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Crustal stress field in southern California and its 

implications for fault mechanics 

Jeanne L. Hardebeck • and Egill Hauksson 
Seismological Laboratory, California Institute of Technology, Pasadena, California, USA 

Abstract. We present a new, high spatial resolution image of stress orientation in 
southern California based on the inversion of earthquake focal mechanisms. We use 
this image to study the mechanics of faulting in the plate boundary region. The 
stress field contains significant spatial heterogeneity, which in some cases appears 
to be a result of the complexity of faulting and in other cases appears to be a 
cause. Temporal changes in the stress field are also observed, primarily related to 
major earthquakes. The observed 15 ø (•10 ø) rotation of the stress axes due to the 
1992 M7.3 Landers mainshock implies that the deviatoric stress magnitude in the 
crust is low, of the order of 10 MPa. This suggests that active faults in southern 
California are weak. The maximum principal stress axis near the San Andreas Fault 
is often at -•50 ø to the fault strike, indicating that the shear stress on the fault is 
comparable to the deviatoric stress. The San Andreas in southern California may 
therefore be a weak fault in a low-strength crust. 

1. Introduction 

The boundary between the Pacific and North Amer- 

ican plates in southern California is a zone of complex 

deformation over 100 km wide. The right-lateral, strike- 

slip San Andreas is the major fault, but there are many 
, 

other important strike-slip, reverse and normal faults 

(Figure 1). Knowledge of the forces acting on this sys- 
tem is necessary to understand the mechanics of its de- 

formation. Therefore it is important to determine the 

state of stress in tl•e crust. Of particular interest is 
whether the stress field is as spatially complex as the 

faulting or whether the stress field is relatively homoge- 

neous and the complexity of deformation derives from 

the heterogeneity of crustal structure. 
Numerous borehole stress measurements have been 

made in southern California at shallow (_•3.5 kin) depth 
[Hickman et al., 1988; Stock and Healy, 1988; $hamir 
and Zoback, 1992; Zoback and Healy, 1992; Zoback, 

1992; Kerkela and Stock, 1996; Wilde and Stock, 1997]. 
Stress orientations at seismogenic (_•15-25 kin) depths 
have been determined from earthquake focal mecha- 

nisms [Michael, 1987; Jones, 1988; Hauksson, 1990; 
Hartse et al., 1994; Hauksson, 1994; Wyss and Lu, 1995; 

Castillo and Zoback, 1995; Zhao et al., 1997; Abets and 
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Gephart, 1997; Hardebeck and Hauksson, 1999]. How- 
ever, since most of these studies focus on an earthquake 

sequence or a major fault, the spatial coverage of south- 
ern California is incomplete. 

The goal of this work is to determine stress orienta- 

tion at seismogenic depths over the entire southern Cal- 

ifornia plate boundary region using a uniform method- 
ology. Because of the high seismicity rates and dense 
instrumentation in southern California, there are tens 

of thousands of well-recorded earthquakes which can be 

used to infer s•ress orientation, and most seismically ac- 
tive regions can be studied with a spatial resolution of 
5-20 km. 

The resulting image of stress orientation can be used 

to study the mechanics of faulting in southern Califor- 
nia. Spatial patterns can indicate whether earthquakes 
are responding to a hete•rogeneous or generally homo- 
geneous stress field. Temporal changes in stress orien- 
tation provide information about how the stress field 

evolves through time and how it responds to earth- 

quakes. Stress rotations caused by major earthquakes 
can also be used to estimate the magnitude of devia- 

toric stress at seismogenic depths. Stress magnitude 
and orientation are important parameters in earthquake 
physics because they control the absolute and relative 

magnitude of the stresses acting on faults. 

2. Data and Method 

Our data set consists of -•50,000 earthquakes record- 

ed by the Southern California Seismic Network (SCSN) 
between January 1, 1981, and December 31, 1999, and 

during the 1975 Galway Lake and 1979 Homestead Val- 
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Figure 1. Shaded relief map of southern California. Mapped surface traces of faults shown 
as thin solid lines [Jennings, 1975], the San Andreas Fault as a thick solid line. The arrows 
indicate the approximate direction of relative motion of the Pacific and North American plates. 
AC, Anza-Cahuilla region; CP, Cajon Pass; FV, Fremont Valley; IF, Imperial Fault; IWV, Indian 
Wells Valley; LA, Los Angeles; LB, Long Beach; OV, Owens Valley; PMF, Pinto Mountain Fault; 
SBM, San Bernardino Mountains; SFF, Sierra Frontal Fault; SFV, San Fernando Valley; SMB, 
Santa Monica Bay; TP, Tejon Pass; WWF, White Wolf Fault. 

ley sequences in the Eastern California Shear Zone. The 

events were relocated using the three-dimensional seis- 

mic velocity model of Hauksson [2000]. Focal mecha- 
nisms were determined from SCSN first-motion data, 

using the relocated hypocenters and recomputed take- 

off angles, with the FPFIT software package [Reasen- 
berg and Oppenheimer, 1985]. All events have location 
uncertainties of _•1 kin, •_12 first-motion picks, and a 

maximum azimuthal gap _•135 ø. 
Inversions of focal mechanisms for stress orientation 

are performed at points on a three-dimensional grid 

with 5 km spacing. An inversion includes all events 

within 5 km of the point if there are _•50 such events. 

Otherwise, the 50 events closest to the grid point are 

used. The spatial resolution clearly varies with seismic- 

ity rate. We define the lc level of spatial uncertainty to 

be the RMS distance of the events used in the inversion. 

Results are presented only for locations with spatial un- 

certainw _•20 km. Most seismically active regions are 
covered at this level of resolution. 

The earthquake focal mechanisms are inverted for 

stress using the method developed by Michael [1984]. 
The inversion returns the orientation of the three prin- 
cipal stress axes and a measure of their relative magni- 
tude. Hardebeck and Hauksson [2001] demonstrate that 
this inversion method produces accurate stress orienta- 

tions with reasonable uncertainty estimates. 
The inversion of earthquake focal mechanisms for 

stress orientation relies on two assumptions about the 

data set: that stress is relatively homogeneous over the 
spatial and temporal extent of the events and that the 

focal mechanisms are adequately diverse. The assump- 
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tion of mechanism diversity can be tested qualitatively 
by displaying P and T axis distributions. Alternatively, 

it may be tested quantitatively by calculating a measure 

of the mechanism diversity, such as the RMS angular 
difference from the average mechanism. In Appendix 

A we find that an RMS angular difference of at least 

,,•40ø-45 ø (for focal mechanisms with 10ø-20 ø errors) is 
required for a reliable stress inversion. 

The assumption of homogeneous stress was studied 

by Michael [1991], who found that as long as the magni- 
tude of the uniform part of the stress field is larger than 
the magnitude of the variable part, an inversion based 

on the assumption of homogeneous stress will correctly 
recover the uniform part of the stress tensor. For the in- 

version method of Michael [1984, 1987], an average mis- 
fit of the focal mechanisms to the best fit stress tensor 

of less than ,,•35ø-45 ø (for focal mechanisms with 10 ø- 
20 ø errors) indicates that this condition is met. Where 
reliable inversion results can be found, they are under- 

stood to represent the uniform part of a stress field in 

which some heterogeneity may exist. 

