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[1] We argue that key features of thrust earthquake triggering, inhibition, and clustering
can be explained by Coulomb stress changes, which we illustrate by a suite of
representative models and by detailed examples. Whereas slip on surface-cutting thrust
faults drops the stress in most of the adjacent crust, slip on blind thrust faults increases the
stress on some nearby zones, particularly above the source fault. Blind thrusts can thus
trigger slip on secondary faults at shallow depth and typically produce broadly distributed
aftershocks. Short thrust ruptures are particularly efficient at triggering earthquakes of
similar size on adjacent thrust faults. We calculate that during a progressive thrust
sequence in central California the 1983 M,, = 6.7 Coalinga earthquake brought the
subsequent 1983 M,, = 6.0 Nuiiez and 1985 M,, = 6.0 Kettleman Hills ruptures 10 bars and
1 bar closer to Coulomb failure. The idealized stress change calculations also reconcile the
distribution of seismicity accompanying large subduction events, in agreement with
findings of prior investigations. Subduction zone ruptures are calculated to promote
normal faulting events in the outer rise and to promote thrust-faulting events on the
periphery of the seismic rupture and its downdip extension. These features are evident in
aftershocks of the 1957 M,, = 9.1 Aleutian and other large subduction earthquakes. We
further examine stress changes on the rupture surface imparted by the 1960 M,, = 9.5 and
1995 M,, = 8.1 Chile earthquakes, for which detailed slip models are available. Calculated
Coulomb stress increases of 2—20 bars correspond closely to sites of aftershocks and
postseismic slip, whereas aftershocks are absent where the stress drops by more than

10 bars. We also argue that slip on major strike-slip systems modulates the stress acting
on nearby thrust and strike-slip faults. We calculate that the 1857 M,, = 7.9 Fort Tejon
earthquake on the San Andreas fault and subsequent interseismic slip brought the
Coalinga fault ~1 bar closer to failure but inhibited failure elsewhere on the Coast Ranges
thrust faults. The 1857 earthquake also promoted failure on the White Wolf reverse fault
by 8 bars, which ruptured in the 1952 M,, = 7.3 Kern County shock but inhibited slip on
the left-lateral Garlock fault, which has not ruptured since 1857. We thus contend that
stress transfer exerts a control on the seismicity of thrust faults across a broad spectrum of
spatial and temporal scales. INDEX TERMS: 7209 Seismology: Earthquake dynamics and mechanics;
7230 Seismology: Seismicity and seismotectonics; 7223 Seismology: Seismic hazard assessment and
prediction; 8164 Tectonophysics: Stresses—crust and lithosphere; 8123 Tectonophysics: Dynamics,
seismotectonics; KEYWORDS: earthquake triggering, thrust and subduction earthquakes, stress transfer, fault
interaction, blind thrust, San Andreas Fault
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1. Introduction interaction. Most studies have focused on earthquakes on
strike-slip faults, such as the San Andreas, North Anatolian,
and eastern California shear zone; or on normal faults in
western Turkey, Greece, Italy, and the U.S. basin and range
province (see reviews by Harris [1998], Stein [1999], King
Copyright 2004 by the American Geophysical Union. and Cocco [2000], and Stein [2003]). One advantage of
0148-0227/04/2003JB002607$09.00 studying strike-slip earthquakes is that the pattern of stress

[2] During the past decade, the phenomenon of static
stress transfer has been explored to understand earthquake
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Figure 1. Depth of burial as a function of fault length/width (/W) ratio for some well-studied thrust

faults. Burial depth is normalized by the vertical extent of the fault, as shown in the inset. Large
subduction earthquakes tend to locate in the upper right; moderate size continental thrust faults tend to
locate to the left. Sources are 1, Barrientos and Ward [1990]; 2, Lay et al. [1989]; 3, Ihmle and Ruegg
[1997]; 4, Wang [2000]; 5 and 6, Stein et al. [1994]; 7, 8, and 12, Stein and Ekstrom [1992]; 9, Ekstrom et
al. [1992]; 10, Lin and Stein [1989]; 11, Hauksson [1994]; 13, Seeber et al. [1998].

transfer does not vary greatly with depth, so one can use
aftershocks to test the predicted distribution of off-fault
stress changes despite their large depth uncertainties. Con-
versely, the majority of thrust events occur in subduction
zones offshore, where seismic and geodetic coverage is
often poor.

[3] Despite these limitations, thrust faults are a tantalizing
target of study: Thrust earthquakes have been responsible
for most of the 20th century’s seismic fatalities and financial
losses, and thrust faults pose a major hazard to urban centers
in California, the Pacific Northwest, Central and South
America, Japan, India, Iran, and Taiwan. Unlike strike-slip
systems, thrust faults are often “blind,” meaning that the
fault does not reach the Earth’s surface, which profoundly
alters the stress transfer. Previous investigations of conti-
nental thrust events [Stein et al., 1994; Harris et al., 1995;
Deng and Sykes, 1997; Hardebeck et al., 1998; Wang and
Chen, 2001; Wang et al., 2003] and subduction earthquakes
[Dmowska et al., 1988; Taylor et al., 1996, 1998; Parsons,
2002] pointed to the important role of stress interaction.
However, the common features of stress transfer in thrust
systems are still poorly understood. Progress in understand-
ing of this process should improve our ability to forecast
earthquake hazards.

[4] Here we explore how thrust events interact, cluster,
propagate, and inhibit each other. We first present a suite of
idealized models illustrating the key features of Coulomb
stress transfer associated with blind and surface cutting
thrust faults. We then show how these models capture much
of the observed aftershock distributions of continental thrust
and subduction events, and can rationalize several propa-
gating earthquake sequences. Finally, we explore how thrust

and strike-slip faults are influenced by the stresses trans-
mitted by a nearby major transform system, focusing on
interaction between the San Andreas fault and the Coast
Ranges faults. Although time-dependent stress transfer
associated with viscous flow is important [Pollitz and
Sacks, 1997; Freed and Lin, 1998; Casarotti and Piersanti,
2003], here we will focus on elastic processes that dominate
coseismic stress changes. Where necessary we also use
simplified dislocation models to examine interseismic stress
accumulation.

