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1. Introduction
Seismic swarms are sequences of earthquakes, clustered in time and space, where no mainshock could be 
identified. To ensure such an activity during days to months, a driving mechanism is required. It could be 
pressure diffusion, as such swarms are induced by reservoir (injection and impoundment) activities (Deich-
mann & Giardini, 2009; Diehl et al., 2017; Dinske et al., 2010; Ellsworth, 2013; Lengliné et al., 2017). The 
similarity between induced and natural swarms suggests that even natural swarms are driven by transient 
episodes of fluid flow at depth. This conclusion is generally supported by the diffusive character of the 
swarms expansion. The classical model involves the diffusion of a fluid from a source at depth, leading to 
pore pressure and thus effective normal stress variations on critically prestressed faults bringing them to 
seismic failure (Shapiro & Dinske, 2009). In this model, the swarm expansion exactly tracks the fluid front 
at depth and could be used to estimate the hydraulic diffusivity of the swarm region. This generally leads to 
diffusivity estimates varying between 0.001 and 1 m2 s−1 (Duverger et al., 2015; Goertz-Allmann et al., 2017; 
Hainzl & Fischer, 2002; Hainzl et al., 2012; Lengliné et al., 2017; Schoenball & Ellsworth, 2017; Shapiro & 
Dinske, 2009), which is orders of magnitude larger than in situ measurements of fault hydraulic properties 
(Doan et al., 2006). Furthermore, it does not account for static and dynamic triggering, which could eventu-
ally trigger seismicity beyond the fluid front.

Recent in situ fault slip reactivation experiments (Duboeuf et al., 2017;Guglielmi et al., 2015) and seismo-
logical observations (Bourouis & Bernard, 2007; Cauchie et al., 2020; De Barros et al., 2020; Eyre et al., 2019, 
2020; Hatch et al., 2020; Lengliné et al., 2017; Lohman & McGuire, 2007; Wei et al., 2015) have revealed that 
significant slow (aseismic) slip has to be taken into account in the triggering of fluid-induced seismicity. 
In this alternative model, the pore pressure changes trigger an aseismic slip front propagating on faults, 

Abstract Fluid-induced earthquake sequences generally appear as expanding swarms activating a 
particular fault. The recent analysis of a swarm in the Corinth rift has revealed a dual migration pattern, 
with a global slow expansion (m day−1) and episodes of rapid migration (km day−1). Such swarms are 
generally interpreted as fluid diffusion, which ignores the possibility of static, dynamic, or aseismic 
triggering and the existence of rapid migration. Here, we propose a new model for such swarms, where 
earthquakes consist in the failure of asperities on a creeping fault infiltrated by fluid. For that, we couple 
rate-and-state friction, nonlinear diffusivity, and elasticity along a 1D interface. This model reproduces the 
dual migration speeds observed in real swarms. We show that migration speeds increase linearly with the 
mean pressurization and are not dependent on the hydraulic diffusivity, as traditionally suggested.

Plain Language Summary The common interpretation of earthquake swarms assumes a 
fluid diffusion from a source at depth, which destabilizes critically stressed faults. In this model, seismicity 
is localized at the fluid front. However, earthquake swarms expand faster than fluid is likely to diffuse. 
Recent observations in the Corinth rift (Greece) also report that swarms consist in the succession of bursts 
of rapidly migrating events, which is not explained by the diffusion model. To account for these features, 
one needs to consider slow slip on faults (undetected at the surface) in addition to fluid diffusion. Here, 
we propose a physics-based model coupling fluid diffusion, slow slip, and earthquake triggering on a 1D 
fault. Our model reproduces the dual migration (slow expansion and rapid bursts) pattern of some seismic 
swarms. We also show that migration speeds are controlled by the increase of the mean pore pressure 
within the fault and not by hydraulic diffusivity.
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leading to the failure of preexisting asperities (earthquakes). Aseismic slip fronts are known to propagate 
at speeds of the order of km day−1 (Lohman & McGuire, 2007; Obara, 2010; Radiguet et al., 2011; Rubin 
& Armbruster, 2013), which is in agreement with fast-velocity migration observed during some swarms 
(Lohman & McGuire, 2007).

