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State of Stress from Focal Mechanisms Before and After
the 1992 Landers Earthquake Sequence

by Egill Hauksson

Abstract The state of stress in the Eastern California Shear Zone (ECSZ)
changed significantly because of the occurrence of the 1992 My, 6.1 Joshua Tree
and the My 7.3 Landers earthquakes. To quantify this change, focal mechanisms
from the 1975 Galway Lake sequence, the 1979 Homestead Valley sequence,
background seismicity from 1981 to 1991, and the 1992 Landers sequence are
inverted for the state of stress. In all cases, the intermediate principal stress axis
(S,) remained vertical, and changes in the state of stress consisted of variations
in the trend of maximum and minimum principal stress axes (§; and S3) and
small variations in the value of the relative stress magnitudes (¢). In general,
the stress state in the ECSZ has S, trending east of north and ¢ = 0.43 to 0.65,
suggesting that the ECSZ is a moderate stress refractor and the style of faulting
is transtensional.

South of the Pinto Mountain fault, in the region of the 1992 Joshua Tree
earthquake, the stress state determined from the 1981 to 1991 background seis-
micity changed on 23 April and again on 28 June 1992. In the central zone, S,
rotated from N14° = 5°E to N28° * 5°E on 23 April and back again to N16°
+ 5°E on 28 June. Thus, the Landers mainshock in effect recharged some of
the shear stress in the region of the My, 6.1 Joshua Tree earthquake.

Comparison of the state of stress before and after 28 June 1992, along the
Landers mainshock rupture zone, showed that the mainshock changed the stress
orientation. The §; trend rotated 7° to 20° clockwise and became progressively
more fault normal from south to north. Along the Emerson—Camp Rock faults,
the variation was so prominent that the focal mechanisms of aftershocks could
not be fit by a single deviatoric stress tensor. The complex distribution of P
and T axes suggests that most of the uniform component of the applied shear
stress along the northern part of the rupture zone was released in the mainshock.

The San Bernardino Mountains region of the My 6.2 Big Bear earthquake
has a distinctively different state of stress, as compared to the Landers region,
with §; trending N3° = 5°W. This region did not show any significant change
in the state of stress following the 1992 My, 6.2 Big Bear sequence.

Introduction

The 1992 (M, 6.1, 7.3, and 6.2) Landers earth-
quake sequence (Fig. 1) clearly changed the state of stress
in southern California. These changes, however, are dif-
ficult to interpret, in part because the background stress
state has only been determined in limited places, such
as along the San Andreas fault (Jones, 1988), in the Anza
Seismic Gap along the San Jacinto fault (Hartse et al.,
1994), and in the Los Angeles basin (Hauksson, 1990).
Zoback et al. (1987) and Mount and Suppe (1992) have
suggested that the stress state in southern California is
controlled by the San Andreas fault zone. In their inter-
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pretation, the San Andreas fault zone is a weak fault
(which in an extreme case can be thought of as a free
surface) and acts as a stress refractor. Such a weak San
Andreas fault could control the stress out to a distance
of 100 km on either side (Zoback et al., 1987).

The weak fault model was developed initially for the
San Andreas fault in central California, where stress di-
rections, geological, and geophysical data are consistent
with the weak fault interpretation (Mount and Suppe,
1987). Several lines of evidence, however, suggest that
the weak fault model may not apply as well to the San
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Andreas fault in southern California. For instance, Son-
der (1990) pointed out that the maximum principal stress
axis (S;) trends in the Transverse Ranges are oriented
23° more northerly as compared to S, trends in most other
places in central and southern California. She modeled
these as being related to the negative buoyancy density
anomaly beneath the Transverse Ranges and not con-
trolled exclusively by the San Andreas fault. Jones (1988)
showed from stress inversions of local earthquakes oc-
curring near the San Andreas fault that the S, in general
is oriented 43° to 68° north of the strike of the San An-
dreas fault, which only partially supports the weak fault
hypothesis. Thus, the state of stress and the overall im-
portance of the weak San Andreas fault in southern Cal-
ifornia remains poorly understood.

In addition to weak faults and density anomalies in
the lithosphere, the state of stress is also affected by co-
seismic stress changes or the time since the last major
earthquake. The 1989 M; 7.1 Loma Prieta earthquake
released most of the shear stress applied to that segment
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of the San Andreas fault system (Michael et al., 1990;
Beroza and Zoback, 1993; Zoback and Beroza, 1993).
Beroza and Zoback (1993) also suggested that the re-
maining stress field was a fault-normal uniaxial com-
pressive field, which caused a great diversity of after-
shock focal mechanisms. Looking farther away from the
mainshock rupture, Reasenberg and Simpson (1992)
showed that the changes in the static stress field affected
the rate of background seismicity up to 80 to 100 km
away from the rupture zone of the Loma Prieta earth-
quake. Similarly, several attempts have been made to
predict stress changes through modeling of the stress drop
of the Landers mainshock and its effect on major faults
in southern California (Harris and Simpson, 1992; Jaume
and Sykes, 1992; Stein et al., 1992).

To contribute to the determination of both the re-
gional static stress field and the co-seismic stress changes,
this article focuses on determining the state of stress be-
fore and after the 1992 Joshua Tree, Landers, and Big
Bear earthquakes in the immediate vicinity of the surface
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Figure 1.