2. Idealized Models of Stress Transfer
2.1. Surface-Cutting Faults Versus Blind Thrust Faults

[s] The degree of blindness of thrust faults varies over a
broad spectrum (Figure 1), as surveyed by Lettis et al.
[1997]. For blind thrusts with normalized depth of burial
<1, such as the 1971 M,, = 6.7 San Fernando earthquake,
the pattern of Coulomb stress is strongly influenced by the
stress-free ground surface. The Coulomb stress change is
defined as ACFF = At + pAo, where A is the change in
shear stress ( positive in the slip direction), Ao is the change
in normal stress ( positive when the fault is unclamped), and
w is the apparent friction coefficient after accounting for the
pore fluid pressure effect, which is sometimes represented
as | [King et al., 1994]. A thrust fault that cuts the entire
brittle-elastic layer of the crust relieves stress over a broad
area in its cross-sectional area, inhibiting failure on nearby
thrust faults (Figure 2a). In contrast, blind thrust faults
increase the stress toward failure in a much larger percent-
age area of their immediate vicinity, including the overlying
crust (Figure 2b). Blind thrusts can thus trigger relatively
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Figure 2. Cross sections (left) through the center and (right) beyond the end of the fault of a 45°-
dipping thrust source fault. Optimally oriented receiver thrust planes are shown in areas of increased
Coulomb stress. Both the 1971 San Fernando and 1994 Northridge faults dip about 45°. (a) The surface-
cutting thrust (M,, = 7.0) drops the stress in the upper crust, (b) whereas a blind thrust (M,, = 6.8)
increases the stress over much of the upper crust, despite its smaller magnitude. Near-surface regions of

stress increase are sometimes relieved by secondary

surface faulting, as occurred in the Northridge shock.

(c) Stress changes caused by blind and surface fault slip. (d—f) Beyond the ends of the faults the stress

distribution is relatively insensitive to whether the
strike projection of faults is dotted.

abundant off-fault seismicity, including aftershocks or sub-
sequent main shocks.

[6] The stress imparted by a blind thrust earthquake to the
overlying crust is often relieved by secondary surface faults
(Figure 2c). Secondary surface faulting is evident in the
1994 M,, = 6.7 Northridge earthquake [Stein et al., 1994],
and rootless secondary thrust faults are imaged in the cores
of anticlines (upwarped strata) above the 1983 Coalinga and
1985 Kettleman Hills thrust events [Stein and Ekstrom,
1992]. However, existing bedding planes within sedimen-
tary strata may significantly inhibit upward propagation of a
thrust fault, and thus influence stress transfer [Roering et al.,
1997]. Stress that promotes reverse faulting is also trans-
ferred along the strike, beyond the ends of the rupture
(Figures 2d—2f; see Figure 1 inset for terminology). The
calculated off-fault stress increases exhibit a broad cross in
cross section, and so aftershocks beyond the fault ends
should also be widely dispersed, rather than aligned with the
earthquake rupture plane.

[7] The diffuse pattern of aftershocks for blind thrust
main shocks is evident in numerous well-documented
examples, such as the 1983 Coalinga and 1985 Kettleman
Hills [Stein and Ekstrom, 1992], 1987 M,, = 6.0 Whittier
Narrows [Shearer, 1997], and 1994 Northridge [Hardebeck
et al., 1998] earthquakes. The Whittier Narrows earthquake,

thrust is surface-cutting or blind, where the along-

for example, is so deeply buried that there is no influence of
the ground surface, and its aftershock distribution is highly
compact (Figure 3). Although aftershocks close to the
rupture plane are probably triggered by stress concentrations
arising from discontinuities along the fault surface that are
not represented by our smooth slip models, the off-fault
shocks appear to lie in regions that sustained a Coulomb
stress increase (Figures 3a and 3b), or were unclamped
(Figure 3c).

[8] The correspondence between the off-fault aftershocks
and the calculated unclamping for the Whittier Narrows
earthquake (Figure 3c) suggests that aftershocks of thrust
faults are sensitive to normal stress changes. Thus the
apparent friction coefficient p in the Coulomb stress equa-
tion would appear to be high for thrust faults, perhaps about
0.8. This inference has also been made for other thrusts and
for strike-slip faults with little cumulative slip, perhaps
because youthful fault surfaces are rough [Parsons et al.,
1999; Toda and Stein, 2003]. In contrast, evidence favors
low friction for strike-slip faults with significant cumulative
slip, such as the San Andreas, for which p < 0.4 [Zoback et
al., 1987; Harris et al., 1995; Parsons et al., 1999; Toda
and Stein, 2002]. Subduction zones likely have intermediate
friction because of large cumulative slip and the likelihood
of high pore pressure. So here we will use p = 0.8 for

3 of 19



B02303

continental thrusts, but p = 0.4 for subduction zones, major
strike-slip faults, and schematic examples.

[o9] There are several ways to calculate the Coulomb
stress imparted by an earthquake, and we will use two in
this study. The Coulomb stress can be resolved on to
particular planes in a specified rake direction, known as
“receiver faults.” We use such specified-fault calculations
when the geometry and rake of the receiver fault is known,
such as in a sequence of large thrust earthquakes. When
examining the correspondence between the earthquake
stress change and small aftershocks, however, the faults
on which most aftershocks occur are unknown. In such
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cases, we calculate the stress changes on optimally oriented
faults. In other words, at every point in space, the plane on
which the Coulomb stress change is most positive is found
[King et al., 1994]. Figure legends of all figures that show
stress calculations detail which type of calculation is made.

