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Control of Seismicity Migration in Earthquake Swarms by
Injected Fluid Volume and Aseismic Crack Propagation

Philippe Danré! (), Dmitry Garagash? (2, Louis De Barros! (2, Frédéric Cappa! =,

and Jean-Paul Ampuero!

!Université Cote d'Azur, CNRS, Observatoire de la Cote d'Azur, IRD, Valbonne, France, >Department of Civil and Resource
Engineering, Dalhousie University, Halifax, NS, Canada

Abstract The evolution of fluid injection-induced seismicity, generally characterized through the number
of events or their seismic moment, depends on, among other factors, the injected fluid volume. Migration of
seismicity is observed during those sequences and might be caused by a range of mechanisms: fluid pressure
diffusion, fluid-induced aseismic slip propagating along a stimulated fault, interactions between earthquakes.
Recent theoretical and observational developments underline the important effect on seismicity migration of
structural parameters, like fault criticality, or injection parameters, like flow rate or pressurization rate. Here,
we analyze two well-studied injection-induced seismic sequences at the Soultz-sous-Foret and Basel geothermal
sites, and find that the evolution of the seismicity front distance primarily depends on the injected fluid volume.
Based on a fracture mechanics model, we develop new equations relating seismicity migration to injected fluid
volume and frictional and structural properties of the fault. We find that the propagation of a fluid-induced
aseismic slip front along the stimulated fault, triggering seismicity, explains well the observations made on

the two sequences. This model allows us to constrain parameters describing the seismicity front evolution and
explains the diversity of migration patterns observed in injection-induced and natural earthquake swarms.

Plain Language Summary Injection of fluids at depth may induce earthquakes, which can
represent a hazard both for reservoir activities and populations. The magnitude and number of earthquakes
depend, at first order, on the injected fluid volume. Induced seismicity has also been observed to migrate

away from the injection area, with a diversity of velocities and patterns. Migration has been attributed to
several mechanisms like the diffusion of a pore pressure perturbation along the fault, earthquakes triggering
each other, or the propagation of a silent aseismic slip. Here, we combine recent theoretical and observational
developments to propose a new model to explain the migration of seismicity in two well-studied induced
sequences in France and Switzerland. Our model directly relates migration distance to injected fluid volume
and other physical parameters describing the frictional or stress properties of the stimulated faults. This generic
model explains seismicity propagation and provides constraints on the relevant physical parameters controlling
it. We apply our approach to earthquake swarms occurring in natural context, and reconstruct fluid circulation
dynamics during those sequences.

1. Introduction
1.1. Fluid Circulation Induces Seismic and Aseismic Deformation

Earthquake swarms are sequences of clustered seismicity, with hundreds or thousands of events occurring over
the course of days to years. Contrary to mainshock-aftershock sequences, swarms do not start with an event of
magnitude far greater than the subsequent ones. Swarms can either be due to fluid injection at depth, for instance
for geothermal reservoir development or wastewater storage (Goebel et al., 2016; Kwiatek et al., 2019), or occur
naturally, such as in rift zones (De Barros et al., 2020), subduction zones (Vallée et al., 2013), or transform faults
(Lohman & McGuire, 2007; Roland & McGuire, 2009). Fluid circulation seems to be the prominent driver for
induced swarms and most of the natural swarms; indeed, fluid circulation is directly observed in anthropogenic
injections at depth, and inferred in natural swarms given their depth, fracture density, and geological context
(Horalek & Fischer, 2008; Kraft et al., 2006; Ross & Cochran, 2021; Ruhl et al., 2016; Shelly et al., 2013).

Studying the relation between fluid circulation and seismicity is of particular interest as it is a pillar of risk
management during anthropogenic injections. Globally, it is well established that maximum and cumulative seis-
mic moments, as well as number of events, are related to the total injected volume for anthropogenic injections
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(McGarr, 1976; McGarr & Barbour, 2018; Van der Elst et al., 2016), while recent work showed that cumulative
moment depends on injected volume through the whole injection duration (Bentz et al., 2020). Mitigating the
impact of fluid injection on seismicity is crucial to prevent the occurrence of hazardous shaking, like during
the M, = 5.5 Pohang earthquake attributed to a nearby fluid injection (Shapiro et al., 2021). For instance, close
monitoring experiment in the vicinity of a densely populated area near Helsinki, Finland, successfully prevented
the occurrence of M, > 1.9 earthquakes during a 47 days long fluid injection at kilometers depth (Kwiatek
et al., 2019) despite the 18,000 m? of fluids injected in a geothermal well.

While fluid injection may directly induce seismic slip, recent developments showed that it also leads to aseismic
deformation. Field experiments in an underground facility showed that fluid-induced deformation was initially
aseismic, then followed by seismicity (Guglielmi et al., 2015). At a smaller scale, laboratory experiments showed
that a significant part of the deformation following an injection is aseismic (Goodfellow et al., 2015). Similar
observations have been made in association with anthropogenic injections at depth; for example, a swarm in
the Brawley, California geothermal field in 2012 was preceded and likely triggered by an aseismic slip tran-
sient (Wei et al., 2015), while hydraulic fracturing injections in northwestern Canada led to two major slow slip
episodes not accompanied by significant seismic events (Eyre et al., 2022). Numerical modeling also showed that
fluid injection can trigger aseismic transients, which in turn can trigger seismicity (Eyre et al., 2019; Wang &
Dunham, 2022; Wynants-Morel et al., 2020).

Aseismic slip has also been observed in natural swarms. A swarm occurring in the Malawi rift, where fluid
circulation can be expected given the geological context, was accompanied by significant aseismic slip (Hamiel
et al., 2012). Recently, seismicity migration patterns in a swarm in California and geodetic and remote sens-
ing data revealed the importance of aseismic slip in the onset of seismic activity (Sirorattanakul et al., 2022).
However, the depth, low deformation and long duration of natural swarms make the observation and quanti-
fication of aseismic transients difficult. Despite that, similarities between global datasets of swarms and creep
episodes support that aseismic slip could be present in all swarms in various geological contexts associated
with fluid circulation (Danré et al., 2022). Effective stress drop values indeed suggest that during earthquake
swarms, aseismic slip takes place in between discrete asperities slipping seismically (Danré et al., 2022; Fischer
& Hainzl, 2017, 2021). Similarities in the scaling laws of swarms and slow slip events show that swarm migration
velocity behaves like the rupture velocity of an aseismic slip transient (Danré et al., 2022).

Therefore, while there is a strong link between fluid circulation and seismicity, recent and well documented
developments showed that fluid-induced deformation might first be aseismic, and that earthquakes could then
be triggered by the stress perturbation caused by the aseismic slip transient, leading to the observed earthquake
migration patterns during swarms.

1.2. Earthquake Swarm Migration as a Witness of Aseismic Slip Propagation

One of the most remarkable features of earthquake swarms is the migration of seismicity. It has been indeed
observed, during injection-induced and natural swarms, that hypocenters propagate away from the first events
or from the injection point (for instance Chen et al., 2012; Danré et al., 2022; Goebel & Brodsky, 2018; Ross
et al., 2020). Their migration velocity ranges from a few meters per day, like for the Cahuilla swarm (Ross
etal., 2020), to a kilometer per day, as observed during the Rittershoffen induced sequence (Lengliné et al., 2014).
Their migration duration ranges from a few hours to several years (Danré et al., 2022).

