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ABSTRACT OF THE DISSERTATION

Fault properties, rheology and interseismic deformation in Southern California
from high-precision space geodesy

by

Eric Ostrom Lindsey

Doctor of Philosophy in Earth Sciences

University of California, San Diego, 2015

Professor Yuri Fialko, Chair

This dissertation presents the collection and processing of dense high-precision

geodetic data across major faults throughout Southern California. The results are used to

inform numerical models of the long-term slip rate and interseismic behavior of these

faults, as well as their frictional and rheological properties at shallow depths. The data

include campaign surveys of dense networks of GPS monuments crossing the faults,

and Interferometric Synthetic Aperture Radar (InSAR) observations from ENVISAT.

Using a Bayesian framework, we first assess to what extent these data constrain relative

fault slip rates on the San Andreas and San Jacinto faults, and show that the inferred
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parameters depend critically on the assumed fault geometry. We next look in detail at

near-field observations of strain across the San Jacinto fault, and show that the source

of this strain may be either deep anomalous creep or a new form of shallow, distributed

yielding in the top few kilometers of the crust. On the San Andreas fault, we show that

this type of shallow yielding does occur, and its presence or absence is controlled by

variations in the local normal stress that result from subtle bends in the fault. Finally, we

investigate shallow creep on the Imperial fault, and show that thanks to observations from

all parts of the earthquake cycle it is now possible to obtain a strong constraint on the

shallow frictional rheology and depth of the material responsible for creep. The results

also suggest activity on a hidden fault to the West, whose existence has been previously

suggested but never confirmed.
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Chapter 1

Introduction

The San Andreas fault system extends more than 1100 kilometers through Cal-

ifornia from the U. S. - Mexico border in the south to Cape Mendocino in the north.

It forms the boundary between the North American and Pacific plates, and its activity

defines much of the California landscape.

Most of the time, geologic structures such as the San Andreas fault are quiet;

seismic activity occurs only as small events at a low rate or in some cases almost not at

all. During this interseismic period, a valuable technique for extending our understanding

of the plate boundary system is geodesy. Meaning the study of the earth’s shape and how

it changes with time, geodesy does not rely on seismic waves transmitted through the

earth but on optical or radio measurements that can be made at any time on its surface.

Following the 1906 earthquake, repeated triangulation surveys were conducted

by the US Coast and Geodetic Survey to determine the effects of the earthquake, which

had produced visible offsets across the San Andreas (Figure 1.1). These surveys marked

the beginning of tectonic geodesy (see e.g. Segall [2010]), now a large field to which

this thesis is a small contribution. From its beginnings in Northern California, tectonic

geodesy has been extended to geodetic networks spanning the globe and numerous
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satellite missions with the capability to measure displacements on the scale of millimeters

over hundreds or thousands of kilometers.

In this thesis, I use two geodetic data sources: ground-based Global Positioning

System (GPS) receivers, and space-based Interferometric Synthetic Aperture Radar

(InSAR). The GPS system was developed by the U. S. Department of Defense in the

1960s but is now a ubiquitous tool of navigation and commerce. The system consists of a

constellation of 24 satellites with atomic clocks transmitting timing signals, which permit

meter-accuracy triangulation whenever signals from three or more of the satellites can be

Figure 1.1: View of an offset fence located half a mile northeast of Woodville, CA
(near Point Reyes) following the 1906 San Francisco earthquake. View is North-
east. (U.S. Geological Survey Photographic Library, Gilbert, G. K. 2845. Available
http://library.usgs.gov/photo.

http://library.usgs.gov/photo
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received. By recording the phase of the radio-frequency carrier wave in addition to the

timing information, and subtracting data recorded at several nearby stations, distortions

due to atmospheric and ionospheric refraction and instrument timing errors can be made

to cancel. By averaging over hours or days, position measurements with precision better

than a millimeter are routinely achievable. We use this method to record the position of

fixed ground markers at varying intervals, resulting in a time series of displacement that

allows us to track the very slow motion of the ground (millimeters per year).

Synthetic Aperture Radar is a satellite- or aircraft-based technique that transmits

a radar pulse to the ground and records the reflection. By combining thousands of echoes

recorded along a swath, it is possible to combine the signal into a single image with a

spatial resolution that would normally be achievable only by an antenna many kilometers

long – hence the term Synthetic Aperture. By subtracting the radar phase information

in two of these images, we obtain a measurement of the motion of objects toward or

away from the satellite over the time elapsed between the two images. Because the

radar wavelength is typically 5 - 20 cm, the precision of this method can also be better

than a millimeter, although atmospheric distortion usually reduces this somewhat unless

averaging or more advanced analysis methods are used [e.g. Tymofyeyeva and Fialko,

2015].

In the chapters below, I use these data sources to address two major questions

regarding the accommodation of strain by faults in the southern San Andreas Fault system.

The first is the question of slip partitioning between multiple parallel fault strands within

the system, which is an important variable in our understanding of the hazard represented

by these faults.

In Southern California, the San Andreas fault system comprises a complex net-

work of mostly strike-slip faults (Figure 1.2), which together accommodate right-lateral

motion between the Pacific and North American plates at a total rate of 45−50 mm/yr.
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Figure 1.2: Map of Southern California showing major branches of the San Andreas
fault system.

South of the San Gorgonio Pass, the San Andreas runs nearly straight at a strike of

N45◦W, with the San Jacinto and Elsinore faults running nearly parallel to the West.

Understanding the long-term rate of slip accumulation on each of these faults

is key for accurate seismic hazard assessments in nearby communities. Traditionally,

this has been a question for geologists, who look for geomorphic or paleoseismic clues
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to a fault’s activity. By detecting motion on a much broader scale, geodesy provides

an independent method for determining these rates. Interpretation of the data requires

a model, however, and we will see that the careful choice of this model is essential to

obtaining an accurate answer.

Once the fault slip rate is known, the next major question needed for accurate

hazard assessments is precisely how that slip is accommodated by the fault – is the fault

fully interseismically “locked” and thus seismogenic, or does part of it undergo steady

creep and thus does not accumulate significant earthquake potential? If so, what is the

friction law responsible for this behavior? A number of faults in southern California

have been observed to exhibit shallow creep, and we use a collection of near-field, high-

precision geodetic data to examine this behavior for the San Andreas, San Jacinto, and

Imperial faults. These observations help us to understand the conditions required for

steady creep, and also reveal that this creep is localized on a single fault trace (as typically

observed by geologists) only under some conditions, while others show a more cryptic,

distributed type of deformation.

Chapter 2 presents an updated analysis of the distribution of interseismic strain

across the Southern San Andreas fault (SAF) system and assesses the uncertainties

associated with the assignment of this strain to either the SAF or the San Jacinto fault

(SJF), the system’s two major branches. We use formal inversion strategies to assess

the observation by Fialko [2006] that asymmetric strain accumulation across both the

SAF and SJF cannot be explained by variations in the local material rheology, but require

some modification to the commonly assumed fault geometry. Under these conditions we

find a nearly equal distribution of slip rate between the two faults of approximately 18

mm/yr each. This rate for the SAF is somewhat lower than previous geodetic models

have suggested but does a better job of reconciling geologic observations across the

system.
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Chapter 3 looks in detail at a part of the SJF known as the ‘Anza gap’ that

has long been associated with anomalous patterns of microseismicity [Thatcher et al.,

1975; Sanders and Kanamori, 1984] and geodetic observations of an elevated strain

rate [Lisowski et al., 1991; Johnson et al., 1994]. We report a new set of updated GPS

and InSAR observations that confirm and localize the elevated strain rate to a zone

surrounding the fault just 2-3 km wide. We are able to rule out shallow creep as a

contributor to this effect, and explore whether the signal is more likely to result from

shallow or deep inelastic processes.

Chapter 4 investigates the question of shallow inelastic processes on the southern

50 km of the San Andreas fault in the Coachella valley. We use a new set of InSAR data

to separate vertical and horizontal ground motion signals and show that shallow creep

occurs along this entire segment of the SAF, but in some places it is distributed across a

several-hundred-meter-wide zone. Previously, shallow creep had been directly observed

only where it is localized across a single fault trace [Rymer, 2000; Rymer et al., 2002].

We show that the width of this zone is correlated to the local fault strike, suggesting it is

controlled by the local normal stress.

Chapter 5 addresses the question of whether laboratory-derived frictional rhe-

ologies can be used to predict geodetic observations of shallow fault creep along the

Imperial fault, near the southern end of the San Andreas fault system. We use a numerical

model incorporating a rate- and state-dependent friction rheology to simulate earthquake

cycles on the fault, and show that observations from all parts of the cycle (coseismic,

postseismic, and interseismic) are required to fully constrain the model rheology. We also

show that models with a fast driving rate, as are commonly assumed for the Imperial fault,

systematically over-predict the creep rate compared to observations. In combination with

a geodetically observable asymmetry in the pattern of strain, this suggests that a second

major active structure exists to the west of the Imperial fault.



Chapter 2

Geodetic Slip Rates in the Southern

San Andreas Fault System: Effects of

Elastic Heterogeneity and Fault

Geometry

2.1 Abstract

We use high resolution InSAR and GPS measurements of crustal motion across

the Southern San Andreas Fault system to investigate the effects of elastic heterogeneity

and fault geometry on inferred slip rates and locking depths. Geodetically measured

strain rates are asymmetric with respect to the mapped traces of both the Southern San

Andreas and San Jacinto faults. Two possibilities have been proposed to explain this

observation: large contrasts in crustal rigidity across the faults, or an alternate fault

geometry such as a dipping San Andreas fault or a blind segment of the San Jacinto fault.

We evaluate these possibilities using a 2D elastic model accounting for heterogeneous
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structure computed from the SCEC crustal velocity model CVM-H 6.3. The results

demonstrate that moderate variations in elastic properties of the crust do not produce

a significant strain rate asymmetry and have only a minor effect on the inferred slip

rates. However, we find that small changes in the location of faults at depth can strongly

impact the results. Our preferred model includes a San Andreas fault dipping northeast

at 60 degrees, and two active branches of the San Jacinto fault zone. In this case, we

infer nearly equal slip rates of 18 ± 1 and 19 ± 2 mm/yr for the San Andreas and San

Jacinto fault zones, respectively. These values are in good agreement with geologic

measurements representing average slip rates over the last 104− 106 years, implying

steady long-term motion on these faults.

2.2 Introduction

The Southern San Andreas fault system contains a number of seismically active

faults that pose a significant earthquake hazard to nearby densely populated areas. One

measure of seismic hazard is the rate of strain accumulation in the brittle upper crust.

Geodetic observations have shown that a total of 35-40 mm/yr of dextral motion is

accomodated across the San Andreas Fault (SAF), San Jacinto Fault (SJF), and Elsinore

Fault (EF) in Southern California [Johnson et al., 1994; Bennett et al., 1996]. This

motion is primarily accommodated by earthquakes on the respective faults, making

an understanding of the pattern of strain accumulation a critical task for evaluation of

seismic hazard in the area.

The details of slip partitioning between the major faults of the Southern SAF

system remain a subject of debate. Geologic measurements of slip rates on timescales of

104−106 years suggest rates of 14-19 mm/yr on the SAF [van der Woerd et al., 2006;

Behr et al., 2010] and 11-20 mm/yr on the SJF [Rockwell et al., 1990; Blisniuk et al.,
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2010; Kendrick et al., 2002; Janecke et al., 2010]. In comparison, most geodetic studies

have suggested a somewhat higher slip rate of 21-25 mm/yr on the SAF [Meade and

Hager, 2005; Fay and Humphreys, 2005; Becker et al., 2005; Fialko, 2006; Spinler et al.,

2010]. Platt and Becker [2010] reported approximately equal rates of 14 mm/yr on the

two faults with additional slip on other minor faults, while [Lundgren et al., 2009] have

proposed that the SJF is faster than the SAF, with a slip rate of up to 24 mm/yr. Further

complicating the problem is the observation that for both faults the maximum strain

rates are systematically offset to the east of the geologically mapped fault traces [Fialko,

2006].

The variability in the reported slip rate estimates in part reflects the non-uniqueness

and trade-offs inherent in inversions of geodetic data. Confidence intervals provide a

formal measure of the uncertainty in these estimates, reflecting the effect of measurement

errors and other sources of noise. However, estimates of slip rates on the SAF and

SJF have low formal uncertainties relative to the large differences between independent

estimates; see eg. Table 1 in Lundgren et al. [2009]. These disagreements must therefore

result from the use of different data, or from different assumptions in the forward models

used to interpret these data, resulting in a bias that is not reported in the formal confidence

intervals. Differences in forward models may include rheology (elastic or viscoelastic),

model domain (2D or 3D), material properties (homogeneous, layered or heterogeneous

medium), and the assumed fault geometry at depth.

Of these factors, model rheology has received the most consideration. Purely elas-

tic models consider a fault locked to some depth D, below which slip occurs uniformly

on a deep extension of the fault plane [Savage and Burford, 1973]. This conceptually

simple model requires only two parameters, but has nonetheless proven quite successful

in matching observed deformation patterns. An alternative model assumes that below

the elastic upper crust, plate motion is accommodated by a comparatively broad vis-
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coelastic flow [Nur and Mavko, 1974; Savage and Prescott, 1978]. Previous studies have

demonstrated that elastic and viscoelastic models cannot be distinguished on the basis

of fit to geodetic data alone [Savage, 1990; Fay and Humphreys, 2005]. Furthermore,

models employing laboratory-derived constitutive laws indicate that substantial strain

localization may be expected beneath mature transform faults even in a purely viscous

regime [e.g., Takeuchi and Fialko, 2012], so that differences between dislocation and

viscoelastic models may primarily reflect simplifying assumptions in both classes of

models, rather than different deformation scenarios.

In this study, our focus is on the possible bias introduced by assumptions about

material heterogeneity and fault geometry, both of which have been proposed as causes of

the observed asymmetry in strain rate across the major faults of the Southern SAF system

[Fialko, 2006; Lundgren et al., 2009]. We therefore restrict our attention to models using

screw dislocations in a 2D elastic medium with arbitrary variations in elastic properties.

2.3 Data and Methods

2.3.1 Geodetic data

To constrain our models, we use a combination of regional Global Positioning

System (GPS) velocities and Interferometric Synthetic Aperture Radar (InSAR) line-of-

sight (LOS) observations from ERS-1/2 Track 356. The GPS data are a combination of

continuous and campaign velocities from the Crustal Motion Model 4 (CMM4) dataset

[Shen et al., 2011] and additional continuous sites operated by the UNAVCO Plate

Boundary Observatory (PBO) network. Using the program velrot, the two sets were

rotated into the North America fixed reference frame (NAFD) (T. Herring, personal

commun., 2011). The updated data include several new sites in the Coachella valley that

lend further support to observations of a significant asymmetry in the strain rate across
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Figure 2.1: (a) Map of study region showing horizontal GPS velocities in the North
America Fixed (NAFD) frame [Shen et al., 2011], (T. Herring, personal commun., 2011)
and InSAR data from ERS-1/2 Track 356 [Manzo et al., 2011]. Faults are from USGS
quaternary fault map (available http://earthquakes.usgs.gov/regional/qfaults/, accessed
September 2011), with labels: Coyote Creek fault (CCF), Clark fault (CF), Elsinore
fault (EF), Imperial fault (IF), San Andreas fault (SAF), Superstition Hills fault (SHF),
and northern San Jacinto fault (SJF). (b) Horizontal GPS velocities projected onto fault-
parallel direction. (c) InSAR LOS velocities and horizontal GPS velocities projected
onto the radar look direction, illustrating systematic disagreement in the western part of
the profile. (d) InSAR LOS and projected GPS velocities after applying remove-restore
correction to ensure agreement between the datasets at long wavelengths.

the Southern SAF, with a higher strain rate to the East of the fault trace [Fialko, 2006;

Lundgren et al., 2009; Fay and Humphreys, 2005]. (Figure 2.1a,b).

The InSAR dataset includes 141 interferograms spanning the period 1992-2007

[Manzo et al., 2011], nearly doubling the timespan of data used previously in studies of

this region [Fialko, 2006; Lundgren et al., 2009]. The LOS velocities were estimated

using a small-baseline (SBAS) algorithm with several continuous GPS stations in the

region used to remove orbital errors; for further details see Manzo et al. [2011]. Although

the GPS coverage is quite dense across much of the region, inclusion of the InSAR is

needed to accurately resolve the strain rate in areas where the GPS coverage is low, or

GPS solutions are affected by local site effects.
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We selected data within a 60 km wide, 250 km long profile oriented perpendicular

to the faults and centered on the SAF trace at 33.55◦N (Figure 2.1a). The location of the

profile was chosen to satisfy the assumption of 2D anti-plane deformation as closely as

possible. In particular, the profile excludes areas whose motion may be contaminated by

slip transfer to the Eastern California Shear Zone to the north, and to the Imperial Fault

to the south. Within the selected profile, deviations from fault-parallel motion are small,

and primarily occur close to the SAF where a slight compressional component is visible

across the fault. Several stations near the southern end of the SAF and the Coachella

canal showed a significant (greater than 3 mm/yr) non-strike-slip component of motion,

possibly due to local hydrological effects or a transfer of slip to the Imperial fault, and

were therefore excluded from our dataset (open symbols in Figure 2.1a).

The remaining 46 GPS velocities (listed in Table 2.2) are shown projected onto

the fault azimuth at N46◦W in Figure 2.1b, and projected onto the radar look direction

in Figure 2.1c for comparison with the InSAR. When plotting the InSAR velocities, we

adjust for the variation in radar incidence angle in order to present a more straightforward

comparison with the LOS-projected GPS velocities. This is done by multiplying each

pixel by sin(δ̄)/sin(δ), where δ is the incidence angle which varies across the track and

with topography, and δ̄ = 23.3◦ is the mean value. In our inverse models, the predicted

velocities are compared directly to the fault-parallel velocities measured with GPS, and

to the satellite LOS velocities using actual incidence angles at each pixel.

The improved accuracy of both the horizontal GPS and InSAR LOS velocities

compared to earlier results reveals a systematic difference between the two datasets

which cannot be attributed to orbital artifacts. While good agreement is observed across

the eastern half of the profile and at the western edge, LOS-projected GPS velocities are

systematically higher than the InSAR LOS velocities in the Santa Rosa mountains, just

west of the Coachella valley (Figure 2.1c). Although the disagreement of 1-2 mm/yr in
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the LOS direction is small, it amounts to a difference of up to 5 mm/yr if interpreted as

motion in the fault-parallel direction.

One possible cause of the disagreement is a secular vertical uplift in the area,

which would decrease the radar LOS velocities without affecting the horizontal GPS

values. When the vertical components are included in the projection of GPS velocities

onto the radar look direction, the results are more consistent with the InSAR. This

suggests that the InSAR LOS velocities contain both the strike-slip deformation we

wish to interpret and a small amount of uplift that is not accounted for by our model.

To ensure agreement between the datasets and exclude any vertical motion from the

InSAR LOS velocities, we adopted a remove-restore method proposed by Wei et al.

[2010], which relies on the more accurate horizontal GPS velocities to constrain the long

wavelength characteristics of the LOS velocity field. We remove an interpolated map

of the horizontal GPS velocities from the InSAR dataset, high-pass filter the residual at

70 km wavelength, and add the result back to the GPS velocity map. This procedure

ensures that the InSAR velocities agree with the GPS at the longest wavelengths, while

preserving the short-wavelength features that make the InSAR contribution valuable in

the near field of major faults in our study area. The corrected data set is shown in Figure

2.1d.

2.3.2 Elastic Structure of the Crust

We use the Southern California Earthquake Center Community Velocity Model

CVM-H 6.3 [Suess and Shaw, 2003; Plesch et al., 2009] to constrain variations in the

elastic properties of the crust along our profile and evaluate the effect of these variations

on the surface deformation pattern. Estimated seismic velocities and densities from this

model are used to compute the shear modulus on a uniform 1 km grid along our profile

extending to 50 km depth. Because the pattern of deformation resulting from material



14

5

10

15

20

100 50 0 50
Fault perpendicular distance (km)

D
ep

th
 (k

m
)

SAFCFCCFEF

10

20

30

40

GPa

Figure 2.2: Shear modulus computed from the SCEC regional velocity model CVM-H
6.3 [Suess and Shaw, 2003; Plesch et al., 2009], with relocated seismicity (black dots)
[Lin et al., 2007] and geometry of locked faults in our preferred model (black lines).

heterogeneities depends only on variations in the shear modulus and not its absolute

value, we are not concerned with the possible frequency dependence of elastic moduli

[e.g., O’Connell and Budiansky, 1974; Cleary, 1978].

The shear wave velocities reported by the SCEC model are extremely low in the

top 1-2 km of the Salton trough, owing to the presence of uncompacted sediments. We

imposed a minimum shear modulus of 3GPa in this region to improve convergence of

our numerical models and prevent spurious errors. The sediments are underlain by a high

rigidity mafic lower crust, as shown in Figure 2.2. The net effect of this rigidity structure

on the surface deformation is complex; the soft upper and rigid lower layers compete

to respectively increase or decrease the strain rate in this area. Fialko [2006] suggested

that a rigid lower crust could potentially explain the observed asymmetry in the geodetic

profile across the SAF, but the required increase in shear modulus across the fault (a

factor of two to five) appears to be too high in comparison to the values inferred from

tomography, which suggest a ratio of only ∼1.3. Fay and Humphreys [2005] modeled the

Salton trough as a 1D layered structure embedded in a layered half space, and found that

the effect of weak sediment near the surface was more significant than that of the strong

lower crust, but the net effect was minimal and degraded the overall fit to the geodetic

data.
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We computed surface displacements in the heterogeneous domain shown in Figure

2.2 using the method of Barbot et al. [2009], which accounts for arbitrary variations in

material properties by introducing an equivalent distribution of fictitious body forces. The

computation is implemented in a parallel finite-difference framework with non-uniform

grid size. We computed the elastic Green’s function for dislocations representing each

fault at a range of locking depths. The deformation arising from any desired combination

of slip rates and locking depths on the three faults is then obtained by superposition.

This reduces the number of computationally expensive solutions to the problem to a few

hundred, and forward models may then be computed without any added cost relative to

the homogeneous case. To ensure consistent accuracy between dislocations at different

locking depths, we maintain the grid size at 15 points per locking depth within 10 locking

depths of the fault both laterally and vertically, with the total domain extending 100

locking depths from the fault in all directions.

2.3.3 Constraints on Fault Geometry

The second potential source of bias we examine is the assumed fault (or disloca-

tion) geometry. In elastic models, the position of the dislocation edge below the locked

fault defines the inflection point in the surface velocity and the maximum surface strain

rate. Therefore, an alternative explanation for the observed asymmetric strain rate across

the SAF is that the fault may be dipping to the northeast in the Coachella valley, which

would offset the dislocation edge at depth by 5-10 km, depending on the locking depth

[Fialko, 2006]. This hypothesis stemmed from the location of microseismicity in the

region, which is offset to the East of the SAF trace (Figure 2.2) [Lin et al., 2007]. The

small amount of transpression observed in GPS velocities near the fault (Figure 2.1a)

is also consistent with the proposed fault dip, as are earthquake focal mechanisms [Lin

et al., 2007]. In addition, the dipping seismicity pattern is aligned with a contrast in the
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elastic moduli at mid-crustal depth (Figure 2.2); Fuis et al. [2012] suggested a similar

dipping geometry of the southern SAF based on seismic velocity anomalies extending

into the upper mantle. Note that in an elastic medium, the deformation pattern arising

from a semi-infinite dislocation is controlled only by the position of the dislocation edge,

not the dip of the dislocation itself [e.g. Segall, 2010].

In the Southern San Jacinto fault zone, slip at the surface is partitioned between

the Clark fault (CF) and Coyote Creek fault (CCF) branches [Petersen and Wesnousky,

1994; Blisniuk et al., 2010]. The localized surface expression of the CF terminates at the

southern end of the Santa Rosa Mountains, and only the CCF has a continuously mapped

trace in the San Felipe Hills area west of the Salton Sea (Figure 2.1a). As a result, most

geodetic models have assumed that the CCF is the only active strand of the southern SJF

[eg. Bennett et al., 1996; Meade and Hager, 2005; Fay and Humphreys, 2005; Spinler

et al., 2010; Loveless and Meade, 2011]. However, the observation of an asymmetric

strain profile across that strand [Fialko, 2006], along with a continuing lineament of

seismicity to the south of the CF [Lin et al., 2007], suggests that the CCF may not be

the main active branch of the San Jacinto fault at depth. Fialko [2006] suggested an

alternative geometry that includes localized deformation below both the CCF and the

southern continuation of the CF. This model is more consistent with geologic evidence

indicating that the CF has accumulated substantially more slip than the CCF over its

lifetime [Sharp, 1967; Blisniuk et al., 2010] and recent mapping indicating that the CF

does not terminate at the southern end of its mapped trace, but continues southeast as a

series of distributed folds and smaller faults through the San Felipe hills [Janecke et al.,

2010].

Below, we present inversions for fault slip rates and locking depths for a range of

model assumptions: vertical or dipping SAF, and simple (CCF branch only) or complex

(CF and CCF branches) geometry of the SJF. The results indicate that fault geometry has
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a significant impact on the inferred model parameters, even when the assumed lateral

position of the dislocation edge varies by as little as a few kilometers.

