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a b s t r a c t

Triggered seismicity is a key hazard where fluids are injected or withdrawn from the subsurface and may
impact permeability. Understanding the mechanisms that control fluid injection-triggered seismicity
allows its mitigation. Key controls on seismicity are defined in terms of fault and fracture strength,
second-order frictional response and stability, and competing fluid-driven mechanisms for arrest. We
desire to constrain maximum event magnitudes in triggered earthquakes by relating pre-existing critical
stresses to fluid injection volume to explain why some recorded events are significantly larger than
anticipated seismic moment thresholds. This formalism is consistent with several uncharacteristically
large fluid injection-triggered earthquakes. Such methods of reactivating fractures and faults by hy-
draulic stimulation in shear or tensile fracturing are routinely used to create permeability in the sub-
surface. Microearthquakes (MEQs) generated by such stimulations can be used to diagnose permeability
evolution. Although high-fidelity data sets are scarce, the EGS-Collab and Utah FORGE hydraulic stim-
ulation field demonstration projects provide high-fidelity data sets that concurrently track permeability
evolution and triggered seismicity. Machine learning deciphers the principal features of MEQs and the
resulting permeability evolution that best track permeability changes e with transfer learning methods
allowing robust predictions across multiple eological settings. Changes in permeability at reactivated
fractures in both shear and extensional modes suggest that permeability change (Dk) scales with the
seismic moment (M) of individual MEQs as DkfM. This scaling relation is exact at early times but de-
grades with successive MEQs, but provides a method for characterizing crustal permeability evolution
using MEQs, alone. Importantly, we quantify for the first time the role of prestress in defining the
elevated magnitude and seismic moment of fluid injection-triggered events, and demonstrate that such
MEQs can also be used as diagnostic in quantifying permeability evolution in the crust.
© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Induced or triggered earthquakes are not a new phenomenon as
they have occurred in many areas of engineering and resource
extraction for over a century. Recent compilations (Foulger et al.,
s, Chinese Academy of Sciences. Pu
2018) contain over 700 events from 1868 to 2016 and include
triggering due to filling of surface reservoirs, construction of surface
structures, extraction and injection of fluids (groundwater, gas, oil,
geothermal fluids), extraction of mass bymining and tunneling and
due to rockburst and gas outbursts. In general, the magnitude of
such events increases with the size of the disturbance driving the
failure with the maximum magnitude of fluid injection, reservoir
filling, and mining-induced events all occurring in the range 5.8 <
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Mw< 8. These represent a significant hazardwith ~80,000 deaths in
the 2008 Mw 8 Wenchuan earthquake e possibly triggered by
reservoir filling.

Both tectonic and triggered earthquakes occur in the Earth's
crust, where accumulated shear stresses exceed fault strength.
Tectonic stresses build up over geological time, but triggering can
result from small stress perturbations if the fault is critically
stressed (McGarr et al., 2002; Ellsworth, 2013). The frequency of
induced earthquakes has increased dramatically in the past decade
due to industrial-scale fluid injection. Such activities include hy-
draulic fracturing, enhanced geothermal systems, and wastewater
disposal (Shapiro and Dinske, 2009; Horton, 2012; Keranen et al.,
2013; Guglielmi et al., 2015; Walsh and Zoback, 2015; Bao and
Eaton, 2016; Elsworth et al., 2016). Key triggering mechanisms
include: (1) An increase in pore pressure that reduces the effective
normal stress and consequently weakens the fault; (2) the presence
of a local stress halo amplifying remote shear stresses due to
poroelastic effects, resulting in rupture without changing fault
strength (Bao and Eaton, 2016; Elsworth et al., 2016); and (3)
aseismic slip that transitions to seismic slip as patch size increases
(Guglielmi et al., 2015; Yang and Dunham, 2022). The maximum
magnitudes of such fluid injection-triggered earthquakes have
been substantial. Notable examples include the Mw 5.7 Prague
earthquake in 2011 (Keranen et al., 2013), the Mw 5.1 Fairview
earthquake in 2016 (Yeck et al., 2016a), the Mw 5.0 Cushing
earthquake (McGarr and Barbour, 2017), the Mw 5.8 Pawnee
earthquake (Yeck et al., 2016b; Grandin et al., 2017), and theMw 5.5
Pohang earthquake in 2017 (Grigoli et al., 2018; Westaway and
Burnside, 2019).

