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Abstract Natural earthquake slip profiles have a generic triangular shape which the available rupture
dynamics models fail to reproduce. Long-term faults are embedded in long-damaged crustal material, and
the properties of the long-term damage vary both across and along the faults. We examine the effects of
the predamaged state of the medium on the earthquake slip distributions. We simulate long-term damage
by the decrease in the elastic modulus of the medium around the fault. We model the dynamic crack-like
rupture of a slip-weakening planar, right-lateral strike-slip fault, and search which geometries and elastic
properties of the long-term damage produce a triangular slip profile on the rupture. We find that such a
profile is produced only when a laterally heterogeneous preexisting damage zone surrounds the ruptured
fault. The highest on-fault slip develops in the most compliant region of the damage zone, and not neces-
sarily above the earthquake hypocenter. The coseismic slip decreases in zones of stiffer damage. The
amount of coseismic slip dissipated in the damage zone is large, at least 25–40% of maximum on-fault slip,
and can occur over large distances from the fault. Our study thus emphasizes that off-fault preexisting dam-
age should be considered for an accurate description of earthquake ruptures. It also motivates a reformula-
tion of the available earthquake source inversion models since most of them do not include the inelastic
deformations that occur in the near field of the earthquake ruptures.

1. Introduction

The aim of this paper is to explain slip distributions on earthquake ruptures. Based on �100 slip distribu-
tions for natural earthquakes, Manighetti et al. [2005] showed that coseismic slip-length profiles are typically
triangular and asymmetric, regardless of rupture length, earthquake magnitude (Mw��6.0), slip mode,
location, and geological context (Figure 1a). The triangular envelope shape of coseismic slip profiles is thus
a generic property of earthquakes, that is, an intrinsic, common property that must result from the physics
of the dynamic rupture process [Noda et al., 2013], not from site-dependent or fault-specific factors. There-
fore, it is important to understand how those triangular slip distributions are formed; classical models of
crack-like ruptures expanding in a self-similar manner on a planar fault embedded in a linear elastic medium
predict an elliptical characteristic slip profile [Andrews, 2005] and hence fail to reproduce the observed trian-
gular form.

Based on prior studies of long-term faults (�1042106 years) and related cumulative damage [Manighetti
et al., 2001, 2004] and on long-standing knowledge of earthquake energy partitioning [e.g., Kostrov, 1974;
Dahlen, 1977; Aki and Richards, 2002; Tinti et al., 2005; Kanamori and Rivera, 2006], Manighetti et al. [2005]
suggested that the smooth linear decrease in earthquake slip might result from coseismic inelastic deforma-
tion—referred to as ‘‘coseismic damage’’—affecting a large part of the medium as the rupture is developing.
An increasing number of observations support this suggestion, in which significant coseismic failure and
strain occurs around large earthquake ruptures [Fialko et al., 2002; Fialko, 2004; Hamiel and Fialko, 2007;
Cochran et al., 2009; Fielding et al., 2009]. Experimental and theoretical models have also been developed
recently to examine whether off-fault coseismic damage could emerge from the dynamic rupture process
[Harris and Day, 1997; Lyakhovsky et al., 1997; Yamashita, 2000; Poliakov et al., 2002; Dalguer et al., 2003; Rice
et al., 2005; Andrews, 2005; Ben-Zion and Shi, 2005; Ando and Yamashita, 2007; Bhat et al., 2007; Templeton
and Rice, 2008; Biegel et al., 2008; Viesca et al., 2008; Dunham and Rice, 2008; Duan and Day, 2008; Ma, 2008;
Sammis et al., 2009; Dieterich and Smith, 2009; Finzi et al., 2009; Bhat et al., 2010; Biegel et al., 2010; Ma and
Andrews, 2010; Shi et al., 2010; Hok et al., 2010; Savage and Cooke, 2010; Dunham et al., 2011a, 2011b; Xu
et al., 2012a, 2012b; Ngo et al., 2012; Suzuki, 2012; Xu and Ben-Zion, 2013; Gabriel et al., 2013]. Although they
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are based on different formalisms, all these models confirm that significant coseismic off-fault damage does
develop during the earthquake rupture, with this development markedly affecting the mode and properties
(i.e., speed and directivity) of the dynamic rupture and the seismic radiation. However, none of these studies
have addressed the question of earthquake slip profiles; either the slip distributions that emerge from the
experiment or modeling are not examined [Sammis et al., 2009; Hok et al., 2010; Suzuki, 2012; Xu and Ben-
Zion, 2013; Gabriel et al., 2013] or they are examined yet found to be different from natural, generic slip pro-
files [Andrews, 2005; Dunham and Rice, 2008; Templeton and Rice, 2008; Dieterich and Smith, 2009; Savage
and Cooke, 2010; Griffith et al., 2010; Dunham et al., 2011a, 2011b; Xu et al., 2012a].

We suggest that the later discrepancy is due, at least in part, to the fact that most theoretical models simu-
late the rupture in a medium whose predamage state is not fully appropriate. As recognized for long by
geologists, the growth and lateral lengthening of faults over geological time leaves behind the passage of
their tips a wake of fractured, damaged rocks [e.g., Scholz et al., 1993]. Even though various healing proc-
esses might occur at specific periods of the earthquake cycle and during the evolution of the fault [e.g.,
Brantley et al., 1990; Moore et al., 1994; Vidale and Li, 2003; Schaff and Beroza, 2004; Brenguier et al., 2008;
Mitchell and Faulkner, 2009], part of the damage (i.e., cracks and faults) is persistent, so that rock damage is
cumulative and permanent [e.g., Chester and Chester, 1998; Li et al., 1998; Sibson, 2003; Manighetti et al.,
2004; Dor et al., 2008; Mitchell and Faulkner, 2009; Barbot et al., 2009; Cochran et al., 2009; Hearn and Fialko,
2009; Savage and Cooke, 2010; Savage and Brodsky, 2011; Griffith et al., 2012; Smith et al., 2013]. Furthermore,
the cumulative, long-term damage is heterogeneous, varying both across and along the fault; across the
fault, the damage ‘‘intensity’’ (commonly taken as the crack density) decreases away from the fault [e.g.,
Chester and Logan, 1986; Vermilye and Scholz, 1998; Faulkner et al., 2006; Wechsler et al., 2009; Mitchell and