2.3.4 Inverse Method

For each model, we use a Bayesian Monte Carlo method to find the best-fitting

fault parameters as well as their uncertainties. We chose a Markov chain method known

as slice sampling [Neal, 2003], which generates a set of samples distributed in parameter

space according to the model probability distribution function (pdf), P(m). The algorithm

is described below for a univariate distribution where the model depends on a single

parameter x; the full multivariate distribution is sampled by updating each parameter in

turn repeatedly.

For a parameter x, slice sampling operates as follows: begin at some point x0 and

compute the forward model m[x0]. The model probability is then p0 = P(m[x0]), apart

from an unknown normalization constant. Choose a random value p′ from a uniform

distribution between 0 and p0. The next value x1 is then chosen uniformly from the x

axis, with choices being rejected until p1 = P(m[x1])> p′. The effect is that uniformly

distributed samples are generated within the area under a curve proportional to the

model pdf, so that for a large number of steps the distribution of samples along x is also

proportional to the pdf; see Neal [2003] for further details. A large number of independent

walks with random starting points may be combined to ensure the model is not stuck

in a single local maximum of the pdf. This algorithm is similar to Gibbs sampling, but

with the advantage that neither an analytic form of the pdf nor the normalization constant

need be known in advance, resulting in a more general algorithm and a significant

computational cost savings [MacKay, 2003].

In our case, we assume uncorrelated gaussian error statistics for the geodetic data
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and define the probability distribution function as

P(m) = Aexp
(

1
2
(m−d)T C−1(m−d)

)
, (2.1)

where m and d are vectors representing the modeled and observed deformation at points

along the profile. A is a normalization constant that does not affect the sampling procedure.

C is the data covariance matrix, assumed to be diagonal. To avoid over-fitting some

continuous GPS sites with extremely low reported measurement uncertainties (0.1 mm/yr

or less), we imposed a minimum uncertainty of 0.5 mm/yr in the inversion. For the

InSAR data, the appropriate uncertainties are not readily available. Based on preliminary

inversions treating the GPS and InSAR data independently, we found the noise level to

be comparable to the GPS and therefore set the relative weighting factor so that the two

datasets contribute equally to the misfit value [e.g. Fialko, 2004].

To accelerate the forward modeling step in the case of a heterogeneous structure,

we pre-computed the elastic Green’s functions for each fault at each locking depth,

simplifying the forward model computation to a linear combination of these solutions. In

this case, a set of several thousand samples accurately representing the 5-dimensional

pdf can be collected in a few minutes on a single CPU. For a higher dimensional model,

the number of samples required increases approximately linearly with the number of

parameters.

2.4 Results

The basic model consists of a 2D homogeneous elastic half space with three

parallel faults extending vertically below their mapped surface traces: the SAF, CCF,

and the Elsinore fault (EF). The Elsinore fault is located at the edge of our profile and

is associated with a relatively small amount of strain, making its slip rate and locking
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Figure 2.3: Best-fitting model predictions compared to the geodetic data: (a) Simple
geometry, homogeneous domain. (b) Simple geometry, heterogeneous domain. (c)
Proposed fault geometry includes an active CF and dipping SAF; dashed line indicates
the horizontal position of the SAF dislocation edge. The fit is slightly improved in the
region between the CF and SAF. (d) Inferred locking depths compared to seismicity
[Lin et al., 2007]. Elsinore fault (EF) is fixed at 15 km locking depth and 3 mm/yr slip
rate in all models.

depth difficult to constrain in an inversion. Thus, for simplicity we fixed the slip rate and

locking depth of the EF at 3 mm/yr and 15 km respectively, based on geologic estimates

and the depth of seismicity in the region [Petersen and Wesnousky, 1994; Lin et al., 2007].

The best-fitting pattern of deformation for the case of simple fault geometry is

shown in Figure 2.3a. The inferred slip rates are 25 ± 1 mm/yr and 13 ± 1 mm/yr for

the SAF and CCF, respectively, with locking depths of 16 ± 2 km and 10 ± 3 km. These

values are similar to those reported by other studies using a homogeneous elastic domain

with the same fault geometry, including 3D block models [Meade and Hager, 2005;

Becker et al., 2005; Spinler et al., 2010; Loveless and Meade, 2011]. The similarity of

these results suggests that the choice of 2D or 3D domain is not an important factor in

estimating slip rates at the location of our profile, as intended.
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Table 2.1: Comparison of results for each set of model assumptions considered in the
text.

Domain SJF SAF SAF velocity
(mm/yr)

SAF depth
(km)

SJF velocity
(mm/yr)

SJF depth
(km)

weighted
residual

Homog. CCF vert. 25.0±1.5 16.2±1.9 12.9±1.4 10.4±2.8 125.0
Heterog. CCF vert. 22.9±1.2 16.5±1.8 12.8±1.2 10.8±2.6 125.4
Homog. CCF dip 19.2±0.9 9.2±1.0 18.5±1.4 14.4±2.5 150.4
Heterog. CCF dip 18.3±0.8 10.0±1.0 17.6±1.1 15.2±2.5 143.7
Homog. CCF, CF vert. 24.2±1.6 16.5±1.9 13.0±1.5 8.7±2.7 117.0
Heterog. CCF, CF vert. 22.2±1.3 16.4±1.9 12.7±1.2 8.6±2.4 119.2
Homog. CCF, CF dip 18.0±1.1 9.9±1.2 18.7±1.6 11.9±2.9 114.8
Heterog. CCF, CF dip 17.4±1.0 10.6±1.1 17.4±1.3 11.9±2.8 113.9

2.4.1 Elastic structure

For the heterogeneous half space, the best-fitting model is shown in Figure 2.3b.

There is virtually no change in the locking depth for either fault, but there is a slight (2

mm/yr) decrease in the slip rate of the SAF, with no corresponding increase in the CCF

rate (Table 2.1). We verified that this is not an artifact of the numerical model, but rather

due to the layered nature of the heterogeneous structure. The vertical variation in shear

modulus is significantly stronger than the lateral variation (Figure 2.2); this causes the

surface deformation anomaly to become narrower compared to the prediction for the

homogeneous halfspace [Savage, 1998; Fialko et al., 2001]. If the geodetic data do not

extend sufficiently far from the fault, this introduces a trade-off between the inferred

slip rate and the heterogeneous structure which can account for the reduced total slip

rate. Aside from this effect, the heterogeneous and homogeneous models are nearly

indistinguishable, suggesting that material heterogeneity in this region does not introduce

a significant strain asymmetry or cause a noticeable bias in the results.

2.4.2 Fault geometry

When the SAF is allowed to dip at 60◦ with the other parameters held constant,

the inferred model parameters change significantly (Table 2.1). The inferred SAF slip
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rate drops to 18 ± 1 mm/yr, transferring 6 mm/yr to the SJF. The SAF locking depth is

reduced to 10 ± 1 km, in better agreement with the observed distribution of seismicity

in the area (Figure 2.3d). The slip rate is in much better agreement with geologic rates

reported for the SAF at Biskra Palms [van der Woerd et al., 2006; Behr et al., 2010]. On

the other hand, the slip rate on the CCF strand of the SJF (19 ± 1 mm/yr) is higher than

most studies have reported previously. Because the slip rate is correlated with the locking

depth, the CCF locking depth increases to 14 km, resulting in a lower near-fault strain

rate that degrades the model fit to the data.

If the San Jacinto Fault zone is modeled as two dislocations below the CCF and

CF traces at equal depth, the net SJF slip is divided between the two faults, widening the

region undergoing deformation at depth and shifting the location of highest strain rate

to the east of the CCF. Due to the proximity of the two fault strands, the tradeoff in slip

rate between them is nearly perfect, so it is not possible to resolve which branch carries

more slip. In our model, we fixed the CCF at 8 mm/yr and allowed the CF slip rate to

vary as a parameter in the inversion, while forcing the locking depth of the two strands to

be equal. In this way, the total number of parameters in the inversion is kept constant. If

we change the assumed slip rate of the CCF, or instead fix the CF and allow the CCF to

vary, the net slip rate remains identical within the uncertainty. Thus, although there is

little constraint on the slip rate of either fault, we can confidently infer the net slip rate

accommodated by the SJF zone, and this value is reported in Table 2.1. The result is a

moderately improved fit to the data, though the net slip rate does not change significantly

compared to the simpler 3-fault case.

Our preferred model includes both a dipping SAF and two active SJF strands; the

best-fitting model velocities are shown in Figure 2.3c; the result has the best overall fit to

the geodetic data (Table 2.1) and reproduces much of the observed strain rate asymmetry

on both fault zones, although the GPS data in the Coachella valley suggest an even flatter
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velocity profile than the model can produce. The inferred slip rates are similar to the

model with a dipping SAF only, but the locking depth of the SJF branches is 12 km, in

better agreement with the depth distribution of seismicity (Figure 2.3d). Partitioning the

higher SJF slip rate of 19 ± 2 mm/yr onto two branches also renders a better agreement

with geologic data; observations of CCF offsets suggest that the long-term fault slip rate

is only 2 – 5 mm/yr [Petersen and Wesnousky, 1994; Janecke et al., 2010], while the CF

appears to accommodate most of the total SJF offset.

In each of our models, the SJF and SAF slip rates trade off strongly with each

other, with a correlation of -0.8 to -0.85. The correlation between slip rate and locking

depth for each fault is also high, limiting the precision with which we can measure either

value independently. The 2D marginal probabilities (Figure 2.4) indicate the range of

acceptable models under each set of assumptions, and further highlight the observation

that the effect of the assumed fault geometry on the model parameters can be much larger

than is suggested by the formal uncertainty reported for a single model.

2.4.3 Effect of Surface Creep

Parts of the Coachella section of the SAF are associated with surface creep of

2-4 mm/yr, which may be episodically triggered by nearby large earthquakes [Sieh and

Williams, 1990; Rymer, 2000; Rymer et al., 2002; Wei et al., 2011]. The signature of

shallow creep is visible in the InSAR dataset in the near field of the fault trace (Figure

2.1), but the creep rate and depth are difficult to constrain from these data alone because

of the lack of coherent radar pixels in the Coachella valley, and because subsidence of

the valley due to agricultural activity may contaminate the LOS signal. We considered a

model in which the rate and depth extent of shallow creep are included as parameters

in the inversion, and found that the best-fitting value of the creep rate is 2.5–3 mm/yr,

although there is virtually no constraint on its depth extent (see Figure 2.6). A depth of
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Figure 2.4: (a) Best-fitting model parameters and 1σ Bayesian confidence regions
showing tradeoff between SAF and SJF slip rate for five sets of model assumptions
considered in the text. (blue) homogeneous half space with a simple 3-vertical-fault
geometry; (purple) same fault geometry but considering the effects of heterogeneous
elastic properties; (gray) homogeneous model with a dipping SAF; (green) homogeneous
model with preferred fault geometry: both a dipping SAF and 2 active SJF branches, the
CCF and CF; (yellow) preferred fault geometry with heterogeneous material properties.
(b), (c): tradeoff between fault slip rate and locking depth for SJF and SAF, respectively.
Line indicates depth above which 95% of seismicity has occurred.
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Figure 2.5: Best-fitting modeled and observed geodetic velocities near the SAF, showing
the effect of including 2.7 mm/yr creep on the upper 3 km of the dipping SAF. The
effect is visible only in the near field (< 5 km), and slightly improves the model fit to
the data.

3 km is most consistent with the depth of sediment inferred from seismic data [Lovely

et al., 2006]; this depth has been shown to be a good predictor of creep depth on the

nearby Superstition Hills fault [Wei et al., 2009].

Figure 2.5 shows a modeled creep of 2.7 mm/yr on the dipping fault plane

extending to 3 km depth, the approximate depth of unconsolidated sediment. In this case,

the rest of the inferred fault parameters are: SAF: 18.5 ± 1.1 mm/yr slip rate and 10.9 ±

1.3 km locking depth; SJF: 18.2 ± 1.7 mm/yr combined CF + CCF slip rate and 11.3

± 2.9 km locking depth. These parameters are indistinguishable within the uncertainty

from the values inferred when surface creep is not included. The effect of creep on the

geodetic data is small, and confined to distances within a few kilometers of the fault. We

conclude that any bias in the fault slip rate resulting from the neglect of shallow creep is

minimal. Finally, note that the creep does not appear to be continuous along the entire

fault segment: site VARN, located approximately 300 m west of the fault trace near the

north end of the Salton Sea, does not appear to indicate any surface creep, while some

InSAR pixels located equally close to the fault show a significant offset. Some of these

differences may result from the time-dependent nature of shallow creep.
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2.5 Discussion

Fundamentally, geodetic measurements of strain provide an indirect measure of

fault slip rates, which must be inferred through a model. Because modeling assumptions

such as material rheology, fault geometry, or variations in material properties are de-

termined prior to the inversion of data, their impact on the result is not reflected in the

formal error statistics. To address this question in the case of the Southern SAF system,

where some previous studies suggested significant disagreements between geodetic and

geologic or seismic data [e.g. Bennett et al., 2004; Smith-Konter et al., 2011], we consid-

ered several models with different assumptions regarding elastic properties and the fault

geometry to permit a direct comparison of their effects.

The results indicate that incorporation of heterogeneous material properties in-

ferred from the SCEC CVM-H 6.3 tomographic model does not produce a significant

asymmetry in the strain rates, and does not significantly affect in the inferred slip rates

and locking depths in the Southern SAF system. Therefore, neglect of elastic heterogene-

ity is not a likely source of disagreement between previously reported results. This is not

surprising, given that the tomographic model shows a modest rigidity contrast of a factor

of ∼1.3 across the deep part of the SAF; Fay and Humphreys [2005] and Fialko [2006]

have shown that a much stronger and more vertically coherent shear modulus contrast

would be required to produce a measurable effect on the geodetic data.

Schmalzle et al. [2006] pointed out an asymmetry in the surface velocity field

across the Carrizo segment of the SAF, and interpreted it in terms of a relatively strong

(up to a factor of 2) contrast in the shear modulus of the upper crust. Contrasts in the

effective viscosity of the ductile substrate have also been proposed as a possible cause of

asymmetric surface strain rates; for example, [Malservisi et al., 2001] argued that the

effects of laterally variable viscosity help explain geodetic observations in the Eastern
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California Shear Zone, although Vaghri and Hearn [2012] concluded that plausible

viscosity contrasts in the lower crust are unable to produce a strong asymmetry in surface

strain rates.

We have demonstrated that minor changes in the assumed location of the steadily

slipping “fault root” at the brittle-ductile transition can explain the observed asymmetry

in surface strain rates, and furthermore significantly impact the inferred fault slip rates.

In our models, allowing the Southern SAF to dip at 60◦ to the northeast better reproduces

the observed strain asymmetry across the fault’s surface trace, and decreases its inferred

slip rate by as much as 6 mm/yr. The magnitude of this effect is more than three times the

formal uncertainty computed in the inversion, even though the position of the dislocation

edge moved only 6 km horizontally. This highlights the ease with which an incorrect

position for the dislocation edge at depth can introduce a significant bias in the results.

Locking depths are also strongly affected by the assumed fault geometry, as they trade off

closely with the slip rate on each fault. The depth of seismicity below a fault provides a

reasonable estimate for the depth of the brittle-ductile transition [Nazareth and Hauksson,

2004; Smith-Konter et al., 2011], so good agreement of the geodetically inferred locking

depth with the depth of seismicity can also provide an independent check on the inferred

slip rates.

In our preferred model, the SAF and SJF slip at roughly equal rates of 18 ± 1 and

19 ± 2 mm/yr, respectively. The SAF rate is in agreement with geologic measurements

[van der Woerd et al., 2006; Behr et al., 2010], in contrast to results obtained when

assuming a vertical fault. Geologic studies indicating a combined slip rate of 10-14

mm/yr on the CCF and CF strands [Blisniuk et al., 2010] are somewhat lower than this

model suggests. However, if some of the additional deformation we attribute to the

dislocations at depth is accommodated in the upper crust on other nearby structures such

as the San Felipe fault, Buck Ridge fault, or by distributed faulting and block rotation,
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geodetic and geologic data may not be inconsistent. In fact, Janecke et al. [2010] have

reported significant distributed deformation near the ‘blind’ CF segment in the San Felipe

hills, contributing to their higher integrated total slip rate of 20 mm/yr across the SJF

zone. Finally, the inferred locking depths of 10 ± 1 km and 12 ± 3 km for the SAF

and SJF are in good agreement with the depth of seismicity in the region, resolving

a previously reported discrepancy between geodetic and seismic locking depth along

this section of the SJF [Smith-Konter et al., 2011]. These observations suggest that

earlier reports of a disagreement between geodetic and geologic slip rates on these faults

[Bennett et al., 2004] may have been an artifact of sparse geodetic data or incorrect

modeling assumptions. In particular, our results suggest that long-term variations in

fault slip rates are not required by the data, and that the slip rates on major faults of the

Southern SAF system may have been roughly constant on time scales of 104−106 years.

2.6 Conclusions

We have explored two possible sources of bias in geodetic models of the Southern

SAF system: heterogeneous properties of the crust, and assumptions about fault geom-

etry at depth. The results indicate that elastic heterogeneity as inferred from seismic

tomography does not significantly impact the inferred slip rates and locking depths of the

major faults, so we conclude that neglecting variations in material properties is not likely

to introduce a bias in the results. This conclusion should generally hold for regions with

moderate variations in material properties.

In the second case, we have shown that even small changes in the assumed position

of a fault at depth can produce a significant effect on the inferred model parameters.

In particular, the introduction of a dipping SAF as suggested by an observed strain

asymmetry [Fialko, 2006] along with seismic and other geophysical evidence [Lin et al.,
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2007; Fuis et al., 2012] reduces our estimate of the SAF slip rate (and consequently

increases the inferred SJF slip rate) by as much as 6 mm/yr. Compared to models with

a vertical SAF, the dipping model appears to be in better agreement with all available

geophysical and geologic evidence. The introduction of a dislocation below the Clark

branch of the SJF does not strongly affect the inferred fault parameters, but results in

a better overall fit to the geodetic data without increasing the number of parameters.

Together the two proposed changes in geometry explain the observed asymmetric strain

rate patterns across the two faults, and future models of the region will benefit from a

careful consideration of the dislocation geometry at depth.
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Table 2.2: GPS sites and velocities used in the models. Data are a combination of
the SCEC Crustal Motion Model 4 (CMM4) [Shen et al., 2011], and UNAVCO Plate
Boundary Observatory (PBO) continuous sites, combined in the North America Fixed
(NAFD) reference frame (T. Herring, personal commun., 2011).

Site Long. Lat. VE (mm/yr) VN (mm/yr) σE σN ρ VU σU

SD18 243.06870 32.9118 -28.72 27.88 0.48 0.45 0.001 -1.46 1.47
SD32 243.06410 33.0410 -28.26 28.33 1.39 2.21 0.001 -0.87 2.67
DESC 243.35820 32.8299 -28.17 26.78 0.12 0.12 0.033 -2.31 0.49
SD21 243.38080 32.8239 -25.98 27.57 0.58 0.58 0.001 -0.51 1.78
SD35 243.42890 32.9145 -30.18 28.21 0.74 0.79 0.001 -2.19 2.77
MONU 243.57720 32.8918 -27.97 26.47 0.04 0.04 0.013 -1.26 0.14
MONP 243.57770 32.8919 -27.97 26.47 0.04 0.04 0.013 -1.26 0.14
P483 243.43070 33.0592 -27.34 25.74 0.14 0.13 -0.004 -1.65 0.45
1108 243.30670 33.2338 -26.96 26.26 0.58 0.62 0.001 -2.39 1.84
P480 243.65147 32.9760 -27.33 25.03 0.08 0.10 0.034 -1.47 0.36
P482 243.32860 33.2402 -26.10 24.99 0.08 0.10 0.017 -1.28 0.35
MVFD 243.47470 33.2109 -25.71 24.19 0.06 0.06 0.025 -1.82 0.18
P485 243.59100 33.2102 -25.72 23.25 0.15 0.16 0.023 -1.39 0.60
1109 243.75300 33.1598 -23.97 23.95 0.59 0.65 0.001 -1.42 1.59
P486 243.67770 33.2602 -23.70 22.01 0.10 0.10 0.019 -4.96 0.37
PEGL 243.70140 33.2957 -22.92 20.09 0.72 0.81 0.001 -0.75 2.01
P487 243.81693 33.2135 -22.43 19.88 0.24 0.25 -0.002 -0.21 0.84
SD91 243.76690 33.2570 -23.41 20.98 1.41 1.25 0.001 -5.87 6.66
BLFA 243.76670 33.2583 -22.16 22.76 0.85 0.83 0.001 -3.19 3.54
P488 243.92119 33.2010 -20.47 18.35 0.15 0.18 0.027 -1.29 0.69
P490 243.57410 33.5235 -18.26 17.66 0.19 0.17 0.020 -0.53 0.53
TORO 243.57420 33.5236 -18.26 17.66 0.19 0.17 0.020 -0.53 0.53
P489 243.88839 33.2962 -18.20 15.24 0.25 0.25 -0.003 1.86 1.06
SLMS 244.02220 33.2922 -13.60 15.76 0.06 0.04 0.018 -1.45 0.18
P491 243.77320 33.5747 -15.53 14.70 0.17 0.16 -0.002 -0.48 0.54
ROBO 243.93920 33.4408 -13.39 16.83 0.69 0.69 0.001 -14.01 2.17
CAHU 243.72630 33.6386 -14.98 14.94 0.80 0.84 0.001 -2.40 1.98
C101 243.84550 33.5457 -14.16 13.44 2.04 1.58 0.001 -26.13 5.37
VORO 243.84020 33.6280 -12.60 14.68 1.22 1.26 0.001 -6.11 2.52
TMAP 243.83950 33.6412 -14.39 13.88 0.06 0.07 0.039 -6.37 0.32
VARN 244.08610 33.5033 -13.30 7.95 0.69 0.65 0.001 -6.92 2.14
PAIN 243.99150 33.6120 -9.87 7.84 0.53 0.53 0.001 -3.06 1.65
COCH 243.84170 33.7403 -10.86 8.85 0.76 0.73 0.001 -0.85 1.81
CACT 244.01010 33.6551 -10.34 8.45 0.05 0.07 0.039 -1.16 0.19
1113 244.03610 33.6772 -10.89 6.34 0.99 1.12 0.001 5.74 4.82
P504 244.23420 33.5164 -8.78 4.76 0.08 0.14 0.027 -1.50 0.36
N125 244.13820 33.6400 -5.14 4.87 1.13 1.13 0.001 -0.13 3.70
P607 244.17935 33.7410 -6.86 3.81 0.10 0.18 0.032 -1.67 0.41
BLAC 244.28020 33.6637 -6.36 2.56 0.38 0.35 0.001 -2.80 1.56
HNPS 244.36470 33.7050 -5.85 2.38 0.06 0.05 0.022 -2.45 0.17
DESO 244.59960 33.7151 -2.34 2.07 1.34 0.97 0.001 -1.31 2.75
P608 244.31340 33.9941 -4.88 2.08 0.35 0.34 0.000 -1.93 1.33
P511 244.70390 33.8869 -4.38 1.17 0.09 0.14 0.031 -2.00 0.47
COXO 244.77270 34.0404 -5.86 -0.03 1.26 1.24 0.001 -2.41 3.91
0814 244.78170 34.0442 -3.36 0.22 1.55 1.18 0.001 -1.64 2.27
IMPS 244.85490 34.1576 -4.09 1.15 0.06 0.05 0.041 -2.19 0.18
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Figure 2.6: Two-dimensional probability distribution for modeled SAF surface creep
rate and depth in a homogeneous half space, using the preferred fault geometry as
described in the text (dipping SAF, active Clark & Coyote Creek branches of the SJF).
Contour lines indicate 1σ and 2σ confidence regions. The model corresponding to
the plus sign is shown in Figure 5; a depth of 3 km was chosen based on the depth of
sediment in the area.



Chapter 3

Interseismic strain localization in the

San Jacinto fault zone

3.1 Abstract

We investigate interseismic deformation across the San Jacinto fault at Anza,

California where previous geodetic observations have indicated an anomalously high

shear strain rate. We present an updated set of secular velocities from GPS and InSAR

observations that reveal a 2–3 kilometer wide shear zone deforming at a rate that exceeds

the background strain rate by more than a factor of two. GPS occupations of an alignment

array installed in 1990 across the fault trace at Anza allow us to rule out shallow creep

as a possible contributor to the observed strain rate. Using a dislocation model in a

heterogeneous elastic half space, we show that a reduction in shear modulus within the

fault zone by a factor of 1.2 – 1.6 as imaged tomographically by Allam and Ben-Zion

[2012] can explain about 50% of the observed anomalous strain rate. However, the

best-fitting locking depth in this case (10.4 ± 1.3 km) is significantly less than the local

depth extent of seismicity (14–18 km). We show that a deep fault zone with a shear

31
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modulus reduction of at least a factor of 2.4 would be required to fully explain the

geodetic strain rate, assuming the locking depth is 15 km. Two alternative possibilities

include fault creep at a substantial fraction of the long-term slip rate within the region of

deep microseismicity, or a reduced yield strength within the upper fault zone leading to

distributed plastic failure during the interseismic period.

