transient shift of the effective background stress
such that stable sliding occurs without the nucleation of a dynamic event. Crucially, only
when the crack length surpasses the pore pressure barrier imposed by the precondition-
ing does the nucleation of a dynamic event occur. This transient change in slip mode due
to pore pressure changes such that one fault can produce different slip behaviours de-
pending on the injection strategy has been supported by laboratory studies (Passelègue
et al., 2020). By selecting the pre-production rate and magnitude, as well as the injec-
tion pressure, operators have a certain degree of control over where the pore pressure bar-
rier will be located and what its magnitude will be at any given time.

The significance of either delaying or halting the nucleation of a runaway dynamic
event is that once the nucleation regime has been changed from 2a to 2b or 3, the crack
is fully weakened near the injection point at the moment of the runaway event and the
slip-weakening is localized to a small zone near the crack tip. This zone near the crack
tip is characterized by an increasing fracture energy in the region the crack tip propa-
gates into. Therefore, the nucleation of the runaway dynamic event only occurs after the
crack tip passes the pore pressure barrier, Figure 10.

4.2 Foreshocks

4.2.1 Foreshock size

Even with preconditioning, foreshocks still occur, appearing now as arrested rup-
tures in regime 2b. If these foreshocks are significant enough in size, the precondition-
ing will not be satisfactory despite preventing early-time runaway dynamic ruptures from
occurring. In order to assess the magnitude of the foreshocks, a proxy for seismic mo-
ment magnitude, M0, is used and made dimensionless, M̃0. This dimensionless seismic
moment proxy is given by the normalized slip occurring during the foreshock, δ̃f = δf

δ∗w
,

multiplied by the square of the normalized crack length at arrest, ãa = aa

a∗
w
,

M̃0 =
M0

µ∗δ∗wa
∗
w
2 = δ̃fã

2
a, (22)
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Figure 10. An illustration that a sufficient production duration and magnitude lead to the

nucleation length of a runaway dynamic event, ãnuc, being farther from the wellbore than the

position pressure barrier, x̃b. As illustrated in Figure 9, the magnitude of the pressure produc-

tion, ∆P̃i must be such that τ̃b

1−∆P̃p
< f̃r. a) ∆P̃p = −0.1, b) ∆P̃p = −0.3, c) ∆P̃p = −0.5, d)

∆P̃p = −0.7. The vertical line corresponds to f̃r. In all cases, f̃r = 0.6 and t̃p = 300.
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Figure 11. A comparison of the foreshock sizes for a) no pre-injection production, b)

∆P̃p = −0.3, c) ∆P̃p = −0.5, and d) ∆P̃p = −0.7. In (b-d), t̃p = 300. The slip multiplied

by the square of the crack length at arrest is used as a proxy for foreshock seismic moment,

meaning that these are scaling values useful for relative comparison only. The vertical line corre-

sponds to f̃r. In all cases, f̃r = 0.6. The upper-bound line of the simulations plotted corresponds

to δ̃nuc = δ̃r. Note that the last color cutoff begins at M̃0 = 50, which is just above the largest

foreshock for the case of no preconditioning, which has a value of 48.8.

based on the definition of seismic moment (Aki & Richards, 2009). These values are then
compared for the most extreme cases of preconditioning tested, where t̃p ≫ 1, Figure 11.
The foreshocks occurring for the cases of preconditioning are generally larger than those
for the case without preconditioning, with the largest foreshock occurring without pre-
conditioning having a value of 48.8 and the largest foreshock with preconditioning hav-
ing a value of 138.3. Note, however, that the simulations which produce the largest fore-
shocks with preconditioning would be runaway dynamic ruptures in the case of no pre-
conditioning. These values come from scaling and are useful for a relative comparison
between two cases; however, they can not be converted to actual seismic moments with-
out parameters related to a particular case.