3. Observations 

The orientation of the maximum horizontal stress, 

er•, and the style of faulting are shown in Plate I and 

Plate 2, respectively. The average orientation of er• 
is -•N7øE. However, the observed local direction of er• 

varies greatly, from -•N30øW to -•N45øE (Plate 1). If 
the orientation of er• is not distinguishable from N7øE 
at the 95% confidence level of the inversion, it is shown 

in Plate I as N7øE. Any observed spatial heterogeneity 

in stress orientation is therefore statistically significant 

with respect to the computed uncertainty. 
'rhroughout most of southern California, the inter- 

mediate stress axis, er2, is closest to vertical, consistent 

with strike-slip faulting [Anderson, 1951]. There are 
also regions in which er• or era is closest to vertical, cor- 

responding to the presence of active normal or thrust 

faults. A variation of the relative magnitude parame- 

ter [Simpson, 1997] is used to indicate which principal 
stress is closest to vertical (Plate 2). The deviation of 
this axis from vertical is generally not statistically sig- 
nificant. 

The stress inversion results for most seismically ac- 
tive regions appear to be of good quality. Shown in 

Plate 3 are four measures of the quality: the spatial 
resolution; the ler uncertainty of the stress orientation, 

as found by bootstrap resampling [Michael, 1987]; the 
average misfit of the focal mechanisms to the best fit 

stress tensor; and a measure of the diversity of the focal 

mechanisms. Most of the study area is covered at ,,•5-12 

km resolution and has a stress orientation uncertainty 
(12 ø . The mechanism diversity is generally high, with 
an RMS angular difference from the mean mechanism 

of >40 ø, indicating that there is adequate mechanism 
diversity for reliable stress inversion. While much of the 

region shows average focal mechanism misfit (40 ø , in 

some areas, there are clusters of higher misfit, indicat- 

ing that the stress field there is very heterogeneous and 

that the uniform part of the stress field may not have 
been found by the inversion. 

3.1. Transverse Ranges 

Through the Transverse Ranges, which run east-west 

across the plate boundary region, the San Andreas Fault 

trends WNW, forming a large-scale constraining bend. 
In the Transverse Ranges west of Cajon Pass, era is of- 

ten vertical, consistent with observed thrust faulting 
and uplift of the ranges. The orientation of erH in the 

Transverse Ranges is typically •N7øE, although near 
Tejon Pass and in the San Bernardino Mountains, erH 

trends NNW, and north of Los Angeles, there is a region 
of NNE orientation. 

In the Cajon Pass region, there is a local er• vertical 

stress regime. Although the major faults are strike-slip, 

normal faults have been mapped near Cajon Pass [Wel- 
don and Springer, 1988]. Jones [1988] also observed 
this normal faulting regime and attributed the exten- 
sion to an unstable triple junction where the San Jac- 

into Fault obliquely joins the San Andreas. The con- 

tinuation of the observed normal faulting regime to the 
north and south of Cajon Pass may be an artifact of 

smearing, as both of these regions have low seismicity 

rate and low spatial resolution (Plate 3a.) 
Stress orientations observed at 3.5 km depth in the 

Cajon Pass borehole appear to imply left-lateral shear 

stress on the San Andreas [Shamiv and Zoback, 1992; 
Zoback and Healy, 1992]. However, we do not observe 
these left-lateral orientations. A shear wave splitting 
study indicates that the observed left-lateral stress ori- 

entations are local to the upper few kilometers of the 

borehole site [Liu et al., 1997]. The stress state along 
the San Andreas changes in both orientation and style 
of faulting near Cajon Pass, which may result in local 
stress anomalies such as that observed in the borehole. 

The geometric complexity of the fault may be respon- 
sible for the stress variations near Cajon Pass [Saucier 
et al., 1992]. 

In the Transverse Ranges east of Cajon Pass, er• 
is generally vertical. Although the steep topography 
of the San Bernardino Mountains implies recent up- 
lift, the observed faulting regime is primarily strike 
slip. The most recent major earthquake in the San 
Bernardino Mountains, the M6.2 1992 Big Bear event, 
was also pure strike-slip [Hauksson et al., 1993]. This 
suggests that the oblique convergence across the San 
Bernardino Mountains is partitioned into strike-slip and 
thrust earthquakes. The thrust faults along the north- 
ern face of the mountains strike approximately perpen- 
dicular to the er•/ direction, enabling them to fail in 
thrust even though the stress regime is strike-slip. 

3.2. Eastern California Shear Zone 

The Eastern California Shear Zone (ECSZ) is a zone 
of strike-slip faulting east of the San Andreas [Dokka 
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Plate 1. Orientation of the observed maximum horizontal compressive stress, cr/•, at 0, 5, 10, 
and 15 km depth, measured in degrees clockwise from north. A data set of ,--50,000 earthquake 
focal mechanisms was used to invert for stress orientation. An inversion is performed at each 
point on a 5-km spaced grid using all earthquakes within 5 km of the point or the 50 events 
closest to the point, whichever data set is largest. If the orientation of C•H is indistinguishable 
form N7øE at the 95% confidence level of the inversion, it is shown as NZøE. 
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Plate 2. Relative magnitude of the three principal stress axes, A4, for the same inversions as 
shown in Plate 1. The parameter A4 is as defined by Simpson [1997]. If the maximum principal 
stress, cr], is vertical, corresponding to a normal faulting regime, A• ranges from 0 to 1. A• • 0 
indicates pure dilatation, or2 • or3; and A4 • I indicates a mix of normal and strike-slip faulting, 
c2 • Cl. Similarly, if the minimum principal stress, •3, is vertical, corresponding to a thrust 
faulting regime, A4 ranges from 2 to 3. A4 • 3 indicates pure compression, or.). • or1; and A4 • 2 
indicates a mix of thrust and strike-slip faulting, • • c3. If • is vertical, a strike-slip regime, 
A4 ranges from I to 2, depending on whether it is closer to a normal or a thrust faulting regime. 



21,864 HARDEBECK AND HAUKSSON- CRUSTAL STRESS FIELD IN CALIFORNIA 

-119" -118 ø -117" -116 ø -115 ø 

0 5 10 15 20 

spatial resolution (km) 

-119" -118 ø -117' -116" 

I 

5 10 15 20 25 30 

1-sigma uncertainty (degrees) 

-115' 

-119" -118' -117' -116" -115" 

I 

0 10 20 30 40 50 60 70 

average data misfit (degrees) 

(d) I I 

50 km 

. , 

-119' -118' -117' -116 ø 

0 10 20 30 40 50 60 70 

mechanism diversity (degrees) 

Plate 3. Four measures of the quality of the inversion results shown in Plates 1 and 2, for grid 
points at 10 km depth. (a) The spatial resolution, defined as the RMS distance from the grid 
point of earthquakes used in the inversion. (b) •'he 1or stress orientation uncertainty, determined 
using a bootstrap resampling technique. (c) The average misfit of the focal mechanisms used in 
the inversion to the best fitting stress tensor. The misfit is defined as the angle between the rake 
direction and the direction of resolved shear stress on the fault plane. An average misfit less than 
,•40 ø implies a good quality inversion result. (d) The focal mechanism diversity, defined as the 
RMS angular difference from the average mechanism. A diversity of at least -•40 ø is necessary 
for a reliable inversion result. 
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Figure 2. Premainshock and postmainshock .seismicity and stress orientation along the 1992 
Landers earthquake rupture. The events shown as crosses occurred prior to the Landers main- 
shock, while those shown as circles occurred after. The four fault segments, Johnson Valley (JV), 
Homestead Valley (HV), Emerson (E), and Camp Rock (CR), are shown along with boxes indi- 
cating the spatial extent of the events used in the stress inversions. To the right, the orientation 
of a•/ before and after the mainshock. The width of the wedge indicates the 95% confidence 
region. No results are shown for the Camp Rock segment because there is inadequate premain- 
shock seismicity to perform an inversion, and the average aftershock mechanism misfit along this 
segment is high, indicating heterogeneous stress. 

and Travis, 1990]. The ECSZ south of the Garlock 
Fault has a distinct stress state, with a•/oriented N20 ø- 

45øE. North of the Garlock Fault, this stress orientation 

continues only in a narrow zone along the eastern edge 
of the Sierra Nevada Mountains. The a2 axis is vertical 

throughout most of the ECSZ, although patches of a• 
vertical stress regime appear. 