A recent analysis of an earthquake swarm occurring in the Corinth rift (Greece) has revealed a particular 
migration pattern shown in Figure 1 (De Barros et al., 2020). It consists of a slow (125 m day−1) expansion 
of the swarm, involving several episodes of rapid (∼10 km day−1) earthquake migrations. This swarm could 
therefore be seen as an intermittent growth involving a succession of rapidly migrating earthquake bursts, 
penetrating each time further on the fault. Such patterns with dual behaviors seem to characterize other 
swarms of natural origin, such as in the Corinth rift (Bourouis & Cornet, 2009; Duverger et al., 2015), in 
western Bohemia (Hainzl & Fischer, 2002; Hainzl et al., 2012), in Nevada (Hatch et al., 2020), and induced 
by reservoir operations (Bourouis & Bernard, 2007; Cauchie et al., 2020; Diehl et al., 2017; Eyre et al., 2019; 
Lengliné et  al.,  2017). Here again, the simple model of triggering by fluid diffusion fails to explain the 
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Figure 1. Location and migration of the seismicity during the 2015 Corinth gulf swarm (De Barros et al., 2020). (a) 3D 
location of the seismicity, view from South. Colorscale shows the days of occurrence. (b) Same as (a), with a view from 
West. (c) Distance versus time (R–T plot) for the first 6 days of swarm activity. The position of reference is the mean 
position of the first 10 events. The black line shows the overall migration of the swarm (125 m day−1), while the dashed 
blue lines highlight episodes of fast migration velocities. The gray areas show the spatiotemporal density of events. (d) 
Same as (c), zoomed on a fast migration period.



Geophysical Research Letters

episodes of rapid earthquake migration occurring within the swarm once the fluid front passed. An addi-
tional process is therefore needed. Coulomb stress transfer from earthquakes may lead to cascading seismic-
ity on near critical faults, as suggested by Schoenball and Ellsworth (2017) to explain the Oklahoma seis-
micity. Such migration velocity differences may also be related to highly heterogeneous or slip-enhanced 
permeability, but this is not likely to lead to a factor of 100 difference in the migration velocity. Slow, aseis-
mic slip is a likely candidate to explain these dual behaviors, as the overall expansion may be associated with 
fluid diffusion while fast migration may suggest slow slip triggering on particular asperities.

Recent modeling efforts have shown that fluid-induced aseismic slip fronts propagate faster that pore 
pressure diffusion on frictional faults (Cappa et al., 2019; Bhattacharya & Viesca, 2019; Dublanchet, 2019; 
Wynants-Morel et al., 2020) and that earthquake location tracks the stress perturbation associated with the 
aseismic slip front. These studies have also demonstrated the importance of permeability enhancement 
related to slip in this triggering process. However, none of these models reproduce the dual migration of 
earthquakes. One of the reason is that these approaches do not produce repeating earthquakes, because 
either purely strengthening or slip weakening friction is used.

Here, we propose a new modeling approach aiming at better constraining the processes that drive the 
swarm seismicity, by looking for the physical parameters leading to the dual migration observed in the 
Corinth rift swarm (Figure 1). The model assumes nonlinear fluid diffusion within a heterogeneous rate-
and-state frictional interface between elastic solids. Thanks to rate-and-state friction, the fault is able to 
produce aseismic slip and to generate earthquake cycles. The nonlinearity of pore pressure diffusion comes 
from a permeability evolution that accounts for the past slip history on the fault. The next section is dedicat-
ed to a description of the model. Then, different hydraulic scenarios are tested, and we demonstrate which 
parameters principally control the dual migration velocities.

