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Stress Drop during Earthquakes: Effect of Fault Roughness Scaling

by Thibault Candela, Francois Renard,” Michel Bouchon,
Jean Schmittbuhl, and Emily E. Brodsky

Abstract We propose that a controlling parameter of static stress drop during an
earthquake is related to the scaling properties of the fault-surface topography. Using
high resolution laser distance meters, we have accurately measured the roughness
scaling properties of two fault surfaces in different geological settings (the French
Alps and Nevada). The data show that fault-surface topography is scale dependent
and may be accurately described by a self-affine geometry with a slight anisotropy
characterized by two extreme roughness exponents (H), H, = 0.6 in the direction of
slip and H, = 0.8 perpendicular to slip.

Disregarding plastic processes like rock fragmentation and focusing on elastic
deformation of the topography, which is the dominant mode at large scales, the stress
drop is proportional to the deformation, which is a spatial derivative of the slip. The
evolution of stress-drop fluctuations on the fault plane can be derived directly from the
self-affine property of the fault surface, with the length scale (\) as stda,(\) oc \Hr—1,

Assuming no characteristic length scale in fault roughness and a rupture cascade
model, we show that as the rupture grows, the average stress drop, and its variability
should decrease with increasing source dimension. That is for the average stress drop
Ao(r) o rr=1 where r is the radius of a circular rupture. This result is a direct con-
sequence of the elastic squeeze of fault asperities that induces the largest spatial fluc-
tuations of the shear strength before and after the earthquake at local (small) scales

with peculiar spatial correlations.

Introduction

One of the most commonly used source parameters in
the interpretation of earthquakes is the static stress drop
(Ao), which measures the stress decrease after an earth-
quake, averaged over the rupture surface area (Aki, 1967;
Scholz, 2002). A controversial question about stress drop
is its dependence or independence with respect to the seismic
moment (My). Self-similar models of earthquakes (i.e., scale
invariance property of earthquake source mechanics) imply
that small and large earthquakes are similar in terms of their
rupture physics; and as a consequence, stress drop should be
independent of earthquake size. This has been proposed in
many studies in which earthquake stress drop is generally
described as independent of source dimension and seismic
moment (Aki, 1967; Kanamori and Anderson, 1975; Hanks,
1977; Abercrombie, 1995; Ide et al., 2003; Kanamori and
Brodsky, 2004; Prieto et al., 2004; Abercrombie and Rice,
2005; Imanishi and Ellsworth, 2006; Shearer et al., 2006).

However, the wide dispersion of commonly accepted
values of static stress drop calls into question the assumption
that earthquake source properties are in fact scale invariant.

*Also at Physics of Geological Processes, University of Oslo, Oslo,
Norway.

The scatter of static stress-drop values versus seismic
moment originates partly from unmodeled sources of error
such as directivity effect (Bernard et al., 1996; Imanishi and
Ellsworth, 2006) or near-surface attenuation (Hanks, 1982;
Anderson and Hough, 1984; Anderson, 1986). Indeed cor-
rections for path and site response effects need to be applied
before determining the source radius and the stress drop
(Frankel and Wenneberg, 1989; Boatwright et al., 1991).
However, other studies suggest that heterogeneous properties
in faulting influence the value of static stress drop and pro-
pose that source factors do account for the observed varia-
bility (Choy and Kirby, 2004; Venkataraman and Kanamori,
2004). Singh and Sudrez (1988) report a correlation between
low stress drops and the smaller number of aftershocks in the
Cocos subduction zone in Central America compared to a
global average. They proposed that variations in the smooth-
ness of the seafloor topography may be a possible cause.
R. M. Harrington and E. E. Brodsky (2011, personal comm.)
have observed that small earthquakes on immature faults
obey the energy scaling expected for constant stress drop
(self-similar model), while those of mature faults do not.
Based on the estimations of source parameters from a spectra
of 42,367 earthquakes between 1984 and 2005, Allmann and
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Shearer (2007) indicate that the patterns of high and low
stress-drop regions on the San Andreas fault (California)
remain largely unchanged by the occurrence of the 2004
M 6.0 Parkfield earthquake. These authors suggest that stress
drops are mainly controlled by rock properties and that
strong heterogeneities of the stress field persist along the
fault over the seismic cycle. This picture is also supported
by the observation that the aftershocks of the Parkfield earth-
quake are distributed along the same trace and display the
same seismicity holes as the background before the main-
shock (Allmann and Shearer, 2007).

In the present study, we propose that a controlling param-
eter of the static stress drop is related to the scale properties of
the topography of the fault surface (i.e., fault roughness).
Combining new fault roughness measurements with a recent
study (Schmittbuhl ef al., 2006) that links the fault-surface
morphology with the shear strength along the fault plane
and using a numerical model of fault propagation (Schmitt-
buhl and Vilotte, 1999; Candela ef al., 2011, unpublished
manuscript) we deduce that fault geometry controls slip
fluctuations on the fault plane. Given the close relationship
between slip and stress drop, we infer the evolution of
the spatial fluctuations of the stress drop on the fault plane
as a function of the length scale. Therefore, considering that
an earthquake is composed of a hierarchical set of smaller
earthquakes, we propose a theoretical scaling model for the
average static stress drop and its variability that is directly
associated with the scale property of the fault surface. This
scaling model is developed in the framework of a rupture
cascade model.

In the first part of this paper, we present new analysis of
fault roughness illustrating a unique identical self-affine
property regardless of the geological setting (various accu-
mulated displacement, host rock, and slip movement). In the
second part, we present the scaling of the spatial variability
of the stress drop along the rupture surface. In the third part,
we infer the evolution of the average stress drop and its vari-
ability as a function of the earthquake size by applying a
rupture cascade model. Our scaling relationships are applied
on the Nojima fault plane (1995 M 7 Kobe earthquake) for
which the stress pattern along the fault plane could be
imaged before and after the earthquake (Bouchon et al.,
1998). We extrapolate the spatial fluctuations of the stress
drop toward smaller scale after the Kobe earthquake, and
infer the average stress drop and its variability for small
earthquakes along the fault.

Roughness of Natural Fault Surfaces

Definition of Scaling Properties
and the Hurst Exponent

We first recall some definitions related to the scaling
properties of a rough signal. A self-affine 2D signal (Fig. 1)
remains unchanged under the scaling transformation 6x —
Aox and 6z — Mx§z (Meakin, 1998). Here éx is the coor-
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Figure 1. Representative 2D synthetic self-affine profiles

computed with Hurst exponents H = 0.6 and H, =0.8. We
use a Fourier-based method to simulate both self-affine profiles
(Candela et al., 2009). The profile parallel to slip (with the smallest
Hurst exponent) appears jagged at small scales and smooth at large
scales, compared to the profile normal to slip. Inset: magnified
portion of the profile along slip, which has a statistically similar
appearance to the entire profile when using the rescaling transfor-
mation 6x — A\ox, 87 — A6z,

dinate along the 2D profile, and 6z is the roughness ampli-
tude. For a self-affine profile, the scaling exponent Hp, also
called the Hurst exponent (or roughness exponent), lies in the
range 0 < Hyp < 1. In the particular case where Hp = 1, the
profile obeys a self-similar description: a small portion of it,
when magnified isotropically, has a statistically identical ap-
pearance to a larger part of the profile. Conversely, if a profile
is best fitted with a self-affine model (0 < Hy < 1), different
magnification factors will be needed for the directions par-
allel and perpendicular to the profile for a small portion of it
to appear statistically similar to the entire profile (Fig. 1). As
a consequence, the slope along a self-affine profile follows a
scaling such that s = 6z/6x a6x*~ ! and tends to flatten
for long wavelengths (Fig. 1). Accordingly, as opposed to
self-similar surfaces, this shows that the profile roughness
is flatter at large scales but still includes a large variety of
patterns of small amplitude asperities.