Figure 1. (a) Earthquake slip profiles (normalized) measured at the ground surface (left) and inferred at depth from earthquake source inversion models (right) for about 50 different his-
torical earthquakes (�100 different slip profiles among surface and depth) with different rupture lengths, magnitudes (Mw� 6), slip modes, and locations worldwide [from Manighetti
et al., 2005]. The generic shape of the earthquake slip profiles is well represented by the average curve in yellow calculated for each data set. (b) Schematic long-term fault architecture
deduced from geological observations [from Manighetti et al., 2004]. The fault plane (presented here in map view, as a solid horizontal line) is surrounded with a long-term damage
zone, made of multiple small fractures and faults (here sketched as narrow, elongated ellipses either side of the fault) that formed during the fault evolution. The intensity of damage,
revealed here through the density of fractures, is higher in the region where the fault originally initiated and reduced in the direction of fault lengthening and hence of fault decreasing
age. The total width of the damage zone increases in the direction of long-term fault lateral propagation. We model in Figure 7b this form of triangular damage zone.
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Faulkner, 2009; Savage and Brodsky, 2011; Smith et al., 2013], whereas, along the fault, the damage zone
commonly enlarges in the direction of long-term fault propagation [e.g., Manighetti et al., 2004; de
Joussineau and Aydin, 2007, 2009; Schlagenhauf et al., 2008; Aydin and Berryman, 2010; Savage and
Cooke, 2010; Faulkner et al., 2011] (Figure 1b). Therefore, natural earthquakes rupture faults that are
embedded in a predamaged medium, with this long-term damage having properties that vary both
across and along the fault. Most available theoretical models take into account the predamaged
state, yet consider that predamage is uniform along the fault [Andrews, 2005; Ma, 2008; Templeton
and Rice, 2008; Ma and Andrews, 2010; Kaneko and Fialko, 2011; Huang and Ampuero, 2011; Xu et al.,
2012b; Gabriel et al., 2013], at best varying across the fault [Harris and Day, 1997; Ben-Zion and
Huang, 2002; Ben-Zion and Shi, 2005; Rudnicki and Rice, 2006; Ampuero and Ben-Zion, 2008; Dunham
and Rice, 2008]. We suspect that this simplification might be one of the reasons of the discrepancy
between model results and natural earthquake slip profiles.

In this paper, we explore how the predamaged state of the medium around a strike-slip fault can affect the
slip distribution produced during an earthquake. In particular, we focus on the influence of the along-fault
variations in the medium rigidity. Although we do not discuss the complexities or formation of fault dam-
age, which is beyond the scope of this paper, we simulate the preexisting long-term damage and its ‘‘inten-
sity,’’ by decreasing the elastic modulus of the medium around the fault. Such a decrease in elastic moduli
as damage increases has been observed on natural rocks and faults, both during and immediately after
earthquake ruptures [O’Connell and Budiansky, 1974; Li et al., 1998, 2006; Fialko et al., 2002; Vidale and Li,
2003; Ben-Zion et al., 2003; Fialko, 2004] and around long-term geological faults [Li et al., 1990; Gudmunds-
son, 2004; Faulkner et al., 2006; Aydin and Berryman, 2010; Barbot et al., 2009; Hearn and Fialko, 2009; Coch-
ran et al., 2009]. In that later case, damage is thus permanent [e.g., Cochran et al., 2009]. We then model the
dynamic crack-like rupture of a slip-weakening planar fault and search which geometries and elastic proper-
ties of the long-term damage reproduce the characteristic triangular asymmetric slip profile on the earth-
quake rupture. We find that a generic earthquake slip profile is produced only when a laterally
heterogeneous preexisting, long-term damage zone surrounds the ruptured fault. This arises from a signifi-
cant part of the coseismic slip being diffused within the long-term damage zone.

2. Model Setup

We consider a 3-D planar, vertical strike-slip fault (30 3 15 km) embedded in an elastic medium whose
properties vary spatially both across and along the fault (see below). The model is implemented in the finite
difference code FLAC3D [Itasca Consulting Group, 2006], which solves for elasto-dynamic wave propagation
coupled to frictional sliding along the fault [Cappa and Rutqvist, 2012]. The code solves the equations of
motion in a 3-D elastic medium

q€ui5rij;j1fi (1)

rij5kuk;kdi;j1G ui;j1uj;i
� �

(2)

where u is the displacement, r is the stress tensor, f is the body force, q is the density of the medium, k and G
are Lame’s constants, and d is the Kronecker Delta. Einstein notation and summation over repeated indices
are assumed. The double dot above u implies second-order differentiation with respect to time. The fault is
modeled as an internal boundary using zero-thickness joint elements where the displacement can be discon-
tinuous. Along the fault, a friction law governs the traction, which changes with respect to the initial stress.
The evolution of friction with slip along the fault is described with a linear slip-weakening formulation [Ida,
1972; Palmer and Rice, 1973]; the friction coefficient (l) depends on the amount of slip (D) and decays linearly
from a peak static value (ls) down to a residual dynamic value (ld) over a critical slip distance (do)

l5
ls2ðls2ldÞ

D
do

D < do

ld D > do

8<
: (3)
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In the model, the shear strength of the fault is described as a function of the friction coefficient and the nor-
mal stress (rn)

s5lrn (4)