4.2.2 Analytical prediction of foreshock nucleation length

The analytical solution developed by Garagash and Germanovich (2012) can be used
to predict the nucleation lengths of the runaway dynamic ruptures in regime 2a and the
foreshocks in regimes 2b and 2c. This analytical solution does not depend on the effec-
tive normal stress and the initiation of these events is therefore unaffected by precon-
ditioning as long as the nucleation regime is one of either 2a, 2b, or 2c. However, in the
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Figure 12. A comparison of the crack length of the first nucleated event for regimes 2a, 2b,

and 2c given by the simulations and those predicted by the analytical solution of Garagash and

Germanovich (2012) for the case of no pre-injection production. Here, pre-injection production is

employed, but the scaling still holds as it is only dependent on the value of shear stress, which is

independent of normal stress in these simulations. a) ∆P̃p = −0.3 and t̃p = 3, b) ∆P̃p = −0.3

and t̃p = 300, c) ∆P̃p = −0.7 and t̃p = 3, and d) ∆P̃p = −0.7 and t̃p = 300. Note how the

increasing of ∆P̃p and t̃p does not prevent these early-time dynamic slip events from occurring,

but does cause their arrest and containment.

case of preconditioning, these events are arrested, Figure 12. The cases where the nu-
cleation regime moves from 2a to 3 can no longer be represented by this solution as shown
previously.

4.3 Towards field application of preconditioning

4.3.1 Relevant field example

Long-term fluid production from a fault, followed by injection, has not often been
tested in the field. However, the German Deep Drilling Site (Shapiro et al., 2006) does
offer a relevant example. Here, a fluid extraction experiment was performed for approx-
imately one year, producing 22,300 m3 of saline crustal fluid. This was followed by a 10-
month period of injection, which began one year after the halting of this production, where
84,600 m3 of water was injected. Interestingly, the onset of seismicity in this case ap-
proximately corresponded to the time when a net fluid balance (equivalent injected and
produced volumes) was achieved. While not a perfect one-to-one example of precondi-
tioning, this field case does provide insight as to its potential application on the field scale.
Fluid was produced from a deep (≈ 4 km) fault for a significant period of time, and the
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injection which began after the halting of this production did not lead to immediate in-
duced seismicity. Admittedly this injection began after a delay which would reduce the
pressure barrier’s magnitude through diffusion, and should therefore be avoided for ef-
fective preconditioning, but for short injection times this procedure still did not result
in induced seismicity up until net fluid balance was achieved. Net fluid balance has been
seen to be one of the key determining factors directly related to induced seismicity (National-
Research-Council, 2013), such that in cases where more fluid has been removed from the
reservoir than injected, as would generally be the case for the preconditioned stimula-
tions introduced here, a reduced number of induced-seismicity-related issues have been
encountered.

4.3.2 Required production duration and magnitude

As shown, ensuring late time has been achieved during pre-injection production is
related to the idea that the in-situ background stress has been replaced by a background
stress with a preconditioned value of pore pressure such that τ̃ < f̃r, meaning that ∆P̃ ≤
1− τ̃b

f̃r
must be true for late time to be achieved. This is essentially the same criterion

found for dilatency-induced hardening (Ciardo & Lecampion, 2019) and results in a back-
ground stress state predicted to produce stable sliding in the homogeneous case (Garagash
& Germanovich, 2012). Equation 2 can then be restated considering this criterion,

1− τ̃b

f̃r
> ∆P̃perfc

(
x̃

t̃p

)
(23)

and rearranged to solve for the required production duration to ensure these pore pres-
sure conditions have been achieved at a given location, x̃e,

t̃p >
x̃e

erf−1

(
∆P̃p−1+ τ̃b

f̃r

∆P̃p

) , (24)

where erf is the error function. The position x̃e in this case corresponds to the extent
of the area targeted for stimulation. While this target location might be another well,
in certain cases preconditioning the entire area between two wells may prove too chal-
lenging. In these cases, the near-well bore region can still be targeted, this region being
the most crucial for improving productivity and injectivity in radial flow regimes (Dake,
1978). The process can then be repeated in a cyclic manner, gradually extending the reach
of the stimulated zone.

Note that for smaller values of ∆P̃p and larger values of background stress it is not
possible to achieve late time because even ubiquitously reducing the pore pressure by
∆P̃p would not result in the condition τ̃ < f̃r being met.