2.2. Interaction on Short Versus Long Thrust Faults

[10] When thrust earthquakes grow to M > 7 they often
become longer along strike than they are wide in the
downdip direction, because their downdip extent is limited
by the finite depth of the brittle-elastic crust. In such cases,
the stress transferred beyond the along-strike ends remains
similar to that of short faults (Figure 4a), but the regions of
stress decrease located perpendicular to the fault strike grow
broader along strike (Figure 4b). Figures 4 and 5 display the
same cases in map view and cross section, respectively.

[11] It has often been noted that, unlike strike-slip events,
great subduction earthquake sequences more rarely propa-
gate along strike [Ruff and Tichelaar, 1996]. The ability of a
thrust earthquake to promote failure on an adjacent patch of
similar size is strongly influenced by its length/width (L/W)
ratio. For a square fault with 2 m of slip, about 70% of the
adjacent patch experiences a stress increase of 1 bar or more
(Figure 6a). For a fault of the same slip but with L/W ~ 6,
only 15% of the adjacent patch sustains a 1-bar stress
increase (Figure 6b). The Middle America subduction zone
tends to rupture in M < 7.4 earthquakes with L/W ~ 1,
whereas the Aleutian and Chilean subduction zones more
commonly rupture in M > 8 earthquakes with L/W > 3.
Thus short continental thrust faults and M < 7.4 subduction
shocks should be more efficient at triggering subsequent
earthquakes of similar size along strike than great subduc-
tion zone earthquakes.

[12] The ability of a subduction event to inhibit thrust
faulting inland of the trench is similarly influenced by the
L/W ratio. The zone of Coulomb stress decrease, known as
the “stress shadow,” is several times larger for the L/W =
6 case (Figure 6b) than for the L/W = 1 case (Figure 6a)
because such areas of stress decrease grow broader along
the strike of the rupture as L/W increases. Thus short thrust
ruptures are efficient in triggering other thrust events of
similar size along the strike of the rupture plane, while long

Figure 3. Stress change caused by the 1 October 1987
M,, = 6.0 Whittier Narrows earthquake. (a) Map view of
maximum stress change for depth range of 10.0—14.4 km,
with seismicity (1 October 1987 to 31 December 1994, M >
1.0, horizontal error <0.5 km) from Shearer [1997] for the
same depth range. The source fault model, shown by the
black inscribed line, has tapered thrust slip on a 4.5 x
4.5 km fault with strike 270°, dip 25°, and rake 90°,
following Lin and Stein [1989]; receiver faults are assumed
to have the same parameters. (b) Coulomb stress change in
cross section cutting the center of the fault. The resulting
stress component is shown in the top left-hand corner.
(c) Normal stress change. Unclamping is positive. There
were no earthquakes recorded during 1975-1987 at the
minimum catalog magnitude of M > 0.8 [Richards-Dinger
and Shearer, 2000], and so the aftershock pattern is more
likely a response to the stress changes imparted by the main
shock than a continuation of the background seismicity.
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Figure 4. Stress transferred by (a) short versus (b) long blind thrust source faults dipping 30°. Stress is
sampled on a horizontal plane bisecting the fault. To illustrate which type of receiver fault is most likely
to be promoted, stress is calculated on optimally oriented receiver faults; in other words, at every point
the plane on which the Coulombs stress change is most positive is shown. The stress increases beyond the
ends of the long and short source fault are about the same, but the zone of stress decrease perpendicular to
the strike of the source fault is much broader along strike for the long fault. While thrust faulting is
promoted beyond the ends of a thrust fault rupture, the region over which strike-slip faulting is enhanced

extends over a much larger area.

ruptures are efficient in inhibiting thrust faults in a large
region perpendicular to the rupture plane.

3. Stress Transfer in a Continental Blind
Thrust Sequence

[13] The central California Coast Ranges suffered a south-
ecast propagating sequence of blind thrust earthquakes that
includes the 1982 M,, = 5.8 New Idria, 1983 M,, = 6.7
Coalinga, 1983 M,, = 6.0 Nuilez, and 1985 M,, = 6.0
Kettleman Hills earthquakes. The main shocks were sepa-
rated by 8, 2, and 25 months, respectively. In keeping with
most studies, we treat the events as occurring on west
dipping thrust faults, although it should be noted that
Dickinson [2002] argues that the shocks most likely struck
on east dipping reverse faults. Although stress transferred by
the New Idria to the Coalinga shock is negligible (Figure 7a),

the stress imparted by the Coalinga event to the Nuilez
rupture plane is large (Figure 8), suggesting that the Coal-
inga shock promoted the Nufiez earthquake. The Coulomb
stress increase at the base of the Nuiflez fault is about 4—
10 bars (Figures 8a and 8b), and is unclamped by 20 bars,
because of its proximity to the Coalinga source (Figure 8d).

[14] Aftershocks of the New Idria and Coalinga events
are concentrated in regions of calculated Coulomb stress
increase (Figures 7a and 7b), although this is less true for
the Kettleman Hills aftershocks (Figure 7¢). In cross sec-
tion, the distributed pattern of Coalinga aftershocks in the
epicentral area (Figure 9b) and at the future epicenter of the
Kettleman Hills shock (Figure 9c¢) is also in rough accord
with the calculated Coulomb stress change. The absence of
such correlations between background seismicity and the
subsequent earthquake stress changes (Figures 7d—7f and
Figures 9d—9f) furnishes additional support that after-
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Figure 5. Cross-sectional areas across the midpoint of a thrust fault, showing stresses imparted by a
30°-dipping blind thrust source fault on nearby (a, b) reverse and (c, d) strike-slip receiver faults. The
pattern of stress change on strike-slip receiver faults differs markedly for long (Figure Sc) and short
(Figure 5d) source faults. Strike-slip faulting is also enhanced above a blind thrust fault (Figure 5d).
These cross sections can be compared with the map view for the same cases in Figure 4.

shocks are the product of the coseismic stress changes, rather
than being a continuation of the background seismicity.

