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SUMMARY

Fluid pressurization, a possible mechanism of fault weakening, exerts a critical control on
earthquake rupture in the upper crust. One cause for this control is the presence of high fluid
pressures inside the fault zone. However, the precise mechanisms relating high fluid pressures
and fault rupture remain unclear. Here, we use 2-D hydromechanical models to show that
effective stress changes induced by a transient pulse of fluid pressure along a fault zone with
spatially variable material properties—conditions that are representative of natural faults—
can be sufficient to produce large slip in the fault core, and fracturing in the surrounding
damage volume. Rupture properties outside the limited source region are examined for ranges
of values of the degree of material contrast across the fault. Our results indicate that the slip
dimension is highly influenced by the contrasts of permeability and rigidity across the fault
zone components, from the fault core through the various subzones of the fractured damage
zone and to the less fractured host rock. Moreover, high fluid pressures may also develop
locally off the narrow fault core, preferentially into the more permeable and less rigid parts
of the damage zone, where the deformation is plastic, highlighting a possible mechanism for
oft-fault rupture. Finally, on faults with hydromechanical heterogeneities at the scale of the
internal structure, the fluid pressure and rupture are highly asymmetric with propagation in a

preferred direction, that is the more permeable and compliant material of the fault zones.

Key words: Permeability and porosity; Fracture and flow; Fault zone rheology; Earthquake
dynamics; Dynamics and mechanics of faulting; Mechanics, theory, and modelling.

1 INTRODUCTION

Large earthquakes (M > 6) typically occur at ~8-15 km depths in
the Earth’s crust (Scholz 2002); depths where fluids may be present
as evidenced by geophysical observations in several seismogenic
zones (Becken et al. 2008; Wannamaker et al. 2009). These flu-
ids may have significant effects on fault mechanics and earthquake
rupture (Sibson 1973; Scholz 2002; Wibberley & Shimamoto 2005;
Rice 2006). Under some conditions, fluids can facilitate slip on
faults at stress levels lower than those required under dry conditions.
When fluids are present in fault zones, they can escape or accumu-
late depending on the internal structure and the hydraulic properties
of the fault zone. If the fluid pressure in the fault principal slip zone
(PSZ) and in the fractured rock volume around it increases, the ef-
fective normal stress across the fault will decrease; this effect will in
turn reduce the fault strength according to the Coulomb failure cri-
terion (Sibson 1973; Scholz 2002; Wibberley & Shimamoto 2005;
Rice 2006). Although pressurized fluids (i.e. suprahydrostatic over-
pressures) are now understood to weaken faults, a central difficulty
in evaluating the relationship between fluid pressure and fault slip
lies in the variations in material properties across the fault zone. The

© 2011 The Authors
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juxtaposition of rocks with dissimilar properties is a general feature
of fault zones in a variety of contexts and scales; especially, at the
scale of the internal structure of a fault zone, where heterogeneity
of properties associated with rock damage is significant (Dor ef al.
2006a). Geological observations have shown that the hydromechan-
ical properties across the faults vary asymmetrically (Fig. 1), and
that the fractured damage zone around the fault core is the main path
for fluids (Cappa et al. 2007; Guglielmi et al. 2008; Gudmundsson
et al. 2010). For instance, this configuration is known at the San
Andreas Fault (SAF) in Parkfield where the fault zone is located at
the boundary between the Great Valley sediments and the Fran-
ciscan Complex to the east and the Salinian basement to the
west (Hickman et al. 2004; Fulton & Saffer 2009). Several geo-
physical observations in the Parkfield region have shown that the
Salinian basement is less permeable than rocks to the east of the
SAF (Becken et al. 2008; Fulton & Saffer 2009). Moreover, oth-
ers geological and seismological studies along the SAF, Punch-
bowl and San Jacinto faults in southern California have shown
asymmetry in the damage patterns of fault zone rocks, with one
side having considerably more damage than the other (Dor ef al.
2005; Lewis et al. 2005).
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Figure 1. Model of fault zone structure and properties. (a) Schematic dia-
gram of the structure across a fault zone illustrating relationships between
the principal slip zone (PSZ in grey), fault core (in black) and damage
zones (in orange); and model of the distribution of permeability in (b) and
Young’s modulus in (c). In the damage zone, the fracture density decreases
with distance to a regional background level. (d) Model of the hydrome-
chanical interaction between the fault zone elements, that is, from the fault
core through the damage zone and to the host rock. The fault dip angle is
of 80° towards the right side of the model. The fault core is represented by
a thin zone (Young’s modulus E = 1 GPa, Poisson ratio v = 0.3, density
p = 3000 kg m~3, cohesion ¢ = 0, static friction coefficient 11, = 0.4, zero
stress porosity ¢ = 0.1, zero stress permeability ko = 10717 m?). The PSZ
is represented by an interface with a Coulomb friction law inside the fault
core. The damage zone is divided in several parallel subzones with proper-
ties varying gradually as seen in (b) and (c). In case 1, the properties are
symmetrically distributed on each sides of the fault core, whereas in case 2,
the right side (in green) of the fault core is more permeable and less rigid
than the left side (in yellow).