The 1992 M7.3 Landers earthquake, a right-lateral 

strike-slip event in the ECSZ [Sieh et al., 1993], al- 
tered the stress field in the crust surrounding the rup- 

ture (Figure 2 and Table 1, [Hauksson, 1994]). Along 
the northernmost part of the rupture, the average af- 

tershock focal mechanism misfit is high. This indi- 
cates that the postmainshock stress field is very het- 
erogeneous, possibly due to complex slip in the Landers 

earthquake. There is inadequate premainshock seismic- 

ity to study the stress field in the area prior to Landers. 

Along the southern and central rupture, however, there 

is adequate premainshock and postmainshock seismic- 

ity. The average misfit is •40 ø, and the mechanism 

diversity is •40ø-70 ø, implying that the stress inversion 

results shown in Figure 2 accurately represent the uni- 
form part of the stress tensor. 

The a•/ axis of the uniform part of the stress field 
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Table 1. Landers Fault Segments 

Segment 0 a AO b D,Cm Ar,aMPa Ar/r e r,fMPa 

Johnson Valley 37-4-13 ø -12+9 ø 2.0-4-0.5 5.0-4-1,2 0.63 (0.25-1.0) 7.9 (3.8-25) 
Homestead Valley 54:k13 ø 15:k9 ø 3.5:k0.5 8.8:kl.2 0.67 (0.4-1.0) 13 (7.6-25) 
Emerson 63:k12 ø 18:k11 ø 4.0:k0.5 !0:kl.2 0.62 (0.35-0.85) 16 (10-32) 

a Angle of premainshock er•/ to fault strike; 2or uncertainty given. 
b Rotation of the er•/ axis, positive clockwise; 2er unqertainty given. 
CAverage surface slip, D, estimated from Sieh et al. [1993]. 
aThe stress drop, At, is computed from the definition Ar -- I•D/L, assuming a fault length scale, L, of 12 km (i.e., 

the rupture broke the entire seismogenic crust) and/•-3x10 TM N/m 2. 
eRario of stress drop to deviatoric stress, observed from Figure 9; range of acceptable values in parentheses. 
fDeviatoric stress magnitude; range of acceptable values in parentheses. 

along the Emerson and Homestead Valley Faults, in 

the central part of the rupture, rotated 15ø-18 ø (:t:10 ø) 
clockwise, while the aH axis along the Johnson Valley 

Fault, in the southern part of the rupture, rotated 12 ø 

(:t:9 ø) counterclockwise. During the 7 years following 
the mainshock, there is no significant change in stress 
orientation and no return to the pre-Landers stress state 

(Figure 3). Unfortunately, it will not be possible to ob- 
serve whether there is a return to the preevent stress 

over a longer time period, as the 1999 Hector Mine 

earthquake occurred --20 km from the Landers rupture, 

possibly impacting the stress field in the study region. 

The pre-Landers stress state confirms the observa- 

tion of Nut et al. [1993] that along the southern por- 
tion of the rupture, where the earthquake nucleated, 

the mapped faults are poorly oriented for failure, -•70 ø- 
80 ø from all. The southern Landers rupture, however, 

which cut across the fabric of the mapped faults, is 

nearly optimal for failure, 37 ø (:t:13 ø) from all. The 
continuation of the earthquake on the more poorly ori- 

ented faults of the northern section may have been con- 

trolled by the rupture dynamics. 

3.3. Southern Sierra Nevada 

The Sierra Nevada Mountains and the San Joaquin 

Valley to the west form a relatively stable microplate. 

The stress regime in the southern Sierra Nevada appears 

to be predominately rr• vertical with rr2 • rr3. This 

stress state is consistent with a high mountain range in 

which the stress is primarily controlled by the excess 

overburden pressure. The western Sierra shows low fo- 

cal mechanism diversity (Figure 3d), so the stress there 
may not be well resolved. 

Spatial stress variations in the Tehachapi Mountains 

and the southern San Joaquin Valley may be related 

to the 1952 M?.? earthquake on the White Wolf Fault 

[Ellsworth, 1990]. The seismicity in this region divides 
into a southwestern cloud and a northeastern cluster 

(Figure 4.) In the southwest, the rrH orientation is indis- 
tinguishable from N7 øE, and the style of faulting is pre- 
dominately thrust. The P and T axis orientations of the 

individual mechanisms qualitatively support this obser- 
vation, as most of the P axes trend between N10øW and 

N10øE, and many of the T axes are subvertical. Castillo 

and Zoback [1995], in contrast, found a N5øW aH ori- 
entation for the southwestern seismicity and a predom- 

inately strike-slip faulting regime. The probable reason 

for the difference in results is the high stress field het- 
erogeneity in this region, indicated by the high data 

misfit (Figure 3c.) The stress field is too heterogeneous 
for the uniform part to be found, and the earthquakes 

used in the two studies sample this variable stress field 

differently. In the northeastern region, on the other 

hand, where the lower data misfit indicates that the 

uniform part of the stress tensor can be recovered, the 

two studies are in better agreement. We find a aH trend 

of-•N20øW, while Castillo and Zoback [1995] find a 
trend of N10øW, within the 95% confidence range of 

our result, and both studies find a strike-slip faulting 

regime. Spatially-variable slip in the 1952 earthquake 
may be responsible for the stress field heterogeneity in 

the southwestern region and the along-strike variability 
in stress orientation. 

The Basin and Range extensional province begins 
east of the Sierra Nevada. The stress orientations east of 

the Sierras are primarily strike slip, however, with only 

a few eYl vertical zones. Belllet and Zoback [1995] also 
observed that the stress regime in the western Basin and 

Range is currently predominately strike-slip. Geode- 
tic data indicate that the slip rate of strike-slip faults 

striking approximately north in the Indian Wells Valley 
and southern Owens Valley is > 10 times greater than 

the slip rate of the normal Sierra Frontal fault [Hearn 
and Humphreys, 1998]. The eastern edge of the Sierra 
Nevada is also a zone of rotated stress, with erH oriented 

-•N20ø-45øE. This stress orientation makes the approx- 

imately north striking faults well-oriented for strike-slip 
failure. 