As an example of an implementation of preconditioning, a test case relating to the
the Basel 1 Geothermal System is used (e.g., Häring et al. (2008)). A reservoir located
at 5 km depth can be expected to experience an overburden yielding a total stress of ap-
proximately 115 MPa, assuming 23 MPa

km . If normally pressured, the pore pressure will
be approximately 50 MPa. It will be assumed that the effective overburden corresponds
to the effective normal stress on the fault, and the targeted optimally-oriented fault is
close to critically stressed, with τ̃b = 0.75 and f̃r = 0.6. Using Equation 21, the re-
quired pore pressure change to reduce τ̃ to below f̃r = 0.6 can be found to be -16.3 MPa.
Assuming a diffusivity along the fault of 0.025 m2

sec , reasonable for both Basel (Goertz-
Allmann et al., 2011) and the German Deep Drilling Site (Shapiro et al., 2006), and a
pre-injection production phase of 1 year, as performed at the German Deep Drilling Site
(Shapiro et al., 2006), τ̃ can be reduced to below f̃r = 0.6 over 450 m away from the
wellbore with a bottom-hole production pressure of 15 MPa. It could be envisioned that
this location could correspond to a monitoring well. Examples such as these are also help-
ful for highlighting that this methodology is more readily applicable in cases where the
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pore pressure to effective normal stress ratio is high. In these cases each percent pore
pressure reduction corresponds to a larger value of dimensionless ∆P̃p. A relatively high
pore pressure to effective normal stress ratio can be found when the reservoir is overpres-
sured or when the vertical stress is larger than the normal stress (i.e., in normal- and cer-
tain instances of strike-slip-faulting stress regimes). Interestingly, it has previously been
suggested that the increased normal stress associated with compressive faulting regimes
inhibits the ability of small-scale heterogeneities to arrest rupture and lead to foreshocks
(Abercrombie & Mori, 1996).

Once sufficient preconditioning has been achieved, the operators could begin stim-
ulating the reservoir with fluid injection. As previously mentioned, the nucleation of a
dynamic runaway event will now occur after the crack passes the pressure boundary. The
pressure boundary is preceded by the front where the pressure stops decreasing and be-
gins increasing, namely where ∂∆P̃

∂t̃
= 0, denoted by x̃t̃. Reminiscent of the case of shut-

in (e.g., Johann et al. (2016)), the location of this front is given by,

x̃t̃

(
t̃
)
=

t̃

t̃p

√√√√√(t̃2 + t̃2p
)
ln

(1− ∆P̃i

∆P̃p

)(
1 +

t̃2p

t̃2

) 3
2

, (25)

and can be further be tracked with well-bore pressure measurements in the field. For the
current case, injection at a constant pressure preceded by production at a constant pres-
sure, this front always precedes the pressure barrier such that x̃t > x̃b. In this way op-
erators can track the location of the advancing pressure barrier. Then, after ensuring that
the pressure at their target well has been reduced such that τ̃ < f̃r, operators could stim-
ulate the reservoir until x̃t passes the target well.

To continue the example given above, the time taken for this front to reach the lo-
cation 450-meter mark (a suitable location for a monitoring well) from the injection lo-
cation can be found by first assuming a value for µ∗ = 34.2 GPa based on mode-II and
taking a Poisson’s ratio of 0.22 and a Young’s modulus of 65 MPa, values reasonable for
the Basel reservoir (Valley & Evans, 2019). A weakening rate wσ∗

0 = 50 GPa
m is assumed

based on the value found by Uenishi and Rice (2003) for Fichtelbirge granite specimens.
Finally, an injection pressure of 74 MPa is taken based on Häring et al. (2008). The re-
sult is that pore pressure will begin increasing at the 450-meter mark after 422 hours of
injection. At this point the pore pressure barrier is still in between the injection well and
the 450-meter mark and still corresponds to an area where τ̃ is below f̃r = 0.6. In this
example, by using preconditioning, operators have been able to stimulate the reservoir
for over 17 days in relative safety. Calculations such as these, while crude, highlight the
potential usefulness of preconditioning, which can be further developed with more rig-
orous tests both in the laboratory and at pilot sites.

