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Summary of results:  
 
We investigated the spatial pattern of surface creep and off-fault deformation along the 
southern segment of the San Andreas Fault using a combination of multiple 
interferometric synthetic aperture radar viewing geometries, survey-mode GPS 
occupations of a dense array crossing the fault, and numerical models. The data reveal 
pervasive shallow creep along the southernmost 50 km of the fault. Creep is localized on 
a well-defined fault trace only in the Mecca Hills and Durmid Hill areas, while elsewhere 
creep appears to be distributed over a 1–2 km wide zone surrounding the fault. The 
degree of strain localization is correlated with variations in the local fault strike. Using a 
two-dimensional boundary element model, we show that stresses resulting from slip on a 
curved fault can promote or inhibit inelastic failure within the fault zone in a pattern 
matching the observations. The occurrence of shallow, localized interseismic fault creep 
within mature fault zones may thus be partly controlled by the local fault geometry and 
normal stress, with implications for models of fault zone evolution, shallow coseismic slip 
deficit, and geologic estimates of long-term slip rates. 
 
Technical report:  
 
Laboratory studies of rock friction suggest that rocks exhibit velocity-strengthening 
behavior at low temperature and normal stress [Dieterich, 1978; Marone et al., 1991; 
Blanpied et al., 1995], implying that the shallow part of active faults should undergo 
stable sliding, or creep, in the interseismic period. This prediction is reinforced by 
numerical models of faults governed by rate-state friction, which show stable sliding at 
low normal stress even if friction is not velocity-strengthening [Tse and Rice, 1986; 
Marone and Scholz, 1988; Scholz, 1998; Lapusta et al., 2000; Kaneko et al., 2013]. 
Shallow interseismic creep is indeed observed on a number of seismically active faults, 
for example, the Rodgers Creek Fault [Funning et al., 2007], Hayward Fault [Savage and 
Lisowski, 1993; Bürgmann et al., 2000a], Imperial Fault [Lyons et al., 2002; Crowell et 
al., 2013], and Superstition Hills Fault [Wei et al., 2009, 2013] in California, and part of 
the North Anatolian Fault in Turkey [Ambraseys, 1970; Cakir et al., 2005; Kaneko et al., 
2013]. Other faults creep throughout the entire seismogenic layer, such as the San 
Andreas Fault (SAF) north of Parkfield [e.g., Titus et al., 2005; Tong et al., 2013] and 
part of the Haiyuan Fault in China [Jolivet et al., 2013]. 
Such behavior, however, may not be typical, as many other faults do not undergo 
interseismic creep at the surface, for example, most of the SAF between Parkfield and 
San Gorgonio [Genrich and Bock, 1992; Tong et al., 2013] and the San Jacinto Fault 
[Louie et al., 1985; Lindsey et al., 2013], most of the North Anatolian Fault [Cakir et al., 
2005], and the Altyn Tagh Fault in Tibet [Elliott et al., 2008]. Because the accumulation 
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of potential seismic moment may be significantly reduced by the occurrence of shallow 
creep, the latter plays an important role in our understanding of fault mechanics and 
earthquake hazard. 
A related question is the nature of deformation within active fault zones. Evidence of 
significant off-fault damage and distributed deformation extending from a few tens of 
meters to a few kilometers has been documented by geologic [e.g., Rockwell et al., 
2002; Dor et al., 2006; Faulkner et al., 2006; Oskin et al., 2007; Wechsler et al., 2009; 
Shelef and Oskin, 2010; Titus et al., 2011], seismic [e.g., Spudich and Olsen, 2001; Ben-
Zion et al., 2003; Lewis et al., 2005; Cochran et al., 2009], and geodetic [e.g., Fialko et 
al., 2002; Jolivet et al., 2009; Cakir et al., 2012] observations. Models of seismic rupture 
in an elastoplastic domain suggest that dynamic stresses can trigger distributed 
coseismic yielding near the fault in a pattern that progressively widens toward the 
surface [Kaneko and Fialko, 2011], reminiscent of geologically observed flower 
structures [e.g., Sylvester, 1988]. Field and geodetic evidence suggests that this type of 
inelastic deformation may be partly responsible for the shallow slip deficit observed 
during major earthquakes [Fialko et al., 2005], possibly resulting in an inverse correlation 
between the degree of shallow slip deficit and fault maturity [Dolan and Haravitch, 2014]. 
In this study, we investigated near-field deformation along the southern section of the 
SAF, a mature strike-slip fault that is in the late interseismic phase of the earthquake 
cycle [Sieh and Williams, 1990; Fialko, 2006; Lundgren et al., 2009; Lindsey and Fialko, 
2013]. Parts of the southern section of the SAF are known to creep near the surface; 
Sieh and Williams [1990] estimated an average creep rate of 2–4 mm/yr since the last 
major earthquake ∼300 years ago. Previous interferometric synthetic aperture radar 
(InSAR) observations of this area have confirmed the occurrence of creep, although the 
inferred creep rates varied widely, possibly due to unaccounted differential vertical 
motion across the fault zone [Lyons and Sandwell, 2003; Fialko, 2006; Wei et al., 2011; 
Manzo et al., 2011; Tong et al., 2013]. However, none of the studies identified 
continuous creep along the entire fault segment except during the Landers earthquake, 
when it was observed by InSAR [Lyons and Sandwell, 2003] but not in the field [Rymer, 
2000].  
Our investigation of the pattern of shallow creep on the southern section of the SAF and 
shows that creep occurs along the entire fault section, but with varying degrees of 
localization. Using a combination of ascending and descending InSAR observations from 
Envisat and survey-mode occupations of a dense array of Global Positioning System 
(GPS) monuments, we determined the average rate of shear near the fault trace. The 
use of multiple InSAR viewing geometries allowed us to isolate and remove the effects 
of vertical motion that has limited previous InSAR studies of the area [Lyons and 
Sandwell, 2003; Wei et al., 2011; Manzo et al., 2011]. The improved data set also 
allowed us to estimate the creep rate and width of the deforming fault zone. We show 
that the degree of strain localization strongly correlates with the fault geometry and 
propose that this pattern is ultimately controlled by the fault-normal stress. 
 
