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A three step process:

1 - Assimilate plate boundary wide GPS data into a Western North 
America block model with microplate geometries in southern 
California derived from the CFM-R.

2 - Deconvolve the GPS velocity field into rotational and 
earthquake cycle components. Estimate fault slip rates 
independent of geologic estimates

3 - Calculate full stress tensor at depth in response to slip deficit 
across the three-dimensional fault system. The equilibrium 
equations are automatically satisfied and fault interactions are 
explicitly included.
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fault slip rate for a locked fault. The interseismic stress accumulation rate 
on an isolated fault is linearly proportional to its slip defi cit rate (Fig. 1B; 
Okada, 1992). However, stresses generated by slip defi cit on one fault 
extend throughout the upper crust (e.g., Hetland and Hager, 2006), decay-
ing with distance as ~1/r for the near-fi eld two-dimensional case. Because 
of this non-local effect, the total stress accumulation on any fault segment 
is the sum of the contributions from all active structures within the inter-
acting fault network (Fig. 1B).

SAN ANDREAS FAULT STRESSING RATES
To calculate current stressing rates on the southern-central SAF, we 

use global positioning system (GPS) measurements of interseismic defor-
mation (Fig. 2A) (McClusky et al., 2001; Shen et al., 2003; Hammond 
and Thatcher, 2005; Williams et al., 2006; McCaffrey et al., 2007; Plate 
Boundary Observatory network velocity fi eld, http://pboweb.unavco.org) 
and a three-dimensional spherical block model (see the GSA Data Reposi-
tory1) (Meade and Loveless, 2009) to constrain kinematically consistent 
slip rates (Weldon and Humphreys, 1986; Minster and Jordan, 1987) on 
~60,000 km2 of fault area throughout the Southern California fault system. 
Block models describe the interseismic GPS velocity fi eld as the com-
bined effects of two processes, long-term microplate rotations and local 
elastic strain accumulation effects (Savage and Burford, 1973; Savage, 
1983; Matsu’ura et al., 1986). Using a fault system geometry derived 
from the Southern California Earthquake Center Community Fault Model 
(Plesch et al., 2007) (Table DR1 in the Data Repository) and 1822 GPS 
velocities (Table DR2), we simultaneously estimate microplate rotations 
(yielding strike-slip rates and dip-slip [on dipping segments], or opening 
or closing rates [on vertical segments] on block-bounding faults), elastic 

strain accumulation due to interseismic locking of faults, and homoge-
neous strain rates within crustal microplates (McCaffrey, 2005). The block 
model fi ts the data with a mean residual velocity magnitude of 1.67 mm/yr 
and simultaneously satisfi es far-fi eld Pacifi c−North America plate motion 
constraints (DeMets and Dixon, 1999).

Model results show that slip on the Carrizo (CZ) section of the SAF 
currently accounts for as much as 60% of the 53 mm/yr of relative plate 
motion (DeMets and Dixon, 1999). However, the anastomosing geom-
etry of the Southern California fault system partitions slip across mul-
tiple faults through the Big Bend region (Fig. 2B) and, as a consequence, 
SAF strike-slip rates vary signifi cantly along strike: 31.2 ± 0.2 mm/yr 
on the CZ, 16.3 ± 0.8 mm/yr on the MJ, 10.2 ± 0.3 mm/yr on the SB, 
25.4 ± 0.2 mm/yr on the IN, and 39.2 ± 0.4 mm/yr on the Imperial (IM) 
sections (Fig. 2B; Table DR1). The remaining 16%–74% (~10–40 mm/
yr) of relative plate motion is distributed among other active faults, most 
signifi cantly the San Jacinto, Elsinore, and Hosgri faults and the eastern 
California shear zone (McClusky et al., 2001) (Fig. 2B). The along-strike 
variation in SAF strike-slip rate, reaching a minimum along the SB, is 
consistent with late Pleistocene estimates (McGill et al., 2010).