4. Stress Transfer in Subduction Events

[15] The most robust features of subduction seismicity are
the occurrence of thrust aftershocks on the periphery of the
seismic rupture and along its downdip extension, and the
occurrence of normal faulting aftershocks in the outer rise,
seaward of the trench (Figure 10a). Normal faulting events
are abundant in the outer rise during the decades after the
main shock, whereas thrust events in the outer rise are only
seen in the decades before the next main shock (Figure 10b)
[Lay et al., 1989]. To explain these observations, we first
investigate the stresses transferred by a great subduction
earthquake to surrounding faults, and then examine the
distribution of stress on the rupture surface for two well-
determined earthquakes.

[16] To interpret the aftershock patterns seen in subduc-
tion zones, we calculate the stress that large main shocks
impart to the surrounding crust. Normal faulting is promoted
in the upper lithosphere and inhibited downdip of the
rupture in the Wadati-Benioff zone (Figure 11a). In contrast,
thrust faulting is promoted in the Wadati-Benioff zone, but
is inhibited in the upper lithosphere except in a narrow
region in the back arc, above the lower edge of the source
fault (Figure 11b). The outer rise is the product of tensional
stresses caused by the bending of the oceanic lithosphere
[Hanks, 1971], whereas thrust earthquakes accommodating
subduction delineate the Wadati-Benioff zone [Ruff and
Tichelaar, 1996]. The net effect of these stress changes is
therefore to promote normal-faulting events in the outer rise
and thrust events in the Wadati-Benioff zone (Figure 11c);
in some cases, the subduction event also triggers thrusting

in the back arc. Static stress transfer can thus explain the
classic results of Lay et al. [1989], including the increase in
outer rise normal faulting following major subduction earth-
quakes (Figure 10b). Using a two-dimensional viscoelastic
model, Taylor et al. [1996] first reached similar conclusions
for the outer rise interactions, and we confirm their inter-
pretation. Taylor et al. [1998] used a three-dimensional
elastic model to investigate strike-slip faulting in the back
arc triggered by subduction events.

5. Aftershock Triggering by Great Subduction
Earthquakes

[17] Close inspection of earthquake triggering in subduc-
tion zones requires detailed models of the distribution of
coseismic slip. Barrientos and Ward [1990] developed a
variable slip model for the world’s largest recorded earth-
quake, the 1960 M,, = 9.5 Chile event, by inverting geodetic
and coastal uplift observations. We used their slip model to
calculate the Coulomb stress changes on the rupture plane
and in its immediate vicinity (Figure 12a). The model
reveals large stress concentrations on and off the fault.
When resolved on the rupture plane, 75% of the aftershocks
occur where the stress change is positive (Figure 12a). Two
M > 7 shocks that struck in 1974—1975 also lie in regions
of calculated stress increase. The few well-located after-
shocks that lie beneath the rupture plane also occur in where
the stress increased (Figure 12b). Aftershocks extend farther
from the north end of the rupture zone than they do from the
south end, an observation also consistent with the off-fault
stress increases.

[18] Although considerably smaller, aftershocks of the
1995 M,, = 8.1 Antofagasta, Chile, earthquake are much
better located, permitting a stronger test of stress triggering.

6 of 19



B02303

-1 bar

a k
1 bar —\,
Ty Ezma +
-1bar @) )

-1 bar

«—

0 10
km

LIN AND STEIN: STRESS TRIGGERING AND FAULT INTERACTION

over an area 4 times 0
fault surface

B02303
C
0 —
S N
1-bar stress increase £ L i
over 70% of 2 %// ......
adjacent patch s 10 !
8 I Stress i
sampled
1-bar stress decrease P
20 1 1 1 1

10 20
Distance (km)

1-bar stress decrease over an area
6 times fault rupture surface
1 bar

[

+ -1bar 2 m of slip

+ 1-bar stress increase over
15% of adjacent patch

-1 bar

Figure 6. Triggering of a thrust earthquake on an adjacent patch (shaded) of similar size along strike.
The source and receiver faults both dip 30°; 2 m of linearly tapered slip, as indicated by the nested
rectangles, is imposed on both the short and long source faults. (a) For a square source (L/W = 1),
equivalent to M,, = 6.5 with a mean stress drop of 60 bars. A 1-bar stress increase occurs over 70% of the
adjacent patch. (b) For a long source (L/W = 6), equivalent to M,, = 7.0 with a mean stress strop of 47 bars.
Only 15% of the adjacent patch experiences a 1-bar stress increase. In both Figures 6a and 6b, the
downdip width, I, of the source fault controls the along-strike extent of the 1-bar stress increase area in
the adjacent fault patch. (c) Cross section showing fault geometry.

Klotz et al. [1999] inverted GPS data for a variable slip
model for the 1995 shock, M. Chlieh et al. (Crustal
deformation and fault slip during the seismic cycle in the
north Chile subduction zone, from GPS and InSAR obser-
vations, submitted to Geophysical Journal International,
2003, hereinafter referred to as Chlieh et al., submitted
manuscript, 2003) inverted GPS and InSAR geodetic data
for the first 3 years of postseismic slip, and Husen et al.
[2000] relocated 1995 aftershocks using local earthquake
tomography from a 90-day land and ocean bottom
seismometer deployment. We calculate the coseismic Cou-
lomb stress change on the fault surface, and compare this
to the principal aftershocks and site of postseismic slip
(Figure 12c¢). Four out of the six largest shocks (red stars),
and 82% of the well-relocated aftershocks (circles) lie in
areas brought closer to Coulomb failure by the coseismic
slip. Aftershocks extend farthest from the north end of the

rupture, where the off-fault stress changes are greatest. In
addition, the postseismic slip lies on the downward portion
of the subduction interface at a locality where the Coulomb
stress was most increased by the coseismic slip (Figure 12c¢).
In cross section, some 80% of the aftershocks are located in
areas of increased Coulomb stresses, especially downdip of
the fault zone (Figure 12d). For neither the 1960 nor the
1995 events is the background seismicity well enough
located to permit a comparison of pre-main shock and
post-main shock seismicity, as we did for the California
thrust faults.

