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Abstract. We summarize key features of time-dependent viscoelastic stress transfer
following the 1992 My=7.3 Landers and My=7.1 Hector Mine earthquakes in southern
California, for which substantial seismological, geodetic, and geological constraints are
available. The 1999 Hector Mine quake occurred only 20 km from but 7 years after the
1992 Landers event, indicating the possibility of time-dependent postseismic stress
triggering. We developed 3-D viscoelastic models to simulate stress transfer from the
ductile lower crust and/or upper mantle to the brittle upper crust in the 7 years
following the 1992 Landers quake. We further derived viscoelastic parameters that can
reproduce the observed post-Landers horizontal surface deformation. Our calculations
revealed that post-Landers viscous flow in either lower crust or upper mantle can cause
postseismic stress increases of up to 1-2 bars at the Hector Mine hypocenter, potentially
advancing the occurrence of the 1999 Hector Mine earthquake. Furthermore, the
Landers-Hector Mine earthquake sequence has caused significant stress changes on
parts of the southern San Andreas and other faults in southern California. For example,

the combined coseismic and postseismic stress increase is 2.3-3.5 bars on the San
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Bernardino Mountain segment of the San Andreas fault during 1992-2002 and such
stress increase is projected to be 3.6-4.9 bars by 2020. Similarly, calculations predicted
stress buildup on parts of the San Jacinto, Elsinore, and Calico faults in southern
California. In particular, the Calico fault, which is located north of the Landers quake,
showed post-Landers seismicity and stress buildup patterns that are similar to those
observed near the Hector Mine region prior to the 1999 quake. This points to the need to
closely monitor the Calico fault. These and other results indicate the potential important

role of viscoelastic stress transfer in earthquake triggering.

1. Coulomb Stress Concept

One of the widely used criteria to characterize the conditions under which rock
failure occurs is Coulomb failure [Jaeger and Cook, 1979]. The calculation of Coulomb
stress is based on the geometry (strike/dip/rake, Aki and Richards, 2002) and slip of the
stress-inducing earthquake (called source earthquake or source fault), the geometry of a
receiving fault in the region of interest (called receiver fault), and the apparent
coefficient of friction of the crust [e.g., King et al., 1994]. The Coulomb failure stress
change caused by a source earthquake on an adjacent receiver fault can be expressed as

Ac= At + WAG,, (1)
where At, is the change in shear stress in the slip direction of the receiver fault, Ao, is the
change in normal stress (tension positive), and ' is the apparent coefficient of friction
incorporating the influence of pore pressure. We use the term “apparent” to describe
the coefficient of friction because the level of pore pressure, which has a significant
influence on the confining pressure, is poorly known in the southern California crust.

If the location and geometry of a received fault are known, such as for a given
segment of the San Andreas fault, the Coulomb stress change on the receiver fault can be
calculated by resolving the stress tensor of the source quake on the receiver fault. In

most cases, however, the location and geometry of the receiver faults are not known and
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thus must be assumed. In such cases, one option is to choose the plane on which the
Coulomb stress reaches maximum as the plane of failure. For a vertical pure strike-slip
fault, by setting both the x and y axes to be horizontal and the z axis to be vertical, we
can determine the strike 6 of the optimally oriented failure planes from the x-axis
through

O=0+8, (2)
where ¢ is measured from the x axis and can be determined by

¢ =05 tan"[20,,/ (0, - 0,)], 3)
where o,, is the total shear stress when considering both the regional and coseismic
stresses, and o, and o, are the total normal stresses.  marks the angle between the
failure plane and the maximum compressional stress axis, and is a function of the
apparent coefficient of friction u',

B=05tan(1/u). (4)

A significant number of studies in recent years have illustrated good correlations
between calculated positive coseismic stress changes and the locations of aftershocks
[Stein and Lisowski, 1983; Oppenheimer et al., 1988; Reasenberg and Simpson, 1992; Stein et al.,
1992; King et al., 1994; Toda et al., 1998]. It was further proposed that Coulomb stress
transfer might also trigger moderate to large earthquakes [King et al., 1994; Stein et al.,
1994; Harris et al., 1995; Deng and Sykes, 1996; Jaume and Sykes, 1996; Stein, 1999; Lin and
Stein, 2004]. In this article we summarize the key results of our investigations of the
viscoelastic stress relationship between the 1992 Landers and 1999 Hector Mine quakes

and their effects on other faults in southern California.