Map of southern California including the eastern California shear

zone (Dokka and Travis, 1990), showing major faults from Jennings (1975), and
the locations and first-motion focal mechanisms of the 1992 My, 6.1 Joshua Tree,
My, 7.3 Landers, and My, 6.2 Big Bear earthquakes and aftershocks of M = 3.
Aftershocks of M = 5 are shown as stars. Palm trees indicate locations of cities.
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rupture (Fig. 1). These three events were preceded by
background seismicity and caused abundant aftershock
activity in the Eastern California Shear Zone (ECSZ),
which is used to calculate focal mechanisms and to de-
termine the state of stress. The earthquake data set from
the 1992 Landers sequence consists of more than 60,000
recorded earthquakes in 1992. This article gives a pre-
view of possible stress studies and will undoubtedly be
followed by numerous more detailed articles. This arti-
cle is a sequel to the article by Hauksson ez al. (1993)
that presented detailed seismicity and focal mechanism
plots from this sequence.

Data and Approach

Earthquake data recorded by the California Institute
of Technology/U.S. Geological Survey (CIT/USGS)
Southern California Seismic Network were analyzed
in this study. Two velocity models and a corresponding
set of station delays from Hauksson et al. (1993) were
used to calculate hypocenters and take-off angles in this
study. Almost 3000 single-event, lower-hemisphere fo-
cal mechanisms were determined from P-wave first-mo-
tion polarities using a grid-searching algorithm and com-
puter programs developed by Reasenberg and
Oppenheimer (1985). Focal mechanisms were deter-
mined for earthquakes from the following: (1) 1975 Gal-
way Lake sequence; (2) 1979 Homestead Valley se-
quence; (3) background seismicity from 1981 to 1991;
(4) 1992 Joshua Tree sequence; and (5) 1992 Landers
sequence, including the Barstow and Big Bear se-
quences.

A stress inversion technique developed by Michael
(1984) was used to invert for the state of stress. The
inversion assumes that the regional stress field is a con-
stant tensor, that all slip events are independent, and that
the magnitude of the tangential traction (or |T) applied
to each fault plane is similar. The third assumption is
equivalent to assuming that [T = 1, because only relative
stress magnitudes can be calculated. The inversion min-
imizes the misfit angle (8) between the directions of the
common shear stress on the fault planes and the observed
slip direction on each plane determined from the focal
mechanism. The inversion solves for the orientation of
the three principal stress axes and the ¢ value, a measure
of the relative magnitude of the principal stresses defined
as

¢ = (S, — S8)/(S; — S3),

where S|, S,, and S; are the maximum, intermediate, and
minimum compressive principal stress axes.

One plane must be selected from each focal mech-
anism as the actual fault plane (Michael, 1987a). In gen-
eral, north to northwest striking, right-lateral planes in
strike-slip focal mechanisms were chosen. North-dip-

ping planes in the reverse or thrust mechanisms were
chosen because these are assumed to be more consistent
with the geological deformation than the south-dipping
planes (Dokka and Travis, 1990). The planes indicating
faulting down to the south or east were chosen for the
normal faulting mechanisms. In general, the choice of
planes does not affect the results of the stress inversion,
but may affect the size of the 95% confidence region
(Michael, 1987a).

Although the geological information makes it pos-
sible to select many planes correctly, other planes may
be picked incorrectly. This is accounted for in the boot-
strap technique used to calculate the confidence limits
for the orientations by assuming that a certain percentage
of the planes are picked incorrectly (Michael, 1987b).
For most of the inversions, presuming 10% of the planes
were picked incorrectly gives the average 95% confi-
dence intervals of about 10° for the S, trend. The largest
95% confidence intervals of 20° to 25° are obtained for
S, trends from small data sets, with less than 30 focal
mechanisms. In this article, the error bars represent the
95% confidence limits.

The average uncertainties in the strike, dip, and rake
of the focal mechanisms are 10°, 18°, and 20°, respec-
tively. The results of the inversion provide average mis-
fit angles (B) generally in the range of 17° to 44° (Table
1). According to Michael (1991), the 8 values of up to
44°, given the uncertainties in the focal mechanisms,
provide a valid fit to a single deviatoric stress tensor.
For the aftershocks located along the Emerson—Camp
Rock faults, however, the misfit exceeds 70°, meaning
they could not be fit by a single deviatoric stress tensor.
The standard deviation of ¢ ranged from 0.11 to 0.26.

In all cases, the S, is vertical, and the relative mag-
nitude of the stresses (¢) ranges from 0.43 to 0.90. The
¢ values of 0.4 to 0.6 and vertical S, indicate that all
the three principal stresses are different, and the style of
faulting is predominantly strike slip. Similarly, the ¢
values of 0.7 to 1 and vertical S, indicate that the mag-
nitude difference between §; and S, has decreased, and
the style of faulting is strike slip mixed with normal
faulting.