6. Stress Transferred by the San Andreas to
Nearby Thrust and Strike-Slip Faults

[19] The stress changes caused by a strike-slip earthquake
are most commonly calculated for strike-slip receiver faults
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Figure 7. The 1982—1985 Coalinga earthquake sequence; receiver faults are optimally oriented for the
regional stress shown in Figure 7a. (a) The 25 October 1982 M,, = 5.8 New Idria earthquake stress
changes and aftershocks (25 October 1982 to 31 December 1982, M > 1.0). (b) Stress from the New Idria
and 2 May 1983 M,, = 6.7 Coalinga earthquake, with aftershocks of the Coalinga and Nuiiez events
(2 May 1983 to 24 April 1984, M > 2.0). The Coalinga shock brings both the 22 July 1983 M,, = 6.0
Nuiiez and 4 August 1985 M,, = 6.0 Kettleman Hills faults closer to failure. (c) Stress from the New Idria,
Coalinga, Nuifiez, and Kettleman Hills earthquakes, with aftershocks of the Kettleman Hills event
(3 August 1985 to 15 September 1985 M > 0.7). (d—f ) Earthquake stress compared with background
seismicity 10—60 km northeast of the San Andreas fault (1 December 1969 to 30 September 1982,
horizontal error of <1.5 km, depth of <20 km, M > 1.5) from Stein and Ekstrom [1992]. Aftershocks are
correlated with stress changes, whereas background seismicity is not, suggesting a causal relationship.
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that are parallel to the main rupture [e.g., King et al., 1994]
(Figure 13a). However, if the receiver faults are not parallel
to the main rupture or are thrust planes, the resulting stress
patterns are quite different (Figures 13b—13d). These cases
are idealizations of the pattern of stress transfer from the
great 1857 M,, = 7.9 Fort Tejon earthquake to existing
nearby thrust and strike-slip faults, including the Coalinga
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thrust belt (Figure 13b), the White Wolf reverse fault
(Figure 13c), and the Garlock strike-slip system (Figure 13d).

6.1. Stress Transferred to the Coalinga Thrust Belt

[20] The 1982—1985 Coalinga sequence slipped only a
small portion of a chain of blind thrust faults that runs
parallel to the San Andreas fault (Figure 14a). These faults
accommodate several mm/yr of shortening perpendicular to
the strike of the San Andreas [Bennett et al., 1999]. Why
have the thrust faults in only a relatively confined region
ruptured during the past century? We calculate that these
thrust faults were uniquely stressed both by the 1857 M,, =
7.9 Fort Tejon earthquake (Figure 14b), and by the succeed-
ing 125 years of interseismic stress accumulation
(Figure 14c). The New Idria and Coalinga faults were
brought ~0.25 bars closer to Coulomb failure by the 1857
earthquake (Figure 15a); this pattern can be compared to the
simpler case shown in Figure 13b. We note that a 12 April
1885 M,, ~6.5 earthquake struck somewhere near Coalinga
28 years after the Fort Tejon event [ Toppozada et al., 1981].
The intensity V isoseismal for the 1885 shock is located 5—
25 km north of the 1983 Coalinga event [Stein and Ekstrom,
1992], and so a thrust earthquake may have occurred in the
region brought closest to failure by the 1857 event.

[21] Because the San Andreas creeps northwest of Park-
field (Figure 14c), interseismic stress that promotes thrust
faulting continuously builds east of Parkfield in the vicinity
of the Coalinga and Kettleman Hills ruptures (Figure 15b).
During the 125 years after 1857, we calculate that the stress
increased by 1.5 bars at Coalinga, but became strongly
negative to the southeast (Figure 15b). We note that our
interseismic stress accumulation is likely oversimplified,
and could be an underestimate if postseismic stressing were
accelerated by viscoelastic relaxation [Pollitz and Sacks,
1992].

[22] The addition of the seismic and interseismic stress
thus favors thrust faulting near Coalinga (Figure 15¢). In
contrast, at the average Holocene San Andreas slipping rate,
the long-term stress transferred to the thrust belt by the San
Andreas in one average earthquake cycle shows no stress
concentration near Coalinga (Figure 15d). This is because
the long-term stresses are principally caused by the fault
bend, whereas the short-term concentration in stress is
collectively caused by the bend, the 1857 slip distribution,

