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Geodetic Evidence for a Blind Fault Segment at the Southern
End of the San Jacinto Fault Zone
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Tnstitute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University of California, San Diego,
La Jolla, CA, USA

Abstract The San Jacinto Fault (SJF) splits into several active branches southeast of Anza, including
the Clark fault and the Coyote Creek fault. The Clark fault, originally believed to terminate at the southern
tip of the Santa Rosa Mountains, was suggested to extend further to the southeast to a junction with the
Superstition Hills fault based on space geodetic observations and geologic mapping. We present new
interferometric synthetic aperture radar and GPS data that confirm high deformation rates along the
southeastern extent of the Clark fault. We derive maps of horizontal and vertical average velocities by
combining data from the ascending and descending satellite orbits with an additional constraint provided
by the azimuth of the horizontal component of secular velocities from GPS data. The resulting
high-resolution surface velocities are differentiated to obtain a map of maximum shear strain rate.

Joint inversions of INSAR and GPS data suggest that the hypothesized blind segment of the Clark fault
and the Coyote Creek fault have slip rates of 13+3 mm/yr and 5+4 mm/yr, respectively. The blind
southern segment of the Clark fault thus appears to be the main active strand of the SJF, posing a currently
unrecognized seismic hazard.

1. Introduction

The San Jacinto Fault is the most seismically active fault in Southern California, accommodating a large fraction
of the relative motion between the North American and Pacific plates. At its southern end, the San Jacinto
Fault (SJF) splits into several active strands, including the Clark fault, the Buck Ridge fault, and the Coyote Creek
fault (Figure 1). The Clark fault was thought to terminate at the southern tip of the Santa Rosa Mountains,
and the Coyote Creek fault was recognized as the only active strand of the SJF further to the south (Jennings,
1994). However, interferometric synthetic aperture radar (InSAR) studies identified a zone of high gradients
in the line-of-sight (LOS) velocity to the east of the Coyote Creek fault (CCF) in the San Felipe hills and further
to the southeast, suggesting the presence of an unrecognized active fault structure (Fialko, 2006; Lindsey &
Fialko, 2013). This inference is supported by a localized zone of seismicity (Hauksson et al., 2012) coincidental
with the high LOS velocity gradients east of the CCF. Furthermore, Janecke et al. (2010) found a zone of active
surface faulting and folding across an approximately 15 km wide zone in San Felipe Hills, southeast of the
Santa Rosa Mountains, and estimated a minimum slip rate in excess of 10 mm/yr on the Clark fault in this
region. Farther south, Thornock (2013) presented evidence in support of a blind continuation of the Clark fault
based on geologic mapping, structural analysis, and published geophysical data sets.

In this study, we present new InSAR and Global Positioning System (GPS) data that confirm high deformation
rates to the east of the Coyote Creek branch, consistent with a blind extension of the Clark fault to the south of
the San Felipe hills, as suggested by Fialko (2006), Thornock (2013), and Lindsey and Fialko (2013). We combine
InSAR and GPS data in a joint inversion to evaluate the slip partitioning on the CCF, the San Andreas fault, and
the proposed blind segment of the Clark fault.

2, Data Analysis

2.1. InSAR Data

Previous InSAR studies of surface deformation in our area of interest (Figure 1) have analyzed data collected
by the European Remote Sensing satellites (ERS-1/2) over a time period between 1992 and 2006 (Fialko, 2006;
Lundgren et al., 2009; Manzo et al., 2012). Because most of the ERS data were collected from a single line of
sight corresponding to a descending satellite orbit, they cannot uniquely characterize interseismic deformation
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Figure 1. (a) Map of the study area, with seismicity (Hauksson et al., 2012) shown as green points, faults delineated in
black (Jennings & Bryant, 2010). (b) Regional map, with our study area outlined by a red rectangle.

if both vertical and horizontal motions contribute to the LOS velocities. To mitigate this limitation, a combina-
tion of data from two or more lines of sight can be used for the separate estimation of horizontal and vertical
displacements (Fialko et al., 2002, 2005, 2001; Lindsey & Fialko, 2016; Lindsey, Fialko, et al., 2014; Wright et al.,
2004). In this study, we used data collected by the Envisat satellite between the years 2002 and 2010 from
both ascending and descending orbits.