The model domain has a lateral extension of 70 km and a depth of 15 km, the mean thickness of the seis-
mogenic crust (Figure 2). This computational domain is limited laterally and at its base by absorbing condi-
tions to avoid spurious wave reflections from boundaries. The 30 km long rupture plane where the
coseismic slip occurs is represented by a zero-thickness interface (Figures 2a–2c). We surround this slip
plane with a damage zone having different geometries and elastic properties (see below), extending over
the entire depth of the model (depth extent of natural damage zones is poorly known, but might be large,
extending across much of the brittle seismogenic crust [e.g., Fialko et al., 2002; Li et al., 2006; Barbot et al.,
2009; Cochran et al., 2009; Hearn and Fialko, 2009; Griffith et al., 2012; Smith et al., 2013]), and stopping at
the fault tips. We refer to the ‘‘damage width’’ in the direction perpendicular to the fault. The damage zone
is embedded in a homogeneous elastic medium, referred to as the host rock (Young’s modulus E0 of 80
GPa, Poisson’s ratio of 0.25, and density of 2670 kg/m3). The damage zone is laterally discretized into three
zones in order to accommodate variations in width and elastic properties along the fault strike. We simulate
the degree of damage by different values of the Young’s modulus in the damage zone (Ed), Ed decreasing
as damage increases. We vary Ed in the range 10–70 GPa. The degree of rigidity contrast between the dam-
age zone and the host rock is dE/Eo 5 (E0 2 Ed)/E0. Consequently, dE/Eo ranges from �12 to 90%. This range
is large enough to include realistic values; available prior works indeed estimate a rigidity reduction in dam-
aged zones of 40–75% relative to the ambient crust [e.g., Fialko et al., 2002; Katz et al., 2003; Gudmundsson,
2004; Hamiel and Fialko, 2007; Healy, 2008; Cochran et al., 2009; Barbot et al., 2009; Gudmundsson et al.,
2011; Griffith et al., 2012]. The variation in the Young’s modulus encapsulates all the complex processes that

Figure 2. Model geometry: (a) fault plane (30 3 15 km) represented as a zero-thickness slip surface in a homogeneous elastic medium (elastic crack, Model 1); (b) same fault plane sur-
rounded by a rectangular damage zone of constant width (W) along the entire depth (De) (Model 2); (c) same fault plane surrounded by a triangular damage zone fairly similar to that in
Figure 1b (three zones of 10 km length each and of variable lateral widths along the entire depth) (Model 3). In all models, the damage zone extends over the entire depth and stops at
the fault tips.
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might contribute to the rock damage (i.e., plastic strain, crack activation and formation, macroscopic fault
slip, poroelastic effects, etc. [see Lyakhovsky et al., 1997; Dalguer et al., 2003; Manighetti et al., 2004; Andrews,
2005; Ando and Yamashita, 2007; Templeton and Rice, 2008; Ma and Andrews, 2010; Xu and Ben-Zion, 2013),
as well as those that might contribute to its variation over short times (such as postseismic healing [e.g.,
Brantley et al., 1990; Moore et al., 1994; Vidale and Li, 2003; Schaff and Beroza, 2004; Brenguier et al., 2008;
Mitchell and Faulkner, 2009]). In other words, the Young’s modulus in the modeled damage zone represents
the finite, cumulative state of the damage well within the interseismic phase of the earthquake cycle that
precedes the slip event that we consider.

The mesh size on the fault plane and in the damage zone is 50 m, while it increases gradually to 250 m toward
the model boundaries. We submit the model to a homogeneous initial stress field with normal stress of 120
MPa and shear stress of 70 MPa [e.g., Noda and Lapusta, 2010; Pelties et al., 2012]. The stresses are applied
inside the model and at the boundaries, although the top boundary is free to move (we have also tested con-
stant displacement boundary conditions, and the results are unchanged). Note that we are not suggesting
that uniform distribution of initial stress is characteristic of active faults. However, since natural earthquake slip
profiles are generic regardless of their different stress contexts, we adopt this simplifying assumption.

The rupture nucleation is initiated by a shear stress value (81.6 MPa) higher than the fault strength in a 3 km
long square patch centered both along-strike and along-dip at a depth of 7.5 km, a common centroid depth
for crustal earthquakes [Scholz, 2002]. The fault is governed by linear slip-weakening friction (static friction ls

of 0.677, dynamic friction ld of 0.525, and slip weakening distance do of 0.4 m; commonly used parameters
[e.g., Harris et al., 2009]). We compute the spontaneous rupture for a total duration of 20 s. The rupture
behaves as an expanding crack-like slip zone, having a constant stress drop everywhere on the fault plane.

In such a theoretical framework, the elastic properties and geometry of the damage zone are expected to
exert a strong control on the on-fault slip. Assuming linear elasticity, the fault strike-slip displacement (D) is
[Fialko et al., 2002; Duan et al., 2011]

D5wDs
1

Gd
2

1
Go

� �
(5)

where w is the fault zone width, Ds is the shear stress change, Gd is the shear modulus of the damage zone,
and Go is the shear modulus of the ambient intact rock

Gd5
Ed

2 11mdð Þ (6)

Go5
Eo

2 11moð Þ (7)

where Ed and md are the Young’s modulus and Poisson ratio of the damage zone, and Eo and mo are
those of the ambient intact rock. Assuming that variations in the Poisson ratio are small compared
with variations in the Young’s modulus (m � mo � md), combining equation (5) with equations (6) and
(7) gives

D52 11mð ÞwDsðEo2Ed

EoEd
Þ (8)

From equations (3) and (4), the model assumes a constant shear stress change everywhere on the rupture
plane. In such a context of constant Ds, equation (8) predicts that a fault embedded in a homogeneous
medium (i.e., no damage) has an elliptical slip distribution, as shown in Figure 3. By contrast, the existence
of a damage zone with low rigidity and/or large width around the rupture is predicted to yield an increase
of the on-fault coseismic slip [Barbot et al., 2008].

We performed 82 simulations dedicated to explore those scaling relations, especially to examine the effects
of the degree of damage and of the size of the damage zone on the resulting earthquake slip. Results are
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presented in two ways. We first show
plots of the final on-fault coseismic
slip (D, measured along the top
boundary) normalized to the maxi-
mum slip of an elastic crack in homo-
geneous medium (D0) (i.e., no
damage; Figure 3), as a function of
the normalized rupture length (Fig-
ures 4, 6, and 7). This dimensionless
representation allows to examine the
slip profile envelope shapes and to
estimate the variation in on-fault slip
compared to the reference crack
model. Second, all the results are
synthesized in diagrams where the

rigidity contrast between the damage zone and the host rock (dE/Eo), the relative size of the damage zone
(width to length ratio, W/L), and the produced maximum on-fault slip (normalized to the elastic crack solu-
tion, D/Do) are plotted together (Figures 5 and 8). This representation allows us to examine and compare
for a broad range of conditions the effects of the damage zone properties on the produced on-fault slip.