Results

Most of the stress changes caused by the occurrence
of the My, 6.1 Joshua Tree and the M, 7.3 1992 Landers
earthquakes consist of variations in the trend of S, and
small variations in the value of ¢, while S, remains ver-
tical (Table 1). To facilitate description of spatial and
temporal variations, the region is divided into the fol-
lowing four main areas: (1) Little San Bernardino Moun-
tains; (2) Landers zone; (3) Barstow region; and (4) San
Bernardino Mountains.
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Little San Bernardino Mountains

The Little San Bernardino Mountains (LSBM) are
defined here as the region between the Pinto Mountain
fault to the north, the San Andreas fault on the southwest
side, and an eastern boundary formed by a north—south
line 116°W (the approximate eastern boundary of the
Joshua Tree aftershock zone) extending from Indio to the
Pinto Mountain fault (Fig. 2). To determine the spatial
distribution of stress within the LSBM, the slip vectors
from the focal mechanisms were grouped into three
subregions. The first subregion (Blue Cut) is south of
the 1992 mainshock, extending to the San Andreas fault
north of Indio. The second subregion (Joshua Tree) ex-
tends 10 km to the north from the mainshock epicenter.
The third subregion (Eureka Peak) extends from the north
end of the Joshua Tree mainshock rupture to the Pinto
Mountain fault. These three subregions experienced
background seismicity from 1981 to 1991 and intense
aftershock activity during 1992.

Stress from 1981 to 1991 Seismicity. Focal mecha-
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nisms of the background seismicity from 1981 to 1991
were used to determine the state of stress before 1992
in the LSBM (Fig. 2a). This background seismicity con-
sisted of scattered activity and several smaller clusters,
such as a swarm of earthquakes in 1985. In general, this
background seismicity coincided spatially with the 1992
aftershocks.

Overall, the results of the stress inversion showed
that the S, trended east of north, N24° £+ 5°E in the Blue
Cut region, N14° + 5°E in the Joshua Tree region, and
N3° = 10°E in the Eureka Peak region (Fig. 2a). The
stress state is better constrained in the Blue Cut and the
Joshua Tree regions; the stress state in the Eureka Peak
region has large 95% confidence limits because of the
small number of mechanisms available. In spite of this
large 95% confidence interval, this stress state is statis-
tically different from the ones to the south. The earth-
quakes that contribute to it are located to the northwest
and may be influenced by the state of stress in the San
Bemardino Mountains, which is discussed later. Jones
(1988) and Williams et al. (1990) found a similar stress
field, with S, trending about N20°E in the LSBM region.

Table 1
State of Stress in the Eastern California Shear Zone

Average

Maximum Intermediate Minimum Misfit Angle
Principal Principal Principal B
Fault  Number Stress Stress Stress Standard
Data Set Azimuth  of Planes ¢ Trend Plunge Trend Plunge Trend Plunge  Mean  Deviation

Joshua Tree Zone
1981-1991, Blue Cut 194 0.52 —156° 9° 16° 81° 114° 1° 23° 21°
1981-1991, Joshua Tree 194 0.54 -166° 18° ~10° 71° 101° 7° 28° 23°
1981-1991, Eureka Peak 27 0.70 3° 8° —-167° 82° 93° 1° 28° 23°
April-27 June 1992, Blue Cut 184 0.70 -161° 17° 3 73 107° 4° 30° 24°
April-27 June 1992, Joshua Tree 340° 356 0.70 -152° 11° 61°  I7° —-61° 7° 30° 24°
April-27 June 1992, Eureka Peak 28 0.90 —153° 17° 41° 72° —62° 4° 17° 25°
28 June—December 1992, Blue Cut 88 0.75 —158° 20° -5° 68° 109° 9° 29° 22°
28 June—December 1992, Joshua Tree 117 0.67 —164° 26° 17 64° —74° 1° 26° 21°
28 June—December 1992, Eureka Peak 342° 210 0.70 —167° 1° 78° 88° -77° 2° 27° 24°
Landers zone
Galway Lake 1975 328° 20 0.50 —154° 2° -53° 79° 115° 11° 14° 14°
Homestead Valley 1979 355° 139 0.50 33° 1° 139° 85° -57° 5° 22° 17°
'1981-1991 N/A 72 0.65 —-157° 3° 89° 82° —-67° 7° 30° 25°
Landers zone 1992
Yucca Valley 2350° 100 0.84 —150° 7° 52° 82° —-60° 3° 30° 3t°
Johnson Valley fault 350° 120 0.44 —158° 3° 67° 86° —68° 3° 36° 42°
Landers fault 5° 84 0.62 40° 12° —105° 76° 131° 8° 44° 39°
Homestead Valley fault 332° 144 0.89 —134° 14° 50° 76° —44° 1° 43 42°
Emerson—Camp Rock 316° heterogeneous stress

Emerson fauit 316° 189 0.88 —145° 63° 38° 27° —53° 1° 60° 47°

Camp Rock fault 316° 180 0.49 -31° 16° 109° 69° ~125° 13° 52° 50°
Barstow zone
Barstow 337° 157 0.59 -156° 2° —49° 82° 113° 8° 24° 22°
Big Bear zone
1981-1991 N/A 86 0.43 177° 7° 24° 82° -93° 4° 24° 20°
June—December 1992 55° 650 0.45 177° 11° —-34° 7 86° 7° 26° 24°
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Because these stress measurements are an average over
a decade, we implicitly presume that the stress did not
change significantly during that time period.