3.2 Introduction

The San Jacinto fault is historically the most seismically active fault in southern

California, with 9 major (M 6-7) earthquakes over the past 120 years. The fault segment

near Anza has not ruptured for more than 200 years [Rockwell et al., 2006], and is

considered to represent a ‘seismic gap’ [Thatcher et al., 1975; Sanders and Kanamori,

1984]. As a result, the Anza segment of the San Jacinto fault (SJF) has been a subject of

numerous geologic, geodetic, and seismic studies [Rockwell et al., 1990; Lisowski et al.,

1991; Allam and Ben-Zion, 2012].

Early trilateration surveys and electronic distance measurements (EDM) sug-

gested an unusually high strain rate across this segment [Lisowski et al., 1991; Johnson

et al., 1994]. These observations were interpreted as requiring a locking depth of just 5 to

6 km assuming a homogeneous elastic model, significantly shallower than the observed

14–18 km depth extent of microseismicity in the area [e.g., Sanders, 1990; Lin et al.,

2007; Hauksson et al., 2012]. Lisowski et al. [1991] proposed that the apparent dis-

agreement could be explained by a compliant fault zone with significantly reduced shear

modulus, but could not rule out alternatives such as shallow fault creep, which might

affect near-field measurements. More recently, Wdowinski [2009] proposed that the deep

microseismicity may be due to the propagation of “brittle creep” into the seismogenic

zone, and therefore the locking depth is in fact much shallower than the bottom of the
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seismogenic zone.

Shallow creep on the Anza segment of the SJF would offset geodetic monuments

on either side of the fault and increase the apparent near-fault strain rate. Shallow creep

is predicted by laboratory observations, which show that poorly consolidated rocks in the

top few kilometers of the Earth’s crust exhibit velocity-strengthening behavior [Marone

and Scholz, 1988; Marone, 1998], and by rate- and state-dependent frictional models in

which low normal stresses near the surface result in stable sliding even if the frictional

properties are velocity-weakening [e.g., Tse and Rice, 1986; Lapusta et al., 2000; Kaneko

et al., 2013].

A compliant fault zone with a reduced effective shear modulus would have a

similar effect on the surface strain rate even if the fault is locked near the surface.

Zones of this type have been inferred in several locations, both geodetically [Rybicki

and Kasahara, 1977; Fialko et al., 2002; Chen and Freymueller, 2002; Fialko, 2004;

Hamiel and Fialko, 2007; Barbot et al., 2009; Jolivet et al., 2009; Cakir et al., 2012]

and seismically [Spudich and Olsen, 2001; Ben-Zion et al., 2003; Cochran et al., 2009].

Observations of trapped waves along the SJF near Anza have suggested such a zone may

be present there as well, with inferred reductions in S-wave velocity of up to 50 percent

[Li and Vernon, 2001; Lewis et al., 2005]. Recently, Allam and Ben-Zion [2012] have

conducted a high-resolution tomographic study of the velocity structure surrounding the

SJF, yielding clear evidence for a low velocity fault zone extending to a depth of several

kilometers.

In this study, we present new high-density GPS and InSAR observations (Figure

3.1) and numerical models incorporating recent tomographic results [Allam and Ben-Zion,

2012] to evaluate the mechanisms responsible for the anomalous interseismic strain rate

at Anza. We find that shallow creep is negligible at this location, based on occupations

with GPS of an alignment array installed in 1990 [Rockwell et al., 1992]. Next, we
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Figure 3.1: Map and profiles showing geodetic data used in this study. (a) Map
showing InSAR line-of-sight (LOS) velocities from ERS track 127 [Manzo et al., 2011],
locations of regional GPS sites, and the re-surveyed Mitchell road alignment array. (b)
Selected InSAR LOS velocities and GPS velocities projected onto the radar LOS for
comparison. (c) Zoom of (b) near the San Jacinto fault (SJF).

show that a compliant fault zone with properties inferred by Allam and Ben-Zion [2012]

does play a significant role in the localization of strain, affecting inferences of slip rate,

locking depth and ultimately seismic hazard. However, the observed elastic heterogeneity

is insufficient to fully reconcile the “geodetic” and “seismic” locking depths on the Anza

section of the SJF. Instead, we find that the data require either the deep seismogenic zone

to be sliding stably at a significant fraction of the long-term rate, or the shallow fault

zone to be deforming inelastically, possibly due to a lower yield strength compared to the

ambient crust.

3.3 Alignment array and shallow creep

Shallow creep has been observed on a number of faults in Southern California,

including the Coachella segment of the SAF [Sieh and Williams, 1990; Rymer, 2000;

Rymer et al., 2002; Lyons and Sandwell, 2003], the Imperial fault [Goulty et al., 1978;

Lyons et al., 2002], and the Superstition Hills and Coyote Creek segments of the SJF
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Figure 3.2: Mitchell road alignment array. Fault-parallel rates computed as total offset
divided by the total time, detrended. Arrows indicate expected sense of motion on the
fault if creep is occurring. Error bars reflect the sum in quadrature of GPS and Total
Station measurement uncertainties. Map shows monument locations relative to the fault
trace in red.

to the south [Sharp et al., 1986; Wei et al., 2009, 2011]. If shallow creep of this type

is occurring on the SJF at Anza, it would offset nearby geodetic monuments and affect

the apparent near-field deviatoric strain rate. Here we take advantage of a ∼400 meter-

long alignment array installed in 1990 across the SJF at Anza to quantify the near-field

interseismic deformation. The Mitchell road array consists of 22 monuments in a line

oriented North-South and centered on the fault trace at -116.640◦W, 33.572◦N (Figure

3.2). Initial surveys in 1990 and 1991 recorded the azimuth and distance from each

monument to the central base station [Rockwell et al., 1992]. In August 2010 and March

2011 we occupied the array with survey-mode GPS. By computing the relative changes

in the position of each site, we are able to evaluate the presence of shallow creep at a

sub-millimeter per year level.

During each GPS campaign, the monuments were occupied with a chokering

antenna mounted on a tripod and a dual-frequency receiver recording at 1 sample per

second for two separate 15 minute intervals; the base station on the fault trace was

occupied continuously for the duration of the 2-day campaign. We then computed the
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instantaneous positions at each epoch relative to the nearby continuous station AZRY,

using the Real Time Dynamics software package. This rapid-static approach is justified

by error analyses of the instantaneous positioning method for very small baselines [Bock

et al., 2000]; in this case we were able to determine the baselines between each site with

a one-sigma uncertainty of 2-3 mm in the horizontal direction.

The initial optical surveys determined the azimuth from the base station to each

monument at a precision of 10−4 degrees, translating to an uncertainty in relative position

of 1-15 mm with increasing distance from the base station. In principle, the relative

station motions computed over the 20-year period could be used to determine the overall

shear strain rate near the fault in addition to any localized creep. However, the expected

rotation of the array due to tectonic strain accumulation is on the order of 10−5 degrees

over the 20-year period, while the initial alignment of the array was subject to a much

larger compass error of up to 1 degree. Thus, we subtracted the best-fitting rotation from

the differential motion of the benchmarks and focus on near-surface fault creep only.

Future GPS surveys of the array should make possible an absolute determination of the

local shear strain rate.

In Figure 3.2, we show the de-trended offsets in the fault-parallel direction,

divided by the total time between observations. The reported uncertainties for each site

are the sum in quadrature of the GPS and optical survey errors. These uncertainties

are somewhat smaller than overall data scatter, suggesting some non-tectonic motion of

individual sites, possibly related to initial settling and subsequent minor disturbance of

the monuments. Nevertheless, no systematic right-lateral offset is visible across the fault

trace or anywhere within the array. Formally, comparison of the data with a model of

surface creep weighted by the relative measurement uncertainties implies a creep rate

less than 0.2 mm/yr with 95% confidence.

The evident lack of creep on this segment of the SJF is unsurprising; earlier
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surveys of another alignment array a few kilometers to the north of the Mitchell Road

array showed no evidence for surface creep over a period of 7 years between 1977 and

1984 at a level of 1 mm/yr [Louie et al., 1985], although the results were ambiguous

owing to motions attributed to the initial settling of the monuments [Keller et al., 1978;

Sanders and Kanamori, 1984]. Our measurements confirm the absence of shallow creep

on the Anza section of the San Jacinto fault at a significantly increased precision. In

contrast, models of rate- and state- dependent friction on faults predict ubiquitous creep

within a shallow layer at a rate that is of the order of ∼10% of the fault slip rate if the top

2-3 km of the fault are velocity strengthening [e.g., Tse and Rice, 1986; Lapusta et al.,

2000]. Given the long-term slip rate of the SJF at Anza of 10-15 mm/yr [Rockwell et al.,

1990; Blisniuk et al., 2010, also see below] the predicted rate of shallow creep exceeds

the observational constraints by nearly an order of magnitude. Possible explanations

for this discrepancy include velocity-weakening behavior of the uppermost seismogenic

layer [e.g., Kaneko et al., 2013], or distributed yielding (see Discussion).

3.4 Elastic half-space models

The analysis of geodetically determined interseismic motion near an active fault

requires a model, including an assumption about the rheology of Earth’s lithosphere. The

most common models are a dislocation in an elastic half space [Savage and Burford,

1973], or an elastic layer over a viscoelastic half space [Nur and Mavko, 1974; Savage

and Prescott, 1978]. In the context of infinitely long strike-slip faults, it was shown that

the two models can explain interseismic deformation equally well [Savage, 1990; Fay

and Humphreys, 2005]. Recent simulations that take into account laboratory-constrained

rheologies and long-term strain evolution [Takeuchi and Fialko, 2012] show a consider-

able strain localization in the ductile substrate, at least for mature faults such as those
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of the SAF-SJF system. Thus, in the following we choose to interpret the data with an

elastic dislocation model, in which the fault is fully locked above the locking depth D,

and slipping at the full long-term rate below. Simple dislocation models have shown

remarkable success at predicting fault slip rates and locking depths, without significant

bias relative to seismic and geologic observations [e.g., Smith-Konter et al., 2011; Lindsey

and Fialko, 2013]. The stress singularity arising from the sudden transition from locked

to creeping at the locking depth is nonphysical; in reality the slip rate must increase

gradually with depth to the full rate [e.g., Savage, 2006]. The implications of a more

gradual variation in slip rate with depth are considered in Section 3.5.

3.4.1 Regional GPS data

The primary dataset used to infer slip rates on the SAF-SJF system consists of

GPS velocities from the Southern California Earthquake Center (SCEC) Crustal Motion

Map version 4 (CMM4) GPS velocity solution [Shen et al., 2011]. We use a combination

of the CMM4 dataset and continuous GPS velocities from the UNAVCO Plate Boundary

Observatory (PBO) network, rotated into the North America Fixed (NAFD) reference

frame (Tom Herring, pers. commun., 2011). This is the same GPS dataset used for

determination of fault slip rates in the Uniform California Earthquake Rupture Forecast,

Version 3 (UCERF3) project, and contains 2663 GPS velocities distributed throughout

California and other parts of North America. We selected 70 sites located along a 30

km-wide fault-perpendicular profile centered on the SJF at Anza (116.6321W, 33.5679N)

and projected the horizontal velocities onto the fault azimuth of 313◦. This azimuth was

chosen to minimize the trend in the residual fault-perpendicular velocities, which would

represent unmodeled fault-normal compression; we note that the results are not sensitive

to small changes in this value.

The dataset, shown in Figure 3.1a, has a very dense spacing of GPS sites in the
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vicinity of Anza: along the entire SJF there are 55 sites located within 10 km of the fault

trace, and 26 of these are within our selected profile at Anza. However, many of these are

campaign sites with velocities of relatively low accuracy, occupied four to twelve times

over the period 1992-2002 when the GPS constellation, orbits, and receivers, especially

in the earlier epochs, were less favorable. There were no reported observations in the past

ten years. As a result, the projected velocities show considerable scatter (Figure 3.1b).

To improve the accuracy of the near-field GPS velocities, in September 2012 and April

2013 we re-occupied eight of the sites near Anza, highlighted in red in Figure 3.1. The

sites were occupied for 2 to 4 days at 30-second sampling, and the data were processed

in combination with the CMM4 results using the GAMIT/GLOBK software package

[Herring et al., 2010]. The long timespan between surveys allowed us to determine each

velocity with a one-sigma uncertainty of 0.2–0.5 mm/yr.

Although the intervening time period spans several regional earthquakes (notably,

the 1994 M6.7 Northridge, 1999 M7.1 Hector Mine, and 2010 M7.2 El Mayor-Cucapah

events), the relatively small size of the network compared with the distance to the events

means that coseismic and postseismic offsets do not vary significantly between sites, so

they should not significantly affect the relative velocities. This is supported by comparison

of continuous GPS timeseries within the affected region. To further mitigate the effect of

these earthquakes, we subtracted the estimated coseismic offsets for each event based on

a dislocation model during the GLOBK analysis. The results are summarized in Table

3.1 in the ITRF2008 reference frame.

The updated fault-parallel velocities are compared with the regional GPS data in

Figure 3.1b and c; the best-fitting fault-parallel shear strain rate is 0.60 ± 0.10 µrad/yr

for the five sites within 3 km of the fault trace (1µrad/yr = 1(mm/yr)/km). Consider-

ing the full 18 km span from CARY to D138, the strain rate is 0.40 ± 0.05 µrad/yr,

in good agreement with USGS two-color EDM results which covered a similar span
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Table 3.1: Updated GPS velocities and one-sigma uncertainties for sites reoccupied in
September 2012 and April 2013, in mm/yr. Reference frame is ITRF2008.

Site Longitude Latitude VE VN VU σE σN σU

CARY 243.2645 33.5454 -33.43 13.94 -0.45 0.22 0.18 1.00
ANZC 243.3694 33.5578 -31.23 11.93 -0.24 0.21 0.22 1.05
G114 243.3871 33.5502 -31.65 11.57 1.44 0.33 0.23 1.07
TOME 243.3200 33.6190 -30.99 11.36 1.09 0.22 0.21 1.08
G120 243.3970 33.5646 -30.61 10.77 -0.52 0.48 0.42 1.99
RCUT 243.4044 33.5675 -30.14 10.58 0.31 0.29 0.19 1.05
0821 243.4294 33.5613 -30.33 10.21 -0.54 0.19 0.20 1.03
D138 243.5019 33.5711 -28.46 9.03 -0.03 0.31 0.22 1.24

across the fault and recorded a rate of 0.42 ± 0.05 µrad/yr (http://earthquake.usgs.gov/

monitoring/edm/socal/).

3.4.2 InSAR data

We also incorporate InSAR data from ERS-1/2 descending track 127, processed

with the small baseline subset (SBAS) method in combination with a sparse set of

five continuous GPS velocities to constrain the longest-wavelength deformation signals

and remove orbital and other systematic errors [Manzo et al., 2011]. The resulting

map of surface deformation may retain unmodeled vertical motion or residual errors at

long wavelengths, which can lead to biases in slip rate inversions [e.g., Fialko, 2006;

Lundgren et al., 2009; Lindsey and Fialko, 2013]. Therefore, we adopted the remove-

restore method proposed by Wei et al. [2010] to constrain the long wavelengths using

additional continuous GPS data. Using all available continuous GPS data in the area

within and surrounding the radar scene, we interpolated the GPS velocities onto each

radar pixel using natural neighbor interpolation, then projected these velocities into the

radar LOS. The resulting smooth velocity map was subtracted from the InSAR, and

the result high-pass filtered with a 40 km cutoff wavelength. The interpolated GPS

velocities were then added back, resulting in a velocity field that agrees with the GPS at
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large spatial wavelengths but retains the short-wavelength information provided by the

InSAR. Sensitivity testing indicated that the results are not strongly dependent on the

interpolation method or the filter cutoff wavelength; for details see Wei et al. [2010] or

Tong et al. [2013].

The final InSAR-derived velocity map is shown in Figure 3.1. The western

portion of the scene is heavily forested, resulting in poor C-band radar correlation. As a

result, there are far fewer available data points there than in the eastern portion of the

scene where C-band correlation is excellent. Thus, some resampling of the data is needed

to avoid over-fitting the eastern part of the selected profile at the expense of points to

the west. We considered uniform resampling, or resampling at a rate proportional to a

measure of the model sensitivity (normalized derivative of the model predictions with

respect to each of the parameters), but found that a strain-based resampling provided the

most faithful reproduction of the original dataset and the smallest resulting parameter

uncertainties for a given number of resampled data points. We used LOESS local

regression [Cleveland, 1979; Cleveland and Devlin, 1988] to fit a smooth curve to the

data, then divided the profile into bins with a width proportional to the derivative of the

smooth curve. The mean and standard deviation of the LOS velocities were computed

within each bin; we ultimately recovered 190 velocity estimates with standard deviations

ranging from 0.2 to 0.9 mm/yr, with the highest sample rate in regions of high strain

(Figure 3.3).

The resampled InSAR profile across the fault is shown in Figure 3.1(b) and (c)

along with LOS-projected horizontal GPS velocities. In the figures, the velocities are

referenced to a constant incidence angle of 23.5◦ for plotting purposes; we used the exact

incidence angle for each pixel when comparing the data to a model. The data suggest the

region of high strain across the fault is approximately 3 km wide and offset to the east of

the surface trace of the fault, with a best-fitting strain rate of 0.79 µrad/yr, slightly higher
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Figure 3.3: Resampling of the InSAR dataset according to the estimated strain rate,
computed as the derivative of a LOESS local regression curve with span 0.2. The sample
rate is scaled such that the maximum number of samples in any 4 km wide bin is 10,
and the minimum is 2.

than the rate determined above from only GPS.

3.4.3 Heterogeneous material properties

High resolution double-difference tomography by Allam and Ben-Zion [2012]

indicates the presence of a significant low velocity anomaly along the SJF near Anza.

The result is consistent with earlier observations of fault-zone-trapped waves in the area

[Li and Vernon, 2001; Lewis et al., 2005], and suggests the presence of an extensive

compliant fault zone with a reduced elastic shear modulus, extending several kilometers
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deep and up to several kilometers from the fault.

We used the seismic velocity model of Allam and Ben-Zion [2012] to compute

the shear modulus along a 2D fault-perpendicular transect at the location of the geodetic

profile, using an empirical relation to compute density from Vp [Ludwig et al., 1970;

Brocher, 2005]. The result is shown in Figure 3.4a. We then computed the elastic Green

functions for antiplane dislocations representing each fault at a range of locking depths,

using the method of fictitious body forces [Barbot et al., 2009] implemented in a parallel

finite-difference framework. As an example, the surface velocity due to a dislocation at

10 km depth is compared for the homogeneous and heterogeneous models in Figure 3.4b.

The strain rate near the fault is increased by up to 50%, and the velocities are somewhat

asymmetric across the fault trace, in qualitative agreement with the geodetic data.

3.4.4 Inverse method

Each fault is represented by a semi-infinite dislocation at horizontal position ξi

slipping at a rate vi below depth Di. In this case, the modeled surface velocities are

described by

m j = k j ∑
i

(vi

π

)
tan−1

(
x−ξi

Di

)
(3.1)

The coefficients k j represent the projection from fault-parallel velocity to the radar LOS

for each pixel; for GPS sites the model is compared directly to the fault-parallel projection

of the observed velocities so that kGPS = 1.

In the heterogeneous case, we use the pre-computed elastic Green functions for

each locking depth Gi(Di,ξi), and the forward model is expressed as a linear combination

of these functions:

m j = k j ∑
i

viGi(Di,ξi). (3.2)

We conducted the inversions in a Bayesian framework, which has the advantage
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Figure 3.4: (a) Fault-perpendicular cross-section showing shear modulus values inferred
from tomography of Allam and Ben-Zion [2012], centered on the fault trace at Anza
(116.632W, 33.568N). (b) Predicted fault-parallel surface velocity for a unit dislocation
slipping freely below 10 km, in a homogeneous (black) and heterogeneous (red) elastic
domain.

of providing a simultaneous estimate of the parameters, their uncertainties, and their

correlations [e.g., MacKay, 2003; Tarantola, 2005; Minson et al., 2013]. Bayes’ theorem

states that the posterior probability distribution function (PDF) p(m|d) is given by

p(m|d) ∝ p(m)p(d|m), (3.3)

where p(m) is the prior PDF and p(d|m) is the likelihood function. The prior PDF

represents our knowledge or assumptions about the model; in this case we assume a

uniform prior that requires only right-lateral slip and a positive locking depth. The
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likelihood function is a measure of goodness of fit, defined by

p(d|m) =
A√
|C|

exp
(

1
2
(m−d)T C−1(m−d)

)
, (3.4)

where A is a normalization constant, m and d represent the modeled and observed GPS

and InSAR velocities, and C is the data covariance matrix.

The data covariance matrix C represents our best information regarding the

uncertainties in the input measurements, an accurate measure of which is critical for

the Bayesian method to be valid. For some continuous GPS velocities, the reported

one-sigma uncertainties can be very small, less than 0.1 mm/yr. These uncertainties are

well justified by analyses considering a combination of white noise and flicker noise

[Williams et al., 2004]. However, as noted elsewhere [e.g., Platt and Becker, 2010],

attempting to fit a simplified tectonic model within these uncertainties can lead to over-

fitting of the velocities, due to the presence of unmodeled tectonic or non-tectonic sources

of deformation. For the diagonal entries representing the GPS uncertainties in C, we

therefore imposed a minimum value of 0.25 mm/yr to avoid over-fitting continuous GPS

sites with very low formal uncertainties. For the case of spatially correlated InSAR data,

one may consider more realistic non-diagonal models of data covariance [e.g., Lohman

and Simons, 2005; Sudhaus and Jonsson, 2008]; however, the strain-based resampling

of the InSAR significantly reduces the number of samples in non-deforming regions

where unmodeled data covariance is typically a problem, so this effect should be limited.

Therefore, we computed uncertainties for the resampled InSAR profile as simply the

standard deviation of all data points within each resampled bin.

To ensure accurate weighting between the GPS and InSAR datasets, we further

modified C by re-scaling the relative GPS and InSAR uncertainties so that the two

datasets make equal contributions to the total misfit value. Typically this is done by
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assigning empirically determined weighting factors to the two datasets [e.g., Simons

et al., 2002; Fialko, 2004]; here we make use of the Bayesian formulation of the problem

to determine the ideal weights exactly. In general, any part of eq. (3.4) may be treated as

a free parameter in the inversion, including parts of the matrix C. For the case of two

datasets containing N1 and N2 data points and with unknown weights γ1 and γ2, we can

decompose eq. (3.4) as the product of two likelihood functions:

p(d|m) ∝
1

γ
N1
1

exp
(

1
2γ2

1
(m1−d1)

T C1
−1(m1−d1)

)
× (3.5)

1

γ
N2
2

exp
(

1
2γ2

2
(m2−d2)

T C2
−1(m2−d2)

)
. (3.6)

If γ1 and γ2 are then treated as free parameters, the best-fitting values will be those for

which the two datasets contribute an equal amount to the overall likelihood function. In

addition, the χ2/d.o. f (χ2 per degree of freedom) statistic will be close to unity, ensuring

that the reported parameter uncertainties are scaled appropriately (although this limits the

use of this statistic for determining which model provides a better fit to the data). This

is similar to the method of Fukuda and Johnson [2010], except that we do not require

assumptions regarding the analytic form of the likelihood function for linear parameters.

For the GPS and InSAR datasets, we found the best-fitting weights in a preliminary

inversion (2.3 and 0.7, respectively), then fixed them at these values for all models. In

fact, inversions using each dataset independently result in best-fitting fault parameters

that are compatible within the uncertainty, so that this relative weighting is not critical to

the values of the inferred parameters.

Several parameters in equations (3.1) and (3.2) enter in a nonlinear manner,

prohibiting a straightforward solution by least squares. Instead, we seek a distribution of

models that is proportional to the posterior PDF (3.3). Sample models were generated

using the “slice sampling” Monte Carlo technique, a computationally efficient relative of
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Gibbs sampling [Neal, 2003; MacKay, 2003]. As with all Markov chain Monte Carlo

methods, a single random walk may become trapped if there are several widely separated

misfit minima, so we combined the results of a large number of walks to form the final

distribution. From this distribution we may compute the means, standard deviations, and

covariances between the model parameters, as well as any desired marginal posterior

PDFs.

3.4.5 Fault geometry

Models of this part of the SAF system suggest that in addition to the SAF and

SJF, contributions from other major faults, such as the Elsinore fault (ELS) and Eastern

California Shear zone (ECSZ) need to be accounted for to fit the geodetic data. These

faults are subparallel to the main two, and trend northwest at an average azimuth of

310 – 320◦. In this area, 2D geodetic models assuming infinitely long faults [e.g., Fay

and Humphreys, 2005; Platt and Becker, 2010] have inferred slip rates and locking

depths in good agreement with more complex 3D models [e.g., Meade and Hager, 2005;

Smith-Konter et al., 2011]. Our preliminary modeling of the San Jacinto fault geometry

suggested that 3D effects such as a gradually changing locking depth along strike may

produce a small fault-normal component of motion, but do not produce a measurable

change in the inferred locking depth or peak fault-parallel strain rate across the fault,

which is our primary concern here.