Importantly, the prerequisites for the triggering and propaga-
tion of tectonic or induced earthquakes, as well as other forms of
more limited dynamic failures such as rockbursts and gas out-
bursts, are common. It is through this lens that we will view these
events. That is, all such events result from the serial requirements
(1) of the failure of a fault, fracture, or intact rock, and (2) that the
failure must be velocity-weakening to prevent self-arrest of the
rupture. Furthermore, for the dynamic release of strain, (3) the
unloading stiffness of the fault/fracture/intact rock must be greater
than that of the external loading system, such that the energy in the
surrounding area is ejected through the failing fault or feature.
Moreover, for fluid-infiltrated media, (4) fault stiffness is addi-
tionally influenced by fluid pressures and pressure rates, and (5)
fault strength is controlled by drainage state and dilatant hard-
ening. From this perspective, triggered earthquakes, rockbursts,
and gas outbursts can be characterized by examining these critical
unifying physical controls. This enables the magnitude of the
resulting events to be quantified in terms of the perturbation that is
applied. In the case of fluid injection-induced events, the scaled
injection volume is a useful metric, suitably modulated by pre-
existing shear stress.

We can use these concepts to define the maximum moment
magnitude anticipated for a given event and thus avoid the
inherent risk of damaging earthquakes. However, in some cases, we
wish to deliberately induce small earthquakes as a method of
generating porosity and permeability in subsurface reservoirs or to
precondition or destress rock masses before mining or tunneling. It
is hoped that suchmultiple microearthquakes (MEQs, withMw < 2)
will controllably create new porosity and permeability that can be
used for the recovery or disposal of liquid fuels, waste, or
geothermal fluids. This raises the possibility that MEQs may be
diagnostic of permeability changes. Shallow crustal permeabilities
diminish exponentially with depth (Manning and Ingebritsen,
1999; Ingebritsen and Manning, 2010; Manga et al., 2012). This
results from both fracture permeability being extremely sensitive
to increasing stress (Pearson, 1981) and the impact of rapid healing
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and sealing of small aperture features (Olsen et al., 1998; Yasuhara,
2004; Im et al., 2018; Hunfeld et al., 2020). Stimulation of the
subsurface for energy or fuel recovery typically involves reac-
tivation of existing fractures in shear (Majer et al., 2007) or
extension (McClure and Horne, 2014) e each mode of hydraulic-
shearing or hydraulic-fracturing, respectively, driven by inten-
tionally elevated fluid pressures. MEQs typically accompany such
fractures, offering the potential for MEQs to be diagnostic of the
permeability change.

From this perspective, earthquakes ranging from small to large,
and triggered either intentionally or naturally, all conform to the
same common controls. Thus, we document and then explain these
common controls before using them to explore two important is-
sues in contemporary earthquake physics. These are understanding
the maximum seismic moment anticipated in fluid injection-
triggered earthquakes, and defining the impact of typically
smaller but intentionally triggered events in inducing permeability.

2. Natural and induced seismicity

Both natural tectonic and induced earthquakes rely on a
sequence of critical triggering processes. Shear stresses must build
up, or strength must decrease sufficiently for failure to occur
(Elsworth et al., 2016; Candela et al., 2017). Once failure occurs, it
must be unstable, i.e. velocity or strain weakening, so that it does
not self-arrest. These two characteristics are necessary but insuf-
ficient for a dynamic event. In addition, the stiffness of the sur-
rounding mediummust be lower than that of the fault or rupturing
element e this is equally true in rockbursts and gas outbursts that
are unified by this concept. Finally, conditions during slip must be
sufficiently advanced so that processes such as dilatant hardening
in fluid-saturated media cannot arrest the rupture.

2.1. Strength

Fault strength is typically defined in terms of second-order
changes in friction with displacement in terms of rate-state
behavior (Dieterich, 1979; Ruina, 1983; An et al., 2022). The coef-
ficient of friction (m) is calculated as

m¼m0 þ a ln
�
v

v0

�
þ b ln

�
v0q

dc

�
(1)

where v represents the initial shear velocity, m0 is the coefficient of
friction at the reference shear velocity v0 (v > v0), the coefficients a
and b describe the direct and evolutionary effects of the change in
shear velocity; dc is a critical shear displacement when reaching a
new steady state and is associated with the average lifespan of
grain/asperity contacts, and q is the state variable. The state variable
evolves as described by the Dieterich (aging) law (Dieterich, 1979)
as

dq
dt

¼1� vq

dc
(2)

or the Ruina (slip) law (Ruina, 1983) as

dq
dt

¼ � vq

dc
ln
�
vq

dc

�
(3)

with the idealized response shown in Fig. 1.

2.2. Frictional stability

The parameter a e b partially determines the frictional stability.