Figure 8. Stress changes caused by the 1982 M,, = 5.8
New Idria and 1983 M, = 6.7 Coalinga source faults
resolved onto the plane of the subsequent 1983 M,, = 6.0
Nuifiez rupture (receiver fault, strike 0°, dip 65°, rake 109°).
(a) Map view of Coulomb stress changes at 9 km depth.
Coalinga parameters are from Ekstrém et al. [1992]; Nuiiez
parameters are from Eaton [1990]. (b) Coulomb stress
changes, (c) shear stress changes, and (d) unclamping in
cross section resolved on the Nufiez rupture plane. The
resultant stress components are shown graphically in the top
right-hand corner in Figures 8c—8d). The Nufiez surface
rupture was first seen 40 days after the Coalinga main
shock, at the time of a shallow M = 5.3 shock on the Nuflez
fault; the largest M,, = 6.0 shock occurred 41 days later
[Rymer et al., 1990].
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Figure 9. Stress changes caused by the 1983 M,, = 6.7 Coalinga and M,, = 6.0 Nuifiez ruptures. The
Coalinga source includes postseismic slip that occurred before the 1985 M,, = 6.0 Kettleman Hills
rupture. (a) Map view at 9 km depth with Coalinga aftershocks (2 May 1983 to 4 April 1984, M > 2.0),
showing a correspondence with stress changes, including a 1-bar stress increase at the future Kettleman
Hills epicenter. (b) Coulomb stress changes along profile B-B', together with aftershocks along an 8-km-
wide band. Note stress scale difference. (c) Coulomb stress changes along profile C-C’ within 5 km of the
future Kettleman Hills epicenter, together with aftershocks along an 8-km-wide band. Stress is imparted
by the Coalinga earthquake, resolved onto the future Kettleman Hills rupture plane (strike 142°, dip 12°,
rake 109°, from Ekstrom et al. [1992]). (d—f) Background seismicity (1 December 1969 to 30 September
1982), as in Figure 7, showing no such correlations with the future coseismic stress changes.

and the absence of a full cycle of interseismic stress
accumulation during 1857—1983.

6.2. Stress Transferred to the White Wolf Thrust Fault

[23] The 1952 M,, = 7.3 Kern County shock, which
ruptured the White Wolf reverse fault at the southern end

of the Coast Ranges fold belt (Figure 14a), also appears to
have been promoted by the 1857 earthquake, as previously
reported by Harris and Simpson [1996] and Deng and
Sykes [1997]. We calculate that the 1857 earthquake
increased the stress at the epicentral end of the White
Wolf fault by 8 bars (Figure 16a). This pattern can be
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Figure 10. Subduction seismicity. (a) Cross sections through subduction rupture zones [from Lay et al.,
1989]. The approximate rupture surface, hypocenter (star), and aftershocks are shown, along with the
position of the trench. Aftershock magnitude is proportional to symbol size. Earthquake legend is in the
bottom left-hand panel. Oceanward of the trench, the normal events are dominant; thrust events are more
common on the downdip portion of the subduction interface. (b) Changes in outer rise seismicity
following great subduction earthquakes from Lay et al. [1989], based on the data of Christensen and Ruff
[1988]. Normal-faulting events become abundant after subduction earthquakes (left); thrust events
become less common after the main shock (right). In Figure 10b, seismicity is located on the vertical axis
at the magnitude of the associated main shock. Circle size is proportional to the magnitude of the
aftershock or pre-main shock event, and the timescale is nonlinear. For example, outer rise tensional
aftershocks of the 22 May 1960 M,, = 9.5 Chile event are evident 2—27 years after the main shock with
4 < M < 7 (left); no outer rise thrust events are seen before or after the 1960 Chile shock (right).
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Figure 11. Stress change and seismicity associated with a great subduction earthquake. (a) Coulomb

stress imparted to normal receiver faults, with plate tectonic features labeled. Note stress increase in the
outer rise, where normal faults are abundant. (b) Coulomb stress imparted to thrust receiver faults dipping
55°, which reflects the overall subduction slab dip beneath the rupture plane of the 1957 M,, = 9.1
Aleutian earthquake. Note stress increase on the downdip portion of the subduction interface.
(c) Composite showing stress imparted to existing faults. Because of permanent tension in the outer rise
caused by bending, normal faults predominate in the upper 35 km seaward of the trench. Because of
subduction, thrust faults predominate in Wadati-Benioff Zone. Where normal faults are dominant,
stresses from Figure 1la are shown; where thrust faults are dominant, stresses from Figure 11b are
shown. The stresses are superimposed on aftershocks of the 9 March 1957 M,, = 9.1 Aleutian earthquake
(My =5 x 10%° dyn cm, dip 28°), showing a good correspondence with the model.
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compared with the idealization in Figure 13c, although the
latter lacks the big bend that further concentrates stress at
the White Wolf location (Figure 16a). The White Wolf
fault is also optimally positioned to be stressed by long-
term San Andreas slip (Figure 16b); we calculate that
stress grows on the White Wolf fault at a rate of 1.5 bars
per century due to long-term San Andreas slip. The

interevent time of large earthquakes on the White Wolf
fault is about 1000—-2000 years [Stein and Thatcher,
1981], and so San Andreas slip brings the White Wolf
fault 15-30 bars closer to failure every White Wolf
earthquake cycle, which is about equal to the earthquake
stress drop for the White Wolf event. The particular slip
distribution in 1857 added another 8 bars or 25-50% to
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Figure 12. Calculated stress changes for two great Chilean subduction earthquakes. (a) Coulomb stress
changes associated with the 22 May 1960 M,, = 9.5 Chile earthquake, using the variable slip planar
model of Barrientos and Ward [1990], which assumes a uniform rake equal to the plate convergence
vector on a 20°-dipping plane, smoothed to 50 x 50 km patches. Stress changes are superimposed on
aftershocks from Cifitentes [1989] (International Seismological Centre and International Seismological
Service catalogs, 21 May 1961 to 31 December 1983, M > 5.8). Small red stars are 18 August 1974
M, =17.1 and 10 May 1975 M, = 7.8 shocks, and large black stars are the main 1960 subevents. About
75% of the aftershocks lie in regions of calculated Coulomb stress increase. Stress is calculated on
dipping planes encompassing the rupture surface and projected onto ground surface. Because this
calculation is on the rupture surface, shear stress changes dominate. (b) Cross section of stress changes
along W-E in (a), with corresponding aftershocks along the profile from Cifuentes [1989] (red circles)
and Kadinsky-Cade [1985] (black circles). (¢) Coulomb stress changes associated with the 30 July 1995
M,, = 8.1 Antofagasta, Chile, earthquake, based on the variable slip model of Klotz et al. [1999],
smoothed to 25 x 25 km patches (the model of /hmlé and Ruegg [1997] yielded similar patterns of stress
changes with minor differences in detail). Large white and gray stars show the NEIC epicenter and the
Harvard centroid moment tensor (CMT), respectively, while small circles show 1995 aftershocks located
by tomographic inversion by Husen et al. [2000] from a 90-day seismometer deployment. M,, > 6.0
aftershocks during the first 3.3 years following the main shock are shown as red stars. The site of
postseismic slip inferred from geodetic observations by Chlieh et al. (submitted manuscript, 2003) is
shown as the dotted contour. Stress is calculated on dipping planes encompassing the rupture surface and
projected onto ground surface. (d) Cross section of stress changes with 1995 aftershocks from Husen et
al. [2000].