Therefore, we chose a simplified model with four dislocations in a 2D elastic

half space, as shown in Figure 3.1b. Previous work has shown that dislocation models

of this type are extremely sensitive to the assumed fault geometry [Lindsey and Fialko,

2013], so we initially included the horizontal positions ξi as free parameters in the model,

then fixed them at the best-fitting locations to prevent trade-off with the other parameters.

This approach is similar to the iterative procedure adopted by Platt and Becker [2010].
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In the final model geometry, the best-fitting SAF location is offset by 6 km to

the northeast of the surface trace, suggesting that the SAF dips northeast at 50-60◦, in

good agreement with earlier modeling results [Fialko, 2006; Lindsey and Fialko, 2013]

as well as with seismic and other geophysical observations [Lin et al., 2007; Fuis et al.,

2012]. The best-fitting SJF location is offset 2 km to the northeast from its surface trace,

suggesting it may also be steeply dipping to the northeast at 80-85◦. This is in good

agreement with the asymmetric location of seismicity at depth and with the geometry of

inferred seismic waveguide structures [Li and Vernon, 2001; Lewis et al., 2005] as well

as with geologic observations at nearby surface exposures of the fault [Dor et al., 2006].

Because of the very high strain rate across the SJF and the high density of geodetic data,

the model is unusually sensitive to the location of this fault. We found that placing the

dislocation directly below the mapped fault trace can lead to an instability in the Monte

Carlo inversion procedure which results in an unreasonably small SJF velocity (< 10

mm/yr), compensated by a large velocity on the SAF (as high as 30 mm/yr, the upper

limit of our uniform prior PDF). This is similar to the findings of Fukuda and Johnson

[2010], who reported a best-fitting velocity as high as 37 mm/yr on the Coachella segment

of the SAF, more than twice the geologic slip rate – a result which we suggest may have

been caused by their assumptions regarding the SJF geometry.

3.4.6 Results

In the case of a homogeneous elastic half space, the best-fitting model is shown in

Figure 3.5a. The inferred slip rates are 11.7±0.9 mm/yr for the SJF, 13.7±1.3 mm/yr for

the SAF, 6.6±0.4 mm/yr for the Elsinore, and 6.5±0.7 mm/yr for the ECSZ. These rates,

although not the primary focus of this study, are in excellent agreement with geologic

slip rate estimates for each of these faults or fault zones [Rockwell et al., 1990; Petersen

and Wesnousky, 1994; van der Woerd et al., 2006; Behr et al., 2010; Oskin et al., 2007].
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Figure 3.5: Dislocation model predictions compared to regional geodetic data, projected
onto the radar LOS. (a) Best-fitting model in a homogeneous domain. (b) Best-fitting
model in the heterogeneous domain shown in figure 3.4a. This case predicts a slightly
deeper SJF locking depth, although the two models are visually indistinguishable.

The best-fitting SAF locking depth is 10.3±1.6 km, in good agreement with the depth

of seismicity on that fault. The inferred SJF locking depth of 7.7±1.0 km is shallow

compared to the 14–18 km maximum depth of seismicity near Anza, although it is in good

agreement with previous geodetic models of the area [Lisowski et al., 1991; Becker et al.,

2005; Lundgren et al., 2009; Platt and Becker, 2010]; the small locking depth is required

to fit the high near-fault strain rate. Although this parameter trades off strongly with the

SJF slip rate (correlation -0.92) as well as with the other model parameters (Figure 3.6),

it appears unlikely that a bias in these values is leading to under-estimation of the SJF

locking depth because the other parameters are in good agreement with geologic, seismic,

and previous geodetic results.

In the heterogeneous case, we inverted the geodetic data using the Green functions

computed for the domain shown in Figure 3.4a, using the same fault geometry as in the

homogeneous half space. The results are shown in Figure 3.5b; the model fit to the data

is visually indistinguishable from the homogeneous case. The best-fitting parameters

deviate only slightly from the homogeneous case, except for the SJF locking depth

which is increased by 35% to 10.4±1.3 km, still significantly smaller than the depth of

seismicity. This value exceeds that of the homogeneous case by more than 2 standard

deviations, so it is clear that the elastic properties of the crust have a significant effect on

this parameter. Part of this increase may be attributed to the layered nature of the rigidity
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Figure 3.6: 1σ confidence intervals of the two-dimensional marginal posterior proba-
bility distributions showing model tradeoffs between (a) SAF and SJF slip rates, (b) SAF
slip rate and locking depth, and (c) SJF slip rate and locking depth, for a homogeneous
(blue) and heterogeneous (red) domain.

structure, which causes the surface deformation pattern to become narrower compared to

the homogeneous case [Savage, 1998]. For comparison, we conducted an inversion using

Green functions computed in a laterally homogeneous, horizontally averaged rigidity

structure, in which case the best-fitting SJF locking depth was 8.5 ± 1.1 km. Thus,

the layered nature of the rigidity structure accounts for approximately 25% of the total

increase in the inferred locking depth, with the remaining 75% attributed to the presence

of the shallow compliant zone.

3.5 Variation in fault locking with depth

Geodetic locking depths in Southern California have been found to agree with

the maximum depth of microseismicity in nearly all cases [Smith-Konter et al., 2011;

Lindsey and Fialko, 2013], despite the nonphysical nature of an abrupt transition from

locked to sliding in dislocation models. Thus, while the true slip rate likely varies more

smoothly with depth, it appears the transition is typically centered near the bottom of the

seismogenic zone, which is the depth where frictional properties transition from unstable

velocity-weakening behavior to stable velocity-strengthening.
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It has been proposed that the anomalous surface strain rate across the SJF (and

small inferred locking depth) represents an upward extension of creep into the nominally

unstable region, so that the maximum depth of microseismicity is not a good indicator

of the depth of locking [Wdowinski, 2009]. This may be possible if the frictional

properties of the fault interface are highly heterogeneous, with a large fraction of the

interface undergoing stable creep. The observed microseismicity could then occur within

small patches or lineaments of unstable velocity-weakening material, similar to the

behavior observed on the creeping section of the SAF near Parkfield [Rubin et al., 1999;

Waldhauser et al., 2004], where it occurs at the boundary of the seismogenic zone [Barbot

et al., 2012]. A hallmark of this scenario is the presence of repeating earthquakes, a set

of seismically similar events that occur on isolated locked asperities within the creeping

fault and have a characteristic magnitude and recurrence interval [Nadeau et al., 1995;

Nadeau and Johnson, 1998; Chen and Lapusta, 2009]. Preliminary evidence suggests

such events may be occurring at a depth of 12-15 km along the SJF (Taira and Burgmann,

pers. comm.), so that low fault coupling within the zone of active microseismicity may

be an important contributor to the surface strain rate.

To quantify the effect of creep within the seismogenic zone on the geodetic data,

we consider two models that relax the assumption of a sharp transition between locked

and freely sliding. As above, we use the Green functions G(D) determined for the

heterogeneous elastic structure shown in Figure 3.4a.

Rather than assuming a single locking depth D, a more realistic model would

allow the slip rate to increase gradually from zero from the full rate v0 between depths

D1 and D2. The surface displacements are given by the superposition of a series of

dislocations of varying slip rate ṡ(z):

v(x) =
N

∑
i=0

∆ṡiG(D1 + i∆z), N =
D2−D1

∆z
. (3.7)



52

where we use ∆z = 0.1km, the depth resolution of the pre-computed Green functions.

∆ṡi is the change in slip rate between two neighboring steps, ∆ṡi = ṡ(D1 +(i+1)∆z)−

ṡ(D1 + i∆z).

We consider two slip rate profiles with depth: linear and elliptical. In the first

case, slip rate increases linearly from zero at depth D1 to v0 at D2 so that ∆ṡ = v0/(N+1),

a constant. The elliptical profile is designed to match more closely the predicted profile

of slip in numerical models incorporating rate-state friction [e.g., Tse and Rice, 1986;

Lapusta et al., 2000], and mimics a nearly constant stressing rate with depth within the

transition zone. In this case, ∆ṡi is defined by:

∆ṡi =

√
1− (D2−D1− (i+1)∆z)2

(D2−D1)2 −√
1− (D2−D1− i∆z)2

(D2−D1)2 . (3.8)

These slip distributions are meant only to illustrate the effect of (unknown) details

of slip in the transition zone on the geodetic data and moment accumulation rate. We fix

D2 = 15km in both cases so that as in the single dislocation model, the models have only

two free parameters (v0 and D1).

For the linear profile, the best-fitting values are v0 = 13.1± 0.8 mm/yr and

D1 = 7.0±1.8 km; for the elliptical profile v0 = 12.7±1.1 mm/yr and D1 = 9.1±1.6km.

These results are summarized in Figure 3.7. Note that the predicted surface velocities are

indistinguishable (Figure 3.7a) although both slip rate profiles vs. depth are significantly

different from the single dislocation model (Figure 3.7b). This is in good agreement with

results obtained by King and Wesnousky [2007], who showed that tapered or discrete

coseismic slip distributions can produce virtually identical surface deformation.

For each model, we can compare the rate of moment released by creep above 15
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km depth to the cumulative seismic moment of earthquakes in the same depth interval.

The moment released by creep per unit length along the fault is given by

∆Mcreep

L
=

∫ D2

0
µ(z)s(z)dz, (3.9)

where µ is the seismically inferred shear modulus in Figure 3.4a, and s is the total modeled

slip over a given time period. For the single dislocation model, the moment released

by stable creep above 15 km over a 30-year time period would be 6.9×1016 N m/km,

equivalent to a magnitude 6.0 earthquake over a 20 km-long segment of the fault. For

the linear taper of slip with depth, the moment release is 6.3×1016 N m/km, and for the

elliptical profile it is 6.8×1016 N m/km. In comparison, the total moment released by

microseismicity recorded within 5 km of the fault, averaged over a 50 km-long segment

of the SJF centered at Anza over the same time period was 1.5×1016 N m/km, based on

the catalog of Hauksson et al. [2012]. This average includes the high rates of seismic

activity in the trifurcation and Hot Springs fault areas to the South and North of the Anza

seismic gap, respectively. Even so, the seismic contribution is just 20% – 25% of the

total moment release required by the slip models, implying that significant frictional

heterogeneity is required to support this explanation for the observed strain rate. For

comparison, Wdowinski [2009] determined a seismic release rate equivalent to less than

1 mm/yr of displacement along the lower 6km of the central SJF, or 3-4 mm/yr in the

more seismically active area south of Anza. These rates are similar to our results, which

are equivalent to 2-3 mm/yr of cumulative displacement in the deep section of the fault.

3.6 Additional elastic modulus reduction

Alternately, we may consider how large a reduction in shear modulus within a

compliant fault zone near the surface could fully account for the strain rate while allowing
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a locking depth consistent with the depth of seismicity. Because of the computational

effort required to evaluate Green functions in a heterogeneous domain, incorporation of

the material properties as parameters in the inversion would be prohibitive. Instead, we

make use of an analytic solution for the deformation due to a half-elliptical inclusion in

an elastic half space [Mahrer, 1981].

Consider an infinitely long half-elliptical inclusion with depth a, half-width b and

shear modulus µin embedded in a half space with shear modulus µ0, as shown in Figure

3.8a. Mahrer [1981] showed that for the case of simple shear, the strain rate within the

ellipse is

ε̇xy =
σ0/µ0(1+φ)

1+φ/r
, (3.10)

where φ = a/b and r = µ0/µin. If the locking depth is much greater than the depth

of the compliant zone, then the strain rate is nearly constant within the zone and may

be approximated by simple shear. The validity of this assumption is demonstrated in

Figure 3.8b, by comparison of the analytic solution with the numerical result for a buried

dislocation beneath the same elliptical inclusion. Although the boundary conditions

are different, the strain rate within the inclusion predicted by eq. (3.10) is in excellent

agreement with the numerical result. Alternative models are possible; Jolivet et al.

[2009] addressed a similar question on the northern SAF using the analytic solution for

a dislocation below a rectangular inclusion in a half space. In this case, we feel the

elliptical inclusion provides a better approximation to the observed geometry of the fault

zone (see Figure 3.4a).

Relative to a homogeneous half space, eq. (3.10) predicts that the strain rate

is enhanced within the compliant zone by a factor f = (1+ φ)/(1+ φ/r). Given a

measurement of the near-field strain rate enhancement and the dimensions of the inclusion,
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Table 3.2: Required shear modulus ratio for varying compliant fault zone depths,
computed using equation (3.11) taking the half-width b= 1.5km and strain enhancement
ratio f = 2.4.

Compliant zone depth (km) Aspect ratio φ µ0/µin

3 2 8.0
6 4 3.7
9 6 3.1

12 8 2.9
15 10 2.8
∞ ∞ 2.4

we can directly solve for the shear modulus ratio:

r =
φ f

1+φ− f
. (3.11)

In the case of the SJF, the strain rate recorded by the GPS data within the fault zone is

0.60 ±0.1 µrad/yr. If the fault is locked at 15 km and slipping at a rate of 12 mm/yr, the

predicted strain rate would be εxy = v/πD = 0.25 µrad/yr in a homogeneous half space.

The required strain rate enhancement is therefore f = 2.4, and we take the fault zone

half-width b = 1.5 km. The remaining unknown parameter is the compliant zone depth a.

From eq. (3.11) it may be seen that depths less than 2.1 km, which result in an aspect

ratio less than 1.4, cannot produce the required strain rate even if the shear modulus in

the fault zone is zero. We consider a range of larger depths in Table 3.2; if the zone is

infinitely deep, eq. (3.11) reduces to the case of a vertical compliant layer [Rybicki and

Kasahara, 1977], in which case a shear modulus reduction by a factor of 2.4 would be

required. The tomographic results (Figure 3.4a) and theoretical models of damage due to

dynamic earthquake ruptures [e.g., Kaneko and Fialko, 2011] do not support a deep low

rigidity zone, and for smaller depths the required degree of reduction in shear modulus

(a factor of three or more) does not appear physically plausible if the material behaves

elastically, given the range of properties observed for crustal materials.
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3.7 Discussion

Early geodetic surveys across the San Jacinto fault at Anza suggested an unusually

high rate of interseismic strain accumulation across the fault, although these observations

were subject to significant uncertainties [Lisowski et al., 1991]. The combination of

updated campaign GPS and InSAR data presented here demonstrate unambiguously the

presence of a zone of enhanced fault-parallel shear at Anza (Figure 3.1c). The maximum

shear strain rate determined from GPS is 0.60±0.1 µrad/yr across a 3 km-wide zone,

asymmetrically offset to the northeast of the fault trace. The InSAR results [Manzo

et al., 2011] suggest a higher strain rate of 0.79 µrad/yr (Figure 3.1c). These values

are approximately twice the strain rate in the neighboring crust to either side of the

fault, giving rise to an unrealistically small predicted locking depth when interpreted

with a dislocation model in a homogeneous elastic half space (Figure 3.5a). We have

considered three potential mechanisms that might explain this behavior: shallow fault

creep, a reduced effective elastic modulus within a fault damage zone, or occurrence of

steady creep in the lower part of the seismogenic zone.

In the first case, GPS occupations of the Mitchell road alignment array at Anza

allow us to rule out shallow, localized fault creep as a contributor to the high gradients

in the surface velocity field (Figure 3.2). The 20-year timespan of the measurements

provides an accuracy of 0.2 mm/yr, a significant improvement over earlier results [Louie

et al., 1985]. The lack of observable creep stands in contrast with models of earthquake

cycle governed by rate- and state-dependent friction laws, which predict that the upper

several kilometers of mature strike-slip faults should undergo stable creep in the late

interseismic period, even if the material is velocity-weakening [Marone and Scholz,

1988; Scholz, 1998; Tse and Rice, 1986; Lapusta et al., 2000; Kaneko et al., 2013]. One

possibility is that the local state of stress is transpressional, so that increased normal
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stress on the fault may help suppress shallow creep.

Second, the anomalous strain may be attributed to a reduced shear modulus within

a compliant fault zone. Zones of this type, extending up to several kilometers from the

fault, have been inferred in several cases, based on both geodetic [Rybicki and Kasahara,

1977; Lisowski et al., 1991; Fialko et al., 2002; Chen and Freymueller, 2002; Fialko,

2004; Hamiel and Fialko, 2007; Jolivet et al., 2009; Cakir et al., 2012] and seismic

evidence [Spudich and Olsen, 2001; Cochran et al., 2009; Lewis et al., 2005]. Depending

on the magnitude of shear modulus reduction and the geometry of the zone, the near-fault

strain rate may be significantly increased. A massive low-velocity zone has been imaged

along the SJF at Anza by seismic tomography [Allam and Ben-Zion, 2012]. Additionally,

the zone of elevated strain rate is asymmetric with respect to the fault (Figure 3.1c),

consistent with observations of asymmetric damage inferred from geologic observations

and LiDAR-derived drainage density maps [Dor et al., 2006; Wechsler et al., 2009] and

dynamic rupture models which predict asymmetric damage arising from preferred rupture

directivity [e.g., Ben-Zion and Shi, 2005; Ampuero and Ben-zion, 2008].

We computed surface velocities due to dislocations in a half space with elastic

properties inferred from seismic tomography [Allam and Ben-Zion, 2012], and found

that the observed shear modulus reduction of 20–40% does contribute significantly to

the near-fault strain rate (Figure 3.4), resulting in an increase of the best-fitting locking

depth by 35%, to 10.4 ± 1.3 km. (Figure 3.5b). However, if the fault is locked to 15 km

as expected from the distribution of microseismicity [Hauksson et al., 2012], the shear

modulus would have to be reduced by a factor of 2.4 or more within the compliant fault

zone (Table 3.2) to explain the geodetic data, a contrast that is too high given available

seismic observations.

One mechanism that might contribute to the enhanced strain rate is a reduced yield

strength within the fault zone, leading to unrecoverable plastic deformation, or distributed
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slip on a large number of subparallel fault strands. In addition to the seismically observed

compliant zone, such yielding could result in a much smaller apparent shear modulus

from the geodetic perspective. Some form of inelastic yielding has been suggested

as an explanation for the shallow slip deficit observed during large (M∼7) strike-slip

earthquakes in southern California as well as other regions [Simons et al., 2002; Fialko

et al., 2005; Kaneko and Fialko, 2011]. If this yielding persists throughout much of

the interseismic period, the accumulation of unrecoverable strain could have significant

implications for geologic slip rates, the state of crustal stress, and consequently the

seismic hazard. Alternately, yielding might occur only toward the end of the interseismic

period when the highest stresses are reached, in which case it would account for a

comparatively small amount of the total strain. Addressing this question will require

geodetic data of comparable density and accuracy across a number of faults of different

maturity and at different points in the seismic cycle, and an improved knowledge of the

effects of both coseismic damage and interseismic healing on the material yield strength

over time.

Another possibility, proposed by Wdowinski [2009], is that the elevated surface

strain rate arises from deep interseismic creep extending into the nominally unstable zone

above 15 km depth. Such an upward extension of creep is predicted by rate and state

frictional models late in the earthquake cycle, if the critical slip-weakening distance is

assumed to be much larger than laboratory estimates suggest [e.g., Tse and Rice, 1986;

Lapusta et al., 2000]. In these models, accelerated aseismic creep propagates into the

velocity-weakening layer until the conditions for nucleation of seismic rupture are met

[Scholz, 1998]. In some cases, models with a large slip-weakening distance predict creep

within the seismogenic zone at a significant fraction of the interseismic rate [Lapusta

and Rice, 2003]. However, Savage [2006] found that the maximum surface strain rate

in frictionally controlled models of deep slip should be less than that predicted by a
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dislocation model that is fully locked within the seismogenic zone, even for amplitudes of

creep within the deep part of the seismogenic zone reaching 1/3 of the total fault slip rate.

In such cases, the slip-weakening distance is large enough that the resulting nucleation

size required for seismic rupture would prohibit the occurrence of microseismicity on the

fault plane, unless there is significant frictional heterogeneity.

The presence of frictional heterogeneity on this segment of the SJF could allow

for both active microseismicity and large areas of stable creep, possibly at a rate high

enough to impact the surface strain rate. However, it should also lead to qualitatively

different microseismic behavior such as repeating earthquakes and well defined spatial

patterns of seismicity, such as observed along the SAF near Parkfield [Nadeau et al.,

1995; Rubin et al., 1999; Waldhauser et al., 2004]. At present, microseismic behavior of

this type has not been conclusively observed, although preliminary studies suggest that

repeating events may in fact be occurring (Taira and Burgmann, pers. comm.), so this

explanation for the elevated strain rate may merit further consideration.

To better constrain the rate and depth distribution of deep creep under this inter-

pretation, we considered two tapered slip rate profiles in addition to the simplified single

dislocation model, shown in Figure 3.7. The sensitivity of the geodetic data to the details

of the slip distribution at the base of the seismogenic zone is nearly zero, although the

total moment release rate is well constrained. Thus, all of the models require significant

ongoing moment release above the apparent frictional stability transition at ∼15 km at

a rate equivalent to 4–6 times the total moment released as microseismicity within this

zone over the past 30 years. The effective aseismic moment released by such creep would

be equivalent to a magnitude 6.0 earthquake every 30 years within a 20 km-long segment.

Under this interpretation, the best-fitting geodetic locking depth of 10.4± 1.3 km reflects

an accurate measure of the depth of strain accumulation and potential future moment

release that is significantly different from the depth inferred from seismic observations
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alone.

Finally, we note that uncertainties in the fault geometry and the presence of other

active faults may further modify the results. For example, the Earthquake Valley fault

located 25 km southwest of the SJF is not typically considered in geodetic models of

the region, but recent geologic evidence suggests that it may slip at a long-term rate of

2-3 mm/yr [Rockwell et al., 2013]. If one includes this fault in the above models, the

best-fitting SJF locking depth increases to 11.1 ± 0.8 km. This would slightly reduce the

potential contributions of inelastic yielding and/or heterogeneous frictional properties

discussed above.

3.8 Conclusions

New geodetic observations confirm a relatively narrow (2–3 km wide) zone

with an elevated rate of shear strain across the San Jacinto fault at Anza. We have

shown that a reduced elastic shear modulus within the fault zone as inferred by seismic

tomography can explain a significant part of the elevated strain rate but cannot fully

account for the small locking depths inferred using dislocation models. We ruled out the

presence of shallow creep via the re-occupation with GPS of an alignment array installed

at Anza in 1990. There are two remaining interpretations of the elevated strain rate:

additional elastic or unrecoverable inelastic yielding occurring within the shallow fault

zone, or significant stable creep within the deep part of the seismogenic zone. The first

explanation, if confirmed, would have significant implications for geologically inferred

slip rates and hazard assessment on this and other mature crustal faults, as yielding

during the interseismic period would reduce the cumulative coseismic offsets expressed

on the fault trace. Such behavior would also affect the state of stress in the crust and

the subsequent coseismic release of strain energy. This hypothesis predicts that inelastic
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deformation and an increased shear strain rate should be geodetically observable in the

vicinity of other active faults which are approaching the end of the interseismic period.

Alternately, stable creep within the deep part of the fault zone could explain the geodetic

strain rate, but requires the presence of significant frictional heterogeneity. Such creep, if

present, would represent approximately 4-6 times more moment release than the observed

microseismicity, indicating that the deep part of the seismogenic zone is predominantly

velocity-strengthening.
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Chapter 4

Localized and distributed creep along

the southern San Andreas Fault

4.1 Abstract

We investigate the spatial pattern of surface creep and off-fault deformation

along the southern segment of the San Andreas Fault (SAF) using a combination of

multiple interferometric synthetic aperture radar viewing geometries and survey-mode

GPS occupations of a dense array crossing the fault. Radar observations from Envisat

during the period 2003 - 2010 were used to separate the pattern of horizontal and vertical

motion, providing a high-resolution image of uplift and shallow creep along the fault

trace. 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

64
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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.

4.2 Introduction

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.,
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2005], and the Altyn Tagh Fault in Tibet [Elliott et al., 2008]. Because the accumulation

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 investigate 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. Data from creepmeters near Durmid Hill show that

the shallow creep is not entirely steady [Bilham et al., 2004], and triggered slip of up to

several centimeters has been observed following nearby large (M6+) earthquakes [Allen
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et al., 1972; Sieh, 1982; Rymer, 2000; Rymer et al., 2002; Wei et al., 2011]. Previous In-

terferometric 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]. Clear evidence of non-triggered surface offsets

has been confined to the Durmid Hill and Mecca Hills areas, two approximately 12

km-long segments where the local fault strike leads to transpression and locally elevated

topography [Bilham and Williams, 1985]. In the intervening areas, Bilham and Williams

[1985] noted a poor expression of the fault trace and lack of localized creep.

We present new geodetic observations of the pattern of shallow creep on the

southern section of the SAF, and show 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 determine the average rate of shear

near the fault trace. The use of multiple InSAR viewing geometries allows 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

dataset allows 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.
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4.3 Observations

4.3.1 InSAR data

InSAR is well suited to image shallow interseismic fault creep [e.g. Bürgmann

et al., 2000b; Cakir et al., 2005; Jolivet et al., 2012; Kaneko et al., 2013; Shirzaei and

Bürgmann, 2013]. The main limitations of InSAR for this purpose are short-wavelength

noise from atmospheric variability, and possible contamination of the signal by vertical

motions of the ground, to which the radar viewing geometry makes InSAR particularly

sensitive. Typically, atmospheric noise is reduced by means of temporal averaging or

stacking [Peltzer et al., 2001; Fialko, 2006], or other forms of smoothing or filtering

[e.g. Berardino et al., 2002; Shirzaei and Walter, 2011; Hetland et al., 2012]. We

adopted a stacking method that identifies and preferentially includes radar scenes with

the least atmospheric noise, resulting in a better signal-to-noise ratio with a smaller set of

interferograms. We take advantage of different radar viewing geometries (corresponding

to the ascending and descending satellite orbits) to separate horizontal and vertical

motions provided the horizontal direction of motion is known.