3. Model Results

3.1. Rectangular Shape Preexisting Damage Zone With Homogeneous Elastic Properties
We prescribe a preexisting damage zone with a rectangular shape around the slip plane and with homoge-
neous elastic properties (Figure 2b). This case is that prescribed in most available theoretical models, which
consider that predamage is uniform along the fault [Andrews, 2005; Ma, 2008; Templeton and Rice, 2008;
Dunham and Rice, 2008; Ma and Andrews, 2010; Kaneko and Fialko, 2011; Huang and Ampuero, 2011; Xu
et al., 2012b; Gabriel et al., 2013]. We impose the damage zone to have different widths (W) ranging from
�3 to 50% of the fault length. It is important to note that, although it has long been supposed that damage
was confined only within a very narrow zone around the faults [Li et al., 1998; Ben-Zion et al., 2003; Fialko,
2004; Fielding et al., 2009; Mitchell and Faulkner, 2009], an increasing number of observations suggests that
it might rather extend over large areas up to several kilometers [Spudich and Olsen, 2001; Manighetti et al.,
2004; Oskin et al., 2007; Cochran et al., 2009; Barbot et al., 2009; Shelef and Oskin, 2010; Griffith et al., 2012;
Smith et al., 2013]. Several studies have suggested that the damage zone width might scale linearly with the
fault length and/or displacement [Scholz et al., 1993; Knott et al., 1996; Vermilye and Scholz, 1998; Beach
et al., 1999; Manighetti et al., 2004; Savage and Brodsky, 2011], but the actual ratios between damage zone
width and fault length are still poorly known. The broad range of W/L ratios that we consider is thus made
to insure that we capture realistic values. In each model, we prescribe a constant Young’s modulus for the
entire damage zone.

Figures 4a–4g show the modeled slip profiles obtained for variable width rectangular damage zones (width
varied by 2 km steps) which have a Young’s modulus of 70, 60, 50, 40, 30, 20, and 10 GPa, respectively; that
is, a contrast in the Young’s modulus between the damage zone and the host rock (dE/Eo) of �12, 25, 37,
50, 62, 75, and 87%. In none of the tests a triangular slip profile is produced. Instead, the rupture slip profiles
have an elliptical or roughly rectangular envelope shape. All the profiles are symmetric around the middle
of the fault. The cases with stiffer damage actually resemble the elastic crack behavior. The amount of fault
slip increases as the Young’s modulus in the damage zone decreases. Meanwhile, the slip to length ratio of
the profiles increases as the damage zone becomes wider (Table S1 in the supporting information). In the
cases of a narrow, very compliant damage zone (Ed 5 10 and 20 GPa), more stresses accumulate near the
fault tips where they induce larger on-fault slip.

Figure 5 shows the combined effect of the elastic properties and of the relative width of the rectangular
damage zone on the on-fault slip. The most compliant and the widest is the damage zone, the greatest is
the maximum coseismic slip on the rupture. In narrow damage zones (W/L��20 %), Ed must be lower

Figure 3. Calculated earthquake slip profile at the surface as a function of the rup-
ture length (normalized) for the elastic crack model (Model 1; Figure 2a). The red star
at the center of the horizontal axis is the position of the epicenter.
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Figure 4. Calculated earthquake slip profiles at the surface as a function of the rupture length (normalized) for a fault surrounded by a rectangular damage zone (Model 2; Figure 2b). W:
damage zone width; L: fault length. In each plot, the slip profiles (D) are normalized to the maximum slip (Do) on the reference elastic crack (Figure 3). Results are presented for constant
Young’s modulus Ed in the damage zone, of (a) 70 GPa, (b) 60 GPa, (c) 50 GPa, (d) 40 GPa, (e) 30 GPa, (f) 20 GPa, and (g) 10 GPa. In each plot, the colors indicate the ratio of the width of
the damage zone to fault length, as listed at the bottom of the graphs. The red star at the center of the horizontal axis is the position of the epicenter. The solution for the elastic crack
model with no damage (Model 1; Figure 2a) is shown in black.
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than �20 GPa for the on-fault
slip to markedly increase; in large
damage zones (W/L��30%), Ed

values of �30 GPa are enough to
significantly increase the on-fault
slip.

3.2. Rectangular Shape
Preexisting Damage Zone With
Laterally Varying Elastic
Properties
Figure 6 presents the same simu-
lations as before, yet with the
rectangular damage zone having
its Young’s modulus increasing
from right to left; that is, the
intensity of damage decreases
from right to left, while the dam-
age zone width keeps constant
along the fault. We have tested a
case with a ‘‘rigid’’ damage zone
(Ed 5 70, 50, 40 GPa, Figure 6a)
and another case with a more
compliant damage zone (Ed 5 40,
20, 10 GPa, Figure 6b). In the rigid
damage zone (Figure 6a), the tri-

angular slip profile is not produced. Instead, the rupture slip has a distorted elliptical shape whose asymme-
try results from the maximum slip translating toward the less rigid part of the damage zone. In the
compliant damage zone (Figure 6b), a triangular slip profile is produced, regardless of the damage zone
width. The profiles are asymmetric with the maximum slip translated toward the right tip of the fault,
around which damage is greatest, whereas slip linearly decreases toward the left fault tip, in the direction
of damage decrease. Therefore, a high slip gradient develops near the limit between the softer damage
zone and the host rock, whereas the gradient in slip decreases as the difference in modulus between dam-
aged and host rocks decreases. The slip to length ratio of the profiles increases as the damage zone
becomes wider (Table S1 in the supporting information). Because of the skewed shape of the profiles, the
maximum slip lies away from the hypocenter.

The combined effects of the elastic properties and of the relative width of the rectangular damage zone on
the on-fault slip are discussed in section 3.4.