Fault Roughness Scaling

Despite recent progress in seismology, the imaging of
fault planes over a large range of scales at depth is not yet
available. A quasi-unique access to the high-resolution
description of the fault plane comes from exhumed fault
scarp observations. From pioneer measurements of fault-
surface topography using a mechanical profilometer, it has
been shown that fault roughness is scale invariant with a
self-similar character (Power et al., 1987, 1988; Power
and Tullis, 1991; Power and Durham, 1997). Two parameters
are required to describe a self-similar or self-affine model
in the spectral domain: (1) the slope of the power spectrum
and (2) its intercept on a log—log plot of power spectral den-
sity versus frequency. The slope of the spectrum (directly
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proportional to Hp) describes how the roughness changes
with scale, while the intercept determines the amplitude of
surface elevation at a given scale (Power and Tullis, 1991).

As a result of technical limitations, as pointed out by
Power et al. (1987), these pioneer analyses performed mainly
with 2D profilometers did not give access to slight variations
of the slope of the spectrum because of the large variability
and errors introduced by the sporadic sampling of the whole
fault scarp. Consequently, these studies have focused their
efforts on the intercept and concluded that an obvious and
expected consequence of slip-related striations on fault
planes is that profiles parallel to slip have lower spectral
densities than those normal to slip, whereas the slope is
roughly identical in both directions and follows an average
self-similar regime (Power e al., 1987, 1988; Power and
Tullis, 1991; Power and Durham, 1997).

With the recent development of high-resolution distance
meters, it is now possible to use accurate statistical approaches
to quantify fault roughness. Indeed, Light Detection And
Ranging (LiDAR) portable 3D laser scanners allow mapping
the whole fault-surface outcrops over scales from millimeter
to several tens of meters (Renard ef al., 2006; Sagy et al.,
2007; Candela et al., 2009; Brodsky et al., 2011). The accu-
racy of the measurements enables a reliable quantification
of the data. Renard er al. (2006) and Candela et al. (2009)
demonstrated precisely the anisotropic self-affine properties
of fault topography using ground-based LiDAR and labora-
tory profilometers. They showed that both slope and intercept
are lower in the direction of slip than perpendicular to it.

Self-Affine Geometry of the Vuache and Dixie
Valley Fault Scarps

In addition to previously published data acquired on the
Vuache fault (Renard et al., 2006; Candela et al., 2009), we
include new measurements performed on the Dixie Valley
fault surface (Table 1), where a neighboring fault scarp
has been studied by Power et al. (1987) and Power and Tullis
(1992). The aim of this section is to compare two faults in
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different geological settings and to quantify their roughness
properties.

The Vuache fault is an active strike-slip fault system in
the western part of the French Alps (Thouvenot, 1998) that
offsets meter-scale beds of limestones. We consider here a
satellite branch of this fault system where the cumulated slip
is small, in the range of 10 to 30 m. The fault plane was
exhumed ten years ago by the activity of a quarry. As a
consequence, the LIDAR measurements could be performed
on fresh surfaces, where weathering was minimal and the
surfaces were vegetation free.

The Dixie Valley (Nevada) fault surface has a mainly
normal slip component and cuts through rhyolites. The high
resistance of rhyolite (composed mainly of quartz) to weath-
ering and the dry climate of the Nevada desert allow excel-
lent preservation of the slip surfaces (Fig. 2a). The Dixie
Valley fault consists of many discrete slip surfaces at all
scales separating lenses of variably deformed fault rock.
Although normal cumulated slip for the fault zone as a whole
in the study area is 3—-6 km (Okaya and Thompson, 1985;
Fonseca, 1988; Power and Tullis, 1989), individual surfaces
within the fault zone have experienced considerably less slip.

Three different models of LiDAR apparatus were used
to acquire digital elevation models (DEMs) of the fault rough-
ness with a height resolution down to one centimeter. A
Leica HDS3000 was used for the Dixie Valley fault, and both
a RIEGL LMS Z420i and a Trimble GS100 were used for the
Vuache fault (Table 1). For each fault, several patches of the
surface were scanned at a resolution from 5 to 30 mm, which
is coarser than the precision of the scanners, and constituted
individual DEMs for which size lies between 1 and 170 m?.
In Figure 2b, we show one example of a DEM extracted from
the Dixie Valley fault surface. DEMs of the Vuache fault
surface are presented in Candela ez al. (2009).

The Hurst exponent Hp can be estimated from the
Fourier power spectrum, which has a power law form for
a 2D self-affine profile (Barabasi and Stanley, 1995; Meakin,
1998). First, linear detrending is performed independently on
all the profiles selected in a given direction from a DEM

Table 1
Laser Scanner Characteristics and Fault Roughness Results
DEM* Scanner Resolution  Noise on the Data ~ H)| T (£0.05)  H ¥ (£0.05)

Vuache Fault, 45°57'14.5" N, 6°2'56" E

Surf-1 GS 100 (Trimble) 20 mm 4.5 mm 0.59 0.79
Surf-7 GS 100 (Trimble) 20 mm 4.5 mm 0.68 0.84
Surf-6 LMS 7420i (Riegl) 30 mm 10.2 mm 0.5 0.81
Dixie Valley Fault, 39°56'48" N, 117°56'43" E

Dixie Valley-1  HDS3000 (Leica) 5 mm 2 mm 0.66 0.78
Dixie Valley-2  HDS3000 (Leica) 5 mm 2 mm 0.63 0.79
Dixie Valley-3 ~ HDS3000 (Leica) 5 mm 2 mm 0.60 0.83
Dixie Valley-4  HDS3000 (Leica) 5 mm 2 mm 0.46 0.84

*DEM, Digital Elevation Model

TAverage H| for the Vuache fault: 0.59 & 0.09. Average H|| for the Dixie Valley fault: 0.59 + 0.08.
*Average H | for the Vuache fault: 0.81 £ 0.02. Average H, for the Dixie Valley fault: 0.81 £ 0.04.
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Dixie Valley fault-surface topography. (a) Whole outcrop, constituted by many discrete slip surfaces. The inset corresponds to

the surface shown in (b). (b) Enlargement on the fault, which corresponds to the digital elevation model (DEM) labeled Dixie Valley-2 in
Table 1. (c) Representative 2D self-affine profiles of the slip surface extracted from (b) the DEM in the direction of slip and perpendicular to
it. The color version of this figure is available only in the electronic edition.

(Fig. 2c). Next, for each parallel detrended profile in the
direction of slip and those perpendicular to the slip direction
(Fig. 1), the Fourier power spectrum P(k) (i.e., the square of
the modulus of the Fourier transform) is calculated as a func-
tion of wavenumber k. Then the spectrum of each DEM is
calculated by stacking and averaging all 2D Fourier trans-
forms to reduce the noise associated with individual profiles.
Each DEM gives one spectrum. Three similar spectra were
computed from the three DEMs for the Vuache fault surface,
and four were computed from the four DEMs for the Dixie
Valley fault surface. These spectra were then coarse-grained
and averaged to recover the general trend of each surface
(Fig. 3 and Table 1). When representing the Fourier power
spectrum as a function of wavenumber in a log—log plot, a
self-affine function reveals a linear slope, which is itself a
function of Hy through P(k) oo k~'~2Hx In Figure 3, Fourier
power spectra are displayed for the slip direction and normal
to slip, showing the two extreme self-affine regimes charac-
terizing fault topography, as suggested by Candela et al.
(2009). Note that these scaling relationships flatten at
length-scales below ~10 cm for the Vuache fault and ~2 cm
for the Dixie Valley fault. This is due to the noise inherent in
the measurement using the LiDAR apparatus. This noise

level varies between the three instruments we used and was
in the range of 2 to 10 mm (see Table 1).