Earthquake slip along faults in the upper continental crust gener-
ally occurs along an extremely localized boundary between materi-
als of different physical properties, such as gouge lying between the
fault core and the damage zone (Vermilye & Scholz 1998; Sibson

2003; Wilson et al. 2003; Wibberley & Shimamoto 2003; Faulkner
et al. 2006; Mitchell & Faulkner 2009; Sone & Shimamoto 2009).
The PSZ is often less than 10 cm and, in many cases, less than
1 cm in thickness, and can accomodate large finite displacements
(>1 km; Sibson 2003). Strong contrasts of seismic velocity, perme-
ability and rigidity have been measured in the fault zone compo-
nents and in the surrounding host rocks (Faulkner & Rutter 1998;
Wibberley & Shimamoto 2003; Gudmundsson 2004; Faulkner et
al. 2006; Cappa et al. 2007; Guglielmi et al. 2008; Gudmundsson
et al. 2010). These measurements revealed that the permeability
and Young’s modulus of a fault zone vary significantly with dis-
tance from the PSZ itself, that is, from the core through the frac-
tured damage zone and to the less fractured host rock. The fractures
generally make the damage zone more permeable than the fault
core, and the gouge makes the core less rigid than the damage
zone.

Physics of earthquake rupture received considerable attention
over the last 20 years, especially in the understanding of dynamic
rupture propagation, and, more recently, on the coseismic plastic
strain off the fault. Previous research has focused on faults with ei-
ther uniform materials adjacent to the fault surface (Andrews 2002,
2005; Rice 2006; Templeton & Rice 2008), with material prop-
erties varying symmetrically on both sides of the fault (Noda &
Shimamoto 2005; Cappa 2009), or with dissimilar materials across
the fault (Ben-Zion & Shi 2005; Shi & Ben-Zion 2006; Brietzke
& Ben-Zion 2006). Others works by Rudnicki & Rice (2006) and
Dunham & Rice (2008) have studied the effect of pore pressure
induced by a dynamically propagating slip on a fault zone between
dissimilar poroelastic materials, especially permeability. Later,
Viesca et al. (2008) have extended these works and studied how
the fault undrained behaviour (i.e. no fluid diffusion occurs) affects
the rupture dynamics and coseismic off-fault plasticity. In contrast
with those researches, we examine here the effect of pore pressure
diffusion induced by a high-pressure source rather than a dynami-
cally propagating rupture on the fault slip and plastic strain off the
fault. We focus on the drained behaviour of a fault zone with con-
trasted hydromechanical properties varying progressively from the
core zone through the damage zone and to the intact host rock. A
systematic parameter-space study is conducted with different val-
ues of permeability and Young’s modulus to cover effects associated
with different degrees of material contrast across the fault. Thus,
we address in this paper: (1) the importance of the contrast in hy-
draulic and mechanical properties on the hydromechanical and rup-
ture behaviour of a fault zone when the fluid pressure increases, and
(2) the following question: where does off-fault plastic deformation
develop, and how such deformation affect the fault behaviour? The
results show that for broad ranges of realistic parameters the fluid
pressure and rupture in and off the slip zone are sensitive to the ma-
terial contrast, especially permeability, and evolve with a preferred
propagation direction, that is the more permeable and less rigid side
of the fault zone.