The style of faulting varies among the three regions,
with the Blue Cut and Joshua Tree regions having north
to north-northwest striking mostly strike-slip faulting with
¢ = 0.52 = 0.15 and ¢ = 0.54 = 0.17, while the Eu-
reka Peak region has a mixed strike-slip and normal
faulting regime with ¢ = 0.7 = 0.17. The LSBM are
not dominated by one fault structure, and many small
strike-slip faults exist in the region with different strikes
(Dibblee, 1967; Rymer, 1992).

Stress from 23 April to 27 June 1992 Aftershocks. The
23 April 1992 Joshua Tree mainshock was followed by
more than 6000 recorded aftershocks (Hauksson et al.,
1993) (Fig. 2b). The stress state that was determined from
focal mechanisms of 570 of these events is similar in the
Blue Cut, Joshua Tree, and Eureka Peak regions, with
S, trending N18° + 5°E, N28° + 5°E, and N26° + 12°E,
respectively. In the Joshua Tree area, the S, trend is 48°

Little San Bernardino Mountains
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clockwise from the fault strike, inferred from the nodal
plane of the mainshock focal mechanism (Fig. 1). In all
three regions, ¢ increased by 0.2 from 0.52 = 0.15,
0.54 £ 0.17,and 0.7 £ 0.17t0 0.7 = 0.17, 0.7 £ 0.18,
and 0.9 + 0.12, respectively. A larger ¢ means that S,
is closer to the vertical §, in magnitude, which is as-
sumed to be constant.

Stress from 28 June to 31 December 1992 Aftershocks.
The My, 7.3 Landers mainshock caused numerous after-
shocks in the Eureka Peak region and reactivated after-
shock activity in the Joshua Tree and Blue Cut regions
(Hauksson et al., 1993).

The stress states determined from the aftershocks
following 28 June show that the three subregions now
have S, trends N22° + 7°E, N16° = 5°E, and N13° +
5°E, respectively (Fig. 2c). The ¢ value decreased only
in the Eureka Peak region, from ¢ = 0.9 = 0.12to ¢
= 0.7 = 0.16, returning to its pre-Joshua Tree value.
The S, trend of N13° to 22°E represents a significant ro-
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Figure 2.  Seismicity and stress inversion results for the Little San Bernardino

Mountains. The orientations of the principal stress axes with 95% confidence
areas, determined assuming that 10% of the planes were picked incorrectly, are
indicated with solid, heavy dashed, or light dashed lines; 1, 2, and 3 are the
maximum, intermediate, and minimum principal stress axes; § is the misfit angle;

and ¢ is the relative stress magnitude.

(a) The 1981 to 1991 background seis-

micity and the stress inversion results for the Blue Cut, Joshua Tree, and Eureka
Peak subregions. (b) The 23 April to 27 June 1992 Joshua Tree aftershocks. (c)
The 28 June to 31 December 1992 Landers aftershocks.
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tation of the §; back to the stress state prior to 23 April
1992.

In summary, the stress state from the 1981 to 1991
background seismicity changed on 23 April and 28 June
1992. The azimuth of §, for the three subregions is shown
as a function of time in Figure 3. The change is best
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Figure 3. The trend of S, versus time for the

three regions in the Little San Bernardino Moun-
tains: Eureka Peak, Joshua Tree, and Blue Cut.
Error bars correspond to the 95% confidence re-
gions.
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measured in the Joshua Tree region, where S, rotated
from N14° = 5°E to N28° + 5°E on 23 April and back
again on 28 June to N16° + 5°E (Fig. 3). Thus, on 28
June, the Landers mainshock likely recharged some of
the shear stress on vertical planes in the region ‘of the
My, 6.1 Joshua Tree earthquake. It is less likely that these-
changes in stress are caused by a spatially heterogeneous
stress field, although the details of the spatial distribu-
tion of earthquake activity are slightly different during
each time period (Fig. 2). Although the state of stress
changed twice in 1992, the style of faulting remained
essentially strike slip on north to northwest striking planes
with a varying component of normal faulting. The ob-
served increase of ¢ in April is interpreted as a decrease
in the magnitude of §; because of the stress release in
the earthquake.

To test the significance of the §, rotations, we re-
peated the stress inversion for the whole LSBM region.
The rotation of the S, trend is also significant for the
whole data set, with S, trending N18° = 5°E, N25° =
5°E, and N15° * 5°E during the time periods 1981 to
1992, April to June 1992, and July to December 1992,
respectively. The data set from 1981 to 1992 was further
subdivided into two data sets from 1981 to 1987 and
1987 to 1992 to test for intrinsic variations in the S, trend.
The §; trend was N18° + 5°E and N19° + 5°E, respec-
tively. This suggests that the background variations in
the state of stress in the LSBM are small during the 1981
to 1992 time period.

The Landers Zone

The Landers earthquake ruptured five different fault
segments with a total length of 85 km and caused after-
shocks over a much larger region (Sieh et al., 1993).
The Landers zone is defined here as the region of after-
shocks in the immediate vicinity of the My, 7.3 Landers
mainshock rupture zone, extending from the Pinto
Mountain fault to the end of the surface rupture, where
the Emerson and the Camp Rock faults merge (Fig. 1).

