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Interactions between the Landers and Hector Mine, California,

Earthquakes from Space Geodesy, Boundary Element Modeling,

and Time-Dependent Friction

by Evelyn J. Price and Roland Bürgmann

Abstract The Mw 7.1 Hector Mine earthquake happened 7 years after the 1992
Mw 7.3 Landers earthquake, within a system of right-lateral strike slip faults com-
prising the Eastern California Shear Zone. Because estimates of recurrence intervals
of M 7 earthquakes on these faults range anywhere from 1500 to 50,000 years, the
close temporal spacing of these two earthquakes suggests that there is some inter-
action between the two. Current models of simple Coulomb static stress interactions
between the earthquake ruptures do not predict an obvious cause-and-effect relation-
ship. The interaction between the computed normal and right-lateral shear stress
reductions induced by the Landers earthquake at the Hector Mine hypocenter is
unclear.

We use a combination of space geodesy, boundary element modeling, and com-
puter modeling of time-dependent fault friction to investigate the interaction between
the two earthquakes. We compare stress changes on the Hector Mine rupture plane
induced by the Landers earthquake with the detailed slip distribution inferred using
a combination of GPS and InSAR data. The slip distributions of both earthquakes are
also used to infer the magnitude of the shear stress drop on each earthquake rupture
and the orientation of the remote background stress consistent with these two recent
events. For each earthquake the azimuth of the remote maximum compressive stress
was approximately 17� � 6�, and the magnitude of the shear stress drop was 8 � 1
MPa on the Landers rupture and 10 � 2 MPa on the Hector Mine rupture. Using a
simple spring-and-slider model as a proxy for the rate-and-state frictional response
of the Hector Mine faults to Landers earthquake-imposed stress steps, we find that,
while a decrease in normal stress at the Hector Mine hypocenter would, by itself,
have caused the Hector Mine earthquake to nucleate immediately, the simultaneous
decrease in shear stress may have caused a delay in the peak shear loading. Consid-
eration of an acceptable range of rate-and-state friction parameters, secular strain
rates, and crustal stiffnesses leads us to conclude that this delay could have been 0
to 40 years.

Introduction

The 16 October 1999 M 7.1 Hector Mine earthquake
broke more than 50 km of fault segments, including the
newly named Lavic Lake fault and the Bullion fault in Cali-
fornia’s Mojave Desert (Scientists of the USGS et al., 2000)
(Fig. 1). This happened just 7 years after and 30 km to the
east of the 1992 M 7.3 Landers earthquake rupture in a sys-
tem of right-lateral strike-slip faults that are part of the East-
ern California Shear Zone (ECSZ). The ECSZ is approxi-
mately 100 km wide and accommodates 14% to 21% of the
shear between the North American and Pacific plates at the
latitude of the Mojave Desert (Sauber et al., 1986; Savage

et al., 1990; Sauber et al., 1994; Hearn and Humphreys,
1998).

Paleoseismologic estimates of the recurrence intervals
of clusters of earthquakes in the Mojave Desert near the
Landers rupture are in the range of 5,000 to 15,000 years
(Rockwell et al., 2000). In contrast, it is possible that the
Lavic Lake fault has not broken for the last 50,000 years
(Thomas Rockwell, personal comm. 2000; Lindvall et al.,
2001). Geodetic measurements across the Mojave Desert in-
dicate that the strain rate is spatially variable and is highest
near the Landers earthquake rupture, with a value of 0.2
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Figure 1. A shaded-relief map of the study area. The white lines indicate the traces of the
Landers and Hector Mine surface ruptures. The black lines indicate faults mapped previously to
the Landers earthquake. The black boxes outline the areas of the SAR data frames used to make
interferograms. Triangle and dot symbols are at the locations of GPS sites as indicated in the
legend. GPS sites discussed in the text (7000, 7001, 7007, and DUMP) are labeled. Stars mark the
locations of regional earthquakes with magnitudes greater than 6 that have happened between 1992
and 2000. Abbreviations: Bullion fault (BF), Camp Rock fault (CRF), Emerson fault (EmF), Home-
stead Valley fault (HVF), Lavic Lake fault (LLF).

lrad/yr, and lower near the Hector Mine rupture, with a
value of 0.06 lrad/yr (Sauber et al., 1986, 1994; Savage et
al., 1990). Modeling of these strain observations implies that
there is a zone of distributed shear beneath the Mojave Des-
ert and that the faults that broke during the Hector Mine
earthquake lie near the eastern edge of this zone (Sauber et
al., 1994).

Spatial and temporal changes in the rate of seismicity
following the Landers earthquake indicate that its occurrence
changed the state of stress in the Mojave Desert (Hauksson,
1994; Wiemer and Wyss, 1994; Gross and Kisslinger, 1997;
Wyss and Wiemer, 2000). With regards to the Hector Mine
rupture, calculations of the static Coulomb stress changes
induced along it by the Landers earthquake indicate that, in
general, the Landers earthquake made it less likely that the
faults involved in the Hector Mine rupture would break (Sci-

entists of the USGS et al., 2000; Parsons and Dreger, 2000;
Harris and Simpson, 2002). In spite of this, there was a clus-
ter of Landers aftershocks near the future Hector Mine hy-
pocenter (Hauksson et al., 1993), indicating a local increase
in tendency for failure. This observation is not in accord with
current conceptual models of static stress triggering, which
predict a decrease in seismicity in the stress shadow (region
of stress decrease) of a large earthquake (e.g., Harris and
Simpson, 1998).

Given the millennial-scale earthquake recurrence inter-
vals, the fact that the Hector Mine rupture happened only 7
years after the Landers rupture, the 30-km distance between
the two earthquake ruptures, and the changes in rate of mi-
croseismicity, it is likely that there is a mechanical link be-
tween the Hector Mine and Landers earthquakes. Consid-
ering what we know about the mechanics of the Earth’s
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faulted crust, this link can be investigated using a combi-
nation of models that consider the effects of stress transfer
through the lithosphere, frictional properties of the faults
along the Hector Mine rupture, and lower crustal and upper
mantle structure. Other workers have considered the loading
effects of postseismic viscoelastic deformation of the lower
crust and upper mantle after the Landers earthquake on the
faults that broke during the Hector Mine earthquake (Freed
and Lin, 2001; Wang and Jackson, 2000; Pollitz and Sacks,
2002). Here we consider the effects of the static stress in-
duced by the Landers earthquake on the Hector Mine rupture
(e.g., Parsons and Dreger, 2000; Scientists of the USGS et
al., 2000; Harris and Simpson, 2002), and the rate-and-state
dependent frictional response of the Hector Mine faults.

The recent advent and development of space geodetic
techniques that map displacement fields of the Earth’s sur-
face with unprecedented spatial and temporal accuracy and
high precision makes it possible for us to explore the me-
chanics of faulting in detail. Here, we use a combination of
measurements made using the Global Positioning System
(GPS) and synthetic aperture radar interferometry (InSAR)
to infer detailed distributions of lateral slip on the Hector
Mine and Landers earthquake ruptures. We use the slip es-
timates as the boundary conditions in linear, homogeneous
elastic half-space boundary element models to predict the
change in loading caused by Landers on the Hector Mine
earthquake rupture and to infer the ambient background
stress. We then use these stress fields along with the geo-
detically and geologically inferred strain rates as initial con-
ditions in rate-and-state dependent fault friction models to
describe the time-dependent effects of the Landers-induced
stress field on the Hector Mine earthquake faults. We find
that time-dependent frictional loading of the Hector Mine
hypocenter resulting from the changes in static stress caused
by Landers could have made it more likely that the Hector
Mine earthquake would nucleate where and when it did.

The Geodetic Data

The deformation of the Earth’s surface in the region
surrounding the Hector Mine and Landers ruptures was mea-
sured using GPS and InSAR techniques. In general, the tem-
poral and spatial sampling and errors in the geodetic mea-
surements vary. Although the largest signal in the geodetic
displacement measurements is caused by coseismic defor-
mation, significant displacements can be generated by in-
terseismic and postseismic deformation.