2 NUMERICAL MODEL

To take into account the difference in permeability and rigidity be-
tween the fault zone components and the host rocks, and to examine
how these properties influence fault rupture during fluid pressuriza-
tion, we carried out 2-D hydromechanical numerical experiments
of fluid flow and deformation along a near-vertical fault zone com-
posed of elasto-plastic materials (see Appendix). The model ex-
tends vertically down to 10 km, and horizontally far enough from

© 2011 The Authors, GJI, 185, 1049-1058
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Fault zone

Figure 2. Close-up view of the mesh inside the fault zone. The red line
corresponds to the interface representing the principal slip zone (PSZ) inside
the fault core. Inside the fault zone, each element is 5 m wide and 25 m
high.

the source region where we imposed a pulse of fluid pressure
corresponding to the lithostatic pressure at the base of the fault
(Figs 1d and 2). The fault is distinctly discretized as a 100 m thick
zone with a thin core zone embedded in a damage zone (Fig. 2).
The PSZ is represented by an interface with a Coulomb friction law
(static friction coefficient, u, = 0.4). This interface is surrounded
by the fault core, whose Young’s modulus is taken as 1 GPa as
measured in the laboratory (Gudmundsson 2004). In the model,
the damage zone is composed of multiple, parallel zones, each of
which exhibiting different hydromechanical characteristics reflect-
ing the heterogeneity of fracture density and properties as presented
in Fig. 1. The surrounding crust is considered as less fractured and
composed of different rocks on both sides of the fault zone. We
assume that the region with the higher permeability and the lower
rigidity is on the right side of the fault core. In our study, we car-
ried out several numerical experiments using variable permeability
and Young’s modulus architecture for the fault zone and the crust
(Figs 1b and c, and 7). A difference of one to several orders of
magnitude in material properties was analysed. This difference is
consistent with measurements on exhumed faults, on which earth-
quakes occurred many decades/centuries years ago at seismogenic
depths and are now exposed at the surface (Faulkner & Rutter 1998).
We computed the fluid pressure and flow according to a diffusion
equation (see Appendix) with spatially variable hydraulic parame-
ters. We assumed a difference of two orders of magnitude between
the initial values of permeability and porosity near the ground sur-
face and the initial values at the base of the seismogenic crust
(Faulkner & Rutter 1998). In the simulations, we also assume that
the permeability and porosity vary with the total volumetric strain
(see Appendix). The initial fluid pressure and stress conditions are
illustrated in Fig. 3. Here, we assume an initial hydrostatic fluid
pressure and an extensional stress regime with oy = 0.75 ov. To
distinguish the effects of fluid pressure from those of friction, we
assume a constant u, to make fluid pressurization the only source
of fault weakening in the model.

© 2011 The Authors, GJI, 185, 10491058
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Figure 3. Initial fluid pressure and stress distribution with depth.