2. Viscoelasticity and Model Geometry

Prior investigations have suggested that postseismic viscous flow in the lower
crust or upper mantle can cause significant stress and strain increases in the seismogenic
upper crust, causing it eventually to become the main layer to store the strains caused by
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an earthquake [Pollitz and Sacks, 1995, 1997; Freed and Lin, 1998; Deng et al., 1999]. The
1992 Landers and 1999 Hector Mine earthquakes in the Mojave Desert (Figure 1) provide
a unique opportunity to investigate the detailed processes of viscoelastic stress transfer
and earthquake triggering because relatively abundant seismological, geodetic, and
geological constraints are available.

We developed a three-dimensional (3D) viscoelastic model for a wide region of
the Mojave Desert (Figure 2) and utilized a modified I-deas finite-element program (see
http:/ /www.eds.com) [Freed and Lin, 2001]. The lithosphere in the study region is
modeled with a Young’s modulus E that increases with depth according to the
relationship

E=(2/3)(1+v)pV,? (5)
where v is Poisson’s ratio, p is density, and V, is P-wave velocity. Based on the seismic
reflection results of Qu et al. [1994], we divided the lithosphere into a number of layers: E
= 3x10" Pa for depth of 0-3 km, E = 5x10" Pa for 3-10 km, E = 7x10'° Pa for 10-18 km, E =
1.1x10" Pa for 18-28 km, and E = 1.4x10" Pa below 28 km. We also assumed a Poisson
ratio v of 0.25 for all layers.

Relatively fast regional changes in surface deformation have been observed
following the 1992 Landers earthquake through space geodetic measurements [Shen et
al., 1994; Massonnet et al. 1996, Savage and Svarc, 1997; Jackson et al., 1997; Bock et al., 1997].
While a number of mechanisms may have contributed to postseismic surface
deformation, e.g., fault zone collapse [Massonnet et al. 1996], afterslip [Shen et al., 1994;
Savage and Svarc, 1997], and poroelastic rebound [Peltzer et al., 2000; Masterlark and Wang,
2002], it appears that the observed post-Landers horizontal surface deformation at the
time scale of months to years is best explained by viscous flow in either the lower crust
[[vins, 1996; Deng et al., 1998] or upper mantle [Pollitz et al., 2000]. Petrological
considerations argue that a felsic lower crust is weaker than a mafic upper mantle [Kirby

and Kronenberg, 1987], thus favoring viscous flow in the lower crust. On the other hand,
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the limited observations of post-Landers vertical surface deformation appear to be better
explained by models of viscous flow in the upper mantle [Pollitz et al., 2000]. We thus
consider viscous flow in either the lower crust or upper mantle. In the following we first
illustrate the coseismic stress patterns of the 1992 Landers quake, to be followed by a
description of the role of postseismic viscoelastic stress transfer in triggering the 1999
Hector Mine quake. We then illustrate the effects of the Landers and Hector Mine
events on the southern San Andreas and other faults in southern California. In most
cases, a range of values for the apparent friction coefficient, from low (u'=0.2) to
intermediate (u'=0.5) to high (u'=0.8), were examined to test the sensitivity of model

results.

3. Coseismic Stress Changes by the 1992 Landers Quake

The June 1992 My=7.3 Landers event was the largest earthquake in southern
California in several decades. It was preceded by the April 1992 My=6.1 Joshua Tree
quake and followed by the My=6.2 Big Bear major aftershock only three and half hours
later [Hauksson et al., 1993] (Figure 1). To accurately model the Landers source fault, we
used the results of Landers rupture distribution from the joint inversion of seismic travel
time, waveform, and geodetic data [Wald and Heaton, 1994]. We mapped the inferred
Landers slip distribution onto fault geometry according to the observed surface breaks
[Hauksson et al., [1993] (Figure 2c).

The regions of calculated coseismic Coulomb stress increase spread out in a
butterfly-shaped pattern over a large area in southern California (Figure 3). Within a
few months after the Landers quake, a group of aftershocks were observed near the
future Hector Mine epicenter. The occurrence of such aftershock cluster suggests that
the crust near the future Hector Mine epicenter was probably already weak in 1992.
Although the Landers coseismic stress changes might not be sufficient to trigger the

Hector Mine quake itself, the triggering threshold was likely to be close. The calculated
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Coulomb stress results show reasonable agreement with the aftershock locations for
assumed apparent friction in the range of 0.2<u'<0.6. Furthermore the predicted
coseismic horizontal displacement vectors show good agreement with those determined
by GPS and trilateration measurements [Wald and Heaton, 1994] (Figure 4a).