GPS displacements provide unambiguous three-dimen-
sional displacement vectors, but are sparsely sampled in
space. Campaign GPS sites are more spatially dense than
continuous GPS stations, but the measurements can span
years before to months after an earthquake. In contrast, con-
tinuous GPS displacement measurements provide high tem-
poral sampling, so they record all of the phases of the earth-
quake cycle. The errors in the GPS measurements are
relatively well known. Precisions of 2 mm in horizontal

components and 1 cm in vertical components of displace-
ment are routinely attained using continuous GPS. The pre-
cisions of displacement measurements made using campaign
GPS vary depending on factors such as site occupation
times, conscientiousness of the human operator, number of
satellites in view, type of GPS antenna–receiver package,
and stability of monuments. The precisions of the displace-
ments measured at most sites using dual-frequency GPS re-
ceivers are 10 mm or better for both the Landers and Hector
Mine data sets.

Interferometric synthetic aperture radar is a quickly
emerging geodetic technology. Using InSAR processing
methods, we combine two satellite radar images taken before
and after an earthquake to estimate the displacement of the
Earth’s surface at 30-m postings over a 100-km-wide area
with centimeter precision in the direction of the radar’s line
of sight (LOS). An interferogram records differences in the
range (the apparent distance from the satellite to the ground
and back) at the two times of imaging.

The vector connecting the positions of the satellite dur-
ing the first and second passes is called the interferometric
baseline. If the baseline is greater than zero, the measured
changes in range are due to topography, deformation, and
noise. To measure deformation, the topographic contribution
to the change in range must be computed using ancillary
elevation data and then removed from the interferogram. The
noise in interferometric measurements caused by decorre-
lation of the radar signals received at the two times of im-
aging and the errors in elevation used to compute the topo-
graphic contribution to the range change increase as the
component of the baseline perpendicular to the radar’s LOS
increases. Thus, for deformation mapping, it is desirable that
the perpendicular baseline component be small. InSAR LOS
displacement estimates have been compared to their coun-
terparts made using GPS techniques, and it has been found
that they agree at the 1-cm level (e.g., Zebker et al., 1994).

The displacement vectors measured using the InSAR
technique are well sampled in space, but the displacement
is measured only in the direction of the radar’s LOS. Hori-
zontal deformations can be interpreted as vertical deforma-
tions and vice versa. The measurements are from three times
to infinitely more sensitive (e.g., horizontal displacements
parallel to the radar’s flight path cannot be detected) to ver-
tical deformations than they are to horizontal deformations,
depending on the orientation of the horizontal displacement
(e.g., Price, 1999a). While there is a possibility that an inter-
ferogram could be formed every 35 days using images from
every pass of the first and second European Remote Sensing
satellites (ERS-1 and ERS-2), sometimes the separation be-
tween the positions of the satellite during the two imaging
passes is so large that the images do not correlate (for ERS
imagery, the theoretical maximum baseline length is 1 km).
Because we generally do not have readily available multiple
observations over time windows spanning events, it is difficult
to assess all the errors in our measurements, but they are gen-
erally at the 1-cm level (as noted earlier in this section).
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GPS Measurements

Landers Earthquake

We use the internally consistent GPS displacement so-
lution of Freymueller et al. (1994) in the inversion for dis-
tributed slip on the Landers earthquake rupture. They com-
puted 38 displacements relative to the continuous GPS site
at Vandenburg Air Force Base (located approximately 375
km from the epicenter). The GPS sites consist of 7 within the
California Department of Transportation High Precision Geo-
detic Network (HPGN), 15 within the San Bernardino County
Surveyor’s Office GIMMS network (SBCO), 5 that are part of
the Caltech and County Surveyors’ Inter-County surveys
(CIT), 6 installed by the United States Geological Survey
(USGS), and 5 that are continuously operating as part of the
Permanent GPS Geodetic Array (PGGA). Details of the data
sources are tabulated in Hudnut et al. (1994); details of the
GPS processing are described by Freymueller et al. (1994).

Except for the SBCO sites, all of the sites were occupied
before and after the earthquake with dual-frequency GPS
receivers. The SBCO sites were occupied with single-
frequency GPS receivers before the earthquake and dual-
frequency GPS receivers after the earthquake. Unlike the
measurements made using dual-frequency GPS receivers, it
is difficult to mitigate the errors resulting from ionospheric
noise in the positions of sites measured using single-
frequency GPS. Thus, we discard displacements computed
at SBCO sites 7000, 7001, and DUMP, whose pre-earthquake
positions were measured on ionospherically noisy days (see
Freymueller et al., 1994), and include only 35 displacements
in our inversion. Of these, 28 are shown in Figure 2; the rest
are outside the geographic bounds of the map.

One source of error in coseismic GPS displacement
measurements arises from the secular and postseismic strain
that occurs before and after an earthquake during the time
between occupations of the GPS sites. No contribution of
secular strain was removed from the GPS displacements,
although up to 3 cm of relative displacement from defor-
mation associated with the San Andreas fault could have
accumulated across the HPGN during the year between the
pre-earthquake surveys and the earthquake. Half as much
displacement could have accumulated across the SBCO
GIMMS network, but this is less than the 3 to 5 cm uncer-
tainty in the displacements computed using single-frequency
data (Freymueller et al., 1994). While postseismic defor-
mation can occur on multiple temporal and spatial scales,
depending on the deformation source (Shen et al., 1994;
Peltzer et al., 1996; Savage and Svarc, 1997; Wdowinski et
al., 1997;), a large postseismic transient with an amplitude
that was 10% of the coseismic displacement amplitude and
a decay time of approximately 40 days was measured at
continuous and campaign GPS sites (Shen et al., 1994; Bock
et al., 1997; Savage and Svarc, 1997). Based on the post-
seismic occupation history of campaign GPS sites tabulated
by Shen et al. (1994) and the 40-day decay-time model, up
to 7 mm of postseismic displacement could have contami-

nated the coseismic measurements at locations near the rup-
ture. We did not attempt to correct the GPS displacements
for interseismic and postseismic strain, since the magnitudes
of those contributions are less than the significant errors in
the observations.

Hector Mine Earthquake

We use geodetic measurements made at 54 geodetic
markers within a 50-km radius of the Hector Mine rupture
that operate as campaign GPS (D. Agnew, personal comm.,
2000) (Fig. 3) and at 144 stations maintained by the Southern
California Integrated GPS Network (SCIGN) (some are
shown in Fig. 3). Observed coseismic GPS displacements
were as large as 90 cm and formed a pattern consistent with
a right-lateral strike-slip event. The campaign-mode GPS
markers were surveyed up to 2 years before the earthquake
and within the 3 months following it; the SCIGN receivers
are continuously operating. An interseismic correction was
made to the campaign GPS displacements (Agnew et al.,
2002). While a coseismic displacement at site 7007 (Fig. 1)
was available, we did not include it because the site was last
surveyed, prior to the Hector Mine earthquake, 2 weeks after
the Landers earthquake and so we expect that its displace-
ment may be significantly contaminated by Landers post-
seismic deformation.

InSAR Measurements

Landers Earthquake

The interferogram spanning the Landers earthquake
(Fig. 2) is composed of the classic pair of radar images re-
corded by the ERS-1 satellite and presented in early works
on earthquake deformation mapping using InSAR (Masson-
net et al., 1993; Peltzer et al., 1994; Zebker et al., 1994;
Price and Sandwell, 1998). The images in this pair were
acquired on 24 April 1992 and 7 August 1992, spanning 65
days before to 40 days after the earthquake (Table 1). The
component of the interferometric baseline perpendicular to
the radar LOS is 130 m.