4.3.3 Post-stimulation

As shown, even with significant pre-injection production if the injection phase lasts
long enough the effect of preconditioning will be undone and runaway dynamic rupture
will occur if the original background stress is higher than the residual friction. Addition-
ally, with successive dynamic events and slip, heterogeneous stress conditions are likely
to be erased (Wu & McLaskey, 2018). Further, stress barriers on natural faults, while
capable of stopping rupture, have also been shown to act as points of initiation for sub-
sequent seismic events (King, 1986). For this reason, it will be important to address what
to do after a sufficient amount of reservoir has been stimulated. Previous field- and modelling-
data sets have indicated that fluid pumping and shut-in may be able to halt slip on a
previously activated fault (Larochelle et al., 2021). Additionally, analytical work has shown
this kind of approach may be able to stop a propagating rupture (Jacquey & Viesca, 2022;
Sáez & Lecampion, 2022). The specific effects of pumping and shut-in on rupture prop-
agation are beyond the scope of this work, however.

–26–



manuscript submitted to Journal of Geophysical Research: Solid Earth

4.3.4 Other forms of preconditioning

As the crack length propagates faster than the pore pressure front when the tar-
geted fault is critically stressed (Garagash & Germanovich, 2012; Guglielmi et al., 2015;
Bhattacharya & Viesca, 2019; Dublanchet, 2019; Cebry & McLaskey, 2021; Sáez et al.,
2022; Viesca, 2022; Cebry et al., 2022), it may be a challenge to envision stimulation strate-
gies for critically-stressed faults which do not pre-emptively alter the far-field conditions
encountered by the propagating rupture front.

Similar results to those presented here may be achievable with a pre-injection pe-
riod of cooling of the reservoir. Thermo-elastic stress changes occurring due to injection/production
from horizontal wells are by nature anisotropic, as are stress changes associated with in-
jection/production into highly-directional fluid conduits, such as in faults, fractures, and
laterally-extensive but vertically-confined reservoirs. Cooling-induced preconditioning
techniques whereby the criticality of the relevant fault has been reduced due to the re-
duction of differential stress prior to stimulation can therefore be envisioned (Fryer et
al., 2020), albeit with these being possibly impractical due to the more localized nature
of thermo-elastic stress changes. Additionally, other authors have suggested fatigue-related
preconditioning techniques (Cornet, 2019), which may create scenarios of relatively low
fracture energy near the well, ultimately leading to a fracture energy barrier away from
the preconditioned region (e.g., Husseini et al. (1975)). However, the details of these types
of preconditioning are beyond the scope of this work. Note, additionally, that pore pres-
sure preconditioning differs from cyclic stimulation in that it begins with a period of pro-
duction, which is generally not included in cyclic stimulation (Zimmermann et al., 2010;
Zang et al., 2013; Hofmann et al., 2018, 2021). Preconditioning is also based on the cre-
ation of a fracture energy barrier and reduces the energy available to the rupture through
the increase of residual shear stress, with neither of these phenomena being present in
cyclic stimulation. Further, the production duration is significantly longer than the in-
jection duration, whereas in cyclic stimulation the low and high injection rates have sim-
ilar durations. This means preconditioning results in a net-negative fluid balance whereas
cyclic stimulation will always be net positive.

4.4 Implications for heterogeneous faults

In Section 4.2.2, sufficient fluid production was shown to break the scaling found
by Garagash and Germanovich (2012), which predicts the nucleation length of a homo-
geneous crack. Essentially, producing fluid creates a heterogeneous stress state and bar-
rier around the area of the nucleating event. In terms of natural faults, which are by na-
ture heterogeneous, the implications are that, if a large enough stress heterogeneity ex-
ists, nucleation of a runaway dynamic event can be delayed until the nucleating patch
grows past this heterogeneity and dynamic rupture can be halted if one of these hetero-
geneous stress patches is encountered. Fault roughness is often seen as a proxy for stress
heterogeneity, such that smoother surfaces exhibit a more homogeneous stress field (e.g.,
Cattania and Segall (2021)). McLaskey and Lockner (2014) showed experimentally that
acoustic emissions which encountered a roughness-induced stress barrier could have their
propagation halted. Similarly, large-roughness-induced normal stress barriers have been
shown numerically to induce rupture arrest (Cattania & Segall, 2021). Further, rougher
faults have shown less tendency to nucleate a dynamic event under otherwise similar con-
ditions (Harbord et al., 2017).