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].

We initially generated a complete set of interferograms satisfying certain baseline

criteria for each track (141 and 135 for tracks 356 and 77, respectively). To minimize

the contribution of atmospheric noise to the estimated velocities, we adopted a common-
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point stacking method to identify and exclude scenes with the largest noise from the final

stack [Fialko and Tymofyeyeva, 2013]. Some scenes did not have enough connecting

interferograms or were too decorrelated to provide a reliable estimate of the atmospheric

noise, and were therefore excluded from the dataset. Finally, we selected a subset of inter-

ferograms which preferentially connect the scenes with the lowest inferred atmospheric

noise, did not contain unwrapping errors, and maintained good correlation along the SAF

(29 and 27 interferograms for tracks 356 and 77, respectively). We found that the results

varied minimally with the selection of different subsets of interferograms connecting

scenes with the lowest atmospheric noise. Estimated atmospheric noise levels along with

the initial and final interferogram sets are shown in Supplementary Figure S1.

We removed potential long-wavelength orbital and atmospheric artifacts from

each dataset by combining the stacks with continuous GPS data using the sum-remove-

filter-restore (SURF) approach [Tong et al., 2013]. Horizontal GPS velocities with

uncertainties less than 0.5 mm/yr [Shen et al., 2011] were interpolated using a bicubic

spline and subtracted from the average LOS velocities for each track. The results were

high-pass filtered with a two-dimensional Gaussian filter at a 40 km cutoff wavelength,

and added back to the long-wavelength interpolated GPS map. The final LOS velocities

are shown in Figure 4.1a-b, and retain the short-wavelength information provided by

InSAR but agree with the GPS at wavelengths longer than 40 km. The results contain

some residual short-wavelength noise, for example faster velocities in the Mecca Hills

to the NE of the SAF, which may be caused by atmospheric delays correlated with

topography.

Because of the radar viewing geometry, Envisat observations are ∼ 2.7 times more

sensitive to vertical motion than to SAF-parallel motion of the ground. In areas such as

the Coachella valley where aquifer-related vertical deformation is significant [eg. Lyons

and Sandwell, 2003], this signal can overwhelm the small horizontal motions associated
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Figure 4.1: Ground velocities inferred from Envisat InSAR observations. (a) Track
77 average line-of-sight (LOS) velocities. (b) Track 356 LOS velocities. (c) Fault-
parallel velocities (azimuth 315.8◦) and (d) vertical velocities, computed from (a) and
(b) using Eq. (4.2). Labels denote the San Andreas Fault (SAF), Superstition Hills
Fault (SHF), and Coyote Creek Fault (CCF). Rectangular box indicates area shown in
Figure 4.2. Faults shown in black are from the USGS Quaternary fault and fold database
(available http://earthquake.usgs.gov/hazards/qfaults/). All figures were prepared using
the Generic Mapping Tools software package [Wessel et al., 2013].
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with fault creep. 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 component is zero [e.g. Fialko et al., 2002]. In the study region, GPS

data suggest that the long-term deformation is essentially simple shear parallel to the fault

[Shen et al., 2011]. Therefore, given satellite look vectors with Cartesian components

(ei,ni,ui), the observed LOS velocities vi may be projected onto the fault-parallel and

vertical directions (v f ,vz) as follows:

P =

 e1 sinα+n1 cosα u1

e2 sinα+n2 cosα u2

 (4.1)

 v f

vz

= P−1

 v1

v2

 (4.2)

where α is the mean strike of the SAF in the study region (315.8◦). The results of this

decomposition are shown in Figure 4.1c-d, and the area close to the SAF is shown in

more detail in Figure 4.2. The relationship is exact in the case of a constant deformation

rate and negligible fault-perpendicular motion. Regional GPS velocities [Shen et al.,

2011] as well as our own GPS results (see below) confirm that the motion near the SAF is

essentially fault-parallel, although there may be a slight (< 1 mm/yr) fault-perpendicular

translation of the region. This translation will be reflected in the inferred fault-parallel

velocities as a long-wavelength offset that does not affect the observed rate or pattern

of fault creep. Smaller-scale fault-perpendicular motion close to the fault such as dip-

slip motion could alter the fault-parallel velocities in a manner that would affect creep

observations. However, this behavior is not evident in the GPS observations presented

below, and significant vertical offsets indicative of dip-slip have not been observed during

triggered creep events along the SAF [Rymer, 2000; Rymer et al., 2002].
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Figure 4.2: Zoom of boxed region in Figure 4.1, showing vertical and horizontal
interseismic velocities: (a) Vertical ground velocity inferred from Envisat InSAR obser-
vations. BC denotes location of Bat Caves Buttes leveling line [Sylvester et al., 1993].
(b) Inferred fault-parallel (az. 315.8◦) ground velocity. Black line denotes trace of the
SAF. 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.

GPS time-series from the Scripps Orbit and Permanent Array Center (http://

sopac.ucsd.edu) suggest that time-dependent or seasonal signals during the Envisat ob-

servation period typically have an amplitude < 1 mm/yr. Where a larger time-dependent

vertical signal is present, some contamination of the horizontal velocity field is visible –

for example, the area southwest of Indio in Figure 4.1c. Closer to the SAF, these artifacts

appear to be small and should not affect the inferred spatial pattern of fault creep. To

verify these assumptions, we compare the InSAR velocities with several independent

ground-based observations of the rates of creep and uplift along the fault.

http://sopac.ucsd.edu
http://sopac.ucsd.edu
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4.3.2 GPS and Creepmeter data

The mean LOS velocities ignore the possible time-dependence of shallow creep

along the fault, so the results may be sensitive to the timespan of the particular interfero-

grams used in the stacks. To verify that the inferred velocities are representative of the

secular rates, we compare the InSAR data with the results of GPS occupations of a dense

array of monuments at Painted Canyon along the Mecca Hills segment, as well as with

several creepmeters along the Durmid Hill and North Shore segments.

The Painted Canyon GPS array consists of 34 closely spaced monuments, the

surviving elements of a leveling line installed in 1985 [Sylvester et al., 1993]. Locations

are shown in Figure 4.2b. The monuments were reoccupied with GPS four times between

2007 and 2014. The first three surveys consisted of short occupations ranging from

15-60 minutes, repeated twice for each station. This rapid-static method is justified by

analyses of strong temporal correlations in GPS timeseries which suggest that two short

occupations separated by several hours may be as accurate as a single occupation of

moderate length [Bock et al., 2000]. The final survey consisted of 6-10 hour occupations

for each site. Data were processed using the Real Time Dynamics software package

[Genrich and Bock, 2006]. For each site with at least 3 observations, we fit a line to the

horizontal components of the site motion relative to nearby continuous site CACT, which

was used to provide the local reference velocity in the North America Fixed (NAFD)

reference frame [Shen et al., 2011]. Marker positions and velocities are listed in Table 1.

The results are shown in Figure 4.3. The average fault-parallel GPS velocities compare

favorably with InSAR data obtained at the same location over a different time interval,

suggesting that possible time dependence of the signal does not significantly bias these

observations. Additionally, the GPS data show that at this location, creep is localized in a

slip zone that is narrower than the 35-meter spacing between the nearest monuments on

either side of the fault trace.
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Figure 4.3: (a) Comparison of Envisat-derived fault-parallel velocities with GPS
velocities at Painted Canyon. (b) Fault-perpendicular GPS velocities; note overall
westward translation related to the reference frame definition. GPS monument locations
are shown in Figure 4.2b; locations and velocities are listed in Table 1.

Fault-perpendicular GPS velocities are plotted in Figure 4.3b. There is a small

(0.5-1 mm/yr) net south-westward translation of the array relative to the fault trace. This

motion is also seen to some extent in Figure 10 of Shen et al. [2011], and may represent

long-wavelength compression across the region, or a small net translation of the GPS

network that is a result of the NAFD reference frame definition. In either case, the data

do not suggest significant interseismic compression across the fault zone, suggesting that

the assumption of no fault-perpendicular motion in the InSAR processing does not bias

the creep observations.

We also compare the InSAR-derived velocities with the rates recorded by creep-

meters installed in four locations along the fault and operated by the University of

Colorado at Boulder [Bilham et al., 2004, available http://cires.colorado.edu/ bilham/
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Figure 4.4: Profiles showing Envisat-derived fault-parallel velocities (gray), resampled
via a median filter to uniform spacing (black curve) and best-fitting 3-piece linear model
(black dashed line). Locations correspond to the (a) Durmid Hill, (b) Salt Creek, (c)
Ferrum, and (d) North Shore creepmeters, shown as diamonds in Figure 4.2b. The full
set of 52 across-fault profiles is shown in Supplementary Figure S2.

creepmeter.file/creepmeters.htm]. The rates observed at the Durmid Hill, Salt Creek, and

Ferrum instruments are summarized in Figure 4.4a-c (locations shown in Figure 4.2b),

and show good agreement with the InSAR data at the same locations. The instrument

at North Shore (Figure 4.4d) has recorded no detectable creep across its 10 m span,

consistent with the lack of a discontinuity in the InSAR velocity field. However, the

InSAR suggests that in this area, significant deformation is taking place over a zone

approximately 1.5 km wide.

4.3.3 Vertical motion and uplift of Durmid Hill

Vertical velocities near the SAF trace are shown in detail in Figure 4.2a. A

broad pattern of subsidence to the northwest of the fault appears to coincide with the

Coachella Canal Lining Project, which replaced a 59 km-long segment of unlined canal
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(dashed line in Figure 4.2a) by a cement-lined canal in 2006, conserving an estimated

26,000 acre-feet of water per year (San Diego County Water authority, 2014, available

http://www.sdcwa.org/canal-lining-projects). The loss of this water, which previously

entered the groundwater system along the unlined section of the canal, may have resulted

in the observed long-term subsidence of approximately 1 – 2 mm/yr. A similar subsidence

pattern in ERS data (1993 – 1999) was described by Lyons and Sandwell [2003], though

they noted this may have been related to excess extraction of the groundwater for local

use. Smaller, localized areas of subsidence elsewhere in the image may likewise be

related to water pumping. Comparison of time-series observations of this subsidence

with hydrologic data (e.g. well extraction rates) would make an interesting subject for

future work.

The near-fault pattern of uplift along Durmid Hill, on the other hand, appears to

be tectonic in origin. Here, the InSAR velocities indicate uplift at a rate of 1.5 – 2 mm/yr,

centered just southwest of the fault trace (Figure 4.5), in good agreement with geologic

estimates of the long-term rate of uplift of Durmid Hill over the past 104− 106 years

[Bürgmann, 1991] and with the results of a leveling line across the fault at this location

[Sylvester et al., 1993]. The observed 8:1 ratio of horizontal offset to vertical uplift at

Salt Creek [Bilham and Williams, 1985; Sylvester et al., 1993] suggests a long-term fault

slip rate of 12 – 20 mm/yr, consistent with recent geodetic and geologic results [van der

Woerd et al., 2006; Fialko, 2006; Lundgren et al., 2009; Lindsey and Fialko, 2013]. A

good agreement between geologic and geodetic estimates of vertical velocities suggests

that the uplift of Durmid Hill occurs primarily in the interseismic period, rather than

during large earthquakes.
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Figure 4.5: Vertical uplift across Durmid Hill at Bat Caves buttes, inferred from InSAR
(gray), and from a leveling line (black) at the same location [Sylvester et al., 1993].
Topographic profile is shown in tan. Note the apparent asymmetry of uplift with respect
to both the fault trace (vertical line) and the topographic profile.

4.3.4 Rate and degree of localization of shallow creep

Fault-parallel velocities for the area surrounding the SAF are shown in detail in

Figure 4.2b. Surface creep is visible along much of the SAF from Bombay Beach to

Indio, CA. 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.

Previously, creep within the Mecca Hills was identified in the field only intermit-

tently along the fault [Allen et al., 1972; Sieh, 1982; Rymer, 2000; Rymer et al., 2002],

primarily north of Painted Canyon. The InSAR reveals that creep is continuous along

this segment, but to the south of Painted Canyon the creep is offset 200-300 m north-

east of the main SAF trace in the USGS Quaternary fault and fold database (available

http://earthquake.usgs.gov/hazards/qfaults/). Here, the creep coincides with the surface

trace of the Skeleton Canyon Fault, a minor structure associated with transpression within

the Mecca Hills and not previously inferred to accommodate significant lateral motion

[McNabb and Dorsey, 2012].

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
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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.

Because of variable radar correlation along the fault, the density of data may be highly

nonuniform across a given profile. To improve the robustness of the fits in these cases,

we applied a median filter to each profile with a width of 200 m. In combination with

spatial filtering applied during the InSAR processing, this procedure limits our ability to

resolve the width of the creeping zone where it is less than 200 m, for example along the

Durmid and Mecca Hills segments. The filter does not affect the results where the zone

is wider than 200 m, as confirmed by experiments using several filter sizes.

We then fit a three-piece linear function to the observed velocities, with the offsets

between the two corners used to determine the creep rate and shear zone width at each

location. Residual atmospheric noise present in the InSAR at 1-10 km wavelengths, or

possibly variations in the depth extent of the creep, may introduce a velocity gradient

across the fault, requiring an additional parameter (slope) to fit the data outside the

fault zone. We require that this slope is equal on both sides of the fault to avoid over-

parametrizing the model. The model requires five parameters in total; we used a Markov

Chain Monte Carlo sampling method [Neal, 2003; Lindsey and Fialko, 2013] to find the

best-fitting parameters and their uncertainties, assuming the L2 norm (sum of squared

residuals) for the misfit function.

Selected profiles corresponding to the locations of the four creepmeters are shown

in Figure 4.4; fits to all profiles are shown in Supplementary Figure S2. The best-fitting

creep rate and shear zone width from all profiles are summarized in Figure 4.6a-b, with

1-sigma uncertainties shown in gray. 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. Note that

although a broad fault zone consisting of damaged material and multiple slip surfaces
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(or ‘flower structure’) has been observed in the Mecca Hills [Sylvester, 1988] and is

suggested at Durmid hill by the pattern of ongoing uplift (Figure 4.2a), the existence

of such a structure does not appear to cause distributed creep during the interseismic

period, and it appears that among the many slip surfaces identified in the Mecca Hills,

only one is active at a given time. The inferred creep rate varies from a minimum of 1-2

mm/yr along the North Shore segment to a maximum of 6 mm/yr just to the south of this

segment. Figure 4.6c shows the local fault strike, with segment boundaries defined by

Bilham and Williams [1985]. 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.

4.4 Coulomb stressing rates on a non-planar fault

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 = σµ 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
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when the maximum shear stress 1
2(σ1−σ3) exceeds a threshold

1
2
(σ1−σ3)≥

1
2
(σ1 +σ3)sinφ+ ccosφ. (4.3)

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

r(σ) =
σ1−σ3

(σ1 +σ3)sinφ+2ccosφ
, (4.4)
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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 (4.4). For modeling purposes, we approximate this derivative by a discrete

increment ∆r computed as the total change in r due to a stress increment ∆σ = σ′−σ:

∆r = r(σ′)− r(σ), (4.5)

Areas where ∆r > 0 are being brought closer to Mohr-Coulomb failure, while areas with

∆r < 0 move away from failure. Although the absolute magnitude of ∆r is sensitive to the

assumed stress increment, cohesion, and the coefficient of friction in the material, we find

that the sign of ∆r is unchanged at a given location for different modeling assumptions

as long as the stress increment ∆σ 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 ∆r but also on the absolute state of stress in the earth and the history of the material.

Thus, the value of ∆r 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
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Figure 4.7: Change in Mohr-Coulomb failure ratio ∆r (eq. 4.5) due to a far-field shear
stress increment ∆σxy = 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
20 MPa in panels (a) - (c), and 40 MPa in panels (d) - (f).

and compute ∆r according to eq. (4.5).

Figure 4.7 shows the pattern of ∆r for different values of friction µ ranging

between 0.2 - 0.8, and cohesion c of 20 and 40 MPa. In all cases Mohr-Coulomb failure is

predicted to initiate (∆r > 0) along transtensional 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 4.7b, e) or high

coefficient of friction and cohesion (Figure 4.7f) that give rise to maximum values of ∆r

on the fault, rather than several kilometers away (Figures 4.7a, c, d). Note that while the

pattern of ∆r can be compared between panels in Figure 4.7, the absolute magnitude of

∆r is not necessarily comparable between different sets of modeling assumptions.

4.5 Discussion

Envisat’s multiple radar viewing directions allow us to separate the contributions

of vertical and fault-parallel deformation to the signal, resolving an issue that limited
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previous studies of the region [Lyons and Sandwell, 2003; Manzo et al., 2011; Wei et al.,

2011; Tong et al., 2013]. While field and creepmeter observations have suggested that

shallow fault creep is time-dependent [Rymer, 2000; Rymer et al., 2002; Bilham et al.,

2004], an overall good agreement between average creep rates derived from InSAR, GPS,

creepmeter, and longer-term geologic observations suggests that the 5-10 year averages

are representative of the long-term interseismic rates (Figures 4.3, 4.4 and 4.6). The

inferred vertical and horizontal velocities across the southernmost SAF suggest a pattern

of alternating localized and distributed creep and aseismic uplift (Figure 4.2). Our results

confirm the suggestion of Bilham and Williams [1985] that along certain segments the

creep may be “distributed over a wide fault zone and has thereby escaped detection.”

At low confining pressure, shear failure of brittle materials involves both fric-

tional sliding and tensile (Mode I) microcracking [Melin, 1986]. Tensile microcracking

is inhibited at higher normal stresses, leading to shear failure (Mode II) and progressive

localization over time [e.g. Petit and Barquins, 1988; Lockner et al., 1992]. This mecha-

nism may explain the localized nature of creep along segments of the fault experiencing

higher compressional stresses, and the lack of localization where normal stress is lower.

Assuming the off-fault material follows the Mohr-Coulomb yield criterion, we have

devised a simple two dimensional boundary element model that suggests 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 4.7). This model reflects the

observed pattern of variations in the shear zone width along strike (Figure 4.6b), although

it does not directly predict the width of the deforming zone.

The model also suggests that the creep rate should be highest along transtensional

segments, which is not observed (Figure 4.6a). The along-strike variations in observed

creep rates may instead be indicative of a longer-term accommodation of slip that includes
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seismic events. For example, if transpressional areas are characterized by enhanced

velocity strengthening friction and/or greater depth of the velocity-strengthening to

velocity-weakening transition, these areas would be expected to creep at a higher rate

during the interseismic period [Savage and Lisowski, 1993; Kaneko et al., 2013]. Sieh and

Williams [1990] suggested that transpressional segments may also be subject to higher

pore fluid pressures, further reducing resistance to aseismic slip. However, additional

studies are needed to determine whether along-strike variations in the surface creep rate

resulting from these factors could persist over much of the interseismic period (hundreds

of years).

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

4.7) would favor the exaggeration of these fault bends over time. This tendency is reduced

for lower values of the coefficient of friction µ. These observations should be treated with

caution, however, as the model does not account for the long-term evolution of stresses

resulting from inelastic behavior or from changes in the fault geometry, both of which

may significantly modify the pattern of failure. Future work is needed to clarify whether

this type of geometric complexity can persist over the long term, or is only a transient

feature within an evolving system.

In either case, distributed creep of the kind observed here (Figures 4.2b and 4.6)

may be more ubiquitous than is currently recognized. For example, Cakir et al. [2012]

found that along parts of the North Anatolian Fault, postseismic creep following the

1999 Izmit earthquake occurs over an approximately 1–2 km wide shear zone. Hsu

and Bürgmann [2006] found that shallow creep along the Longitudinal Valley Fault in
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Taiwan produces a similar, several km-wide signal in some sections. Lindsey et al. [2013]

identified an anomalously high strain rate along the Anza segment of the San Jacinto Fault

in southern California and argued that it cannot be fully explained by elastic deformation

due to a compliant fault zone, and thus may require inelastic yielding in the interseismic

period. To the best of our knowledge, there is no evidence for a kilometer-wide compliant

zone surrounding the southern SAF from seismic tomography [e.g. Allam and Ben-Zion,

2012], making elastic deformation an unlikely explanation for the observed pattern of

strain (Figure 4.2b). Even if such a zone were present, it would be unlikely to fully

account for the observed strain rates within the fault zone, although further modeling

would be necessary to assess the relative contribution of the two effects.

We have thus far not considered variations in the pattern of creep with depth

and along strike which could potentially explain the observations without requiring

distributed inelastic deformation. There are two possibilities: First, that the segments

showing a broad pattern of strain are fully locked and the high strain rate is caused by

edge-effects from creeping sections of the fault to the north and south, and second, that

these segments are locked near the surface but creeping at depth. In the first case, a

simple elastic dislocation model suggests that the width of the zone of high strain would

be roughly equal to the distance from the nearest creeping segment, which is up to 5

km in the center of the North Shore segment. In this area, the zone of high strain rate

would be poorly defined and much wider than observed (1-2 km, Figure 4.6). The data

therefore require some amount of creep to be present directly below the North Shore

segment, which would be locked only at the surface. In this case, the observed width of

the zone of high strain means the locking depth must be small (1-2 km). The top few

kilometers of material at North Shore is composed of weak, unconsolidated sediment

[Bilham and Williams, 1985]. This material is unlikely to support high stresses and

should therefore not remain locked for a long period, with creep eventually propagating
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to the surface. A comparison with ERS data from 1992-2007 [Manzo et al., 2011] shows

that the broad pattern of deformation at North Shore has been present for at least 20

years, and has not become localized during triggered events such as the Landers and

Hector Mine earthquakes. We therefore conclude that a purely elastic explanation for the

observations is unlikely.

Thanks to high-resolution geodetic methods such as InSAR, distributed creep

within fault zones has become detectable only recently. In addition, the signal is subtle

(< 20% of the long-term fault slip rate) so that it can currently be observed only on faults

with high slip rates. This may help explain the apparent absence of shallow fault creep

on a number of lower-slip rate faults, despite predictions from laboratory and numerical

studies that it should be common [Dieterich, 1978; Ruina, 1983; Rice and Ruina, 1983;

Tse and Rice, 1986; Marone and Scholz, 1988; Marone et al., 1991; Blanpied et al.,

1991, 1995; Scholz, 1998; Lapusta et al., 2000].

Distributed creep during the interseismic period could also help explain the

shallow slip deficit inferred for a number of large (M ∼ 7) strike-slip earthquakes [Fialko

et al., 2005; Kaneko and Fialko, 2011; Wang, 2013]. Kaneko and Fialko [2011] showed

that a shallow slip deficit could partially result from off-fault inelastic deformation due

to large dynamic stress changes during seismic rupture, but for reasonable values of

material cohesion the predicted plastic strain is insufficient to explain the observed slip

deficit. Dolan and Haravitch [2014] suggested that the amount of shallow slip deficit is

inversely correlated with fault age, and therefore may be related to fault complexity.

Finally, distributed interseismic creep may lead to a systematic bias in paleoseis-

mic 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;
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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 non-planar 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.

4.6 Conclusions

We present new geodetic observations from InSAR and GPS of the rate and

pattern of shallow creep along the southern San Andreas Fault. The data reveal a

systematic variation in the width of the yielding zone. InSAR observations from multiple

viewing geometries allow us to resolve horizontal and vertical motions and provide

estimates of the creep rate that are in good agreement with repeated GPS surveys and

with creepmeters located along the fault. In areas where the local fault strike results

in transpression, creep is localized on a narrow trace (Figure 4.2b). In the intervening

transtensional segments, where fault creep had not previously been detected, we find that

fault-parallel shear occurs over a zone approximately 1-2 km wide (Figure 4.6). The

observations also verify ongoing uplift of Durmid Hill at a rate of approximately 1-2

mm/yr, as observed by Sylvester et al. [1993] (Figure 4.2a). Using a simple boundary

element model, we show that distributed inelastic yielding can occur in areas where the

fault geometry causes stresses to exceed the Mohr-Coulomb failure criterion off the fault

plane (Figure 4.7). If distributed yielding in the interseismic period is common, it may
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explain the shallow slip deficit in strong (M ∼ 7) strike-slip earthquakes, and result in a

systematic underestimation of the long-term fault slip rates based on paleoseismic data.
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4.8 Appendix

This appendix contains GPS velocities, InSAR processing information, and

surface velocity profiles in support of the results described in the text. GPS velocity

results for survey-mode occupations of sites at Painted Canyon are presented in Table 4.1,

and represent a least-squares fit to the positions obtained during surveys in 2007, 2010,

2012, and 2014. Envisat radar acquisitions and InSAR pairs used to isolate atmospheric

noise and determine surface velocities are shown in Figure 4.8. Surface velocity profiles
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Figure 4.8: Baseline-time plots for Envisat: (a) ascending track 77 and (b) descending
track 356. Colors denote RMS noise level averaged over all interferograms containing
that date (gray lines). Black lines denote interferograms used in the final stack.

taken across the fault every 1 km are shown along with the best-fitting model for each

profile in Figure 4.9.
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Table 4.1: GPS site positions and best-fitting velocities from the Painted Canyon array,
reference frame ITRF2005. Note that this reference frame is different than the North
America Fixed (NAFD) reference frame used in the text. The velocities were processed
in ITRF2005 relative to continuous GPS site CACT, then converted to NAFD under a
simple Galilean transform that brings the velocity of CACT into agreement. Velocity of
this station in the NAFD frame: -10.34 ± 0.05 mm/yr E, 8.45 ± 0.07 mm/yr N [Shen
et al., 2011].