Our results clearly highlight an identical directional
morphological self-affine anisotropy for both fault-surface
geometries (Fig. 3). All the power-law fits performed for
each sub-surface (or DEM) to extract each roughness expo-
nent are presented in Table 1. The surface geometry of the
Vuache and Dixie Valley faults can be accurately described
by two scaling roughness Hurst exponents Hp in both struc-
tural directions. These are H = 0.59 +0.09 and H, =
0.81 £0.02 for the Vuache fault and H; = 0.59 £ 0.08
and H, = 0.81 £ 0.04 for the Dixie Valley fault. The struc-
tural slip direction, highlighted by linear striations at small
scales, and the perpendicular direction correspond roughly to
the two directions where the estimated self-affine exponents
are the smallest and the largest, respectively. The compiled
results of this analysis and previous works (Schmittbuhl
et al., 1993; Lee and Bruhn, 1996; Renard et al., 2006;
Candela et al., 2009) show that despite different geological
settings (various accumulated displacement, host rock,
and slip movement), an anisotropic self-affine model may
describe accurately fault asperity geometry. The roughness
exponents Hy are in the range of 0.6 to 0.8 (i.e., self-affine
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Fourier power spectrum calculated for the Vuache and Dixie Valley fault surfaces along and perpendicular to slip directions and

their respective standard deviations. The data collected contain three and four surfaces of the Vuache and Dixie Valley fault surfaces,
respectively, that have been scanned using ground-based LiDAR. Power-law fits (dotted lines) are shown on plots for ease of comparison.
The vertical bars indicate the upper limits of the wavenumbers used for fitting. The insets display an example of the height elevation
Z (~y-axis) vs. wavelength A\ = 1/k (~x-axis) of a rough profile. The level of noise is indicated by the arrows. The color version of this

figure is available only in the electronic edition.

case) and always smaller than 1 (i.e., self-similar case) in
both structural directions. The two faults studied were
exhumed from shallow depths (<5 km). Their topography
has recorded both the propagation and termination of major
earthquakes ruptures that initiate at greater depths. It is worth
noting that in a recent work (Bistacchi et al., 2011) the same
self-affine regime was measured on the Gole Larghe fault
zone (Italian Alps). This fault has recorded slip processes
at the depth of seismogenic nucleation. One may conclude
that the self-affine geometrical model may represent a global
feature of natural fault surfaces.

Spatial Variability of the Stress Drop
on the Fault Plane

Relationship between Slip and Fault Roughness

In their asperity squeeze model, Schmittbuhl et al.
(2006) have proposed that fluctuations of the frictional
shear-strength field can be understood as the expression of
two self-affine fault planes pressed together elastically and
sheared with frictional sliding (i.e., at the Coulomb thresh-
old). In the approximations by Schmittbuhl er al. (2006) of
full contact of the fault planes and elastic deformation of the
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topography, frictional shear strength distribution constitutes
an intrinsic property of the fault plane and is only slightly
affected by dynamic stress fluctuations produced during
the earthquake. Accordingly, the Hurst exponent H ., char-
acterizing the self-affinity of the shear-strength field before
the earthquake, approaches

H, =Hz—1. (1)

Ti

In addition, Schmittbuhl and Vilotte (1999), using a
numerical model of quasi-static tensile crack propagation,
have demonstrated that the interactions between toughness
heterogeneities and elastic stress transfers lead to nontrivial
spatiotemporal correlations of slip. Indeed, neglecting any
dynamic effects due to stress overshoots, inertia, or wave
effects, they show that, for long-range correlations of tough-
ness heterogeneities characterized by a self-affine exponent
H,, the roughness exponent of the slip distribution follows
the scaling H; = H, + 1 for a wide range of values of H,
between —1 and +1. The results obtained with this numer-
ical model developed for mode I ruptures can be extended to
mode II or III ruptures, which are relevant for the description
of shear fault rupture during earthquakes (Schmittbuhl ez al.,
2003; Candela et al., 2011). The toughness disorder in the
case of mode I rupture propagation is then converted into
frictional disorder for mode II or III ruptures and

H,=H, +1, (2)

with H.. characterizing the long-range correlations of the
frictional shear strength (such as due to asperities) along
the fault plane before the rupture. Finally, combining equa-
tions (1) and (2), it follows that

Hp =H,, 3

showing that self-affine geometrical properties of fault-
surface roughness may control slip correlations. Even if
the quasi-static model of fault propagation discussed here
neglects any dynamic effect inherent to rapid coseismic slip,
we emphasize that the spatial slip correlations observed
(equation 3) are consistent with those of seismological slip
maps (Mai and Beroza, 2002).

Scaling of the Standard Deviation of the Stress Drop
after an Earthquake

Fault Slip Distribution and Stress-Drop Variability. For a
2D scale-invariant model of slip, the Fourier transform of
the slip distribution u(k) follows k~!=Hs~(k), with ~ being
a Gaussian white noise (Marsan, 2006). By definition, for an
elastic body the stress drop is proportional to the deforma-
tion, which is a spatial derivative of the slip. Therefore, the
stress drop scales as Ao (k) o ku(k) o< k~Hs~(k) for a wave-
number k£ (Marsan, 2006), and the scaling of the standard
deviation stda, () of the stress drop at scale A is given by
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/A
std? (N o / dkk|Ac(k)|> = stda, (V)
1/L

L\ 2-2H, 1/2
(o4 |:()\) — 1] (for H; < 1), (4)

where L is the size (total length) of the coseismic rupture.
In the limit A — 0,

stda,(\) o X1, (5)

Note that when reaching small wavelengths, the stan-
dard deviation of the stress drop should diverge. There, the
elastic assumption is not relevant anymore because plastic
deformation must take place to dissipate the largest stress
concentrations (Dieterich and Smith, 2009).

As suggested in the previous paragraph, spatial slip
correlations are directly linked to the distribution of fault
asperities. Combining equations (4) and (5) with equation (3)
we obtain, for Hp < 1,

L\ 2-2Hp 1/2
was= [ e
and in the limit A\ — 0 we obtain
stda,(N) oc XAz (7

indicating that the evolution of the stress-drop standard
deviation with the length-scale A may be controlled by fault
geometrical properties. In other words, the variability of the
stress drop along the fault plane after an earthquake should
increase toward small scales because of the self-affine char-
acter of the fault surface (Hy < 1). Note that in the case of a
self-similar fault roughness, stress fluctuations would be of
the same intensity at all scales. Figure 4 displays this stan-
dard deviation stda,(\) for Hg, ranging from 0.6 to 0.8, as

102
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Figure 4. Increase of stdp,()), the stress-drop variability (stan-

dard deviation) at scale \, with the decrease of A for the range of Hurst
exponents Hp given by fault roughness analyses (H = 0.6,
H, = 0.8). This graph represents the generic case of a rupture of
total length L for which the stress-drop variability is known from
seismological slip inversions down to scale L/15. Such a scale is
generally close to ~4 km, corresponding to an ~60 -km-long rupture
(i.e., amagnitude ~7 event, analogous to the 1995 Kobe earthquake).
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given by equation (6). Considering the two H end members
obtained in the fault roughness analysis (H); = 0.6 and
H, = 0.8), we illustrate the scaling of the standard deviation
of the stress drop on a rupture surface of total length L =
60 km, when the stress-drop variability is known down to
the scale of 4 km, as is generally obtained by seismological
slip inversions. In other words, we extrapolate at small scales
the stress-drop variability on a fault surface caused by a mag-
nitude ~7 earthquake (analogous to the Kobe earthquake).