3 RESULTS

3.1 Hydraulic and rupture behaviour in a fault zone with
dissimilar hydromechanical properties

To provide a context for the systematic parameter-space study pre-
sented in the next Section 3.2, we first discuss results for fluid flow
and ruptures in the case of material properties varying symmetri-
cally on both sides of the fault, and then for a difference of two
orders of magnitude (cases 1 and 2 in Figs 1b and c). The lat-
ter is a general feature of fault zone heterogeneity. As shown in
Figs 4 and 5, the sudden loading from the high-pressure source ini-
tiates a pressure pulse that propagates along the fault zone initially
at hydrostatic fluid pressure. Indeed, the pressure front moves up
the fault zone preferentially into the more permeable side of the
damage zone (Fig. 4a). This evolution is a consequence of the ini-
tial heterogeneity of hydraulic properties and the strain dependent-
permeability and porosity. The more permeable part of the damage
zone is more prone to pressurization than the less permeable part be-
cause fluids can flow more easily and overpressures can be relieved
more effectively. Consequently, in the more permeable side of the
fault, the strength is reduced, deformation is increased and becomes
plastic near the limited source region where local high stresses
and strains develop in response to the pressurization (Figs 4b, 5
and 6). This induces a maximum increase in fault permeability
up to two orders of magnitude (Fig. 4c). Thus, our results show
that the plastic deformation is preferentially increased in the more
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Figure 4. Results of modelling when fault slip and plastic strain stop varying (this corresponds to the simulated time # = 1.5 d). Horizontal profiles of change
in fluid pressure in (a), volumetric strain in (b), and permeability in (c). Profiles are perpendicular to the fault zone (located at x = 0) near the source region
at z = 9.975 km. Blue lines correspond to the model case 1, whereas red lines correspond to the model case 2. Note that the distribution of pressure, strain
and permeability changes are nearly the same on the two sides of the fault core for the uniform model (case 1), whereas important differences emerge for the

non-uniform model (case 2).

permeable and less rigid side of the fault zone (Fig. 6) where the ef-
fective normal stress is strongly reduced. This means that the rupture
is distributed in a zone of several metres around the fault core, and
does not solely occur along the PSZ. The largest amount of plastic
strain are located near the high-pressure source region. The extent
of the zone of plastic strain decreases with increasing the material
contrast.

Fig. 4 further shows that the fluid pressure peak in the more
permeable side of the fault zone is observed nearby the PSZ in
the model where the contrast of permeability is the highest. This
result indicates that fluid flows toward the PSZ from the pressure
peak in the damage zone, following the pressure gradient. Thus, the
amount of fluid pressurization, and hence slip along the PSZ and
deformation in the damage zone are mainly controlled by the higher
permeability and less rigid side of the fault.

Inside the fault core, high fluid pressures produce a localized
weak zone with a lowered effective normal stress, an increased shear
stress and an increased volumetric strain consisting in an expansion
(i.e. dilatation) which is accompanied by an increase in porosity,
with a corresponding increase in permeability (Figs 4 and 5). The
largest variations in stress and strain are obtained for the fault zone
having the largest contrast in hydromechanical properties (case 2).
In all cases, the hydromechanical effect induces slip along the PSZ
in the fault core. The larger slip is obtained for case 2 in which
slip is about 2 m and distributed along a 1.2 km long active shear
zone from the source region (Fig. 5d). In case 1, slip and shear zone
length are lower (by a factor of ~1.7). In the two simulated cases,

the results suggest that fault slip is controlled primarily by changes
in the effective normal stress.

3.2 Parameter-space study and signatures of the
bimaterial effect

We conducted a systematic parameter-space study to estimate the
impact of the degree of material properties contrast on the magni-
tude of slip and plastic strain, as well as the slip length along the
PSZ and the ruptured area in the damage zone; thus, we can quantify
the degree of asymmetry of rupture for a broad range of realistic
conditions. The degree of material contrast y > 0 across the slip
zone is defined as y = P;/P, — 1 where P, denoting the material
properties above the interface and P, the material below when the
effect of rigidity is assessed [i.e. P; is fixed as in the case 1 (Fig. 1)
with a maximum value of 70 GPa, whereas P, is varied for different
maximum values comprised between 10 and 70 GPa; consequently,
y ranges from 0 to 6]. When the effect of permeability is estimated,
P; denotes the material below the interface, and P, the material
above [i.e. P, is fixed as in the case 1 (Fig. 1) with a minimum
value of 1 x 107'8 m?, whereas P, is varied for different minimum
values comprised between 1 x 107'® and 1 x 10~'* m?; conse-
quently, y ranges from 0 to 10*). Fault slip and plastic strain gener-
ated for the different sets of parameters are summarized in Fig. 7.
The material contrast tends to produce highly asymmetric ruptures,
which develop larger slip and plastic strain in the zone of higher

