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Stress Perturbation From Aseismic Slip Drives the Seismic
Front During Fluid Injection in a Permeable Fault

Nicolas Wynants-Morel" (2, Frédéric Cappa'? (), Louis De Barros" (2,

and Jean-Paul Ampuero'

!Université Cote d'Azur, CNRS, Observatoire de la Cote d'Azur, IRD, Géoazur, Sophia Antipolis, France, Institut
Universitaire de France, Paris, France

Abstract Fluid pressure changes affect fault stability and can promote the initiation of earthquakes and
aseismic slip. However, the relationship between seismic and aseismic fault slip during fluid injection
remains poorly understood. Here, we investigate, through 3-D hydromechanical modeling, the
spatiotemporal evolution of seismicity and aseismic slip on a permeable, slip-weakening fault subjected to a
local injection of fluid, under different prestress conditions. The model results in an expanding aseismic
slip region, which concentrates shear stress at its edge and triggers seismicity. The aseismic slip dominates
the slip budget, whatever the initial fault stress. We find that the seismicity is collocated with the aseismic
rupture front rather than with the fluid pressure diffusion front. On faults initially far from failure, the
aseismic rupture front is located behind or at the pressure front. On faults initially closer to failure, the model
predicts that both the rupture front and the seismicity outpace the pressurized zone, resulting in a sharp
increase of the migration velocity and released moment of the seismicity. Insights gained from this modeling
study exhibit various features that are observed in sequences of induced earthquakes in both field
experiments and natural reservoir systems and can help guide the interpretation of past and future
observations of induced seismicity.

Plain Language Summary The injection of fluids deep below ground can induce earthquakes,
but it can also trigger slow deformations. Studying the relationship between fluid perturbation and
seismic and aseismic deformations is fundamental to understand the mechanisms of injection-induced
seismicity in order to mitigate seismic risk. Here, we present results of computer models of the response of a
fault to fluid injection. We show that, in the presence of induced aseismic slip, the seismicity is not directly
induced by the elevated fluid pressure but by the stresses generated by the expansion of the aseismic slip
region. The seismicity initiates and diffuses along the edge of the stress-increase zone, rather than along the
edge of the zone of elevated fluid pressure. We find two different behaviors depending on how stressed the
fault is before injection. For a fault initially far from failure, the aseismic slip and the seismicity are
confined in the pressurized zone. On the contrary, if a fault is initially close to failure, both the aseismic slip
front and the seismicity front accelerate and outpace the fluid pressure front. Thus, the transient
stress-increase associated with the aseismic slip and the initial stress conditions are key factors that control
the triggering of seismicity.

1. Introduction

Fluid pressure changes affect fault stability and can promote the initiation of earthquakes. It has been widely
documented that the injection or extraction of fluid in the first kilometers of underground rocks can gener-
ate seismicity in the contexts of oil and gas reservoirs, geothermal energy, and geological carbon sequestra-
tion (Ellsworth, 2013; Keranen & Weingarten, 2018). In recent years, there has been a rapid increase in the
rate of induced seismicity in areas of active fluid injections, including relatively large induced earthquakes
like the 2011 M,, 5.7 and 5.0 earthquakes near Prague in Oklahoma, United States (Keranen et al., 2013),
the M,, 5.8 Pawnee, Oklahoma, in 2016 (Yeck et al., 2017), or the 2017 M,,, 5.5 earthquake near an enhanced
geothermal site in Pohang, South Korea (Grigoli et al., 2018; Kim et al., 2018; Lee et al., 2019). Although
induced earthquakes are predominantly associated with wastewater disposal, gas production can also
induce earthquakes with moment magnitudes up to 3.6 (2012) and 3.4 (2017) in the Groningen field in
the Netherlands (Candela et al., 2019; van Thienen-Visser & Breunese, 2015), as well as hydraulic fracturing
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with moment magnitudes ranging from 2 to 4.6 (Clarke et al., 2014; Holland, 2013; Schultz et al., 2015),
including the 2015 M,, 3.9 earthquake in western Canada (Bao & Eaton, 2016). These induced earthquakes
are a growing concern and a hazard that needs to be controlled in order to develop a safer and cleaner energy
future. Thus, it is important to understand how fluid pressure changes can modify subsurface stresses and
trigger an earthquake.

While industrial fluid manipulations can generate earthquakes, this is not systematic. Fluids can also induce
aseismic deformations associated with a slow rupture propagation without any detectable seismic event.
Indeed, a large aseismic region surrounding the injection zone has been observed both at the reservoir scale
(Cornet, 2012, 2016; Cornet et al., 1997; Hopp et al., 2019; Lengliné et al., 2017; Wei et al., 2015; Zoback
et al.,, 2012) and during in situ experiments at the decametric scale (De Barros et al., 2016; Duboeuf
et al., 2017; Guglielmi et al., 2015). In these small-scale experiments, it has been shown that most (>95%)
of the deformation induced by fluid injection is aseismic (De Barros et al., 2016, 2018, 2019; Duboeuf
et al., 2017; Goodfellow et al., 2015).

In the framework of injection-induced earthquakes, the conventional conceptual model corresponds to fault
reactivation by an increase in fluid pressure that reduces the effective normal stress on the fault and brings
the fault strength closer to the Coulomb failure criterion (Hubbert & Rubey, 1959). Later, this model was
improved by including poroelastic stress changes within the pressurized volume and in the surrounding rock
mass (Segall, 1989) and earthquake nucleation effects (Segall & Lu, 2015). The model shows that, at large
distances from the injection, poroelastic stresses dominate over the fluid pressure increase (Goebel
et al., 2017). Recently, based on field experiments and numerical simulations, Bhattacharya and
Viesca (2019), Cappa et al. (2018, 2019), De Barros et al. (2016, 2018), and Guglielmi et al. (2015) have pro-
posed a model of injection-induced aseismic slip which transmits an elastic stress perturbation that triggers
seismicity beyond the fluid-pressurized zone. The important role of aseismic slip was recently confirmed in
hydraulic fracturing-induced seismicity at the kilometer-scale in a deep reservoir (Eyre et al., 2019), and in a
comparison of injection-induced earthquakes in in situ experiments and in the Central United States (Huang
et al., 2019). Some studies have concluded that stress transfer between seismic events (i.e., earthquake inter-
actions) can also play a significant role during a sequence of induced seismicity (Catalli et al., 2016;
Schoenball & Ellsworth, 2017). Models of multiple brittle asperities embedded in creeping faults indicate
that earthquake interactions are dominantly driven by aseismic slip, rather than by direct static stress trans-
fer between earthquakes (Dublanchet, 2019a; Lui & Lapusta, 2016; Luo & Ampuero, 2017). Thus, among the
potential triggering mechanisms of induced seismicity, fluid pressure change is likely more prominent at
small distances around the injection, whereas poroelastic stress changes and stress perturbation through
aseismic slip or earthquake interactions may outpace the fluid pressure migration at large distances.

However, although hydraulic processes and elastic stress interactions are considered to be efficient triggers
of seismicity, the main mechanisms and controlling parameters of injection-induced seismicity remain
unclear. Thus, it is crucial to identify the relative contributions of the fluid pressure diffusion and stress per-
turbation on fault rupture during fluid injection because (1) some models relate the growth of the seismicity
cloud only to the diffusion of elevated fluid pressure activating critically stressed faults (Shapiro et al., 1997;
Shapiro et al., 2002) and (2) other models relating the potential magnitude of induced earthquakes and injec-
tion parameters assume that the rupture is fully seismic and remains confined in the fluid pressurized zone
(McGarr, 2014; Shapiro et al., 2011). Thus, these models do not consider the rupture modes (i.e., seismic ver-
sus aseismic slip) nor the stress perturbation and rupture propagation outside the pressurized zone, although
seismicity has been observed outside this zone (Eyre et al., 2019; Goebel et al., 2016; Megies &
Wassermann, 2014; Stark & Davis, 1996).