3.3. Triangular Shape Preexisting Damage Zone With Homogeneous Elastic Properties
Field observations of long-term faults and related damage [Shipton and Cowie, 2001, 2003; Kim et al., 2004;
Manighetti et al., 2004; Dor et al., 2006; Faulkner et al., 2011] (Figure 1b), as well as dynamic simulations of
coseismic damage [e.g., Andrews, 2005; Templeton and Rice, 2008; Viesca et al., 2008; Dunham et al., 2011a,
2011b; Xu et al., 2012a, 2012b; Xu and Ben-Zion, 2013], suggest that damage zones around faults and rup-
tures commonly have an overall triangular shape in map view, with an apex centered in the zone of fault or
rupture initiation, and a damage zone widening in the direction of fault or earthquake propagation (Figure
1b). Here we test the effect of an overall triangular-shaped preexisting damage zone of the form sketched
in Figures 1b and 2c. Figure 7a shows the simulations with a damage zone widening from right to left along
the fault, having constant elastic properties. None of the simulations produce the generic triangular shape
of the earthquake slip profiles. Instead, the profiles have a quasi-elliptical shape when the difference in
modulus between the damage zone and the host rock is low, and a fairly rectangular shape when the dam-
age zone is soft (i.e., large contrast in Young’s modulus). In that later case, a slight asymmetry develops in
the slip distribution, as maximum slip translates toward the largest section of the compliant damage zone.
Finally, the slip to length ratio of the profiles increases as the damage level increases (Table S1 in the sup-
porting information).

Figure 5. Diagram illustrating the combined effects of the contrast of Young’s modulus
between the damage zone (Ed) and the host rock (E0) (dE/Eo 5 (E0 2 Ed)/E0) and of the
ratio of the damage zone width to fault length (W/L), on the maximum on-fault slip (D,
normalized to the maximum slip (Do) on the reference elastic crack) for the rectangular
damage zone cases, presented in Figure 4 (i.e., with both constant Young’s modulus Ed

and constant damage zone width).
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3.4. Triangular Shape Preexisting Damage Zone With Laterally Varying Elastic Properties
Figure 7b presents the same simulations as before, yet now with the damage zone having a Young’s modu-
lus increasing from right to left (from 10 to 40 GPa); that is, the intensity of damage decreases from right to
left, as the damage zone width increases along the fault. Three different width increases are tested, from
1 to 3 km (W/L up to 10%, in green), from 2 to 6 km (W/L up to 20%, in blue), and from 4 to 12 km (W/L up
to 40%, in magenta). All calculations produce a triangular, asymmetric earthquake slip profile, with maxi-
mum slip translated toward the right tip of the fault, far away from the rupture hypocenter. The slip then
decreases roughly linearly from its maximum value to almost zero at the other (left) tip of the fault. The slip
to length ratio of the profiles increases as the damage zone becomes wider, yet in a moderate fashion since
all three calculated ratios basically remain in the similar range �4–6.5 3 1024 (Table S1 in the supporting
information).

Figure 7c presents the same calculations as before, yet for a damage zone whose Young’s modulus now
decreases from right to left (from 40 to 10 GPa) as the damage zone becomes wider. We thus prescribe
here a preexisting damage that both enlarges and intensifies from right to left along the fault. The calcula-
tion is performed for a damage zone width varying from 4 to 12 km from right to left and is compared to
the result obtained previously with the same damage zone geometry and opposite Young’s modulus varia-
tion (magenta profile in Figures 7b and 7c). The resulting slip profile is triangular and asymmetric, yet taper-
ing in the opposite direction to that of the previous simulation (Figure 7b). The maximum slip is thus
translated toward the left tip of the fault, still away from the hypocenter. The slip to length ratio of the
resulting slip profile is of the same order to the one obtained in the opposite configuration (magenta pro-
file), yet slightly larger.

Figure 8 shows the combined effect of the elastic properties and of the relative width of the damage zone
on the maximum on-fault slip, in the cases where one or both of the elastic properties and the width of the
damage zone vary along fault strike. Those cases thus include the rectangular (Figure 6) and the triangular
damage zones (Figures 7a and 7b). To account for the along-strike variation in Wd and Ed, we represent the

Figure 6. Calculated earthquake slip profiles at the surface as a function of the rupture length (normalized) for a fault surrounded by a rectangular damage zone (Model 2; Figure 2b).
W: damage zone width; L: fault length. In each plot, the slip profiles (D) are normalized to the maximum slip (Do) on the reference elastic crack (Figure 3). Results are presented for
Young’s modulus Ed decreasing from the left tip to the right tip along three zones (A, B, C, respectively), 10 km long each. (a) Case with a stiff damage zone. Young’s modulus Ed is 70
GPa in zone A, 50 in zone B and 40 GPa in zone C. (b) Case with a compliant damage zone. Young’s modulus Ed is 40 GPa in zone A, 20 in zone B, and 10 GPa in zone C. In each plot, the
colors indicate the ratio of the width of the damage zone to fault length, as listed at the bottom of the graphs. The red star at the center of the horizontal axis is the position of the
epicenter. For reference and comparison between results, the elastic crack model with no damage (Model 1; Figure 2a) is shown in black.
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average damage width and elastic modulus. The presence of the damage zone significantly increases the
maximum on-fault coseismic slip (compared to the reference crack model) whenever the damage is compli-
ant overall, with an average Young’s modulus lower than �40 GPa. There is a tradeoff, however, between
the average width and the compliance of the damage zone; while narrow damage zones must be compliant
to yield a significant increase in coseismic slip, wider damage zones can be stiffer (average Ed � 40 GPa)
and still produce significant on-fault slip increase. A damage zone with an average Young’s modulus
between �20 and 40 GPa results in the earthquake rupture accumulating increased slip, which accrues as
the damage zone widens overall. When the damage zone is very compliant, with average Ed between �15
and 20 GPa, the on-fault slip markedly increases, although at a slower rate than in cases of stiffer damage
zones. This probably results from a significant part of the slip being accommodated within the compliant
damage zone. Figure 8 suggests that an increase in on-fault slip might dramatically occur in the cases of
extremely compliant damage zones (average Ed< 10–15 GPa), but those cases are probably unrealistic (i.e.,
the rock would be completely destroyed).

3.5. Influence of the Sense of Lateral Slip
Figure 7d shows the same calculation as in Figure 7b (right to left width increase from 4 to 12 km, magenta
curve), but with a rupture that is now imposed to be left lateral. The governing equations of the model pre-
dict invariance of slip magnitude with respect to direction of slip propagation. We verify that the model
indeed produces this invariance. The resulting slip profile is exactly the same, showing that, in the chosen
damage configuration (i.e., triangular-shaped, enlarging from right to left and decreasing in intensity from
right to left) and under the present model assumptions, the sense of fault slip has no influence on the final
shape of the coseismic slip profile.