© 2011 The Authors, GJI, 185, 1049-1058
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Figure 5. Vertical profiles of change in fluid pressure in (a), effective (solid lines) and total (dashed lines) normal stress in (b), shear stress in (c), and slip
in (d) along the PSZ inside the fault core (+ = 1.5 d). Blue lines correspond to the model case 1, whereas red lines correspond to the model case 2. Results
indicate that the pore pressure rise induces a lowering of effective stress normal to the fault plane of several tens of MPa, but only an increase in shear stress of
a few MPa. This means that failure is mainly related to the lowering of effective stress. In the overpressurized zone, the total stress normal to the fault plane is

increased by several tens of MPa as a result of poroelastic stresses.

permeability and lower rigidity, and decay in the opposite direction
(Figs 7a and b). Ruptures show varying degrees of asymmetry in
slip length along the PSZ, and ruptured area in the damage zone off
the PSZ (Figs 7c and d). Results indicated that when the degree of
material contrast is increased, the amount of slip along the PSZ and
plastic strain off the PSZ, within the damage zone, increase and the
rupture asymmetry becomes more pronounced. The most promi-
nent asymmetry is found for permeability contrasts higher than 10,
and rigidity contrasts greater than four. The phase diagrams pre-
sented in Fig. 7 also show that the effect of the rigidity contrast be-
comes more pronounced for permeability contrasts higher than 10.
Fig. 7(c) show that the slip length is higher when the rigidity con-
trast is small (y < 1), and the permeability contrast is greater than
10. In contrast, for a small rigidity contrast, the ruptured area in
the damage zone is higher for a permeability contrast less than 10.
Thus, the slip propagation distance from the source region is higher
when the extent of off-fault plastic strain is asymmetric.

In summary, the mechanism is controlled by the increasing fluid
pressure that produces a stronger reduction in effective normal stress

© 2011 The Authors, GJI, 185, 1049-1058
Geophysical Journal International © 2011 RAS

in the more compliant and permeable side of the fault where the rup-
ture is more pronounced. The main signature of the bimaterial effect
highlighted in this study is the highly asymmetric off-fault plastic
strain, and increased slip associated with the permeability and rigid-
ity contrast. In these simulations, the slip propagation distance and
the ruptured area in the fault damage zone are less significantly
affected by the material contrast.

4 DISCUSSION

4.1 Influence of fault zone heterogeneity on rupture

The difference in the results is due both to the contrast in initial
hydromechanical properties among the fault zone components and
also to the variations in hydraulic properties with volumetric strain,
modulated by distribution of fluid pressure and stress. This study
illustrates the effect of the contrasts in elastic and hydraulic prop-
erties in the various subzones of a fault on the hydromechanical
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Figure 6. (a, b) Distribution of the permanent plastic shear strain along the fault zone for case 1 in (a) and case 2 in (b) (+ = 1.5 d). Note that the plastic
shear strain is higher in the most permeable side of the fault zone (1.05 x 1072). A model with a symmetrical distribution of fault zone properties produces a
plasticized shear zone with a maximum strain of 6.03 x 1073, A sufficiently large permeability contrast in the fault zone produces a larger amount of plasticized
shear zone and can rupture the damage zone completely near the pressure source.

behaviour of the PSZ where earthquakes can nucleate. The slip pro-
cess varies along the fault depending on the spatial variations of
hydromechanical properties and the fluid and stress transfer which
reduce the fault strength. In contrast to fluid flow in homogeneous
media, fluid flow along a heterogeneous fault zone generates asym-
metric stress changes and ruptures. Consequently, our results show
that a contrast of hydromechanical properties across a fault may
cause fluid flow and rupture to occur in a preferred direction. This
could in turn explain why some earthquakes propagate in a preferred
direction; why the distribution of slip is sometimes heterogeneous,
with patches of high and low slip; and, also, the dissipation of a
fraction of the earthquake energy and coseismic dilatancy around
the zones of slip (Ben Zion & Sammis 2003; Manighetti ez al. 2005;
Fielding et al. 2009).