To further illustrate the effects of the Landers quake on the Hector Mine region,
we calculated models in which the receiver faults are assumed to be right-lateral and
have the same strike as the observed Hector Mine surface rupture (N20°W) (Figure 6).
The calculations reveal that the Hector Mine hypocenter is located in a narrow stripe of
positive coseismic Coulomb stress changes and this small positive area is surrounded
both to the north and south by wide regions of negative coseismic stress changes (Figure
6a). We noted, however, that small changes in the assumed Landers slip distribution, its
rupture geometry, or apparent friction can move the calculated area of positive stress
changes by several kilometers. Such sensitivity to the assumed model parameters
illustrates that the coseismic stress changes caused by the 1992 Landers quake on the
future Hector Mine hypocenter are relatively small. This sensitivity also explains the
apparent lack of a consensus among various models on the sign and magnitude of the
calculated coseismic stress changes at the future Hector Mine hypocenter [e.g., USGS et

al., 2000; Parsons and Dreger, 2000].

4. Viscoelastic Stress Changes in the 1999 Hector Mine Epicenter Region

We used the observed surface deformation following the Landers quake to
constrain the viscoelastic parameters in our stress models. We found that models of
viscous flow in either the lower crust or upper mantle can reproduce reasonably well the
observed horizontal deformations in both the far-field (Southern California Earthquake
Center, 2001; Figure 4b) and near-field regions (Savage and Svarc, 1997; Figures 4c, 4d, 5)
during October 1992 to December 1995. Similarly, the observed accumulated horizontal

deformation at the USGS GPS station OLDW from October 1992 to January 1998 [Savage
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and Svarc, 1997, Prescott, 2001] is matched reasonably well by models of viscous flow in
either the lower crust or upper mantle (Figure 4e). For the lower crustal flow model, the
calculated best-fitting viscosity is =3 x 10" Pa-s for a viscous layer in the lower crust at
depth of 18-28 km. For the upper mantle flow model, the best-fitting viscosity values are
n=5 x 10" Pas for depth of 28-50 km and n=3 x 10" Pas for depth of 50-120 km.

The 1992 Landers quake has caused a large lobe of positive coseismic Coulomb
stress changes in the lower crust and upper mantle of the Hector Mine region (Figure
6a). If either the lower crust or upper mantle is viscous and thus unable to sustain this
stress load during the months and years following the Landers quake, this deep lobe of
coseismic Coulomb stress increase must migrate into the brittle upper crust as the lower
crust or upper mantle relaxes. The rate of such stress migration depends directly on the
viscosity of the lower crust and upper mantle of the Mojave Desert. For the model of
viscous flow in the lower crust, we calculated that the postseismic Coulomb stress
increase at the Hector Mine hypocenter is up to 1 bar during 1992-1999 (Figures 6¢ and
7). For the viscous upper mantle flow case, the calculated postseismic stress increase at
the Hector Mine hypocenter is up to 2 bars during 1992-1999 (Figures 6e and 7). Thus
the postseismic stress changes provide a viable mechanism for explaining the delayed
triggering of the Hector Mine earthquake. The calculated evolution of Coulomb stresses
along the Hector Mine cross section as a function of time is further illustrated in Figure
11.

The calculated postseismic stress changes following the Landers quake seems to
correlate with the spatial extent of the 1999 Hector Mine rupture zone. Along the Hector
Mine rupture plane, the region of calculated postseismic stress increase extends over the
two-third and full length, respectively, of the eventual Hector Mine rupture surface in
models of viscous flow in the lower crust (Figure 6¢) and upper mantle (Figure 6e).
Meanwhile, the combined coseismic and postseismic stress changes remained negative

near and beyond the lateral ends of the Hector Mine rupture surface (Figures 6b and 6d).
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The above correlation raised an interesting possibility that the extent of the Hector Mine
rupture zone might be influenced by the region of combined coseismic and postseismic
stress changes. However, it is also possible that such apparent correlation is
coincidental and that the actual rupture extent of the Hector Mine quake was controlled
by other factors such as earthquake dynamic rupture processes or mechanical

heterogeneity in the crust.