Consequently, once the initial fault activation occurs during fluid injection, the process surrounding the trig-
gering and migration of seismicity is uncertain, and this may have a significant impact on the interpretation
of the spatiotemporal evolution of seismicity and on the design of mitigation and monitoring strategies.
Therefore, here we address the following key question: Are the seismicity triggering and migration processes
directly linked to the fluid pressure diffusion or to others mechanisms?

In this study, we investigate the influence of the fluid pressure diffusion and the stress perturbation gener-
ated by the growing aseismic rupture in a permeable fault on the triggering of seismicity during a fluid injec-
tion using three-dimensional two-way-coupled hydromechanical modeling. A variety of numerical models
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have been used to study the mechanisms of injection-induced faulting and the triggering of seismicity. While
early studies focused on fault reactivation assuming a Coulomb failure criterion (Jaeger & Cook, 1984) with a
constant friction coefficient (Aochi et al., 2014; Cappa & Rutqvist, 2011), recent studies include weakening
and time-dependent characteristics of fault friction (i.e., slip-weakening or rate-and-state friction laws) to
simulate fully dynamic rupture both for injection (Cappa & Rutqvist, 2012; Galis et al., 2017; Jin &
Zoback, 2018a; Norbeck & Horne, 2016; Pampillon et al., 2018; Urpi et al., 2016) and production (Buijze
et al., 2017, 2019). However, most models consider a two-dimensional geometry, and the coupled hydrome-
chanical mechanisms are not completely considered. We assume a three-dimensional fault within an initial
strike-slip stress regime. During the fluid injection, the hydraulic and frictional properties of the fault can
change, which in turn may influence fault slip and opening, and the partitioning of seismic and aseismic
ruptures. We consider an injection scenario where the flow rate increases quickly until a maximum value
that is maintained constant over tens to hundreds of seconds. The injection occurs into a single hydromecha-
nically homogeneous fault, governed by a slip-weakening friction law to simulate both seismic and aseismic
slip, and by stress-dependent permeability changes to simulate fluid pressure diffusion. We analyze and dis-
cuss the distribution and evolution of the seismicity relative to the evolution of the fronts of fluid pressure
and shear stress for different levels of fault “criticality” (initial fault stress relative to failure strength).
Through our investigations, we show that the seismicity along a permeable fault is not limited to the pres-
surized zone and follows the migration of the shear stress front associated with the expansion of aseismic slip
rather than the diffusion of the pressure front. Once the stress front outpaces the pressure front, the migra-
tion velocity of seismicity accelerates and cannot be explained by a classical time (t)—distance (r) diffusion
profile of the form r = \/ Dt where D is the hydraulic diffusivity. Finally, our study highlights the key role of
the shear stress perturbation accompanying aseismic slip in the triggering and migration of earthquakes
caused by fluid injection into a fault zone at reservoir depth.

2. Numerical Method, Model Setup, and Modeling Procedure
2.1. Model Setup: Geometry, Physical Properties, and Boundary Conditions

Our objective is to study the effect of a local fluid injection into a fault, at a typical reservoir depth of 3 km, on
the generation and migration of seismic activity. We build a conceptual three-dimensional model
(100 m x 45 m x 100 m) which considers fluid injection into a 70° dipping fault in a homogeneous elastic
and impervious medium (Figure 1a).

The remote principal stresses (o,, = 81 MPa, oy = oy, = 70 MPa) applied at the model boundaries and
resolved on the fault planes are constant and follow the depth-gradient due to gravity (g = 9.81 m/s*). We
test different levels of fault proximity to failure by including a deviatoric component (oy, = 13.5 to
18.5 MPa) to change the shear stress on the fault without modifying the normal stress among the tests.
Before injection, we assume an initial fluid pressure (P,) of 30 MPa and a hydrostatic gradient with depth.

Injection is prescribed at a point source located at the center of the fault (Figure 1c). During injection, the
volume of injected fluid per unit of time (i.e., flow rate) increases at a constant rate until a maximum value
is reached, then is kept constant (Figure 2a). At the injection point, the fluid pressure on the fault increases
gradually from an initial value of 30 MPa to a maximum value of 68.4 MPa (Figure 2b). We model a short-
duration, high-rate injection in order to test an extreme and fast fluid pressurization relative to the initial
state of effective stress on the fault at the injection point (o,,,” = 41.3 MPa and 1, = 16.8 MPa). The simula-
tions are stopped when the ruptured area reaches 75% of the total fault area (i.e., before reaching the model
boundaries). Therefore, the total time of injection is different from one simulation to another; it is 190 s in
our reference case.

Hydromechanical and frictional properties of the fault and elastic properties for rocks are assumed uniform
and set to typical values (Table 1). These properties are consistent with crustal reservoir conditions, for
instance, in Oklahoma, a region of pronounced injection-induced seismicity (Barbour et al., 2017). The cho-
sen values represent average values, except for the fault permeability which is initially high in this study
(k~107° m?) to explore the behavior of a highly conductive, intensively fractured fault zone that is represen-
tative of fast fluid conduits in subsurface reservoirs. Such values are consistent with in situ measurements
with borehole hydraulic packer tests (Jeanne et al., 2012). Fault stiffness values are assumed uniform on
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Figure 1. Model setup. (a) 3-D model geometry of the 70° dipping fault represented in light blue and the injection point in red at the center of the fault. The large
brown dashed line intersecting the injection marks the position of a cross section used to measure profiles of fluid pressure and stress along the fault, the
small dashed lines delimits a 10° zone around the cross section. The initial state of stress is represented with the vertical (g,,) and horizontal (oxx and oyy) stresses,
and a deviatoric component (oyy) for simulating a strike-slip stress regime. The gradient of stress with depth and gravity is indicated as a green triangle that gets
larger downwards. (b) Schematic representation of the fault hydraulic and mechanical conditions, with the hydraulic aperture (by,), the shear (kg) and

normal (k) stiffness, the rock shear (G) and bulk (K) modulus, the rock density (p), the shear () and normal stress (oy,) resolved on the fault, the fluid pressure
(Pp) and fluid overpressure (AP) caused by the fluid injection. (c) Linear slip-weakening friction with slip (8), static friction coefficient (us), dynamic friction
coefficient (uq), and critical slip distance (D).

the fault and correspond to typical values (e.g., Buijze et al., 2019). The values adopted in our simulations
allow us to avoid overdamped slip velocity while keeping a reasonable computational cost.

A static friction coefficient of 0.6 is assumed, which is a typical value for faults at crustal conditions
(Byerlee, 1978). Values for the dynamic friction coefficient (u4) and the critical slip distance (D.) can vary
over a broad range (Marone, 1998; Rubino et al., 2017). For our reference case, we assume (4 of 0.4 and a
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Figure 2. Injection procedure and fault response at injection. (a) Cumulative injected fluid volume and flowrate as a function of time. (b) Changes in fluid
pressure (black), effective normal stress (red), shear stress (blue), and shear strength (red) as a function of time at the injection point. Close-up view of (c) the
slip velocity, (d) the friction coefficient, (e) the shear strength (green), and stress (blue) during a seismic event. The blue horizontal dashed line in panel

(c) represents the threshold of slip velocity (1 mm/s) to detect the transition between aseismic and seismic slip.