Several mechanisms have been proposed to explain the migration of seismicity. It could directly result from pore
pressure diffusion along a permeable fault. The increase in fluid pressure at the borehole in injection-induced
sequences causes the diffusion of the pressure perturbation, leading to a decrease in the effective normal stress
and fault strength, which triggers seismicity (Shapiro et al., 1997). The seismicity front, generally defined as
the external envelope of migrating hypocenters (see for instance Danré et al., 2022; Goebel & Brodsky, 2018),
would then equal the pore pressure diffusion front and exhibit a square-root-like shape in a distance versus time
plot, characteristic of the diffusion process. Conventionally, fitting this front evolution with a diffusion model
provides an estimate of the hydraulic diffusivity of the fault zone, and a constraint on the fault permeability
(Shapiro et al., 1997). The widespread study of seismicity fronts for injection-induced (Goebel & Brodsky, 2018;
Shapiro et al., 1997) and natural earthquake swarms (Chen et al., 2012; Parotidis et al., 2005; Shelly et al., 2013)
within this framework led to the idea that pore pressure diffusion is the most common mechanism responsible
for earthquake migration.
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While the hydraulic diffusion model is the most widely used framework to study swarm migration, several obser-
vations have highlighted its limitations and the potential importance of other mechanisms. Indeed, diffusivities
inferred from seismicity migration are usually much higher than the hydraulic diffusivities obtained in laboratory
and field experiments (Doan et al., 2006). Moreover, the square root behavior of seismicity fronts with time is
not universal. Goebel and Brodsky (2018) identified two populations of migration behaviors in a global data-
set of injection-induced sequences: one population has square root front shapes, interpreted as fluid diffusion
on weakly coupled faults, and the other has linear fronts (constant migration speed), attributed to poroelastic
processes on highly coupled faults. Moreover, Shu et al. (2023) obtained a scaling compatible with pore pressure
diffusion, during laboratory experiments that do not involve fluids. De Barros et al. (2020) and other studies
(Fischer & Hainzl, 2021; Hatch et al., 2020) also showed that different migration patterns can be observed at
different scales during individual swarms: the overall migration over the whole swarm duration can be punctu-
ated by numerous shorter and faster bursts. The migrating front shape is also sometimes more complex than a
simple square root, as it is controlled by the fault stress state and criticality (ratio of initial shear stress to strength,
Buijze et al., 2019; De Barros et al., 2021) while seismicity evolution also depends on injection history (volume
and pressure, Almakari et al., 2019). These factors also control swarm migration in numerical and theoretical
models (Garagash, 2021; Saez et al., 2022; Wynants-Morel et al., 2020). Finally, seismic slip can also occur
ahead of the pressure diffusion front, through shear stress transfer from an aseismic slip transient along the
fault, as highlighted in analytical and numerical modeling (Bhattacharya & Viesca, 2019; Cappa et al., 2022;
Eyre et al., 2019; Garagash & Germanovich, 2012; Wynants-Morel et al., 2020) or during injection experiments
(Cappa et al., 2019; Guglielmi et al., 2015).

Alternatively to a fluid pressure diffusion model, as aseismic deformation takes place during swarms (see
Section 1.1), seismicity can be triggered by shear stress perturbations caused by aseismic slip, in a similar way
as repeating earthquakes are triggered by the surrounding aseismic slip (Uchida, 2019). This is supported by
numerical modeling that showed that fluid-induced aseismic slip propagation along a slip-weakening fault can
trigger seismicity near the edges of the slipping zone (Wynants-Morel et al., 2020), and that aseismic slip on
a velocity-strengthening fault can trigger seismicity on velocity-weakening patches (Chen & Lapusta, 2009;
Dublanchet & De Barros, 2021; Eyre et al., 2019).

Fluid pressure diffusion is governed by hydraulic diffusivity, a parameter that links seismicity migration to time,
as outlined by Shapiro et al. (1997). However, when aseismic slip becomes the primary driver of seismicity
migration, the description of migration evolution over time may require multiple parameters. The significance of
fault criticality becomes particularly important when aseismic slip outpaces the diffusion front of fluid pressure,
as highlighted by Bhattacharya and Viesca (2019). While it might be anticipated that an increased criticality
value would be indicative of this scenario, the numerical modeling conducted by Wynants-Morel et al. (2020)
demonstrated that aseismic slip can advance ahead of the diffusion front, even in faults that are only moderately
critically stressed. The other relevant parameters could encompass factors such as frictional properties and fault
characteristics, as demonstrated in the analyses conducted by Bhattacharya and Viesca (2019), Wynants-Morel
et al. (2020), among others. A complete model based on the numerous observations and theoretical results
discussed above is still missing. Here, based on the migration evolution during two well-studied induced
sequences, at the Soultz-sous-Foret and Basel geothermal sites, and on the theoretical work of Garagash (2021)
on fracture mechanics of rate-and-state faults during injection, we propose a new theoretical framework to model
the triggering of seismicity by fluid-induced aseismic slip propagation that explains earthquake swarm migration
shape and its diversity among sequences. We develop a theoretical relation between seismicity front distance and
injected fluid volume, in which the relevant frictional and structural parameters are readily identified. We show
how this relation can explain both individual migrations and the global behavior of earthquake swarms.

2. Empirical Relation Between Seismicity Migration and Injection History
2.1. Data Used in This Study

We analyze the seismicity migration dynamics of two earthquake sequences induced by fluid injection in deep
geothermal reservoirs that are well-studied and exhibit a simple injection history and seismicity.

The first sequence occurred in 1993 at the Soultz-sous-Foréts geothermal power plant in France. During the
month of September, some 25,900 m? of fluids were injected in the granitic basement at a depth of ~5 km
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Figure 1. (a) Temporal evolution of flow rate (black line) and magnitude (blue dots) for the 1993 Soultz-sous-Foréts sequence (EOST & GEIE EMC, 2017; CSMA).
(b) Distance as a function of occurrence time of all events (blue dots) and seismicity front, as defined in the main text (red dots). (c) and (d) Same as (a) and (b),
respectively, but for the 2006 Basel injection (Herrmann et al., 2019). Negative flow rates happening after injection arrest are not considered in this case (set to 0).
Purple vertical lines indicate cessation of injection.

over the course of ~18 days (Figure 1a). Subsequently, prolific seismicity occurred, involving thousands of
events, although with very moderate magnitude, the largest event having magnitude M, = 0.8 (EOST & GEIE
EMC, 2017; CSMA; Baria et al., 1996). The observed maximum seismic moment was two orders of magnitude
lower than expected based on the injected volume and the empirical relation of McGarr (2014). This difference
can be attributed to substantial aseismic slip occurring over the whole seismicity area during the injection, as
indicated by borehole deformation measurements, repeating earthquakes (Bourouis & Bernard, 2007; Cauchie
et al., 2020) and the seismogenic index value associated with the earthquake sequence (Danré et al., 2023).