Fig. 1. (a) Rate-state friction response to an increase in shear velocity defining velocity weakening (green) and velocity strengthening (red) modes; and (b) Definition of change in
friction coefficient Dm during stick-slip sequences. Individual sawteeth represent single stick-slips (MEQs) at constant load point velocity shearing and offset in Dm increase in
friction coefficient for a change in shear velocity (after An et al., 2022).
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From Eq. (1), at steady state friction, dq/dt ¼ 0, and thus we have

a� b ¼ Dmss=Dln v (4)

Eq. (4) indicates that this parameter is defined by the difference
in steady-state friction (Dmss) before and after a velocity step. A
positive a e b value indicates that friction increases with shear
velocity, which is indicative of velocity-strengthening and repre-
sents inherently stable (aseismic) fault slip. A negative a e b value
indicates decreasing frictionwith shear velocity, which is indicative
of velocity-weakening and promotes unstable and seismic fault slip
e if requirements for critical stiffness (Kcr) are also met.
2.3. Critical stiffness

Fault critical stiffness can be indexed by simple spring-slider
models. Response is defined in terms of the mass m of the sliding
block of such a spring-slider model as

Kcr ¼ðb� aÞsn
dc

�
1þ mv2

snadc

�
(5)

where ðb�aÞsn defines the stress drop at failure, and dc is the
length over which this strength drop occurs for the drained but
inertial case. Dynamic fault instability can occur if the host loading
stiffness K is smaller than the critical stiffness Kcr, i.e. K � Kcr (Gu
et al., 1984). For a fault of length l, this geometric stiffness is of
the order of K ¼ G=l, where G represents the shear modulus. Thus,
as the size of the slipping patch, l, increases, the geometric stiffness
of the active fault decreases and an aseismic event can transition to
a seismic event.

Such analyses are based on simple spring-slider models (Fig. 2),
where strength and stiffness are co-linear and act in series. In its
simplest form, the slider has a mass and is acted upon by the spring
that is stretched by a load point moving at a constant velocity. The
load point represents a tectonic shortening (idealized by length-
ening of the spring) that increases the extensional stress in the
spring and thus increases the shear stress at the base of the slider.
When the basal shear strength is exceeded, the slider slips, and the
strain energy stored in the spring is released at a rate controlled by
the inertia of the slider. This simple analog faithfully represents the
role of inertia in controlling the rate of strain energy release around
tectonic faults, as controlled by the contrast in stiffness of the
loading system (K) and that of the fault (Kcr).
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The simple spring-slider model (Fig. 2) accommodates the
principal features defining seismic slip e the failure must be
velocity-weakening and the loading stiffness must be smaller
(softer) than the fault stiffness. The failure is dynamic only if the
necessary condition of velocity-weakening is met. However, this is
insufficient, as the loading stiffness must also be lower than that of
the contacting fault surfaces for seismic rupture to occur. In reality,
the loading/unloading stiffness of the surrounding medium is not a
simple spring, but a geometric stiffness given by the length of the
fault embedded within an infinite elastic half-space, such that K ¼
G=l. Thus, for a constant stiffness of the gouge material or bare
contact surfaces comprising the fault (Kcr), as the length (l) of the
rupturing patch grows, the geometric stiffness of the loading sys-
tem decreases (K ¼ G=l). Thus, knowing the nucleation length of
the patch is a critical parameter because it determines when the
rupturing fault will transition from aseismic to seismic rupture e

with implications for the related seismic hazard. The character-
ization of this nucleation length (l), and hence the loading stiffness,
is therefore a key indicator of the potential for seismic vs. quiescent
reactivation.

However, real faults typically contain pore fluids that influence
both strength and stiffness. Indeed, the impacts of strength
controlled by effective stresses is a key triggering mechanism for
fluid injection-triggered seismicity (Rice, 1993; Cueto-Felgueroso
et al., 2018; Alghannam and Juanes, 2020) (Fig. 2). This, in turn,
can be represented conceptually as a spring-slider with the load
point moving at a constant velocity and a drainage state defined for
fluids adjacent to the fault. This system geometry (Fig. 2) represents
the reactivation of the fault, with a vertically loaded piston that
compresses the spring and represents the fault boundary. The fault
core is represented by the slider with the vertical spring, an analog
to the poro-elastic response of the rock skeleton flanking the fault.
Again, the spring-slider defines the combined fault stiffness (geo-
metric stiffness in the spring) and friction in the fault core (slider).
The spring stiffness can be recovered from the geometric stiffness
of the fault, which is defined as the ratio of the shearmodulus of the
rock to the length of the slipping patch (G =lÞ (Ruina,1983), as noted
previously. The shear stress acting on the slider is transmitted from
the extensile stress in the spring and is defined by the stretching
and the constant of the spring. Initially, both the spring and the
slider move at a constant slip rate (v0) with no relative displace-
ment. Following fluid injection or drainage, the spring length
changes with the application of a new constant velocity v0 of the
load point and where the slider velocity, v, changes. Relative



Fig. 2. Physical mechanisms contributing to triggering fault reactivation during injection. tp is the peak shear strength, tf is the dynamic shear strength. ms is the static friction
coefficient, sn is the normal stress, p is the pore pressure, K is the spring stiffness, and v0 is the steady-slip rate (after Sun et al., 2024).
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displacement between the load point and slider (U) occurs, and
U¼ 0 only if v ¼ v0. A key question then remains as to how the fault
stiffness evolves with the magnitude and rate of applied fluid
pressures. If the contact stiffness transits the threshold Kz G= l,
then instability will develop as the slipping patch lengthens. Thus,
defining the fault contact stiffness Kcr with evolving pore fluid
pressure becomes important, as this can drive aseismic fault slip to
transition to seismic slip. To this end, a modified critical stiffness
can be defined as (Sun et al., 2024):