Site Lat. Long. Elevation (m) VE VN σE σN

CACT 33.6551352 -115.9899489 518.45 -21.70 -1.50 0.1 0.1
PAIN 33.6120391 -116.0084850 92.58 -22.74 -0.65 0.8 0.8
MH51 33.6092272 -116.0157729 66.32 -22.36 -0.86 1.0 1.0
MH47 33.6089193 -116.0167733 61.44 -22.00 -0.46 1.0 1.0
MH46 33.6087524 -116.0169974 60.46 -21.63 0.27 1.0 1.0
MH41 33.6081294 -116.0183040 56.27 -22.62 -0.22 0.9 0.9
MH40 33.6079484 -116.0185272 55.41 -22.81 -1.20 0.8 0.8
MH39 33.6080046 -116.0189108 53.93 -22.45 -0.68 0.8 0.8
MH38 33.6078482 -116.0193182 52.74 -22.43 -0.25 0.8 0.8
MH37 33.6076844 -116.0196961 51.69 -22.61 -0.22 0.8 0.8
MH36 33.6075654 -116.0199414 50.45 -22.34 -1.04 0.8 0.8
MH35 33.6074676 -116.0203003 49.63 -23.02 -0.64 0.8 0.8
MH34 33.6075883 -116.0205884 49.87 -20.96 -0.12 0.9 0.9
MH33 33.6074928 -116.0207947 49.32 -22.37 0.13 0.9 0.9
MH32 33.6072889 -116.0210472 48.74 -22.08 0.09 1.2 1.2
MH31 33.6071631 -116.0211789 48.36 -22.58 -0.59 0.8 0.8
MH30 33.6070225 -116.0213227 47.89 -21.98 -0.37 0.9 0.9
MH28 33.6067384 -116.0215090 48.11 -23.86 1.32 1.2 1.2
MH27 33.6065175 -116.0216904 46.04 -25.55 1.75 1.4 1.3
MH26 33.6062923 -116.0218656 43.56 -25.40 2.12 0.9 0.9
MH25 33.6061195 -116.0220868 41.79 -25.08 1.35 0.8 0.8
MH23 33.6053676 -116.0224513 38.98 -24.22 2.04 0.8 0.8
MH20 33.6046019 -116.0229844 35.68 -25.06 1.35 0.8 0.8
654B 33.6043632 -116.0231199 34.58 -25.04 1.91 0.8 0.8
MH15 33.6035937 -116.0228156 32.45 -25.15 1.39 0.8 0.8
MH11 33.6026176 -116.0230565 29.03 -24.66 1.55 0.9 0.9
MH09 33.6022745 -116.0231029 27.77 -25.36 1.90 0.8 0.8
MH07 33.6017587 -116.0233023 25.86 -24.86 2.25 1.1 1.1
MH03 33.6007845 -116.0234519 22.54 -24.64 1.20 1.3 1.2
MH01 33.6003076 -116.0234883 21.04 -23.56 1.44 1.1 1.1
SABR 33.5914690 -116.0262287 -8.14 -24.63 1.78 0.8 0.8
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Figure 4.9: Fault-parallel velocities from InSAR (gray), resampled via a median filter
to uniform spacing (black curve) and best-fitting 3-piece linear model (black dashed
line). Profiles include data from a swath 1km wide and are sampled every 1 km along
the fault. Creep rate and shear zone width summarized in Figure 6 of the paper are
determined from the positions of the two corners of the model fit for each profile.



Chapter 5

Geodetic constraints on frictional

properties and earthquake hazard in

the Imperial Valley, southern

California

5.1 Abstract

We analyze a suite of geodetic observations across the Imperial fault in southern

California that span the complete earthquake cycle. Coseismic and postseismic surface

slip due to the 1979 M6.6 Imperial Valley earthquake were recorded with trilateration and

alignment surveys by Harsh [1982] and Crook et al. [1982], and interseismic deformation

is measured using a combination of multiple InSAR viewing geometries and continuous

and survey-mode GPS. In particular we combine more than 100 survey-mode GPS

velocities with InSAR data from Envisat descending tracks 84 and 356 and ascending

tracks 77 and 306 (149 total acquisitions), processed using a persistent scatterers method

92
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[Hooper et al., 2004]. The result is a dense map of interseismic velocities across the

Imperial fault and surrounding areas that allows us to evaluate the rate of interseismic

loading and along-strike variations in surface creep. We compare available geodetic data

to models of the earthquake cycle with rate- and state-dependent friction and find that

a complete record of the earthquake cycle is required to constrain key fault properties

including the rate dependence parameter (a− b) as a function of depth, the extent of

shallow creep, and the recurrence interval of large events. We find that the data are

inconsistent with a high (>30 mm/yr) slip rate on the Imperial fault, and investigate the

possibility that an extension of the San Jacinto − Superstition Hills fault system through

the town of El Centro may accommodate a significant portion of the slip previously

attributed to the Imperial fault. Models including this additional fault are in better

agreement with the available observations, suggesting that the long-term slip rate of the

Imperial fault is lower than previously suggested, and that there may be a significant

unmapped hazard in the western Imperial Valley.

5.2 Introduction

Over the past several decades, laboratory and theoretical studies have led to the

development of constitutive relations governing fault friction [Dieterich, 1978; Ruina,

1983; Rice and Ruina, 1983; Marone et al., 1991]. These relations, known as rate-and-

state-dependent friction theory, accurately reproduce many observed features of active

faults such as spontaneous earthquake nucleation, stick-slip behavior and shallow creep

[Tse and Rice, 1986; Marone and Scholz, 1988; Scholz, 1998; Lapusta et al., 2000;

Lapusta and Rice, 2003] and with some modifications, episodic slow slip events [Liu and

Rice, 2007; Colella et al., 2011; Hawthorne and Rubin, 2013; Wei et al., 2013].

Numerical models incorporating the rate-state (RS) formalism produce repeating
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periodic or quasi-periodic sequences of events with many features matching those ob-

served in nature [e.g. Barbot et al., 2012]. The RS earthquake cycle models depend on

laboratory-derived values of key frictional parameters, which are determined at conditions

that do not always correspond to those in natural settings [Baumberger and Caroli, 2006;

Scholz, 2007]. In a recent study, Kaneko et al. [2013] attempted to infer in situ parameters

by fitting earthquake cycle models to geodetic data across the partially creeping Izmit

segment of the North Anatolian fault. Kaneko et al. [2013] found that commonly assumed

values of the friction parameters can provide a reasonable fit to the late interseismic data,

but the models are highly non-unique due to poor constraints on the temporal evolution

of the rate of surface creep during the early part of the earthquake cycle. In this study we

apply the RS earthquake cycle model to a set of geodetic observations from the Imperial

fault in southern California and northern Baja California, Mexico that span all parts of

the earthquake cycle.

The Imperial fault has hosted several large earthquakes in the past century, the

most recent of which was well observed geodetically. The Mw 6.5 October 15, 1979

Imperial Valley earthquake ruptured the northern 30 km of the fault, from just north of the

US-Mexico border past the intersection with the Brawley fault, and also triggered some

slip on the Brawley fault (Figure 5.1). Along with detailed mapping of the coseismic

surface rupture, postseismic slip observations were collected at several locations along

the fault [Crook et al., 1982; Harsh, 1982].

A much larger (Mw 7.0) earthquake on the Imperial fault occurred in 1940. The

1940 event ruptured the entire fault and produced up to 6 meters of right-lateral slip

near the international border [Rockwell and Klinger, 2013]. Paleoseismic evidence at

the southern end of the Imperial fault suggests relatively large recurrence intervals and

surface offsets [Thomas and Rockwell, 1996], while evidence farther north indicates more

frequent ruptures with less surface slip (T. K. Rockwell, pers. communication).
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Figure 5.1: Map showing the study area, data distribution and nearby faults. Thick black
lines with labels denote active faults mapped by the USGS (http:// earthquake.usgs.gov/
hazards/qfaults/). Rectangular outlines show the extent of the ENVISAT InSAR tracks.
Red dots with vectors show continuous GPS stations with velocity solutions from the
Plate Boundary Observatory (PBO, http://pbo.unavco.org/data/gps) and the Scripps
Orbit and Permanent Array Center (SOPAC, http://sopac.ucsd.edu). Blue triangles
denote locations of survey-mode GPS monuments from Shen et al. [2011] and Crowell
et al. [2013]. Inset map shows the location in southern California.

The Imperial fault is associated with robust shallow creep, first observed there al-

most 60 years ago [Whitten, 1956], although observations have been mostly limited to the

fault section north of the border [e.g. Lyons et al., 2002; Crowell et al., 2013]. The creep

may be steady or intermittent; one early observation associated surface displacements

with a low-magnitude, low-stress-drop event [Brune and Allen, 1967]. Data presented in

this study indicate that shallow creep does not extend south of the border, and appears to

be anti-correlated with coseismic slip from the 1940 event. We use geodetic observations
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of surface slip that span the entire earthquake cycle to constrain rheological properties of

the fault. We also analyze the broader pattern of deformation and identify an active fault

strand in the western Imperial Valley that may account for 10 − 15 mm/yr of relative

motion between the Pacific and North American plates.

5.3 Geodetic Observations

5.3.1 InSAR Data

We use Interferometric Synthetic Aperture Radar (InSAR) observations from the

European Space Agency’s Environmental Satellite (ENVISAT) spanning the period 2003

- 2010. The satellite collected a total of 149 acquisitions over four tracks covering the

Imperial Fault, shown as outlines in Figure 5.1. There are two descending tracks (356

and 84) and two ascending tracks (77 and 306), providing a dense set of observations

from several viewing geometries.

Agricultural activities in the Imperial Valley severely affect correlation of images

at the C-band wavelength of 5.6 cm [e.g. Eneva et al., 2013]. We therefore processed this

data using a persistent scatterers method [Hooper et al., 2004]. This method determines

a set of stable reflectors based on their amplitude variability, given the observation that

those pixels with the least variation in amplitude will also have the most stable phase

properties [Ferretti et al., 2001]. Interferograms for all dates relative to a single master

were first calculated using the DORIS software [Kampes et al., 2003], then the stable

reflectors were identified and processed individually. We have identified 5×105 to 106

stable pixels for each track, for which velocities were calculated using the Small Baseline

Subset (SBAS) method [Berardino et al., 2002; Schmidt and Bürgmann, 2003].

The SBAS results contain residual long-wavelength orbital and atmospheric ar-

tifacts. We use the sum-remove-filter-restore (SURF) approach [Tong et al., 2013] to
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remove them. Horizontal GPS velocities with uncertainties less than 0.5 mm/yr from

UNAVCO Plate Boundary Observatory (PBO) and the Southern California Earthquake

Center’s Crustal Motion Model 4 [Shen et al., 2011] were interpolated using a bicubic

spline and subtracted from the average LOS velocities for each track. The results were

high-pass filtered with a two-dimensional Gaussian filter at a 40 km cutoff wavelength,

and then added back to the long-wavelength interpolated GPS map. Because of the filter-

ing step, the result is minimally dependent on the interpolation method and distribution

of stations, although we note it may be less accurate south of the U.S. −Mexico border

where the distribution of stations is more sparse. In this case, long-wavelength signals

may be less accurately represented, however this does not affect our primary goal of an

accurate measurement of fault creep.

The estimated line-of-sight (LOS) velocities for each of the four tracks are shown

in Figure 5.2. In addition to the long-wavelength tectonic signal and visible creep along

the Superstition Hills and Imperial faults, we note significant non-tectonic motion near

areas of active geothermal energy production. In particular, the East Mesa and Heber

geothermal areas are associated with significant subsidence visible in all four LOS

velocity maps in Figure 5.2; this subsidence was also noted by [Taylor et al., 2013]. This

anthropogenically-induced vertical motion complicates interpretation of fault creep and

tectonic deformation, therefore we seek to remove it.

Using the method described by Lindsey et al. [2014], we decompose ascending

and descending LOS velocities into vertical and horizontal components, provided the

horizontal direction of motion is known and relatively uniform (i.e. predominantly fault-

parallel). The GPS velocities shown in Figure 5.1 suggest this is a reasonable assumption,

except for a complex step-over area north of Brawley, which we mask out in our analysis.

Because of the properties of radar reflectors on the ground, well-correlated pixels from

ascending and descending tracks are not always co-located. Therefore, we first resample
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Figure 5.2: Estimated LOS velocities over the period 2003 - 2010 for ENVISAT tracks:
(a) 77, (b) 356, (c) 306, and (d) 84 covering the Imperial valley, computed using a
persistent scatterers method [Hooper et al., 2004]. Scenes collected after the April 4,
2010 Mw 7.2 Sierra − El Mayor earthquake were excluded from the analysis.

the geocoded data with 30 m posting to a coarser 120 m posting using a median filter to

maximize the number of co-located pixels in the final results. The results of the velocity
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decomposition, using the average Imperial fault strike of N36.5◦W, are shown in Figure

5.3. We obtain two independent measurements of both vertical and horizontal motion, by

combining ascending/descending tracks 77/356, and 306/84 respectively.

As seen in Figure 5.3c and d, subsidence rates exceeding 5 mm/yr are associated

with geothermal areas, with some uplift also visible nearby, possibly related to reinjection

[Lohman and McGuire, 2007; Eneva et al., 2013; Taylor et al., 2013]. The horizontal

velocities (Figures 5.3a and b) are much less affected by contributions from non-tectonic

sources, although some anomalies remain. This may be due to a horizontal component of

motion related to subsidence, or possibly a temporal aliasing effect due to the different

observation times of the ascending and descending tracks.

5.3.2 GPS and Trilateration Data

The Mw 6.6 1979 Imperial Valley earthquake was intensively studied by the U.S.

Geological Survey, California Division of Mines and Geology and others, with results

reported in USGS Professional Paper 1254 (1982). The results include both detailed field

observations of coseismic surface slip [Sharp et al., 1982] and geodetic measurements of

afterslip at several locations along the fault.

Crook et al. [1982] conducted several surveys of a trilateration array across the

Imperial valley that had been installed prior to the earthquake, and recorded both the

coseismic and postseismic displacements close to the fault, although their first re-survey

did not take place until one week following the earthquake. Harsh [1982] installed

alignment arrays across the fault at several locations after the earthquake and recorded

afterslip beginning just 3 days after the event. Together, the observations record robust

shallow afterslip amounting to more than 15 cm over the first two months, in excess of

the afterslip observed at Parkfield following the 1966 and 2004 earthquakes there [Scholz

et al., 1969; Langbein et al., 2006].
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Figure 5.3: Vertical and fault-parallel components of ENVISAT InSAR observations
derived from a combination of two opposing LOS directions (Figure 5.2) using the
method of [Lindsey et al., 2014], assuming a constant horizontal direction of motion of
N36.5◦W. (a) and (c) show the result derived using tracks 77 and 356, while (b) and (d)
show the result using tracks 306 and 84.

In addition, we use interseismic velocities from a dense network of GPS mon-

uments in the Imperial Valley, maintained by the Scripps Orbit and Permanent Ar-
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ray Center (SOPAC) and the UNAVCO Plate Boundary Observatory (PBO). Observa-

tions are reported in a stable North American reference frame and are available online

(http://pbo.unavco.org/data/gps). We also combine survey-mode GPS velocities from the

Southern California Earthquake Center Crustal Motion Map 4 [Shen et al., 2011] with

a set of campaign data collected and analyzed by Lyons et al. [2002] and Crowell et al.

[2013]. The locations of continuous sites are shown in red, and campaign sites in blue in

Figure 5.1.

5.3.3 Interseismic Creep Rate

Interseismic creep on the Imperial fault has been well documented since it was

first observed there in the 1950s [Whitten, 1956]. Unlike triangulation and GPS data

which can be used to measure horizontal displacements directly, observations of creep

using InSAR are complicated by the possibility of differential vertical motion across the

fault (Figure 5.3). By combining the estimated fault-parallel InSAR velocities derived

above with campaign GPS velocities where available, we obtain an accurate estimate of

the strike-slip creep rate along the northernmost 40 km of the fault.

We select data within a series of 4 km wide, 12 km long profiles across the fault.

The profiles are partially overlapping and spaced every 1 km along the length of the

fault for which there are InSAR observations from all four tracks, resulting in a total of

43 profiles. The profiles are long enough to be affected by strain accumulation due to

long-term fault motion, which adds a trend to the data on either side of the fault. The

velocity and strain rate profiles are not necessarily symmetric with respect to the fault

trace, as discussed below. To avoid biasing the creep rate estimation, we therefore adopt

the method used by Kaneko et al. [2013]: we fit a linear trend to the data on either side of

the fault, and compute the offset between the fitted lines at the location of the fault trace.

For each profile, we compute the creep rate for each of the two fault-parallel datasets
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Figure 5.4: Creep rate along the Imperial fault estimated from fault-parallel InSAR and
GPS velocities. Gray shaded area indicates the estimated measurement uncertainty.

described above (Figure 5.3), and combine the results in a least-squares sense.

The results are shown in Figure 5.4. Surface creep appears to take place only

north of the U.S. −Mexico border, consistent with paleoseismic observations that show

no evidence of slip except for the 1940 event just south of the border [Thomas and

Rockwell, 1996]. The rate is typically between 3-8 mm/yr and reaches a maximum of

9-10 mm/yr toward the north, in good agreement with earlier observations [Whitten,

1956; Lyons et al., 2002; Crowell et al., 2013].

Farther to the north, creep appears to stop just before the intersection of the

Brawley fault. However, the InSAR data in this area have a lower than average number

of persistent scatterers. Also, in 1979 coseismic slip along this part of the fault had

a significant dip-slip component, producing subsidence of the Mesquite basin located

between the Imperial and Brawley faults [Sharp and Lienkaemper, 1982]. Therefore, the

northern terminus of creep is not well established.

5.3.4 Strain Asymmetry

Two fault-perpendicular profiles across the InSAR and GPS velocity field are

shown in Figure 5.5. The profiles are 30km wide and include data crossing the fault to

the north and south of the international border, respectively. The far-field geodetic data
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Figure 5.5: Two profiles across the Imperial fault showing InSAR-derived fault-parallel
velocities from tracks 77+306 (gray) and tracks 306+84 (green), and GPS velocities
from survey monuments (blue) and continuous stations (red). Panels (a) and (c) include
a best-fitting dislocation model with one fault (location shown as dashed line), and (b)
and (d) include a best-fitting model with two faults (dashed lines).

indicate that the relative motion across the Imperial valley is at least 35 mm/yr. As the

Imperial fault is the only mapped active structure at this latitude, this value is typically

accepted as a lower bound on its slip rate, and estimated rates of 40 mm/yr or higher are

not uncommon [e.g. Bennett et al., 1996; Smith and Sandwell, 2003; Becker et al., 2005;

Meade and Hager, 2005; Smith-Konter et al., 2011].

We fit a simple elastic dislocation model to the data using the method of Lindsey

et al. [2013], and first consider the case of a single Imperial fault strand in Figure 5.5

(a) and (c). For the northern profile, we also include as a parameter the rate of shallow

fault creep above a nominal depth of 4km. For this profile, the best-fitting deep slip

rate is nearly 48 mm/yr, close to the full rate of relative motion between the Pacific and

North American plates [e.g. DeMets et al., 1994]. The rate for the southern profile is a

somewhat lower 40 mm/yr, possibly due to the relatively sparse far-field GPS data in this
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profile.

In both cases, there is a systematic misfit between the model and the data. The

total strain accumulated to the west of the fault is significantly higher than that to the east

in both profiles; in the southern case as much as 80% of the strain is accumulated to the

west of the fault, while the model must place 50% on either side. This strain asymmetry

does not coincide with any seismically observed contrast in material properties across

the fault [Fuis et al., 1984]. One possible explanation is an active sub-parallel fault to the

west of the Imperial fault.

As noted by [Magistrale, 2002], there are several active lineaments of seismicity

to the west of the Imperial fault which extend southward from the mapped traces of the

Superstition Hills and Superstition Mountain branches of the San Jacinto fault. Seismicity

profiles from the Hauksson et al. [2012] catalog, excluding aftershocks of the 2010 Mw

7.2 El Mayor-Cucapah earthquake, are shown as subpanels in Figure 5.5. The asymmetry

in seismicity is clearly evident in both profiles. Motivated by this observation, we

consider a dislocation model with two active faults as shown in Figure 5.5 panels (b)

and (d). As expected, this model is able to better capture the asymmetry in the geodetic

data. The inferred slip rate of the proposed fault varies significantly between the two

profiles, increasing toward the south from 12 mm/yr to 25 mm/yr. Due to the proximity

of the two fault strands, small changes in their assumed locations may have a significant

effect on the estimated slip rates [e.g. Lindsey and Fialko, 2013]. Nevertheless, these

rates are in reasonable agreement with the inferred slip rate of 12 - 18 mm/yr for the San

Jacinto fault farther north [Blisniuk et al., 2010; Janecke et al., 2010; Lindsey and Fialko,

2013; Lindsey et al., 2013]. This proposed model, in which slip is transferred directly

between the San Jacinto fault and the Cerro Prieto fault to the south, without a significant

trans-pressional step to the Imperial fault, is also more consistent with the trans-tensional

tectonic setting.
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5.4 Earthquake cycle models

Most inversions of geodetic data for fault slip rate employ kinematic models

based on solutions for a dislocation in an elastic half-space [Savage and Burford, 1973;

Okada, 1985]. These models have the advantage of a small number of free parameters

and are generally successful at explaining the geodetic data [e.g. Meade and Hager, 2005;

Fay and Humphreys, 2005; Lindsey et al., 2013; Smith-Konter et al., 2011]. However,

these models involve assumptions about the slip distribution with depth that limit their

use in understanding the fault properties that drive such slip. An alternative method

is to use numerical models incorporating rate- and state-dependent friction to simulate

earthquake cycles on the fault. In these models, the rate of slip at all times during an

earthquake cycle is estimated in a self-consistent manner, avoiding the dependence on an

assumed slip distribution with depth or an assumed unphysical prestress.

Such models are computationally intensive, and contain many more free param-

eters, meaning that the solution may be highly non-unique (in particular, if data from

only part of the earthquake cycle are used). For example, Kaneko et al. [2013] used fully

dynamic earthquake cycle models to infer frictional parameters on the Ismetpasa segment

of the North Anatolian fault, and found that a wide range of parameters could provide

adequate fit to the interseismic data. The range of parameters consistent with interseismic

data, however, produces very different predictions about the co- and post-seismic slip.

For this reason, well-constrained models require precise geodetic observation from all

phases of the earthquake cycle. The Imperial fault is one of a few examples for which

the respective data are available.
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5.4.1 Model Setup

We consider a vertical fault in a homogeneous elastic half space, governed by

rate-and state- dependent friction, with shear stress τ(z, t) given by:

τ(z, t) = σ(z)
[

f0 +a(z) ln
V (z, t)

V0
+b(z) ln

V0θ(z, t)
Dc

]
(5.1)

The evolution of the state variable θ is governed by the aging law [Ruina, 1983;

Ampuero and Rubin, 2008]:

dθ(z, t)
dt

= 1− V (z, t)θ(z, t)
Dc

(5.2)

The effective shear stress τ(z, t) on the fault is given by Equation 1 of Lapusta

et al. [2000] and includes the radiation damping approximation, which subtracts a term

proportional to the slip velocity V (z, t) so that the integral over the past history of fault

slip can be evaluated without encountering singularities. We solve these equations using

the fully dynamic adaptive time stepping method described by Lapusta et al. [2000], with

a distribution of parameters as shown in Figure 5.6. The model domain extends to a depth

of 24 km, below which the plate is driven at the constant rate Vpl . The grid size is 12 m,

much smaller than the minimum nucleation size (see Lapusta et al. [2000]), ensuring a

numerically stable solution. In some cases, where stability permitted, we used a grid size

of 24 m for computational efficiency. We also ran several test cases with a grid size of 3

and 6 m, and verified that the results were independent of the model discretization.

The initial distribution of shear stress is given by Equation 5.1 for the case of

steady sliding,

τ(z, t0) = σ(z)
[

f0 +(a(z)−b(z)) log
(

Vpl

V0

)]
(5.3)

Models are run for several earthquake cycles until the simulation reaches a cycle-invariant
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state; examples are shown in Figure 5.6. For comparison with the observations, we extract

a time series of surface displacements for the final cycle.