D. of 10 pm (Table 1). With these frictional parameters, upon fault reactivation, an abrupt frictional
weakening can occur (Figures 2d and 2e). Usually, a fault heals over time; that is, the strength is
progressively recovered (Marone, 1998), but the healing process is not well known during fluid injection.
As the injection time is here very short, we assume that no healing occurred; that is, no recovery of the
friction coefficient to its static value is considered and the fault can continue slipping slowly or slip
intermittently, without further weakening, after its first seismic rupture.

The modeling procedure consists of two stages: (1) initialization of a static state-of-stress and fluid pressure
field and (2) simulation of a fluid injection. We use an adaptive time stepping scheme depending on the
unbalanced force ratio: If it gets higher than a defined range of values (that is if the force equilibrium on
the fault is far from being reached), the time step decreases; if it gets smaller, the time step increases. It
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Table 1

Model Parameters for the Reference Case

Material properties

Model parameters

value of each parameter

Rock mechanical properties Shear modulus (G) 15 GPa
Bulk modulus (K) 25 GPa
Density (p) 2,750 kg/m>
Elastic stiffness of the fault Normal stiffness (k) 300 GPa/m
Shear stiffness (kg) 300 GPa/m
Slip-weakening frictional properties of the fault Static friction (ug) 0.6
Dynamic friction (uq) 0.4
Critical slip distance (D) 10 um
Hydraulic properties of the fault Initial aperture (bhg) 200 um
Initial fluid pressure (Pp) 30 MPa
Dilation angle () 0°to 1°
Fluid properties Fluid bulk modulus (K,) 2 GPa
Fluid density (oy) 1,000 kg/m®
Fluid viscosity (ug) 1072 Pas
Stress state Initial effective normal stress (o,,") 41.3 MPa
Initial shear stress (z,) 16.8 MPa
Initial criticality (SCU = 7o/usno’) 68%

allows us to model the interseismic periods with a relatively large time step (around 1 s) and the coseismic
ruptures with a reduced time step comprised between 107® and 10> s. The simulation of the seismic
ruptures is thus quasi-dynamic.

In a simulation, the evolution of fluid pressure, fault opening, fault slip, stress, friction, and hydraulic aper-
ture are calculated. The evolution of the fluid pressure and stress fronts are also monitored. At the end of a
simulation, the location, timing, and moment magnitude of seismic events are estimated using the criteria
defined in section 2.4.

2.2. Inherently Discrete Rupture Model

A three-dimensional (3-D) hydromechanical model of a fluid injection in a single permeable, slip-weakening
fault is developed for this study using a 3-D Distinct Element Code (3DEC, Itasca Consulting Group,
Inc., 2016). We consider a two way-coupled hydromechanical model including discrete ruptures for the gen-
eration of seismicity. Our earthquake rupture model falls into the class of “inherently discrete models”
(Rice, 1993). We use a slip-weakening friction model with a short critical slip distance (D.) leading to a very
small characteristic length scale for nucleation (Ben-Zion, 2008; Rice, 1993). Given the values used in our
simulations, the nucleation length varies between 0.02 and 0.05 m depending on the effective normal stress
observed at rupture (Uenishi & Rice, 2003). The fault is divided in triangular cells whose size (0.7 m) is larger
than the earthquake nucleation size, thus each cell can be triggered independently from the others (Ben-
Zion & Rice, 1993). This stays valid even for large fluid pressure and thus small effective normal stress.
Moreover, the stability of the fault is verified using the critical stiffness Kc of the fault, which varies between
320 and 820 GPa/m with the fluid pressure observed at rupture (e.g., Ampuero et al., 2002). As the stiffness K
of a single cell of the fault is equal to 28 GPa in our model, the criterion for single-cell instability, K < K¢, is
verified for all values of pressure observed at rupture in our simulations. This setting represents, approxi-
mately, heterogeneous quasi-independent fault segments (Rice, 1993). This class of models was previously
used for modeling injection-induced seismicity (Baisch et al., 2010; McClure & Horne, 2010), and tends to
generate a large number of small seismic events. However, comparisons between inherently discrete and
continuum models have shown that results are qualitatively similar for short-duration, high-rate injection
(McClure & Horne, 2010, 2011). Inherently discrete models can reproduce complex seismic sequences on
a single fault with realistic seismological features compatible with observations, such as a
Gutenberg-Richter frequency-magnitude distribution of events (Ben-Zion & Rice, 1993, 1995; Carlson &
Langer, 1989a), foreshocks (Rice, 1993), aftershocks following an Omori law (Ziv & Rubin, 2003), repeating
earthquakes (Rice & Ben-Zion, 1996), creep events (Carlson & Langer, 1989b), and episodic tremor and slow
slip (Ben-Zion, 2012).
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2.3. Distinct Element Method

The Distinct Element Method (DEM) (Cundall, 1988) used in the 3DEC code (Itasca Consulting Group,
Inc., 2016) is a numerical technique for simulating discontinuous media that consist of an assemblage of dis-
crete blocks (i.e., rock) and discontinuities (i.e., faults, fractures, joints). Each individual block is discretized
into an internal finite difference mesh consisting of tetrahedral zones and nodes, while the discontinuities
are treated as distinct boundary conditions between blocks. The method uses an explicit time-marching pro-
cedure. During each time step of the simulation, the method uses force-displacement relations describing
the interaction between blocks. The positions of blocks are updated through the differential equations of
motion (Newton's laws) and constitutive equations to calculate the velocity, displacement and nodal forces
at each time step, and determine block translation and rotation. The discontinuity forces are then updated
based on constitutive laws. Thus, the code can simulate the coupling between stress and fluid flow in discrete
faults embedded in impervious or permeable deformable rocks. The hydraulic aperture and permeability of a
discontinuity (Figure 1b) are affected by the mechanical deformation, while the fluid pressure affects the
mechanical computation at each time step.

In this study, we use this approach to calculate the fluid pressure, the fault displacement, and stress. The
method has been previously used to evaluate the hydromechanical behavior of fault zones during fluid injec-
tion (Cappa et al., 2018; Guglielmi et al., 2008). Additionally, we here estimate earthquake source properties
using seismological assumptions.

2.4. Fluid Flow and Hydromechanical Coupling

Injection of fluid leads to changes of pressure and fluid flow in a fault, and consequently, changes of stress
over the fault surface and changes in aperture follow. The cubic law (Witherspoon et al., 1980) governs the
fluid flow in the fault:

— bi cW—=>

Q= 1o VP 1

where 6 is the flow rate vector (m>/s), VP is the fluid pressure gradient (Pa/m), u is the viscosity of fluid
(Pa s), w is the fault width (m), and by, is the hydraulic aperture (m), which is defined as

Ac,
bn = byo — . =

+ Aug - tany 2)

n

where by, (m) is the initial aperture at zero normal stress, Ac;1 is the increment in effective normal stress
(Pa), ky, is the normal stiffness (Pa/m), Aug (m) is the shear slip increment, and 1 is the dilation angle (°).
Dilation occurs only as the fracture slips. The hydraulic aperture is linked to the permeability (m?) as fol-
lows (Jaeger & Cook, 1984):

_b

k=t
12

(3
Experimental and numerical analyses have shown that the cubic law is adequate to simulate fluid flow and
hydromechanical effects along smooth surfaces (Brown, 1989; Zhang et al., 2019).