The second sequence took place under the city of Basel, Switzerland, in 2006. It followed the injection of
~11,500 m? of fluids during ~5 days (Figure 1c). Because of the energetic seismicity, the injection activities
were stopped prematurely. Despite this measure, a M, = 3.1 earthquake occurred a few hours after shut-in
(Deichmann & Giardini, 2009; Herrmann et al., 2019), making this sequence one of the most characteristic case
studies for risk mitigation during anthropogenic injections at depth. Passive monitoring imaged an aseismic
transient induced by the injection (Hillers et al., 2015). This sequence shares common characteristics with other
injection-induced swarms, mainly scaling laws (Danré et al., 2022), also suggesting that aseismic slip played
a key role in its dynamics. For this analysis, we used the combined catalog of previously known earthquakes
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available in Herrmann et al., 2019. Locations in this catalog have uncertainties of a few tenths of meters at most
(Dyer et al., 2010; Kraft & Deichmann, 2014).

Both studied sequences are well documented in the literature and exhibit a simple injection history, comprising
a continuous increase of flow rate (Figure 1), and a simple seismicity pattern. We consider for Basel that the
delay between injection onset and the first event detected is negligible. The two sequences are end members of
the injection-induced swarms family: the Soultz 1993 sequence has low magnitude seismicity, while the Basel
one is the opposite (McGarr, 2014). For both sequences, the seismicity is mainly localized along a 2D surface
suggesting a reactivated fault plane (Danré et al., 2023).

To study the migration evolution throughout each sequence, we define the seismicity front in the distance-time
domain (so-called R-T plot). The origin distance is the median position of the 10 first events, and the origin
time is the occurrence time of the first event (Figures 1B and 1D). To address potential uncertainties in defin-
ing the seismicity front, we computed for Soultz 1993 the 85th and 95th percentiles of distance with time, for
non-overlapping bins of 50 events (Figure 1b). The seismicity front is then defined as the collections of points
whose distance falls within the range defined by these two percentiles within each bin. The same procedure was
also applied to Basel, with boundaries set at 70th and 80th percentiles. These lower percentiles were chosen due
to a few events at large distance at the beginning of the sequence (Figure 1d, Figure S1 in Supporting Informa-
tion S1), which we consider as outliers. Such events may be related to either background seismicity, mislocated
earthquakes or due to remote effects such as poro-elastic deformation. As such effects are not considered in our
analysis, we discard these events by choosing the 70th and 80th percentiles.

This procedure results in a larger number of points representing the seismicity front compared to a single, fixed
value of distance and time per bin. The method used to compute the seismicity front may lead to short periods
of apparent backward front migration. However, for both sequences, these episodes seem negligible compared
to the overall migration (almost 800 and 600 m of distance for Soultz 1993 and Basel, respectively); they are
not physically significant but rather reflect the non-uniform 2D propagation of the seismicity along the fault and
uncertainties in the seismic front determination. Therefore, we do not remove the associated seismicity front
values from our analysis.

2.2. Injected Fluid Volume Controls Earthquake Migration

As observed on a global dataset of injection-induced sequences, the earthquake migration duration is nearly equal
to the injection duration (Danré et al., 2023), highlighting the control of the seismic migration by the injection.
In particular, we find that the spatial extent of seismicity is primarily controlled by the injected fluid volume, as
revealed by plotting event distance as a function of the cumulative injected fluid volume (called hereafter R-V;,
plot). As depicted in Figure 2, the seismicity front distance is well correlated with the square root of the cumula-
tive injected volume. For both Basel and Soultz, we randomly selected 100 and 500 events, out of 315 and 1,070
values of the seismicity front (depicted in red in Figures 1b and 1d), respectively. We then calculated correlation
coefficients cc by fitting the distance of these selected points to either the square root of time or the square root of
volume. Such a square root of volume depicts the propagation of a fluid volume along a constrained fault surface
at depth, and echoes the planar distribution of hypocenters of earthquake swarms studied in Danré et al. (2023).
After repeating this random selection process 1000 times, we obtained an average correlation coefficient cc value
and its associated standard deviation, as presented Table 1 and in Figures S2 in Supporting Information S1. These
results indicate that the evolution of the seismicity front is better described by distance proportional to the square
root of volume rather to the square root of time.

The dependence of migration distance on injected fluid volume does not imply a dependence on time, as the
injection rate of the two sequences is not constant (Figures 1A and 1C).

‘We sum up this observation as:

R(1) = /54 Vinj (1) )

where R(?) is the seismicity front position at time 7, V|

with dimensions of [m~']. We find similar values of s, for both sequences: s, = 16 + 0.04 m~! for Basel and
s, =26+04 m~! for Soultz 1993, based on the 1,000 fits performed.

(¢) the injected fluid volume at time 7 and s, is a coefficient
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Figure 2. Evolution of seismicity front distance as a function of the cumulative injected fluid volume for the Soultz 1993 (a)
and Basel (b) sequences. Blue dots indicate distance and volume of individual events. Red dots correspond to the seismicity
front defined in the R-T domain. Black line is the best fitting square root model (Equation 1) for all points of the seismicity
front.

Traditionally, injected fluid volume is thought to control seismic or total (seismic + aseismic) moment during
induced earthquake swarms (Danré et al., 2023; McGarr, 2014; McGarr & Barbour, 2018). The dependence
observed in Figure 2 shows that the volume of injected fluids also controls the spatial extent of the seismicity.

To explain the observed dependence of migration distance on injected volume and to relate this observation to
mechanical parameters, we apply the fracture mechanics model of Garagash (2021) in the following section.

3. Aseismic Crack Propagation Explains Swarms Behavior
3.1. Crack-Like Behavior of Injection-Induced Sequences

Let us consider a fault plane embedded in a 3D medium (Figure 3), governed by the rate-and-state friction law
(Ruina, 1983) with velocity-strengthening properties and subject to homogeneous ambient stress. Fluid injection
on the fault perturbs the pore pressure and hence the fault-shear strength. This induces slow slip over the fault,
which in turn triggers seismicity on discrete velocity-weakening asperities.

We treat the slow slip as a quasi-static crack and use fracture mechanics theory to model its evolution. The
complete theoretical development of the model is presented in Appendix A. The stress drop within the crack is the
sum of a uniform value Az and a contribution from the perturbations in pore pressure. When the slow slip zone
outpaces the pressurized zone, the latter contribution can be represented by a net Coulomb point force, centered
at the injection point, whose amplitude AT is the spatial integral over the
fault of the reference friction coefficient f; times the pore pressure change.
Assuming the pore pressure diffusion is confined within a narrow conductive

Fitting the Seismicity Front in the R-V, ; Domain (With a Square Root zone surrounding the fault of width W = 10m (blue area in Figure 3), AT
Function) and in the R-t Domain (With a Square Root Function) for Soultz can be written as:
1993 and Basel
SoVins (1)
Name Soultz 1993 Basel 2006 AT(t) = —2L— )
ﬂ Wyrz
Average cc? for R o \/Viy; 0.86 0.86
Standard deviation of cc? 0.01 0.02 where S ¥s the bulk pore co.mpress1b1hty parameter (e.g., Rice, 2006) and
w,. the width of the conductive part of the fault zone (see Garagash (2021)

Average cc? for R o /7 0.77 0.80 s . . .