5.4.2 Model Results

Figure 5.6 shows several simulations, in which periodic earthquakes are followed

by postseismic afterslip and interseismic creep. In this case, coseismic slip is represented

as red contours of displacement plotted every 1 second. Rapid postseismic afterslip

occurs above and below the area of coseismic slip and is shown in green contours, plotted

every 7 days. Longer-term interseismic creep is shown as black contours plotted every 2

years.

We explore a range of parameters that produce earthquakes with different charac-

teristic coseismic slip, spatial extent, and patterns of post- and interseismic creep. Initial

simulations showed that the value of (a−b) in the velocity-weakening (seismogenic)

layer and the slip-weakening distance Dc together control the absolute size and recurrence

of events, but have little effect on the postseismic or interseismic slip. For computational

convenience we fix these values at −3×10−3 and 4 mm, respectively, but note that other

combinations of these parameters produce nearly indistinguishable results. For example,

by decreasing the magnitude of (a− b) while increasing Dc, the nucleation size and

therefore the characteristic earthquake size and recurrence time remain nearly constant.

Our chosen value of Dc of 4 mm is smaller than has typically been used in similar

simulations [Lapusta et al., 2000; Lapusta and Rice, 2003; Kaneko et al., 2013, e.g.], but

is still larger than values estimated in laboratory studies [e.g. Dieterich, 1978, 1979].

Figure 5.7 shows modeled coseismic and postseismic displacements on the fault at

the surface, along with observed displacements from the 1979 Imperial Valley earthquake.

When the value of (a−b) in the top velocity strengthening layer is too small, as in panels

(a) and (b), the model produces too much coseismic slip and not enough postseismic
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Figure 5.6: Modeled fault properties and accumulated slip on the fault for three sce-
narios with a deep fault driving rate of 25 mm/yr. (a), (b): Velocity strengthening
layer with (a− b) = 0.007 extending to a depth of 2 km. Recurrence interval is 96
years. (c), (d): Velocity strengthening layer with (a−b) = 0.007 extending to a depth
of 4.25 km. Recurrence interval is 61 years. (e), (f): Velocity strengthening layer
with (a−b) = 0.015 extending to a depth of 4.25 km. Recurrence interval is 61 years.
Scenario parameters are labeled a, b, and c respectively in Figure 5.8.

slip to fit the data. Conversely, when (a−b) in the top layer is too large, as in panels (e)

and (f), the model does not produce enough coseismic slip, and overpredicts postseismic
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slip. We consider two possible values of the deep driving rate Vpl: 25 mm/yr and 35

mm/yr. The higher value represents the commonly accepted Imperial fault slip rate [e.g.

Lyons et al., 2002; Smith-Konter et al., 2011], while the lower value is motivated by the

observations described in Section 5.3.4 suggesting slip partitioning between two closely

spaced faults. Figure 5.7 shows that the assumed deep slip rate has almost no effect on the

predicted co- and post-seismic displacements. However, the modeled interseismic creep

rate is directly proportional to Vpl , so this parameter is a critical factor in determining the

overall best-fitting model.

For each model simulation, we compute a χ2 misfit to the observations (assuming

uncertainties of 10 cm, 2 cm, and 2mm/yr for the coseismic, postseismic and interseismic

datasets respectively). Modeled interseismic creep rates are taken as the minimum surface

slip rate observed at any point throughout the earthquake cycle, and are compared against

a rate of 7 mm/yr taken from Figure 5.4 for the part of the fault between 10 - 15 km

North of the U.S. −Mexico border, where the coseismic and postseismic observations

were collected. Figure 5.8 shows the χ2 misfit value to each of the three datasets for a

grid search over values of (a−b) in the top velocity-strengthening layer and the depth of

the seismogenic layer.

The combined χ2 misfit values for all three datasets are shown in Figure 5.9. We

find that for the lower fault slip rate (Figure 5.9a), a shallow velocity-strengthening layer

with values of (a−b) between 4×10−3 and 1.2×10−2 and a depth between 3.5−5 km

can fit all three observations to within the assumed uncertainty. However, for the higher

fault slip rate (Figure 5.9b), there are no sets of parameters that can fit the observations.

Comparing to Figure 5.8, it is apparent that the misfit is driven by a disagreement between

the parameters which can fit the interseismic creep rate and those which fit the co- and

postseismic observations. For the lower fault slip rate, the three datasets are in better

agreement.
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Figure 5.7: Model predicted surface fault slip (colored lines) compared to observations
following the 1979 earthquake (symbols). Panels on the left show the total coseismic +
postseismic slip for comparison with trilateration observations by Crook et al. [1982],
while panels on the right show only postseismic slip for comparison with Harsh [1982],
starting at zero three days after the event. Panels (a) and (b) show models where the
shallow velocity-strengthening layer has (a−b) = 0.002; (c) and (d) have (a−b) =
0.007; (e) and (f) have (a−b) = 0.012.

5.5 Discussion

Geodetic observations from InSAR and GPS along the Imperial fault show that

creep begins near the U.S. - Mexico border and extends northward, reaching a maximum

rate of 9 - 10 mm/yr just south of the intersection with the Brawley fault (Figure 5.4).
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Figure 5.8: Panels showing the reduced χ2 misfit (χ2/N) to each dataset for a grid
search over the depth of the upper velocity-strengthening layer and values of (a−b)
in this layer. (a) - (c) show the fit to inter-, co-, and postseismic data respectively for
the case of a 35 mm/yr driving rate; (d) - (f) show the case of a 25 mm/yr driving rate.
Letters a, b, and c correspond to the three models shown in Figure 5.6. Gray contour in
all panels shows the set of models with a 25 mm/yr driving rate that fit all three datasets
combined; there are no such models for a 35 mm/yr driving rate (Figure 5.9).

These rates are in good agreement with previous observations of the creep at this latitude

[Whitten, 1956; Lyons et al., 2002; Crowell et al., 2013]. Creep is not observed to the

south of the international border. The data also show an asymmetry in the accumulation

of strain with respect to the fault, suggesting that active structures to the west such as

those proposed by Magistrale [2002] may accommodate a significant portion of the strain.

Models incorporating a second fault to the west provide a better fit to the data (Figure

5.5).

A lower slip rate on the Imperial fault implied by the two-fault model is also

supported by fully dynamic simulations of earthquake cycles on a fault with rate- and

state-dependent friction. As shown in Figures 5.8 and 5.9, a wide range of parameters can
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Figure 5.9: Reduced χ2 misfit for the three datasets combined. (a) shows the case of a
25 mm/yr driving rate, and (b) 35 mm/yr driving rate. Starred model corresponds to a
velocity-strengthening layer depth of 4.25km with (a−b) = 0.007 (shown in Figure
5.6b).

reproduce the observed interseismic, coseismic, or postseismic slip along the northern

Imperial fault individually, but only a much narrower range of parameters is consistent

with all observations.

In our earthquake cycle models, the shallow interseismic creep rate is controlled

by the depth extent and magnitude of the positive (a− b) layer, and the deep driving

rate Vpl . Although many combinations of the depth and value of (a−b) can satisfy the

interseismic observations (Figure 5.8a and d), the long-term driving rate Vpl must be

lower than the commonly inferred rate of 35 mm/yr or the models cannot fit the co- and

post-seismic observations at the same time (Figure 5.9b).

A lower Imperial fault slip rate of 25 mm/yr is consistent with the proposal that a

structure to the west accommodates ≥10 mm/yr of the relative plate motion, and thereby

avoids a transpressional transfer of slip between the northern Imperial and southern San

Jacinto faults. The deformation may be localized on one or more major faults with a

cryptic surface trace; although there are no mapped faults through this area, the thick

sedimentary cover and agricultural disturbance may have prevented their recognition.
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The deformation could also be accommodated by a larger number of much smaller faults

in the basement that individually have insufficient slip to reach the surface. We note

that when geodetic models of the Southern California fault system are constrained to be

consistent with geologic slip rates, they commonly require as much as 30 - 40 % of the

relative plate motion to be accommodated off the major faults; this is particularly true in

the Imperial valley (see e.g. Bird [2009], Figure 6; Johnson [2013]).

In the case of a 25 mm/yr Imperial fault slip rate, the best-fitting depth of the

velocity strengthening layer in our models is 4.25±1 km, in good agreement with the

4−4.5 km depth extent of sediment inferred from a seismic refraction survey across this

part of the Imperial fault [Fuis et al., 1984]. This is encouraging, given that a rheological

change in the fault properties is likely to be correlated with a change in geological

structure and composition. However, the micromechanical justification for the sediments

to be velocity strengthening is not clear. Moreover, the thick sedimentary cover continues

and even deepens south of the U.S. −Mexico border, where creep is not observed.

One explanation for this transition is suggested by the observation that the extent

of shallow creep coincides approximately with the shoreline of ancient lake Cahuilla

during its last highstand [Luttrell et al., 2007]. There may thus be a gradient in the

type of sediments along strike, with higher-energy deposition of fluvial sediments from

the Colorado river dominating toward the South, and lacustrine sediment from lake

Cahuilla toward the North. It is conceivable that the presence of layered, silty sediment

and intermittent flooding of the lake have resulted in higher pore fluid pressure along

the northern portion of the fault; elevated pressure has been proposed as a mechanism

for enabling aseismic creep and slow slip events elsewhere [e.g. Liu and Rice, 2007;

Gomberg et al., 2010; Peacock et al., 2011; Frank et al., 2015].

Paleoseismic evidence suggests that the Imperial fault hosts characteristic events

similar to the 1979 Mw 6.6 earthquake relatively frequently (every 60-80 years) (T.
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Rockwell, pers. communication). Our best fitting model (star in Figure 5.9a) has a

recurrence interval of 61 years, in good agreement with the paleoseismic observations.

Some of these events evidently link up with the southern segment to produce larger M∼7

events such as the 1940 earthquake, but even so, the 1940 event produced nearly the same

coseismic slip on the northern section as the 1979 earthquake [Rockwell and Klinger,

2013].

The natural variability of earthquake size and recurrence is not reproduced by

our simplified model of the fault. Some complexity in the simulated earthquake cycles

can be introduced by decreasing the slip-weakening distance Dc. Numerical experiments

using smaller Dc (and hence a smaller nucleation size) sometimes produce a sequence

of alternating large and small earthquakes (see Lapusta and Rice [2003], and Figure

5.10). An important question is whether this behavior is more representative of the

northern Imperial fault than a periodic sequence (Figure 5.6). The seismogenic zone

on the northern Imperial fault is confined to a relatively narrow depth interval, similar

to the Parkfield segment of the San Andreas fault [Johansen et al., 2006; Barbot et al.,

2012]. The result is that the loading conditions of the seismic asperity are more isolated

from time-dependent stresses elsewhere, leading to the occurrence of quasi-regular

earthquakes [e.g. Chen and Lapusta, 2009]. Thus we argue that the northern Imperial

fault is likely to produce mostly similar-sized, medium-magnitude events, for which the

periodic sequences produced by our model are a reasonable approximation.

Additional complexity may result from strong dynamic weakening [Rice, 2006;

Beeler et al., 2008; Brown and Fialko, 2012], which can affect seismic stress drops and

recurrence intervals. Numerical simulations incorporating this effect tend to produce

larger, less frequent earthquakes and more coseismic slip in nominally stable parts of the

fault [Noda and Lapusta, 2010, 2013]. In the presence of strong dynamic weakening, our

model would require a smaller or less-velocity-weakening seismogenic zone to compen-
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sate for increased shallow coseismic slip. Because strong dynamic weakening involves a

threshold of slip or slip rate, one may speculate that it is responsible for the difference be-

tween 1979 and 1940-type events on the Imperial fault. Models incorporating this effect,

along with two-dimensional variations in frictional properties [e.g. Noda and Lapusta,

2013] or the stressing influence from the proposed continuation of the San Jacinto −

Superstition Hills fault system are left as promising subjects for future research.

5.6 Conclusions

We have used geodetic observations to infer in situ frictional properties on the

Imperial fault. We find that robust constraints on these properties require observations

from all parts of the earthquake cycle. Our results are in good agreement with laboratory-

derived values of the slip rate-dependence parameter (a−b), for a reasonable range of

assumptions. The inferred depth extent of shallow creep is ∼4 km, in close agreement

with the seismically inferred depth of sediments, suggesting a compositional or pore fluid

pressure control on the occurrence of stable creep.

Our results also suggest that the Imperial fault is not the only active plate boundary

structure at the latitude of the U.S. −Mexico border. Geodetic evidence suggests that

significant strain is accommodated by a sub-parallel fault located 10-20 km west of the

Imperial fault, which slips at a long-term rate comparable to that of the San Jacinto fault

to the north. If so, this fault represents a significant unmapped hazard to the U.S. and

Mexican communities of El Centro, Calexico, Heber, and Mexicali.
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Figure 5.10: Models showing the effect of reducing the value of the slip-weakening
distance Dc. Parameters correspond to the gray star in Figure 5.9. Models considered in
the text assume Dc = 4 mm, as in (c) here. When Dc is smaller than 4 mm as in panels
(a) and (b), a new periodic sequence of two different-sized earthquakes develops.



Appendix A

Processing survey-mode GPS data with

TEQC and GAMIT/GLOBK

This appendix contains a detailed set of methods and instructions for downloading,

processing, and analyzing GPS data. Section 1 describes the procedure for downloading

raw data from the receiver with the program SHARC. Section 2 describes the conversion

of this raw data to the standard RINEX format with the program TEQC. Section 3

describes the combined processing of a set of RINEX files from a network of GPS

receivers operating simultaneously on a single day using the program GAMIT. The

output of this step is a set of accurately determined baselines between all stations, but the

absolute positions are left undetermined. Finally, section 4 describes the combination of

several days’ or years’ worth of GAMIT baseline solutions into absolute positions and

velocities using the program GLOBK.

All of the programs used in these instructions are open source and available free

online; the website for downloading and installation are described where appropriate. In

each section, commands to be entered on the Linux command line are formatted with a

“>” in front.
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A.1 Downloading raw GPS data from Ashtech receivers

using SHARC

The Linux program SHARC (available at http://sourceforge.net/projects/sharc/)

communicates with Ashtech Z-12 receivers over a serial-to-usb connection. It requires

you to have super-user (root) privileges to access the device.

A.1.1 Basic operation

On the GPS laptop, the key commands have been aliased for easy operation. You

should only need to type the commands “sharcfat” and “sharcdl”. To check if they are

aliased correctly, type eg. “alias sharcdl”.

To get a list of files present on the receiver, simply type:

> sharcfat

This command is aliased to

> sudo /usr/local/bin/sharc --port /dev/ttyUSB0 --baud 38400
--fatfile fat.out

Notes:

• The ‘sudo’ means you will have to type the administrator password to run this

command. After typing the password once, you will stay logged in for a short

period, then you will have to type it again.

• If the file fat.out is already present, it will be overwritten.

• If the receiver is off or the baud rate on the receiver disagrees with your command,

it will not be able to connect.

When this completes, view the file:
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> cat fat.out

To download all the files, enter:

> sharcdl

This command is aliased to

> sudo /usr/local/bin/sharc --port /dev/ttyUSB0 --baud 38400
--download all

If you want to download only certain files, you can enter a different option, eg. –download

1-3, which will download only files 1, 2 and 3 as listed in the file fat.out.

A.1.2 Other sharc options

Type “sharc -h” or “sharc –help” to get a list of options. You can use the alias

“sharcpurge” or “sharc [options] –purge all” to delete all files on the receiver, although it

may be safer to do the deletion manually on the Ashtech screen.

A.1.3 Troubleshooting

“Failed opening connection.” All sharc commands must be run as super-user, so

they should be prefixed with “sudo”. Otherwise sharc won’t be able to access the USB

device correctly.

“Failed Getting Receiver ID, Closing connection and exiting.” First check that

you have turned the receiver on. Next, check that both baud rates on the receiver (screen

4, under “PORT A” and “PORT B”) match the command you have given. 38400 is

currently known to work, others may work as long as the receiver and computer agree on

what baud rate to use.
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A.2 Converting raw GPS data to RINEX using TEQC

The cross-platform program TEQC (available at http://facility.unavco.org/software/teqc/)

is a multi-purpose tool for GPS data quality-checking and file type conversion. The

website describes a vast array of possible uses. To make this process simpler and more

automated, a python script (rinex all.py, also requires teqc util.py) is available at the

bottom of this section that can handle the most common use-case of converting raw files

to RINEX with correct metadata (headers).

A.2.1 Basic operation

The key challenge of converting GPS data to RINEX format is getting the meta-

data correct, since this affects all future processing steps that will be done with the data.

The python scripts “rinex all.py” and “teqc util.py” are intended to make this easy, with

the help of two simple ascii tables. If you did not want to use these scripts, the command

to convert each raw data file would look something like this:

> teqc -ash r -week 2013:047 -O.o "Lindsey" -O.ag "SIO" -O.rn
"LP01389" -O.rt " ASHTECH Z-XII3" -O.an "CR16408" -O.at
"ASH700936E" -O.pe 1.4831 0.00 0.00 raw/RRS06A13.047 >
rinex/rs060471.13o

Teqc accepts a number of command-line options with the prefix “-O.” meaning

information about the observation (i.e. metadata). A large number of these options can

be strung together to provide enough information so that the RINEX file can be created

with almost no further editing required. However, entering all of these commands by

hand is tedious and error-prone, so this process should be automated as much as possible.
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A.2.2 Creation of metadata tables

The primary table, info.dat, must contain a single line for each raw data file. With

two exceptions, the column headers are simply the teqc command-line options, and the

teqc command is constructed for each raw file using the values specified in each column.

The two special columns are “filename” which specifies the raw data file (name format

must be RnnnnX.ddd, where nnnn is the site name and ddd is the Julian date), and “slant”

which specifies the average slant height, which is converted to a vertical height using

the second metadata table. Any lines beginning with “#” are comments. Here is an

example of the first few lines (note that the lines have been wrapped to fit the format in

this document):

# metadata for rinex_all.py:
# keywords are ’filename’ and ’slant’, other headers are arbitrary

teqc options
#
# filename rcv.type rcv.S/N ant.type ant.S/N slant

observer agency interval
filename -O.rt -O.rn -O.at -O.an slant

-O.o -O.ag -O.int
R0230A14.019 "ASHTECH Z-XII3" LP01378 ASH700936E CR16408 1.243

EOL SIO 1
RWALKA14.019 "ASHTECH Z-XII3" LP03059 ASH700936E CR16404 2.0

EOL SIO 1
...

The second metadata table, slant.dat, is created from information found in the

GAMIT-GLOBK table “∼/gg/tables/hi.dat”. This table records the vertical and horizontal

offsets for several antenna types from the slant-height measurement point to the ”ARP”

or antenna reference point, which in turn allows us to specify how high the antenna sat

above the monument while recording data. The conversion from slant height to vertical
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height is simply:

vert ht = sqrt(slant ht2−horiz offset2)−vert offset (A.1)

The current slant.dat file is valid for all antenna types owned by SIO as of August

2015, and is provided below. If more antennas are purchased in the future, their model

IDs from /gg/tables/hi.dat should be appended.

#table for slant height conversion -- created from values in
˜/gg/tables/hi.dat.

#ANTENNA_ID VERT_OFFSET HORZ_OFFSET
TRM41249.00 0.0444 0.1698
ASH700936D_M 0.0348 0.1897
ASH700936E 0.0348 0.1897
ASH701945B_M 0.0348 0.1897

If you have vertical heights instead of slant heights, record them under the

heading “-O.pe”, as a list of 3 values (vert, 0, 0) separated by spaces and enclosed in

quotes. Eg. “0.0123 0 0”. For correct results, the metadata table can contain only one

column “slant” or “-O.pe”, not both. For more teqc options see the teqc help page:

http://facility.unavco.org/software/teqc/

A.2.3 Running rinex all.py

Make sure you have also obtained the additional file teqc util.py and placed it

in the same folder or somewhere in your path. Once the metadata tables are created,

assuming they have the default names and the raw files are in your current directory, you

may simply run

> python rinex_all.py R*

If you have different names for the files, or the raw files are in a different directory,

simply provide them as arguments to the script. The full command is:



124

> python rinex_all.py -d <rinex_dir> -i <info table> -s <slant table>
<raw files>

After the script completes, you should still check that the headers were entered

correctly, and there are no other errors with the data.

The last piece of metadata you may need to add is the approximate XYZ position

of the site; getting this value from teqc is a complex process not described here – some

other options may include copying the value from an earlier occupation, or use of

the website http://sopac.ucsd.edu/cgi-bin/SCOUT.cgi. If you already know the XYZ

positions, you can enter them in the table info.dat under the heading “-O.px”; the three

values should be separated by a space and enclosed in quotes.

A.2.4 Table slant.dat

#table for slant height conversion -- created from values
in ˜/gg/tables/hi.dat.

#use at your own risk!
#ANTENNA_ID VERT_OFFSET HORZ_OFFSET
TRM41249.00 0.0444 0.1698
ASH700936D_M 0.0348 0.1897
ASH700936E 0.0348 0.1897
ASH701945B_M 0.0348 0.1897
ASH701945G_M 0.0348 0.1897

A.2.5 Python script rinex all.py

#!/usr/local/bin/python
# python script to convert a list of raw GPS receiver

files (Ashtech or Leica) to RINEX , using teqc
# Eric Lindsey , 1/2014

# run ’python rinex_all.py -h’ for help message

import sys
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from optparse import OptionParser
import os.path
from os import makedirs
from subprocess import call
import teqc_util

def main(argv):
#set up help message and parse arguments
usage = "Usage: %prog [options] <files > \nwhere <files

> is a list of raw GPS receiver files"
parser = OptionParser(usage=usage)

parser.add_option("-d", "--dir", dest="dir",
help="output directory for rinex

files [Default: rinex/]",
type="string", default="rinex/")

parser.add_option("-i", "--info", dest="info",
help="metadata filename [Default:

info.dat], first line contains in
any order ’filename ’, ’slant ’,

and teqc options , eg. ’filename -
O.at slant ...’ ",

type="string", default="info.dat",
metavar="FILE")

parser.add_option("-s", "--slant", dest="slant",
help="slant height conversion table

[Default: slant.dat], Example:
TRM41249.00 0.0444
0.1698",

type="string", default="slant.dat",
metavar="FILE")

#options is an object with properties specified above
in each ’dest ’

#args is a list with remaining command line arguments
after parsing options

(options , args) = parser.parse_args()

#check file exists
if not os.path.isfile(options.info):

print "Error: did not find file " + options.info +
’, provide a different one with -i’

sys.exit(1)
#read metadata (and potentially slant height) file ,
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create teqc options
files_dict = teqc_util.read_metadata(options.info)
read_slant=False
for fname in files_dict:

if ’slant ’ in files_dict[fname]:
if not read_slant:

read_slant=True
if not os.path.isfile(options.slant):

print "Error: did not find file " +
options.slant + ’, provide a
different one with -s’

sys.exit(1)
slant_dict = teqc_util.read_slant(options.

slant) # this should only be called
once

files_dict[fname] = teqc_util.convert_slant(
files_dict[fname], slant_dict)

# loop over files in argument list
for fname in args:

if not os.path.isfile(fname):
print "Error: did not find file " + fname
sys.exit(1)

#create directory if it does not exist
if not os.path.isdir(options.dir):

makedirs(options.dir)
#generate and run teqc command line
teqc_str=teqc_util.get_teqc_cmd(fname ,options.dir,

files_dict[fname])
print teqc_str
call(teqc_str , shell=True)

if __name__ == "__main__":
main(sys.argv)

A.2.6 Python script teqc util.py

# utilities for GPS raw data processing with teqc
# Eric Lindsey , 1/2014
import sys

def get_teqc_cmd(infile ,outdir ,opt_dict):
""" (str, dict) -> boolean
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produces rinex files in directory outdir using the
binary executable teqc , which must be

installed somewhere in your system path
metadata opt_dict is a dictionary of teqc -

supported options and their values , eg {’O.int
’:1, ’O.at’:’ASH700936E ’}

e.g., run_teqc(’ROPEN019A ’,’rinex ’,{’O.int ’:1, ’O.
at’:’ASH700936E ’})

"""
import os.path
from os.path import isfile

# test if the file exists
if not isfile(infile):

raise Exception("did not find file " + infile)
#figure out receiver type and generate correct teqc

option
try:

rt=opt_dict[’-O.rt’]
except KeyError:

print "Error: receiver type ’-O.rt’ not specified
in metadata"

sys.exit(1)

# match IGS 20-char receiver name , for more
compatibility just extend these dictionaries

rcvtypes = {"ASHTECH Z-XII3":"-ash r", "LEICAGMX900
":"-leica lb2"} # see teqc manual

rcvformat= {"ASHTECH Z-XII3":[1,9,6], "LEICAGMX900
":[0,0,0]} # specify first position of [site name ,
day, year] in standard raw data filename

# write teqc string
try:

teqc_str=’teqc ’ + rcvtypes[rt]
npos=rcvformat[rt][0]
dpos=rcvformat[rt][1]
ypos=rcvformat[rt][2]

except KeyError:
print "Error: unknown receiver " + rt + ", extend

the dictionary in procedure run_teqc"
sys.exit(1)
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i=0
rinexname = os.path.join(outdir , infile[npos:npos+4].

lower() + infile[dpos:dpos+3] + str(i) + ’.’ +
infile[ypos:ypos+2] + ’o’)

while os.path.isfile(rinexname):
i+=1
rinexname = os.path.join(outdir , infile[npos:npos

+4].lower() + infile[dpos:dpos+3] + str(i) +
’.’ + infile[ypos:ypos+2] + ’o’)

for key in opt_dict:
if ’ ’ in opt_dict[key] and key != ’-O.pe’: #

antenna height field can’t have quotes , but
others need it
opt_dict[key]= ’"’ + opt_dict[key] + ’"’

teqc_str += ’ ’ + key + ’ ’ + opt_dict[key]
teqc_str += ’ ’ + infile + ’ > ’ + rinexname
return teqc_str

def read_metadata(infofile):
""" (str) -> dict

Convert infofile to a dictionary of dictionaries:
{filename: {options dictionary}, filename2:{...},

...}
"""
import shlex

try:
with open(infofile) as f: #using ’with ’ will

automatically close the file afterwards
files_dict={}
firstline=True #state machine for first non-

comment line of file
for line in f:

li=line.strip()
if li and not li.startswith ("#"):

if firstline:
firstline=False
#create list of dictionary keys ,

except ’filename ’
keylist=li.split()
try:

fnameidx=keylist.index(’
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filename ’)
del keylist[fnameidx]

except ValueError:
print "Did not find string ’

filename ’ in metadata table
header"

sys.exit(1)
else:

#add filename/dict pair to
files_dict

row=shlex.split(li) #preserve
strings in quotes but remove
the quotes

#row=re.findall(r’(?:[ˆ\s
,"]|"(?:\\.|[ˆ"])*")+’, li) #to
preserve quotes also

print row
fname=row[fnameidx]
del row[fnameidx]
temp_dict={}
for key,val in zip(keylist ,row):

temp_dict[key]=val
files_dict[fname]=temp_dict

except IOError:
print ’Error reading ’ + infofile
sys.exit(1)

return files_dict

def read_slant(slantfile):
""" (str) -> dict

read slantfile into dictionary containing {antenna
:[vert_offset ,horiz_offset]}

"""
try:

with open(slantfile) as f: #using ’with ’ will
automatically close the file afterwards
slant_dict={}
for line in f:

li=line.strip()
if not li.startswith ("#"):

row=li.split()
slant_dict[row[0]]=map(float ,row[1:])
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except IOError:
print ’Error reading ’ + slantfile
sys.exit(1)

return slant_dict

def convert_slant(opt_dict ,slant_dict):
""" (dict ,dict) -> dict

Convert pair {’slant ’:slant_height} to {’-O.pe’:’H
.HHH 0.0 0.0’}

using conversion in ’slant_dict ’ for specified
antenna type

To be valid , opt_dict must contain key ’-O.at’ to
specify antenna type ,

and the antenna specified must match a key in the
slant_dict.