2. Model
Because of the radial migration pattern of the Corinth swarm (Figure 1), we model a tectonic fault as a 
1D linear interface of length L between two elastic slabs of thickness H (Figure S1). The fault is loaded by 
a constant lithostatic normal stress σ, and a constant slip rate ± v0/2 at the top and bottom limits of the 
slabs so that slip occurs in mode III along the fault. Based on the Corinth swarm in Figure 1, we choose 
L = 1.2 km and σ = 153 MPa (∼6 km depth with a rock density of ∼2,600 kg m−3). We also used H = 3 km 
and v0 = 4.825 mm year−1 in order to reproduce the interseismic strain rate of 10−7 year−1 in the Corinth rift 
in the absence of fault slip (Bernard et al., 2006). We note x the along fault distance, t the time, and δ(x, t) 
the relative slip. The interface obeys rate-and-state friction (Dieterich, 1979; Ruina, 1983) where the friction 
coefficient f depends on the slip rate  ( , )v x t  and a state variable θ(x, t) accounting for the past slip history 
of the interface. f is given by


   0

0
0

ln ln ,
c

v vf f a b
v d (1)

where f0, a, b, and dc are a constant friction coefficient, nondimensional rate-and-state parameters, and a 
critical slip distance, respectively. We assume standard laboratory values for dc = 0.0153 mm and f0 = 0.6 
(Marone, 1998). From Ruina (1983), we assume that θ evolves according to the aging law:

   1 .
c

v
d (2)

Recall that if   0, the friction is at steady state, and the friction coefficient only depends on slip rate: 
f = fss(v), where

  0
0

( ) ln .vf f a b
v (3)

In order to account for possible aseismic slip and earthquakes, we consider a heterogeneous distribution of 
the a − b parameter. Seismogenic asperities are modeled as critical velocity-weakening patches (a − b < 0, 
larger than the critical nucleation length [Rubin & Ampuero, 2005]) distributed on a velocity-strengthening 
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region a − b > 0. We achieve this by using a constant value of b = 0.001, and a variable a parameter, with 
a = 0.1b on seismogenic asperities and a = 1.35b on creeping regions. Asperities are 9 m long and separated 
by 21 m.

We assume a fluid flowing exclusively within the fault under the pore pressure p(x, t), so that the frictional 
stress τf writes:

  ( ).f f p (4)

From Darcy’s law and fluid mass balance, pore pressure evolution is controlled by the following nonlinear 
diffusion equation:

   
     

,p pD q
t x x

 (5)

where D(x, t) is the space-dependent and time-dependent hydraulic diffusivity. q(x, t) is the source term, 
modeling the injection at the center of the fault, as suggested by the migration of Corinth earthquakes (Fig-
ure 1). We define the mean pressurization of the fault Πm (in Pa.s−1) as:

( , ) Π ( ),m Dq x t L x (6)

where δD is the Dirac delta function and L is the fault length. When taking the spatial average of Equation 5, 
Πm is the rate of mean pressure increase in the fault. Note that Πm is not the pore pressure rate at the injec-
tion point p0, but under a constant diffusivity assumption, we have at time t (Dublanchet, 2019):


0

Π ,mLp t
D

 (7)

We derive in the supporting information, a relationship between diffusivity D and state variable θ of the 
form:

  /
0 ,vD D e (8)

where D0 is a constant reference diffusivity, and τv = η/2σY is a viscoelastic relaxation time characterizing the 
microasperities of the interface (η being the effective viscosity of the rock material, and σY the yield stress, 
taken for simplicity as the shear modulus of the rock μ = 30 GPa). The derivation is based on the inter-
pretation of the state variable θ as a measure of the age of microasperities (Ruina, 1983). Equation 8 leads 
to a slip history dependence of D. When the fault is locked (v is negligible), θ increases linearly with time 
according to the aging law (2), and D decreases exponentially. Similarly, during fast slip, θ decreases leading 
to diffusivity enhancement. The maximum possible value of D is approximately D0, and the minimum value 
of the order of  5/ 11

0 010vD e D , assuming a maximum state variable of 5 and τv = 0.23 days. Diffusivity 
variations are also illustrated in Figures S5, S9, S13, and S14.

The frictional stress is balanced by the quasi-dynamic elastic stress τe(x, t) given by:

     0* ( )e Dv t v (9)

where  is the elastic kernel derived by Horowitz and Ruina (1989). ηD is the radiation damping (Rice, 1993) 
given by ηD = μ/2cs, where μ is the shear modulus and cs the shear-wave speed (cs = 3.4 km s−1). The star 
denotes spatial convolution. The first term on the right side of Equation 9 corresponds to the stress redistri-
bution associated with slip along the interface, and the second one approximately accounts for the effects of 
elastic wave radiation. This latter term is significant essentially during rapid slip (earthquakes).