8 and Table 2). Assuming such a width corresponds to the fracture zone thick-
Standard deviation of cc? 0.01 0.02 ness, its value is consistent with that determined through the study of micro
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Figure 3. Schematic of the fault model considered. Along a single fault plane of conductive thickness w;, injection of fluids
leads to pressure increase in a small expanding area (blue) which induces an expanding aseismic slip crack of much larger
area (red). As the crack propagates, it triggers seismicity on asperities (polygons).
seismicity or well logs (Genter et al., 2000; Ziegler & Evans, 2020). A crack front equation of motion, assuming
axisymmetric radial crack expansion, is established by expressing the stress intensity factor K of the crack as a
function of its radius R (Equation A18; Garagash, 2021):
AT
K =A7y/4R/7w + ——— 3
(n'R)}/ 2 3)
where
Ar:(b—a)o-oln<5> “)
Vo
where a and b are the rate-and-state friction coefficients, ¢, the background effective normal stress,V; is the ambi-
ent fault slip velocity and V is the measure of the slip velocity within the transient crack, defined in Appendix A
by Equations Al4 and AlS5, assuming the fault is initially at steady state at V = V|, and is not overstressed
(Garagash, 2021). Here, because the fault is velocity-strengthening (b — a < 0), the effective stress drop Az is
negative.
The crack propagation condition is K = K where K is the fracture toughness, which depends on friction param-
eters and (weakly, logarithmically) on the crack front velocity (Garagash, 2021). This leads to
AT _ VK
At + AR (5)
™ 2v/R
Table 2
Typical Values of Model Parameters
Name Meaning Value Reference(s)
Iy Coefficient of friction 0.6
B Bulk pore compressibility 10710 Pa~!
Wy, Fault zone width ~10 m Genter et al., 2000; Ziegler & Evans, 2020
a Friction law coefficient 0.014
b Friction law coefficient 0.01
oy Effective normal stress 100 MPa
V, Slip velocity ~10~%m s~! See Equation A17
Vo Ambient slip velocity ~0.1 mm/year Buchmann & Connolly, 2007
K, Fault toughness 20 MPa \/ﬁ See Appendix A
DANRE ET AL. 7of 21
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Figure 4. Comparison of the spatial distribution of seismic moment density observed in swarms with aseismic slip predicted
by the crack model. The radial distributions for Soultz 1993 (a) and Basel (b) are shown at various times as a function of
distance to the origin normalized by the distance to the seismicity front. For each radial bin, the seismic moment density is
computed as the sum of the seismic moment of all events with hypocenters lying within the bin, divided by the bin area (a
ring). It is then normalized by its average over the area between 0.3 and 1. The curves correspond to the moment computed
while injection is occurring (while flow rate is positive) on expanding time windows incremented by 2 days over the first

16 days for Soultz and by 1 day over the first 5 days for Basel (greyscale getting darker with time). The seismicity front
position, in this case, is taken as the 95th and 80th percentiles of distance for the non-overlapping 50 events bins considered,
for Soultz 1993 and Basel, respectively. The red line represents the theoretical slip profile of the circular crack model loaded
by a point pressure (Equation A22), divided by its average slip between normalized distances 0.3 and 1.

In Equation 5, the crack radius R(#) depends on injection history through AT(f) and on different fault structural,
frictional and initial parameters comprised in K, and Az (Equations 5 and A17). When the toughness term can be
neglected (Appendix A), Equation 5 becomes

AT

AT+
’ 2r R?

=0 6)

Given the crack is loaded by a concentrated point force and a negative uniform stress drop, its slip profile
decreases steeply as a function of distance to the crack center, approximately as the inverse of distance (Equa-
tion A22). Here we use this feature for a first-order consistency check of our model. For the studied sequences,
the seismic moment density distributions (Figure 4) overall decrease as a function of distance to the origin in
a similar manner at all times. Assuming that seismicity is triggered by the aseismic slip, and following similar
observations of seismic asperities loaded by surrounding aseismic slip (Chen & Lapusta, 2009; Uchida, 2019),
we further assume that the cumulative seismic moment is proportional to the aseismic slip, that is, that the seismic
to aseismic slip ratio is fixed. Under this framework, the seismic moment density distributions can be compared
to the aseismic slip distribution predicted by the crack model (Figure 4): we find they are consistent in the range
of distances where both decay, that is, at distances >0.3 times the distance to the front. At shorter distances, the
model overestimates the observationally-inferred seismic slip. The finite size of the fluid pressurized zone or
an offset between the injection point and the fault, two ingredients absent from the model, would not produce
lower aseismic slip at short distances. Catalog location errors are also unlikely to induce a bias of this form. We
interpret this mismatch as indicating that the seismic to aseismic slip ratio is not uniform, but lower near the
injection point. One possible reason for that is the occurrence of fault opening, that is, loss of contact between
the fault walls, due to overpressure, but the injection pressures in these sequences are not large enough to produce
fault opening. Another possibility is a poroelastic effect: injection into a high-permeability fault zone can lead
to poroelastic expansion of the fault zone layer, which tends to reduce fluid pressure and thus stabilize slip
(Heimisson et al., 2021). A more likely possibility is that seismic ruptures are hampered by an increase of the
earthquake nucleation size caused by higher pore fluid pressure there: theoretical estimates of the initiation
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Figure 5. Temporal evolution of the different terms of Equation 5: the toughness term, absolute value of the effective shear
stress drop and the hypocentral Coulomb force term, assuming values for the involved parameters from Table 2. (a) For Soultz
1993. (b) For Basel. For the two sequences, 1,000 random samples of seismicity fronts are used to compute the terms, as
described in the main text. The Soultz 1993 Coulomb force term is smoothed for readability purposes (using a Savitzky-Golay
filter over a 17 events window and a polyorder of 3, see Figure S3 in Supporting Information S1 for non-smoothed figure).
Purple vertical lines indicate arrest of injection.

size of seismic ruptures (e.g., Rubin & Ampuero, 2005) are inversely proportional to effective normal stress. A
pulse-like slip model would also produce a tail of decaying seismicity behind the front, but seems less relevant as
seismicity would be located only in a narrow ring near the front, and since pulse behavior can be expected only
after arrest of injection (Sdez et al., 2022). We next apply the formulated crack model to our sequences, to test if
it can explain quantitatively the observations.

3.2. Observed Volume Dependence of the Seismicity Front Explained by the Migration of a
Fluid-Induced Aseismic Transient

Equation 5 describes the temporal evolution of the seismicity front distance R(f), assuming earthquakes are
triggered by a propagating aseismic slip. Typical orders of magnitude of the parameters involved, taken from the
literature, are listed in Table 2. Based on those values and on the injection history of the Soultz 1993 and Basel
sequences, we plot on Figure 5 the expected temporal evolution of the three terms involved in Equation 5. As
for the seismicity front fitting, we randomly pick 500 and 100 events for Soultz 1993 and Basel, respectively,
compute the parameters of Equation 5 based on those pickings, and do so 1,000 times (Figure 5). This allows us
to get a sense of the potential importance of seismicity front choice in the temporal evolution of the parameters.
To estimate Az, we compute an order of magnitude of slip velocity following Garagash (2021) and Equation A17.
A precise estimate of V_ is not necessary given the logarithmic dependence in Equation 4. Based on Figure 5 it
appears that parameters variations are the same for all the fronts picked, and therefore that seismicity front defi-
nition does not impact our conclusions.