Stress from 1981 to 1991 Seismicity. The state of stress
near the Landers rupture zone in the 2 decades before
the My 7.3 Landers earthquake has been determined from
focal mechanisms of earthquakes from the 1975 Galway
Lake and 1979 Homestead Valley sequences, and the
background seismicity from 1981 to 1991 (Fig. 4). Both
the 1975 Galway Lake and the 1979 Homestead Valley
sequences occurred adjacent to the Landers rupture zone.
Focal mechanisms from these sequences are useful in-
dicators for the state of stress near the rupture zone prior
to the earthquake. Although the background seismicity
is somewhat more diffuse, with more events located to
the south, near the Johnson Valley fault, than to the north
along the Emerson—Camp Rock faults, focal mecha-
nisms from it are assumed to represent a reasonable av-
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erage stress state during the decade before the occur-
rence of the Landers earthquake.

All three data sets yield similar deviatoric stress ten-
sors within the 95% confidence limits. These stress states
have S| trending N26° + 10°E, N33° + 5°E, and N22°
+ 5°E for focal mechanisms from Galway Lake, Home-
stead Valley, and the 1981 to 1991 background seis-
micity, respectively. These three independent measure-
ments of the S, trend are consistent and show that prior
to the Landers mainshock spatial stress variations were
small. This stress state implies that the angle between
the maximum principal stress and orientations of faults
that ruptured in the 1992 Landers mainshock ranged from
37° to 58°. For all three data sets, the ¢ = 0.5 to 0.65,
indicating a strike-slip stress state consistent with the
faulting reported in the Landers mainshock (Sieh et al.,
1993; Hauksson et al., 1993) (Fig. 4).

Stress from 28 June 1992 Aftershocks. To separate re-
gions that could have different states of stress, we have
divided the Landers zone into the following five separate
subregions: (1) Yucca Valley to the south of the main-
shock epicenter; (2) the Johnson Valley fault, to the north
of the mainshock epicenter; (3) the Landers fault; (4) the
Homestead Valley fault; and (5) the Emerson—Camp Rock
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faults. This division approximately matches the different
surficial faults that ruptured in the mainshock (Fig. 5).

South of the mainshock epicenter, in the Yucca Val-
ley subregion, S, trends N30° + 3°E with ¢ = 0.84 =
0.17, indicating strike slip and normal faulting. In the
Johnson Valley fault subregion, where the Landers
mainshock epicenter is located, §; trends N22° = 7°E
and the style of faulting is strike slip with ¢ = 0.44 +
0.2. The S, trend did not change significantly in either
subregion from the trend during 1981 to 1991 as a result
of the mainshock.

The Landers fault, which formed the step-over from
the Johnson Vailey fault to the Homestead Valley fault,
is the only fault segment that strikes east of north (N5°E).
The S, trends N40°E and the style of faulting is strike
slip with ¢ = 0.62 = 0.22. Compared to the 1979
Homestead Valley S, trend, the §; trend has rotated
clockwise by 7° because of the Landers earthquake. This
rotation is not significant at the 95% confidence level.

As an example of the data used in the stress inver-
stons, focal mechanisms and a P and T axes plot for
aftershocks along the intersection of the Landers fault
with the Johnson Valley and the Homestead Valley faults
are shown in Figures 6a and 6b. The focal mechanisms
are diverse, with strike-slip, normal, and thrust mech-
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Results from the stress inversion of focal mechanisms from the fol-

lowing: (1) Galway Lake 1975, shown with square symbols; (2) Homestead Val-
ley 1979, shown with x symbols; and (3) background seismicity near Landers
1981 to 1991, shown with circles (see also Fig. 2 for labeling of stresses).
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anisms mixed together. The majority of the P axes,
however, are uniformly distributed, with trends from
north-northeast to northeast, indicating some regional
consistency in the stress directions.

The stress state in the Homestead Valley subregion
has §; trending N46°E and the style of faulting is a mix-
ture of strike slip and normal with ¢ = 0.89 = 0.22. In

Landers 1992

comparison to the S, trend determined from the 1975
Galway Lake sequence, the S, trend has rotated clock-
wise by 20°, This change is significant at the 95% con-
fidence level.

Farther to the north, in the Emerson—Camp Rock
subregion, the stress state cannot be fit with a single de-
viatoric stress tensor using the techniques of Michael
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(1984, 1991). Slip in the Landers mainshock was great-
est (4 to 6.5 m) in this region (Sieh et al., 1993; Wald
and Heaton, 1994), indicating that the mainshock may
have released most of the uniform component of the ap-
plied shear stress, forming a complex fault-normal stress
state.

To explore further the state of stress along the Emer-
son—Camp Rock faults, the region was subdivided into
two smaller subregions. Both stress inversions yield 8
values larger than 47°, indicating that the misfit is un-
reasonably Iarge. The subregion on the east mostly con-
tains aftershocks along the Emerson fault. Here, the S,
trends N35° + 5°E and forms an angle of 80° with the
strike of the Emerson fault. The high ¢ = 0.88 + 0.26
indicates that the style of faulting is a mixture of strike
slip and normal. The western subregion contains after-
shocks in the overlap between the Emerson and Camp
Rock faults. The stress state here is radically different
from elsewhere along the Landers rupture zone. The S,
trends N31° = 7°W, showing that the two horizontal
maximum principal stresses have flipped. These rapid
spatial variations in the state of stress suggest that along
this part of the rupture zone, the two horizontal stresses
are of similar magnitude.