Hector Mine Earthquake

The interferogram spanning the Hector Mine earthquake
(Fig. 3) is made from ERS-2 images spanning 31 days before
to 4 days after the earthquake (Table 1). The component of
the interferometric baseline perpendicular to the radar LOS
is 23 m. The interferogram shown here is very similar to
ones computed earlier by groups at the Jet Propulsion Lab-
oratory (JPL), the California Institute of Technology (Cal-
tech), Stanford University, and the University of California,
San Diego (UCSD) (Peltzer et al., 1999; Sandwell et al.,
1999; Simons et al., 1999; Zebker et al., 1999).

Joint Inversion of GPS and InSAR Data

We combine geodetic data sets in a damped linear least-
squares inversion to infer the distributions of slip on the
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Figure 2. The InSAR and GPS data spanning the Landers earthquake. Stars mark
the locations of the Joshua Tree, Landers, Big Bear, and Hector Mine epicenters. The
red triangles are at the positions of GPS sites. The GPS displacements are from Frey-
mueller et al. (1994). The SAR frame covering the Landers earthquake is outlined by
a black rectangle. The yellow lines are the traces of the Landers and Hector Mine
surface ruptures.
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Figure 3. The InSAR and GPS data spanning the Hector Mine earthquake. The stars
mark the locations of the Joshua Tree, Landers, Big Bear, and Hector Mine epicenters.
The white triangles are at the positions of campaign GPS sites whose displacements
were made available by Duncan Agnew (personal comm.). The blue triangles are at
the positions of continuous GPS sites whose displacements were made available by
SCIGN. The yellow lines show the traces of the Landers and Hector Mine surface
ruptures.
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Table 1
The Data Frames and Baseline Parameters Used in This Study

Reference Repeat Perpendicular Baseline

Satellite: Orbit_Frame
Acquisition

Date Satellite: Orbit_Frame
Acquisition

Date
Length

(m)

ERS1: 5554_2907 7 Aug. 1992 ERS1: 4051_2907 24 Apr. 1992 130
ERS2: 23027_2907 15 Sep. 1999 ERS2: 23528_2907 20 Oct. 1999 23

Hector Mine and Landers earthquake ruptures. We include
geologically measured coseismic fault offsets; constrain the
slip to be right-lateral and to be in the 0 to 8 m range using
a bounded variables least squares algorithm (Stark and
Parker, 1995). A homogeneous, linear elastic half-space
Earth model containing a vertical cut describes the assumed
physics of the problem for each earthquake. Each cut is a
synthetic earthquake rupture plane whose trace, at the sur-
face of the half-space, follows the geometry of the rupture
mapped at the Earth’s surface by geologists. For each rup-
ture, the cut extends to 20-km depth; we do not include over-
lapping segments. We assume that each rupture is a contin-
uous surface. We divide each rupture surface into abutting
2- by 2-km patches (shown in Figs. 4 and 5). Using planar,
rectangular patches to parameterize the rupture enables us
to use the formulation of Okada (1985) to predict the dis-
placements at the surface of the half-space caused by offsets
across each patch. Since a displacement measured at the sur-
face is a linear sum of the surface displacements predicted
by the offsets across each patch, we can use linear inversion
techniques to infer the distribution of slip on an earthquake
rupture. In all of our elastic Earth models, the Poisson’s ratio
is 0.25 and the shear modulus is 30 GPa.

To infer the distribution of slip on the earthquake rup-
tures we solve the following system of equations for the
elements of , c, se, and sn:rm

rm
r�1/2 �1/2[G 0]C � gps C � dg gps g gps gpsc

�1/2 r[G P] � �1/2 , (1)C � sar ss sar C � de s sar sar� � � �� �[L 0] sb nj 0

where Cg is the relative weight of GPS data; Cs is the relative
weight of InSAR data; Rgps is the GPS data covariance ma-
trix; Rsar is the InSAR data covariance matrix; Ggps is the
GPS design matrix; Gsar is the InSAR design matrix; P allows
for a regional tilt in the InSAR displacement map; bj controls
the smoothness of the model; L is a discretized Laplacian
filter; contains the coefficients of the distributed sliprm
model; c, se, and sn are, respectively, a constant offset, east
slope, and north slope in the InSAR displacement map; gps

rd
contains the GPS displacements; and sar contains the InSARrd
displacements, which are subsampled from the original dis-
placement maps at 1-km spacing. The design matrices con-
tain the Green’s functions, which relate displacements at
geodetic measurement locations to slip on rupture patches.

The GPS covariance matrices contain the variance of
the displacement measurements and the covariances be-
tween east and north displacement components at each GPS
site. The InSAR covariance matrices are constructed by as-
suming that the variance of each measurement is 1 cm2 and
that there is no covariance between measurements. While
there may be correlations between the errors in the InSAR
measurements due to atmospheric noise, it is difficult to
characterize these errors, since the spatial resolution of tech-
niques (e.g., GPS–meteorology) used to estimate spatial var-
iations in both the ionosphere and troposphere does not
approach the resolution of the data (Williams et al., 1998;
Hanssen, 1998; Emardson et al., 1999). We mitigate any
covariance-related bias in our InSAR inversions by signifi-
cantly subsampling the interferogram (e.g., Lee et al., 1992).
Atmospheric errors can be 5 cm in size (e.g., Tarayre and
Massonnet, 1996).

Model Smoothing and Data Combination

When we estimate the distribution of slip on the earth-
quake rupture surfaces we encounter the technical issues of
model smoothing and data combination. We first infer the
slip distribution using GPS and InSAR measurements indi-
vidually and analyze groups of distributed slip models in
which the smoothness of the members differ. As the rough-
ness of the model decreases, the misfit between the surface
displacements predicted by the model increases and our var-
iance reduction is less (Fig. 6). We choose, from each in-
dividual group of models, an optimal member that retains
enough detail, is reasonably smooth, and maintains an ac-
ceptable level of misfit. This approach is common and is
similar to the one suggested by Harris and Segall (1987) and
Du et al. (1992), who choose a value of the smoothing near
the location on the tradeoff curve where little decrease in
misfit (or variance reduction) is gained by adding more
roughness to the model. Optimal members of the InSAR and
GPS groups are shown in the top two panels of Figures 4
and 5, and their values of roughness and misfit are indicated
by arrows on Figure 6. After we have chosen the optimal
group members, we weight the data sets in a joint inversion
such that the amount of roughness specified by the optimal
members of the individual data-type inversions is main-
tained.

To elucidate, when we perform an individual data-type
inversion, we minimize
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Figure 4. The preferred distributions of slip
on the Hector Mine rupture inferred from (a)
InSAR displacements, (b) GPS displacements,
and (c) joint inversion of InSAR and GPS dis-
placements.

r�1/2 2r r� (Gm � d)� � b �Lm�, (2)� j

where holds either GPS or InSAR data. The terms insiderd
the double bars are called the misfit and the roughness (on
the left and right, respectively). When we perform the joint
inversion, we use two data types but require only one
smoothing factor and determine data weights, Cg and Cs, that
force the contribution of each data type to the roughness-to-
misfit ratio of the joint model to be the same as in the single-
data-type inversions. As a result, equal weight is given to
each individual data set according to the weighting param-
eters of each individual optimally smoothed distributed slip
model. For example, we first choose bj � 0.8. If, for our
chosen models in the individual data-type inversions, bgps/
Cg � 0.4 and bsar/Cs � 0.04, then, in the joint inversion bj

� bgps � bsar and bgps � bsar, so that Cg � 1 and Cs � 10.
Using this weighting scheme, we infer the slip distributions
shown in the lower panels of Figures 4 and 5. This weighting

scheme is the same as that described by Kaverina et al.
(2002).