When distance increases, the toughness term in Equation 5 can be neglected compared to the other two terms
(Figure 5), leading to the following approximate equation for the front propagation, equivalent to the zero tough-
ness approximation (Equation 6):

AT(1) —AT(1)

wror ~ 0 ® RO=V oA

@)

with Az < 0 (see Section 4.1). As AT(¢) is directly proportional to the injected volume (Equation 2), the distance

R(1) is found to depend on the square root of V(D). as also shown by the observations (Equation 1). Therefore, the
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Figure 6. Seismicity front distance as a function of time (red dots) and its reconstruction based on the distance versus
volume fitting obtained from Figure 2 (black line), over the whole sequence duration. Blue dots are individual events. For
Soultz 1993 (a) and Basel (b), values of the parameter s, correspond to the average value obtained for the fitting in Table 1,
which are s, =26 m~" and s, = 16 m~!, respectively. Purple vertical lines indicate arrest of injection.

constant s, derived from the observations (Figure 2 and Equation 1) when fitting the seismicity front as a function
of the injected volume can be related to physical parameters using Equation 6 as:

fo

Sg=———"——
2r fwyrAt

®)

We can then use the volume history V(1) to reconstruct the front evolution as a function of time (Equation 1,
Figures 2 and 6). To do so, we use the average value of s, obtained from the fits performed earlier (Figure 2)

which are s, =26 m~! and s, = 16 m~!

, respectively. The model therefore allows reconstructing the R-T front
with a greater temporal complexity than usual diffusion or linear migration models (Figure 6). Indeed, our
reconstruction leads to a non-constant migration velocity and to an arrest of the propagation when the injection
stops. It also accounts for the injection history as expected from recent theoretical studies (Garagash, 2021; Saez

et al., 2022).

The seismicity front position at the beginning of injection (¢ < 4 days for Soultz 1993 or ¢ < 2 days for Basel) is
not very well reconstructed. This misfit might be due to failure of the assumption that the K term is negligible
at early stages (Figure 5). Solving the full equation of motion (Equation 5) leads to a relation between seismicity
front distance and injected volume more complex than a simple square root, but precise determination of K,
would require knowledge of other parameter values as well (Appendix A). Another explanation might be that
the offset corresponds to the physical distance between the injection point and the seismogenic fault, a few tenth
of meters in the case of Basel (Deichmann & Giardini, 2009), or to the fact that injection is done on an open-
hole section rather than at a single point (Cauchie et al., 2020; Deichmann & Giardini, 2009). In the case of
Basel, the reconstruction of the seismicity front after 5.5 days, corresponding to the arrest of injection, no longer
agrees with the observations. This discrepancy is to be expected since our study exclusively considers periods
with positive flow rate, and is not intended to model seismicity occurring after injection cessation. After the
arrest of injection operations, seismicity can indeed persist, as observed in the Basel sequence, where the biggest
event occurred after injection (Deichmann & Giardini, 2009). Several models have been proposed to explain
post-injection seismicity, with factors like pressurization duration (Jacquey & Viesca, 2023) and the propagation
of a pulse-like rupture rather than a crack-like, as during injection (Sdez & Lecampion, 2023). Finally, the model
presented here can also be used to track the decelerating dynamics of the slip front after the arrest of injection if
the zero-toughness assumption is relaxed (Appendix A). Indeed, the corresponding dynamics for a “finite volume
injection” in the 2-D has been studied by Garagash (2021).
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Figure 7. Simple cases illustrating the relation between flow rate and volume histories and seismicity front shape in the R-T
domain, for two cases: (left) a constant flow rate, (right) a linear flow rate.

3.3. Migration Shape Diversity Explained Through Variability in Injection Dynamics

A direct consequence of Equation 6 is that the seismicity migration shape in the R-T domain could serve to
constrain the temporal evolution of injected volume during earthquake swarms, for which injection history is not
known. Indeed, as presented in Figure 7, a square root R-T migration implies a constant flow rate and a linearly
increasing volume, while a linear migration implies a linearly increasing flow rate. This can provide an explana-
tion to the observed diversity of migration shapes in induced swarms (e.g., Goebel & Brodsky, 2018). The flow
rate during the Basel injection can be considered at first order linear (Figure 1c), which would explain the appar-
ent linear migration of seismicity observed (Figure 1d). For Soultz 1993, the flow rate history is more complex,
with incremental steps, which should lead to a more complex migration shape in between the constant and linear
flow rate cases (Figures 1a and 1b and 7). This might explain why the front shape is closer to a square root shape
in Soultz 1993 than in Basel. According to our model (Equation 6), the shape of the slip front also depends on
several parameters like fault frictional and hydraulic parameters, stress state, bulk pore compressibility and fault
zone width.

4. Discussion
4.1. Apparent Velocity-Strengthening Regime Occurrence in Swarms

A direct consequence of Equation 6 is that Az should be negative, which implies that the friction regime should
be velocity-strengthening (a — b > 0 in Equation 5) for all cases. Following Equation 5 for the zero-toughness
limit, we indeed have:

_ AT
T 2zd()?

&)
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For the two sequences studied here, if we consider the final values of distance and injected fluid volumes, and
parameters from Table 2, we get shear stress drops values At ~ —5 MPa for both sequences. These stress drop
values are consistent with the theoretical value of —3 MPa obtained from Equation 4 considering the values of
(a-b), ,, V,, and V; in Table 2.

The limited magnitude of seismicity observed during swarms suggests that swarm seismicity might indeed
occur on isolated velocity-weakening asperities embedded on a velocity-strengthening fault, even if seismicity
could still happen without such asperities (Wynants-Morel et al., 2020). A velocity-strengthening regime is a
possible explanation for in situ observations in the injection experiment conducted by Guglielmi et al. (2015)
and is believed to be a potential contributing factor to the aseismic transients measured in such cases. Velocity
strengthening behavior has also been characterized in laboratory experiments on granite samples, in conditions
similar to the ones expected at geothermal reservoir depth (Zhang et al., 2022). Velocity-strengthening behavior
could be explained by mineralization processes: minerals like chlorite favor velocity-strengthening, while others
like epidote lead to velocity-weakening (An et al., 2021; Zhang et al., 2022). For instance, in Basel, chlorite is
expected to be present in the minerals along the fault, among others (Alt-Epping et al., 2013). Faults in sedimen-
tary cover are also more likely to be rate-strengthening due to the presence of clay and organic content (Kohli &
Zoback, 2011). In addition to mineralization, parameters like temperature, pore fluid pressure, fluid temperature,
fault maturity, and so on, are expected to contribute to the friction regime (Cappa et al., 2019; Ji et al., 2022).
However, investigating those is far beyond the scope of this work as we focus on proposing a simple but effective
model to explain observations.