E. Hauksson

The aftershock focal mechanisms are diverse, with
right-lateral mechanisms mixed in with left-lateral mech-
anisms on north—south trending planes. These coexist
with normal and thrust mechanisms on northerly or wes-
terly trending planes (Fig. 7a). The P axes show broad
scatter with at least two poorly defined distributions with
north-northeast to northeast trending axes and north-
northwest to northwest trending axes (Fig. 7b). If the
uniform component of the shear stress was released, then
the remaining part is very heterogeneous. Furthermore,
the final stress state can either be interpreted to have §,
Sy, and S; of similar magnitudes, or fault normal
compression, which results in a change in the S, trend
of about 20°. This finding of less residual shear stress in
the north is consistent with the observation of fewer large
aftershocks along the northern part (Hauksson et al.,
1993).

In summary, the azimuth of the S, pre- and post-
Landers values and the strike of the respective fault seg-
ments are shown in Figure 8. The most noticeable change
occurred to the north along the Landers, Homestead Val-
ley, and Emerson—Camp Rock faults. Much of the uni-
form component of the shear stress has been removed,

Landers Fault

34°
22v 1 i I . Tl - L L s i
21" . L
&
© ®
& e
20" - s @ f A R L
Ce © g 1~
Q@ s
© o%% 0
o
o g
68
18’ T T — T
116°30’ 25’ 24' 23’
(a)
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T axes of Landers aftershocks (June to December 1992) from the Landers fault
area.
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making the trend of S, more fault normal and making it
more similar to the magnitudes of the other stresses.

Barstow Region

The Barstow aftershock cluster that began within
hours of the Landers mainshock did not occur on a sur-
ficially mapped fault. It formed a 20-km-long alignment
of epicenters striking N23°W, approximately centered on
the trace of the Calico fault. It was energetic during the
first weeks following the 28 June My, 7.3 Landers earth-
quake but showed a normal aftershock decay behavior
(Hauksson et al., 1993). The maximum earthquake size
within the swarm was about M 4.8, and hence no sig-
nificant stress release occurred within the region of the
swarm.

The state of stress for the whole swarm (Fig. 9) has
S, trending N24° = 5°E and forming a 47° difference in
trend with the average azimuth of the swarm. The 1981
to 1991 background seismicity had a similar S,, trending
N22° + 5°E, again implying that any stress change caused
by the Landers mainshock in the region of the Barstow
swarm was small.

The clear strike-slip stress state with ¢ = 0.59 =+
0.15 is consistent with the major strike-slip faults, in-
cluding the Calico fault, that pass through the region.

The mapped strike-slip faults in the region, such as the
Calico fault, trend more westerly, so the difference in
trend with §, is 60° to 70°. That the Barstow cluster did
not occur on the Calico fault but, rather, on an un-
mapped fault structure with a strike difference of 10° to
20°, implies that the Calico fault is not preferentially ori-
ented compared to the present stress state.

San Bernardino Mountains

In the San Bernardino Mountains, scattered back-
ground seismicity occurred during 1981 to 1991 (Fig.
10). This seismicity is distributed throughout the region,
extending from the San Andreas fault in the south to the
Lenwood fault in the north. The M}, 6.2 Big Bear earth-
quake and its aftershocks also occurred in this region,
mostly along a northeast trend (Hauksson et al., 1993).

The focal mechanisms from the 1981 to 1991 and
the 28 June to 31 December 1992 seismicity yield sim-
ilar deviatoric stress tensors. These stress tensors have
S, trending N3° = 5°W for both data sets, and the style
of faulting is pure strike slip on northeast or northwest
striking planes with ¢ = 0.44 %= 0.16. To search for
spatial variations, the 28 June to 31 December 1992 data
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set was divided into a north and south group, but no
obvious variations were found. The absence of a stress
change following the June 28 My, 6.2 earthquake can be
explained in two different ways. First, the stress release
caused by the My, 6.2 Big Bear earthquake was small
compared to the existing horizontal stresses. Second, the
My, 7.3 Landers mainshock loaded the region with ad-
ditional stress that was mostly released by the Big Bear
earthquake. The first explanation is more likely, because
the stress change from the Landers earthquake was cal-
culated to be only about 3 bars (Stein et al., 1992),
whereas the stress drop in the Big Bear earthquake was
about 100 bars (Kanamori et al., 1992).

Discussion

Stress Release and Transfer

The Landers rupture zone showed large variations
in slip along strike and, in general, the surficial displace-
ments were higher along the northern part of the rupture
zone than along the southern part (Sieh e al., 1993).