We processed all available SAR data from Envisat descending track 356 (frames 2925–
2943) and ascending track 77 (frames 657–675), which span the southernmost segment 
of the SAF from Bombay Beach to Indio, California. There were 46 usable radar 
acquisitions for track 356 and 45 acquisitions for track 77 spanning the period 2003–
2010. The raw data were processed using the open-source software GMTSAR 
[Sandwell et al., 2011]; interferograms were unwrapped using the SNAPHU algorithm 
[Chen and Zebker, 2000]. 
By combining observations from two independent look directions, we are able to project 
the information onto any desired set of two orthogonal basis vectors, assuming the third 
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component is zero [e.g., Fialko et al., 2002]. The fault-parallel velocity field resulting from 
this decomposition is shown in Figure 1.  
 

 
Figure 1. Inferred fault-parallel (azimuth 315.8°) ground velocity along the Southern 
SAF. Black line denotes the fault trace. Diamonds indicate locations of creepmeters at: 
North Shore, Ferrum (Fe), Salt Creek (SC), and Durmid Hill (DH). Triangles indicate 
locations of GPS monuments at Painted Canyon. Dashed line indicates location of the 
Coachella Canal. 
 
Surface creep is visible along much of the SAF from Bombay Beach to Indio, California. 
In some areas creep is highly localized, for example, at Durmid Hill and the Mecca Hills, 
while in others it appears to be distributed across a finite zone, for example, along the 
segment passing through the town of North Shore. To estimate the rate of creep along 
the fault and the width of the shear zone, we used a maximum likelihood approach 
[Neal, 2003; Tarantola, 2005]. We selected data within 1 km wide, 10 km long profiles 
drawn perpendicular to the local fault strike every 1 km along the fault between 33.35°N 
and 33.68°N, resulting in a total of 52 profiles. The results indicate that the creep rate is 
nonzero everywhere along the fault. Creep is highly localized along the Durmid and 
Mecca Hills segments, while in other areas it is distributed across a 1–2 km wide zone. 
There is an apparent correlation between the width of the creeping zone and the local 
fault strike, with segments trending more westerly having more localized surface creep 
than those trending more northerly. 
To understand how small variations in the fault strike may lead to significant variations in 
the pattern of deformation within the fault zone, we modeled the evolution of stresses 
near a curved fault using the two-dimensional boundary element model (BEM) TWODD 
[Crouch and Starfield, 1983; Fialko and Rubin, 1997]. The model is quasistatic and 
assumes constant fault friction governed by the Mohr-Coulomb criterion τ = σ µ in an 
otherwise perfectly elastic material. Deformation is plane strain (all vertical components 
of strain are zero) and slip on the fault is driven by the application of initially uniform 
principal stresses σ1 and σ3. Slip is computed iteratively until all fault elements satisfy the 
Mohr-Coulomb slip criterion. 
For a homogeneous, unfaulted material with cohesion c and friction angle φ= tan−1 µ, the 
Mohr-Coulomb yield criterion on an optimally oriented plane is reached when the 
maximum shear stress  exceeds a threshold 

   
For a given state of stress, we may therefore define the “closeness to failure” ratio 

   



	   4	  

which reaches 1 when the material begins to yield. Because the absolute stress 
conditions in the Earth are not known, we are interested in the rate of change of r, given 
by the time derivative of r. For modeling purposes, we approximate this derivative by a 
discrete increment Δr computed as the total change in r due to a stress increment Δσ = 
σ′ − σ: 