These fault slip rates inferred from the geodetically constrained block 
model, interpreted as slip defi cit rates, provide the basis for determining 
present-day interseismic stress accumulation rates on the SAF (Figs. 1 and 
3; Figs. DR1–DR3). We analytically (Okada, 1992) calculate shear stress 
rates every ~10 km along strike at the centroid of each SAF segment, 
the centroid depth being defi ned as half the depth to which the segment 
is inferred to be interseismically locked. The self-stress rate, τSAF, results 
from slip defi cit only on SAF segments, and total stress rate on the fault, 
τTOT, is due to slip defi cit on all fault segments of the Southern California 
fault system. Differential stress rates, ∆τ = τTOT – τSAF, and the normalized 
percent difference, ∆τ = ∆τ/τSAF × 100, represent the modulation of SAF 
stress rate due to all faults other than the SAF.

Self-shear stress rates are greatest (60–80 kPa/yr) along the south-
ern IN and northern IM and least (11–14 kPa/yr) along the MJ and SB 
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1GSA Data Repository item 2011305, detailed description of methods, 
Tables DR1 and DR2, and Figures DR1–DR3, is available online at www
.geosociety.org/pubs/ft2011.htm, or on request from editing@geosociety.org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Figure 2. Block model constraints and results. A: Interseismic velocity fi eld (McClusky et al., 2001; Shen et al., 2003; Hammond and Thatcher, 
2005; Williams et al., 2006; McCaffrey et al., 2007; Plate Boundary Observatory network velocity fi eld, http://pboweb.unavco.org) relative to 
stable North America. Arrow length is uniform; speed is denoted by color. GPS—global positioning system. B: Estimated strike-slip rates 
on block-bounding faults from our reference block model given by colored lines (right lateral is positive). Gray lines show block geometry, 
which is constructed by connecting faults with parameters specifi ed by the Southern California Earthquake Center Rectilinear Community 
Fault Model (Plesch et al., 2007) (black lines). SAF—San Andreas fault. Selected faults are labeled with average slip rate (rounded to near-
est mm/yr). Full list of slip rates is in Table DR1 (see footnote 1). Figure constructed using Generic Mapping Tools (Wessel and Smith, 1998).

GPS data: McClusky et al. (2001); Shen et al. (2003); Hammond and Thatcher (2005); 
Williams et al. (2006); McCaffrey et al. (2007); Plate Boundary Observatory network

Fault system geometry: Rectilinear Community Fault Model (Plesch et al., 2007)

Updating Meade and Hager (2005)
GPS velocities Estimated fault slip rates
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ABSTRACT
During the interseismic phase of the earthquake cycle, between 

large earthquakes, stress on faults evolves in response to elastic strain 
accumulation driven by tectonic plate motions. Because earthquake 
cycle processes induce non-local stress changes, the interseismic stress 
accumulation rate on one fault is infl uenced by the behavior of all 
nearby faults. Using a geodetically constrained block model, we show 
that the total interseismic elastic strain fi eld generated by fault inter-
actions within Southern California may increase stressing rates on the 
Mojave and San Bernardino sections of the San Andreas fault within 
the Big Bend region by as much as 38% relative to estimates from 
isolated San Andreas models. Assuming steady fault system behav-
ior since the C.E. 1857 Fort Tejon earthquake, shear stress accumu-
lated on these sections due only to interaction with faults other than 
the San Andreas reaches 1 MPa, ~3 times larger than the coseismic 
and postseismic stress changes induced by recent Southern Califor-
nia earthquakes. Stress increases along Big Bend sections coincide 
with the greatest earthquake frequency inferred from a 1500-yr-long 
paleoseismic record and may affect earthquake recurrence intervals 
within geometrically complex fault systems, including the sections of 
the San Andreas fault closest to metropolitan Los Angeles.