5. Coseismic Stress Changes by the 1999 Hector Mine Quake

When modeling the stresses associated with the 1999 My=7.1 Hector Mine
earthquake, we used the detailed slip distribution inferred from the inversion of
traveltime and waveform records of regional and local seismic stations [Dreger and
Kaverina, 2000]. This slip distribution was assumed to be purely right-lateral strike-slip
and was mapped onto a vertical plane with geometry based on observed surface
ruptures. We found good correlation between the observed GPS coseismic horizontal
deformation [Agnew et al., 2002] and that calculated for the Hector Mine earthquake by
our model (Figure 4f). Most of the Hector Mine aftershocks appear to be confined
within a narrow stripe that is roughly N-S oriented and over areas of calculated stress

increases (Figure 8b).

6. Stress Changes on the San Andreas Fault by the Landers-Hector Mine Quakes

The Mojave, San Bernardino Mountain, and Coachella Valley segments of the
San Andreas fault (Figure 1) lie within the region of static stress influence of the 1992
Landers and 1999 Hector Mine earthquakes. All of these three segments of the southern
San Andreas fault are capable of producing My>7.5 major earthquakes [Working Group
on California Earthquake Probabilities, 1988]. Paleoseismicity studies indicated that the last
major earthquake on the Mojave segment was in 1857 and the estimated repeat time of
major quakes is about 130 yr and the San Bernardino Mountain segment last ruptured in
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1812 [Jacoby et al., 1988; Sieh et al., 1989]. The Coachella Valley segment last ruptured in
1680 with a repeat time of >235 yr [Sieh, 1986; Stein et al., 1992]. While recognizing that
the estimated repeat times of these fault segments are associated with large
uncertainties, it is possible that these fault segments might be late in their earthquake
cycle. Thus even relatively small stress increases on these fault segments may be
sufficient to trigger a major earthquake.

We illustrate the evolution of coseismic and postseismic stress changes on the
southern San Andreas fault and surrounding region in Figures 9. The examples shown
are for calculations assuming that the receiver faults have a strike of N60°W and have
relatively low values of apparent friction (u'=0.2) based on the previous studies that
argued that the San Andreas is relatively weak [Zoback et al., 1987; Harris et al. 1995;
Parsons et al., 1999; Toda and Stein, 2002]. Our detailed solutions reveal that the
calculated coseismic Coulomb stress increases could reach up to 1.8 bars along the
central part of the San Bernardino Mountain segment (assuming a strike of N60°W) and
3 bars in the San Gorgonio pass area (assuming a strike of N85°W). In contrast,
calculations reveal a stress decrease of 1.5 bars along the western edge of the Coachella
Valley segment (assuming a strike of N50°W) and a decrease of 0.5 bars on the Mojave
segment (assuming a strike of N65°W) (Figures 9a and b).

Most importantly the calculation results suggest that postseismic stresses
continue to build up on parts of the southern San Andreas fault years after the Landers
and Hector Mine quakes. The calculated combined coseismic and postseismic stress
changes during 1992-2001 are shown in Figures 9c and d for a model of viscous flow in
the upper mantle with low apparent friction (u'=0.2) and a strike of N60°W for receiver
faults. Along the San Bernardino Mountain segment, the region of stress increase (red
area) in the brittle upper crust is calculated to have spread from a 40-km-wide zone
immediately after the 1992 earthquakes (Figures 9b) to a 70-km-wide zone by 2001

(Figures 9d). This zone of stress increase is calculated to further grow to 85 km wide by
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2020 (Figures 9f). Some recent preliminary studies have suggested that the stress-strain
rate relationship for the crust and mantle may be non-linear with the effective viscosity
increasing with time as stresses diminish [Pollitz et al., 2001]. Thus the stress results from
our models of uniform viscosity should be considered upper bounds and may have over
predicted the rate of stress changes for later years.