Equations 1 to 2 and 4 to 9 are solved numerically following Dublanchet (2019) to get the pressure, slip rate, 
and state variable histories resulting from a particular choice of Πm, D0, τv, and initial conditions. The spatial 
convolution between  and δ is here computed in the spatial Fourier domain assuming a L-periodic slip 
distribution along the fault at each time step. Doing so, the fault is divided into 2,048 computational cells, 
so that the grid size is always smaller than the process zone size μdc/bσ = 3 m (Rubin & Ampuero, 2005). 

DUBLANCHET AND DE BARROS

10.1029/2020GL090025

4 of 10



Geophysical Research Letters

Following Dublanchet et al. (2013), an earthquake catalog is then constructed from the slip rate history, 
assuming that earthquakes occur for slip rate above 1 mm s−1.

3. Results
Here, we discuss the seismicity and pore pressure patterns obtained in simulations considering differ-
ent mechanical and hydraulic conditions. For that we considered reference diffusivities D0 from 9.10−2 to 
9.10−7 m2 s−1. Recall that D0 is approximately the maximum possible diffusivity one could expect during a 
simulation. The diffusivities considered therefore cover the range of diffusivities expected on deep faults 
(Doan et al., 2006; Jaeger et al., 2009) and the lower end of what is measured from seismic migration. Fur-
thermore, we tested different values of the characteristic viscoelastic time scale: τv = ∞ (then, the diffusivity 
is constant D = D0), τv = 0.11 days and τv = 0.23 days. Finite values of τv correspond to effective viscosities 
of the order of 1014–1015 Pa s. We also assumed pressurizations Πm ranging from 11.5 mPa s−1 to 11.5 Pa s−1 
(0.99 kPa day−1 to 0.99 MPa day−1). Πm is not known for natural faults, but this set of hydraulic parameters 
typically leads to an increase of fault pore pressure of the order of a few kPa to a few MPa over 10 days, i.e., 
a fraction of the lithostatic stress σ (see Figure 2 and supplementary material).

Finally, we used initial slip rate v(x, 0) and state variable θ(x, 0) so that creeping areas are initially close to 
frictional steady state at v0, and velocity-weakening asperities are far below steady state (they are locked). 
We noted that our results are not really sensitive to initial conditions on the seismogenic asperities, because 
as shown later the creeping sections control the triggering of seismicity. We therefore assumed different 
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Figure 2. (a) Earthquake location versus time from injection start (black rectangles) for the simulation parameters 
specified in the title. Pore pressure field p(x, t) is represented with colored contours. The dashed purple line indicates 
the global expansion of the swarm. The red box delineates the zoomed region in (b) and (d). (b) Zoom on the region 
outlined by the red box in (a). Black rectangles are earthquakes locations, but colored contours here refer to slip rate 
distribution v(x, t). The dashed purple line shows a rapid migration event. (c, d) Same as (a) and (b) but with fault slip 
represented as colored contours.
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initial conditions only on the creeping sections and defined for that the understress ratio S0 which quantifies 
the distance to frictional steady state at v0:

   
 

 
 0 0

0
0 0

( ,0) ( ) ( ,0)
,

( )
f ss f

ss

x v x f
S

v f
 (10)

where τss = fssσ. Since many sources of evidence suggest that creeping faults are most of the time close to 
steady state (Helmstetter & Shaw, 2009), we only consider slight deviations (S0 of a few percent). We end up 
with a total of 40 simulations (see Table S1 of the supplementary material for the details).