Figure 7. Calculated earthquake slip profiles at the surface as a function of the rupture length (normalized) for (a) a fault zone with a damage zone of variable width (regions A, B, C of simi-
lar length from left fault tip to right fault tip and of width WA 5 12 km, WB 5 8 km, WC 5 4 km) and constant Young’s modulus Ed (magenta curve: 10 GPa, blue curve: 20 GPa, green curve:
40 GPa) (Model 3; Figure 2c); (b) a fault with a damage zone of variable width (from 1 to 3 km in green, from 2 to 6 km in blue, and from 4 to 12 km in magenta) and variable Young’s modu-
lus Ed (region A in light gray: 40 GPa, region B in gray: 20 GPa, and region C in dark gray: 10 GPa); (c) a Young’s modulus Ed in the damage zone decreasing (blue) and increasing (magenta)
in the direction of increasing damage zone width; and (d) modeled slip profiles on right-lateral (magenta) and left-lateral (blue) ruptures. The damage zone width ranges from 4 to 12 km
for results presented in Figures 7c and 7d. In each plot, the slip profiles (D) are normalized to the maximum slip (Do) on the reference elastic crack (Figure 3). The red star at the center of the
horizontal axis is the position of the epicenter. For reference and comparison between results, the elastic crack model with no damage (Model 1; Figure 2a) is shown in black.
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4. Discussion

In the absence of any preexisting
damage in the medium sur-
rounding a fault, the rupture of
that fault produces an elliptical
slip profile, far different from the
slip distributions observed on
natural earthquakes. Models sim-
ulating faults and earthquakes in
homogeneous, linear, elastic
medium are thus inappropriate
to reproduce the natural
earthquakes.

Our models suggest that the
map view geometry of preexist-
ing damage is not a major con-
trolling factor for earthquake slip
distributions; whatever the
geometry of long-term damage
(in the range tested here, from
rectangular to triangular), the
formed coseismic slip profiles are
far different from being triangu-
lar if the damage elastic proper-
ties are uniform within the
damage zone. Therefore, theoret-
ical models that embed a fault

within a predamaged medium with uniform properties are expected to be inappropriate in reproducing slip
profiles for natural earthquakes. This finding also suggests that the width of the long-term damage zones
might be variable, and not necessarily scaling with the fault length.

The factor most controlling the earthquake slip distributions seems to be the along-fault variability in the
elastic properties of the preexisting damage. Note that a similar finding has been suggested for long-term,
cumulative slip profiles [B€urgmann et al., 1994; Manighetti et al., 2004]. We discuss further below the possible
nature of long-term damage and the reasons for its lateral variability. Whatever these reasons, we find that
a progressive change in the elastic properties of the preexisting damage is a sufficient condition to account
for the development of a generic, triangular, and asymmetric coseismic slip profile on the ruptured fault.
The average elastic properties of the damage zone must be fairly compliant however (see Figure 6a where
an average Ed value of �55 GPa does not produce a triangular profile). In those conditions, the generic slip
profile forms regardless of the width (from very small (i.e., W/L �3%) to very large (W/L �50%)) and of the
geometry (rectangular or triangular) of the preexisting damage zone. Although other factors might contrib-
ute to shape the coseismic slip profiles, such as heterogeneous loading of the fault, lithological properties
of the surrounding rocks, variable friction on the fault, local stress interactions, nonplanar fault geometry,
etc. [e.g., B€urgmann et al., 1994; Cooke, 1997; Manighetti et al., 2001; Martel and Shacat, 2006], the generic,
scale and context-independent envelope shape of the natural earthquake slip distributions shows that the
role of those possible additional factors is not dominant.

The existence of a preexisting heterogeneous damage zone markedly affects the slip on the ruptured fault;
whatever the damage geometry, the coseismic slip is larger on the fault section surrounded by the most
intense damage, whereas the coseismic slip is decreased on the fault sections surrounded by stiffer damage
(Figures 6b, 7b, and 8). There is a tradeoff however between the average width and the compliance of the
damage zone; the stiffer the damage zone, the wider it must be to increase the on-fault coseismic slip. On
the contrary, a narrow damage zone (i.e., W/L<�10%) can yield a marked increase in the on-fault coseismic
slip provided that it is compliant (average Ed< 20–30 GPa). Additionally, for a similar average Young’s

Figure 8. Diagram illustrating the combined effects of the contrast of Young’s modulus
between the damage zone (Ed) and the host rock (E0) (dE/Eo 5 (E0 2 Ed)/E0) and of the
ratio of the damage zone width to fault length (W/L), on the maximum on-fault slip (D,
normalized to the maximum slip (Do) on the reference elastic crack) for the heterogene-
ous cases, i.e., with variable Young’s modulus Ed and constant or variable damage zone
width (rectangular and triangular damage zone cases, presented in Figures 6 and 7a–7c).
To account for the along-strike variation in Wd and Ed, we represent the average damage
width and elastic modulus. See discussion in text.
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modulus Ed in the range 20–30 GPa, a damage zone with laterally varying elastic properties can produce a
larger coseismic on-fault slip (Figure 8) compared to a damage zone with constant elastic properties
(Figure 5).

In addition to on-fault slip, a significant part of the coseismic slip is accommodated within the preexisting
damage zone. We estimate the off-fault slip amount in the center of the damage zone at three different
sites along the fault, and for four different damage geometries (noted cases 1–4 in Figure 9 and Table S2 in
the supporting information). In each case, the off-fault slip is in the range 23–76% of the maximum on-fault
slip, implying an independence from the damage zone geometry. The amount of off-fault slip relative to
the maximum on-fault slip decreases as damage becomes stiffer, in all cases by �40–60% with respect to
values in the most compliant parts of the damage zone. However, as on-fault slip decreases in the direction
of damage stiffening, the proportion of off-fault to on-fault slip (on same transect) slightly increases in all
cases but case 4 (from �75 to �90% in the narrowest damage zones [cases 1 and 3], and from �40 to
�65% in the widest case 2 damage zone); that is, a greater proportion of the local on-fault slip is diffused in
the stiffer parts of the damage zone. Within the narrowest damage zones (cases 1 and 3), 60–75% of the
maximum on-fault slip is accommodated in the areas where damage is high to moderate, while this amount
decreases down to �40% in the areas of stiffer damage. Within the widest damage zones (cases 2 and 4),
40–60% of the maximum on-fault slip is accommodated in areas of high to moderate damage, while this
amount decreases down to �25% in the areas where damage is stiffer. Therefore, these results show that a
large amount of slip and hence strain is dissipated within the long-term damage zone, of at least �25–40%
(relative to maximum on-fault slip) and on average �50%. We further discuss those off-fault slip amounts
below.