"""
try:

at=opt_dict[’-O.at’]
except KeyError:

print "Error finding key ’-O.at’ in metadata
dictionary"

sys.exit(1)
try:

offsets=slant_dict[at]
vert_offset=offsets[0]
horz_offset=offsets[1]

except KeyError:
print "Error finding antenna type " + at + " in

slant conversion dictionary"
sys.exit(1)

try:
slantht=float(opt_dict[’slant ’])

except KeyError:
print "Error finding key ’slant ’ in metadata

dictionary"
sys.exit(1)

hgt= (slantht**2-horz_offset **2)**0.5 - vert_offset
del opt_dict[’slant ’]
opt_dict[’-O.pe ’]=str(hgt)+’ 0.0 0.0’
return opt_dict #actually this is unnecessary ,

opt_dict is mutable so it was "passed by reference"
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A.3 Obtaining baseline solutions for a survey-mode net-

work with GAMIT

Summary of steps:

1. sh setup -yr yyyy

2. cd tables/

3. vi process.defaults (check defaults, enter email, set ref. frame)

4. vi sites.defaults (list cgps sites, options: ftprnx xstinfo)

5. sh upd stnfo -files ../rinex/*.??o (update station.info)

6. If using ftp for CGPS rinex: sh upd stnfo -l sd

7. mv station.info.new station.info (this may have changed)

8. vi lfile. (set apriori pos.)

9. vi sittbl. (constrain one or more CGPS sites)

10. cd ..

11. sh gamit -expt aaaa -d yyyy ddd ddd ... -pres ELEV -orbit IGSF

12. check qexpta results, lfile. adjustments, run sh gamit again if needed

13. Prepare the solution for input into GLOBK
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A.3.1 Getting started

The GAMIT home directory needs a soft link: /gg -¿ /path/to/GAMIT. Don’t

run GAMIT from a folder containing spaces, periods, or non-standard characters. Be

sure to run each command from the proper directory. eg: sh upd stnfo from tables/, and

sh gamit from the top directory.

A.3.2 Setup tables

First, we need to set up the GAMIT tables/ directory. In your experiment (top)

directory, run:

> sh_setup -yr 2012

This copies and links the necessary input tables for gamit to get started processing data

from 2012. Now, we need to edit them to suit our needs.

> cd tables/
> vi process.defaults

Here, you can enter your email address (mailto=’myemail@domain’) so that gamit can

email you a progress report. if you don’t do this, the mail will just go into /var/mail. Also,

you can choose which files to delete (dopts) or compress (copts), and the sampling rate

and max epochs. Finally, check the reference frame (probably itrf05.apr).

A.3.3 Choose CGPS base stations
> vi sites.defaults

Here you choose the continuous sites that you will include in your network for double-

differencing and to fix the absolute position. For an example, delete all the non-

commented lines and enter:
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all_sites expt xstinfo
cact expt ftprnx xstinfo
p491 expt ftprnx xstinfo
p504 expt ftprnx xstinfo
p607 expt ftprnx xstinfo

The 4-letter name ‘expt’ is the name of our experiment. If you prefer, you could use

any other 4-letter name, like ‘anza’ or ‘pain’. Your choice. Another option, if you are

downloading the CGPS rinex files yourself using sh get rinex, is to include only one line:

all_sites expt xstinfo localrx

CAUTION: make sure you have a space (‘ ’) as the first character of every line! Gamit

interprets any line in sites.defaults that does not begin with a space as a comment.

A.3.4 Input metadata

Now, we need to update the station.info table with the antenna heights, model

and serial numbers for each occupation. Make sure the rinex files for all sites we want to

process are in the rinex/ directory (rinex/ should be located at the same level as the tables/

directory, in the top experiment directory). Now enter (still from the tables/ directory):

> sh_upd_stnfo -files ../rinex/*.12o

If you entered specific CGPS site names in sites.defaults with the commands ‘ftprnx

xstinfo’, you will also need to update station.info for these files. The command is:

> sh_upd_stnfo -l sd
> mv station.info.new station.info

(Optionally, we could have left off the ‘xstinfo’ commands in sites.defaults, then we

wouldn’t have to do this step. But the GAMIT manual does it this way, so that’s how I do

it.)
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A.3.5 A priori station coordinates

We need to input good a-priori coordinates for every site ( 1-10m) to help the

solution converge. These can be taken from an earlier survey; in this case you may

skip this step as long as all your sites have good coordinates in the lfile.. If some are

not known, several options exist for obtaining good coordinates. In order of increasing

complexity, these are:

• Positions from a handheld GPS, converted to ECEF with GAMIT interactive

command ‘tform’ or another conversion program. Some scripts are available on

my website, -- similar capability is included in the Matlab Aerospace toolbox and

many other sources.

• SOPAC SCOUT automated GAMIT run (http://sopac.ucsd.edu/cgi-bin/SCOUT.cgi):

Upload a single rinex file via ftp; this method is slow but does a full GAMIT run, so

it generally finds the coordinates to within 1 cm or better, using nearby continuous

stations. Another option is APPS (https://apps.gdgps.net/apps/index.php)

It’s a good idea to use this method for at least one site in your dataset; comparison

with the output position will help you determine whether your results are completely

wrong, as may happen if you had a bug somewhere.

• Teqc qc-full mode: first, get nav info, eg.:

> sh_get_nav -archive sopac -yr 2012 -doy 253 -ndays 4

Then run teqc in qc mode with the nav data as input, eg.:

> teqc +qc -nav brdc2530.12n rinex/anzc2530.12o

The resulting positions are frequently off by 10 m or so, but they may be good

enough for a first pass in GAMIT.

http://igppweb.ucsd.edu/~elindsey/computing.html
http://sopac.ucsd.edu/cgi-bin/SCOUT.cgi
https://apps.gdgps.net/apps/index.php
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• sh rx2apr: This would be the ideal GAMIT-based method but it is complicated,

and not always successful. Nevertheless, a description is included below.

A.3.6 Optional: Instructions to get apriori coordinates with sh rx2apr

First, get the rinex files for a continuous site in your network. You may have them

already; if not, use sh get rinex (e.g. for site PIN1):

> sh_get_rinex -archive sopac -yr 2012 -doy 253 -ndays 4 -sites pin1

Also, get a good a priori position for your reference site(s), e.g. via SECTOR:

http://sopac.ucsd.edu/cgi-bin/sector.cgi. Use the exact date of your occupations, and save

the position as site.apr, with format:

XXXX_GPS X(m) Y(m) Z(m) 0.00 0.00 0.00 Epoch(YYYY.yy)

For example:

RC00_GPS -2365188.8872 -4777316.5744 3490694.6908 0.0 0.0 0.0 2013.13

(note the leading space ‘ ’, also the zeros are placeholders for velocity; not needed here

since the ref. epoch is the same as our occupation time)

Next, get the nav (broadcast ephemeris) files. Use sh get nav, eg.

> sh_get_nav -archive sopac -yr 2012 -doy 253 -ndays 4

Next, run sh rx2apr once for each campaign site. For example, if your reference

site was P488 and you have the rinex file p4881250.12o, along with an epoch-specific

position in p488.apr, then you could use the following script, which treats the first

argument as the base station, and generates an entry in “all.apr” for every rinex file:

#!/bin/bash
#example usage: ./all_apr.sh p488 *.12o
set -e
base=$1
shift;
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for file in $@
do
site=${file:0:4}
doy=${file:4:3}
if [[ $base == $site ]]; then
echo "skipping file $file: base station"

else
echo "reading file $file"
sh_rx2apr -site $file -nav brdc${doy}0.12n -ref
${base}${doy}0.12o -apr ${base}.apr -chi 1

cat ${site}.apr >> all.apr
fi

done

Now copy the contents of “all.apr” to ../tables/lfile. For continuous sites, you should

enter the exact coordinates from SECTOR for the middle occupation day in lfile.

Warning: for some occupations, sh rx2apr can produce dramatically wrong

results or fail entirely, so you may need to augment this method with SOPAC’s SCOUT

or another method.

A.3.7 Constrain one station to provide a reference

Last, we need to constrain the adjustments GAMIT is permitted to make to at

least one station, to pin the network into a reference frame. For one continuous site (with

an exact position in the lfile.), add the following line to sittbl.:

P488 P488_GPS NNN 0.003 0.003 0.01

A.3.8 Run GAMIT

At last, we’re ready to run! cd back out of the tables directory and run the

command:

> cd ..
> sh_gamit -expt expt -d YYYY DDD DDD ... -pres ELEV -orbit IGSF
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For example, for days 2012/253-6, the command would be:

sh_gamit -expt expt -d 2012 253 254 255 256 -pres ELEV -orbit IGSF

Note: it would be nice to run sh gamit in the background and redirect the output to a file,

but this doesn’t seem to work right now – the same command fails when used this way.

This will run the gamit programs makexp, makex, fixdrv, and csh bexpt2.bat,

all together automatically. The options mean to process the experiment named ‘expt’,

for each specified day, plotting residuals vs. elevation, and using the IGS Final orbits

(options are IGSP IGSR IGSF SIOP SIOR SIOF).

A.3.9 Review solution

The end result is summarized in a q-file in the newly created [day] directory: for

example, it might be labeled 253/qexpta.253. (‘a’ means postfit, there is also ‘p’ for prefit

– don’t be confused!)

Look in the q-file, and start from the line

**** Summary of biases-fixed solution ****

below this you will find lines like:

Label (units) a priori Adjust (m) Formal
Fract Postfit
1*CACT GEOC LAT dms N33:28:40.22917 0.9903 4.2087

0.2 N33:28:40.26120
2*CACT GEOC LONG dms W115:59:23.67282 -4.7951 4.5345

-1.1 W115:59:23.85874
3*CACT RADIUS km 6372.1422783763 -14.2506 9.3166

-1.5 6372.12802782

Column ’Formal’ are the formal uncertainties for the positions in meters. If these

are larger than a few millimeters, the problem was that Gamit didn’t know the absolute

positions well enough. If the solution succeeded anyway, then the lfile. has been updated
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with the new postfix solutions, so you should simply run the same sh gamit command

again.

NOTE: these positions are in geocentric coordinates, so you will have to convert

them to geodetic before making use of them. ‘tform’ can handle this for a small dataset,

otherwise you may want a script. A simple one is available at http://igppweb.ucsd.edu/ elind-

sey/computing.html.

A.3.10 Prepare input to GLOBK

To create plots showing the repeatability, and combine the solutions from all dates

for input into GLOBK, use sh glred. First:

> cp ˜/gg/example/2000/gsoln/*.cmd gsoln/

Edit glorg comb.cmd, change stab site line to

stab_site p479 p740 pin1 azry (or your list of CGPS sites)

Edit globk comb.cmd, uncomment line

apr_file ../tables/itrf2008.apr

(note, these must both have a leading space!) and comment out

# eq_file ../tables/regional.eq

Finally:

> sh_glred -s 2012 253 2012 256 -expt anza -opt H G E

(Note the different date format here, start (year, day) - end (year, day) rather than

specifying one year and each day.)

http://igppweb.ucsd.edu/~elindsey/computing.html
http://igppweb.ucsd.edu/~elindsey/computing.html
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A.4 Converting GAMIT baseline solutions into position

and velocity estimates with GLOBK

This section provides only a minimal example of how to use GLOBK to obtain

positions and velocities for a relatively small survey GPS network, as was done for the

Anza network in Chapter 3. For more complex cases, see the GLOBK manual, available

at http://www-gpsg.mit.edu/∼simon/gtgk/docs.htm.

Before starting: complete the daily processing for every occupation with GAMIT

as in section AA.3. Then cd to the directory above the year directories.

Copy files glorg comb.cmd and globk comb.cmd from gg/example/2000/gsoln

directory to gsoln/.

Edit glorg comb.cmd, change the stab site line to a list of your CGPS sites:

stab_site pin1 azry p479 p740

Note the leading space. All GLOBK command files use this syntax – a leading space is

required, or that line will be ignored as a comment. This needs repeating: any leading

character other than a space marks a line as a comment.

Edit glorg comb.cmd, uncomment line

apr_file ../tables/itrf2008.apr

and comment out, for example using an x, or any other non-space character:

x eq_file ../tables/regional.eq

Now, from one directory above the year dir., run sh glred:

> sh_glred -s 2012 253 2012 256 -expt anza -opt H G E

This gets the single-occupation repeatabilities for the survey in late 2012. Now, add to

globk comb.cmd:

http://www-gpsg.mit.edu/~simon/gtgk/docs.htm
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out_glb H------_anza.GLX

and run:

> sh_glred -s 2012 253 2012 256 ncomb 4 -expt anza -opt G

Create a vsoln/ directory (at the same level as the year directories). Copy *vel.cmd

files from /gg/example/vsoln/, edit apr, site names for stab site, remove eq file.

Get a list of all your glx files:

> ls ../????/glbf/h*glx > anza.gdl

To plot multi-year repeatabilities, run

> glred 6 globk_comb.prt globk_comb.log hw78.gdl globk_comb.cmd

The results are in the .org file, check that the chi2 increments are reasonable as each

file is added, and that the adjustments and uncertainties in the stabilization and position

estimates are good. See the GLOBK manual for more details on assessing the quality of

your solution. To look at the results:

> grep ’POS STAT’ globk_comb.org

Plot the coordinates using

> sh_plotcrd -f globk_comb.org -s long -res -o 1 -vert -col 1
-x 2011.0 2012.5

Note: depending on your gmtdefaults, you first need to call gmtset PAPER MEDIA

Custom 8.5ix12i, or part of the image will be cut off. An example of this figure is shown

in Figure A.1.

To get velocities, run

globk 6 globk_vel.prt globk_vel.log anza.gdl globk_vel.cmd

Results are in the .org file again, check for stability of the solution as before. Plot the

velocities using

> sh_plotvel -ps hw78 -f globk_vel.org -R243.6/244.3/33/33.35
-factor 0.5 -arrow_value 30 -page L
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Figure A.1: Example GLOBK solution for one site (TOME) with several occupations
in the 1990s and a single new occupation in 2012. Note that the velocity uncertainty we
obtain in this case (0.22 mm/yr) is comparable to that for a continuous GPS site.



Appendix B

Processing of InSAR data with

GMTSAR

GMTSAR is an open-source SAR and InSAR processing library available from

http://topex.ucsd.edu/gmtsar/. It is based on the open-source mapping and data analysis

software GMT, available from http://gmt.soest.hawaii.edu/.

The instructions below provide an example of how to process Envisat data,

beginning from raw data and ending with a set of unwrapped interferograms that

may then be input to a variety of stacking or timeseries algorithms, such as GIAnT

(http://earthdef.caltech.edu/projects/giant/wiki) or CANDIES (). In the sections below,

commands to be entered on the Linux command line are formatted with a “>” in front.

B.1 Pre-processing the raw data

These instructions assume you have already obtained your set of raw data. These

may be from UNAVCO, WINSAR, or another source. Begin by placing them in a

directory titled “raw/” (all lower case). CD to this directory to start.
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http://topex.ucsd.edu/gmtsar/
http://gmt.soest.hawaii.edu/
http://earthdef.caltech.edu/projects/giant/wiki
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B.1.1 Create the input file

Create the file ’data.in’ file with the stem names of every raw file. eg: ls *baq

> data.in, then edit data.in and remove the .baq suffix from every line. it should look

like this:

ENV1_2_356_0000_21953
ENV1_2_356_0000_06923
ENV1_2_356_0000_09428
...

You need to put the master first; the rest of the images can be in any order. For this

example for Track 356 over Southern California, the master I used is 21953; in general

you want to choose an image that has a perpendicular baseline close to the average, and

that was acquired roughly in the middle of the timespan of your images.

B.1.2 Run pre proc batch.csh
nohup pre_proc_batch.csh ENVI data.in batch.config >&

log_pre_proc.txt &

This step takes an hour or two. Note, it’s ok that batch.config does not exist although you

use it as an argument. This was left over from an older version of GMTSAR.

Optional: Look at the baseline plot, choose a different master, then delete every-

thing except the raw data files and ‘data.in’, then re-run this step.

B.2 Alignment of images

The only part where you have to think (a little).

> cd ..

Now you are in the directory containing the raw/ directory.
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B.2.1 Create the input file

Create the file ‘align.in’ with format master:slave:supermaster. This file should

have 1 line less than the data.in file you created earlier (the master image doesn’t need

its own line). There is a detailed description of how to set this up in the GMTSAR

manual; the general idea is to use the supermaster also as the master for as many images

as possible, but for those that have a huge baseline relative to the master, you have to pick

a different master. The supermaster is the same for every line, and matches the master

you chose for ‘data.in’ above.

For example: in the lines below, 21953 is the supermaster, and in the first line it

is also used as the master to align image 13937. Image 10931 was too far from 21953 to

be aligned directly to it, so we use 13937 as the master for that one (21953 is still the

supermaster, and should remain the supermaster in all subsequent lines). Note that 13937

has to appear in a line as a slave before we can use it as a master. It wouldn’t work if we

switched these two lines.

ENV1_2_356_0000_21953:ENV1_2_356_0000_13937:ENV1_2_356_0000_21953
ENV1_2_356_0000_13937:ENV1_2_356_0000_10931:ENV1_2_356_0000_21953

B.2.2 Run align batch.csh
> nohup align_batch.csh ENVI align.in >& log_align.txt &

Run this overnight – takes about 10-30 minutes per image, or longer depending on the

size.

B.3 Making the interferograms

B.3.1 DEM preparation

First, get your DEM.
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> mkdir topo/

Place a file called ‘dem.grd’ in the topo/ directory, that covers your whole image area.

You can make this however you like; There is a script on firkin to do it, or you can go

to http://topex.ucsd.edu/gmtsar/demgen/, or you can download individual SRTM1 tiles

from earthexplorer.usgs.gov in geotiff format and convert them yourself. All methods are

valid, you just need an accurate DEM titled ‘dem.grd’ located in the topo/ directory.

Note: do not place any other files besides ‘dem.grd’ in topo/ because they will be

deleted. Many a well-written script or dataset has been lost this way!

B.3.2 Initial interferogram

We will first run a a single initial interferogram. This makes sure everything is

working, and computes the geocoding geometry which is a slow step but only needs to

be done once.

Create the configuration file ‘intf.initial.config’ and set appropriate parameters.

The default config file is found in your GMTSAR install directory under gmtsar/c-

sh/intf.config. The only things you should need to change are the name of the master

namestem (eg. ENV1 2 356 0000 21953), and set thereshold snaphu = 0.

Create ‘intf.initial.in’ with a single line containing any two images, in the format

date1:date2.

ENV1_2_356_0000_09428:ENV1_2_356_0000_21953

Then run:

> intf_batch.csh ENVI intf.initial.in intf.initial.config

This takes about half an hour, since intf.initial.config has the unwrapping turned off

(threshold snaphu = 0)

http://topex.ucsd.edu/gmtsar/demgen/
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B.3.3 Batch processing

Now create the files ‘intf.in’ and ‘intf.batch.config’. intf.in contains a list of all

interferograms you wish to make, e.g.

ENV1_2_356_0000_09428:ENV1_2_356_0000_21953
ENV1_2_356_0000_13937:ENV1_2_356_0000_21953
...

This file may have several hundred lines. You should ensure that the earlier image comes

first on every line. GMTSAR does not check to make sure this is done consistently, it’s

up to you. You can create this file however you like; a script might be a good idea.

intf.batch.config is similar to intf.initial.config, but we will set threshold snaphu

to a non-zero value (0.15 is a good starting choice).

We must also decide on a cropping region based on the interferogram you just

ran. Look at phasefilt.ps, or unwrap.ps (in radar coordinates) and decide on some bounds

to use. You may want to unwrap only a small part of the image, or the whole thing. For

ERS and ENVISAT, even if you want to unwrap the whole thing you should crop ∼200

columns from the range direction on either side because they are always decorrelated and

lead to unwrapping errors. For example, here is a case where the image dimensions were

0/6144/0/39200:

region_cut = 200/5950/0/39200

Now we run all the interferograms. There are several options for this. GMTSAR

is normally intended to be used by simply running:

> nohup intf_batch.csh ENVI intf.in intf.batch.config >&
log_intf.txt &

However, this could take several months to run on a large dataset, since each

interferogram will be run one at a time in the order of the lines in intf.in.

One improvement is to replace the call to the command ‘snaphu.csh’ found in

in ‘intf batch.csh’ by ‘snaphu interp.csh’. This uses a nearest-neighbor interpolation
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method to mask decorrelated areas before unwrapping, which dramatically speeds the

unwrapping stage and helps reduce unwrapping errors. This may be the default in future

versions of GMTSAR.

The best way to speed up your processing is to parallelize it, with a method such

as ‘run parallel.py’ (printed below) which can run concurrently on as many CPUs as you

like. It requires python but only depends on the default libraries.

B.3.4 run parallel.py

#!/usr/local/bin/python

import multiprocessing as mp
import subprocess
import os.path
import numpy as np
import timeit

def run_intf(args):
intf , config , SAT = args
intf_nocolon=intf.replace(’:’,’_’)
#currently only for envisat
fin= ’logs_intf/intf_%s.in’ % intf_nocolon
fout= ’logs_intf/log_intf_%s.out’ % intf_nocolon
f=open(fin,’w’)
f.write(intf + ’\n’)
f.close()
start_time = timeit.default_timer()
with open(fout ,’w’) as outfile:

my_cmd=’echo intf_batch.csh %s %s %s ’ %(SAT,fin,
config)

subprocess.call(my_cmd , shell=True , stdout=outfile
, stderr=outfile)

my_cmd=’intf_batch.csh %s %s %s ’ %(SAT,fin,config
)

subprocess.call(my_cmd , shell=True , stdout=outfile
, stderr=outfile)

elapsed = timeit.default_timer() - start_time



148

print "ran %s, total time %s" %(intf ,elapsed)

if __name__ == ’__main__ ’:
#(eventually) read command line arguments
intf_infile=’intf_new.in’
intf_config=’intf.batch.config ’
SAT=’ENVI ’

numprocesses=8

# load interferogram list
if os.path.isfile(intf_infile):

intfs=np.genfromtxt(intf_infile ,dtype=’str ’)
else:

print ’did not find intf list!’
exit()

#make log directory
subprocess.call(’mkdir logs_intf ’, shell=True)

#create iterable list of interferograms , pass to the
Pool , and run

# eventually , would like to add a timeout
functionality... but it turns out to be hard

args = ((intf , intf_config , SAT) for intf in intfs)
pool = mp.Pool(processes=numprocesses)
pool.map_async(run_intf , args)
pool.close()
pool.join()

## END ##
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