13 of 19

B02303



B02303

LIN AND STEIN: STRESS TRIGGERING AND FAULT INTERACTION

Stress changes resolved on
parallel'right lateral faults (L=04); Coalinga-type thrust faults (1=0.8)

Stress changesiresolved on Stress changesresolvealon]
White Wolf-type reverse faults (1=0.8) Garlock-type left-lateralifatilts{(i=02)
Coulomb stress change (bars) S 2 T
resolved on the indicated receiver planes -2 -1 0 1 2

Figure 13. Schematic M,, = 7.9 rupture on a vertical right-lateral fault to illustrate stress transferred to
receiver faults of various geometries and rakes. The rupture is 250 km long and 15 km deep, with 7.5 m
of uniform slip extending over the central 150 km, tapering linearly to zero 50 km from each end; M, =
7.2 x 10%” dyn cm. Stress is sampled at 7.5 km depth. In Figures 13a—13d, examples of such a receiver
fault are shown at one location, but the stress changes are plotted for such receiver faults at all locations.
The main rupture resembles that of the 1857 M,, = 7.9 Fort Tejon earthquake except for the lack of the
San Andreas big bend and variable 1857 slip. Calculated stress changes (a) for right-lateral receiver
planes parallel to the main rupture (strike 0°, dip 90°, rake 180°) [e.g., King et al., 1994]; (b) for thrust
receiver faults parallel to the source quake (strike 0°, dip 20°, rake 90°), as an idealized representation for
the Coalinga thrust belt; (c) for thrust receiver faults perpendicular to the main rupture (strike 90°, dip
45°, rake 90°), as an idealized representation for the White Wolf reverse fault; and (d) for left-lateral
receiver faults (strike 109°, dip 90°, rake 0°), as an idealized representation for the Garlock strike-slip
system. We use |1 = 0.4 in Figures 13a and 13d for strike-slip receiver faults with significant cumulative
slip and p = 0.8 in Figures 13b and 13c for thrust faults that may be sensitive to changes in normal stress.
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Figure 14. Southern California fault system and San
Andreas slip model. (a) Active faults and folds with
earthquake sources shown by their dates. Quaternary folds
are surrogates for blind thrust faults [Stein and Yeats, 1989;
Lettis et al., 1997] (P, Parkfield; WC, Wallace Creek; TP,
Tejon Pass; LP, Lake Palmdale; CC, Cajon Creek; Ket.
Mid., Kettleman Middle Dome; Ket. So., Kettleman South
Dome). Blind thrust faults extend parallel to the San
Andreas fault nearly as far south as the White Wolf reverse
fault. (b) The 9 January 1857 Fort Tejon M, = 7.9
carthquake slip model from Sieh [1978], as modified by
subsequent work [Weldon and Sieh, 1985; Salyards et al.,
1992; Grant and Sieh, 1993; Grant and Donnellan, 1994].
(c) Interseismic stressing model for the period between the
1857 Fort Tejon and 1983 Coalinga events, in which the
San Andreas fault slips at the long-term rate everywhere
except in the 1857 rupture zone. The assumed depth of 1857
faulting is based on the current lower depth of seismicity
from Hill et al. [1990], as shown in Figure 14c. Slip in
Figures 14b and 14c is right lateral.

this amount, perhaps hastening the occurrence of the Kern
County earthquake.

6.3. Stress Transferred to the Garlock Strike-Slip Fault

[24] If San Andreas slip indeed promoted failure on the
White Wolf thrust fault, why has the Garlock fault, just
30 km to the south, also not ruptured since 1857? We find
that the 1857 Fort Tejon earthquake and long-term San

LIN AND STEIN: STRESS TRIGGERING AND FAULT INTERACTION

B02303

Andreas stressing yield a very different fate for the left-
lateral Garlock fault than for the White Wolf thrust system.
The 1857 earthquake inhibited failure on the left-lateral
Garlock fault by 1—4 bars (Figure 16c¢; the idealized case is
shown in Figure 13d), while long-term slip on the San
Andreas promotes failure only on the central Garlock fault
by a modest ~0.3 bars/century (Figure 16d). The stress
decrease associated with the 1857 event may explain why
the current strain accumulation rate on the central Garlock
fault measured by GPS and trilateration is near zero [Miller
et al.,2001; Savage et al., 2001], despite a Holocene slip of
5—7 mm/yr [McGill and Sieh, 1993]: The 1857 earthquake
may have retarded the accumulation of stress on the Garlock
fault during the past 150 years (Figure 16c). Two prehis-
torical events are documented on the Garlock fault during
the preceding 400 years, the last of which ruptured some-
time during 1490—1810 [McGill and Rockwell, 1998;
Dawson et al., 2003]. The Garlock slip rate may itself be
controlled by the left-lateral stress imparted by the long-
term San Andreas slip, since they are both highest along the
central Garlock fault (Figure 16d). No paleoseismic evi-
dence for large earthquakes on the westernmost Garlock has
yet been found.

