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SUMMARY

Fluid pressure has significant effects on the mechanical behaviour of fault zones, because it can
change dramatically throughout the earthquake cycle. Here, we discuss how the heterogeneity
of the fault materials affects the fluid transfer and slip processes in and around a fault zone.
We present a numerical analysis of the interaction between fluid, stress and the development
of slip in a fault zone with heterogeneous hydromechanical characteristics through the brittle
seismogenic portion of the crust. In the model, the fault core, characterized by a low perme-
ability and Young’s modulus, is surrounded by a high permeability and more rigid damage
zone with spatial variations of the hydromechanical properties. Strain-dependent porosity and
permeability equations are specified, and the inelastic response of the material is described
by a Coulomb criterion. This study shows various evolutions of fluid overpressure, stress, and
slip along the principal shear zone depending on the heterogeneity of the fault. The analysis
suggests that a pressure pulse can trigger earthquakes by reducing the effective normal stress
of the fault, and that the size of the slip zone and the magnitude of the slip are significantly &
affected both by the reduction in fault effective strength and by the increase in fault porosity (A
and permeability. =
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1 INTRODUCTION

The presence of fluids in fault zones of the upper seismogenic
crust is evidenced by various types of geological, geophysical and
geochemical data and it is widely recognized that these fluids affect
earthquake processes, and play an important role at different stages
ofthe seismic cycle (Sibson 1981, 1992a,b, 1994; Rice 1992; Manga
& Wang 2007). Progressive increase in fluid pressure is assumed
during the interseismic period, from near hydrostatic values after an
earthquake to near or above lithostatic values before an earthquake
(Sibson 1981, 1992a,b, 1994). Such evolution of fluid pressure in
fault zones may play a significant role in the nucleation processes of
earthquakes by reducing the effective shear strength, at least locally
within the fault. Sources of such high-fluid pressures and pathways
of these fluids along fault zones required geodynamic processes
such as fluid flow from depth, changes in fault zone porosity and
permeability, as well as gouge compaction. Several models have
been developed in order to investigate the development of fluid
pressures in the upper crust. These models examined the effects of
porosity reduction (Walder & Nur 1984), the effects of dilatancy
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(Hillers & Miller 2006), the effects of crack sealing (Renard et al.
2000), and the effects of contrasted hydromechanical couplings
(Cappa et al. 2007).

In the brittle portion of the seismogenic crust, fault zones in
themselves contain complex structures—generally a fault core and a
damage zone—that have distinct mechanical and permeability prop-
erties (Vermilye & Scholz 1998; Gudmundsson 1999; Wibberley
& Shimamoto 2003; Guglielmi et al. 2008). The fault core is a
low-permeable zone with small intergranular porosity, whereas the
damage zone is a more permeable zone with a macroscopic fracture
network. Depending on host rock lithology and fault dimensions
and movement, the permeability of the fault zone may vary drasti-
cally, making the zone act either as a barrier or as a conduit for fluid
flows (Caine et al. 1996). Moreover, the permeability of the fault
zone changes during slip and the sudden stress reduction associ-
ated with earthquakes (Uehara & Shimamoto 2004). Field data and
models indicate that the core/damage zone contact often ruptures
during earthquakes. Both the core and damage zones grow in thick-
ness with increasing displacement (Vermilye & Scholz 1998), and
fractures that open allow fluid flow in those zones. Observations
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Figure 1. (a) Schematic diagram of the structure across a fault zone and
conceptual model of the distribution of (b) permeability and (c) Young’s
modulus.

of seismic fault zones exhumed from depth or cored by drill
holes show that the width of the damage zone is measured at
approximately 10 and 50 m on both sides of the central fault plane
for common faults (Caine et al. 1996; Gudmundsson 2004; Mitchell
& Faulkner 2009), and at least several hundreds metres and may be
1-2 km for major fault zones, like the Punchbowl fault on the San
Andreas system (Wilson ef al. 2003) or the Husavik-Flatey fault, a
transform fault in North Iceland (Gudmundsson 2007).