Recent work has indicated that the nucleation length in these heterogeneous cases
will depend on the typical size of the heterogeneity compared to its individual nucleation
length, ahetnuc, and the average nucleation length, amean

nuc , along the fault. In the limit of
large production times, these length scales can be written as

ahetnuc = 0.579
µ∗

whet (σ∗
0 −∆Pp)

, and amean
nuc = 0.579

µ∗

wmean (σ∗
0 −∆Pp)

, (26)
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where whet is the weakening rate of the heterogeneity and wmean the average weaken-
ing rate along the fault. If the size of the heterogeneity is smaller than the local nucle-
ation length, a dynamic event may initiate from the defect when the aseismic patch reaches
this location. In contrast, heterogeneities of scale larger than the average nucleation length
are susceptible to modify its overall stability (Lebihain, Roch, Violay, & Molinari, 2022).
As such, a preconditioning production phase may promote micro-seismicity through a
decrease of ahetnuc with increasing −∆Pp, as nucleation length has been seen experimen-
tally to decrease with increasing normal stress (e.g., Latour et al. (2013); Cappa et al.
(2019)). Nonetheless, the associated decrease in stress drop could halt these “small”, and
so less energetic, ruptures. A second effect of preconditioning would be to modify the
overall nucleation behaviour of the fault, as more and more heterogeneity scales are be-
ing involved in the fault stability when the average nucleation length amean

nuc decreases.
However, in this investigation preconditioned faults reached generally larger slip levels
at smaller slip rates during injection, so that a larger portion of the slipping patch could
achieve residual friction. The existence of a region achieving residual strength near the
wellbore increases the average nucleation length, which in turn make the nucleation be-
haviour of the fault more homogeneous.

Interestingly, in terms of large-scale stress heterogeneity, these results also imply
that contained rupture during stimulation may also be achievable by targeting the most
optimally-oriented sections of fault planes in the case that the orientation of the fault
plane shifts to a sub-optimal orientation over an acceptably short distance. The sub-optimally
oriented fault sections would need to present a significant enough barrier to halt rupture,
however.

4.5 Limiting assumptions

4.5.1 Linear slip-weakening model

A number of previous studies have considered similar injection-induced seismicity
problems with slip-neutral friction (Bhattacharya & Viesca, 2019; Viesca, 2022; Sáez et
al., 2022). Other studies, such as this one, opt for linear slip-weakening models (Uenishi
& Rice, 2003; Garagash & Germanovich, 2012; Viesca & Rice, 2012; Ciardo & Lecam-
pion, 2019). A third set of studies instead implement rate-and-state friction frameworks
(Dublanchet, 2019; Garagash, 2021). The choice of friction model clearly has a large im-
pact on the ultimate behaviour of the modelled fault. Slip-neutral models result in aseis-
mic slip and are unable to produce dynamic events. However, they are more tractable
than the other models, lending themselves to analytical solutions. Linear slip-weakening
models are able to produce richer behaviour, including dynamic events, but it is more
difficult to find analytical solutions capturing their behaviour and they are unable to re-
produce the healing and multi-stage weakening behaviour seen for example in labora-
tory experiments and on real faults. This is particularly relevant as multiple weakening
stages can result in ruptures overcoming stress barriers they otherwise would not have
been able to (Paglialunga et al., 2022). They are therefore unable to reproduce the en-
tire seismic cycle. Note, however, that these secondary weakening mechanisms are less
likely to occur in the context of preconditioning as they are often controlled by slip rate
(Rice, 2006; Di Toro et al., 2010; Niemeijer et al., 2011), which has been shown here to
be decreased when preconditioning is employed. Finally, rate-and-state friction models,
while empirical in nature, include fault healing and are therefore able to reproduce the
entire seismic cycle. Most often, however, rate-and-state friction models must be solved
numerically. The friction model implemented depends on the goal of the study and, for
field applications, the specific fault being evaluated. Clearly, the results of any study will
significantly vary depending on the friction model used.
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4.5.2 Constant permeability

In order for the pressure diffusion equation to be solved analytically for two injec-
tion rates, permeability must remain constant and homogeneous such that the pressure
diffusion equation remains linear. Practically, however, this will not be the case. Other
than natural heterogeneities, permeability is also likely to decrease as pore pressure de-
creases (e.g., Lee and Cho (2002); Acosta et al. (2020)) due to permeability’s dependence
on effective normal stress. This will make achieving the targeted pore pressure reduc-
tions more difficult as they will require more time to achieve. Further, shear stimulation
is employed to increase the permeability (Lee & Cho, 2002; Evans, Moriya, et al., 2005;
Evans, Genter, & Sausse, 2005), meaning permeability will change during injection. Pre-
vious similar works have considered these kinds of permeability changes (Viesca & Rice,
2012; Ciardo & Lecampion, 2019).