The numerical solution for fluid flow is based on a fluid network structure, discretized in nodes (Itasca
Consulting Group, Inc., 2016). Each node has a uniform fluid pressure and can communicate with the neigh-
boring nodes. Thus, the fluid flow is governed by the difference in pressure between adjacent nodes. At each
time step (At in s), the fluid pressure (P in Pa) at each fluid node is updated considering the net fluid flow
entering the node and the node volume change (AV):

At AV
P=Py +KwQV—Kw7m 4
where P, is the initial fluid pressure (Pa) at the considered node, K, (Pa) is the fluid bulk modulus, and
Vin = (V' + V"H/2 with V! and V, the node volumes in the previous and new time steps (m?),
respectively.
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2.5. Fault Displacement and Slip-Weakening Friction

In DEM, normal (AF,) and shear (AFy) elastic force increments on the fault are calculated at each node of
the mesh cells as follows:

AF, = —ky - Auy, - A, (5)
AF = —kg - Aug - A, (6)

where k,, and kg are the normal and shear stiffnesses (Pa/m) (Figure 1b), Au,, and Aug are the normal and
shear displacement increments (m), and A, is the contact area (m?), corresponding to the area of a mesh
cell. The calculated shear force (Fs) is compared to the shear strength (F¥) of the Mohr-Coulomb failure
criterion (Jaeger & Cook, 1984):

Ff=p-Fy+c-Ae (7

where u is the coefficient of friction and c is the cohesive strength (Pa). This is more commonly expressed
through the following constitutive equation:

T =c+u(on —p) =+ uo,, (®)

where 7¢ is the shear strength of the fault (Pa), o, is the normal stress (Pa), and p is the fluid pressure (Pa)
acting on the fault. The increase in fluid pressure in the fault induces a reduction in the effective normal
stress (o, = oy, - p). When the fluid pressure reaches a critical value that satisfies the Coulomb failure cri-
terion, the fault is reactivated, slip is initiated and the slip velocity increases. The cohesive strength is set
null in this study. During slip, the shear force is maintained equal to the shear strength and the coefficient
of friction evolves as a function of the shear slip. We use the linear slip-weakening formulation (Ida, 1972)
to describe this evolution of friction. The law assumes that the friction coefficient depends on the amount
of slip (8) and decays linearly from a peak static value (u;) to a residual dynamic value (¢ q4) over a critical
slip distance (D) (Figure 1c and Table 1). The slip can be either aseismic or seismic, depending on the rate
of friction weakening. During a seismic event, the stress drop is thus controlled by the evolution of friction
and effective stress. This is different from modeling approaches that directly assign a value of stress drop
(e.g., Baisch et al., 2010; Izadi & Elsworth, 2015).

2.6. Detection of Seismic Slip and Seismic Source Properties

A seismic catalog is extracted from the continuous monitoring of slip velocities calculated in each cell during
the simulation using the following criteria to define a seismic event:

1. Slip on a cell is considered seismic if the slip velocity is equal or greater than a typical threshold of
dynamic slip velocity (vqres) defined by the rock elastic properties and the fault frictional properties
(Cochard & Madariaga, 1994):

!

In(Hs — Mp)

G 2cs (9)

Vthres=
where c; is the shear wave speed (m/s) and G is the shear modulus (Pa). For injection-induced seismi-
city, typical values for this velocity threshold range from 0.1 mm/s to 0.1 m/s (Gischig, 2015;
McClure, 2015; McClure & Horne, 2011). Here, we adopt a value of 1 mm/s.

2. We set a minimum rupture area as the area of a compact zone, physically connected, with at least N cells
having a slip velocity equal or greater than vy, ¢s. In this study, to consider a constant size for the smallest
seismic events, the mesh size is uniform (0.7 m). Thus, the smallest event size is N x 0.21 m?. We consider
initially N = 1.

3. A seismic event ends when the slip velocity decreases below vy,s for all cells involved.

Thus, the algorithm measures the slip velocity in all cells to separate seismic and aseismic slip. The nearby
cells considered over a seismic period are grouped in space to define the seismic rupture surface area. The
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hypocenter is identified as the first cell whose slip velocity exceeds vres- The event size is quantified by the
seismic moment (M,) and the moment magnitude (M):

M, = AGU; (10)
My, = g log(M,) — 6 (11)

where A is the ruptured area (m?) and T is the average slip on the ruptured area (m).

An aseismic moment is calculated by applying Equation 10 to aseismic slip. The seismic/aseismic partition-
ing is measured using the ratios of seismic to aseismic moment released during the injection.

2.7. Analysis of Modeling Results

In order to interpret the modeling results in the following sections, we define two parameters: (1) the “initial
fault criticality” that measures the closeness of prestress to failure before injection, and (2) the “shear stress
contribution” that estimates the stress necessary to reach rupture during the injection.

2.7.1. Initial Fault Criticality: Closeness to Failure

We define the initial closeness to failure of the fault using the Shear Capacity Utilization (SCU) parameter
proposed in Buijze et al. (2019), the ratio between initial shear stress and initial strength on the fault:
7o

To
scu=-—"=-——"2
Tf, /“s(ano - PO)

(12)
This parameter is computed before the injection starts. A SCU of 1 indicates that the fault is at failure and
can slip, seismically or aseismically.

2.7.2. Shear Stress Contribution

We want to estimate the amount of shear stress increase required to reach rupture at a given time (¢) and
location (X) on the fault. For this purpose, a Coulomb Failure Function (e.g., Jin & Zoback, 2018b) is
considered:

CFF(x,t) = t(x,t) — u(on(X, 1) — P(X, 1)) (13)

Failure is reached when CFF(x, t) vanishes, either by increasing the shear stress (7) or the pressure (P). In
order to estimate the contribution of the shear stress in the nucleation of each seismic event, we first quantify
the shear stress increment that is sufficient to reach rupture starting from the initial shear stress and pressure
state, that is, the shear stress that negates the initial value of the Coulomb Failure Function. Then, the Shear
Stress Contribution (SSC) is quantified as

o Ar(x) A1(X)
S5C = ZCrF(x,0)  non(,0) = (%, 0)) — (%, 0) 4

where A7(X) is the shear stress variation from the initial state at the location X, when the Mohr-Coulomb
criterion (Equation 8) is reached. A SSC of 0 indicates that the failure is caused by the fluid pressure
changes, while a SSC of 1 indicates that the failure is driven by the shear stress perturbation.

3. Modeling Results

This section presents the modeling results of the spatiotemporal evolution of seismicity and aseismic slip
induced by the injection for different levels of initial closeness to failure (SCU). The evolution of the fronts
of fluid pressure and shear stress are presented and compared with the conventional analytical solution of
the pressure diffusion in a homogeneous, isotropic porous medium.

3.1. Fault Response to Fluid Injection

First, we examine the impact of the fluid injection on the spatiotemporal distribution of the seismicity and
aseismic slip for a reference case with a SCU of 68% (Table 1 and Figures 2 to 5). Fault reactivation starts at
the injection point after 31.6 s of injection at a pressure of 44.1 MPa (Figure 2b), corresponding to an
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Figure 3. Snapshots of the spatial distribution of (a) aseismic and (b) seismic slip across the fault at the end of the injection. (c) Location and time of occurrence of
seismic events with moment magnitude (M,,) greater than —1.6 together with the ruptured area and the amplitude of seismic slip for each individual event.