4.2 Plastic strain off the PSZ and dimension of the
ruptured volume

Results confirm that rupture along faults does not solely affect a
single planar surface, but also a broad volume around that sur-
face. This is consistent with several recent geological and seis-
mological observations of faults structure that found asymmetric
damage zones that can reach several hundreds metres in thickness
(Chester et al. 2004; Dor et al. 2005; Lewis et al. 2005, 2007).
Our simulations showed that on faults with hydromechanical het-
erogeneities at the scale of the internal structure, the fluid pressure
and rupture are highly asymmetric. Thus, our results provide a new
context for inferring from geological observations of fault zone

damage a possible preferred propagation direction of ruptures and
fluid flux along faults.

It is known that the reduction or increase in the amount of plastic
strain off the slip zone affects the rupture propagation and speed, as
well as the slip gradient (Andrews 2005; Templeton & Rice 2008;
Viesca et al. 2008). The results of Fig. 7 show that the location,
spatial extent and magnitude of plastic strain are sensitive to the per-
meability and rigidity contrast. The lower permeability and rigidity
contrasts are, the lower the magnitude of plastic strain is, but larger
is the ruptured area. The net effect of the permeability contrast
(Fig. 7d) is the localization of plastic strain in a preferred direction,
that of rupture predominantly in the more permeable side of the
fault. Thus, the above-mentioned considerations suggest that earth-
quake faults may likely experience different patterns of off-fault
plastic straining associated with the presence of fluids.

4.3 Comparison with observations in other studies

Our results are in agreement with previous works by Rudnicki &
Rice (2006) and Dunham & Rice (2008) who have studied fault slip
between fluid-saturated materials that are elastically identical but
have dissimilarity in poroelastic properties, within damage zones
along the fault walls. They demonstrated in the context of sponta-
neously propagating ruptures that a fault zone in which there is a
contrast of properties, the evolution of rupture and the pore pressure
increase and decrease respectively on the compressional and exten-
sional sides of the rupture tip. In particular, the pore pressure change
would depend on the permeabilities and storage coefficients on the
compressional and extensional side of the fault. Moreover, a rupture

© 2011 The Authors, GJI, 185, 1049-1058
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through a fault with more permeable material on the compressional
side of the fault than on the extensional side would induce a net
pore pressure increase on the fault, favouring further instability and
rupture. Thus, the poroelastic response can cause either reductions
of or increase in effective normal stress, depending on which side
of the fault is more compliant and/or more permeable. This effect
is enhanced if the compliant side is more permeable, and is reduced
each other if the stiff side is more permeable. Since the effective
normal stress change is different on either side of the slip zone, the
material contrast introduces asymmetry into the off-fault rupture
process. Our results are also compatible with works of Viesca et al.
(2008). Plastic strain off the slip zone is larger in the direction in
which the largest increases in pore pressure strongly decrease the

© 2011 The Authors, GJI, 185, 10491058
Geophysical Journal International © 2011 RAS

effective normal stress and weaken the rock. Thus, plastic strain is
enhanced in the more compliant and permeable side, and reduced
or absent in the stiff and low-permeable side. Nevertheless, these
results differ from models with spontaneous generation of off-fault
damage to in-plane ruptures along material interface, neglecting
the effect of fluids (Ben-Zion & Shi 2005). Indeed, Ben-Zion &
Shi (2005) showed that plastic strain is generated primarily on the
stiffer side of the fault zone and the off-fault damage is significant
for conditions that correspond to the top few kilometres (top 5 km)
of the crust. These results are compatible with field observations of
shallow asymmetric damage patterns (Dor et al. 2006a,b) and seis-
mological imaging studies (Ben-Zion et al. 2003; Peng et al. 2003;
Lewis et al. 2005, 2007) in the structure of several large faults.
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5 CONCLUSION

