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We have pursued the development and validation of a stochastic model that reproduces the
spatial variability and the long-range spatial correlation of the slip distribution.  The model, tested first
with the 1979 Imperial Valley earthquake, has been applied to the 1992 Landers earthquake and the
1994 Northridge earthquake.  
— For the three earthquakes, we show that the average power-spectra of the raw, i.e., non-interpolated,
data follow a power law behavior with scaling exponents close to unity.
— For the three earthquakes, we have found that non-Gaussian law, i.e., the Levy laws, are better suited
to describe the spatial variability of slip over the fault.
—Computations of the rupture propagation through synthetic faults with prestress variability controlled
either by a Gauss or Cauchy law show that the propagation of the rupture front is more complex,
incoherent or snake-like for the second case.

The results of this project were presented at the AGU 2002 fall meeting, the EGS/AGU 2003
annual meeting, the SCEC 2003 Annual Meetings, and at a workshop “Stochastic Methods,
Homogenization and Earthquakes” held at UCSB (2003). Some of the results are reported in the
following paper:
Lavallée, D. and R. J. Archuleta. Stochastic modeling of slip spatial complexities for the 1979 Imperial

Valley, California, earthquake. Geophys. Res. Lett., 30 (5), 1245, doi:10.1029/2002GL015839,
2003.

1.1 Computation of the parameters of the stochastic models for the 1992 Landers
earthquake slip spatial distribution and the 1994 Northridge earthquake slip spatial
distribution:
For the 1992 Landers earthquake (Figures 1 to 3), the following procedure has been performed

(see Lavallée and Archuleta, 2003 for details).
1- The power spectrum P(k) is computed for each of the horizontal layers illustrated in Figures

1 and 4. The mean power spectrum of the horizontal layers is illustrated (red dots) in Figure 2. The
empirical trend of the power spectrum curve follows a power law behavior illustrated by the red curve.
Fluctuations around the power law behavior can be attributed to a slow convergence to the theoretical
curve. However, other mechanisms such as noise as well as uncertainties in computing the slip can also
be responsible for the departure observed in the plot.  The values of the scaling exponent are reported in
Table 1.

2- Each layer of the slip spatial distribution is filtered in the Fourier space in such a way that the
resulting field has a mean power spectrum behavior that follows a flat curve (white noise).  We assume
that the resulting field corresponds to a field of random variables of magnitude X  and compute the
probability density function (PDF) of X .  The (discrete) PDF are illustrated in Figure 3.   

3- We then proceed to determine what theoretical probability law will provide the best fit to the
probability density function PDF of X . Three candidates are considered: the Gauss law, the Cauchy
law and the more general Lévy law [Uchaikin and Zolotarev, 1999]. (The Gauss law and Cauchy law
are characterized by two parameters whereas the more general Lévy law required four parameters. Note
also that the Gauss law and Cauchy law are special cases of the Lévy law.) The curves of the Gaussian,
Cauchy and Lévy law that best fit the PDF are illustrated in Figures 3.  The parameters of the Gaussian,
Cauchy and Lévy law are reported in Table 1.

For the 1994 Northridge earthquake (Figure 4), we did modify slightly the procedure (steps 1
and 2).  The source model developed for this earthquake is characterized by sub-faults with (almost)
identical vertical and horizontal dimensions.  Also the numbers of sub-faults along the dip direction is
similar to the number of faults along the strike direction.  One of these features was missing for the
source models derived for the Imperial Valley and Landers earthquakes.  For this reason, the spectral



analysis and filtering was computed in one dimension.  For the Northridge earthquake, assuming an
isotropic distribution of heterogeneities, we did compute the two-dimensional spectrum, and the filtering
was also performed in 2D.  (The generalization of the spectral analysis from 1D to 2D is
straightforward and discussed in Peitgen and Saupe, 1988.). The (discrete) PDF and the curves of the
Gaussian, Cauchy and Lévy law that best fit the PDF are illustrated in Figures 6

Note in the log-log graphics of Figures 3 and 6 that, according to the Gaussian PDF, the large
X  events have almost a zero probability of being observed.
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Figure 1: Computation of the slip spatial distribution of the 1992 Landers earthquake is based on an
inversion of interferometric data, GPS measurements, and inversion of strong ground motion data
(Hernandez et al., 1999). The slip was calculated at every 5 km on a vertical fault surface that extends
from the surface to a depth of 15 km and extends 80 km along strike. The spatial distribution of the slip
is mapped onto the fault. Contours of the slip illustrate the spatial heterogeneity.
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Figure 2: The mean power spectrum P(k) of
the three horizontal layers for the Landers
earthquake is illustrated (red). This result
suggests that the scaling behavior is observed
for a scale length ranging from 10 to 80 km.
The value of the scaling exponent is reported in
Table 1.