4.5.3 Quasi-static equilibrium

Earthquakes can be difficult to model as their slow-slipping quasi-static phase lasts
many orders of time longer than the dynamic phase which occurs when instability starts.
Previous attention has been paid to how to appropriately model these kinds of problems
(Lapusta et al., 2000). Here, however, a purely quasi-static approach has been chosen.
For this reason, the runaway dynamic events are not modelled past their nucleation phase.
Therefore, no insights can be provided into the sizes of the runaway dynamic events oc-
curring with or without preconditioning. Regarding the dynamic overshoot that can oc-
cur during crack arrest, Viesca and Rice (2012) showed that rupture is arrested near the
conditions predicted from the quasi-static solution in the case of limited slip weakening.

4.5.4 1-D fault, constant pressure

The model implemented here is a 2-D model for a 1-D fault loaded with constant
pressure, corresponding to a line-source injection. In the field, wells are unlikely to be
drilled parallel to a fault, intersecting it. Previous works have shown that both the in-
jection scenario considered (Garagash & Germanovich, 2012) and the 2-D assumption
(Sáez et al., 2022) have a qualitative impact on the results found. Stimulation treatments
are often performed on a 3-D fault at a set rate (e.g., Häring et al. (2008)), not a set pres-
sure. For this reason, the results shown here in their details are not directly translatable
to a field case. However, this model still allows for the presentation of the technique of
pore-pressure preconditioning in a specific example geometry as well as for the demon-
stration of how, with this technique, both the fracture energy can be increased and en-
ergy available to a propagating rupture can be reduced such that the characteristics of
earthquake nucleation are altered. The extension to a more realistic 2- or 3-D fault would
alter the required period of preconditioning; however, it is likely that the required pro-
duction magnitude, Equation 21, would be unchanged.

One may extend the developments presented here to a 2-D planar fault embedded
in a 3-D host medium, building on the work of H. Gao (1988). Using a perturbation method
of linear elastic fracture mechanics, their model predicts the change in the mode II &
III stress intensity factors and slip distribution arising from a small perturbation of a crack
front from its reference circular configuration. This should provide the necessary ingre-
dients to construct a three-dimensional s.s.y. model that describes the propagation of
quasi-elliptical shear cracks (Sáez et al., 2022) from the resolution of the axisymmetric
problem of a circular fluid-driven rupture. The latter can be solved at a computational
cost similar to the 2-D model described here. The proposed s.s.y. model could only de-
scribe the propagation phase of shear ruptures above the cohesive length scale a∗w. De-
scription of the failure process involved in ruptures smaller than a∗w may be built upon
the perturbation of crack face weight functions recently proposed by Lebihain, Roch, and
Molinari (2022).
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4.5.5 Inwardly-propagating ruptures

Due the simple nature of the model used here, the center of any nucleated dynamic
event is at the wellbore. Note, however, that while induced-seismic events do not nec-
essarily nucleate at the wellbore, and have even been seen to propagate back towards the
wellbore (Folesky et al., 2016), laboratory studies have indicated that dynamic rupture
seems to initiate within an aseismically-slipping patch caused by pore pressure increase
(e.g., Cebry et al. (2022)). As sufficient pore-pressure preconditioning causes the aseismically-
slipping front to remain behind the pore-pressure barrier, a dynamic event would have
to nucleate behind this barrier. As demonstrated, ruptures nucleating behind the bar-
rier are contained by it due to a reduced energy available to fuel the rupture and an in-
creased fracture energy. However, ruptures can still propagate inwardly in the region be-
hind the barrier. Indeed, as shown in Section 4.2.1, preconditioning may even result in
contained ruptures which are larger than those achievable without preconditioning. For
this reason it may be preferable to avoid using preconditioning to target excessively large
stimulation areas. Further, it may be possible to combine other stimulation techniques,
such as cyclic stimulation, with preconditioning. In this way preconditioning would act
as a far-field safety net and promote extended periods of aseismic slip. At the same time,
employing cyclic stimulation, or even short-term fluid production, during the injection
phase would further limit the rupture velocity within the aseismically-growing stimulated
area.