INTRODUCTION
The San Andreas fault (SAF) in central-southern California accom-

modates as much as 35 mm/yr (Sieh and Jahns, 1984) of the 53 mm/yr 
of local relative motion between the Pacifi c and North America plates 
(DeMets and Dixon, 1999). Historically, this motion has been expressed 
seismically by the large C.E. 1812 MW = 7.5 Wrightwood and 1857 MW = 
7.9 Fort Tejon earthquakes (Sieh et al., 1989). Further evidence for large-
magnitude earthquakes has been documented through paleoseismic stud-
ies revealing as many as 14 earthquakes averaging 3.2 m of slip per event 
along the central-southern SAF since C.E. 550 (Weldon et al., 2004). 
The spatial distribution of earthquake occurrence is not homogeneous 
over this time interval: seismic events have more frequently ruptured the 
Big Bend of the SAF, comprising the Mojave (MJ) and San Bernardino 
(SB) sections within 50 km of metropolitan Los Angeles (Weldon et al., 
2004; Biasi and Weldon, 2009). During the past ~150 yr of relative seis-
mic quiescence, interseismic earthquake cycle processes have continually 
modulated shear and Coulomb stresses on the SAF while the seismically 
exposed population of greater Los Angeles has grown from fewer than 
10,000 to more than 10 million (Stein and Hanks, 1998).

The total stress on a seismogenic fault surface results from the cumu-
lative effects of coseismic, postseismic, and interseismic earthquake cycle 
processes. Elastic models of a 200-yr-long historical earthquake catalog 
suggest abrupt coseismic Coulomb failure stress perturbations to 700 kPa 
along the SAF (King et al., 1994; Freed et al., 2007). In the decade follow-
ing the 1992 MW = 7.3 Landers and 1999 MW = 7.1 Hector Mine earth-
quakes in the eastern California shear zone, postseismic deformation con-
trolled by viscoelastic relaxation processes in the lower crust and upper 
mantle (Smith and Sandwell, 2006) resulted in a net 230–350 kPa increase 
in Coulomb failure stress (CFS) on the SB and northern Indio (IN) section 

of the SAF and a decrease on the MJ of 100 kPa, reducing the likelihood 
of failure (Freed and Lin, 2002). Except following the largest earthquakes, 
such as the Fort Tejon event, the contribution of postseismic deformation 
to the state of stress decays to apparently negligible levels within about a 
decade (Freed et al., 2007).

In contrast to the short time scales associated with coseismic and 
postseismic stress changes, interseismic stress accumulation is gradual, 
yet characterizes the majority of each seismic cycle, building cumulatively 
through the tens to hundreds of years between earthquakes and serving as 
the primary mechanism driving future seismicity. On-fault stress accumu-
lates through the interseismic phase of the earthquake cycle when tem-
porary frictional stability inhibits slip on the seismogenic fault interface, 
above a locking depth defi ned by the brittle-ductile transition zone at 
15–25 km depth, causing a buildup of elastic strain within the upper crust 
(Fig. 1A; Savage and Burford, 1973). In the seismogenic layer this effect 
is modeled using the slip defi cit (backslip) method (Savage, 1983), where 
the slip defi cit rate ranges from zero for a creeping fault to the long-term 
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Figure 1. A: Interseismic fault-parallel surface velocities, v, due to slip 
defi cit on two faults locked to depth d and spaced W = 2d. Slip defi cit 
rate is v0 on fault 1 (blue) and v0/2 on fault 2 (red). Total velocity due 
to slip defi cit on both faults is shown in black. B: Interseismic surface 
shear stress accumulation rates, τ. Difference between total stress ac-
cumulation rate (black line) and self-stressing rate on fault 2 (red line), 
∆τ∆τ, represents modulation of stress on one fault due to slip defi cit on 
other. Inset shows decay of ∆τ∆τ with fault separation, W/d. 

Local fault stressing rates are affected by all faults
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