Model Resolution

The determination of the model resolution on the syn-
thetic rupture surface is a tool for interpreting distributed
slip models, which helps us to understand the spatial wave-
length of inferred variations of slip that are likely to be real.
Resolution varies spatially along the rupture surface and
with depth (e.g., Du et al., 1992; Harris and Segall, 1987).
If we assume that the rupture plane geometry is correct and
that the Earth is a homogeneous, linear elastic half-space,
the model resolution depends on the spatial distribution of
displacement measurements at the Earth’s surface, the errors
in those measurements, and our chosen value for model
smoothing (b). The resolution of slip distributions inferred
using sparsely distributed, pointwise geodetic measurements
is generally low at depths greater than 5–10 km. Because
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Figure 5. The preferred distributions of slip
on the Landers rupture inferred from (a) InSAR
displacements, (b) GPS displacements, and (c)
joint inversion of InSAR and GPS displace-
ments.

  a) Hector slip inversion  b) Landers slip inversion
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Figure 6. The dependence of the reduction
in data variance on model roughness. In each
graph, the arrows point to the locations on the
curves corresponding to the values of rough-
ness and variance reduction of our favored
models. (a) The graph corresponding to the
Hector Mine data inversion. (b) The graph cor-
responding to the Landers data inversion.
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the spatial distribution of InSAR measurements is dense, we
expect to achieve higher resolution in our inversions than in
those that use GPS data alone. Because our knowledge of
the InSAR covariance matrix is poor, we consider only the
effect of the distribution of displacement measurements and
an assumed rupture geometry on our model resolution.

In an ideal world with noiseless data and perfect Green’s
functions of a linear elastic Earth, each datum would be a
linear sum of the offsets across each model patch: rG m �i i

. In actuality, the Earth is heterogeneous, layered, andrd i

sometimes anelastic; our rupture geometry is not perfect; and
a straight linear inversion would assume that we can resolve
variations in slip with spatial wavelengths of 4 km. Since
we approximate the Earth as a linear elastic half-space, we
infer the distribution of slip by applying an inversion filter
to our data, which is smoothed by a Laplacian filter (Equa-
tions 1 and 2) whose weight is determined based on trade-
offs between data misfit and model roughness (e.g., Fig. 6).
The distributed slip model perceived through our smoothed
inversion filter is .r�1rm � G dp p p

If we assume that the InSAR and GPS displacement
measurements are perfect (the resolution depends only on
the spatial distribution of measurements), then the effect of
our smoothed inversion filter on the ideal distribution of slip
is . Given the geometry of the rupture and�1r rm � G G mp p i i

our smoothing weight, our resolution matrix, ,�1R � G Gp i

converts a synthetic distributed slip model to the model we
would infer given the locations of our observations and our
smoothing weight (Fig. 7).

Landers and Hector Mine Slip distributions

Landers. Our distributed slip model for the Landers earth-
quake derived from the joint inversion of GPS and InSAR
data is shown in Figure 5. The overall pattern of slip is simi-
lar to that obtained using other geophysical methods (e.g.,
Cohee and Beroza, 1994; Wald and Heaton, 1994), in that
most of the slip is inferred north of the hypocenter near the
step-over between the Homestead Valley and the Camp
Rock faults. While it is likely that the rake of fault slip was
not exactly 180�, especially near the ends of the rupture and
in fault step-overs, vertical slip is not well resolved using
current geophysical methods. Vertical displacements across
the rupture were measured at several locations in the field
(Hart et al., 1993; Irvine and Hill, 1993; Sieh et al., 1993;
Arrowsmith and Rhodes, 1994; Johnson et al., 1994; Aydin
and Du, 1995; Sowers et al., 1994; Spotila and Sieh, 1995;
Zachariasen and Sieh, 1995; Fleming and Johnson, 1997;
McGill and Rubin, 1999), but they are typically near re-
straining or tensional bends in the rupture and are likely to
be local features only.

Using the InSAR data alone, the inferred slip (Fig. 5a)

Figure 7. The resolution of the Hector Mine distributed slip model: (a) 14 km by
10 km checks, (b) 8 km by 10 km checks, (c) 6 km by 6 km checks.
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is generally shallower than that inferred using GPS data (Fig.
5b), and it contains more detail. North of the hypocenter, the
shape of our slip distribution is similar to the one inferred
previously by other workers (Feigl and Peltzer, 1993; Feigl
and Massonnet, 1995; Massonnet and Feigl, 1998): a large
concentration of slip is inferred within the step-over between
the Homestead Valley and Camp Rock faults, and a smaller
concentration of slip is inferred just north of the hypocenter.
The slip inferred using GPS data is similar to that obtained
by Freymueller et al. (1994), in that we infer a concentration
of slip below and north of the hypocenter and a second con-
centration of slip on the Homestead Valley, Camp Rock, and
Emerson faults.

The distribution of slip inferred in the joint inversion of
InSAR and GPS data (Fig. 5c) retains features of both slip
distributions and leads us to infer a concentration of slip
below and north of the hypocenter. The slip then shallows
along the Homestead Valley fault and deepens and becomes
more intense below the step-over between the Homestead
Valley and Emerson faults (Fig. 1) before shallowing once
again at the end of the rupture.

Since we allow for a constant offset and tilt of the in-
terferometric displacement map in our inversions, the inter-
ferometric displacements are calibrated by the GPS dis-
placements. The constant offset and tilts of the Landers
interferogram for our best-fitting distributed slip model are,
respectively, 24.5 mm, �0.5 mm/km in the east direction,
and 0.04 mm/km in the north direction. This amounts to a
one-fringe ambiguity of constant offset, a one-fringe tilt in
the east direction, and one-tenth of a fringe tilt in the north
direction.

Hector Mine. The distribution of slip on the Hector Mine
rupture inferred from InSAR data alone covers a much
greater area of the rupture plane than that inferred from GPS
data alone and predicts an earthquake moment release nearly
twice that predicted by the GPS data. It also leads us to infer
deep slip on the rupture and major concentrations of slip to
the north of the hypocenter. The slip distribution determined
by the joint inversion of GPS and InSAR displacements is
bilateral, with a concentration of slip north of the seismo-
logically inferred hypocenter. The slip is mostly confined to
the upper 15 km of the rupture plane, but there is an odd
concentration of slip between 12 and 16 km on the northern
part of the rupture plane. This could be due to unmodeled
faulting geometry, deep slip on an alternate strand of the
rupture, or postseismic deformation. The magnitude (7.1) of
the earthquake inferred from the joint inversion agrees with
seismologic estimates. The constant offset and tilts of the
Hector interferogram for our best-fitting distributed slip
model are, respectively, 30.6 mm, 0.07 mm/km in the east
direction, and �0.47 mm/km in the north direction. This
amounts to a one-fringe ambiguity of constant offset, a one-
third of a fringe tilt in the east direction, and a two-fringe
tilt in the north direction.

It is somewhat surprising that the patch of high slip on

the southeastern segment of the Hector Mine rupture, in-
ferred from the GPS and joint inversions, was not resolved
by inverting the interferogram alone. We attribute this to the
fact that there was likely a significant north–south tilt in the
interferogram that affected how the inferred slip would be
distributed along the rupture’s strike. In the inversion of the
interferogram alone, slip is concentrated to the north of the
hypocenter; it is more evenly distributed, north and south of
the hypocenter, in the joint inversion. This distribution is in
agreement with the inference, made using seismic broadband
displacement data, that slip on the Hector Mine rupture was
bilateral (Dreger and Kaverina, 2000; Kaverina et al., 2002).

Boundary Element Modeling

To understand how the Landers earthquake affected the
conditions on the Hector Mine rupture and to compute the
average stress drop and the orientation of maximum remote
compressive stress consistent with each earthquake, we use
a boundary element method (BEM) (Crouch and Starfield,
1983). The two ruptures are parameterized as boundaries
composed of the same rectangular elements in an elastic
half-space Earth model that were used in our geodetic in-
versions. Given the fault parameterizations and displacement
or stress boundary conditions specified normal and tangen-
tial to the patches that make up the faults, a BEM can be
used to compute stresses and displacements at user-specified
observation points (Crouch and Starfield, 1983). The BEM
code that we use, Poly3D (Thomas, 1993), allows observa-
tion points to be locations within the half-space continuum
or the centers of boundary elements, which allows displace-
ments or stresses to be automatically resolved in a coordinate
system aligned with each boundary element. Element inter-
actions are included in the solution.