5 Conclusion

Considering that industrial activities can induce both spatial and temporal hetero-
geneities in the state of stress along a fault, a methodology has been proposed whereby
a stress and fracture energy barrier is created through the production of pore fluid prior
to injection into a fault. This barrier has been shown, through the extension of a model
by Garagash and Germanovich (2012), to be potentially capable of delaying dynamic rup-
ture nucleation and halting dynamic rupture propagation while still inducing slip in a
region near the point of injection, allowing for stimulation. With laboratory- and meso-
followed by pilot-scale testing, it may be possible to implement this methodology such
that operators might stimulate the near-wellbore region of a well without inducing large
dynamic shear events. This methodology, while in its infancy, could one day not only
have implications for safe EGS stimulation, but also potentially for the safe release of
stress on shallow faults.

6 Open Research

The Python code used to produce the data as well as the data that is plotted in
the figures has been made available online (Fryer et al., 2022).
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Alexis Sáez, especially regarding the analytical pore pressure model.

The authors declare that they have no known competing financial interests or per-
sonal relationships that could have appeared to influence the work reported in this pa-
per.

The authors are grateful for the helpful comments provided by the editors and two
reviewers.

–30–



manuscript submitted to Journal of Geophysical Research: Solid Earth

Appendix

Scaled fracture energy

Beginning with Equation 9, both sides can be normalized by fp and σ∗
0 ,

Gc

fp (S0 − P0)
≃
(
1− f̃r

) S0 − P0 − P + P0

S0 − P0

δr
2

(27)

which reduces to,
Gc

fp (S0 − P0)
≃
(
1− f̃r

)(
1−∆P̃

) δr
2
. (28)

Then, considering that for linear slip weakening δr =
fp−fr
fp

δ∗w, δr can be written as,

δr =
fp − fr

fp

a∗wτ
p

µ∗ . (29)

This then results in
2Gcµ

∗

fp (S0 − P0) a∗w
≃
(
1− f̃r

)2 (
1−∆P̃

)
τp. (30)

Then, τp can be replaced,

2Gcµ
∗

fp (S0 − P0) a∗w
≃
(
1− f̃r

)2 (
1−∆P̃

)
fp (S0 − P0 − P + P0) . (31)

Normalizing this equation by σ∗
0 and fp yields,

2Gcµ
∗

f2
p (S0 − P0)

2
a∗w

≃
(
1− f̃r

)2 (
1−∆P̃

)2
. (32)
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Table 1. General Roman variable summary table. The general Roman variables used during

the study as well as a brief description.

Variable Brief Description

a Crack length
aa Crack length at arrest
ahetnuc Individual nucleation length
amean
nuc Average nucleation length

anuc Crack length at dynamic-event nucleation
a∗w Characteristic length
ct Total compressibility
D Diffusivity
f Friction coefficient
fp Peak friction coefficient
fr Residual friction coefficient
G Quasi-static energy release rate
Gc Fracture energy
K Stress intensity factor
k Permeability
M0 Seismic moment
P Pressure
P0 Initial pressure
q Injection rate
∆P Net pressure
∆Pi Net injection pressure
∆Pp Net production pressure
S0 Total normal stress
t Injection time
t∗ Characteristic time
tp Production time
w Linear slip-weakening coefficient
x Location

Variable summaries
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Table 2. General Greek variable summary table. The general Greek variables used during the

study as well as a brief description.

Variable Brief Description

δ Slip
δnuc Slip at dynamic-event nucleation
δf Slip during foreshock
δr Slip slip to achieve residual friction
δ∗w Characteristic slip
η Fluid dynamic viscosity
µ Shear modulus
µ∗ Equivalent shear modulus
ν Poisson’s ratio
σ Effective normal stress
σ∗
0 Characteristic stress

τ Shear stress
τb Background shear stress
τp Peak shear stress
τ r Residual shear stress
ϕ Porosity

Table 3. Normalized variable summary table. The normalized variables used during the study

as well as a brief description.