We processed Envisat ASAR data from ascending and descending tracks 77 and 356 covering the southern
San Jacinto Fault Zone (Figure 2). We used 36 scenes from descending track 356 to form a total of 175 interfer-
ograms, subject to the constraint that the perpendicular baseline for each pair should be less than 300 m, in
order to minimize the effects of digital elevation model errors and decorrelation of the radar phase. From these
175 pairs, we discarded seven interferograms that exhibited poor correlation in our area of interest, par-
ticularly in the vicinity of the Coyote Creek fault. We used 34 scenes from ascending track 77 to form 153
interferograms subject to the same maximum perpendicular baseline constraint (<300 m) and discarded
45 pairs with poor correlation. The resulting data set included 168 interferograms for track 356 and 108
interferograms for track 77 (see Figure S1 of the supporting information).

We processed the interferograms using the GMTSAR software (Sandwell et al., 2011). All interferograms were
visually checked for unwrapping errors. We estimated atmospheric delays and orbital errors using the Code
for Atmospheric Noise Depression through Iterative Stacking (Tymofyeyeva & Fialko, 2015). The atmospheric
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Figure 2. (a) Line-of-sight velocities from ascending track 77, in mm/yr. (b) Line-of-sight velocities from descending
track 356, in mm/yr. (c) Horizontal azimuths from continuous and campaign GPS measurements. (d) Velocities in the
fault-parallel direction from a combination of the data shown in Figures 2a-2c. Continuous GPS locations and velocities
are plotted as purple arrows, with uncertainties denoted by purple ellipses at the arrow tips. Pink arrows with the
corresponding error ellipses indicate the velocities and uncertainties of campaign GPS benchmarks along Highway 78,
surveyed in 2012-2014 and 2016. Blue arrows with blue error ellipses are the velocities and uncertainties of campaign
stations that are part of the updated Crustal Motion Map (Shen, Z-K, personal communication, 2016). White rectangle
denotes a profile across active faults used in modeling (Figure 5). (e) Vertical velocities from the combination of InSAR
and GPS data. Faults are plotted in black (Jennings & Bryant, 2010).

and orbital artifacts were removed from interferograms prior to computing average line-of-sight velocities
and time series of displacements. On average, the atmospheric correction reduced the variance in each inter-
ferogram by about 67% (examples of interferograms before and after atmospheric correction are provided in
supporting information Figure S2). We computed the average LOS velocities by first calculating time series of
cumulative displacements for each InSAR pixel using the Small Baseline Subset (SBAS) approach (Berardino
et al,, 2002; Schmidt & Birgmann, 2003), then fitting a smoothing spline to the time series for each pixel,
and dividing the difference in displacements between the endpoints of the spline by the corresponding time
span. To correct the data for residual large-wavelength artifacts (Ding et al., 2008) and the systematic local
oscillator drift (Marinkovic & Larsen, 2013), we constrained the InSAR data to agree with the GPS velocity
field at large (>70 km) spatial wavelengths following the “SURF” remove-restore method (Tong et al., 2013).
After interpolating the horizontal GPS velocities to match the spatial resolution of the INSAR measurements,
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and projecting the GPS velocities into each InSAR line of sight, we calculated the difference between the
InSAR and GPS velocities for each track. We fitted and removed a smoothing spline from the INSAR-GPS dif-
ference and added the residual back to the interpolated GPS velocities. The regularization parameter of the
spline was chosen to fit spatial wavelengths on the order of approximately 100 km. The resulting average LOS
velocities are shown in Figures 2a and 2b.