Kcr ¼ �að _sn � _pÞ
v0

þðb� aÞðsn � pÞ
dc

þ x

�
_sn � _p
sn � p

� v0
dc

�
(6)

where the overdot defines the time derivative, and x is the radiation
damping that serves as a proxy for the inertial term in the drained
critical stiffness above. The frictional instability evolves with the
effective stress, depending not only on the magnitude (ðb � aÞðsn �
pÞ=dc) and the rate of change in the effective stress (� að _sn � _pÞ=
v0), but also on changes in radiation damping (x½ð _sn � _pÞ =ðsn �
pÞ � v0 =dc�). Therefore, if the stiffness of the loading system is less
than a critical threshold value, the system will be unstable. Then,
stick-slip may manifest as seismic slip, otherwise the system re-
mains stable and fails aseismically. Thus, this condition can be used
to discriminate between stable and unstable slip and the likelihood
of quiescent slip or dynamic earthquakes.
2.4. Dilatant hardening

Finally, given these necessary and sufficient conditions for dy-
namic slip, i.e. strength, velocity-weakening, and critical stiffness,
then dynamic slip can only develop if any dilatant hardening is
insufficient to completely arrest the reactivation. Dilatant hard-
ening is controlled by the rate of generation of pore pressures
during shear compaction relative to their dissipation (Lockner and
Byerlee, 1994; Segall and Rice, 1995; Yang and Dunham, 2022). This
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can be evaluated by a simple one-dimensional (1D) model for the
simultaneous generation and dissipation of fluid pressures across a
fault of thickness a and permeability k and conditioned by slip-
induced changes in porosity f (Samuelson et al., 2009). Fluid
transfer across the fault is straightforwardly conditioned by pres-
sure diffusion modulated by an internal fluid mass generation term
fD, representing a volume of fluid produced per unit fault volume.

Fluidmass generation and pressure diffusion across the fault can
be written in dimensionless form as

vPD
vtD

� v2PD
vx2D

¼ 0 (7)

For Dietrich evolution, the following equation can be obtained:

fD ¼ 1

ln
�
v0
v

�VD

2
664

�
�

v
v0
� 1

�
e�VDtD

1þ
�

v
v0
� 1

�
e�VDtD

3
775 (8)

The non-dimensional parameters for pressure, time, relative
location across the fault, and shear velocity are defined as

PD ¼ f

f∞ � f0

p� p0
Kb

¼ f0

ε ln
�
v0
v

� p� p0
Kb

(9)

tD ¼ ct
.
a2 (10)

xD ¼ x=a (11)

VD ¼ va2
.
cdc (12)

These, in turn, are defined in terms of the dimensional geo-
metric parameters of layer half-width, a, and the material property
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of hydraulic diffusivity, c, as

c¼ k
h
Kb (13)

where Kb is the bulk modulus, h is the fluid viscosity, and k is the
permeability. In addition, the pore pressure generation coefficient,
ε (Samuelson et al., 2009), together with a state variable of final
porosity, f∞, defines the response. Importantly, VD controls the
potential for dilatant hardening. This term can be alternately stated
as the product of two individual dimensionless terms as

VD ¼ a2

k
vh

Kdc
(14)

The first term of Eq. (14) refers to the drainage rate and the
second to the undrained rate of pore pressure generation. For small
VD, drainage dissipates pore fluid pressures rapidly and the fault
response is drained. Conversely, when VD is large, the fault response
is undrained. This switch (from drained to undrained response)
occurs at VD z 1. Non-dimensionalized pressure is the ratio of the
current pore pressure to the peak undrained pressure at t¼ 0 and is
bounded by 0 � PD � 1. This represents the spectrum of fully
drained to undrained responses for a system initially at pressure, p0.
The full spectrum of response can thus be uniquely defined in terms
of parameter sets:

PD ¼ F½VD; tD; xD; v = v0� (15)

The undrained response can be defined as a subset of parame-
ters as PD ¼ FðVDtD; v =v0Þ, or alternately PD ¼ Fðvt =Dc; v =v0Þ. If
drainage is suppressed for the undrained response, the dimen-
sionless pressure evolves as

PD ¼ ln
�
v0
v

�
1þ

�
v

v0
�1

�
e�VDtD

�	

ln
�v0
v

�
(16)

Importantly, the magnitude of dilatancy, as embodied in the
pore pressure generation coefficient, ε, controls the dimensionless
pressure, PD. When drained, the peak pore pressure is centrally
located within the fault at xD ¼ 0. Then, the evolution of the pore
pressure can be followed with dimensionless displacement, VDtD,
(Fig. 3a), or relative to time, tD (Fig. 3b). The former can be used to
follow the build-up of pore fluid pressure in the fault, and the latter
to follow the dissipation. It is clear from these results that the

parameter VD ¼ va2=ðcdcÞ acts as a drainage state term in
Fig. 3. (a) Evolution of pressure (PD) with dimensionless displacement (VDtD) for variable dra
Pressure drop with dimensionless time (tD). Note that curves for VD <0:1 are near congrue
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delineating the transition between undrained and drained loading.
Thus, these four conditions define the potential for dynamic slip

and its arrest, with the general considerations applying differently,
but in equal measure, to rockbursts and gas outbursts.