7 is the shear stress vector resolved on the fault plane. (d) Snapshot of shear stress changes at the end of injection relative to the initial state. The dashed black and
blue circles represent the limit of the pressure front where increases in fluid pressure are 1% and 5% of the initial pressure before injection. In all panels, the
injection point is represented by the green diamond at the center of the fault.

overpressure of 14.1 MPa relative to the initial state. As in this reference model, the effect of shear-induced
dilation is not considered, the permeability depends only on effective stress and thus pressure diffusion is
isotropic. The first rupture is a small seismic event at the injection point, with a stress drop of 5.6 MPa
(Figure 2e) and a maximum slip velocity of 1.16 mm/s (Figure 2c). Afterward, fault slip develops and
grows in size through a combination of aseismic slip and seismic events (see supporting information,
Movie S1). A large aseismic slip patch (maximum length of 74 m and width of 59 m) develops with an
asymmetric elliptic shape and an oblique orientation related to the initial strike-slip regime (Figure 3a).
The slip area grows preferentially in the direction of shear stress vector resolved on the fault plane (7°),
which is also the direction of slip, consistent with the preferred elongation of static cracks in the mode II
direction expected from fracture mechanics theory (e.g., Galis et al., 2017). The amplitude of the aseismic
slip is maximum at the injection point (11.3 mm) and decays progressively toward the limits of the
ruptured area (Figures 3a-3c). During reactivation, some fault elements slip seismically. The distribution
of seismic slip is similar over the whole slipping area (Figure 3b). At the end of the test, seismic slip
ranges from some microns to 0.249 mm, which is about 45 times smaller than the maximum aseismic slip,
a small portion of the total deformation. As the seismic and aseismic slipping areas are identical at the end
of injection, the released moment is mostly aseismic, with only 0.4% of seismic deformation on average.

We now consider only the events with a rupture area above 1.5 m* (Figure 3c), which corresponds to a
moment magnitude (M,,) greater than —1.6 and to a rupture area of at least 7 cells (see section 2.4 for
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Figure 4. Profiles of (a—c) fluid pressure and shear stress changes, (d-f) aseismic slip (light blue) and peak seismic slip (red dots), and (g-i) the ratio of seismic to
aseismic slip at three selected times, 50, 120, and 190 s. These profiles correspond to average values on a +10° area around the brown dashed line across the model

geometry in Figure 1c.

details). This minimum magnitude is consistent with observations of induced earthquakes in recent
reservoir-scale injection experiments (e.g, Kwiatek et al., 2019) in which only the largest events are
detected, the smallest events being generally buried in the noise. This selection gives 55 distinct events,
with magnitude ranging from —1.6 to —0.7.

The seismic rupture areas are distributed heterogeneously on the fault (Figure 3c). Their hypocenters are
mainly located perpendicular to the fault shear stress vector 7 (i.e., along the minor axis of the slip ellipse),
while almost no event occurred in the direction of the shear stress vector. The seismic patches are elongated
in a direction locally parallel to the aseismic slip front (Figures 3c and 3d). The events are located on the edge
of the zone of shear stress concentration near the rim of the overall slip area, along which the Coulomb
Failure Function (CFF) is null at a given time. They are all triggered at the passage of the rupture front.
There is no seismic event left around the injection point, which is consistent with seismological observations
in highly instrumented decametric scale experiments (e.g., De Barros et al., 2018). The hypocentral distance
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Figure 5. Time evolution of the distance of the seismicity (colored dots), the pressure front (black), and the shear stress
front (orange zone) relative to the injection point. The cumulative seismic moment (purple) is also plotted as a function
of time. The colorbar represents the shear stress contribution (defined in the section 2.7.2) to reach rupture for each
seismic event. The vertical green dashed line marks the transition of the mean migration velocity of seismic events. The
green straight line below seismicity indicates the mean migration velocity of events.

relative to the injection point and the magnitude of the events increase with time. Some events are located
outside the pressurized zone, that is, outside the stimulation region (Figures 3c and 3d).

Aseismic and seismic slip have different spatial distributions. They are compared in Figures 4d—4f at three
different times, 50, 120, and 190 s from the beginning of the injection. The simulation data are averaged
on a zone covering an orientation of 10° around the oblique section represented by the gray dashed lines
in Figure 1c, that is, close to the direction in which most of the seismicity occurred. The aseismic slip is max-
imal at the injection point and decays linearly with distance. Conversely, the seismic slip is smaller at the
injection point and grows with distance. Consequently, the seismic-to-aseismic slip ratio increases with dis-
tance from the injection point. The maximum of this ratio is therefore always situated at the rupture front,
while it reaches zero or small values around the injection point. As the spatial distribution of the seismic
patches is discontinuous (Figure 3c), the seismic slip shows a heterogeneous distribution.

The aseismic slip (Figures 4d-4f) can be compared to the fluid pressure and stress changes (Figures 4a—4c).
At all times, the shear stress drops within a large area around the injection point, which corresponds to the
aseismic slip area and increases in the surrounding area (see also Figure 3d). The transition from negative to
positive shear stress change corresponds to the rupture front, the outer rim of the aseismic front.
Interestingly, at 50 s, the pressure perturbation is ahead of the rupture front, while at later times, the rupture
front and associated shear stress perturbations outpace the pressure front. The pressure front can be defined
as the contour where pressure is 1% or 5% greater than the initial pressure (Py). These two pressure contours
are represented in Figure 3d at the end of the injection. The rupture front is located beyond the 5% overpres-
sure front, and beyond the 1% overpressure front in the direction of 7" and in the lower part of the fault. The
aseismic rupture thus occurs at overpressure lower than 1.5 MPa, but induces pronounced shear stress per-
turbations with values up to 8 MPa. Therefore, the shear stress loading is likely the main triggering phenom-
enon of the rupture at times larger than 50 s.

To further understand the relationship between seismicity, aseismic deformation, pressure, and shear stress,
we show in Figure 5 the seismicity in a distance-time diagram (so-called R-T plot, Shapiro et al., 1997),
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together with the shear stress front and the fluid pressure front at 5% overpressure. We define the shear stress
front as the locations with a shear stress equal or greater than 95% of the peak shear stress. As the rupture
shape is elliptical (Figure 3d), the shear stress front forms a band that widens as the rupture ellipse grows
with time. The seismicity always occurs on the shear stress front, and does not follow the pressure front.
As the shear stress front starts to outpace the pressure front after 120 s (Figures 4b and 4c), the seismicity
nucleates outside the stimulation zone, as observed after 165 s in Figure 5. The seismic events cannot be
induced by the fluid overpressure after that time. In order to quantify the relative contribution of the fluid
pressure and shear stress in the triggering of seismic events, we calculate the shear stress contribution
required to induce failure (SSC, Equation 14). Close to the injection point, some events are partly induced
by the pressure increase because SSC reaches 23% for the first event. Later in the injection, SSC varies
between 50% and 99% for all other events (see supporting information, Figure S5). Therefore, shear stress
loading dominates the seismic rupture initiation except for the first events initiated close to the injection
point (Figure 5). The shear stress increase associated with the expansion of the aseismic slip is the dominant
mechanism that triggers seismic events. Moreover, the shear stress contribution is more and more pro-
nounced with increasing time and distance, as expected from Figure 4.