An example of synthetic seismicity is shown in Figure 2. As the injection proceeds, pore pressure diffuses 
along the fault, and many earthquakes are triggered (Figure 2a). The seismicity pattern consists of a swarm 
expanding from the injection point at a rate of approximately 20 m day−1 and involving sequences of rapid 
earthquake migration. Close to the end of the sequence (after 20 days), the swarm expansion accelerates. 
Other simulations shown in the supplementary material also show an acceleration of the expansion when 
the swarm reaches the boundaries of the fault. This is likely due to an overestimation of stress introduced 
by the assumption of L-periodic slip distribution (necessary to compute *  of Equation 9 in the wave-
number domain). Rapid migration sequences generally initiate near the injection point and propagate at 
approximately 300 m day−1 (Figure 2b). Interestingly, earthquakes are triggered well beyond the pressur-
ized area (Figure 2a). The inset of figure (b) shows that within rapid migration sequences, the failure of an 
asperity (earthquake) generates a propagating creep event (postseismic slip) that triggers the next asperity. 
Rapid migration events, and more generally the expansion of seismicity is thus driven by aseismic slip and 
not directly by pore pressure, which explains the wider expansion of seismicity. This is also supported by 
the fault slip accumulated during the swarm (Figures 2c and 2d) that does not localize on the asperities. 
Additional tests shown in Figure S16 indicate that rapid migration speed does not vary when changing the 
spacing between asperities.

Note that asperities are reactivated several times during the sequence, which could be seen as repeating 
earthquakes. Such repeating sequences were observed within seismic swarms (De Barros et al., 2020) and 
during induced seismicity (Cauchie et al., 2020).

In the following, we will make the distinction between global expansion of the swarm (occurring at 
20 m day−1 in the example of Figure 2a) and the fast migration events (occurring at 300 m day−1 in the exam-
ple of Figure 2b). For each simulation, we computed the global expansion speed of the swarm by fitting the 
envelop of the earthquake locations, before the late acceleration. Then, we computed the migration speed of 
rapid sequences from the distribution of |Δx|/Δt, Δx, and Δt being the distance and time interval separating 
two successive events. The estimates of the two speeds are shown in Figure 3 for our 40 simulations.

In Figure 3a, the numerical estimates are compared to the speed Va of fluid-driven slip front on veloci-
ty-strengthening faults derived by Dublanchet (2019). We choose this estimate because both global expan-
sion and rapid migration could be seen as the propagation of a slow slip fronts (Figures 2b, 2c, and 2d) on 
velocity-strengthening regions separating asperities. From Dublanchet (2019), Va is given by

 
 


0 0

0

Π Π ,
2Γ 2( )

m m
a

r

f L f LV (11)

where Γ is the stress change associated with the slipping region, i.e., the difference between the residual 
stress τr left after the slip front and the initial stress τ0 on the fault. As we are interested in the propagation 
of slip on velocity-strengthening regions, this difference is positive, and a mechanism is needed to release 
stress within the slipping patch in order to make the aseismic slip front propagate. In the case of global 
expansion, this mechanism is related to pore pressure increase: since τ = f(σ − p), the shear strength de-
creases near the injection point, leading to a drop of the average shear stress within the slipping patch. The 
energy supplied for rapid migration is different, since it occurs outside the pressurized region. In this case, 
the propagation of slow slip is driven by the failure of velocity-weakening patches, which release stress. The 
slow slip is therefore the afterslip following the failure of asperities that migrates away from the earthquake 
source region and leads to successive failure of neighboring asperities. We show in the supplementary ma-
terial that Γ is an aseismic fracture energy density, i.e., the energy one needs to overcome to allow the prop-
agation of a slip front over a unit distance on a velocity-strengthening region.
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Note that Γ depends on S0, and in Figure 3a, we have assumed a constant τr = 4(a − b)σ (a and b being the 
frictional parameters of the strengthening region) and variable τ0 (S0). It appears that Va overestimates the 
global expansion speed by a factor of 10 and underestimates the rapid migration speeds by the same factor. 
It suggest that migration speeds could be written as kVa, k being a nondimensional factor k = 0.1 for global 
expansion and k = 20 for rapid migration. This scaling is represented as red dashed lines in Figure 3a. We 
conclude that the main parameters controlling the global expansion and the rapid migration events are the 
pressurization Πm and the initial state of stress on the fault. The different speeds are represented against Πm 
in Figure 3b, showing a linear tendency. Here again, we compare the numerical results with the prediction 
of Equation 11, this time assuming constant values of Γ (accounting for the factor k). Constant Γ solutions 
are shown as red dashed lines in Figure 3b and provide a good estimate of our swarm expansion and fast 
migration speeds, with Γ ≃ 2 MPa and Γ ≃ 10 kPa, respectively.