Stress Changes on the Hector Mine Rupture
from the Landers Earthquake

We investigate the stress-related interaction between the
Landers and Hector Mine earthquakes by using the fault pa-
rameterization specified in our linear inversions of geodetic
data to define the boundary elements of the Landers and
Hector Mine ruptures. To solve for the distribution of stress
on the Hector Mine rupture (Fig. 8), we first specify the
boundary conditions to be the values of the slip inferred
using geodetic data on each element of the Landers rupture.
The observation points are the centers of the elements that
make up the Hector Mine rupture.

Coseismic Stress Drops and Remote
Stress Orientations

In Poly3D, a remote stress tensor can be specified. Be-
cause there is a linear relationship between slip on rupture
patches and the elements of the remote stress tensor, we were
able to use the BEM code to compute Green’s functions for
use in a linear inversion of slip distributions for the average
coseismic stress change most likely to have caused them.
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Figure 8. The shear and normal stresses induced
by the Landers earthquake resolved onto the Hector
Mine rupture planes. Stars mark the position of the
Hector Mine hypocenter. (a) Shear traction; (b) nor-
mal traction.

From this we can infer a direction of maximum remote com-
pressive stress in the Mojave Desert and the average stress
drop on each earthquake rupture.

We use the following system of equations to perform
the linear inversion to solve for the components of the stress
tensor:

r11
�1/2 �1/2 r� G r � � m, (3)m 22 m� �r12

where is a coseismic distributed slip model; Rm is therm
model’s covariance matrix; r11, r22, and r12 are the com-
ponents of the two-dimensional stress tensor; and G contains
the Green’s functions relating unit changes stress compo-
nents to slip on the rupture patches.

In these stress inversions, we assume plane stress. This
assumption is justified by the microseismic inference that
the second principal stress (r2) is vertical, on average, in the
Mojave Desert (e.g., Hauksson, 1994). We also argue that
any average change in r2 is small compared to the changes
in the other principal stresses. While we do assume plane
stress, we use only significant slips on model patches in the

inversions for background stress change, so that the overall
3D shape and average slip at various locations on the rupture
surface is accounted for. Smaller details of the slip distri-
bution may be due to material heterogeneity or fault geom-
etry complexities that are not accounted for in a simple, ho-
mogeneous, elastic half-space Earth model.

BEM Results

Stress Changes on the Hector Mine Rupture from the Land-
ers Earthquake. We use the BEM code to compute the
stress changes on the Hector rupture caused by the distri-
bution of slip that we geodetically inferred on the Landers
rupture. The results shown in Figure 8 are similar to those
obtained by a number of other workers (e.g., Parsons and
Dreger, 2000; Scientists of the USGS et al., 2000; Harris
and Simpson, 2002). The shear and normal stress changes
on the Hector Mine rupture as a result of the Landers earth-
quake vary spatially. The shear stress is nearly everywhere
decreased (Fig. 8a). At the hypocenter, the shear stress is
reduced less than at locations at the same depth to the north
and south of the hypocenter, and deep below the hypocenter,
the shear stress change is nearly zero or positive. After the
Landers earthquake, the northern half of the Hector Mine
rupture was unclamped (Fig. 8b) but the southern half was
clamped.

The Coulomb stress change (DCFF), a measure of the
balance between the shear stress and the product of the ef-
fective coefficient of friction and the normal stress, is often
used to evaluate whether a stress-inducing event made it
more likely that the crust would break across a specified
plane. The Coulomb stress change is

DCFF � Ds � l�Dr , (4)n

where Ds is the change in shear stress, l� is the effective
friction including the effect of pore-fluid pressure change,
and Drn is the change in normal stress (clamping is positive).
DCFF increases (planes are more likely to fail) if the shear
stress change is positive and/or the normal stress change is
negative.

The observation that the predicted spatial distribution of
DCFF on the Hector Mine rupture resulting from the Landers
earthquake (distributions of Landers–Hector Mine DCFF are
plotted by Parsons and Dreger, 2000; Scientists of the USGS
et al., 2000; and Harris and Simpson, 2002) is correlated
with most seismologically and geodetically inferred distri-
butions of Hector Mine slip supports the hypothesis that co-
seismic static stress changes are a major factor in earthquake
interactions.

Coseismic Stress Drops and Remote Stress Orientations.
The results of the inversion of the slip distributions for the
components of the remote stress change are shown in Table
2. We tabulate the azimuth of maximum compressive stress
change and the maximum shear stress drop on the earth-
quake ruptures most likely to have been responsible for the
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Table 2
The Coseismic Shear Stress Drops Inferred from the Slip

Distributions

Rupture
Azimuth of Maximum

Compressive stress drop (�)
Shear stress drop

(MPa)

Hector Mine 17 � 6 10 � 2
Landers 17 � 4 8 � 1

Figure 9. The spring-and-slider system used to
conceptualize the interaction between the Landers and
Hector Mine earthquakes. st is the shear stress at the
base of the block caused by the pull of the spring, sf

is the frictional resistance to sliding at the interface,
K is the spring stiffness, rt represents a tectonic nor-
mal stress, rf represents the lithostatic normal stress,
Vf is the velocity of the slider, Vt is the velocity of the
load point, dt is the displacement of the loading point,
and d is the displacement of the slider.

distributions of slip inferred from geodetic data. The average
shear stress drop on the Landers rupture was approximately
8 MPa; the average shear stress drop on the Hector Mine
rupture was approximately 10 MPa. The azimuth of maxi-
mum compressive remote stress change for both earthquakes
is approximately 17�. The estimates of background stress
direction and stress drop associated with the Landers earth-
quake agree favorably with those inferred by others (see the
Discussion section).

Rate-and-State Friction

The distribution of the change in the Coulomb failure
function (CFF) (Stein and Lisowski, 1983; Oppenheimer et
al., 1988) is commonly used to assess whether the proba-
bility of rupture on a fault near a recent earthquake has
changed. However, the distribution of Coulomb failure
stress change induced on the Hector Mine rupture by the
Landers earthquake has failed to definitively describe how
these two earthquakes were connected (Scientists of the
USGS et al., 2000; Harris and Simpson, 2002). One source
of confusion could be the assumption in the CFF calculation
that the frictional strength of fault surfaces remains constant
with time, this may not be the case.

Laboratory experiments have shown that a variety of
sliding phenomena can be described using a formula for the
frictional resistance that contains not only a static friction
term but also depends on the time-varying sliding velocities
and states of fault surfaces (Dieterich and Kilgore, 1996;
Dieterich, 1979, 1981; Ruina, 1983). Because it has become
apparent that the changes in stress normal to the Hector Mine
rupture were important in describing the interaction between
the Landers and Hector Mine earthquakes (Parsons and Dre-
ger, 2000; Scientists of the USGS et al., 2000), we sought
out a model that explicitly accounts for the effects of normal
stress changes on time-dependent frictional strengths. In
contrast to previous studies that consider only the effects of
shear stress changes on time-dependent friction, an algo-
rithm outlined by Linker and Dieterich (1992) explicitly in-
cludes the effects of changes in normal stress on changes in
the state of the fault surface.

A Computational Spring-and-Slider Model

We use a simple spring-and-slider model (Fig. 9) and a
rate-and-state variable friction constitutive law to investigate
how the perturbations in stress induced by the Landers earth-

quake on the Hector Mine rupture may have affected the
balance between Hector Mine’s frictional resistance and tec-
tonic loading. In contrast to similar and numerous previous
studies carried out over the last two decades that considered
only shear stress perturbations while holding normal stresses
constant (e.g., Dieterich, 1979), we allow perturbations in
normal stresses by explicitly including the effect of a change
in normal stress on the state of the sliding surface (Linker
and Dieterich, 1992).