Absolute Shear Stress and Stress-Drop Variability

Analogy between the Stress Drop and the Fracture
Aperture Scaling

In the previous section, Relationship between Slip and
Fault Roughness, the shear-strength field before the rupture
is directly linked to fault topography by the asperity squeeze
model (Schmittbuhl et al., 2006). In the same way, this
model implies that the state of stress after an earthquake is
controlled by fault roughness and is only slightly affected by
the dynamic effects during the rupture propagation, at least
when considering its scaling properties. In this framework,
the only way to alter the final strength distribution is to mod-
ify the fault morphology during the slip event. Therefore, the
relationship established in equation (1) could be applied for
both the initial and final shear strength, and the scaling of
their standard deviations at a given length scale) evolves as

stdy, ;, () oc Ne—, (8)

where 7, corresponds to the final shear strength. If one as-
sumes that the stress drops quasi-statically from the initial
shear strength 7; (which can be interpreted as the yield stress)
to the final shear strength (i.e., the final loading stress), then
the static stress drop after an earthquake can be defined as
Ao = 1; — 74. To derive the scaling of its variability, we
make the analogy with the scaling of the fracture aperture
(Méheust and Schmittbuhl, 2003). Indeed in our case, each
facing fracture surface mimics the initial and final shear
strength. Two situations are possible: (1) both self-affine sur-
faces display fluctuations uncorrelated with each other at all
scales, or (2) they are matched at large scales but uncorre-
lated at small scales. In the first situation, the difference
of the two self-affine surfaces (the fracture aperture or the
stress drop) is also self-affine with an identical Hurst expo-
nent, but in the second situation, at large scales where both
surfaces are matched, their difference appears smooth and
does not preserve the self-affine regime still present at smal-
ler scales.

Application to the 1995 Kobe Earthquake

It has been possible to reconstruct not only the stress
drop, but also the absolute stress field for the 1995 Kobe,
Japan, earthquake (Nojima fault) (Bouchon et al., 1998).
This is a unique case that gives the opportunity to test both
previous possibilities and infer the scaling of the stress-drop
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variability in a different and independent way from that
proposed previously in the Fault Slip Distribution and
Stress-Drop Variability section. In Figure 5a, the shear-stress
maps from before and after the Kobe earthquake show per-
sistent spatial fluctuations (Bouchon et al., 1998): relative
maxima are located at similar positions along the fault plane,
except at large depths.

Before analyzing precisely the spatial distributions
and, more especially, the possible spatial correlations of the
absolute stress field and the stress drop of the Kobe earth-
quake, it is important to clarify some points on the reliability
of a model derived from an inversion. Indeed, even if inver-
sions of the same rupture event show discrepancies, Mai and
Beroza (2002) found, in their extended analysis of spatial
correlations of slip maps for 44 earthquakes, that they follow
a self-affine regime characterized by an average value H, =
0.71 % 0.23. This result, even if it is accompanied by a large
standard deviation, demonstrates that the very heterogeneous
patterns on slip maps are better fit by a self-affine model (i.e.,
H < 1) than a self-similar model (i.e., H = 1). In addition,
Causse et al. (2010) have recently shown that kinematic
inversion methods represent a relevant tool to retrieve the slip
roughness even if the smoothing constraints used to stabilize
the inversion lead to a slight underestimation of the slip
spectrum corner wavenumber.

In the same way we searched for the roughness analysis
of fault surfaces, we have searched for possible spatial
correlations of the absolute stress field and the stress drop on
each map that can be considered reliable despite the small
range of resolution. The Fourier power spectrum of each
stress map is obtained by averaging the spectra of the indi-
vidual profiles of the first 10 km of depth (the region of
highest resolution). The power spectra of the initial and final
stress profiles along the strike direction (Fig. 5b) show an
identical self-affine behavior with a negative Hurst exponent
H, . = —0.2 £ 0.1 at scales larger than ~4 km, the scale
below which spatial smoothing applied for the inversions
has an effect. This self-affine behavior is in qualitative agree-
ment with the range of values predicted by the asperity
squeeze model. This confirms that an elastic squeeze of fault
asperities could explain the spatial distributions of the shear
strength along the fault, both before and after the rupture
event. Another important result is that the stress-drop spatial
distribution follows the same self-affine regime as that for the
initial and final stress. This latter observation suggests that
even if the initial and final strength maps show persistent
spatial fluctuations, they are also uncorrelated with each
other at all scales, explaining that their difference (i.e., the
stress drop) is also self-affine with an identical negative self-
affine Hurst exponent. Indeed, the vertical shift downward
of the final shear-stress spectrum compared to the initial
shear-stress spectrum, while keeping the same log—log slope,
indicates that the roughness amplitude was decreased at all
scales but the relative amplitude of the modes of short and
large wavelengths remains identical. In other words, and
illustrated by profiles extracted from the stress field maps
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Investigation of the absolute shear strength and the stress-drop variability inferred for the Kobe earthquake. (a) Absolute shear

strength and stress drop inferred for the Kobe earthquake (after Bouchon et al., 1998). Above 10 km of depth, these distributions show
persistent spatial fluctuations: relative maxima (dark gray areas) are located at similar positions along the fault plane. (b) Fourier power
spectrum of the absolute shear strength and stress-drop profiles averaged over the first 10 km of depth in the maps shown in (a). Note that the
vertical dashed gray line displays the smallest length scale at which the spatial fluctuations of the stresses are accessible by the seismological
inversions (i.e., ~4 km). (c) Profiles extracted at the same position (7 km of depth) for each stress map displayed in (a) showing that fluctua-
tions are larger at small scales than at larger scales, where they appear nearly linear. In addition, persistent spatial fluctuations of relative
maxima are clearly identifiable between the initial and the final stress profile even if the overall roughness amplitude of the latter is con-
siderably reduced. The resulting difference of these unmatched initial and final stress profiles (i.e., the stress-drop profile) displays identical
fluctuations at all scales conserving the same self-affine regime. The color version of this figure is available only in the electronic edition.

(Fig. 5¢), the position of relative maxima (largest asperities)
have been preserved, keeping the spatial fluctuations
persistent even if at all scales the roughness amplitude has
decreased. Finally, given that in the framework of the asper-
ity squeeze model, the stress field before and after the earth-
quake are the fingerprints of the fault-surface roughness, we
suspect that this difference in both stress fields is directly
linked to a slight change in fault morphology caused by the
rupture event. As suggested by Schmittbuhl et al. (2006), it is
conceivable that a slight decrease of the roughness amplitude
at all scales (while keeping a similar Hurst exponent) caused
by the earthquake could contribute to the decreasing of the
pre-factor observed for the Kobe final strength. This hypoth-
esis is illustrated in Figure 6 using three synthetic self-affine
profiles defined by an identical negative Hurst exponent of
—0.2 and three different pre-factors as visualized for the
distributions of the shear strength and the stress drop along
the Nojima fault plane before and after the Kobe earthquake.
In summary, our analysis of the spatial variability of the
strength before and after the Kobe earthquake demonstrates
that they are uncorrelated mutually at all scales, even if large
scale fluctuations are persistent, and confirms that their dif-
ference (i.e., the stress drop) scales also with A, as provided
by the scaling relationship in equation (7).