7. Conclusions

[25] Many of the outstanding observations of thrust
seismicity are readily explained by the static Coulomb stress
changes. These include the tendency of moderate-sized
thrust events to progress along strike, distributed aftershock
zones and abundant secondary faulting associated with
blind thrust ruptures, the prevalence of outer rise normal
faulting events following subduction earthquakes, and after-
shocks that ring the site of subduction slip. We used
published source models and aftershock catalogs for a half
dozen thrust earthquakes to calculate the Coulomb stress
imparted to the surrounding crust. We calculated that thrust
seismicity is promoted by stress increases of 1—25 bars, and
is inhibited by stress decreases of the same amount. The
stress changes imparted by thrust faults are typically higher
than that for normal and strike-slip faults, an attribute seen
from the smallest (M,, = 6.0 Whittier Narrows) to largest
(M,, = 9.5 Chile) events examined.

[26] In addition to providing further support for the
Coulomb hypothesis, the calculations have implications
for the seismic behavior of these faults in the future. In
particular, we regard it as unlikely that the 1982—1985
Coalinga thrust sequence will progress farther south to
Kettleman Middle or South Dome (Figure 14a) because
the accumulated stress there since 1857 is calculated to
inhibit such thrust faulting (Figure 15). Similarly, despite its
Holocene slip rate of 5—7 mm/yr, large earthquakes on the
Garlock fault were inhibited by the 1857 Fort Tejon event
and so are unlikely to occur until another large San Andreas
earthquake redistributes the stress on the Garlock. In Chile,
both the 1960 and 1995 subduction events increased the
Coulomb stress north of the rupture more than to the south
(Figure 12), and so subsequent events are less likely to
occur to the south.

[27] Whereas numerous authors have suggested that after-
shocks of subduction earthquakes cluster around the
periphery of the coseismic slip, we have offered a rigorous
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Figure 15. Stress imparted to the Coalinga thrust belt by the San Andreas fault. (a) Coseismic stress
transferred by the 1857 M,, = 7.9 Fort Tejon earthquake, resolved onto the Coalinga rupture plane (strike
150°, dip 15°, rake 90°), using the model shown in Figure 14b. The New Idria and Coalinga thrusts are
brought closer to failure, whereas the thrust belt immediately to the southeast (Ket. Middle and Ket.
South) is inhibited from failure. (b) Interseismic stress accumulation during 1857—1983 using the model
shown in Figure 14c. (c) Net stress transferred since 1857, by addition of Figures 15a and 15b. Note
concentration of stress in the Coalinga-Kettleman region and a marked decrease to the southeast. (d) No
increase in stress near Coalinga in the calculated long-term stress transferred to the thrust belt by the San
Andreas in one average earthquake cycle, assuming Holocene average slipping rate on the San Andreas
[Petersen and Wesnousky, 1994; Murray et al., 2001; Grant and Lettis, 2002].
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Figure 16. Coulomb stress at a depth of 10 km transferred to the White Wolf thrust and Garlock left-
lateral faults by the San Andreas fault. (left) Stress imparted by the 1857 M,, = 7.9 Fort Tejon earthquake;
(right) stress due to the long-term San Andreas slip. (a) The 1857 earthquake promoted 8 bars of stress
increase at the 20-km hypocentral depth of the 1952 Kern County earthquake. Stress changes are resolved
on receiver faults with the 21 July 1952 M,, = 7.3 Kern County earthquake parameters of Bawden [2001]
for the southwest segment (strike 51°, dip 75°, rake 25°). We use . = 0.8, since this is a reverse fault with
<4 km of cumulative slip. (b) The White Wolf fault calculated to be stressed at a rate of 1.5 bars/century,
assuming Holocene average slipping rate on the San Andreas [Petersen and Wesnousky, 1994; Murray et
al., 2001; Grant and Lettis, 2002]. (c) The 1857 earthquake inhibiting failure on the left-lateral Garlock
fault by 1—4 bars. Stress changes are resolved on receiver faults with the average Garlock geometry
(strike 55°, dip 90°, rake 0°) following Savage et al. [2001]. For the Garlock, we use p = 0.4 because it is
strike slip with 64 km of total offset [Miller et al., 2001]; paleoseismic dates are shown [McGill and Sieh,
1993; Dawson et al., 2003]. (d) Failure promoted by the long-term San Andreas slip only on the central
Garlock, at a modest rate <0.3 bars/century. Perhaps for this reason, the central Garlock fault attains its

highest Holocene slip rate [McGill, 1998].

exploration of this association for two well-determined
events. Aftershocks concentrate where the stress increases
by more than about 2 bars, and are all but absent where the
stress is calculated to have dropped by more than 10 bars.

[28] Perhaps our most intriguing finding is the proposed
interaction between the San Andreas and associated thrust
faults. Harris and Simpson [1996] argued that the 1857
M,, = 7.9 Fort Tejon earthquake promoted failure of the
1952 Kern County predominantly thrust event by ~2 bars;
Deng and Sykes [1997] argued that the 1857 event and
subsequent interseismic stressing promoted failure of the
1885 M,, ~6.5 shock near Coalinga by ~0.5 bars, the 1952
M,, = 7.3 Kern Country quake by ~10 bars, and the 1983
M,, = 6.7 Coalinga event by ~0.5 bar. We believe that our
portrayal of the coseismic, interseismic, and long-term
stress transfer makes it easier to understand the nature of

these interactions. For the Coalinga thrust, it becomes
apparent from Figure 15 that the 1857—1983 interseismic
stressing most promotes failure; the 1857 event is far less
important. For the White Wolf fault, the opposite is true
(Figure 16).

[29] Together with previous investigations, this study
furnishes evidence for stress triggering of earthquakes.
The phenomenon is apparent on spatial scales of 2—
200 km, and timescales of hours to centuries. We therefore
believe that building stress transfer into seismic hazard
assessment must become a principal objective of earthquake
interaction studies.
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