Figure 9. Total displacement (normalized to the maximum slip (Do) on the reference elastic crack) measured perpendicular to the fault (located at the position ‘‘0’’ on the horizontal axis)
along three transects in the models with (a) a rectangular (Model 2; Figure 2b) and (b) a triangular (Model 3; Figure 2c) damage zone. Inset: magenta line crosses the more compliant
region of the damage zone (10 GPa), blue line the intermediate region (20 GPa), and green line the stiffer damage region (40 GPa). Solid lines correspond to the models with the largest
damage zone, named cases 2 and 4: (a) W 5 12 km, (b) WA 5 12 km, WB 5 8 km, WC 5 4 km, and dashed lines correspond to the models with the narrowest damage zones, named cases
1 and 3: (a) W 5 1 km, (b) WA 5 3 km, WB 5 2 km, WC 5 1 km. The elastic crack solution with no damage is shown by the thin solid line. Maximum slip on the elastic crack is <1 because
the transects are at some distance from D0. Off-slip values measured at the center of the damage zone (i.e., at middistance between the fault and the damage outer edge) are reported
in Table 2 of the supporting information.
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In the case where coseismic slip profiles are strongly dependent on the along-fault properties of preexisting
damage, the generic triangular shape of slip profiles is produced regardless of the sense of slip of the rup-
ture; if the fault is right-lateral or left-lateral, the coseismic slip is always largest on the fault section which is
surrounded by the greatest preexisting damage, and decreases where the fault is surrounded by stiffer pre-
existing damage.

These findings suggest that the zone of largest coseismic slip does not necessarily correlate with the loca-
tion of the earthquake hypocenter, in keeping with observations of natural earthquakes [Manighetti et al.,
2005]. Furthermore, the direction of coseismic slip tapering does not necessarily indicate the direction of
rupture propagation, as observed in several natural earthquakes (such as Landers 1992, Chi-Chi 1999, and
Denali 2002).

Finally, the slip-to-length ratios of the modeled slip profiles are in the range of natural earthquake slip-to-
length ratios, albeit slightly larger (Table S1 in the supporting information) [Manighetti et al., 2007]. This sug-
gests our modeling approach is too simple to reproduce all the features of natural earthquakes.

We thus show that the predamaged state of the medium that surrounds the earthquake faults must be
taken into account to reproduce the observed generic envelope shape of the coseismic slip profiles. As said
earlier, this does not preclude other factors might further influence the shape of the earthquake slip func-
tions, as suggested in both theoretical dynamic models (i.e., preearthquake stress on the fault, ambient
stress, variability in fault static and dynamic friction [e.g., Rice et al., 2005; Wolf et al., 2006; Xu and Ben-Zion,
2013; Noda et al., 2013]) and fault mechanics analyses [e.g., B€urgmann et al., 1994; Cooke, 1997; Martel and
Shacat, 2006].

We also show that the predamaged state of the medium must be heterogeneous along the fault for an
earthquake slip profile to develop a triangular and asymmetric shape. The lateral variation of cumulative
damage along the faults is a well-known feature. Most faults are indeed flanked (on one or both sides) by a
damaged, generally highly fractured zone. Whether those damage zones are formed only by the stress con-
centrations around the propagating rupture fronts [Scholz et al., 1993] or also include relicts of the long-
term fault growth process through segment linkage and quasi-static fault slip [Manighetti et al., 2004]
remains unresolved [Dunham et al., 2011a, 2011b; Savage and Brodsky, 2011]. Furthermore, whether the
damage process dominantly includes microcrack activation and/or formation [Lyakhovsky et al., 1997; Yama-
shita, 2000; Dalguer et al., 2003; Manighetti et al., 2004; Suzuki, 2012], macroscopic shear faulting [Ando and
Yamashita, 2007], or plasticity [Andrews, 2005; Ben-Zion and Shi, 2005; Templeton and Rice, 2008; Viesca et al.,
2008; Duan and Day, 2008; Ma and Andrews, 2010; Dunham et al., 2011a, 2011b; Xu and Ben-Zion, 2013;
Gabriel et al., 2013] also remains unresolved. Whatever the nature of the cumulative damage around the
faults, the across-fault width of the long-term damage zone seems to increase as the fault lengthens later-
ally over time [Scholz et al., 1993; Manighetti et al., 2004; Kim et al., 2004; Faulkner et al., 2011; Savage and
Brodsky, 2011]. The enlargement of the damage zone with rupture lengthening is also suggested in most
dynamic simulations [e.g., Andrews, 2005; Templeton and Rice, 2008; Savage and Cooke, 2010; Xu and Ben-
Zion, 2013]. Additionally, cumulative damage is most intense around the most ancient sections of the fault
which have slipped over longer time spans and decreases in intensity (i.e., increase in Young’s modulus) in
the direction of fault lengthening, that is, in the direction in which the fault becomes younger (Figure 1b).
This leads to laterally varying cumulative damage along fault with commensurate lateral variations in elastic
properties.

Earthquake faults are intrinsically embedded in a predamaged, heterogeneous medium, whose properties
are likely to influence the dynamics of the next events. The predamaged zones will define the zones where
the dynamic stresses might be more efficiently dissipated, with this dissipation in turn controlling the veloc-
ity of the rupture propagation and the amount of coseismic slip on the earthquake fault [Harris and Day,
1997; Ben-Zion and Andrews, 1998; Ampuero and Ben-Zion, 2008; Barbot et al., 2008]. Damage might also
introduce some asymmetry between the two fault compartments and hence contribute to the ‘‘bimaterial
situation’’ described in several theoretical models [Andrews and Ben-Zion, 1997; Ben-Zion and Huang, 2002;
Shi and Ben-Zion, 2006; Bhat et al., 2007; Biegel et al., 2008; Dunham and Rice, 2008; Ampuero and Ben-Zion,
2008].