Evolution of the Stress Drop with Rupture Size

Implication of a Rupture Cascade Model
on the Variability of the Stress Drop

In the previous section, we demonstrated that as a con-
sequence of Hp < 1, the variability of the stress drop after an
earthquake increases toward the small scales and large stress
drops could be attained at small scales along the fault plane
hosting the rupture. Here we propose to deduce the depen-
dence of the average stress drop on rupture size.

In a slip pulse model of an earthquake on a fault with a
spatially varying strength, once slip initiates at a point, the
fault continues to slide until it encounters a strong barrier
(e.g., Brodsky and Mori, 2007). In a different point of view,
but not incompatible with the slip pulse model, an earthquake
can be conceptualized as a hierarchical cascade of ruptures:
an earthquake would be composed of subevents with differ-
ent sizes, these subevents are themselves composed of sub-
events, and so on (Frankel, 1991). Note that the propagation
of each small earthquake or subevent can follow the slip
pulse model.

Based on our analysis of fault-surface morphology, we
use a self-affine model of fault roughness on which cascade
rupture propagation occurs. For such a model, Andrews
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Figure 6.  Conceptual model of the difference in the variability of the shear strength before and after the Kobe earthquake. (a) Ideal synthetic
self-affine profiles with a prescribed Hurst exponent of —0.2, analogous to the stress field of the Kobe earthquake (shown in Fig. 5) without
smoothing inherent to the inversion procedure. The difference between the synthetic initial and final stresses shows a decrease of the roughness
amplitude at all scales, preserving the relative importance between large and small scale fluctuations. Persistent spatial fluctuations at large scale
are preserved. The stress-drop synthetic profile is also self-affine with an identical negative scaling exponent. At the right, the Fourier power
spectra of each profile shows a similar pattern as observed for the Kobe earthquake stress maps (displayed in Fig. 5). (b) Same graph as in (a)
except that the ideal synthetic self-affine profiles have been smoothed as observed on seismological slip inversions. Large scale fluctuations are
not affected by the smoothing procedure. (c) Difference in the pre-factors of the respective Fourier spectra is directly related to slight variations
in fault morphology caused by the rupture event. Two examples of synthetic rough profiles with a prescribed Hurst exponent of 0.8 (analogous
to that sampled on natural fault surfaces). The color version of this figure is available only in the electronic edition.

(1980) and Frankel (1991) have suggested that the stress drop
could be independent of event size. However, in both works
the initial shear strength was implicitly independent of scale
(H;, = 0). Consequently, in their analysis the average stress
drop over a given surface area was independent of the size
of the area because the standard deviation of the spatial
variations of the initial shear strength was considered constant

on the fault plane. In other words, as the rupture propagates,
rupture of an asperity (or subevent) removes the spatial fluc-
tuations in shear strength over the dimension of the asperity.
Thus the stress drop remains proportional to the standard
deviation of the initial shear strength. As in their model, the
shear strength was scale independent, therefore each subevent
of different size released an equal stress.
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In the present study, we have constraints on the stress
state before and after the mainshock given directly by the
asperity squeeze model and applied for the absolute stress
distributions visualized on the Kobe earthquake. The power
spectrum modules of the shear-stress distribution of the Kobe
earthquake are related to their spatial variability (standard
deviation) in order to visualize the two boundary conditions
of our problem. Considering that std,, . f()\) = oA and
P, (k)= Bk "7 we directly deduce that 6 = /2
with A = 1/k. In Figure 7, after extracting the pre-factors
of the power law fits performed on the Fourier spectrum
of the initial and final shear strength of the Kobe earthquake,
we deduce the scaling of the variability of the initial and final
shear strengths as a function of the length scale. Considering
that each length scale corresponds to subevents of hierarch-
ical size, it is possible to visualize the evolution of the stress
drop as a function of the size of the subevents. In the frame-
work of a rupture cascade model, the unique way to obtain
the spatial distribution of the initial and final shear strength
on the Nojima fault plane is to release the condition of stress
proportionality to the initial shear strength at each scale.
Indeed, to obtain the final shear strength from the initial one,
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the stress release is proportional to the initial stress state in
order to maintain an identical self-affine regime between the
two distributions. Following the same reasoning of Frankel
(1991), the stress drop is proportional to the standard devia-
tion of the initial shear strength. As a consequence, the final
stress state is still rough and heterogeneous after the rupture
propagation on the entire fault plane and could explain the
occurrence of aftershocks just after the mainshock. This dif-
fers from the model suggested by Frankel (1991), in which a
homogeneous, smooth final stress state is assumed.

A schematic model is presented in Figure 8 to describe
the relationship between the initial shear strength on the fault
plane and the stress drop of each subevent constituting the
mainshock in a rupture cascade propagation. The antipersis-
tent property of both the initial and final shear stress spatial
correlations (i.e., scaling exponents smaller than 0.5), and
more especially their identical negative Hurst exponents,
is conceptualized as the sum of sine waves of amplitude
to wavelength ratios more important at small scale than at
larger scales. As the rupture propagates, the rupture fronts
will encounter the small-scale stress variations that will form
subevents and their own subevents. When each subevent
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Figure 7.

Standard deviation scaling of the initial and final shear strengths of the Kobe earthquake deduced from Fourier power spectra

(data from Bouchon et al., 1998). The second order moment of the shear strength distributions, which corresponds to the standard deviation
of their spatial fluctuations, is related to the power spectra modules. Each length scale is treated as a subevent of hierarchical size constituting
the whole earthquake rupture, and consequently the evolution of the stress release as a function of the subevent size is conceptualized by the
vertical arrows. On both graphs the vertical dashed gray lines indicate the smallest length scale at which the stress variability is known by the
seismological inversions (i.e., ~4 km). The color version of this figure is available only in the electronic edition.
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Schematic model explaining the relationship between the initial shear strength on the fault plane and the stress drop of each

subevent constituting the mainshock in a rupture cascade propagation. The sine waves of amplitude-to-wavelength ratios are more important
at small scales and depict initial and final shear stress profiles characterized by antipersistent spatial correlations. Each wavelength is as-
similated to a subevent constituting the mainshock. As the rupture propagates, the smallest subevents fail, and the stress over their rupture
area changes (marked by the vertical arrows) from the solid line (initial shear strength) to the dotted line (final shear strength). When the
rupture continues to expand on the whole fault surface, subevents of increasing size are activated until the long and smooth wavelength shear
strength constituting the mainshock is released. The color version of this figure is available only in the electronic edition.

fails, the stress over its rupture area drops from the solid line
in Figure 8 to the level of dotted line. Given that this stress
drop is proportional to the initial stress state, the smallest
subevents bear a larger magnitude of stress change.
Finally, based on a cascade rupture model of an earth-
quake, and constrained by both the initial and final shear
strength of the Kobe earthquake, we suggest that the stress
drop averaged over the rupture area could be dependent on

the size of this rupture. Given the proportionality between
the initial shear strength and the stress drop, the scaling rela-
tionship reads

Ao(l) o [Hr=1 ©)]

where [ corresponds to the size of the events. Note this
relationship also implies that the stress-drop variability aver-
aged over the rupture area should scale in the same way and
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therefore increase as the size of the rupture area decreases.
That is,

std, (1) oc e, (10)