3. Constraints on triggered seismicity

A variety of methods predict the expected peak magnitudes of
injection-triggered earthquakes based on total injected volume
(McGarr, 1976, 2014), size of the stimulated volume (Shapiro et al.,
2007, 2011), fault mechanics and scaling (Galis et al., 2017), and
probabilistic approaches involving seismicity rates (van der Elst
et al., 2016). The main advantage of using the total injected vol-
ume alone as a threshold metric is that no additional a priori in-
formation is required to define the potential hazard. Such
approaches (McGarr, 1976, 2014) assume that the maximum
seismic moment (Mmax

0 ) is limited by a threshold defined by the
product of the injected volume (DV) and the intrinsic shear
modulus (G), i.e. Mmax

0 ¼ GDV . However, recent earthquakes acci-
dently triggered by fluid injection (Atkinson et al., 2016; Diehl et al.,
2017; Kim et al., 2018) and those purposely reactivated on faults
(Guglielmi et al., 2015) exhibit magnitudes well above this
threshold. Controlling mechanisms remain unclear.

The pre-existing shear stress state is a key parameter that can
control this response. The threshold for moment magnitude
(McGarr,1976, 2014) assumes an intermediate shear stress between
peak strength and residual stress e midway in the window that
defines stress drop for tectonic earthquakes (Fig. 4, inset at 50%).
However, this ignores the possibility of recovering the “full” strain
energy stored for a fault that is “teetering” close to failure (e.g. 99%
in Fig. 4). We denote a stress ratio (c0) within this window as the
proportion of the full stress drop magnitude. An increase in pore
pressure (Dp) triggers fault rupture as mDp ¼ ð1 � c0ÞDt, where mDp
is the shear strength resulting from the elevated pore pressure, and
ð1�c0ÞDt is the stress difference between the initial shear stress
and the shear strength. Substituting Dp ¼ Dt=ð2mÞ (Eq. (3), Galis
et al., 2017), the maximum anticipated moment magnitude is
defined as Mmax

0 ¼ GDV=½2ð1 � c0Þ�. This represents an increase in
seismic moment (c0 >50%) relative to an induced event (c ¼ 50%).
This behavior accommodates events larger than the threshold
Mmax

0 ¼ GDV since the initial stress is midway in the stress drop
window (Fig. 4, inset), but this respects all other constraints. In this
case, failure occurs on the most critical plane with respect to the
stress field and rupture is restricted to the contours of the
inage state (VD). VD ¼ 1 acts as a threshold between undrained and drained behavior. (b)
nt with the x-axis at PD <0:02 (after Samuelson et al., 2009).



Fig. 4. Seismic moment versus total fluid volume for fluid injection-triggered earthquakes. The black solid line represents the upper threshold seismic moment for mean stress. The
black dashed line denotes the thresholds for prestress defined in terms of c’ values, as per the inset in the figure, using the characterization from Li et al. (2021). In contrast, the grey
solid line represents the maximum seismic moment for runaway ruptures for two different g values, where decreasing g represents increasing prestress (Galis et al., 2017). Note that
the seismic moment for the runaway rupture (Galis et al., 2017) scales asMfDV3=2 and decreases with increasing prestress and that the constrained rupture (Li et al., 2021) scales as
MfDV and seismic moment increases with increasing prestress. POH¼Pohang earthquake (Kim et al., 2018); SG ¼ St. Gallen earthquake (Diehl et al., 2017); SJ ¼ St. John earthquake
(Mahani et al., 2017); GSF ¼ Guglielmi reactivated fault (Guglielmi et al., 2015) (after Galis et al., 2017; Li et al., 2021).
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pressurized reservoir, i.e. the rupture cannot run away dynamically.
Failure is described by Byerlee's law (mz 0.6, absent cohesion), but
no distinction is made between aseismic and seismic slip. These
relations (obtained by bothMcGarr (1976, 2014) and Li et al. (2021))
match observations well.