3.4. Greater Los Angeles Area 

The greater Los Angeles (LA) area is in the southern 
end of the Transverse Ranges thrust regime. Both a2 
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Figure 3. Orientation of the maximum horizontal compressive stress, •, through time in the 
region of the 1992 Landers earthquake, as dete]'mined by inverting earthquakes in three of the 
boxes shown in Figure 2. The solid line is the orientation of • for the best fitting stress tensor, 
and the shaded area is the 95% confidence range. Vertical dashed lines indicate the time of the 
mainshock. 

vertical and •3 vertical stress states are observed in the 

LA area, with •2 vertical dominating near the surface 
and •3 vertical dominating at depth. Kerkela and Stock 

[1996] observed a similar depth dependence of faulting 
regime in the San Fernando Valley. 

Two recent kinematic models argue that the approx- 

imately N-S contraction across the LA area is balanced 
by approximately E-W extension on conjugate strike- 
slip faults [Walls et al., 1998] or by thrust faulting and 
crustal thickening [Argus et al., 1999]. Both models are 
essentially two-dimensional and assume that the style 
of faulting at the surface is the same as at depth. The 
stress field indicates that a three-dimensional model, 

in which faulting style may vary with depth, would be 
more realistic. 

The • orientation in the LA area is predominately 

indistinguishable from N7øE. However, there are re- 

gions in which • is oriented -•N25ø-45øE in the San 

Fernando Valley, the Long Beach area, Santa Monica 

Bay, and at depth beneath Los Angeles. Similar spatial 

variations were observed by Hauksson [1990]. The San 
Fernando Valley rotation corresponds to the locations 

of the 1971 M6.5 San Fernando [Ellsworth, 1990] and 
1994 M6.7 Northridge [Hauksson et al., 1995a] earth- 
quakes, while the Long Beach rotation corresponds to 

the location of the 1933 M6.3 Long Beach earthquake 
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Figure 4. Earthquakes used in the stress inversions in the region of the White Wolf Fault. (top) 
Seismicity in map view, along with major faults. GF, Gatlock Fault; SAF, San Andreas Fault; 
WWF, While Wolf Fault. (bottom) Lower hemisphere stereographic projections of the P axes 
(solid circles) and T axes (open circles) of the focal mechanisms of earthquakes occuring within 
the two boxes shown in the map. 

[Ellsworth, 1990]. The locations of these events also ex- 
hibit high data misfit (Plate 3c), indicating a high level 
of stress field heterogeneity, perhaps caused by hetero- 
geneous slip in the earthquakes. 

The thrust-faulting Northridge event may have al- 
tered the stress state in the San Fernando Valley re- 
gion. Zhao et al. [1997], using SCSN polarity data and 

the stress inversion method of Horiuchi et al. [1995], ob- 
served a counterclockwise rotation of -•20 ø at the time 

of the Northridge earthquake, and a slow return to the 

original stress orientation. The takeoff angle data used 

in that study was unavailable, but we obtained a list 

of the earthquakes (D. Zhao, written communication, 
1999) and attempted to reproduce these results. 
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Figure 5. Orientation of the maximum horizontal compressive stress, er•, through time in the 
region of the 1994 Northridge earthquake. The temporal binning is the same as used by Zhao et al. 
[1997]. The solid line is the orientation of •rH tor •he best fitting stress tensor, and the shaded 
area is the 95% confidence range. Vertical dashed lines indicate the time of the mainshock. (a) 
Results obtained by Y. Sugihara and D. Zhao (written communication, 1999) for an earthquake 
data set composed of •90% of the events used by Zhao et al. [1997]. First-motion polarities from 
the SCSN and takeoff angles found using the 3-D seismic velocity model of Hauksson [2000] were 
inverted for stress orientation using the method of Horiuchi et al. [1995]. (b) Results obtained 
by Y. Sugihara and D. Zhao (written communication, 1999) for the same data set with takeoff 
angles computed from the 3-D seismic velocity model of Zhao and Kanamori [1995], using the 
inversion method of Horiuchi et al. [1995]. (c) Results for the same data set as in Figure 5a, 
inverted using the method of Michael [1984, 1987]. (d) Results for the same data set as in Figure 
5b, inverted using the method of Michael [1984, 1987]. 

We created a focal mechanism data set from ob- 

served SCSN first motion polarities and takeoff angles 

computed from the seismic velocity model of Hauksson 

[2000]. This set contains •90% of the events used by 
Zhao et al. [1997]; the other mechanisms were of too 
poor quality. Y. Sugihara and D. Zhao (written com- 
munication, 1999) created a similar data set using take- 
off angles computed from the seismic velocity model of 

Zhao and Kanamori [1995]. We inverted both data sets 
using the inversion method of Michael [1984, 1987]. The 
results suggest a clockwise stress rotation at the time 
of the mainshock and no return to the premainshock 

orientation, although the error bounds are large (Fig- 
ure 5). Y. Sugihara and D. Zhao (written communica- 
tion, 1999) also inverted the same data sets, using the 
method of Horiuchi et al. [1995], and found the stress 
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orientations to be unstable and also in poor agreement 

with the results of Zhao et al. [1997]. 
The inversion results using the method of Horiuchi 

et al. [1995] are unstable with respect to the details of 
the data set and are not coherent through time. On 

the other hand, the inversion results using the method 

of Michael [1984, 1987] are stable with respect to the 
data set and temporally coherent, except at the time of 
the mainshock. The method of Michael [1984, 1987] 
has also been demonstrated to produce accurate re- 

sults even for very noisy data [Hardebeck and Hauksson, 
2001], so it seems more probable that the Northridge 
earthquake caused a general clockwise, rather than co- 
unterclockwise, stress field rotation. 

3.5. Peninsular Ranges 

The San Jacinto Fault and the Elsinore Fault, two 

major strike-slip faults which parallel the San Andreas, 

cut obliquely through the Peninsular Ranges. The 

stress state is generally strike slip with crz oriented 
.-•N7øE. There are a number of patches where the rr• 

axis is oriented -•N10ø-30øW, most of which are elon- 

gate in the direction of the fault trend. There is also an 
anomalous region near Anza where crz trends -•N30øE, 

also observed by Hartse et al. [1994], corresponding to 
the Cahuilla cluster of shallow seismicity. 

The Salton Trough, to the east of the Peninsular 

Range, is currently experiencing deformation at very 

high strain rates [Johnson et al., 1994]. The stress 
regime is primarily strike slip, consistent with the geo- 
detic observations and with the major strike-slip earth- 

quakes on the Imperial Fault in 1940 and 1979 [King and 
Thatcher, 1998]. There is a zone of cr• vertical stress to 
the east of the Salton Sea, corresponding to an area of 

pure dilatation observed geodetically by Johnson et al. 

[1994]. 

3.6. Western Mojave Desert 

The western Mojave Desert is a stable block with 

very few earthquakes, so the stress field cannot be con- 
strained from focal mechanism inversion. Richards- 

Dinget and Shearer [2000] concluded that the few ob- 
served events in the western Mojave block are primarily 

quarry blasts, as they occur in clusters and only dur- 

ing the day. Not surprisingly, inversion results based on 
these data are of poor quality, with very high average 

misfit (Figure 3c). 

scale variations may also exist, as the inversion results 

represent the uniform part of the stress field on a 5-20. 
km length scale. Stress orientations observed in the Ca- 
jon Pass borehole, for example, vary by up to 45 ø over 
•-1 km [$hamir and Zoback, 1992]. 