Our model presents an interpretation of the physical processes con-
trolling fault slip and distributed plastic deformation within the
nearby damage zone. We examined the possibility that earthquakes
could also be triggered by transient pulses of high-fluid pressure im-
posed in a limited source region at the base of the brittle upper crust.
We performed a systematic parameter-space study of rupture prop-
erties on a fault zone with heterogeneous permeability and Young’s
modulus. We found that both fluid flow and hydromechanical de-
formation cause property changes in the fault zone and, through
variations in fluid pressure and stress, subsequent changes in the
fault strength. We also found that the properties contrast signifi-
cantly changes the amount of slip along the fault and plastic strain
off the fault, and consequently, the degree of rupture asymmetry.
This asymmetry is manifested by larger off-fault plasticity in the
less rigid and more permeable side of the fault. Nevertheless, several
studies (Rice 2006; Sone & Shimamoto 2009) have shown correla-
tions with other factors not considered in the numerical experiments
presented here, and that may significantly affect fault strength. These
include the role of fault friction—which depends on the extent of
slip, rate of slip and slip history, shear heating and melting of fault
materials under high compression. These mechanisms may interact
and result in complex seismic or aseismic slip behaviours. Further
investigation coupling the hydromechanical heterogeneities of fault
zones with friction laws is a high priority to better understand earth-
quake ruptures. It is important to clarify such effects, and to test
the predictions associated with ruptures with laboratory and field
observations.

While the cases addressed in this paper are for a fault zone ini-
tially at hydrostatic fluid pressure before the sudden high-pressure
loading, the model can be applied to the study of rupture on a
critically stressed fault in the presence of fluid pressures in excess
of hydrostatic (i.e. near-lithostatic) at the initial state. Along such
faults, very small stress perturbations (few tens of kPa) may facil-
itate triggering of earthquakes, slow-slip events and non-volcanic
tremors (Miyazawa & Mori 2006; Rubinstein et al. 2007; Cappa
et al. 2009; Taira et al. 2009; Thomas et al. 2009).

Finally, this work presents constraints on the role of fluids in rup-
turing faults separating two different media with spatially variable
material properties—conditions that are representative of natural
fault zones. Our results suggest that the structural evolution of such
faults may be linked with the hydromechanical properties of the
damage zone, highlighting the interaction between hydraulic diffu-
sivity and stress transfer. During a high-fluid pressure event, fault
zones may tend to develop local fluid overpressures and stresses in
discrete patches that weaken the fault strength to a level below the
prevailing shear stress. Thus, a consequence of rupture on a fault
with contrasted properties could be the result of a heterogeneous
spatial earthquake distribution and coseismic deformation through
volume rather than a single ruptured plane. We suggest that intro-
ducing heterogeneities in hydromechanical properties, and plastic
deformation in a volume around the faults in rupture models can
be a way to improve the quantitative interpretation of earthquake
observations.
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APPENDIX: THE FIELD EQUATIONS
AND MODEL PARAMETERS

In the models, fluid flow is simulated by solving the diffusion equa-
tion with spatially variable hydraulic parameters in a poroelasto-
plastic medium

k d
V. (ﬁ (VP - p,»g)) + 8—';’ =0, (AD)

where k is the permeability (m?), ¢ is the porosity, i is the fluid
viscosity (102 Pas), P is fluid pressure (Pa), oy is the fluid density
(1000 kg m~3), g is the gravitational acceleration directed downward
(9.81 m s72), ¢ is the time (s) and the rate of changes in fluid mass
(m) is defined as function of the elastic deformation and plastic
dilatancy as follows

o do
am = p, (ﬁ) <8P + BT"*> + pyoe?, (A2)

where « is the Biot’s coefficient (0« = 1 — K/Kj), K is the drained
Bulk modulus of the porous material, K is the Bulk modulus of the
solid skeleton, B is the Skempton’s coefficient expressed as

o

B =
$0K
L=+ + %
with Ky the fluid Bulk modulus.