Implications for Earthquake Sources Parameters:
Application to the Kobe Earthquake

To illustrate the theoretical scaling relationships pre-
sented in equations (9) and (10), we consider the case of the
1995 M; 7.2 Kobe earthquake in which the stress drop and
its standard deviation averaged over the 60km x 20 km
inversion region are rather low and equal to 1.7 MPa and
0.7 MPa, respectively (Bouchon ez al., 1998). Approximat-
ing the rupture surface area as a disk, these two values would
correspond to the average stress drop and its variability for a
20-km radius circular rupture. It would be more accurate to
approximate the area of the surface rupture of the Kobe earth-
quake to an ellipse, but we emphasize that this assumption of
a circular rupture is reasonable because we will consider
small events with magnitudes smaller than 6 nucleating
on the Nojima fault plane. Given this assumption, we can
infer the scaling of the stress drop and its variability as a
function of the radius of events nucleating on the Nojima
fault plane as

stdy, = 371 (11)
and
Acg = 89rHr=1, (12)

where r (in meters) is the radius of the rupture, and the stres-
ses are given in MPa.

Taking Hr = H); = 0.6 from the roughness results of
the Roughness of Natural Fault Surfaces section, these scal-
ing relationships become

Ac =89 r ™ /- 37 ¢

Ac =1.7 +/- 0.7

100 10! 102 103 104 105
Source radius, r (m)

Figure 9. Theoretical scaling model of the average stress drop
and its variability showing their respective evolution with the radius
of ruptures nucleating on the Nojima fault plane hosting the Kobe
earthquake. It is assumed that fault roughness is characterized by
H) = 0.6. The model of self-similar faulting (H = 1) is also
shown for comparison.
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stdy, = 37r 04 (13)

and

Ao = 89r704, (14)

Figure 9 displays the average static stress drop and its
variability as a function of the rupture radius. Whereas the
average and standard deviation of the stress drop are inde-
pendent of scale for a self-similar fault surface, it appears
that the stress-drop fluctuations should be larger at small
scales, and large stress-drop values could be reached for
small earthquakes. It is important to emphasize that the scal-
ing relationships of equations (13) and (14) have only been
determined for the case of the Kobe earthquake, and the pre-
factors are implicitly conditioned by the values given by the
seismological inversions of this event. We propose here that
this behavior could be generic for earthquakes because the
roughness Hurst exponents of fault surfaces and that of slip
distribution are systematically measured below unity.

Figure 10. Map views of synthetic self-affine stress-drop dis-
tributions calculated using the theoretical scaling relationships in
equations(12) and (13). (a) Smooth synthetic stress-drop field simi-
lar to the inversion results of the Kobe earthquake. The inset cor-
responds to the map shown on Figure 10b. (b) Magnified portion of
map (a) giving access to higher stress-drop concentrations at small
scales. This illustrates the stress-drop distribution inferred for a
small earthquake nucleating on the Nojima fault plane. The color
version of this figure is available only in the electronic edition.



Stress Drop during Earthquakes: Effect of Fault Roughness Scaling

Figure 10 displays map views of two realizations of
synthetic fields computed with a Hurst exponent of —0.4
(corresponding to the stress drop field for Hr = H); = 0.6).
A Fourier-based method is used to simulate the isotropic self-
affine matrix (Candela et al., 2009). The synthetic stress drop
fields are normalized to the peak amplitude of the field,
which implies that areas of stress increase (negative stress
drop) are not visible. Figure 10a illustrates a smooth stress-
drop field at large scales with large correlated regions, similar
to the inversion result of the Kobe earthquake. Because slip
inversions only resolve the largest wavelengths of stress-drop
fluctuations, normalized stress concentrations between 0 and
2 MPa are appropriate for this resolution. The implication is
that improved resolution of slip yields higher stress-drop
concentrations. This is shown on Figure 10b, which high-
lights a magnified area of the stress-drop field (Figure 10a)
with no smoothing at small scales, and that is representative
of a small earthquake nucleating on the Nojima fault plane.
These realizations illustrate that large-scale fluctuations of
stress drop have high-amplitude small-scale variations within
them. Given our assumptions, this spatial distribution of the
stress-drop field can be understood as the expression of
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two self-affine fault planes pressed together elastically and
sheared with frictional sliding (i.e., at the Coulomb
threshold).

Still considering the case of the Kobe earthquake, we
estimate some commonly calculated source parameter rela-
tionships such as average static stress drop (Ao), average slip
(@), and area of rupture (A) versus seismic moment (M). The
average stress drop can be written in terms of average slip
and source radius (Kanamori and Anderson, 1975) as

Ir _a
Aoc=—G-— 1
16 r (15)
and the corresponding moment (Aki, 1966) as
M, = GAa, (16)

where G is the shear modulus. Here, G = 30 GPa is taken as
a representative value. The average static stress drop (Ao),
average slip (a), and area of rupture (A) versus seismic
moment (M) are shown in Fig. 11. We also inferred the
evolution of the variability of the stress drop with the seismic
moment. Combining equation (12) with equation (15), we
obtain a o rf&; and, combining this last relationship with
equation (15), it appears that
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(a,b) Scaling relationships for the static stress drop, (c) displacement, and (d) source area with seismic moment, inferred for

the Nojima fault. In (a) the horizontal dashed black lines indicate the range of seismologically observed constant average stress drop, typically
between 0.1 and 100 MPa (e.g., Kanamori, 1994; Abercrombie, 1995). (b) Identical to (a) but plotted in semi-log axis to highlight the increase
of the variability of the stress drop with the decrease of the seismic moment. On each graph, the scaling behavior of these source parameters is
displayed as if the Nojima fault roughness was self-similar (H), = 1) or self-affine (H|] = 0.6).
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My o rHet2, (17)

Finally, associating equation (17) with equation (12), as a
consequence of the self-affine properties of the fault geome-
try, the faulting is not self-similar and the average strain as-
sociated with the earthquake (or equivalently the average
stress) exhibits a weak dependence on the seismic moment,

1

Hp—
Ao ox Mg**. (18)
Taking Hp = H)| = 0.6,

Ao o MgO'. (19)

Compared with self-similar faulting, our theoretical
scaling model based on self-affine fault roughness with
H) = 0.6 suggests that the rupture surface area should scale
strongly with slip and only weakly with seismic moment. In
other words, in contrast with a self-similar faulting model
where A M(z)/ P and a o M(I)/ ? the size of an earthquake,
as measured by M,,, would be mainly controlled by the area
of slip on the fault (A o« MJ7") with the amount of slip hav-
ing only a weak dependence on M|, (because a o< M9%3).

Discussion

In this investigation, we have studied the following still
debated question: do earthquakes scale self-similarly, or are
large earthquakes dynamically different from small ones? In
our approach, the squeezing followed by the shearing of two
self-affine surfaces, as would be the case for a fault interface
at depth, supports the second hypothesis. The stress drop
would be scale dependent and more important for small
earthquakes compared to large ones. The aim in this section
is to make a case for replacing previous conclusions, which
usually support a self-similar faulting model, with our results
and to highlight observations corroborating our findings. The
limitations of our approach and the conclusions reached by
our study will be exhibited with respect to the main bias
inherent in the estimation of source parameters by seismo-
logical observations.