The permeability and Young’s modulus of fault rock have been
measured by several authors (Figs 1a—c, Faulkner & Rutter 2001;
Wibberley & Shimamoto 2003; Gudmundsson 2004; Faulkner ef al.
2006). They found for fault zones in a large variety of country
rocks that the permeability of the fault core ranges from 1 x 107"
to 1 x 1072' m? (Fig. 1b) and the Young’s modulus is measured
at approximately 1-10 GPa (Fig. 1c). The areas surrounding the
fault core are found to be damaged, intensively fractured and highly
permeable. The permeability of this damaged zone is estimated to
range from 1 x 107 to 1 x 107! m?; the Young’s modulus is
comprised between 10 and 50 GPa (Gudmundsson 2004; Faulkner
et al. 2006). At the scale of the damage zone, the materials have
highly variable properties.

During the seismic cycle, the evolution of the fault zone porosity
and permeability may be controlled both by healing and sealing pro-
cesses, and by the changes in tectonic stresses. The mechanochem-
ical processes tend to decrease the permeability through time by
slowly clogging the fault system. An increase in stress can reduce
the permeability by closing existing fractures, whereas a decrease

in stress can open the fractures and, then increases the permeability.
Thus, permeability enhancement and permeability decrease pro-
cesses will compete over the seismic cycle and control the fluid
flow.

In this paper, we develop a fully coupled thermo-hydro-
mechanical model of fluid flow along a vertical fault zone in the
upper seismogenic crust using strain-dependent porosity and per-
meability equations. We consider the effects of hydromechanical
characteristics using a heterogeneous distribution of the permeabil-
ity, the porosity and the Young’s modulus in the internal structure
of the fault zone as shown in Figs 1(b) and (c). We investigate how
this heterogeneity affects the fluid transfer and slip processes in
and around the fault zone and how the hydromechanical coupling
changes during the inelastic fault response.

2 NUMERICAL MODEL

Let us consider a quasi-static thermohydromechanical analysis that
assumes a vertical fault zone in a 2-D space (Fig. 2). To investigate
the evolution of fluid pressure and slip in the fault zone, we consider
a numerical approach, which shows the effect of variable hydrome-
chanical characteristics in the crust and in the fault. The basis of the
model is relatively simple. We assumed a lithostatic pressure in a
narrow volume around the fault zone at the base of the seismogenic
crust. Consequently, the fluid pressure in the fault tends to increase
due to the mass transfer from the deep lithostatically overpressured
zones to shallow ones at hydrostatic pressure. Potential high-fluid
pressure sources at such depths may be initiated by accumulation of
seawater, 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 re-
lease previously trapped high-pressure fluids in reservoirs. Then,
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Figure 2. Fault zone model. (inset) Enlargement of fault zone showing
the internal structure with the distribution of permeability (k) and Young’s
modulus (E).
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Table 1. Model parameters.

Modelling fluid transfer and slip in a fault zone 1359

Fault zone Fault core Fault damage zone Crust
Model parameters Cases 1-2 Case 3 Case 3 Cases 1-3
Young’s modulus, £ (GPa) 10 10 15-50 70
Poisson ratio, v (—) 0.25 0.25 0.25 0.25
Rock density, p, (kg m ) 2800 2800 2800 2800
Cohesion, ¢ (kPa) - - - 1
Friction coefficient, ug 0.6 0.6 0.6 0.75
Dilation angle, ¥ (°) 20 20 20 -
Zero stress permeability, k, (m?) 1 x 10716 1x 1071 1x107%t01 x 10710 1x 10718
Zero stress porosity, ¢, 0.1 0.01 0.02-0.1 0.01
Pore compressibility, s (Pa~!) 1 x10~H1 1 x 101 1 x 101 1 x 101
Biot’s coefficient, o 1 1 1 1
Thermal expansion, T (1 °C™1) 1 x107° 1 x107° 82 x 107° 82 x 1076
Porosity sensitivity exponent, n 3 3 3 3
Depth sensitivity parameter, 8 2600 2600 2600 2600
Fluid density, pr (kg m~3) 1000 1000 1000 1000
Fluid viscosity, uf (Pas™!) 1x1073 1 x1073 1x1073 1 x1073
Fluid compressibility, B¢ (Pa~!) 2% 10710 2% 10710 2% 10710 2% 10710

large fluxes of fluid can propagate through fault fracture network
created during the main shock as pressure pulse.