In a spring-and-slider model, the shear stress at the slid-
ing interface exerted by loading depends on the stiffness of
the system and the extension of the spring:

K
s � (d � d), (5)t tl

where st is the shear stress at the base of the block caused
by the pull of the spring, K is the spring stiffness, l is the
length of the sliding zone, dt is the displacement of the load-
ing point, and d is the displacement of the slider.

The frictional resistance at the base of the block is the
product of the normal stress and the rate-and-state dependent
friction:

V h
s � lr � Arln � Brln , (6)f � � � �V* h*

where l is the static friction, A and B respectively control
the amplitudes of velocity and state changes on frictional
resistance, r is the normal stress at the sliding interface, V
is the velocity of the block, h is the state of the sliding in-
terface and is proportional to the age of the asperity contacts
at the interface, and V* and h* are reference velocity and
state (which we set to 1.0).

To investigate the time-dependent frictional behavior
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that may have occurred on the Hector Mine rupture, we com-
pute the displacement of the slider and the shear stress acting
on the sliding interface that corresponds to probable tectonic
loading conditions before and after the Landers earthquake.
We use a variable time-stepping procedure in which the dis-
placement of the load point, a proxy for tectonic loading,
increases proportional to its specified velocity. We assume
that, at the center of each time step, the frictional resistance,
sf, is equal to the shear loading, st. This is accomplished by
using a predictor–corrector method to find the velocity of
the slider at which the shear stresses are equal (e.g., Linker
and Dieterich, 1992). The velocity of the slider is assumed
constant throughout the time-step and is used to evolve the
state through the time-step. A change in the force (e.g.,
Landers coseismic stress change) that shears parallel to the
sliding interface can be exerted on the system by changing
the velocity of the load point and the normal force at the
interface can be changed by varying the weight of the block.

The explicit dependence of the state on changes in nor-
mal stress proposed by Linker and Dieterich (1992) is in-
cluded by

dh �h
dh � dd � dr (7)� �dd Brr�const.

where dh is the change in state, dd is a displacement the size
of which depends on the velocity of the slider, � is an em-
pirically determined constant that controls the influence of
changes in normal stress (see Linker and Dieterich, 1992),
and dr is a change in normal stress. The term on the left of
the minus sign describes how changes in state depend on the
velocity of the slider under constant normal stress; the term
to the right of the minus sign describes the dependence of
state on changes in normal stress.

Because the state is proportional to the age of the con-
tacts at the sliding surface, the value of the state variable
depends on the velocity of the block and the distribution of
contacting asperities at the sliding surface. The steady-state
value of the state variable is hss � Dc/V, where Dc is the
characteristic slip distance (Linker and Dieterich, 1992). The
nature of Dc has been investigated by a number of workers
(see Marone, 1998); it can essentially be considered a mea-
sure of the maximum spacing between contacts on the fault
surface. Assuming that older faults have smoother surfaces,
this rate-and-state friction parameter takes into account the
history of slip on a fault.

Implementation

In our computer experiments we start the system and let
it settle, so that the velocity of the slider equals the velocity
of the load point. We estimate that the velocity of the load
point, a proxy for tectonic loading, is 0.08 to 0.8 mm per
year (Table 3) using the 10,000- to 50,000-yr range of re-
currence interval (e.g., Lindvall et al., 2001) of earthquakes

that slip 4 to 8 m (the range of right-lateral slip inferred in
our inversions) on the faults that broke during the Hector
Mine rupture. We imply that the faults involved in the Hec-
tor Mine rupture slid steadily at the depth of the Hector Mine
hypocenter before the Landers and Hector Mine earth-
quakes, because we assume that the block slides steadily
before the stress is perturbed.

Using the (1) rate-and-state formulation, (2) a range of
values for the rate-and-state friction parameters, (3) normal
stresses the size of lithostatic overburden stresses at the
range of Hector Mine hypocentral depths (2–8 km) (Scien-
tists of the USGS et al., 2000), and (4) tectonic load point
velocities (Table 3), we compute how the frictional resis-
tance (Equation 6) and velocity in the spring-and-slider
model evolve with displacement of the slider in response to
shear and normal stress perturbations. We convert displace-
ment to time using the velocity of the slider in each time
step and plot the time evolution of the frictional resistance
relative to its steady-state value after Landers-like stress per-
turbations (Fig. 10a). We also compute how the frictional
resistance (friction stress) evolves with the velocity of the
slider relative to its steady-state value at each velocity (Fig.
10b) (e.g., Rice and Gu, 1983).

We choose three pairs of Landers-induced shear and
normal stress perturbations predicted at three points on the
Hector Mine rupture using the BEM. At the hypocenter, cal-
culations using our slip models predict a normal stress step
of �0.3 MPa and a shear stress step of �0.18 MPa. At 16
km north of the hypocenter, within the northern lobe of re-
duced shear stress. (Fig. 8), our predicted normal stress step
is �0.5 MPa and the shear stress step is �0.35 MPa. At 14
km south of the hypocenter, within the southern lobe of re-
duced shear stress (Fig. 8), our predicted normal stress step
is 0.1 MPa, and the shear stress step is �0.35 MPa. For
values of static friction less than 0.6, the DCFF (Equation 4)
is less than zero at each of the three locations.

Rate-and-State Friction Results

The evolution of the frictional resistance within the sim-
ple spring-and-slider model corresponding to three points on
the Hector Mine rupture is shown in Figure 10a. The steady-
state level of shear loading at the hypocentral depth (5 � 3
km) on the Hector Mine rupture before the Landers earth-
quake is controlled by the normal stress, the loading rate,
and the values of the rate and state parameters (Table 3).
Within the range of possible hypocentral depths, the steady-
state shear stress is approximately 0.698 times the lithostat-
ically imposed normal stress. As a result of the stress per-
turbations induced by the Landers earthquake, the shear
loading at different locations on the rupture tends toward
new steady-state values (Fig. 10b). Since the rate-and-state
friction parameters remain the same, these new steady-state
values depend on the computed static changes in normal
stress induced by the Landers earthquake. Because of the
clamping south of the hypocenter, the new steady-state value
there is greater than the original steady-state value, so shear
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Table 3
The Parameters Used in the Rate-and-State Frictional Modeling

Variable Value Range tested Comment

A 0.0055 0.003 to 0.008 Dieterich (1981)
B 0.0089 �0.006 � (A � B) � �0.0007 Dieterich (1981)
Dc 1 mm 0.001 to 10 mm Tse and Rice (1986); Cao and Aki

(1985). 0.01–0.1 mm: laboratory
experiments. 1–10 mm: cracklike
rupture models

� 0.38 0.2 to 0.56 Linker and Dieterich (1992)
l 0.7 0.4 to 0.8 Friction is probably high at the Hector

hypocenter (Parsons and Dreger,
2000).

K/l 650 MPa/mm 400 to 900 MPa/mm Shear modulus G � 30 GPa; Poisson’s
ratio � � 0.25; l � 100 to 44 km;
K � G/(l � �)

r 130 MPa 78 to 182 MPa Lithostatic stress at 3–7 km
Vt 0.4 mm/yr 0.08 to 0.8 mm/yr Assumes 4–8 m of slip every 10,000 to

50,000 years.
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Figure 10. (a) Time-dependent response of
the spring-and-slider system with realistic tec-
tonic loading and rate-and-state friction param-
eters. For all three traces, the normal stress is
equal to lithostatic stress at a depth of 5 km
(the mean hypocentral depth of the Hector
Mine earthquake). Shear loading is plotted
relative to steady-state shear loading at the in-
stantaneous velocity of the slider. The evolu-
tion of frictional stress is computed for stress
perturbations corresponding to points at, 16 km
north of, and 14 km south of the Hector Mine
hypocenter. The dashed line follows the evo-
lution of friction stress if there had been only
a normal stress perturbation similar to what
may have occurred at the hypocenter. The
shear loading is the frictional resistance (Equa-
tion 6) computed using the a constant velocity
at the center of each time step determined by
equating the frictional resistance (Equation 6)
with the shear stress imposed by tectonic load-
ing (Equation 5). (b) The evolution of friction
stress as the velocity of the slider changes in
response to the stress perturbations. Line styles
are for the same cases (stress perturbations at,
north, and south of the hypocenter) as indicated
in (a). The straight lines are the steady-state
values of the friction stress at each velocity.
The friction stress evolves to the new steady-
state value as the system evolves.
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stress must increase to resume steady sliding. Because of the
unclamping at and north of the hypocenter, the new steady-
state value of shear loading is less than the original steady-
state value, and the shear stress must decrease to resume
steady sliding. Failure or a strain pulse could be mechanisms
for this decrease. For comparison, we indicate in Figure 10
how the frictional resistance at the hypocenter would have
evolved if there had been a decrease in normal stress but no
change in shear stress.