Two migration behaviors can be observed. Before 140 s, the rupture front and the seismicity front slowly
expand with a mean velocity of about 0.17 m/s. After, the migration velocity of the rupture and seismicity
fronts increases to a mean speed of 0.22 m/s. This transition occurs when the shear stress front starts to out-
pace the pressure front (Figures 4b and 4c). This acceleration of the seismicity migration is accompanied
with a sharp increase of the seismic moment rate (Figure 5).

The possible effect of shear-induced dilation was investigated by changing the dilation angle to 1°, thatisa
typical value to ensure coupling between hydraulic aperture and fault slip (e.g., McClure & Horne, 2011) (see
supporting information, Figures S1 and S2). Our model considers a two-way coupling, including the
increased pressure causing stress changes and the permeability changes due to both effective stress and slip.
Compared to the reference model (which ignores the effect of shear-induced dilation), the number of earth-
quakes and the seismic moment slightly decrease by about 2%. When the rupture front outpaces the pressure
front, the acceleration of the seismicity front is less pronounced and decreased by 5%. For a similar rupture
area, shear-induced dilation increases the final migration distance of the pressure front by 8%, but has a
minor effect on the shear stress fronts and on the seismicity migration velocity which changes only of
0.01 m/s.

3.2. Effect of the Initial Fault Criticality

The initial closeness to failure of a fault is known to influence the slip and rupture extent (Ciardo &
Lecampion, 2019; Gischig, 2015; Jin & Zoback, 2018b). Here, we study its impact on the spatiotemporal evo-
lution of seismicity and aseismic slip. The initial closeness to failure is quantified by the initial Shear
Capacity Utilization (SCU, Equation 12). Besides the reference case with a SCU of 68%, we examined four
additional cases with SCU of 53%, 59%, 64%, and 71%, respectively. As in the reference case, these simula-
tions have been stopped at a fixed rupture front threshold corresponding to 75% of the width of the fault.
Moreover, only the events with a slipping patch over than 1.5 m* are taken into account.

In all cases the seismicity front is delimited by the shear stress front and not by the fluid pressure front
(Figure 6). However, two different behaviors are observed depending on the SCU value. For the cases with
SCU = 53%, 59%, and 64%, the shear stress front remains behind the pressure front. The shear stress and
pressure fronts slow down with distance and time. For the case with SCU = 71%, the shear stress front
and the seismicity front show the two distinct phases previously described for the reference case (see
section 3.1): they are first behind the pressure front, then they accelerate and outpace it. The cumulative seis-
mic moment increases sharply during this accelerating migration phase. The distinction between the two
behaviors can be related to the sign of the potential stress drop available through the initial stresses. If the

!
stresses before injection are such that the shear stress is above the dynamic friction strength (7, > u;0no),

the initial state has a positive contribution to stress drop (t, — /,cdcr;w), and thus provides additional potential
energy to drive the slip front growth. This is the case when SCU = 68% and 71%. Otherwise, the potential
stress drop given by the initial stresses is negative and resists against rupture. This is the case when
SCU = 53%, 59%, and 64%.
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Figure 6. Parametric study on the initial fault criticality defined with SCU equals to (a) 53%, (b) 59%, (c) 64%, (d) 68%, and (e) 71%, respectively. Time evolution of
the distance of the seismicity (colored dots), the pressure front (black), and the shear stress front (orange zone) relative to the injection point. The cumulative
seismic moment (purple) is also plotted as a function of time. The colorbar represents the shear stress contribution (defined in the section 2.7.2) to reach rupture
for each seismic event. The green straight line below seismicity indicates the mean migration velocity of events. Scales are different between panels.

When the rupture front is behind the pressure front, the mean migration velocity of seismicity also increases
with the increase in SCU (0.025 to 0.28 m/s). In the second period for the high SCU case when the shear
stress front starts to outpace the pressure front, the seismicity migration velocity increases from 0.22 to
0.42 m/s. Thus, the closer to failure is the fault initially, the faster is the seismicity migration.

Varying the initial closeness to failure affects the number and magnitude of the seismic events (Figures 7 and
8), and therefore the total seismic moment. The latter ranges from ~1.1 x 10% at SCU = 53% to ~46 x 10° N'm
at SCU = 71% (Figure 6). The closer to failure is the fault initially, the larger are the number and magnitude
of seismic events. Indeed, 12, 19, 37, 55 and 61 seismic events nucleated from the lowest to the highest SCU,
respectively. For small SCU, only small events (M,, < 0) occur in the direction perpendicular to the fault
shear stress vector T . For large SCU, large events (M,, > 0) occur, and cover a broader region around the
injection point. Therefore, the seismic slip is more uniformly distributed around the injection point. As
the rupture propagates faster with increasing SCU, the injection time is much smaller for large SCU simula-
tions. Therefore, for a similar rupture surface, the maximal amplitude of the aseismic slip decreases with the
increase of SCU, from 14 mm for a SCU of 53% to 7 mm for a SCU of 71% (Figures 7 and 8). Therefore, even if
the deformation stays dominantly aseismic, the seismic-to-aseismic moment ratio increases with closeness
to failure from 0.05% to 4% (Figure 9a). If the rupture is stopped for the same injected time and volume,
the aseismic deformation is larger at the injection point for high SCU simulations (see supporting informa-
tion, Figure S6). Given that larger SCU ruptures grow larger over the same injection interval, this is consis-
tent with continuum models (e.g., Garagash & Germanovich, 2012).

The closeness to failure of a fault is also known to influence the shape of the induced rupture (Galis
et al., 2019). Indeed, our models show that the shapes of the rupture patch evolve from nearly circular at
low SCU to elongated ellipses at high SCU. The elongation of the rupture area occurs preferentially in the
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Figure 8. (a-d) Seismic slip across the fault for different initial fault criticality defined with SCU equals to (a) 53%, (b) 59%, (c) 64%, (d) 68%, and (e) 71%,
respectively. The location and moment magnitude of each event are represented with a colored circle. The size of circles represents the event magnitude.
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Figure 9. Sensitivity of (a) the ratio of the seismic to total moment, and (b) the shape of the ruptured area expressed by the eccentricity of the elliptical rupture to
the initial fault criticality defined with SCU equal to 53%, 59%, 64%, 68%, and 71%, respectively. The dashed lines at constant criticality represents the range of
values of seismic-to-total moment ratio adopted by a variation of 10% of the slip velocity threshold.

direction of 7. To quantify the shape of the final rupture, we approximate it as an ellipse and compute the
eccentricity (e) using the large semiaxis (a) and the small semiaxis (b):

2
e=14/1-— (g) a7

This parameter is 0 for a circle and approaches 1 for a very thin ellipse. Figure 9b indicates that the eccen-
tricity of the final slip increases with closeness to failure, from 0.46 for SCU of 53% to 0.64 for SCU of 73%.

These simulations were performed without shear-induced dilation. However, taking account dilation has
only a minor effect on the seismicity and rupture fronts, especially at high SCU (see supporting information,
Figure S1). We also test the influence of the coupling between permeability changes and fluid pressure on
aseismic slip and seismicity distribution on the fault (Figures S3 and S4). If not considered, the number of
earthquakes increases between 2% and 50%, as well as the cumulative seismic moment. The seismicity
migration velocity is also amplified by up to 25%. The pressure front is not modified by the presence or
absence of coupling between permeability variations and pressure.