Some of the stress orientation complexity is related to 

differences between the major geologic provinces. The 
distinct stress states of some regions are easily under- 
stood in terms of their tectonics. In the western Trans- 

verse Ranges, for example, the thrust faulting stress 

regime is related to convergence across the large-scale 

constraining bend in the San Andreas Fault. In other 

regions the reason for a distinct stress state is unclear. 
In the ECSZ, for instance, rr• is oriented N20ø-45øE, 

significantly rotated from the average southern Califor- 
nia orientation of N7øE. 

Additional stress field heterogeneity is related to fault 

complexity, such as step overs and junctions. For in- 

stance, a zone of normal faulting occurs along the Gar- 
lock Fault to the southeast of the Sierra Nevada Moun- 

tains. This extension is due to a left step in the left- 

lateral Garlock Fault, where the Fremont Valley is being 

downdropped. Another example is the normal-faulting 

regime at the junction of the San Andreas and San Jac- 
into Faults. 

Major earthquakes also appear to contribute to stress 

field heterogeneity. The large data misfits (Figure 3c) 
observed in the regions of the 1933 Long Beach, 1952 

Kern County (in the southwestern portion), 1971 San 
Fernando, 1992 Landers (in the northern portion), and 
1994 Northridge earthquakes imply that the heteroge- 

neous part of the stress field in these areas is larger than 
the uniform part. Spatial variability in earthquake slip 

is a likely cause of this stress heterogeneity. 

The heterogeneity of the observed stress field implies 
that the complex crustal deformation in southern Cal- 

ifornia is not simply the response of a heterogeneous 

crust to a homogeneous stress field. In some cases, the 

complexity of faulting may be a result of the heteroge- 
neous stress field. For example, the N20ø-45øE trend 

of cr• in the ECSZ may be responsible for Landers 

and other earthquakes rupturing approximately north 

trending planes [Nur et al., 1993], instead of planes sub- 
parallel to the relative plate motion. In other cases, 

such as fault jogs, stress field heterogeneity appear to 

be the result of fault complexity. Complex faulting may 

promote heterogeneous stress, and vice versa. 

4. Discussion 

4.1. Spatial Stress Field Heterogeneity 

The high-resolution stress orientation images pre- 
sented here demonstrate that the stress field in southern 

California is spatially heterogeneous. All of the spatial 
stress variations discussed above are statistically signif- 
icant at the 95% confidence level of the stress inversion 

[echnique. The length scale of the observed heterogene- 

ity varies from tens to hundreds of kilometers. Smaller- 

4.2. Temporal Evolution of the Stress Field 

In order to investigate how the stress field may change 
through time, we invert for stress during four .-•5-year 
time periods: 1981-1985, 1986-1990, 1991-1994, and 

1995-1999. The inversions are performed as described 

above, except only events occurring within the given 
time period are used. 

The distribution of the cr• orientations appears to 

change over the 19 years of this study (Figure 6). In 
1981-1985 and 1986-1990 the rr• direction for most of 
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Figure 6. Rose diagrams of OH axis orientation during four time intervals. The focal mechanisms 
of earthquakes occurring during each time interval were inverted using the same technique as in 
Plate 1. The length of each sector indicates the percent of grid points at which the inversion 
result falls within a lø-wide bin. 

the grid points trends between due north and N10øE. 

In 1991-1994 and 1995-1999, oH for many points trends 
between N3øW and N7øE. This suggests a slight coun- 
terclockwise rotation of the stress axes since 1981. In 

the later time periods, there is also a more pronounced 
peak at -•N20øE. This secondary peak is due to the 
general clockwise rotations caused by the Landers and 
Northridge earthquakes and to increased activity in the 
ECSZ, where • is typically oriented -•N20øE. 

The temporal stress change at a given location can 
be quantified by fitting a constant rotation rate to the 
observed stress orientations for the four time intervals 

(Plate 4). Many of the regions which exhibit a high 
rotation rate, greater than -•l.5ø/yr, are in the vicinity 
of major earthquakes: 1992 Landers, 1994 Northridge, 
1987 Elm.re Ranch and Superstition Hills [Wald et al., 
1990], and 1995 Ridgecrest [Hauksson et al., 1995b]. As 
stress in the regions of major earthquakes tends to be 

highly heterogeneous, some of the observed temporal 
changes may be artifacts of changes in spatial sampling. 
Other areas that exhibit high rotation rates are at the 
southern end of the Elsinore Fault, scattered locations 

near Cajon Pass, along the Garlock Fault near Tejon 
Pass, and along the San Andreas north of the Salton 
Sea. 

Rotations associated with the tectonic loading of a 

fault may be difficult to detect. The most that the 
OH axis could rotate would be from -•90 ø to the fault 

immediately following a major earthquake to -•45 ø by 
the time of the next event. If cr• rotates -•45 ø over 

-•200 years at a constant rate of -•0.2ø/yr, the rotation 
could not be easily detected because it is well below the 
noise level. If the rotation rate was variable, however, 

the rotation rate over a -•20-year time interval could be 

larger and may be detectable. It is therefore possible 
that the rotations along the San Andreas and Garlock 
faults may be related to tectonic loading. 

4.3. Stress Magnitude and Fault Strength 

Major earthquakes appear to have significant impact 
on stress orientation. Stress rotations and high levels 

of stress heteroõeneity are seen at the locations of the 
1933 Long Beach, 1952 Kern County, 1971 San Fer- 
nando, 1987 Superstition Hills, 1992 Landers, and 1994 

Northridge earthquakes. These perturbations imply 
that the background deviatoric stress magnitude is low, 
of the order of earthquake stress drop. If earthquake- 

induced stress changes were negligible compared to the 
deviatoric stress, they would not noticeably alter the 
stress field. 

The Landers earthquake appears to have rotated the 

stress axes in some regions by 15 ø (+10 ø) (Figure 2 
and Table 1, [Hauksson, 1994]). The premainshock and 
postmainshock seismicity is not collocated, so it is pos- 

sible that the apparent temporal stress rotation is due 

to differences in sampling of a region containing spa- 
tial variations in stress orientation. However, since the 

pre-Landers stress state does not show any significant 

spatial or temporal variation [Hauksson, 1994], it is not 
unreasonable to assume that the premainshock stress 
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Plate 4. Rotation per year over the duration of the study. The rotation rate at each grid point 
was found by fitting a least squares linear trend to the inversion results for the four time intervals 
summarized in Figure 6. Gray indicates there are inadequate data to estimate a rotation rate. 
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Figure 7. Total misfit of the focal mechanisms of the events occurring along three segments 
of the Landers rupture (Figure 2) to the best fit stress tensor. The vertical lines represent the 
misfit if all the events are inverted together and if the premainshock and postmainshock events 
are inverted separately. The histograms show 500 tests in which the mechanisms were reshu•ed 
and divided into two sets the same sizes at the pre- and post-Landers data sets. The misfit is the 
L2 norm misfit between the vector of resolved shear stress on the fault plane and a unit vector 
in the slip direction, which is minimized by the inversion method [Michael, 1984, 1987]. 

field is relatively spatially homogeneous and that the 
observed premainshock stress orientation is representa- 
tive of the premainshock stress field in the aftershock 
zone. 