In the model, fluid flow is simulated using the diffusion equation
derived from the continuity of fluid mass and the Darcy’s law
= Sﬁ .

ot

In this expression, k is the intrinsic permeability, u is the fluid
viscosity, p¢ is the fluid density, g is the gravity, P is the fluid
pressure, ¢ is the time and S is the specific storativity that can be
defined in its simplest form as function of the porosity (¢), the pore
compressibility (B;), the fluid compressibility (B), and the specific
weight of fluid (y)

S=y B+ Pr). 2

The appropriate effective stress measure for evaluating strain
increments is calculated from the Terzaghi’s effective stress (07};)
defined as

ai,j = 0jj —ozPS,-j, (3)

v. [5 wp - pfg>] ()
n

where o is the total stress, « is the Biot’s coefficient and §;; is the
Kronecker delta.

The model extends vertically to 10 km, and horizontally far
enough from the pressurized zone (Fig. 2). Model results are anal-
ysed with a special attention to the area near the fault zone, which is
distinctly discretized as a 100-m-thick zone with a thin core embed-
ded in a damage zone. The damage zone is composed of multiple,
parallel zones, each of which exhibits different hydromechanical
characteristics reflecting the heterogeneity of fracture density and
properties (Fig. 2). The surrounding crust is considered as much less
cracked and with a unique lithology. The numerical grid was refined
near the fault zone, with grid sizes gradually increasing towards the
lateral model boundaries. The model is fully saturated with water
in the liquid phase. Fault zone and crust properties (Table 1) are
set consistent with temperature and pressure conditions at depth;
in other words, rock physics parameters are defined according to
in situ stress as well as temperature and pressure conditions. In the
model, we assumed that the porosity (¢) and the permeability (k)
in and around the fault zone change with the total volumetric strain
(&y) [the sum of the elastic and inelastic (“plastic’) components of
strain] as follows:

o=1-[1-(goe7)]e )
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k= (ke ) ((po:’_%)n, 5)

where ¢y is the initial porosity at zero stress, z is the depth, B is a
depth sensitivity parameter, ko is the initial intrinsic permeability
at zero stress, 7 is the porosity sensitivity exponent. In this model,
the initial porosity and permeability distribution decreases expo-
nentially with depth. A difference of two orders of magnitude is
assumed between the initial values near the ground surface and the
ones at the base of the seismogenic crust.

In the simulations, the total volumetric strain is defined as the
sum of the elastic (de®) and inelastic (‘plastic’) (de”) components
of strain. We followed Rudnicki & Rice (1975) in formulating the
volumetric strain increment during elastoplastic response of dilatant
frictional materials. The relationship between stress (t and o, shear
and compressive components, respectively) and volumetric strain
increments is written as:

d
de, = de® +ds? = =2 4 %(dr + pdo), (6)

K
where K and / are the Bulk and plastic hardening moduli, respec-
tively; ¥ is the dilatancy factor defined as the ratio of an increment
in volumetric plastic strain to an increment in shear plastic strain;
and p is the static friction coefficient. During plastic response, the
ratio of (dt + usdo) to 4 is always positive; for hardening both
(dt 4 us do) and £ are positive, for softening both are negative, and
for ideally plastic response both vanish such that their limit exists as
a positive quantity corresponding to the plastic strain increment. In
the simulation results shown here, we considered an ideally plastic
response.

In situ and boundary fluid pressures were considered to be hy-
drostatic. On the top boundary, the ground surface is free to move,
whereas stress was set to others boundaries. Temperature is assumed
to follow a constant geothermal gradient with depth (30 °C km™").
For simplicity, an in situ extensional stress regime was assumed
withoy =0.750v.

After computing the initial state, we applied instantaneously a
pressurization (i.e. pressure pulse) corresponding to the lithostatic
pressure at 10 km depth at the base of the fault zone. In the fault,
slip occurs when the shear stress acting in the fault plane exceeds
its shear strength, approximated by a Coulomb criterion

T =c+ us(o, —aP), @
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where 7 is the critical shear stress for slip occurrence, ¢ is cohesion,
and o, is the normal stress. In the model, we only considered fault
slip in the dip direction (i.e. no strike component perpendicular to
x—z plane) because of the 2-D geometry.