   
Areas where Δr > 0 are being brought closer to Mohr-Coulomb failure, while areas with 
Δr < 0 move away from failure. Although the absolute magnitude of Δr is sensitive to the 
assumed stress increment, cohesion, and the coefficient of friction in the material, we 
find that the sign of Δr is unchanged at a given location for different modeling 
assumptions as long as the stress increment Δσ remains small. Note that the BEM 
formulation does not include true Mohr-Coulomb yielding off the fault plane or the 
resulting changes in the stress state this would imply. In addition, the occurrence of 
yielding depends not only on Δr but also on the absolute state of stress in the Earth and 
the history of the material. Thus, the value of Δr is indicative only of where yielding is 
most likely to initiate and does not necessarily represent the magnitude or pattern of 
long-term yielding. 
We assume initial stress conditions such that a fault oriented along the mean strike of 
the SAF (defined as the x axis) is critically stressed, given a friction coefficient µ and a 
mean compressive stress of −50 MPa. For example when µ = 0.5, we obtain σxx=−72 
MPa, σyy=−48 MPa, and σxy=24 MPa. The plane strain condition implies σzz=ν(σxx+σyy) 
where Poisson's ratio ν = 0.25, so that σzz=−30 MPa, corresponding to approximately 2 
km depth. Because the fault is curved, some portions will not be initially critically 
stressed under these conditions. Therefore, the shear stress σxy is first increased by 100 
kPa to ensure the entire (curved) fault has reached the Mohr-Coulomb criterion and 
begun to slip. We then apply an additional shear stress increment of 10 kPa and 
compute Δr. 
Figure 2 shows the pattern of Δr for different values of friction µ ranging between 0.2 and 
0.8, and cohesion c of 20 and 40 MPa. In all cases Mohr-Coulomb failure is predicted to 
initiate (Δr > 0) along transten-sional segments of the fault and on the outside corners of 
fault bends, where the mean compressive stress is reduced by fault slip. These 
simulations favor an intermediate coefficient of friction (µ∼ 0.5, Figures 2b and 2e) or 
high coefficient of friction and cohesion (Figure 2f) that give rise to maximum values of 
Δr on the fault, rather than several kilometers away (Figures 2a, 2c, and 2d). Note that 
while the pattern of Δr can be compared between panels in Figure 2, the absolute 
magnitude of Δr is not necessarily comparable between different sets of modeling 
assumptions. 
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Figure 2. Change in Mohr-Coulomb failure ratio Δr due to a far-field shear stress 
increment Δσxy=10 kPa and resulting slip on the fault (solid black line). The fault has a 
constant coefficient of friction µ specified in each panel. Material cohesion is (a–c) 20 
MPa and (d–f) 40 MPa. 
 
The model suggests that distributed yielding is most likely to occur along segments of 
the fault with the lowest fault-normal stress—i.e., where the local stress state is 
transtensional. Conversely, distributed yielding is inhibited where the stress is 
transpressional (Figure 2). This model reflects the observed pattern of variations in the 
shear zone width along strike, although it does not directly predict the width of the 
deforming zone. Continued slip on a curved fault typically results in straightening and 
reduced geometric complexity [Wesnousky, 1988; Stirling et al., 1996]. In contrast, our 
model results predict patterns of inelastic failure that may in some cases act to preserve 
the wavy fault geometry and alternating zones of localized/distributed deformation. In 
particular, the likelihood of Mohr-Coulomb yielding on the extensional side of fault bends 
(Figure 2) would favor the exaggeration of these fault bends over time. This tendency is 
reduced for lower values of the coefficient of friction µ. We note that distributed 
interseismic creep may lead to a systematic bias in paleoseismic slip rate estimates, 
especially if coseismic slip on the respective fault segments is also distributed in a shear 
zone having a width of a few km. A number of studies seeking to reconcile geodetic and 
geologic slip rates in California have suggested that between 10% and 30% of the total 
plate motion may take place as distributed deformation [Bird, 2009; Titus et al., 2011; 
Johnson, 2013], with potentially even higher rates in geometrically complex areas such 
as the Eastern California shear zone [Herbert et al., 2014]. Whether this additional 
deformation occurs predominantly seismically or aseismically is therefore a critical 
question for estimates of seismic hazard. Slip on a nonplanar fault can generate 
dynamic stress concentrations that could locally enhance the occurrence of distributed 
coseismic yielding [e.g., Dunham et al., 2011], while our results show that geometric 
complexity can also lead to distributed inelastic deformation during the interseismic 
period. Future observations will show whether strain localization during seismic events 
correlates with strain localization in the shallow crust during the interseismic period. 
 
Outreach and broader impacts:  
This project provided training and support for one graduate student (Lindsey). The PI 
(Fialko) used results of this study in a graduate class taught at SIO.  
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