The difference between the pre- and post-Landers 
stress fields can be demonstrated by showing that a sig- 
nificant reduction in misfit is achieved by inverting the 
pre- and post-Landers seismicity separately. Figure 7 



21,874 HARDEBECK AND HAUKSSON: CRUSTAL STRESS FIELD IN CALIFORNIA 

/to 

Premainshock Mainshock Postmainshock 

Figure 8. Assumed geometry of a stress rotat, ion due to slip on a fault. The postmainshock 
stress state is equal to the premainshock stress state plus the stress change due to the earthquake. 
The problem is assumed to be two-dimensional, so it can be represented entirely in the rr•-rr3 
plane. 9 is the angle from the fault trend to the rr• axis, clockwise positive. A9 is the rotation 
of the stress field, clockwise positive. The mainshock stress drop, A•-, is taken to be positive for 
the sense of slip shown and negative for the opposite sense of slip. 

shows the total misfit for the events along each seg- 

ment, with the premainshock and postmainshock data 
inverted both separately and together. Inverting the 
two sets separately leads to a misfit reduction, some of 
which is due to the additional model parameters intro- 

duced by inverting for two stress states instead of one. 
For comparison, the total misfit is also shown for 500 
tests in which the mechanisms were reshuffled and di- 

vided into two sets the same size as the pre- and post- 
Landers data sets. The observed misfit reduction is 

greater than any of the misfit reductions achieved in 
the tests, implying that the observed misfit reduction 
cannot be attributed solely to the addition of model pa- 
rameters. Separate premainshock and postmainshock 
stress tensors significantly reduce the total misfit, in- 
dicating that a difference between the pre- and post- 
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Figure 9. Rotation of the stress field due to all earthquake (equation (4)). The stress rotation, 
A0, is shown versus the angle from the faui t to the preearthquake rr• axis, 0, for various values 
of At/r, the ratio of the stress drop to the deviatoric stress magnitude. The geometry is shown 
in Figure 8. The observed 0 and A0 for three segments of the 1992 Landers earthquake (Figure 
2 and Table 1) are shown as solid symbols. Shaded squares are the 95% confidence ranges of the 
stress orientation and fault strike. 
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Figure 10. Profiles of CH orientation relative to the strike of the San Andreas versus distance 

from the fault from inversions using two different binning schemes. The circles are adapted from 
profiles B and D of Hardebeck and Hauksson [1999], who binned the events along each profile based 
on distance from the fault. The solid lines are orientations from Townend and Zoback [2000], who 
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are 10. error bars (J. Townend, written communication, 2000.) For a bin which crosses the Fort 
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Landers stress states is strongly required by the data. 
The magnitude of the deviatoric stress can be es- 

timated quantitatively from the observed 15 ø (+10 ø) 
stress rotation due to Landers. A general 2-D solution 
can be found for the relationship between the near- 
field rotation of the stress field and the ratio of the 

earthquake stress drop, At, to the background devia- 
toric stress magnitude, r. We follow a procedure sim- 
ilar to that used by Sonder [1990] for the stress rota- 
tions associated with density anomalies. A solution for 

earthquake-induced stress changes was previously ob- 
tained [Y in and Rogers, 1995], but it was based on two 
assumptions which may not generally hold: that the 
mainshock fails in accordance with a Coulomb failure 

criterion and that the magnitude of the deviatoric stress 
is not changed by the earthquake. 

The solution given here assumes that the stress ori- 
entation observations are made very near to the main- 

shock rupture, where the stress change can be approxi- 
mated by the stress drop. This is a reasonable assmnp- 
tion for most aftershock sequences, in which the major- 

ity of events lie along the main rupture. There may be 
stress and stress drop heterogeneity near the fault due 

to variable slip, but if the observations represent the 
uniform part of the stress tensor over the length scale of 
the rupture and Ar represents the average stress drop, 
the result should be the average deviatoric stress on the 
same length scale. 

The postmainshock stress tensor equals the premain- 
shock stress tensor plus the stress change tensor due 
to the mainshock (Figure 8). The premainshock stress 
tensor is 

0.pre -- 0 -T ' (1) 

where r - (0-s -0.•)/2 is the deviatoric stress magni- 
tude and 0.• and 0-s are the principal stresses (tension 
positive). The near-field stress change tensor due to an 
earthquake on a fault plane oriented at an angle of 0 to 
the 0.• axis is 

-2Arcos0sin0 A0. -- At(COS 2 0 -- sin 2 0) At(cos 2 0 - sin 2 0) ) 2At cos 0 sin 0 ' 

(2) 
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where Ar is the earthquake stress drop. The postmain- 
shock stress tensor is therefore 

(Tpost ---- (Tpr e -]- A(T ---- 

( T--2ATCOSOSinO AT(COS20--sin20) ) At(cos 2 0 -- sin 2 0) -r + 2At cos 0 sin 0 ' 

Solving for the eigenvalues and eigenvectors, one finds 
that the postearthquake stress tensor is rotated from 

the preearthquake stress tensor by an angle of A0, 
where 

A0= 

atan -5= cos •, ' 
(4) 

The rotation depends on only two parameters: 0, the 
orientation of the fault relative to the preearthquake 

stress field, and At/r, the ratio of the earthquake stress 
drop to the background deviatoric stress level. A0 ver- 
sus 0 is shown for various values of Ar/r in Figure 9. 

The ratio Ar/r can be estimated from observed 0 and 
A0 using this solution. The stress rotations for three 
segments of the Landers earthquake (Figure 2 and Table 
1), shown along with the analytic solution in Figure 9, 
are used •o constrain Ar/r. The 0 and A0 observed for 
the Johnson Valley, Homestead Valley, and Emerson 

segments are all fit well by a value of Ar/r =0.65. The 
range of acceptable values for each segment is given in 
Table 1. 

The deviatoric stress magnitude, r, can be inferred 

from Ar/r if the earthquake stress drop, At, is known. 
The average stress drop for the Johnson Valley, Home- 

stead Valley, and Emerson segments, estimated from 

the mapped surface slip, is •8 MPa (see Table 1). As- 
suming Ar/r •0.65, then r •12 MPa. This is nearly 
an order of magnitude less than the crustal strength 

predicted by laboratory experiments. Conservative er- 
ror estimates constrain • to be less than -•25-32 MPa 

(Table 1). For comparison, the deepest borehole stress 
measurements in southern California, made at -03.5 km 

depth in the Cajon Pass borehole, imply a deviatoric 

stress magnitude at that depth of •20-t-10 MPa [Zoback 
and Healy, 1992]. 

Laboratory experiments indicate that faults should 

have a coefficient of friction of 0.6-0.85 [Byeflee, 1978], 
which corresponds to a strength of the order of 100 MPa 

at seismogenic depths, assuming hydrostatic pore pres- 
sure. The active faults in the ECSZ must be weak to 

operate at shear stress of the order of 10 MPa. Three 

classes of fault-weakening models have been proposed: 

high-pressure fluids [Hubbert and Rubey, 1959; Rice, 
1992; Sibson, 1992]; inherently weak fault zone ma- 
terials, although most candidate minerals have been 

eliminated by laboratory testing [Moore et al., 1996; 
Morrow et al., 1992]; and dynamic weakening [Heaton, 
1990; Melosh, 1996; Andrews and Ben-Zion, 1997; Har- 

ris and Day, 1997]. These models were formulated 

to explain the weakness of mature faults with well- 

developed gouge zones, like the San Andreas, and may 
need to be modified to apply to lesser developed faults. 