Wang and Dunham (2022) successfully reconstructed the seismicity observed during fluid injection in the
Cooper Basin, Australia, using a numerical model that assumes a velocity-strengthening fault, explained by the
potential presence of phyllosilicates in the fault zone. For the Soultz 1993 sequence, the presence of repeating
events, asperity interactions, slip rate decay suggest that the observed seismicity is due to a combined effect of
velocity-weakening on seismic asperities embedded in a velocity-strengthening matrix (Figure 3, Bourouis &
Bernard, 2007). Such a behavior has also been investigated through numerical modeling (Chen & Lapusta, 2009;
Dublanchet & De Barros, 2021) which showed that a velocity-strengthening fault creeping can load velocity
weakening asperities, leading to seismic events.

The results obtained might also be valid in a velocity-weakening fault that is understressed, that is, whose shear
stress before injection is below the frictional steady state at ambient conditions, Af, < 0. Indeed, our results lead
to Az < 0, which, on a slightly understressed fault, can still be compatible with a negative value of (a-b) (see
Appendix A). However, to underline the duality between the propagating aseismic slip and the triggered seismic-
ity occurring on discrete patches, we prefer to consider the fault as an apparent velocity-strengthening surface
with velocity-weakening asperities hosting seismic events.

Earthquake swarms also present other interesting features in their distribution of seismic moment release over
the seismicity area (Danré et al., 2023; Fischer & Hainzl, 2017), which highlight the presence and importance
of aseismic slip behind the seismicity front. Induced sequences also present very distinct seismogenic responses
to an injection (in terms of number of events or magnitudes), studied through the seismogenic index (Shapiro
et al., 2010). In this work, we did not study either what happens behind the seismicity front or the released
moments, but only focus on its propagation. Other mechanisms like earthquake interactions or direct triggering
through fluid pressure perturbation might also take place behind the seismicity front and play a role in the global
moment release, explaining the variety of behaviors observed in swarms. Our work is also limited by the fact
that we considered seismicity to be triggered instantly by the aseismic transient, while in reality triggering could
involve a delay.

As suggested by observations (De Barros et al., 2021) and theory (Garagash, 2021; Saez et al., 2022), frictional
properties and stress state might need to be taken into account to describe swarm migration through a parameter
like criticality, defined as the ratio of initial shear stress and strength in Wynants-Morel et al. (2020). In our
model, such parameters are involved (Equation 6). Further constraining them might also help understand why the
seismic response of the Soultz 1993 sequence is less energetic than the Basel one, despite similar injected fluid
volumes. More generally, our model may provide a generic explanation to the observed diversity of seismogenic
responses (in terms of moment, number of events or migration behavior) to fluid injections in nature and during
anthropogenic activities (Danré et al., 2023; McGarr, 2014; McGarr & Barbour, 2018; Shapiro et al., 2010).
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4.2. Investigating Global Migration Features of Swarms

The propagation model developed in this work can be reasonably expected to apply to fluid-induced earthquake
swarms in general. Indeed, based on scaling relations, many natural and injection-induced earthquake swarms,
including the two sequences studied here, have similar characteristics (Danré et al., 2022).

If we assume that, at first order, injected volume V;; grows linearly with time #, with a constant flow rate Q and an
injection duration 7, we get from Equations 1 and 6 the migration, or rupture, velocity v
(Danré et al., 2022):

- Of €arthquake swarms

vt = T3 —/foQ = T705 10
Orue v 2rfwyrAt s4Q 1o

Assuming that, over the wide range of durations, migration distances and injected fluid volumes of injection-induced
swarms, flow rate is similar from one injection to another, typically between 10 and 50 L/s, then Equation 10
implies that migration velocity of injection-induced swarms should scale with their duration with an exponent of
n = —0.5. Flow rates for natural earthquake swarms were also observed to be similar (Danré et al., 2023), so the
same scaling relation should apply to natural swarms as well. Therefore, the model developed in this work seems
to offer a generic explanation for both individual migration evolution in swarms and global scaling laws observed
through the study of large datasets.

Indeed, Danré et al. (2022) observed that Vg & T795 for a wide range of injection-induced and natural earth-
quake swarms. By applying Equation 10 to the best fitting line on their dataset, assuming Q = 10 L/s, we get an
average estimate of s, = 139 m~!. For Q = 50 L/s, we get s, =28 m~!. Assuming f;, #, and wy, values as in Table 2,
following Equation 8 we get average values of Az = —0.7 MPa for Q = 10 L/s and A7z = —3.4 MPa for Q = 50 L/s.
This shows that constraining the parameters involved in Equations 4 and 6 might help constrain other parameters,
like a-b, through the determination of s, for each sequence.

4.3. Swarm Migration as a Proxy for Injection Dynamics

The correlation found between seismicity front distance R and injected fluid volume V, . implies that R can be
used to constrain the injected volume shape, through the relation V,; o R? (Equation 7). This is of particular
interest when injected volume is not known, which is the case for natural fluid-induced earthquake swarms.
Indeed, those sequences are thought to be driven by the same processes as injection-induced swarms since they
share many similar characteristics (Danré et al., 2023). Recent efforts aimed at estimating the total amount of
fluids circulating during some natural earthquake swarms (Danré et al., 2023; Mukuhira et al., 2022). Danré
et al. (2023) proposed a precise way to quantify the total fluid volume circulating, once the swarm is finished. We
 R? in order to fully constrain
(t) shape,
while the final value of injected volume constrained through the statistical analysis of Danré et al. (2023) gives

propose here a way to combine this approach with the observation made of V,

the injected fluid volume. The squared seismicity front distance evolution gives the injected volume V,

its amplitude.

For Soultz 1993 and Basel, we compared the squared seismic front distance R?, put to scale with the total injected
volume, with the actual V, (1) (Figure 8). As before, we perform 1,000 times a random picking of 500 and 100
events of the seismicity front for Soultz 1993 and Basel, respectively. We find that our volume reconstruction
reproduces quite well the injected volume evolution with time (as indirectly observed in Figure 2), independently
from the seismicity front choice. The discrepancies could be explained by the relative scatter of seismicity front
positions, which is amplified by the square dependence of volume with distance, even though the two curves
match pretty well. Beyond injection-induced swarms, for comparison we use the same approach to reconstruct
the injected volume as a function of time, using the final injected fluid volume estimated in Danré et al. (2023) as
calibration, for two well studied natural earthquake swarms, the 2015 Gulf of Corinth swarm and the 2016-2020
Cahuilla swarm (De Barros et al., 2020; Ross et al., 2020). Those two sequences have similar global scaling
laws as Basel and Soultz 1993 (Danré et al., 2022). Figure 8 shows the resulting estimate V., (D as a function of
time, by following the same picking procedure for those two swarms as for Soultz and Basel (front defined as
between the 85th and 95th percentiles, see Figure S5 in Supporting Information S1). We, respectively, picked
50 out of 140 events of the seismicity front and 200 out of the 1978 events of the front for Corinth and Cahuilla,
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Figure 8. Injected volume (red) and estimated volume (black), in cubic meters, as a function of time for Soultz 1993 (a) and Basel (b). The Soultz 1993 data is
smoothed for readability purposes (using a Savitzky-Golay filter over a 17 events window and a polyorder of 3, see Figure S4 in Supporting Information S1 for
non-smoothed data). Purple vertical lines indicate arrest of injection. Estimated volumes for the 2015 Corinth swarm De Barros et al., 2020; (c) and the 2016-2020
Cahuilla swarm Ross et al., 2020; (d).