4. Discussion

This study presents numerical simulations of the coupled seismo-hydro-mechanical response of a perme-
able, slip-weakening fault in which fluid is injected, to investigate the relationship between fluid injection
and characteristics of the resulting seismicity sequences. While the simple single fault geometry may not
be a complete representation of a natural system, the simulated seismic catalogs exhibit a number of features
that are observed in real sequences of induced seismicity. Based on simulations spanning a range of initial
closeness to failure, we identified the following main results:

1. The deformation is dominantly aseismic. The seismic-to-aseismic ratio increases with distance to the
injection point. The largest seismic events occurred far from the injection point.

2. The rupture and the seismicity may outpace the pressurized zone. This behavior is more favored in faults
that are initially closer to failure.

3. The rupture extent and shape, the amplitude of aseismic slip, and the number and magnitude of seismic
events are strongly influenced by the initial prestress condition.

4. The seismicity front follows the shear stress front, and not the fluid pressure front.

5. The seismicity migration velocity accelerates when the shear stress front outpaces the fluid pressure
front.

These results are broadly in agreement with observations in the laboratory (Goodfellow et al., 2015) and in
situ experiments (De Barros et al., 2016; Duboeuf et al., 2017; Guglielmi et al., 2015), in reservoir stimulation
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(Eyre et al., 2019; Wei et al., 2015), and theoretical studies (Bhattacharya & Viesca, 2019; Cappa et al., 2019).
Understanding the conditions for seismic and aseismic fault slip is important to study the magnitude and
distribution of seismicity that can occur during fluid injection. In the following, we discuss the implications
of our results for induced seismicity in the light of observations of real data and previous modeling.

4.1. Rupture Is Mainly Aseismic During Injection

Our numerical simulation results show that the fault rupture is dominantly aseismic during the injection.
This behavior is mainly controlled by the prestress conditions, and the initial high-permeability of the fault
which favors the fluid pressure to diffuse across the fault. We observed that lower prestress and
shear-induced dilation favor aseismic slip. The seismic-to-aseismic ratio varied between 0.05% and 4% with
increasing closeness to failure. Such values are consistent with field measurements acquired in decametric
scale experiments (De Barros et al., 2019), in the laboratory (Goodfellow et al., 2015) and during reservoir
stimulations (e.g., Calo et al., 2011; Schmittbuhl et al., 2014).

The results of our simulations also show that the slipping area around the injection point is nearly devoid of
seismic events. This is consistent with seismological observations in in situ injection experiments (De Barros
et al., 2016; Duboeuf et al., 2017). In our models, even though all grid points reach seismic slip velocities
inside the ruptured patch, they lead to very small, separated seismic events near the injection. These events
have a slipping patch less than 1.5 m? and thus are discarded from our analysis, as mentioned in section 3.1.
Indeed, such small events do not rupture a minimum surface area over a same time window, preventing the
nucleation of large seismic rupture near the injection point. Furthermore, models indicate that the magni-
tude, the number of seismic events and the seismic-to-aseismic ratio increase with the distance to the injec-
tion point, consistently with observations of induced earthquake sequences (Eyre et al., 2019; Hopp
et al., 2019).

Since the seismic part of the rupture is small in our models, the stress perturbation due to aseismic slip is
important and the transition from aseismic to seismic slip is mainly controlled by local stressing rate and
friction weakening over short distances. Stress transfer due to the expansion of the aseismic slip zone plays
a key role, whereas fluid pressure increase is not necessary to trigger rupture outside the stimulation zone.
Therefore, although a large increase in fluid pressure occurs near the injection, the shear stress increase and
the friction weakening are responsible for the change in fault strength and stability conditions. Thus, the
perturbation of the shear stress due to aseismic fault slip is crucial in injection-induced seismicity. Due to
the stress redistribution, aseismic slip on an individual patch may cause shear stress increase on neighboring
patches, thus potentially triggering individual or cascading seismic ruptures.

4.2. Rupture Outpaces the Fluid Pressure Front

Our modeling results show that the shear stress front, and thus the rupture front, eventually outpaces the
fluid pressure front on faults that are initially close to failure. The expansion of the aseismic slip region
allows the development of pronounced shear stress that propagates outward from the main stimulation
zone. This propagating stress increase can cause the nucleation of seismic events at the edge of the aseismic
slipping zone. This process of an aseismic slip outpacing the pressure front has been previously proposed in
experiments (Cappa et al., 2019; De Barros et al., 2016, 2018; Guglielmi et al., 2015) and models
(Bhattacharya & Viesca, 2019; Cappa et al., 2018, 2019; Eyre et al., 2019; Garagash & Germanovich, 2012;
Gischig, 2015). Bhattacharya and Viesca (2019) have recently showed in a model used to fit the data of
Guglielmi et al. (2015) that the rupture front can outpace the fluid pressure front when the fault is nearly
critically stressed and large overpressure is sustained over the duration of injection. Their model shows a
behavior of the rupture front different from a fluid-driven diffusion. Our model results provide similar con-
clusions, with the aseismic rupture front diffusing either behind or beyond the pressure front depending on
the fault closeness to failure. In addition, we also observed in our models that the shear stress front strongly
accelerates when it outpaces the fluid pressure front for large fault criticalities. This acceleration leads to two
phases of seismic migration. Therefore, the combination of permeability increase and friction weakening
behind the rupture front in our model enables a stress drop to occur outside the pressurized zone, providing
the necessary energy to drive and accelerate the rupture beyond the pressure front.

If the fault is initially far from failure, once the slip is initiated, the shear stress front is arrested behind or
near the limit of the pressurized front. Thus, the SCU of the fault influences the position of the shear
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stress front relative to the fluid pressure front. The overpressure and its diffusion across the fault seem to play
a secondary role in the rupture evolution, especially at a distance to the injection point where the energy due
to fluid overpressure decays. This result is in agreement with previous modeling studies, both for a pressur-
ized fault with slip-weakening friction (Galis et al., 2017) and rate-and-state friction (Gischig, 2015).

4.3. Seismicity Migration

In numerous studies, the seismicity front is thought to be directly linked to the fluid pressure diffusion (e.g.,
Shapiro et al., 1997, 2002), but other studies show that the pure diffusion model does not fully capture the
effect of the stress interaction (Cornet, 2000; Duboeuf et al., 2017). Here, we observed that the seismicity
front follows the shear stress front, and thus the rupture front, whatever the initial closeness to failure.
On faults far from failure, or at the beginning of injection on faults closer to failure, the seismicity front lags
behind the pressure front. On faults close to failure, seismicity occurs outside the pressurized area due to the
aseismic rupture front outpacing the fluid pressure front. Thus, seismic events are mainly triggered by the
shear stress increase associated with the expansion of the aseismic slip rather than by the direct weakening
effect of the fluid pressure. As the seismicity front may be far beyond the pressure front, analytical solutions
using a constant hydraulic diffusivity in a homogeneous, isotropic, porous medium (e.g., Shapiro
et al., 1997, 2002) cannot be applied, because they ignore the significant impact of the shear stress increases
due to the approach of the aseismic slip front, followed by a shear stress drop related to friction weakening.