As in other prior works [e.g., Barbot et al., 2008; Dunham et al., 2011a, 2011b], we find that the coseismic slip
is increased on the fault section that is surrounded with most intense cumulative damage. That specific fault
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section represents the most mature part of the fault, where the fault has accumulated greater slip. Since our
calculations are performed with homogeneous friction on the fault, one possible explanation for the slip
increase on the most mature fault section is that the strong reduction of elastic moduli in the damage zone
leads to a significant coseismic motion amplification [Spudich and Olsen, 2001; Shi and Ben-Zion, 2006]. As
the damage level decreases along the fault, such a positive feedback decreases, resulting in a decrease of
slip on the ruptured fault. Whatever the amount of slip on the earthquake fault, and whatever the geometry
of the damage zone, a significant part of the coseismic slip, at least 25–40% of the maximum on-fault slip, is
diffused in the damage zone.

Since the modeled coseismic slips are greatest on the fault sections surrounded with most mature damage,
we would expect earthquakes on long-lived mature faults to have larger slip to length ratios than events
produced on young, immature faults. The slip to length ratios of �250 natural earthquakes worldwide show
the opposite; the most mature faults produce earthquakes with the lowest slip to length ratio [Kanamori
and Anderson, 1975; Shaw and Scholz, 2001; Scholz, 2002; Manighetti et al., 2007]. A possible factor contribut-
ing to this apparent paradox is that modeled slip amounts are not robustly constrained and so the models
are too simple to properly reproduce the entire set of earthquake properties. In particular, we impose nucle-
ation stresses that might be too large compared to the actual stresses required for natural earthquake slip.
A second element comes from the observation that most large earthquakes, especially those on mature
faults, rupture several major segments along a fault [e.g., Manighetti et al., 2007]. Fault segments are con-
nected with geometrical features such as offsets, kinks, and bends, which may produce local changes of
stress and strength. Earthquakes should thus be modeled as multisegments ruptures [e.g., Kagan, 2004;
Manighetti et al., 2007, 2009], not as single faults as we have done here, and as most available models do.
Furthermore, as a fault accumulates more slip and hence becomes more mature, it is likely that the static
and dynamic frictions on the fault plane evolve and probably decrease [e.g., Cooke, 1997]. The variability of
fault friction with fault maturity is therefore another parameter that should be included in earthquake slip
models and that might also explain the slip to length ratio paradox. In this study, we use a fairly high static
friction of ms � 0.7, that might be more appropriate to simulate the behavior of fairly immature faults [e.g.,
Cooke, 1997].

Since our modeling produces earthquake slip to length values which are slightly greater than natural data
[e.g., Manighetti et al., 2007], we may expect that the actual degree of off-fault slip might be lower than the
values we have inferred from our models. However the amount of off-fault slip must still be significant to
explain the natural earthquake slip profiles. Chester et al. [2005] and Wilson et al. [2005] found that a large
part of the earthquake energy budget (possibly up to 50%) must be diffused within the damage zone to
account for the fracture surface area in this zone.

Finally, our models suggest that off-fault coseismic slip and strain can occur at large distances away from
the fault, up to a distance of several tens of percent of the fault length in the tested models; for the 30 km
long fault modeled here, the average width of the damage zone might thus be up to several kilometers.
The narrowest damage zones in our study have a W/L ratio of a few percent, which correspond to damage
zone widths of 1–2 km, similar to those revealed in recent studies [e.g., Cochran et al., 2009]. Our modeling
suggests that the width of the damage zone can either vary or stay constant along the fault trace. There-
fore, it is not clear that a scaling relation is to be expected between damage zone width and fault length or
displacement [Savage and Brodsky, 2011].

5. Conclusions

Our modeling results provide new insights on the influence of preexisting long-term damage around active
faults on the earthquake slip distribution. The preexisting damage encapsulates a long-term record of
inelastic deformation associated with the earthquake cycles and the possible quasi-static growth of the fault
over geological time. It manifests as a relative compliance of the off-fault medium with respect to the ambi-
ent crust. Here we show that elastic heterogeneities associated with variations in damage intensity of the
medium along the fault exert a significant control on the earthquake slip distribution. Our model, with
along-fault variations in the elastic modulus of the long-term damage zone, successfully predicts the
observed generic, triangular envelope shape of natural coseismic slip profiles. The model that best explains
these earthquake slip profiles suggests that the fault experiences the highest slip across the most compliant
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section of the damage zone, while the coseismic slip decreases as the damage stiffness increases. However,
whether damage is high or low, the off-fault coseismic slip is high in the damage zone, at least 25–40% of
the maximum on-fault coseismic slip (in the center of the damage zone). Since our modeling produces
earthquake slip to length values which are slightly greater than those for natural events [e.g., Manighetti
et al., 2007], we may expect that actual off-fault slip amounts might be slightly lower than the inferred val-
ues. However, they still must be significant to explain the natural earthquake slip profiles. Finally, our mod-
els also suggest that off-fault coseismic slip and strain can occur at large distances away from the fault, up
to a distance of several tens of percent of the fault length in the tested models, equivalent to several kilo-
meters for a 30 km long fault.

Together with prior works, our results suggest that significant inelastic deformation occurs in the ‘‘near’’
field of faults and of earthquake ruptures. Paradoxically, the theory of elasticity lays the foundation for
nearly every aspect of our understanding of earthquake source mechanics [e.g., Aki and Richards, 2002; Ma
and Andrews, 2010]. Our results, along with others before [Barbot et al., 2008, 2009; Cochran et al., 2009;
Kaneko and Fialko, 2011], therefore motivate a reinterpretation and/or reformulation of the available earth-
quake source inversion models since most of them do not include inelastic deformation occurring in the
volume around the earthquake ruptures (inversion models including damage have only been developed
recently to model interseismic slip [see Barbot et al., 2013]).

Our work confirms that triangular asymmetric coseismic slip profiles can emerge from natural fault behav-
iors and geometries. The generic triangular shape of the earthquake slip profiles has critical implications on
the earthquake stress drop, as the later cannot be constant on the fault under common assumptions (see
more detailed discussion in Noda et al. [2013]). The coseismic slip tapering also suggests that significant
strain and stress redistributions occur during an earthquake event, probably in a fairly large zone around
the ruptured fault. This might have important implications on how stress is transferred, and therefore on
seismic hazard assessment.
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