E. Hauksson

Also, the slip derived from strong-motion records and
Global Positioning System (GPS) showed significant
spatial variability (e.g., Wald and Heaton, 1994; Hudnut
et al., 1994). The stress state determined in this study
showed similar changes along strike as the variations in
slip, with S, becoming progressively more fault normal
from south to north, suggesting that these changes were
caused by the Landers mainshock (Fig. 8). The slip of
2 m or less to the south was insufficient to release the
shear stress completely, while the slip of 4 to 6 m to the
north appears to release most of the stored shear stress
on these faults (Fig. 11). Because numerous small af-
tershocks occurred along the northern part of the rupture,
some shear stress must still exist. Thus, on small spatial
scales, the state of stress was heterogeneous and caused
small aftershocks with very diverse focal mechanisms.
In the case of the 1989 Loma Prieta earthquake, Be-
roza and Zoback (1993) argued that uniaxial fault-nor-
mal compression implied that all the shear stress was
released. In comparison, along the Emerson—Camp Rock
faults, the residual stress has no uniform shear-stress
component at all, and on the average, the two horizontal
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stresses may be of similar magnitude. The similar mag-
nitudes of the horizontal stresses reflects a more com-
plete stress release than was observed in the Loma Prieta
earthquake. Alternatively, the different residual stress
states may result from different initial stress conditions
or residual stresses produced by the rupture along a non-
planar fault (e.g., Saucier ef al., 1992).

In addition to regular aftershock activity near the
mainshock rupture, the Landers earthquake was fol-
lowed by significant off-fault aftershock activity such as
the Barstow and Big Bear clusters. The results of this
study show that the stress states before and after the Bar-
stow cluster are similar. This suggests that this cluster
did not release significant stress and that the Landers
mainshock triggered this activity. Similarly, the devia-
toric stress did not change near the Big Bear earthquake
and its aftershocks, which may have released a small
part of the existing stress field. The stress magnitudes in
the San Bernardino Mountains may be larger than in the
Mojave Desert, including Barstow, because of the bend
in the San Andreas fault. If different initial stress con-
ditions are allowed, both of these off-fault clusters of
aftershocks, one with an My, 6.2 main event, are con-
sistent with models of the temporal stress transfer and

(d)

36’ 35" 34’

-

33" 32' 31" 30’

triggering caused by the Landers mainshock (Harris and
Simpson, 1992; Jaume and Sykes, 1992; Stein et al.,
1992).

Stress Recharge

The temporal changes in the state of stress observed
in the LSBM are unusual. These changes can be ex-
plained in terms of co-seismic stress release at the time
of the 23 April 1992 My, 6.1 Joshua Tree earthquake and
partial co-seismic stress recharge at the time of the 28
June My, 7.3 Landers earthquake. Because the stress in-
version provides only the deviatoric part of the stress
tensor, it is not possible to tell if the absolute stress mag-
nitudes have changed significantly. The 23 April stress
release caused S, to trend more easterly by 9° to 19°. At
the time of the Landers mainshock of 28 June, the S,
trend was reversed back to the trend prior to 23 April,
although no slip occurred south of the Eureka Peak fault
in the Landers mainshock. This is the first time that such
a rapid partial stress recharge of a seismogenic zone has
been documented.

The recharge can possibly be explained as an end
effect from the mainshock and immediate aftershock
ruptures that may have extended into the LSBM along
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face rupture of the 1992 My, 7.3 Landers earth-
quake (Sieh er al., 1993). YV, Yucca Valley; IV,
Johnson Valley; LF, Landers fault; HVF, Home-
stead Valley fault; and E-CRF, Emerson—Camp
Rock fault. (b) Trend of S, and strike of fault seg-
ments versus distance along the Landers rupture
zone. Open circles indicate the S; trend from the
1975 and 1979 data. Open squares indicate nodal
planes of the 1975 and 1979 mainshocks, which
align with the aftershock distribution. Solid squares
indicate the strike of fault segments that ruptured
in 1992. Solid circles indicate the S, trends from
the 1992 aftershocks (see also Table 1). (¢) The
angle between the S, trend and the strike of each
fault segment after the 1992 Landers earthquake.
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the Eureka Peak fault. It was followed by renewed af-
tershock activity (Hauksson et al., 1993). These after-
shocks did not coincide in detail with the previous ac-
tivity, but were located near its the western edge (Fig.
2).

It is unlikely that these temporal changes in the stress
state are caused by a spatially heterogeneous stress field.
In particular, the LSBM is a relatively small area, and
such large spatial variations are rarely observed (e.g.,
Mount and Suppe, 1992). Furthermore, all three data sets
spatially overlap, further reducing the likelihood of this
explanation.

The M, 6.1 Joshua Tree earthquake caused a sig-
nificant stress rotation, while the My, 6.2 Big Bear earth-
quake did not change the horizontal stress directions. This
implies that the state of stress is somehow different in
the two regions. One possible explanation is that in the
San Bernardino Mountains, a region of high topography,
the horizontal stresses are much larger than in the Joshua
Tree region. The bend in the San Andreas fault, or pos-
sibly the negative buoyancy density anomaly beneath the
Ranges (Sonder, 1990), may increase the horizontal
stresses in this region.