Additionally, our models showed that in a critically stressed fault, seismicity migration at large time and dis-
tance to the injection point showed an acceleration due to aseismic slip acceleration. Such acceleration
phases have been observed in a few reservoir injection sites, like in Basel (Goertz-Allmann et al., 2011) or
in the area of Jones, in Oklahoma (Keranen et al., 2014). For instance, Goertz-Allmann et al. (2011) showed
that for the Basel geothermal site, the theoretical pore pressure expected for the far events is very small, less
than 1 MPa. Later, Catalli et al. (2016) demonstrated that most seismic events during the Basel stimulation
were triggered by stress transfer due to earthquake interactions. Such migration of an expanding aseismic
region may be also interpreted as quasi-linear seismicity patterns (almost constant migration speed), that
have been previously observed at the Rittershoffen geothermal site in France (Lengliné et al., 2017) and dur-
ing the 2003-2004 Corinth Gulf swarm in Greece (Duverger et al., 2015). As observed in Figure 6, the transi-
tion from a quasi-linear to an accelerating migration velocity depends on the difference between the initial
stress state and the residual shear stress uqo, (e.g., Galis et al., 2017). If the difference, called background
stress drop, is negative, the rupture will be stabilized and thus cannot accelerate, as observed in simulations
with SCU less or equal to 64%. This is also observed in velocity-strengthening rate-and-state models
(Dublanchet, 2019b). Furthermore, our models indicated that the migration velocity of the seismicity
changes with the fault closeness to failure.

Therefore, pressure-only models are insufficient to evaluate the spatiotemporal evolution of induced earth-
quakes because other physical processes (e.g., aseismic slip and static stress transfer) in addition to fluid
pressure diffusion contribute to the evolution of seismicity. In turn, our results suggest that observed migra-
tion patterns of induced seismicity cannot be used directly to infer fluid diffusivity. This highlights the
importance of accounting for the interactions between the different physical processes because, although
referred to as induced seismicity, our models indicate that seismic events are mainly triggered by shear stress
increase as opposed to induced by fluid pressure.

4.4. Modeling Limitations

Our modeling accounts for important processes involved during fluid-induced seismicity, including fluid
flow, hydromechanical coupling, aseismic slip and seismic rupture. The mutual interactions between these
processes increase the understanding of the physics and the behavior of induced seismicity. However, in our
modeling approach some simplifications have been made.

We considered a simplified model geometry with a single fault. This class of models is useful to explore
coupled processes. However, natural systems are often composed of a network of faults and interconnected
fractures. Considering multiple faults with different orientations would help to represent a variety of slip
behaviors. This may be particularly important in evaluations of the spatiotemporal evolution of induced
sequences containing characteristics which arise due to fault interaction and off-fault seismicity. Despite
the single-fault assumption, our model is inherently discrete and thus represents a collection of
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interacting fault patches that can fail independently. Comparing this class of models to continuum models
involving fracture mechanics theory (Galis et al., 2017) or simulations with explicit heterogeneities or sec-
ondary faults (e.g., Luo & Ampuero, 2017) are important tasks for further research.

The imposed uniform distribution of hydromechanical and frictional properties across the fault is also a sim-
plification. In natural settings, these fault properties are heterogeneously distributed and the rock properties
surrounding the fault can be dissimilar. This results in a more variable fluid pressure and stress distribution.
Fluid pressure can diffuse in the fault along channels separated by rock bridges that can transmit local shear
stress which may potentially generate seismic ruptures. For instance, previous studies have shown that
changes and spatial variations in fault permeability can influence the timing and location of induced seismi-
city (Chang & Segall, 2016; McNamara et al., 2015; Norbeck & Horne, 2016; Yeck et al., 2016; Zhang
et al., 2013). The evolution and spatial distribution of frictional parameters are also known to affect the slip
mode (aseismic versus seismic) of the fault and the earthquake source characteristics. To model friction, here
we have used a linear slip-weakening friction law, which is a simplified model for the simulation of fault slip
and earthquake rupture. Laboratory experiments (e.g., Marone, 1998) and theoretical studies (e.g., Ampuero
& Rubin, 2008) have shown that friction evolution, especially at low slip rates relevant for aseismic deforma-
tion, can be described by the rate-and-state friction law, which can reproduce a large spectrum of fault slip
behaviors over a range of slip velocity and time not captured with a slip-weakening friction. Further research
on the influence of fault frictional and hydromechanical properties and behaviors is necessary to estimate
their impact on the rupture modes and the spatiotemporal evolution of sequences of induced earthquakes,
especially irregular sequences of events with different magnitudes (Almakari et al., 2019).

Moreover, the migration velocities observed in our simulations are far larger than those observed on the
field. Indeed, the velocities we observe for stress-driven seismicity are between 360 m/hr and 1.5 km/hr,
while the migration speed is of 15 m/hr at Rittershoffen (Lengliné et al., 2017) and between 3 and
10 m/hr in Basel and in the area of Jones, Oklahoma (Goertz-Allmann et al., 2011; Keranen et al., 2014).
This scale difference in migration velocity may be due to the difference of a few orders of magnitude in per-
meability between our simulations and in situ observations. The high level of pressure may also play a role in
such high seismic migration velocities, as well as the simplified geometry considered in our model.

Finally, we have tested only one injection protocol in this study. Nonetheless, previous studies have demon-
strated that the rate and magnitude of injection-induced seismicity depends on the chosen injection scenario
(Almakari et al., 2019; Aochi et al., 2014; Passelegue et al., 2018). Further understanding of the effect of injec-
tion characteristics (rate, magnitude, shape, and duration) on the resulting seismicity and aseismic fault slip
is crucial.

5. Conclusion

The main objective of this study is to examine the effects of a fluid injection in a permeable fault, located at
the typical depth of subsurface reservoirs, on the spatiotemporal evolution of induced seismicity and aseis-
mic slip, and their mutual interactions. We address this question numerically with three-dimensional two-
way coupled hydromechanical simulations of an inherently discrete earthquake fault model governed by a
slip-weakening friction law. Simulations spanning a range of prestress conditions produce synthetic seismi-
city catalogs. The simulations of a generic case show how the combined effect of fluid pressure and shear
stress change can generate and propagate aseismic slip and seismic events across a fault, consistently with
observations of induced seismicity sequences in field experiments and in natural systems.

Through our investigations, we show that the location of seismic events is not limited to the pressurized
region and that the earthquakes are triggered beyond the pressure front by the shear stress increase at the
edge of the propagating aseismic slip zone. This behavior is consistent with previous field observations
(De Barros et al., 2018; Eyre et al., 2019; Guglielmi et al., 2015; Wei et al., 2015) and theoretical studies
(Bhattacharya & Viesca, 2019; Cappa et al., 2019). Moreover, our results indicate that the seismicity migra-
tion follows the evolution of the shear stress front rather than the fluid pressure diffusion front, whatever the
initial closeness to failure of the fault. In faults initially far from failure, the seismicity and the shear stress
front develop behind the pressure front, and the migration of seismicity has a mean velocity that increases
with increasing prestress. In faults close to failure, once the shear stress front outpaces the fluid pressure
front, the seismicity migration accelerates. This acceleration is associated with the acceleration of the
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aseismic rupture front. Thus, the initial closeness to failure, fault frictional properties, and the shear stress
increase accompanying the expansion of the aseismic slip area are more significant than the direct effects
of the fluid pressure diffusion in controlling the triggering and growth of seismicity during fluid injection.

Given its practical implications, the spatiotemporal evolution of the seismicity front is a good probe for the
shear stress perturbation accompanying the expansion of aseismic slip, behind and beyond the pressurized
zone. Therefore, the monitoring of aseismic slip during fluid injection, using techniques based on geodesy or
seismic velocity changes (Rivet et al., 2016; Shirzaei et al., 2016; Wei et al., 2015), could be useful to anticipate
the evolution of potentially seismic areas in and outside the stimulation zone.
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