In the model, the porosity (¢) and the permeability (k) vary with
the depth and the total volumetric strain (&)

(A3)

p=1— (1 - (¢0e‘%)) e (A4)
k= (ke 7) <¢ 2’7% ) , (A5)
0

where ¢ is the porosity at zero stress, ky is the permeability at
zero stress, n is a porosity sensitivity exponent (n = 3), § is a
depth sensitivity parameter (8 = 2600) and z is the depth. The ini-
tial porosity and permeability distribution decreases exponentially
with depth assuming a difference of two orders of magnitude be-
tween the ground surface and the base of the seismogenic crust at
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10 km depth. The volumetric strain is defined as the sum of the elas-
tic (de®) and plastic (de”) components of strain (Rudnicki & Rice
1975)

de, = de® +de? = d?o + % (dt + p.xdai/j) (A6)
where o”;; is the Therzaghi effective stress (positive for tension,
negative for compression), T is the second invariant of the devia-
toric stress tensor (¥ = ,/(1/2)s;;s;;), ¥ is the dilation angle and
s 1s the coefficient of static friction. In the results shown here, we
considered an ideally plastic response assuming that (dt +pu.do)
and the plastic hardening modulus (%) vanish such that their limit
exists as a positive quantity corresponding to the plastic strain in-
crement (Rudnicki & Rice 1975). The appropriate effective stress
(0';7) measure for evaluating strain increments is calculated from
the Terzaghi’s effective stress equation

o), =0 — aPsy, (A7)
where §;; is the Kronecker delta.

If fluid pressure increases in the PSZ of the fault and the fractured
rock volume that surrounds it, the effective normal stress across the
fault will decrease; this effect in turn will reduce the fault strength
according to the Coulomb failure criterion

T = ¢+ o, (A8)

where 7 is the driving shear stress for seismogenic fault slip, ¢ is
the cohesion and o, is the effective normal stress.

Our model is fully coupled with a two-way coupling: (1) fluid-to-
solid and (2) solid-to-fluid. The numerical experiments were solved

with the finite-difference method. The numerical grid was refined
near the fault zone, with grid sizes gradually increasing towards the
lateral model boundaries. Vertical resolution is 25 m. /n situ and
boundary fluid pressures were considered to be hydrostatic (Fig. 3).
On the top boundary, the ground surface is free to move, whereas
stress at other boundaries follows the lithostatic gradient. Temper-
ature is assumed to follow a constant geothermal gradient with
depth (30 °C km™"). After computing the initial state, we applied
instantaneously a pressurization (i.e. pressure pulse) corresponding
to the lithostatic pressure (i.e. P ~ 0.29 GPa) at 10 km depth at
the base of the fault zone. Consequently, the fluid pressure in the
fault tends to increase due to the fluid mass transfer from the deep
lithostatically overpressured zones to the shallow ones where fluids
are at hydrostatic pressure. Potential high-fluid pressure sources at
such depths may be initiated by accumulation of sea water, meteoric
water, CO, degassing or minerals dehydration from the mantle or
the lower crust (Manga & Wang 2007). Another alternative for the
initiation of such high-fluid pressures can be the coseismic release
of fluids trapped at depth (Miller ez al. 2004). This can occur when
earthquake rupturing of low permeability seals release previously
trapped high-pressure fluids in reservoirs. Then, large fluxes of fluid
can propagate through a fault fracture network created during the
main shock as a pressure pulse.

For the sake of simplicity, we will consider that the permeability
and porosity will change significantly in the x—z plane during the
pressurization. This approximation is the main limit of the model;
indeed, permeability and porosity should also vary in the third di-
mension (i.e. along-strike direction) according to common geolog-
ical models of fault structure.
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