Style of Faulting

The dominance of strike-slip faulting on north to
northwest striking planes is characteristic of the ECSZ
(Dokka, 1983; Dokka and Travis, 1990), where the 1992
Joshua Tree and Landers earthquakes occurred. In some
places, S, trends north-northeast and the S; and S are of
similar size, causing the style of faulting on north to
northwest striking planes to be transtensional. This is
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consistent with most geological observations of faulting
within the Mojave Desert (e.g., Dibblee, 1967; Dokka
and Travis, 1990).

In contrast, Bartley ez al. (1990) suggested that the
Mojave Desert was being deformed via north—south con-
traction. In particular, the Barstow region, where the
Barstow aftershock cluster occurred, is a site of numer-
ous anticlines and synclines that are younger than 13-
million yr old, suggesting north—south contraction of the
Mojave Desert (Bartley et al., 1990). An alternative way
of explaining the folds is via dextral faulting that causes
some rotation of rigid crustal blocks or localized
compression near fault steps. The Landers sequence and
the stress inversion results from this study show that the
strike-slip faulting presently is the predominant mode of
deformation in the Mojave Desert.

In the San Bernardino Mountains, the majority of
the earthquakes have strike-slip focal mechanisms with
northwest and northeast nodal planes, and the state of
stress is dominantly strike slip. The thrust faults that bound
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the mountains, such as the North Frontal Thrust fault,
do not seem to be active at the present time (Hauksson
et al., 1993). Thus, crustal blocks are being transferred
laterally to accommodate motion around the San An-
dreas fault, without crustal thickening (Weldon and
Humphreys, 1986).

Regional Stress Refractors

The S, trends determined in this study and the S,
trends from Jones (1988) near the southern San Andreas
fault (SAF) ‘are shown in Figure 12. Near the SAF, the
S, trend rotates with the strike of the SAF and forms a
high angle (43° to 68°) with the fault strike. In the ad-
jacent San Bernardino Mountains, the S; trend is N3° =
5°W, which may be influenced by the bend in the San
Andreas fault (Jones, 1988) or the density anomaly be-
neath the San Bernardino Mountains (Sonder, 1990). To
the east and northeast in the ECSZ, the S, trend ranges
from N20° E to N44°E. Some of the rotation of S, to the
east is a temporal anomaly that was caused by the 1992
My, 7.3 Landers mainshock. The remaining part of the
S, rotation to the east is a permanent feature of the stress
field. One possible explanation for such a permanent ro-
tation is that the ECSZ is a weak zone that refracts the
local stress field.

To explain the state of stress in southern California,
the SAF has been proposed as a stress refractor, con-
trolling the state of stress out to distances of 100 km
(Zoback et al., 1987). The results of this study suggest
that the ECSZ is also a significant stress refractor, al-
though it has a less pronounced effect on the stress field
than the SAF. The ECSZ rotates the trend of S; about 10°
to 30° to the east of north, more than would be expected
from the effect of the SAF (Fig. 12).

Geodetic and geological evidence also suggest that
the ECSZ is a stress refractor. The ECSZ concentrates
shear strains to the east of the SAF and is sheared in a
right-lateral sense at a rate of about 8 mm/yr (Sauber et
al., 1986; Savage et al., 1990). This deformation rate is
about 20 to 30% of the rate of deformation along the
San Andreas fault itself. Furthermore, the cumulative
offsets on the faults within the ECSZ are consistent with
the ECSZ having been sheared for several million years
(Dokka and Travis, 1990).

The presence of more than one stress refractor in
southern California explains the state of stress better than
the presence of only one refractor, the SAF. While the
ECSZ forms a stress refractor to the east of the SAF and
the San Jacinto, Elsinore—~Whittier and faults in the Los
Angeles basin form stress refractors to the west. In par-
ticular, Hauksson (1990) showed that significant rota-
tions of S, occur in the Los Angeles basin, suggesting
the presence of a localized stress refractor. In addition
to stress refractors, possible density anomalies beneath
the Transverse Ranges (Sonder, 1990) may also affect
the stress field.

Conclusions

The ECSZ is a weak zone that refracts the local stress
field in a manner similar to the San Andreas fault in
southern California. The ECSZ rotates the S; trend about
10° to 30° clockwise. The change in S, trend to a pro-
gressively more fault-normal azimuth toward the north
is consistent with a hypothesis that the higher mainshock
slip along the northern part (4 to 6 m) of the rupture
compared with the southern part (1 to 3 m) represents a
greater release of stress in the north and only partial re-
lease to the south. The predominantly fault-normal S,
trend suggests that the mainshock released nearly all of
the applied shear stress along the northern half of the
fault rupture. The complex residual state of stress that
has both horizontal stresses of similar average magnitude
caused a diversity of focal mechanisms along the Emer-
son—Camp Rock faults. The distant aftershock cluster
near Barstow may have been triggered by the Landers
mainshock. The Big Bear earthquake may have released
some of the existing large-magnitude stress field. The
23 April My, 6.1 Joshua Tree earthquake rotated the S,
trend to the east by 9° to 19°. The 28 June My, 7.3 Lan-
ders mainshock rotated the S; trend to the trend prior to
23 April, providing a rapid partial recharge of a seis-
mogenic fault zone. The style of faulting in the ECSZ is
strike slip on north to north-northwest striking planes,
and in some cases, strike slip with some normal com-
ponent or transtensional.
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