The calculated evolution of Coulomb stress changes as a function of time within
the central San Bernardino Mountain and western Coachella Valley segments is further
illustrated in Figure 10. The solutions were obtained for models of viscous flow in the
lower crust and upper mantle and for assumed apparent friction of u'=0.2, 0.5, and 0.8,
respectively. These results show that the calculated pattern of stress evolution in the
brittle upper crust is not overly sensitive to whether postseismic viscous flow occurs in
the lower crust or upper mantle. The San Bernardino Mountain segment is calculated to
have a projected stress increase of 3.6-4.9 bars by 2020. In contrast, the Mojave segment
is predicted to be associated with a stress decrease of 1.5 bars by 2020. Meanwhile, the
calculated stress changes on the Coachella Valley segment are very sensitive to the
assumed apparent friction: the stress changes are negative for the low and immediate
values of apparent friction (u'=0.2 and 0.5) but are positive for the high friction case
(w'=0.8). The calculated stress evolution along the southern San Andreas fault as a

function of time is further illustrated in Figure 12.

7. Stress Changes on Other Faults in Southern California

In addition to the San Andreas fault, several other fault systems in southern
California also lie within the region of static stress influence of the Landers and Hector
Mine earthquakes, including the San Jacinto and Elsinore fault zones that are located
close to the Los Angeles and San Diego areas and are capable of producing My=6.5-7
earthquakes [Anderson et al., 1989; Rockwell et al., 1990; Sanders and Magistrale, 1997]. We
calculated that Coulomb stress increase could reach up to 3 bars by 2020 on a portion of
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the San Jacinto fault that last ruptured in 1899 during an My=6.7 quake [Hanks et al.,
1975] (Figure 9¢e). Meanwhile, the northern part of the Elsinore fault is calculated to be
associated with a stress increase of about 1 bar by 2020 (Figure 9e).

To the north of the Landers rupture zone, the Calico, Lenwood, and Blackwater
faults all lie within the distance of stress influence of the Landers and Hector Mine
quakes (Figure 9). We calculated Coulomb stress increases of up to 3 bars on the
northern part of the Calico fault and the southern edge of the Blackwater fault by 2020
(Figure 9e). Immediately after the 1992 Landers quake, clusters of aftershock were
observed near the Calico fault [Hauksson et al., 1993], suggesting that part of the Calico
fault might be close to failure. This pattern of aftershock clustering is similar to that
noticed in the Hector Mine epicenter region prior to the 1999 earthquake. Furthermore
our calculations suggest that Coulomb stresses on parts of the Calico fault continue to
increase due to postseismic viscous relaxation of the lower crust or upper mantle
(Figures 9a, ¢, and e). Thus the Calico fault warrants close monitoring. In contrast, the

southern part of the Lenwood fault is in a region of calculated stress decrease (Figure 9).

8. Conclusions

Our calculations revealed that during the 7 years after the 1992 Landers quake,
viscous relaxation of the lower crust or upper mantle in the Mojave Desert may have
caused postseismic stress increases of up to 1-2 bars at the Hector Mine hypocenter,
potentially advancing the occurrence of the 1999 Hector Mine earthquake. The Landers
and Hector Mine quakes in turn are calculated to have caused significant stress changes
on parts of the southern San Andreas and other faults in southern California. Both the
San Bernardino Mountain segment of the San Andreas fault and the Calico fault north of
the Landers region are calculated to be undergoing stress buildup since 1992. The San
Bernardino Mountain segment is capable of producing large earthquakes and may be

relatively late in its quake cycle, while the Calico fault has shown post-Landers
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seismicity pattern similar to that observed in the Hector Mine epicenter region prior to
the 1999 Hector Mine quake. Thus both the San Bernardino Mountain segment and the
Calico fault warrant particular attention. We argue that viscoelastic stress transfer in the
lower crust and upper mantle could potentially play an important role in earthquake

triggering.
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Figure Caption

Figure 1. Map showing the southern San Andreas and other faults in the Mojave Desert.
Also shown are four significant earthquakes during 1992-1999 with the circle size
proportional to earthquake magnitude. Marked cities: B—Barstow, SB—San

Bernardino, PS—Palm Springs, P—Palmdale, and CP—Cajon Pass.

Figure 2. (a) We used a cylindrical viscoelastic finite element model to calculate
Coulomb stress changes caused by the 1992 Landers and 1999 Hector Mine earthquakes.
(b) Detailed fault geometry in the center of the model domain. (c) We explicitly used the

observed slip distribution of Wald and Heaton [1994] to specify the Landers rupture.