Evidences of High Stress Drop for Small Events

Our scaling model implies only a slight dependence of
the stress drop on the event size (equation 12) and predicts
higher values of stress drop for small events (Fig. 9) that
are near the upper bound of the range of seismologically
observed stress drops, typically comprised between 0.1 and
100 MPa (e.g., Kanamori, 1994; Abercrombie, 1995). Our
scaling arguments (equations 11 and 12) suggest that if a
small earthquake with a source radius of 5 m (i.e., a magni-
tude ~0.75 earthquake) would nucleate on the Nojima fault,
its average stress drop would reach approximately 50+
20 MPa. This estimate is nevertheless conditioned by the low
average stress drop (~1.7 MPa) over the inversion region of
the Kobe earthquake (Bouchon et al., 1998). Taking a rup-
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ture of similar size as the Kobe earthquake with a stress drop
of 10 MPa given by the seismological inversions, our scaling
model would predict a stress drop of nearly 200 + 80 MPa,
which is still close to the upper limit of the large range of
seismologically observed stress drops. In addition, stress
drops on the order of hundreds of MPa appear to be rare but
have been observed. Munguia and Brune (1984) calculated
stress drops in excess of 200 MPa for events in the 1978
Victoria, Baja California, earthquake swarm. Kanamori et al.
(1990, 1993) estimated stress drops for a small earthquake in
Pasadena, California, between 30 and 200 MPa. Imanishi
and Ellsworth (2006) studied 34 M 0.2-2.1 earthquakes
near Parkfield, California, from the San Andreas Fault
Observatory at Depth (SAFOD) Pilot Hole array and found
that half had stress drops greater than 10 MPa, with some
exceeding 50 MPa.

Experimental Ruptures and Field Observations

One way to estimate if the rupture processes of small
and large earthquakes are different is to attempt to bridge the
gap between an experimental rupture performed in the labo-
ratory and a natural large earthquake. The work of McGarr
and Fletcher (2003) and McGarr et al. (2010) suggests that
stick—slip friction events observed in the laboratory and
earthquakes in continental settings, even with large magni-
tudes, have similar rupture mechanisms. McGarr and Fletch-
er (2003) have revealed that the maximum slips inferred for
major earthquakes are consistent with those measured in the
laboratory during large scale, biaxial stick-slip friction
experiments (Lockner and Okubo, 1983) if differences in
the state of stress and loading stiffness are taken into account.
Nevertheless, it is important to note that because the friction
experiments of Lockner and Okubo (1983) were conducted
at low normal stress (i.e., 2.76 MPa for the rupture event
analyzed by McGarr and Fletcher, 2003), the stress drop
implied was also very low (~3 MPa) relative to typical mea-
surements performed in the laboratory. Stress drops mea-
sured in triaxial experiments of shear failure of intact rocks
are typically on the order of hundreds of MPa to GPa (e.g.,
Brace and Byerlee, 1966). Triaxial experiments with saw-cut
samples have yielded slightly smaller stress drops in the
range from tens to hundreds of MPa (Brace and Byerlee,
1966). In the cascade rupture model (Implication of a Rup-
ture Cascade Model on the Variability of the Stress Drop
section), faults are highly inhomogeneous and large earth-
quakes are composed of a number of small asperities with
large stress drops within an average fault surface with a small
stress drop. Therefore, the laboratory failure experiments of
Brace and Byerlee (1966) are consistent with this line of
thinking and suggest that stress drops during small earth-
quakes, constituted by single small asperities, would be
relatively high.

Recently, Griffith ef al. (2009) have proposed an alter-
native approach for studying the source of small earthquakes
to better characterize the source dimensions and geometry
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inherent to the seismological inverse problem. Using detailed
field mapping of small subvertical strike-slip faults in the
Lake Edison granodiorite of the central Sierra Nevada
(California), they have measured the rupture length, and the
slip has been identified for eight unique events. Assuming
elliptical faults and using equation (15), they calculated
stress drops in the range of 90 to 250 MPa for rupture radius
of 8-12 m (i.e., in qualitative agreement with our theoretical
estimate for earthquakes of similar size; see Fig. 9). As em-
phasized by Griffith er al. (2009), all of the coseismic slip
occurred at an interface that may have represented at least
a partially strong-healed asperity. This supports the argument
that large earthquakes may be composed of multiscale small
asperities with large stress drops. The smaller the scale of an
earthquake, the more likely a single, isolated asperity is
sheared.

Evolution of Stress Drop with Magnitude

Until now we have simply discussed the occurrence of
high stress drop for small ruptures but not the dependence of
stress drop on event size. In the case of the scaling of stress-
drop variability, some recent seismological observations
seem to be in agreement with the theoretical model implied
by our study. Indeed, Cotton er al. (2008) and Akkar and
Bommer (2010) observed in their set of seismological data
that the ground-motion standard deviation increases when
the magnitude decreases. These latter results are consistent
with our results because, at first order, the ground-motion
variability is dependent on stress-drop variability (Causse
et al., 2008).

In the case of the scaling of the average stress drop (i.e.,
the stress drop averaged over the rupture area), most of the
studies have suggested a scale-independent behavior (e.g.,
McGarr, 1999; Ide and Beroza, 2001; Ide et al., 2003), find-
ing no evidence of stress drop scaling with magnitude. In
particular, the work of McGarr and Fletcher (2003) points
out that the maximum slip across a small area within a larger
earthquake fault zone scales as the cube root of the seismic
moment. This finding supports the expected relationship be-
tween slip and the seismic moment for a constant stress-drop
scaling (e.g., Hanks, 1977) and departs from the relationship
proposed in our model (see the Implications for Earthquake
Sources Parameters: Application to the Kobe Earthquake
section).

Numerous other authors (e.g., Abercrombie, 1995;
Kanamori and Heaton, 2000; Brodsky and Kanamori, 2001;
Prejean and Ellsworth, 2001) have presented evidence of a
breakdown in constant stress parameter scaling. More pre-
cisely, using deep borehole recordings at 2.5 km depth in
Cajon Pass, California, Abercrombie (1995) concluded that
the apparent stress (rigidity times the ratio between seis-
mically radiated energy to seismic moment) decreases with
decreasing moment, whereas the stress drop is constant.
Similar conclusions have been reached by Prejean and
Ellsworth (2001) on earthquakes from M, 0.5 to 5.0 using
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data from a 2-km-deep borehole in the Long Valley caldera
in California. In addtion, based on the coda spectral ratio
method, Mayeda et al. (2007) have stated that in the case of
the M, 7 Hector mine earthquake: (1) the apparent stresses
are systematically lower for the moderate-size aftershocks
than the mainshock, and (2) the stress drops for aftershock
sizes comprised an increase of between magnitude 3.7 and
5.4. However, even if the seismological observations of
Mayeda et al. (2007) seem robust, those of Abercrombie
(1995) and Prejean and Ellsworth (2001) have been refuted
by Ide et al. (2003). Indeed, the results of the work of Ide
et al. (2003) indicate that frequency-dependent amplification
and attenuation should be considered even for borehole
observations, which was not the case in the studies of
Abercrombie (1995) and Prejean and Ellsworth (2001).
More especially, reexamining the data of Prejean and Ells-
worth (2001), taking into account propagation effects, and
making no assumption about the frequency-dependent
attenuation, the most reliable measurements of Ide et al.
(2003) follow constant stress drop and constant apparent
stress scaling.