Examination of the ways that the shear stresses evolve
in our simple spring-and-slider model after stress perturba-
tions similar to the ones imposed by the Landers earthquake
on the Hector Mine rupture allows us to propose a mecha-
nism for delayed triggering of the Hector Mine earthquake
by the Landers earthquake, a mechanism that includes time-
dependent friction. At the three locations examined, the
shear loading drops sharply right after the Landers earth-
quake. The amplitude of this drop is equal to the magnitude
of the computed static shear stress decrease induced by the
Landers earthquake at each location. To the south of the
hypocenter, the level to which the shear loading drops is
always less than the level at the new steady state, so the
amount of crustal movement and seismicity (Wyss and Wie-
mer, 2000) drops as well. At the hypocenter, the level to
which the shear loading drops is slightly greater than the
new steady-state level; north of the hypocenter, the initial
post-Landers shear loading drop may have reached a sub-
steady-state level before rising above that level (Fig. 10a).
In both cases, the loading increases with time in response to
the reaction of the coupled system to the shear and normal
stress changes; however, the shear loading (relative to steady
state) north of the hypocenter may have been less than that
at the hypocenter for some period of time.

Because the change in the steady-state level of loading
is the product of the Landers coseismic normal stress change
on the Hector Mine rupture and the steady-state friction, the
loading curves (Fig. 10a) can be conceptualized as time-
dependent Coulomb stress change indicators. The shear
loading would have followed the dashed line in Figure 10a
if there had been only a normal stress decrease at the Hector
Mine hypocenter right after the Landers earthquake, and the
most likely time for a triggered large earthquake would have
been immediately after Landers. Because of the shear stress
decrease, the most likely time for a large earthquake at this
location to be triggered by Landers was postponed by a num-
ber of years. At any time, the amount of Coulomb stress
change is equal to the difference between the value of shear
loading and the value of shear loading at the new steady
state. At the Hector Mine hypocenter, the amplitude of the
rounded peak is approximately 0.1 MPa (1 bar) above the
new steady-state shear loading for nearly the entire range of
rate-and-state parameters and loading conditions considered.

We performed a sensitivity test by varying the rate-and-
state friction parameters, overburden stress, and load point
velocity through the full ranges indicated in Table 3 and
noting the effect on peak friction stress and the time delay

to that peak after a Landers-like stress perturbation. The re-
sult (that the amplitude of the peak in friction stress is 0.1
MPa above the steady-state friction stress) is stable for the
entire range of parameters except for the minimum value of
�. Holding all other parameters at their middle values, the
minimum value of � yields a peak friction stress that is only
0.05 MPa above the steady-state friction stress. The time to
peak loading increases with increases in A, Dc, �, and
r(depth) and with decreases in l, Vlp, and K/l. Changes in
A � B over the specified range have little effect on the time
to peak loading.

We set the parameters to extreme values, corresponding
to their tendency to increase or decrease the time to peak
loading, to determine a range of possible delays of peak
loading after a Landers-like stress perturbation. If all the
parameters, including possible load point velocities, are set
to values at the edges of the ranges specified in Table 3, the
system becomes unstable and the desired behavior is not
observed. Thus, we set all parameters to their bounds ac-
cording to their tendency to increase or decrease the time to
peak loading and vary first the load point velocity and then
� (if necessary) until curves similar to those shown in Figure
10a are obtained. (An exception is that for values of Dc less
than 0.5 mm the desired behavior is not observed, so we set
our minimum value of Dc to 0.5 mm.) We compute a time
to peak loading of 37 years for A � 0.008, A � B �
�0.006, Dc � 10 mm, � � 0.56, K/l � 400 MPa/mm, l
� 0.4, Vlp � 0.3 mm/yr, and r � 182 MPa. We compute
a time to peak loading of 1.2 years for A � 0.003, A � B
� �0.0007, Dc � 0.5 mm, � � 0.23, K/l � 900 MPa/
mm, l � 0.8, Vlp � 0.4 mm/yr, and r � 78 MPa.

Discussion

Geodetic Inversions

Following the Landers earthquake, a number of coseis-
mic slip distributions were inferred using seismic and geo-
detic data (for a list, see Harris and Simpson, 2002). One
feature that most of the slip distributions had in common
was that they mapped a high slip concentration extending
from the step-over between the Homestead Valley and the
Emerson faults onto the Emerson fault (e.g., Wald and Hea-
ton, 1994). Others found high slip concentrations corre-
sponding to possible asperities at several locations along the
fault (e.g., Cohee and Beroza, 1994). Our slip model for the
Landers earthquake is slightly different from that inferred
by workers who jointly inverted seismic and geodetic data
(Wald and Heaton, 1994), in that we do not infer a concen-
tration of slip within the step over between the Johnson Val-
ley and the Homestead Valley faults. Their concentration of
slip in that location is imposed mostly by their GPS geodetic
inversion. Our slip model inferred from the joint inversion
of GPS and InSAR data is more similar to their slip model
inferred from inversion of strong-motion data.

Our slip model for the Hector Mine earthquake is simi-
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lar to those obtained seismically by Kaverina et al. (2000)
and through joint inversion of seismic and geodetic data by
Kaverina et al. (2002). The GPS data constrain the long-
wavelength surface deformation and the INSAR data allow
us to resolve details in the slip distribution. Both geodetic
and seismic slip distributions are bilateral and confined to
the upper 15 km of the crust. The similarity of the slip dis-
tributions implies that most of the earthquake slip was lo-
calized and transformed into ground motion measurable by
seismometers.

The differences between the estimated slip distributions
of both the Landers and Hector Mine earthquakes inferred
using InSAR and GPS separately could be due to several
factors. Shallow differences could be effected by vertical
displacements being mapped into horizontal ones in the
InSAR inversion (Price, 1999a) and by the differences in
spatial sampling of the geodetic data sets. Deep differences
may be the result of interseismic or postseismic slip down-
dip of the rupture plane, and the different time intervals
spanned by the respective data sets. They may also reflect a
tilt in the InSAR displacement map caused by errors in the
estimation of SAR satellite orbital positions or by long wave-
length changes in atmospheric or ionospheric refractivity.

In the Hector Mine inversion the majority of the GPS
displacements are west of the rupture, and the concentration
of slip south of the hypocenter is in a region poorly resolved
by the GPS data. The available continuous GPS measure-
ments were made in the far-field, and the campaign-mode
measurements were made anywhere from 2 years before to
2 weeks after the earthquake. In contrast, the InSAR imagery
spans 31 days before to 4 days after the earthquake and
should include just as much postseismic signal as the cam-
paign GPS data, if not less. We thus attribute the inferred
deep slip in the individual InSAR inversion to orbital error.

Although fault discontinuities and step-overs were ob-
served in the field along the Landers and Hector Mine rup-
tures, we do not include this detail in our models. Since real
rocks tend to react to high stress concentrations by fractur-
ing, we believe that the stress concentrations that occur at
the ends of cuts in simple, homogeneous elastic-half spaces
are unrealistic and adversely affect estimates of slip distri-
butions more than what would be gained by including de-
tailed, surface-observed rupture geometries. Furthermore,
since we do not have geodetic displacements immediately
adjacent to the ruptures (the GPS sites are not located there
and the interferograms become incoherent near the ruptures),
we cannot resolve the details of slip on overlapping seg-
ments.