The stress orientations obtained from earthquake fo- 
cal mechanisms represent the uniform part of the stress 
field on length scales of the order of ki]ometers or more. 

Equation (4) relates the rotation of the uniform part of 
the stress field to the average stress drop on the length 
scale of the fault. Therefore our observations require 
low deviatoric stress and low fault strength only on 
these lengths scales. Smaller-scale variations in fault 

strength and deviatoric stress magnitude are accept- 
able and likely. Locally high deviatoric stress magni- 
tudes presumably exist at crack tips and fault irregu- 
larities. Dynamic fault weakening mechanisms require 
small-scale heterogeneity, as locally high shear stress or 
low static strength is necessary to initiate rupture. 

4.4. Mechanics of the San Andreas Fault 

The San Andreas Fault is often considered to be a 

weak fault. The lack of an observed heat flow anomaly 

along the San Andreas [Brune et al., 1969; Lachenbruch 
and $ass, 1992] indicates that sliding friction is less than 
•20 MPa and that the fault is therefore weak in an ab- 

solute sense. The San Andreas is also thought to be 
weak relative to other faults in the region, based on 
the apparent misorientation of the fault relative to the 

surrounding stress field. The regional maximum hori- 

zontal stress axis, rrH, has been observed to be roughly 

perpendicular to the fault surface, indicating that rela- 
tively little shear stress is resolved onto the San Andreas 

compared to faults of other orientations [Zoback et al., 
1987; Mount and $uppe, 1992]. Since the San Andreas 
appears to operate at a lower level of shear stress than 

other faults, it is considered weak in a relative sense. 

However, recent work has found that rrH rotates to 

lower angles (•50 ø) near the San Andreas in some 
parts of southern and central California [Hardebeck and 
Hauksson, 1999; Provost and Houston, 2001]. This low 
angle can be seen in Plate I for fault segments with a 

wide zone of rotation, such as the Tejon Pass segment. 
Other segments have narrower zones of rotated stress 

which cannot be well resolved with the 5-20 km spatial 
resolution of Plate 1. The rotations can be better re- 

solved if the earthquakes are inverted for stress in long 
narrow bins parallel to the fault. 

Townend and Zoback [2000] inverted the same data 
set as Hardebeck and Hauksson [1999] using a different 
binning technique, and use their observations to argue 
that a•/ does not rotate to low angle near the fault. 
However, when their observed stress orientations are 

displayed as profiles across the San Andreas, it is ap- 

parent that these orientations agree very well with those 

found by Hardebeck and Hauksson [1999] (Figure 10). 
The similarity between the results of the two studies 
demonstrates that the observed stress rotations across 

the San Andreas are a robust feature of the focal mech- 

anism data set. 
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Figure A1. The geometry used to generate the syn- 
thetic focal mechanism data sets. The a• axes of stress 
states A and B are oriented north and N45øE, respec- 

tively, and the a2 axes are both vertical. The refer- 
ence fault strikes N30øW, and either stress state would 
cause this fault to slip in a right-lateral, strike-slip sense, 
as shown by the reference mechanism. Synthetic focal 
mechanism data sets are generated by selecting fault 
planes with different levels of variability from the ref- 
erence plane and choosing the rake of each event to be 
in the direction of the resolved shear stress. Random 

errors can also be added to the data sets. Separate focal 
mechanism data sets are generated from stress states A 
and B from the same sets of fault planes. 

The observed -•50 ø angle between a•/ and the fault 
strike contradicts the model of a relatively weak San An- 

dreas and implies that the shear stress on the fault is ap- 

proximately equal to the deviatoric stress magnitude in 
its immediate surroundings. There are two end-member 

possibilities: that the San Andreas is strong or that the 
surrounding crust is at low stress. The stress orienta- 
tion information alone cannot distinguish between these 
two models. 

$cholz [2000] interpreted the stress rotation observed 
by Hardebeck and Hauksson [1999] to mean that the San 

Andreas is strong. A strong fault driven from below by 
a shear zone would produce upper crustal stress orien- 
tations similar to those observed across the Tejon Pass 

segment of the San Andreas. However, a strong San 
Andreas is at odds with heat flow observations [Lachen- 

bruch and $ass, 1992]. 

Hardebeck and Hauksson [1999] interpreted the stress 
rotation as a -•2-30 km wide zone of weakness due to el- 

evated fluid pressure on the basis of the fault fluid model 

of Rice [1992], which predicts such a rotation. However, 
as noted by $cholz [2000], there is a force balance prob- 
lem for a wide zone of high fluid pressure, since the 

model predicts an elevated vertical stress which must 

be balanced by vertical shear stress on fault-parallel 

planes. If the zone of high fluid pressure is wide and the 

deviatoric stress outside of the zone is high, this shear 

stress is unacceptably large. The model of Rice [1992] 

RMS diversity = 10 ø RMS diversity = 20 ø RMS diversity = 30 ø 

RMS diversity = 40 ø RMS diversity- 50 ø RMS diversity = 60 ø 

Figure A2. Stereographic projections of the P axes (solid circles) and T axes (open circles) 
of example focal mechanism data sets illustrating various levels of diversity, as measured by the 
RMS difference of the mechanisms from tt•e average mechanism. The data sets contain 30 events 
consistent with stress state A (Figure A1) with the addition of some random errors. 
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may still apply to the narrow zone of rotation observed 

in central California [Provost and Houston, 2001]. 
Another possibility is that the San Andreas is a weak 

fault in a low-stress crust. The low deviatoric stress 

magnitude observed in the ECSZ suggests that this is 
the case. If the stress magnitude in the ECSZ is typical 

of the southern California plate boundary region, the 
San Andreas may have a resolved shear stress compara- 

ble to the deviatoric stress, of the order of 10 MPa, and 

still be consistent with the upper bound on frictional 

stress required by heat flow measurements. 

The rotation of OH across the San Andreas may sim- 

ply reflect interseismic stress accumulation. If the devi- 

atoric stress is on the order of earthquake stress drop, 

OH should rotate during the seismic cycle, from a high 

angle immediately following the stress release of a large 

earthquake to a lower angle later in the interseismic pe- 

riod as the fault is reloaded. The last major earthquake 

on the San Andreas in southern California was in 1857, 

so all the fault segments are currently late in the cycle 

and OH is at low angle to the fault. This model predicts 

the width of the zone of rotation to roughly correspond 
to the width of the interseismic strain accumulation, 

which Hardebeck and Hauksson [1999] observed. 
The observed stress orientations and magnitudes, in 

southern California and elsewhere, can be explained by 

a model in which major active faults are weak, while 

the relatively intact crust is strong. In an intraplate 

setting, the crust as a whole is strong because it con- 

tains no major active faults, and the deviatoric stress 

is high, as is observed [Brudy et al., 1997]. In a sim- 
ple plate boundary region, containing only one major 

active fault, the deviatoric stress magnitude may also 

be high, but the stress tensor must be oriented such 
that little shear stress is resolved onto the fault plane. 

This may be the case for the creeping segment of the 
San Andreas in central California [Provost and Hous- 

ton, 2001]. In a complex plate boundary region like 
southern California, however, there are weak faults in 

many orientations. The crust as a whole cannot support 
high shear stresses, so the deviatoric stress magnitude 
must be low. 