respectively. Despite the inherent uncertainties in the methods employed by Danré et al. (2023), which may lead
to deviations of up to a factor of four in the final volume estimates, our primary focus remains the examination of
temporal variations in volume. For Corinth 2015, the flow rate seems quite constant as volume increases linearly,
while for the Cahuilla swarm the injection seems to accelerate with time. Taking distances of R = 600 m and
R = 3,500 m for Corinth 2015 and Cahuilla, respectively (Danré et al., 2022), and estimated volume values of
5,100 m? and 13.10° m? as obtained from Danré et al. (2023) leads to s, estimates of s, =70 m~' and s, =9 m~!
for the two sequences, respectively. Therefore, it seems possible to combine our observations of V, . o« R? and
already existing methods of final volume estimation to better constrain the temporal injection dynamics occurring
during fluid-induced natural earthquake swarms. For instance, the linear migration of seismicity during the 2015
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Corinth swarm (De Barros et al., 2020) suggests that the fluid source responsible for the observed deformation
presents a linear evolution of the flow rate.

5. Conclusion

We studied the seismicity front propagation during two well-studied injection-induced earthquake sequences
in geothermal reservoirs. We find from the seismological and hydraulic observations that the evolution of the
seismicity front distance is strongly correlated to the square root of the injected fluid volume. Based on this new
relation between distance and volume, we introduced a new geometrical parameter, s,, to accurately explain the
volume dependence of seismicity migration. Interestingly, we found a similar value of s, for the two cases stud-
ied here, regardless of their specific site characteristics, highlighting a possible generic macroscopic behavior.
Moreover, we showed that a model of fluid-induced aseismic crack propagating along a hydraulically conductive,
rate-and-state fault explains the observations made on the two sequences studied as well as global scaling rela-
tions for swarms. Our result suggests that faults hosting swarms during fluid injection behave with an apparent
velocity-strengthening frictional behavior, a regime that favors aseismic slip propagation. This allows us to infer
other physical parameters involved in the relation between distance and volume, like the effective shear stress
drop. Independent constraints on the structural model parameters, like the stress state, conductive fault width or
bulk pore compressibility, could allow estimating better the frictional properties that control slip transients along
fluid-stimulated faults, thus potentially improving upon the classic scaling of induced earthquake magnitude with
injected fluid volume.

Appendix A: Mechanical Framework

Here we develop analytical solutions for the slip distribution, moment release and energy release rate of a circular
shear crack loaded by a point force located at its center AT6,, . (x,y) plus a colinear uniform stress drop Az. We
consider an analogue, approximately equivalent tensile circular crack formulation (see, e.g., Galis et al., 2017;
Ripperger et al., 2007). By assuming a rate-and-state frictional fault and applying a suitable crack front equation
of motion (Garagash, 2021), we derive a relation between crack growth and loading.

Consider a crack of radius R in the (x,y) plane loaded by a uniform stress drop Az = 7, — 7, where 7 = 6, and
79 = 02, are actual and initial shear stresses in the x-direction on the crack plane, plus a point force AT acting in
the x-direction and located at the crack center. The point force is a simplified representation of the contribution
to (shear) stress drop induced by fluid injection and pressure diffusion, given by the friction coefficient times the
spatial integral of fluid pressure (Galis et al., 2017; Garagash, 2021). This approximation is expected to be
adequate when the pressurized zone is substantially smaller than the induced crack.

The resulting slip distribution is the sum of the slip induced by each of these two loading contributions:

8 = Oar + Oar (Al)

The corresponding components of slip in the collinear (x) and normal (y) directions to the loading direction,
taken from, for example, Tada et al. (1973) for the uniform stress drop and from Fabrikant (1989) for the central
force, are:

5Am=1— AzR 4 /_l—pz
u

1—°
2
Oary =0
_ 2
Sarx = AT 2 (1— v sin’(@)) =7+ arccos(p)\ _1-v+v =7
UR 72 P 1-v/2

Sary = AL % <\/1 —+ —”’“;s(” )> sin 2®)

UR

where p = r/R is the normalized radial position and @ is the polar angle (defined such that @ = 0 corresponds to
the x-direction).
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The released moment is:

1-v/8 4
M= 5dS = (—A R3+—ATR)
wf (3R )

crack

Note that slip in the y-direction does not contribute to the moment: owing to its symmetries, its integral is exactly
zZero.

Our analysis of the crack evolution relies on fracture mechanics, with additional simplifying assumptions that
render the problem more tractable analytically and thus amenable to gain further insight. Based on the corre-
sponding in-plane K, and anti-plane K, stress intensity factors as function of position (angle @) along the circu-
lar crack front (Fabrikant, 1989; Tada et al., 1973), we evaluate its front-averaged energy release rate:

2r
1 [[1=v, 1.,
G=— —K;(®)+ — K7, ,(D)]|dD
2”/[ 2 1 )+2M (@)
0

2 (A3)

2

— 2
= —1 v %AT\/E'F AT3 + lv—v AZS
2,4(1—5) =R)3 (7R)

We consider a simplified description borrowed from a tensile (mode I) crack formulation, which has been previ-
ously used to estimate the energy release rate of a circular shear crack (Galis et al., 2017; Ripperger et al., 2007).
For a tensile crack, the crack opening is axisymmetric:

5= 12V (Ar RENTZ 2 4 AL 2 arccos(p) (Ad)
M1 r R 2

where y, = u for an actual tensile crack, but is understood here as an equivalent modulus for a shear crack that we
define below. The corresponding released moment is

(I—V)ll<8 4

M; = SATR + —ATR) (A5)
Hi 3 T

and the energy release rate is

G = 1Y 2 arvZr+ AT (A6)
2ur | = 3
(rR)2

We observe that the true moment M (Equation A2) and the tensile analog moment M, (Equation AS5) are identical
if the equivalent modulus is defined as

ur = u(l —v/2) (A7)

Similarly, we find that the front-averaged energy release rate G for the shear crack (Equation A3) and for the
tensile analog (Equation A6 using Equation A7) differ by the second term in Equation A3. The relative weight of
this term, IV—:, has typical values much smaller than 1 and thus generally can be considered small. In the following,
we adopt the analog tensile crack with equivalent modulus y; = u (1 - g) to approximate a shear crack and its

1-v/2

equation of motion. We will also use hereafter the notation y, = u —=
-V

The equation of motion (EofM) for the equivalent tensile crack model stems from the energy flux balance around
the rupture front G, = G, where G, is the fault fracture energy and G, the energy release rate given by Equa-
tion A6. It is convenient to re-express the EofM in the form of the stress intensity factor matching an analogue

2 AT . /
=A R+ =K. th K. =1/24'G.
2 Ry " 8 (A9

fault toughness K,
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We now specialize the above EofM, in particular the fault toughness and the stress drop, for the case of a rate-
and state-dependent fault friction, following the approach of Garagash (2021). Fault friction f'is composed of a
rate-dependent direct effect and a state-dependent effect (Rice, 1985), where the rate of change of state 6 with slip
is a function of the friction departure from its steady-state value f, (V), and particularized here for the so-called
“slip law” (Ruina, 1983):

o __J = /)

ds L (A9)

14
f= f0+a1n<—> + 60 and
Vo
where L is the characteristic state-evolution slip distance, f, = 7,/o,, the prestress ratio and V|, the ambient fault slip
rate. The steady-state friction is expressed in reference to the fault ambient state as

FoV) = fo—Afo+(a— b)/n(%) (A10)

0

where Af = f, — f.,(V,) is the initial value of the fault over/under stress-ratio.