The pressurization Πm therefore seems to dominate over the initial state of stress in controlling the migra-
tion pattern of seismicity. However, the slope in Figure 3b is slightly different for global expansion and fast 
migration, suggesting that pressurization dependence is larger for global expansion speeds.

Interestingly, the hydraulic diffusivity does not significantly influence the earthquake pattern. This is the 
case both for the absolute value of diffusivity and for the diffusivity model (D0 and τv, see also Figure S15). 
This could be related to the observation that earthquake triggering occurs through creep transients propa-
gating from one asperity to another (Figures 2b, 2c, and 2d) and not by fluid flow.

In Figure 3, we also represented the estimations of global expansion speed and rapid migration speeds for 
the Corinth swarm analyzed in De Barros et al. (2020). These observations are compatible with a pressuriza-
tion of the order of 10 Pa s−1 (or 0.864 MPa day−1) if one assumes a lithostatic stress of the order of 150 MPa. 
To obtain such a pressurization, requires a pressure increase at the injection of about 12 MPa during the 
first day. As the expanding phase of the Corinth swarm lasts for about 5 days, the overpressure at the in-
jection reaches 27 MPa (if we extrapolate the maximum pressure of Figure S5 using Equation 7), which is 
of the same order of magnitude as what is used in geothermal fields (Zang et al., 2014). Other fluid-driven 
swarms are characterized by migration speeds in the range 50–500 m day−1 (Duverger et al., 2015; Hainzl & 
Fischer, 2002; Hainzl et al., 2012; Goertz-Allmann et al., 2017; Lengliné et al., 2017; Shapiro & Dinske, 2009; 
Schoenball & Ellsworth, 2017). In light of our model, we interpret these speeds as mean pressurizations Πm 
from 100 kPa day−1 to 1 MPa day−1. Over 10 days, the overpressure at injection in such swarms is thus of 
the order of 0.1–10 MPa.
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Figure 3. (a) Global expansion speeds and rapid migration speeds (Vm) estimated in the simulations (symbols) versus 
analytical estimates from Equation 11. The solid black line is drawn to separate global expansion and fast migration 
events. The approximate estimates Vm = kVa from Equation 11 are represented with dashed red lines. Solid and dashed 
purple lines indicate the global swarm expansion and rapid migration speeds for the Corinth swarm analyzed by De 
Barros et al. (2020). Symbol legend is shown in (b). The color of each symbol refers to the reference diffusivity D0. (b) 
Global expansion speeds and rapid migration speeds versus pressurization Πm (symbols). Black, red, and purple lines 
have the same meaning as in (a).
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4. Discussion
The fault model presented here reproduces the dual migration of seismicity. We have shown that in our 
model, earthquake triggering is related to slow slip migration on velocity-strengthening areas. Although 
slow aseismic slip is triggered and sustained by the fluid injection, it expands faster along the fault than 
pore pressure does. Excited aseismic slip in turn triggers the failure of asperities (earthquakes) far beyond 
the pressurized area (Figure 2 and supplementary material). The faster expansion of slow slip front has 
already been reported in many modeling studies (Bhattacharya & Viesca, 2019; Cappa et al., 2018; Dublan-
chet, 2019; Wynants-Morel et al., 2020). Here, we show that this is even the case in the presence of seismo-
genic asperities.

The majority of the simulated earthquake sequences are characterized by a rather constant expansion 
speed. The acceleration of the expansion toward the end of the simulations is an artifact of the stress trans-
fer computation near the fault boundaries. The expansion at constant speed is commonly observed in nat-
ural and induced sequences (De Barros et al., 2020; Lengliné et al.,  2017). However, many swarms also 
show a diffusive pattern, i.e., with a global expansion speed decreasing as the inverse square root of time. 
Some simulations are characterized by diffusive expansion, where seismic activity is confined within the 
pressurized region, in particular for high diffusivities (see Figure S10). The transition between diffusive and 
linear expansion could be interpreted as differences in prestress conditions (Bhattacharya & Viesca, 2019; 
Wynants-Morel et al., 2020). We also observe that large understress (S0) results in a proximity between the 
seismicity fronts and the pressure fronts.