These models (McGarr, 1976, 2014) evaluate the elastic strain
energy within the pressurized volume, with failure restricted to
that volume. The rupture cannot propagate outside the contour of
that region. This results in a scaling relation as Mf DV . Physics-
based models of rupture (Galis et al., 2017) can accommodate
propagation outside the pressurized region. Here, shear failure
again transits through a prestressed region, but is moderated by
Mode II/III fracture toughness at the tip of the propagating rupture.
This accommodates constrained, arrested, and runaway ruptures
(Galis et al., 2017) parameterizing the scaling relation asMf DV3=2.
The scaling of this model (Galis et al., 2017) is included in Fig. 4 for
comparison. The assumptions in these models (McGarr, 1976; Galis
et al., 2017) contrast, but bothmodel outputs are broadly congruent
with current observations for proposed M vs:DV relations within
the range 2 < M < 6. The importance of discriminating between
these two behaviors for the M-DV relations is that the predictions
diverge for larger injection volumes and hence larger seismic mo-
ments. This is particularly true for large injection volumes and
earthquake magnitudes (M > 4), where predictions are larger for
runaway faults (Galis et al., 2017) compared to constrained rupture.
Unfortunately, field data do not discriminate within this range of
field-scale observations (2 < M < 6), are absent for larger magni-
tudes (M > 6), and have only small-scale in situ experiments
(Guglielmi et al., 2015; De Barros et al., 2016; Duboef et al., 2017)
and laboratory observations (Goodfellow et al., 2015; Li et al., 2021)
as scaling discriminants. Laboratory observations are potentially
25
most useful for discriminating between the DV and DV3=2 moment-
volume scaling relations (Fig. 4). These represent either constrained
(McGarr, 1976, 2014) or unconstrained (Galis et al., 2017) ruptures
within the fluid pressurized reservoir. The “constrained” only rep-
resents uniform fluid pressurization, uniform stress, spatially uni-
form shear displacement on the fault, and frictional strength e

conditions typically replicated in experiments (Li et al., 2021). The
“unconstrained” description represents rupture on a fault, again
under a uniform prestress, but with both frictional resistance and
Mode II fracture toughness at the fault tip/edge. This model (Galis
et al., 2017) can be an analog to the driven fractures observed in
experimental data (Goodfellow et al., 2015) in this particular case
representing Mode I response. The strong fit of these two different
models to their respective experimental geometries suggests their
application at the field scale. The “constrained” model heuristically
represents the geometry of broad pressurization on a weak fault.
This can be considered as representing injection into a high
permeability fault with zero or low fracture toughness or cohesion.
Conversely, the “unconstrained” propagation model best repre-
sents a locally pressurized strong fault of low permeability (or
rapidly pressurized) and with significant cohesion or fracture
toughness. The distinct differences in the M-DV response for these
two contrasting configurations, embodied in the two models,
diminish with increasing injection volume and seismic moment as
the two forms of scaling converge e before crossing and then ul-
timately diverging.

This intersection of the MfDV and MfDV3=2 scaling relations
at intermediate seismic moments/injection volumes leaves the
principal field-scale response modes unclear. However, the tectonic
shear stress acting on the fault is a key property in defining the
response. This is in addition to the frictional characteristics of the
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fault and the stiffness of the reservoir. Fault friction is tightly con-
strained for real faults, as is reservoir stiffness, where the injected
volume is typically known. Thus, the magnitude of the prestress
remains an important parameter in characterizing the ultimate
response.

This approach quantifies the role of pre-existing shear stress in
defining the elevated seismic moment that can be recovered by
fluid injection activities. Indeed, it directly explains the observation
that the 2017 Mw 5.5 Pohang earthquake is so large for a relatively
small volume of injected fluid (Fig. 4, POH) (Li et al., 2021).

4. Controls on permeability evolution

Triggered seismicity typically occurs as a result of the reac-
tivation of pre-existing faults. This rupture creates new connected
porosity and typically increases permeability. Thus, the distribution
of seismicity can potentially be used to monitor fracture evolution
and indeed changes in crustal permeability. Therefore, MEQs are
coded with important details of the spatial distribution of transport
properties. These include permeability evolution. This assumption
is based on the possibility that MEQs result from shear remobili-
zation based on an increase in pore pressure. The generation of
MEQs herald the creation of porosity and associated permeability,
the locations of which define the topology of the fracture network.
For low-permeability crustal rocks, the permeability can increase
by many orders of magnitude. Thus, changes in permeability are
constrained if the energy release or other features of the MEQs are
mechanistically linked to the creation of porosity and hence
permeability. This link requires a physics-based connection be-
tween MQs, fracture displacement, and changes in fracture
morphology (Fang et al., 2018; Ishibashi et al., 2018; Li et al., 2022;
Yu et al., 2024).