Consequently, in our model there are two principal types of pro-
cesses which may change the fluid pressure: (1) the inflow of fluid
from depth and (2) the progressive change in porosity and perme-
ability by change in volumetric strain (i.e. dilatancy) in and around
the fault zone. Moreover, since the host rock can behave as elastic
material, the weight of the rock above the pressure source must be
supported by its internal fluid pressure. It follows that the fluid flow
is partly driven by buoyancy, due to density difference between the
host rock and the fluid. Consequently, the buoyancy effect might
increase the fluid overpressure and volumetric flow rate in the fault
zone, and thus increase the probability of fault slip.

Three models are compared, one neglecting porosity and per-
meability changes in a fault zone represented as a unique material
(Case 1), one with porosity and permeability changes in a fault zone
represented as in case 1 (Case 2) and one with porosity and perme-
ability changes in a fault zone represented as a core and a damage
zone with materials of highly contrasted properties (Case 3) as
described by the enlargement of the fault zone in Fig. 2. In that
case, we assumed a distribution of permeability and Young’s mod-

- Fault zone

2 (km)

ulus as shown in Figs 1(b) and (c) (see Table 1). Rigorously, the
permeability should also vary in the third dimension (i.e. along-
strike direction) according to common geological models of fault
structure. Within the fault cores, permeability has been shown to
vary by several orders of magnitude and can exhibit permeability
anisotropy of three orders of magnitude (Faulkner & Rutter 1998).
Consequently, permeability in the core can be significantly different
in the vertical direction in comparison to the along-strike direction.
For simplicity, we will consider that the permeability and porosity
in our model will change significantly in the x—z plane during the
pressurization. This approximation is the main limit of the model.
Indeed, it does not consider the 3-D interaction involved by the
geological observations.

We solved the coupled eqs (1)—(6) at each cell using the finite
difference method.

3 MODELLING RESULTS

Results indicate that overpressure always develops at the base of
the fault due to the inflow of fluid from the source region. All the
models show this effect (Figs 3a—d) leading to a localized high-
pressure zone. Fluid pressure moves up the fault, escaping from the
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Figure 3. Distribution of fluid overpressure along the fault zone, from hydrostatic (blue) to lithostatic (red) pressure for (a) Case 1, (b) Case 2 and (c) Case 3.
Model results when pressure, strain and stress are steady-state: vertical profiles of changes in (d) fluid pressure, (e) slip, (f) volumetric strain, (g) shear stress
and (h) effective normal stress along the fault core.
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overpressured source region, which produces a pressure gradient
that was mainly distributed in the fault zone. Nevertheless, part of
the fluid transfer occurs within a large portion of the surrounding
crust in Case 2, whereas the fluid pressure slightly increases in the
crust very close to fault walls in Cases 1 and 3. Comparing the three
cases, results show that change in fluid pressure is highly sensitive
to the porosity and permeability change and to the initial porosity
and permeability values in the fault zone. Fluid pressure is restricted
near the source region when change in permeability and porosity
is neglected (Case 1), whereas fluid pressure propagates farther
along the fault when porosity and permeability vary with volumetric
strain (i.e. dilatational fracture damage variations in and around the
damage zone) (Cases 2 and 3). With a fault model represented as a
unique material (Case 2), overpressure diffuses upward in the fault
along a 1.4-km-long zone and in the crust, about 350 m on each side
of the central part of the fault near the source region. With a fault
represented as a core and a damage zone with contrasted properties
(Case 3), overpressure propagates mainly upward in the fault (i.e.
slight lateral diffuse leakage in the crust) along a 1.8-km-long zone
because the high permeability damage zone facilitates the flow-
through process along the fault and so amplifies the development of
overpressure through the fault. Results also show that significantly
increased permeability due to fracturing within the damage zone of
faults strongly influences fluid flow processes and the extent of the
overpressured zone.