The mean pressurization Πm is the main parameter controlling the earthquake migration speeds in our sim-
ulations. Note that Πm is not the pressure rate at the injection point 0p , but the rate of increase of the spatial 
average of pore pressure within the fault. Πm depends on both 0p  and the effective diffusivity D (Equation 7). 
In the framework of induced seismicity, the injection rate could be known from borehole data, and the 
migration speeds could then be used to estimate at least an effective diffusivity along the activated fault.

The other parameter controlling the dynamics of such swarms is the aseismic fracture energy density Γ. 
Here, we have shown that global expansion and rapid migration seem to be controlled by similar physics but 
involving different values of Γ: the larger Γ, the smaller the migration speed. It is shown in the supplementa-
ry material that because rapid migration occurs within a region of accelerated aseismic slip (marked by the 
swarm extent), Γ is lowered for these rapid sequences compared to the global expansion. More generally, Γ 
depends on the frictional properties of the interface and in particular on the stable, velocity-strengthening 
properties (Dublanchet, 2019). So far, we have only considered a single distribution of the frictional proper-
ties that does not allow to better constrain Γ. This issue requires more investigation.

We have only considered a 1D fault in this study. 1D migration of seismicity is reported at the intersection of 
two fault systems in the Corinth area (Duverger et al., 2015), but earthquake swarm expansion is often a 2D 
(when a planar fault is activated), or even a 3D process (in a fault network). When considering a nonlinear 
diffusivity, the main difference between 1D and 2D models would come from the fluid flow, that could be 
channelized in 2D when asperities are locked, which is not possible in 1D. Slow slip and earthquake inter-
action would however obey similar processes. Studying the 3D migration requires consideration of fault 
networks rather than a planar fault. Fluid flow and stress transfers may in this case differ from the 1D or 
2D cases. Our conclusions should therefore be restricted to the particular cases of single fault reactivation.

Driving processes of seismic swarms are often inferred from migration velocity, as slow migration velocities 
(∼100 m s−1) are associated with fluid diffusion and faster migration to slow slip (Lohman & McGuire, 2007; 
Vidale et al., 2006). Such velocity analysis is applied on the outermost events, but migrating sequences inside 
the swarms may bring new constrains on the swarm driving processes. Such dual migrations were observed 
in different natural swarms (Hainzl et al., 2012; Hatch et al., 2020; Hensch et al., 2008; Ruhl et al., 2016; 
Passarelli et al., 2018; Yoshida & Hasegawa, 2018) and reservoir stimulations (Bourouis & Bernard, 2007; 
Diehl et al., 2017; Eyre et al., 2019). Based on such dual migration behaviors observed in the Corinth Gulf 
(De Barros et al., 2020), we here propose a new model that conciliates fluid diffusion and slow slip and may 
successfully explain the observations of many of the swarms cited above. Even if this model may not explain 
all processes occurring within those swarms, it opens new interpretation possibilities and suggests that a 
more systematic investigation of hypocentral migration within the swarms should be performed.
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5. Conclusion
We have proposed and analyzed a physics-based model for fluid-induced earthquake swarms activating a 
tectonic fault. The model reproduces the dual seismic migration observed in a swarm of the Corinth rift and 
possibly in many other fluid-induced sequences: a global expansion at 10–200 m day−1 of the whole swarm, 
involving several episodes of rapid earthquake migrations, at about 1–10 km day−1. This pattern results from 
the coupling between fluid flow, slow slip activation, and the failure of brittle seismogenic asperities. We 
have shown that the fluid flow triggers expanding slow slip which promotes the repetitive failure of asper-
ities well beyond the pressurized area. However, the main parameter controlling the migration speed is the 
pressurization, that is the rate of increase of the mean pore pressure within the fault, while hydraulic diffu-
sivity plays a minor role. In our model, the pressurization required to produce the migration speeds for the 
Corinth swarm lead to approximately 27 MPa of overpressure at the end of the swarm. This study therefore 
provides a new way to interpret the hypocenter migration patterns characteristic of fluid-driven seismicity.

Data Availability Statement
Synthetic catalog of seismicity generated by the fault model is available at Dublanchet (2020).
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