It is possible to use high-fidelity filed data that include injec-
tivity data and MEQ information from stimulations at EGS-Collab
(Kneafsey et al., 2018) and UtahFORGE (McLennan et al., 2023).
These are the cataloged results of in situ hydraulic injection data
that increase permeability in the subsurface through high-pressure
fluid injection. The EGS-Collab injection is completed from an adit
1500 m below the surface at the Sanford Underground Research
Facility (SURF) e an underground laboratory for neutrino experi-
ments in Lead, South Dakota, USA. The UtahFORGE injection is
completed in a deviated borehole 2500 m below the surface as part
of the Frontier Observatory for Research in Geothermal Energy
(FORGE) in Milford, Utah, USA. The aim is to create new porosity
and hence permeability. These represent the few sites where
simultaneous observations of permeability evolution and MEQ
histories are available e potentially linking observed changes in
Fig. 5. Magnitude, location, and timing of MEQs for UtahFORGE stimulations for Stages 1e
magnitude (M) ranges from 2.09 to 0.52. Note the general spherical form of the migrating se
from the injection perforation.
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permeability to the quantitative MEQ record.
Observations of MEQs during injection (Fig. 5) show the prop-

agation of the pressure pulse due to stimulation. This defines the
outermost front of the propagating fluid pressure pulse and thus
the external fluid pressure condition e assuming that the fractures
are critically stressed and fail with an infinitesimal perturbation in
the in situ conditions of elevated pore pressures and associated
drop in effective stress. Injectivity is the ratio of injection rate to
wellhead overpressure. Assuming steady flow, and defining the
radius of either spherical or cylindrical flow domains by the
advancing front of seismicity, injectivity can be converted into a
true diagnostic property of the reservoir e permeability. The evo-
lution of permeability over time is derived directly from these
injectivity data as a complement to the time history of the MEQs
(Fig. 6). Thus, the field-measured evolution of permeability and the
seismic catalog are the two fundamental datasets that are available
to link permeability to features of the MEQ record (i.e. seismic
moment and location). As this seismicityepermeability relation-
ship is unknown, we use machine learning to define it.

These simultaneous observations of MEQs and local perme-
ability generation define a framework for predicting permeability
evolution. A bidirectional long short-term memory (Bi-LSTM)
neural network is utilized (Schuster and Paliwal, 1997; Hochreiter
and Schmidhuber, 1997). The aim is to predict permeability evo-
lution (as model output) fromMEQ features (as input features). The
input features are the seismicity rate, li, and the logarithm of the
cumulative seismic moment, M i. These are all extracted from the
EGS-Collab and UtahFORGE datasets. Themodels are first evaluated
for each dataset, and then the generalizability of the model across
the two datasets is examined through transfer learning.

A Bi-LSTM structure can be used to predict permeability changes
based onMEQ features. For this dataset, the best-performingmodel
contains two hidden layers, each with 64 nodes. This represents a
batch size of 96 and a learning rate of 0.001 over 150 epochs. The
Utah FORGE Bi-LSTM model provides high-fidelity fits across all
training, validation, and testing sets (Fig. 7). The R2 value is only
0.85, but the final permeability is still close to the observed value.
The poorer performance on the test set (Stage 3) may be because
the model trained in Stage 1 may have different features to the
hydraulic stimulation employed between these two stages. Stage 1
stimulated the open hole section of the wellbore, whereas Stage 3
was in the perforated interval. Also, different working fluids used in
these multiple stages (McLennan et al., 2023) may contribute to
particular patterns in permeability evolution.

This identical workflow can be used for the EGS-Collab data e a
similar but smaller volume injection experiment conducted at a site
about 1000 km away, i.e. using the injectivity data to define the
3 (S1eS3). Event timing is shown in color with magnitude scaled by radius. Moment
ismicity (after Yu et al., 2024) and the spherical form of the assumed migration of fluids



Fig. 6. Results of injection and associated seismicity observations for Stage 1 (hy-
draulic stimulation) at UtahFORGE. (a) Evolution of injection pressure (p) with injec-
tion rate (Q); (b) Injectivity time history (I) vs. MEQ moment magnitude (Mw); (c)
Radius to outer pressure (r) fit to seismicity front (Shapiro et al., 1997, 2002) and used
in the evaluation of steady-state permeability; and (d) Permeability change (kc) and
change in two MEQ features (logarithm of cumulative seismic moment (M ) and
seismicity rate (l)) (after Yu et al., 2024).

D. Elsworth, Z. Li, P. Yu et al. Journal of Rock Mechanics and Geotechnical Engineering 17 (2025) 20e30
permeability evolution and match it to the seismicity catalog.
Again, applying the same machine learning algorithm to three
successive injection episodes for training, validation, and then
testing provides as good predictions of permeability evolution as
for the UtahFORGE data in Fig. 7. These are apparent for Episodes
3e5 in Fig. 5 of Yu et al., 2024), but are not shown here. We note
that the ultimate predictions of permeability are almost exact
(Fig. 7), but the time histories deviate on the path to the final
predicted permeability. The stimulation periods are short (~2 h)
and the principal interest is how the permeability is increased at
the end of the stimulation. For all machine learning fits, the
permeability data are continuous, but the seismic data are discrete
and require to be binned with time. Therefore, changes in injection
rates or the use of different viscosity fluids may impact this result.
However, the time histories are remarkable in their precision, given
that the prediction of permeability is purely from the MEQ data.