Variable Brief Description

ã Normalized crack length
ãa Normalized crack length at arrest
ãnuc Normalized crack length at dynamic-event nucleation

f̃r Normalized residual friction

G̃ Normalized fracture energy

K̃ Normalized stress intensity factor

M̃0 Normalized seismic moment

∆P̃ Normalized net pressure

∆P̃i Normalized net injection pressure

∆P̃p Normalized net production pressure
t̃ Normalized injection time
t̃p Normalized production time
x̃ Normalized horizontal location along fault
x̃b Normalized barrier-in-space location along fault
x̃t Normalized barrier-in-time location along fault

δ̃ Normalized slip

δ̃nuc Normalized slip at dynamic-event nucleation

δ̃f Normalized slip during foreshock

δ̃r Normalized slip to achieve residual friction
τ̃ Normalized stress criticality
τ̃b Normalized background stress
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C., . . . Árnadóttir, S. (2021). Soft stimulation treatment of geothermal well
RV-43 to meet the growing heat demand of Reykjavik. Geothermics, 96 .
(https://doi.org/10.1016/j.geothermics.2021.102146)

Hofmann, H., Zimmermann, G., Zang, A., & Min, K. (2018). Cyclic soft stimula-
tion (CSS): a new fluid injection protocol and traffic light system to mitigate
seismic risks of hydraulic stimulation treatments. Geothermal Energy , 6 .
(https://doi.org/10.1186/s40517-018-0114-3)

Husseini, M., Jovanovich, D., Randall, M., & Freund, L. (1975). The fracture
energy of earthquakes. Geophysical Journal International , 43 , 367-385.
(https://doi.org/10.1111/j.1365-246X.1975.tb00640.x)

Ida, Y. (1972). Cohesive force across the tip of a longitudinal-shear crack and
Griffith’s specific surface energy. Journal of Geophysical Research, 77 .
(https://doi.org/10.1029/JB077i020p03796)

Jacquey, A., & Viesca, R. (2022). Nucleation and arrest of fluid-induced aseismic
slip. ESSOAr . (https://doi.org/10.1002/essoar.10512431.1)

Johann, L., Dinske, C., & Shaprio, S. (2016). Scaling of seismicity induced by non-
linear fluid-rock interaction after an injection stop. Journal of Geophysical Re-
search: Solid Earth, 121 , 8154-8174. (https://doi.org/10.1002/2016JB012949)

Kammer, D., Radiguet, M., Ampuero, J., & Molinari, J. (2015). Linear elastic frac-
ture mechanics predicts the propagation distance of frictional slip. Tribology
Letters, 57 . (https://doi.org/)

Ke, C., McLaskey, G., & Kammer, D. (2018). Rupture termination in laboratory-
generated earthquakes. Geophysical Research Letters, 45 , 12784-12792.
(https://doi.org/10.1029/2018GL080492)

Ke, C., McLaskey, G., & Kammer, D. (2021). The earthquake ar-
rest zone. Geophysical Journal International , 224 , 581-589.
(https://doi.org/10.1093/gji/ggaa386)

Kim, K., Ree, J., Kim, Y., Kim, S., Kang, S., & Seo, W. (2018). Assessing whether
the 2017 Mw 5.4 Pohang earthquake in South Korea was an induced event.
Science, 360 , 1007-1009. (https://doi.org/10.1126/science.aat6081)

King, G. (1986). Speculations on the geometry of the initiation and termi-
nation processes of earthquake rupture and its relation to morphology
and geological structure. Pure and Applied Geophysics, 124 , 567–585.
(https://doi.org/10.1007/BF00877216)

Kumar, D., & Ghassemi, A. (2019, February). Multistage hydraulic fracturing of
EGS wells with application to FORGE. In Proceedings, 44th workshop on
geothermal reservoir engineering. Stanford University, Stanford, California.

Kwiatek, G., Bohnoff, M., Dresen, G., Schulze, A., Schulte, T., Zimmermann, G.,
& Huenges, E. (2008). Microseismicity induced during fluid-injection: A case
study from the geothermal site at Groß Schönebeck, North German Basin.
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