Figure 3. (a) Correspondence between the calculated coseismic Coulomb stress changes
caused by the 1992 Landers earthquake sequence (color) and the seismicity (My > 3,
dots) observed during a period from immediately after the Landers quake (June 28,
1992) to right before the Hector Mine event (October 16, 1999). Black lines denote faults
that ruptured in 1992: Landers (L), Big Bear (BB), and Joshua Tree (JT). All quakes are
right-lateral strike slip except for the Big Bear quake that is left lateral. Black on yellow
line marks the location of the future 1999 Hector Mine (HM) quake with the epicenter
shown as a star. Dashed line shows the San Andreas (SA) fault. The stresses are shown
for example calculations assuming apparent coefficient of friction u'=0.4. We calculated
the orientations of receiver faults by considering both coseismic stresses and a 100 bar
regional compressional stress field with its maximum compression axis at N7°E [Stein et
al., 1992; King et al., 1994]. (b) Details of the rupture segments in the northern Landers
region: CR—Camp Rock, E—Emerson, and HV—Homestead Valley. Dotted lines show
the potential buried E-W rupture surfaces inferred from the study of Dreger and Kaverina
[2000].
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Figure 4. (a) Observed GPS coseismic horizontal surface deformation [Wald and Heaton,
1994] and calculated surface deformation from our Landers coseismic model. (b)
Observed far-field postseismic (October 1992 to December 1995) horizontal surface
deformation from GPS measurements [SCEC, 2001] and calculated postseismic
deformation from models of viscous flow in the lower crust or upper mantle. (c)
Observed GPS near-field postseismic (October 1992 to December 1995) horizontal
deformation along USGS Emerson transect [Savage and Svarc, 1997] and calculated
deformation. (d) Magnitude of observed GPS near-field postseismic (October 1992 to
December 1995) horizontal deformation along the USGS Emerson transect (circles)
[Savage and Svarc, 1997] and that predicted by lower crustal flow models with assumed
lower crustal viscosity values of 1x10'"® Pa s (short dashed line), 3x10* Pa s (solid line),
and 5x10" Pa s (long dashed line), respectively. (e) Observed accumulated deformation
at GPS station OLDW from October 1992 to January 1998 (circles) [Savage and Swvarc,
1997; Prescott, 2001] and accumulated deformation predicted by models of viscous flow
in the lower crust or upper mantle. (f) Observed GPS coseismic horizontal surface
deformation associated with the 1999 Hector Mine quake [Agnew et al., 2002] and that
predicted by our coseismic models for the Hector Mine quake. Marked fault segments
in (a)-(c) and (f): L—Landers, BB—Big Bear, JT—Joshua Tree, HM—Hector Mine, and

SA—San Andreas fault.

Figure 5. Observed GPS near-field postseismic (October 1992 to December 1995)
horizontal deformation along the USGS Emerson transect (circles) [Savage and Svarc,
1997] and that predicted by lower crustal flow models with assumed lower crustal
viscosity values of 2x10'"® Pa s (short dashed line), 4x10" Pa s (solid line), and 6x10'® Pa s

(long dashed line), respectively. The displacements were resolved into components that
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are normal (a) and parallel (b), respectively, to the overall trend of the Landers rupture

zone. The location of transect is shown in Figure 4c.

Figure 6. (a) Calculated coseismic Coulomb stress changes caused by the 1992 Landers
earthquake sequence. Stresses are shown both for the top ground surface and for a cross
section along the rupture surface of the future Hector Mine earthquake (defined by black
within yellow line). Black star shows the future Hector Mine hypocenter. White lines
on the top ground surface show the 1992 ruptures: Joshua Tree (JT), Landers (L), and Big
Bear (BB). Calculations were made assuming that the receiver faults have the same
orientation as the Hector Mine rupture zone (N20°W) and that the apparent friction is
relatively high (u'=0.8) as inferred from Parsons and Dreger [2000]. (b) Calculated
combined coseismic and 7 years of postseismic Coulomb stress changes for a model of
viscous flow in the lower crust. (c) Calculated postseismic Coulomb stress changes
caused solely by lower crustal viscous flow during 1992-1999. (d) Calculated combined
coseismic and 7 years of postseismic Coulomb stress changes for a model of viscous flow
in the upper mantle. (e) Calculated postseismic Coulomb stress changes caused solely

by upper mantle viscous flow during 1992-1999

Figure 7. Calculated Coulomb stress changes at the Hector Mine hypocenter as a
function of time for various assumed values of apparent friction and for models of
viscous flow in the lower crust (a) and upper mantle (b). Note that all models suggest

increases in postseismic Coulomb stress with time at the Hector Mine hypocenter.