Decrease of the stress drop as a power law of the seismic
moment, as suggested by equations (18) and (19), is in qua-
litative agreement with a study by Nadeau and Johnson
(1998) of repeating earthquakes on the San Andreas fault
in the Parkfield, California, area. The implied stress drops
decrease from ~2000 to 100 MPa for magnitudes from
~0 to 3, whereas our model inferred from the Kobe earth-
quake implies a stress drop of only ~100 MPa for an event
of r~0.5 m (i.e., a magnitude of ~0). Although Sammis
et al. (1999) argued that high stresses cannot be ruled out
on physical grounds, they require perfect healing (no micro-
scopic flaws) at the smallest asperities. We therefore suspect
that the model of Nadeau and Johnson (1998) may signifi-
cantly overestimate the actual stress drops associated with
repeating earthquakes. In addition, the assumption of Nadeau
and Johnson (1998) that the geodetically inferred slip rate on
the fault plane at the surface is equal to the displacement on
the smaller repeating areas of the fault at depth remains to be
proven. Finally, by developing a technique to decrease un-
certainties in the source parameter estimates using a borehole
seismic array, Imanishi et al. (2004) have predicted that a
repeating magnitude 2.1 earthquake was associated with a
stress drop of 8.9 MPa, whereas the scaling of Nadeau and
Johnson (1998) leads to a stress drop of 245 MPa for the
same event.

The discussion in the previous paragraph highlights that
the debate remains vigorous as to whether the seismological
data tend to support a stress drop independent or dependent
of the event size. The seismological observations showing
that the stress drop is either constant or increases with the
increase of the event size lead us to believe that other phy-
sical processes are probably activated during faulting and
complicate the purely elastic scaling model proposed in
our study. It is worth a note here that the previously reported
increases in stress drop (e.g., Mayeda et al., 2007) have been
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used to argue for a fundamental change in the earthquake
physics above some threshold magnitude. For instance,
formation of melt associated with large slip confined to a
narrow rupture zone (e.g., Di Toro and Pennacchioni, 2005),
thermal pressurization (e.g., Sibson, 1973; Lachenbruch,
1980), elastohydrodynamic lubrication (Brodsky and Kana-
mori, 2001), or chemical decomposition (Han ef al. 2010; De
Paola et al., 2011) might be expected to reduce the resistance
to slip and therefore increase the stress drop. It is conceivable
that these types of weakening processes alter the scaling
model proposed in our study when a critical event size is
reached. In other words, we suspect that the rupture physics
is controlled mainly by the fault topography and, more
especially, the stress drop of small earthquakes follows the
scaling relationship depicted by equation (9) up to a critical
size (which is difficult to precisely define).

Numerical Simulations and Dynamic Effects

Bailey and Ben-Zion (2009), using numerical simulation
of evolving seismicity and stress field on a heterogeneous
fault, have highlighted a similar behavior as that suggested
by our study; that is the average stress drop and its variability
increase when the rupture size decreases. Their simulations
included fault heterogeneities modeled as heterogeneous
initial shear strength and took into account dynamic over-
shoots (which are not considered in our present analysis).
Their model showed a reduction of both variability in stress
drop and its average when the earthquake size increases.

In an extended analysis of spatial correlations of slip
maps for 44 earthquakes, Mai and Beroza (2002) found that
the heterogeneous slip distribution follows a self-affine
regime characterized by an average value H; = 0.71 &+ 0.23,
independent of moment magnitude or source dimensions,
and is in qualitative agreement with the scaling relationship
shown in equation (3). This latter observation suggests that
dynamic effects produced during an earthquake might be
neglected and that our scaling model highlighting the depen-
dence of the average stress drop and its variability with the
rupture size applies to seismically active faults.

Potential Biases of the Seismological Observations

There is a general lack of data where the stress drop has
been computed by consistent methods over a broad magni-
tude range in a similar region, and scatter in the results tends
to be dominated by uncertainty involved in the computation
method.

As pointed out by Allmann and Shearer (2009), the
computed stress drop given by slip inversions depends
strongly upon modeling assumptions, especially the inherent
assumption of constant rupture velocity. For example, slower
rupture velocities would imply smaller estimated source radii
and larger stress drops.

Prieto et al. (2007), in estimating source parameters
from the seismic spectrum (using the idea of the jackknife
variance), have revealed that it is important not only to obtain
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a measurement of the source parameters but also to quantify
the uncertainties by means of confidence intervals. They
have shown that a slight dependence of the stress drop with
earthquake magnitude would pass unnoticed unless the
errors are kept small. In other words, given that uncertainty
in source parameter estimation is large, any slight trend of the
stress drop with the rupture size would remain unnoticed.

In addition, it is important to bear in mind that, because
earthquake seismology involves interpretations of elasto-
dynamic waves, the wave field contains only indirect informa-
tion about source processes (Beeler, 2000). Source physics
influence the radiated field through the magnitude of several
dissipative processes (for instance heat dissipation, damage,
and latent heat) that reduce the radiated energy and might bias
a scaling relationship between source properties and earth-
quake size.

To summarize, the fact that the systematic decrease in the
average stress drop with magnitude is not observed as an aver-
age property in most earthquake catalogs (except for small
repeating earthquake sequences) could have two origins.
Either the way that the stress drops are computed may induce
a large noise (as underlined by Prieto et al., 2007), or some
physical processes, such as off-fault damage (Dieterich and
Smith, 2009), rock fragmentation and comminution, and heat
dissipation during rupture, may alter both the scale depen-
dency of the elastic stress field proposed in our study and
the seismological measurements.

Conclusions

In the present study, we propose that fault-surface geo-
metry may explain the heterogeneous patterns of seismolo-
gical images of stress drop inferred from slip inversion
(Bouchon, 1997; Mai and Beroza, 2002; Lavallée and Arch-
uleta, 2005; Tinti et al., 2005). We show that the spatial dis-
tribution of the stress-drop field or fault strength on a fault
plane may be explained by the presence of two self-affine
surfaces pressed together and sheared. This model disregards
plastic processes like rock fragmentation and focuses on
elastic deformation of the topography, which is the dominant
mode at large scales. Given that roughness Hurst exponents
of fault surfaces, as measured from field observations, are
systematically below unity in different geological settings,
the consequence is that the variability of the stress-drop (or
its standard deviation) spatial fluctuations on the fault plane
after the rupture event should increase toward small scales.
Indeed kinematic rupture models are restricted to long wave-
lengths (typically <1 Hz)\), and therefore the estimation of
the stress-drop fluctuations along the rupture surface is
limited to the largest scales, thus ignoring the largest stress
variations that are expected to characterize the small scales
because of the large variety of patterns of fault asperities.

Our analysis supports that the initial stress field along
the fault constitutes a strong guide for the development of the
earthquake and, more particularly, the stress drop. Assuming
no characteristic length scale in fault roughness and a rupture
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cascade model of rupture propagation, we have extrapolated
the average and standard deviation stress-drop scaling behav-
iors toward the small earthquakes. As a direct consequence
of the anti-persistent spatial correlations of the shear strength
before and after the earthquake (both directly related to the
elastic squeeze of fault asperities), we show that, as the rup-
ture grows, the average stress drop and its variability should
decrease with increasing source dimension or seismic
moment. Therefore, faults may be considered as highly
inhomogeneous with large earthquakes composed of the sum
of small asperities with large stress drops within an average
fault surface with small stress drop. The proposed model
addresses more particularly the small to moderate-size
earthquakes, that is, that we consider the rupture physics
is controlled mainly by the fault topography up to a critical
size where a fundamental change in the earthquake physics is
expected to take place (e.g., formation of melt or another
phenomena of dynamic lubrication).

Data and Resources

Stress maps of the Kobe earthquake used in this paper
came from published sources listed in the references. Fault
roughness data have been obtained by the authors in the field.
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