5. Conclusions 

A high-resolution image of stress orientation in the 
southern California plate boundary region was found 
from the inversion of earthquake focal mechanisms. The 
stress field appears to be highly heterogeneous on a 

range of length scales. Some of the stress field variations 
can be attributed to the different geologic provinces, 

fault complexity, and the occurrence of major earth- 
quakes, while some remains unexplained. The com- 
plexity of faulting in southern California is not simply 
the response of a heterogeneous crust to a homogeneous 
stress state. Fault complexity may lead to stress het- 

erogeneity, and vice versa. 
Over the -020-year time span of the events used in 

this study, major earthquakes appear to be the domi- 

nant cause of temporal evolution of the stress field. In 

the long term, tectonic loading should approximately 

cancel out stress changes due to earthquakes. How- 

ever, since tectonic loading is a much slower process, 

the stress changes associated with it cannot be confi- 

dently observed with -•20 years of earthquake data. 

The magnitude of the deviatoric stress can be esti- 

mated from the rotation of the stress field caused by 

major earthquakes. The observed 15 ø (4-10 ø ) stress ro- 
tation due to the 1992 Landers earthquake implies that 
the deviatoric stress is of the order of 10 MPa. This is 

an order of magnitude less than the fault strength pre- 

dicted from laboratory experiments, implying that the 
faults of the Eastern California Shear Zone are weak. 

This, along with the observation that the San Andreas 
fault is well oriented for failure in the stress field of its 

immediate surroundings, suggests that the San Andreas 
is a weak fault in a low-stress crust. 

Appendix A: Quantifying Adequate 
Focal Mechanism Diversity for Stress 
Inversion 

A single earthquake cannot be used to estimate stress 
orientation because it requires only that the maximum 

principal stress axis, al, be in the compressional quad- 

rant of the focal mechanism [McKenzie, 1969]. There- 
fore a set of identical or nearly identical mechanisms 

no fault plane ambiguity, no errors 
60 .... 

50 B •, •,•• • • • 

40 A .... 
30 

20 

lO 

o 

-10 • • 95? , , 
0 10 20 30 40 50 60 70 

RMS difference from mean mechanism (degrees) 

Figure A3. Results of the inversion of perfect syn- 
thetic focal mechanism data, with no fault plane ambi- 
guity. The calculated orientation of •/is shown versus 
focal mechanism diversity, as measured by the RMS 
difference of the mechanisms from the average mech- 
anism, for focal mechanism data sets generated from 
stress states A and B (see Figure A1). The •/orienta- 
tions for the computed best fit stress states are shown 
as circles, and the 95% confidence regions are shwon 
as stars. The horizontal lines at 0 ø and 45 ø indicate 

the correct OH orientations for stress states A and B, 
respectively. Only for data sets with a diversity of at 
least 30 ø can the two stress states be correctly recov- 
ered. 
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Figure A4. Results from the inversion of •,,12,000 synthetic focal mechanism data sets generated 
from stress states A and B /see Figure A1), with varying numbers of events/30, 50, 100 or 300), 
level of diversity, and focal mechanism error. The data sets are grouped in 5 ø bins based on 
the focal mechanism diversity, as measured by the RMS difference of the mechanisms from the 
average mechanism. For each bin we plot the percent of data sets for which the correct stress 
state falls within the computed 95% confidence region. The change from a low percentage to a 
high percentage indicates the critical level of diversity at which reliable stress inversions become 
possible. 

cannot constrain the stress tensor. An adequately di- 

verse set of fault planes is necessary to obtain a reliable 

inversion result. However, to our knowledge, no one has 

quantified how diverse a set of focal mechanisms must 
be. 

We quantify adequate mechanism diversity through 

a simple test on synthetic data. We select two stress 
states for which •rz is in the same quadrant for a ref- 
erence focal mechanism and measure how much a focal 

mechanism data set must vary from the reference mech- 

anism in order to differentiate and correctly recover the 

two stress states. We generalize the results to propose 

a simple test which may be used to determine whether 
a focal mechanism data set is adequately diverse for use 
in stress inversions. 

The geometry for the synthetic tests is shown in Fig- 

ure A1. For both stress states, •r2 is vertical. In stress 
state A, •rz trends due north, and for stress state B, •rz 
trends N45øE. The reference fault is vertical and strikes 

N30øW. Either stress field would cause this fault to slip 

in a right-lateral, strike-slip sense, as shown by the ref- 
erence [heal mechanism. Earthquakes on more faults of 

different orientations would clearly be needed to distin- 

guish between the two stress states. 

Synthetic focal mechanism data sets are created with 
varying degrees of diversity. The least diverse sets con- 
sist of fault planes which are all very similar to the ref- 

erence fault plane, while the more diverse sets, although 
centered about the reference plane, contain more planes 

of different orientations. The angular difference of the 



21,880 HARDEBECK AND HAUKSSON: CRUSTAL STRESS FIELD IN CALIFORNIA 

planes from the reference plane were chosen randomly 

from a normal, exponential, or flat distribution, with 

the distribution type having no apparent affect on the 
results. The focal mechanism data sets for stress state 

A are found by projecting stress tensor A onto each 

fault plane and choosing the rake to be in the direction 
of the resolved shear stress. The synthetic data sets for 

stress state B are found similarly, for the same sets of 

fault planes. 

Random errors can be introduced into a data set by 

rotating each mechanism a random angle about a ran- 

dom axis. The angle is chosen from an exponential dis- 

tribution [Hardebeck and Hauksson, 2001], and the ro- 
tation axis is chosen from a uniform spatial distribution. 

Nodal plane ambiguity can be simulated by randomly 

selecting the fault plane or the auxiliary plane for in- 
clusion in the data set. 

For each focal mechanism data set the diversity is 

quantified by computing an average mechanism and 

finding the RMS angular difference of the focal mecha- 

nisms from this average mechanism. Several other mea- 

sures of mechanism diversity were also tried, but the 

RMS angular difference found to be the most diagnos- 
tic. Example data sets with varying diversity are shown 

in Figure A2. 

Results for perfect data (no mechanism error and no 
fault plane ambiguity) are shown in Figure A3. When 
the mechanism diversity is very low, _•10 ø, the inver- 

sion results for data generated from stress states A and 

B are indistinguishable, both with a c•H direction of 

-•N15øE, -•45 ø from the strike of the reference fault. 

As the diversity increases, the two stress states become 

more differentiated. For diversity of -•30 ø or more, both 

stress states are correctly recovered to within the com- 

puted 95% confidence regions. 
The results for • 12,000 synthetic data sets are shown 

in Figure A4. The percent of data sets for which the 

correct stress state falls within the computed 95% confi- 

dence region is plotted versus mechanism diversity. For 
each level of error, there is a clear critical diversity 

:ow which the majority of inversions do not recover the 

correct stress state and above which they do. The criti- 

cal diversity is -•30 ø for perfect data with no fault plane 

ambiguity and -•35 ø with the ambiguity. The critical 
value is •40 ø for mechanisms with 10 ø errors and -•45 ø 

for 20 ø errors. 

From this simple synthetic test we have demonstrated 

that a mechanism diversity of •40ø-45 ø (for data sets 
with 10ø-20 ø error) is adequate to differentiate between 
and correctly recover two stress states which would be 

indistinguishable with inadequate mechanism diversity. 

We generalize this result to propose that a given 
cal mechanism data set is adequately diverse for use in 

stress inversions if the RMS difference from the average 
mechanism is greater than -•40ø-45 ø. 
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