A further assumption inherent in elastic half-space Earth
models is that the Earth is not rheologically layered. In fact,
the Earth is layered, so its elastic moduli change with depth.
The effects of using layered Earth models in inversions of
geodetic data are currently being investigated by other work-
ers, and it has been found that surface displacements pre-
dicted by elastic half-space models agree with those pre-
dicted by more realistic, layered models in the near to
intermediate field but not in the far-field (e.g., Hearn et al.,

2002). This is in qualitative agreement with previous studies
examining the differences between surface displacement
fields predicted by homogeneous and layered elastic models
(e.g., Rybicki, 1971; Savage, 1987). For example, in their
model predictions of GPS coseismic displacements of the
1999 Mw 7.5 Izmit, Turkey, earthquake, Hearn et al. (2002)
find that a layered half-space model requires slip (in the same
direction as that of the earthquake) to be added on fault
patches below 9 km depth in order to fit the data as well as
a homogeneous half-space model would fit. They also find
that the differences between far-field displacements pre-
dicted by the homogeneous and layered half-space models
can be as large as 3 cm. This is larger than the errors in the
data. Our current wealth of precise geodetic data is slightly
advanced relative to the availability of tested and easy to use
elastic Earth models.

BEM Modeling

The magnitude of the stress drop on the Landers rupture
is similar to the 8.5 MPa computed independently by Stein
et al. (1992). The direction (17�) of the maximum remote
compressive stress most consistent with the slip distributions
of both ruptures agrees with the direction of background
stress inferred from the focal mechanisms of microseismic
events in the Mojave Desert before the Landers earthquake
(�14�) (Hauksson, 1994). Although the moment of the Hec-
tor Mine earthquake was less than the moment of the Land-
ers earthquake, the shear stress drop may have been the same
or greater, because the rupture area was smaller. Because the
geodetic strain rate (Sauber et al., 1986, 1994; Savage et al.,
1990) is one-third less at the location of the Hector Mine
rupture than at the location of the Landers rupture, it takes
a longer period of time to build up the stress necessary for
a magnitude 7 earthquake. Hence, an inference of similar
levels of fault maturity at the Hector Mine and Landers hy-
pocentral locations is consistent with the combination of
geodetic strain rate estimates and paleoseismologic estimates
of recurrence intervals.

Stress Triggering Using Rate-and-State Friction

Rate-and-state friction has been invoked to describe the
interaction between the 1906 San Francisco earthquake on
the San Andreas fault and a 1911 earthquake on the nearby
Calaveras fault (Harris and Simpson, 1998). The juxtaposi-
tion, dips of the faults, and rakes of slip of the Hector Mine
and Landers ruptures are similar to those of the 1906 and
1911 ruptures. However, although the Hector Mine rupture
was in the stress shadow of the Landers earthquake, just as
the 1911 rupture was in the stress shadow of the 1906 earth-
quake (Harris and Simpson, 1998), the stress shadow cast
by the Landers earthquake on the Hector Mine rupture was
not as large as that cast by the 1906 earthquake on the 1911
rupture. In contrast to the conclusion of Harris and Simpson
that it is possible that the 1906 earthquake delayed the 1911
earthquake if the faults at the 1911 earthquake hypocenter
were already at failure, we conclude that the Landers earth-
quake could have triggered the Hector Mine earthquake but
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that the peak in shear loading was delayed by a period of
years.

Our modeling indicates that the rate-and-state Coulomb
stress change at the Hector Mine hypocenter may have
reached 0.1 MPa (1 bar) within the 7 years following the
Landers earthquake. This amount is of the correct order of
magnitude for static Coulomb stress changes that can trigger
large earthquakes in this region. For example, the Coulomb
stress change induced by the Landers earthquake at the Big
Bear hypocenter was 0.3 MPa (Harris and Simpson, 1992;
Jaume and Sykes, 1992; Stein et al., 1992). In studies that
investigate viscoelastic crustal loading of the Hector Mine
faults postseismic to the Landers earthquake it is found that
the Coulomb stress change from this mechanism at the Hec-
tor Mine hypocenter may have been 0.7 to 2 bars (i.e., 0.07
to 0.2 MPa) (Pollitz, 2000; Wang and Jackson, 2000; Freed
and Lin, 2001). The sum of the viscoelastic Coulomb stress
change and the rate-and-state friction Coulomb stress change
may have ultimately been enough to trigger the Hector Mine
earthquake.

We may go a step further and ask why the Hector Mine
hypocenter nucleated where it did. While there was a cluster
of Landers aftershocks near the future location of the Hector
Mine hypocenter, there was also a cluster of Landers after-
shocks north of its rupture (the Barstow cluster). Why didn’t
a large event happen near the Barstow cluster? To answer
these questions, we should consider not only changes in the
CFF but also changes in normal stress on optimally oriented
planes brought about by the Landers earthquake and recall
that it is the normal stress change that sets the new, post-
event, level of steady-state shear loading. Northwest and
southeast of the Landers rupture, lobes of clamping normal
stress changes occurred on vertical planes trending N30�W,
northeast and southwest of the Landers rupture, lobes of un-
clamping normal stress changes occurred on similarly ori-
ented planes (Scientists of the USGS et al., 2000). Northwest
and southeast of the Landers rupture, the change in the Cou-
lomb failure stress on optimally oriented planes was negative
(e.g., King et al., 1994) and this finding, when combined
with the computed normal stress changes in these regions,
makes it doubly unlikely that earthquakes triggered by the
Landers event would occur in them.

The ML 6.5 Big Bear event occurred 3 hours after the
Landers earthquake to the southeast of the Landers rupture
in a region where there was both unclamping and Coulomb
stress increase on optimally oriented planes. The Barstow
cluster occurred to the northwest of the Landers earthquake
in a region where the Coulomb stress was increased but there
was little change in normal stress. Noting that the Barstow
cluster did not occur on a previously mapped or obvious
fault it is possible that a large earthquake did not nucleate
near the Barstow cluster because of previous recent earth-
quakes on nearby faults (including the 1947 ML 6.2 dextral
Manix earthquake) (Doser, 1990) that affected the stress
field there, or the existence of velocity-strengthening mate-
rials along the buried fault surface. Some surface deforma-
tion over this cluster is apparent in the Landers interferogram

(Price and Sandwell, 1998), so it is possible that significant
strain occurred at depth. The only other candidate region for
an earthquake triggered by Landers is that near the Hector
Mine hypocenter. In this region, there was unclamping and
decreases in the Coulomb stress surmountable by post-
Landers rate-and-state frictional and viscoelastic relaxation
mechanisms.

Conclusions

Joint inversions of GPS and InSAR data for slip on earth-
quake ruptures yield slip distributions of unprecedented de-
tail. Using both types of geodetic data, we can resolve fea-
tures with 6-km half-wavelengths throughout the upper 10
to 15 km of the crust (Fig. 7). These detailed slip distribu-
tions were combined with boundary element methods and
frictional modeling to investigate the interactions between
the 1992 Landers and 1999 Hector Mine earthquakes. Using
boundary element methods, we compute the distribution of
static stress on the Hector Mine rupture that was induced by
slip on the Landers rupture and find the stress drop associ-
ated with each earthquake (7–9 MPa and 8–12 MPa for the
Landers earthquake and the Hector Mine earthquake, re-
spectively) and the orientation of remote stress (17� for both
events) most consistent with the earthquake slip distribu-
tions. Finally, we use the computed static stress drops and
published estimates of regional strain in models employing
rate-and-state friction to investigate the evolution of loading
on the Hector Mine rupture during the years after the Land-
ers earthquake. Using reasonable parameters, we find that
the time-dependent Coulomb stress may have been raised by
0.1 MPa by the time of the 1999 Hector Mine earthquake
and thus contributed to the delayed triggering of that event.
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