1.2 A case study of 3D rupture propagation under heterogeneous conditions:
Although the stochastic models can reproduce the spatial variability and the long-range

correlation of the slip distribution inferred from finite fault inversions, a fundamental question remains
to be addressed: how the rupture propagates when constrained by the presence of spatial
heterogeneities.  For this purpose, we investigate how the underlying random variables —that control
the pre-stress spatial variability— condition the propagation of the rupture. Two stochastic models of
prestress distributions are considered, respectively based on Cauchy and Gaussian random variables.
The parameters of the two stochastic models have values corresponding to the slip distribution of the
1979 Imperial Valley earthquake (Lavallée and Archuleta, 2003). We use a finite difference code to
simulate the spontaneous propagation of shear rupture on a flat fault in a 3D continuum elastic body
(Favreau et al., 2002; and Favreau and Archuleta, 2003). The friction law is the slip dependent friction
law.
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Figure 3: In the left hand side graphic, the computed PDF (red and blue dots and bars) associated to the
filtered slip is illustrated. The left side of the PDF ( X < 0) is colored in red, while the right ( X > 0) side is
in blue. The magnitude of the random variables is given by X . The width of the bar corresponds to the
increment use to estimate the PDF is equaled to 10. The curves of tree probability laws that best fit the
PDF are illustrated: the Cauchy law (black curve), the Gaussian law (dashed curve) and the Lévy law
(green curve). The parameters of the Gaussian, Cauchy and Lévy law that we used to compute the curves
are reported in Table 1. The right hand side graphic provides the PDF and curve tails (for X >0) on a log-
log plot. Tails that decay according to power laws characterize the Lévy and Cauchy probability density
functions.  Such behavior is best illustrated on a log-log plot. The misfit of the Gaussian probability
density function is more obvious in these plots (see also Figure 6).
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Figure 4: The computation of the slip
spatial distribution of the 1994 Northridge
earthquake is based on the inversion of
strong ground motion data (Liu and
Archuleta, 2000). The spatial distribution of
the slip was calculated at every 1.7 km
along the downdip direction of the fault
surface that extends over 24 km, and at
every 1.76 km along the strike that extends
over 20 km .  The spatial distribution of the
slip is mapped onto the fault. Contours of
the slip illustrate the spatial heterogeneity.

The simulations show that the propagation of the rupture front is more complex and irregular
—meandering or snake-like— for a prestress distribution based on Cauchy random variables (Figure
7).  This may be related to the presence of a higher number of asperities in this case. These simulations



suggest that directivity effects are stronger in the Cauchy scenario, especially when compared to the
smooth rupture experimented in Gauss scenario. The effects of heterogeneity on the directivity have
been reported in Boore and Joyner (1978), and Oglesby and Day (2003). Both papers investigated
spontaneous ruptures under the assumption that the prestress heterogeneity was a white noise (i.e. there
is no correlation among the spatial heterogeneities; furthermore, in the second paper the random
variables are distributed according to uniform law). The results of these numerical simulations do
suggest that the more complex the rupture is, the more important will be its effect on directivity.
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Figure 5: The 2D power spectrum P(k) has
been computed assuming that the prestress
spatial distribution is isotropic. The square of
the Fourier amplitude has been estimated. The
results were integrated over a (approximated)
circle of radius k  with k = kx2 + ky2 . This
result suggests that the scaling behavior is
observed for a scale length ranging from 4 to
20 km. The value of the scaling exponent is
reported in Table 1.
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Figure 6: Same as for Figure 3 for the Northridge slip distribution.  Although it doesn’t reproduce well
the maximum of the computed PDF, the curve given by the Lévy law provides the best fit for the
computed PDF.
Table 1: Parameters of the stochastic models associated to the 1979 Imperial Valley earthquake, the
1992 Landers earthquake and the 1994 Northridge earthquake.  The parameter ν  is the scaling
exponent of the power spectrum. The parameters of the Gauss (µ and σ), Cauchy (γ and µ) and Lévy
(α, β, γ, and µ) laws that best fit the PDF( X ) are given (see also Figures 3 and 6).

Scaling exp. Gauss law Cauchy law Levy law
ν µ σ γ µ α β γ µ

1979 Imperial
Valley

0.78 -0.57 4.48 3.0 -0.45 0.92 0. 2.75 -0.42
1992 Landers 1.03 -15.4 18.35 13.82 -14.4 1.29 0.84 20.45 5.2

1994 Northridge 0.91 -4.33 13.73 10.02 -4.56 1.57 1. 42.1 3.1
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Figure 7: The strength excess for the Gauss
scenario (A) and the Cauchy scenario (B). In the
Gauss scenario (C), the initial stress admits only
one large value, which defines an unambiguous
point of nucleation. This provides a strong source
of energy that spreads isotropically at the
beginning but later propagates in only one
direction. The shape of the rupture front is not
very complex so few effects in the directivity can
be expected once the rupture has spread over the
full width of the model. In the Cauchy scenario
(D), the initial stress has several local extrema and
multiple nucleation points are possible. While
expanding across the fault surface, the rupture
snakes more than for the Gaussian scenario. The
second strongest asperity has broken abruptly as
one piece. Indeed, this asperity was nucleated by
dynamic triggering.  If correct this will suggest the
presence of "tunnel effect" (the apparent rupture
propagation was super shear, Dunham et al.,
2003). This effect allows the rupture to propagate
at a faster pace when compared to the Gaussian
scenario.
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