Garagash (2021) studied the fracture energy G, expended at the front of a slip transient propagating with velocity
v, on a rate-and-state fault. His approximate equations (2.12) and (2.19) in the case of aseismic slip give

G. ~ [Af0+b1n(ﬁ>]ooL (A11)

Uo

The approximation (A11) is valid when v, > v, (Garagash, 2021).

This is a function of the variable v, and of constants representing the ambient state on the fault: 6, Af;, and the
characteristic rupture speed vy = ', Vo/(boyo). This informs the expression for toughness K, in the EofM (AS).

To estimate the stress drop, first, we approximate the shear stress in the “bulk” of the crack, that is, away from
the crack front, by the steady-state strength, 7 = 7, (V) = f, (V)o,, which generally varies along the crack since V
does. Second, we treat the spatially uniform background stress drop Az in the EofM as an “effective” measure of
the actual, spatially varying stress drop, 7, — 7,(V), retrieved by matching the corresponding expressions for the
stress intensity factors:

VeR N

The slip rate distribution V(r) is obtained by differentiating in time the slip solution (Equation A4) and expressing

R
Kar = —2 / [0 — 2] —4C— = 2Az/zR (A12)
7R 0 z

it as a function of normalized distance p = r/R(¢):

V=Vip) =

20, [ K. AT arccos(p)] (A13)

wyVaR | V11— p*>  nmu./rnR p

where AT = % is the rate of hypocentral force. In deriving the above expression, we used the time derivative
of the EofM and assumed negligible rates of the stress drop and toughness compared to the rate of hypocentral
force. Equation A12 can then be used to express the effective stress drop Az in terms of an effective slip rate V,
defined by

1

At =(fo— fus(Vi))oo  with fss(I/S)E/ f.n(Vz(p))pd—p (Al4)

0 V1-p

Substituting (A13) for V; in Equation A14 and rearranging, we obtain the effective slip rate

_ﬂ . =£ 1 K arccos(p), pdp
V; —u;RV(K) with  V(K) = = exp(f, In[ 1_pz+ > ]Jl——pz) (A15)

where K is the dimensionless toughness parameter defined by
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K = FUrVERK. (A16)

AT

The function V(K) describes the dependence of the normalized effective slip rate on the normal-
ized toughness. End-member cases of zero and large toughness can be worked out analytically:

V(0) = (2m)"" exp (1 —Si (g)) ~0.110 and V(K » 1) ~(Z)K. The corresponding
asymptotic expression for the dimensional slip rate when K, = 0 is:

=0 AT
y 5= Z0.110 x R (A17)
I

In summary, upon substitution of (A14) and (A10), the EofM (AS) is

2 v, AT . -
p [Afo —(a- b)1n<70> ]UoVﬂR+ W = K. with K. = /24" G.(v)) (A18)

Together with expressions (A15-A16) and (All) for V_ and G(v,), respectively, (A18) constitutes a relation
between crack front position R(f), crack front speed v, = dR/dt and hypocentral force AT(¢) that is an ordinary
differential equation for the crack front position R(?).

Let us consider the limiting solution where the effect of the fault toughness K is negligible. Under this condition,
the EofM yields

R(K=0) — ,/_% with Ar= [Afo —(a—b)n (o.uo x %)]m (A19)
1

This solution exists when the stress drop is negative (Az < 0), that is, when there is stress increase along the
slipping patch. This is realized, for example, when the fault is rate-strengthening (@ — » > 0) and is initially at
steady-state (Af, = 0). Although, this is the case mostly alluded to in the main text, the zero-toughness aseis-
mic slip transient solution also exists on a rate-weakening fault (¢ — b < 0), provided that the fault is initially
sufficiently under-stressed (Af, < 0) so that Az < 0.

Strictly speaking, Equation A19 is implicit due to the dependence of the stress drop on R. However, this depend-
ence is weak (logarithmic) and stress drop can be treated as approximately constant over a range R of interest. The
front speed of the zero-toughness transient is approximately

LK) AT
' 2V —27ACAT

The solution (A19-A20) can be used to estimate the consistency of the underlying zero toughness assumption by

(A20)

evaluating the dimensionless toughness (A16):

K.

K=0702x ———
(-as*aT)"

(A21)

The numerical prefactor is (7r3 /1 28) v

Once the front position is solved, the distribution of slip follows from A4 when substituting the expression for Az
resulting from the EofM:

5(p) = 2T 2 (—"’““(p L M) (A22)

Ry, * p
Taking elastic parameters y = 30 GPa and v = 0.25, an approximate constant flowrate of Q = 10 L/s, and esti-

mates of f;, f, w, as in Table 2 of the main text, we get an estimate of VS(K":O) following Equation A17, leading to

K(K"=0) ~ 107®m.s~". Values of @ = 0.014 and b = 0.01 then lead to an estimate of Az ~ —3 MPa when taking the v
estimate of Table 2 and following Equation A19 with Af, = 0. Using the same estimates, we get from Equation A11:

G. = 1,000 x [Pa.m]

L
1 [mm)]
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and K, = 4/ 2;4;GC ~7 [MPa\/E] X4/ ﬁ The state evolution slip distance L is considered here to vary from

0.03 to 10 mm, reflecting possibly variable fault maturity/size. This suggests ranges of G, from 30 to 10* Pa.m
and K, from about 1 to 22 MPa \/Z .

To validate the zero-toughness assumption adopted for the aseismic slip modeling in the main text, we estimate
the dimensionless toughness based on the zero-toughness solution A21 with Az ~ —3 MPa, an injected volume
V. .~ 10* m® and other constants from Table 2. This leads to K values indeed small, varying between 0.01 and

inj

0.16 for L between 0.03 and 10 mm.

Data Availability Statement

Data for the 1993 Soultz fluid injections are available on the CDGP web services (https://cdgp.u-strasbg.fr/)
and corresponds to the catalog with magnitudes computed by the CSMA (Baria et al., 1996; EOST & GEIE
EMC., 2017; CSMA). Data for the Basel sequence is available in Herrmann et al. (2019) and corresponds to the
catalog of previously existing events they provide.
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