Inside the fault core, the overpressure produces a localized weak
zone with a lowered effective normal stress, an increased shear stress
and an increased volumetric strain resulting in an expansion which
is accompanied by an increase in porosity, with a corresponding
increase in permeability (Figs 3d-h and 4). The largest variations
in stress and strain are obtained for the Case 3 (Ao, = —175 MPa;
At =50 MPa; Ag, =7 x 1073). In all cases, this hydromechanical
effect induces slip along the fault core. The larger slip is obtained
for Case 3 in which slip is about 1.2 m and distributed along a
600 m long active shear zone (Fig. 3e). In Case 1 and 2, slip and
shear zone length are lower (by a factor of ~2 and ~1.5 for Case 1
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and Case 2, respectively). In all cases, fault slip occurs progressively
during the pressure increase. Results also show that the damage
zone deforms inelastically in response to the pressurization and
associated localized high stressing near the source region. These
inelastic deformations could primarily occur as frictional sliding
along pre-existing fractures or microcracking.

Fig. 4 shows that the zone of change in porosity and permeability
is larger in Case 2 than in Case 3. In Case 2, porosity and permeabil-
ity vary in the fault and the surrounding crust with a lateral extent
of about 350 m on each side of the central part of the fault near
the source region, whereas, in Case 3, the variations are localized
in the fault zone. This difference is due to the contrast between the
initial values of hydromechanical properties in the two cases. This
heterogeneity of the fault induces contrasted fluid, stress and strain
transfer in the fault/crust system.

The difference in the three models’ behaviour is linked both to
the contrast in hydromechanical characteristics among fault zone
elements and to the change in fault zone permeability and porosity
with volumetric strain. This analysis evidences the effect of the het-
erogeneity of the initial porosity, permeability and Young’s modulus
distribution in the damage zone on the hydromechanical behaviour
of the fault core (i.e. principal slip zone) where earthquakes can
nucleate. In summary, at the scale of the damage zone, the highly
variable materials can cause large property variations. The slip pro-
cess varies along the fault depending on the spatial variations of
hydromechanical characteristics and the fluid and stress transfer
which reduce the effective fault strength.

4 CONCLUSION

Through a variety of numerical experiments, we have examined the
effect of the heterogeneity of the hydromechanical characteristics
in a fault zone on the interactions between fluid and stress trans-
fer, enhanced porosity and permeability, and slip dimensions along
the principal shear zone of the fault when subjected to high-fluid
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Figure 4. Simulated change in fault zone (normalized) porosity (left-hand panels) and permeability (right-hand panels) for Cases 2 and 3.
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pressures diffusing upward through the upper seismogenic crust.
Our analysis demonstrated that this heterogeneity of the fault ma-
terials significantly affects the location and the evolution of fluid
overpressures in the fault zone, and thus the change in its mechanical
strength. In the zones of fluid overpressures, the frictional strength
is lowered and slip can nucleate along the fault core, and the dam-
age zone can deform inelastically. This study also suggested that the
changes in permeability and porosity with volumetric strain mainly
control the changes in fluid pressure and flux, and consequently,
the rate of hydromechanical processes. Direct observations of such
change of fluid pressure, by geophysical or geodetic measurements,
above seismically active zones should improve our understanding
of earthquakes and the seismic cycle.

In summary, our analysis shows that a pressure pulse can trigger
earthquakes by reducing the effective normal stress of the fault,
and that the size of the slip zone and the magnitude of the slip
are significantly affected by both, the reduction in fault effective
strength and the increase in fault porosity and permeability.

Finally, our simple model proves to be promising to analyse the
role of fluids in the earthquake mechanisms in crustal-scale fault
zones when considering fully hydromechanical couplings. Future
improvements of this model could involve the mechano-chemical
processes, which also play a significant role during the seismic cy-
cle. Gratier & Gueydan (2007) discussed the importance of these
mechano-chemical interactions, within characteristic time inter-
vals, on the weakening and strengthening of faults in the upper
crust. Moreover, experimental studies of permeability variations in
fresh fractures at seismogenic temperatures have shown permeabil-
ity can significantly recover over similar timescales of days to weeks
(Morrow et al. 2001), and microfractures on the order of hours to
days (Brantley et al. 1990). Consequently, competing fracturing and
sealing processes at different scales will control fault zone fluid flow
and a variety of geological processes.
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