Figure 8. (a) Calculated coseismic Coulomb stress changes caused by the 1999 Hector
Mine earthquake. (b) Calculated combined coseismic and postseismic stress changes
caused by the 1992 Landers and 1999 Hector Mine quakes as well as viscous flow in the

lower crust during 1992-2000. Aftershocks (My > 3) that occurred following the October,
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1999 Hector Mine quake through July 2000 are shown as white circles. Receiver fault
orientations were calculated considering both coseismic stresses and a regional stress
field with its maximum compression axis at N7°E [Stein et al., 1992; King et al., 1994].
Stresses shown are for example calculations assuming apparent coefficient of friction
w'=0.4. The color scale of the calculated stress changes is similar to that of Figure 3.
Marked faults: L—Landers; HM—Hector Mine; JT—Joshua Tree; BB—Big Bear; SA—San

Andreas.

Figure 9. (a) Map showing calculated coseismic Coulomb stress changes caused by the
1992 ruptures (white solid lines): JT—Joshua Tree, L—Landers, and BB—Big Bear. Black
and while dashed lines mark the San Andreas fault: MS—Mojave segment, SBMS—San
Bernardino Mountain segment, and CVS—Coachella Valley segment. White dashed line
denotes the future 1999 Hector Mine (HM) rupture zone. Black lines show other faults
in the region: SJF—San Jacinto, EF—Elsinore, CF—Calico, LF—Lenwood, and
BWF—Blackwater. (b) Same as panel a but stresses are shown for top surface and a
cross section (front) along the San Andreas fault. Stars in the cross section indicate the
San Bernardino Mountain and Coachella Valley segments, respectively, where stresses
are sampled for Figure 10. (c), (e): Same as panel a but with addition of coseismic stress
changes caused by the 1999 Hector Mine earthquake and postseismic relaxation during
periods of 1992-2001 and 1992-2020, respectively. Postseismic stress calculations shown
in this figure are for a model of viscous flow in the upper mantle. (d), (f): Same as panels
c and e, respectively, but stresses are shown for top surface and a cross section (front)
along the San Andreas fault. Receiver faults are assumed to strike N60°W. The
apparent coefficient of friction is assumed to be relatively low (u'=0.2) since prior
investigations have suggested that the San Andreas fault is relatively weak [Zoback et al.,

1987; Harris et al. 1995; Parsons et al., 1999; Toda and Stein, 2002].
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Figure 10. Calculated Coulomb stress changes on the San Bernardino Mountain
segment (a) and Coachella Valley segment (b) of the San Andreas fault as a function of
time since 1992. The stress sampling locations are shown as stars in Figure 9b.
Calculations are shown for coseismic stress changes caused by the 1992 Landers and
1999 Hector Mine earthquakes as well as postseismic stress changes for models of
viscous flow in the lower crust and upper mantle, respectively. Results are shown for
various assumed apparent friction, corresponding to weak (u'=0.2), intermediate
(u'=0.5), and strong (u'=0.8) fault models. All calculations assumed strike directions of
N60°W for the San Bernardino Mountain segment and N50°W for the Coachella Valley

segment.

Figure 11. Calculated combined coseismic and postseismic changes in Coulomb stress
in the vicinity of the Hector Mine region for a model of viscous flow in the lower crust.
All calculations assumed the Hector Mine fault is relatively strong with apparent friction
w'=0.8 as inferred from Parsons and Dreger [2000]. Results are shown for (a) right after
the 1992 Landers quake, (b) 1993, (c) 1995, (d) 1997, and (e) immediately before the 1999

Hector Mine quake.

Figure 12. Calculated combined coseismic and postseismic changes in Coulomb stress
in the vicinity of the San Andreas fault for a model of viscous flow in the upper mantle.
All calculations assumed the San Andreas fault is relatively weak with apparent friction
w'=0.2 as inferred from prior studies [Zoback et al., 1987; Harris et al. 1995; Parsons et al.,
1999; Toda and Stein, 2002]. Results are shown for (a) right after the 1992 Landers quake,

(b) immediately before the 1999 Hector Mine quake, (c) 2000, and (d) projection to 2022.
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