A final question is whether this scaling of permeability change
27
to cumulative seismic moment is universal across tectonic and
stratigraphic sections. This can be tested using transfer learning.
We evaluate the generalizability of the models across datasets.
Specifically, the UtahFORGE model using Bi-LSTM is used to predict
another dataset e the EGS-Collab data, and vice versa.

The EGS-Collab Bi-LSTM model can be used to successfully
transfer data (Yu et al., 2024) to the UtahFORGE dataset (Fig. 8).
These transfer learning models can predict the ultimate perme-
ability of the hydraulic stimulations, details of which are provided
in the supplemental information for Yu et al. (2024). The observed
success in applying the transfer learning suggests the domain in-
dependence and generalizability of the extracted MEQ features in
estimating the change in permeability. This suggests the estab-
lishment of a robust physical link with causality that may exist
between the release of strain energy indexed by cumulative MEQ
magnitude and the creation of porosity/permeability. Typically,
however, the accuracy of the model prediction may be limited by
the quality of the dataset. This is particularly true for datasets that
necessitate simultaneous measurements of accurate MEQ locations
from high-resolution seismic networks, together with local mea-
surements of fluid injection pressures and volumes.

Although the one-to-one correspondence between permeability
and the cumulative seismic moment is evident from the ML cor-
relation (Fig. 8), there is no indication of this causality, which can be
recovered by noting that change in permeability (Dk) is directly
related to the change in aperture (Da) in fractured media as

DkfðDaÞ3. Similarly, the change in aperture in the shear reac-
tivation of dilating fractures is proportional to the product of the
dilation angle (tan i) and the fault slip of shear offset (us) as Da ¼
us tan i. Since the seismic moment is proportional to the fault slip
displacement as Mfus, the change in permeability can be linearly
related to the seismic moment. This is discussed in detail for the
interested reader in Yu et al. (2024).
5. Conclusions

Triggered seismicity has become an important consideration in
contemporary resource recovery projects, particularly those related
to the recovery and storage of energy and fuels in the subsurface.
Triggered events can be large (Mw > 6) and hazardous, and indeed
can limit projects due to their occurrence. The mode of rupture e

dynamic vs. quiescent e is controlled by four interacting charac-
teristics e strength, second-order frictional effects including ve-
locity weakening response, stiffnesses of the geological
environment, and the absence of damping effects such as dilatant
hardening. A framework for this response is enumerated, which
applies equally to rockbursts and dynamic gas outbursts e again
relying on the concepts of rupture stability and energy release rates.

The very large magnitudes of some damaging earthquakes that
result from only modest perturbations of subsurface conditions by
limited magnitudes of pore fluid pressures or volumes can be best
understood in terms of critically stressed reservoirs. Here, modest
overpressures in critically stressed media can recover significant
magnitudes of tectonic strain energy accumulated over long inter-
seismic periods. Such concepts readily explain energy release in
terms of seismic moments that are many orders of magnitude
larger than those anticipated from the small perturbations to the
reservoir. Such models scale increasing moment release with
increasing critical stress magnitudes for rigid faults and with
rupture contained within the pressurized region and provide an
excellent analog for observations.

The triggering of such MEQs is an intrinsic consequence of the
injection of stimulation fluids into the subsurface and is typically
employed to develop associated porosity with the ultimate goal of



Fig. 7. Comparison of raw permeability data for ground truth with predictions from training, validation, and testing for UtahFORGE. Predictions from the UtahFORGE Bi-LSTMmodel
were contrasted with the original data using (a) Stage 1 for training, (b) Stage 2 for validation, and (c) Stage 3 for testing. Note that Stages 1, 2, and 3 occur on successive days (see
timestamps in Fig. 5) (after Yu et al., 2024).

Fig. 8. Ground truth and transfer learning predictions for UtahFORGE. Results of transfer learning applied to the Utah FORGE dataset results using the EGS Collab Bi-LSTM model.
Note that the predictions are excellent, even for the transfer learning (after Yu et al., 2024).
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increasing permeability. Indeed, such creation of porosity is illu-
minated by the MEQs that produce the porosity gain, suggesting
that MEQs can in turn be used as a diagnostic of the change in
permeability. Machine learning models are shown to be capable of
defining links between permeability and seismicity if the appro-
priate parameters and processes can be understood. Well-
constrained experiments, where permeability evolution and time
histories of MEQs are available, are required to populate such
models and constrain relations. The change in permeability can be
shown to scale with cumulative seismic moment, thus enabling the
recovery of permeability evolution from the seismic record as a
diagnostic characteristic.

Such physics-based methods for understanding triggered seis-
micity and relating permeability evolution to seismicity hold
promise for improved control and safer utilization of the subsur-
face, as an important source and repository for energy, fuels, and
other critical resources.
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