2.2. Continuous and Campaign GPS Data

We used secular velocities from continuous GPS sites provided in the most recent version of the Southern
California Earthquake Center Crustal Motion Map (SCEC CMM) (Shen, Z-K, Personal Communication, 2016).
The average spacing between continuous GPS sites is on the order of 10 km, which is insufficient to resolve
details of interseismic deformation. We therefore supplemented the continuous GPS data in proximity to
the southern section of the San Jacinto fault with campaign GPS surveys of an array of benchmarks along
Highway 78, which crosses the southern SJF zone (Figure S3 of the supporting information). We conducted
four campaigns in the spring of the years 2012-2014 and 2016. Most sites were occupied for 4-10 h at a
sampling interval of 30 s. In each survey, at least one site in the middle of the array was occupied during the
entire campaign (24 + 1 h) and used as a base station. Some of the sites had been occupied in earlier surveys,
specifically Sites 1109 and 1110 with legacy data available from the years 2000 and 2004. We obtained RINEX
datafiles corresponding to these occupations from the Southern California Earthquake Data Center and incor-
porated them in our analysis. To stabilize our solution and tie it to a global reference frame, we used the
data from 17 nearby continuous stations, with 30 s measurements collected at the same time as our surveys.
We processed the survey data using the GAMIT/GLOBK software (Herring et al., 2010). We used GAMIT to
obtain daily positions, and GLOBK to combine them into survey averages and time series, from which we com-
puted secular velocities in the North American reference frame. The locations and position time series for each
of the 12 campaign stations are shown in supporting information Figures S3 and S4.

We also used campaign GPS velocities from the SCEC CMM database for sites within a 20 km wide swath
across the southern SJF zone (shown as pink arrows in Figure 2d). We projected the resulting campaign
and continuous GPS velocities from the fixed North American reference frame to the strike direction of the
San Jacinto Fault (approximately 45° NW), to obtain the fault-parallel component of motion.

2.3. Three-Component Interseismic Velocities From InSAR and GPS

SAR data from two lines of sight allow retrieval of two components of the displacement or velocity vectors
(Fialko et al.,, 2002; Wright et al., 2004). A third constraint is necessary to obtain a complete (three component)
measure of surface motion (Fialko et al., 2001, 2005). In special cases, such as that of a geometrically simple
transform fault, one can assume that displacements are mostly parallel to the fault strike (Lindsey & Fialko,
2016; Lindsey, Fialko, et al., 2014). However, this assumption may not be appropriate in tectonically com-
plex areas with multiple active faults. In the presence of a reasonably dense GPS network, one can use the
azimuth of horizontal velocities measured by GPS to complement the InSAR data collected from ascending
and descending satellite orbits. To accommodate the difference in spatial resolution between the InSAR and
GPS measurements, we interpolated between the east and north components of secular GPS velocities for
every InSAR pixel using the natural nearest neighbor algorithm. We used the resulting interpolated GPS veloc-
ities to compute the local azimuth of the horizontal component of the velocity vector, describing the direction
of motion at every point relative to north:

_, { GPSg;
a; = tan Py, (1)

where a; is the local horizontal azimuth at a given InSAR pixel, and GPS,,; and GPS;; are the interpolated north
and east GPS velocities, respectively. Figure 2c shows the interpolated azimuth of the horizontal GPS velocities.

By combining interpolated horizontal azimuths with mean LOS velocities from the ascending and descending
satellite tracks, one can solve for the magnitude of the horizontal and vertical velocities,

e, sin(a) + n, cos(a) ua] [v,_,] _ [va] @)

ey sin(a) + ny cos(a) uy | [ vy V4

where v, and vy, are horizontal and vertical surface velocity components, e, n, and u are east, north, and up
components of the unit look vectors for the ascending and descending satellite tracks (taking into account
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Figure 3. (a) Maximum shear strain rates, obtained from regularized differentiation of the horizontal velocity data.
The green rectangle outlines the profile across the faults, and the selected data points from the profile are shown in
the next panels. (b) Top panel shows the strain rate data selected from within the same area as the profile in Figure 3a.
The vertical red lines show the locations of each of the modeled faults at depth. The bottom panel shows the cross
section with seismicity denoted by black dots (Hauksson et al., 2012).

variations in incidence angle), a is the local azimuth computed using equation (1), and v, and v, are InSAR
LOS velocities from the ascending and descending tracks, respectively.

The fault-parallel component of the horizontal velocity can be calculated as follows:

Ve = vy [sin(¢) sin(a) + cos(¢) cos(a)] (3)

where v; is the velocity in the direction parallel to the fault slip, and ¢ is the fault strike. The computed
fault-parallel and vertical velocities are shown in Figures 2d and 2e. We calculated uncertainties for the LOS
velocities from each track using a bootstrapping approach and propagated them through the 3-D decom-
position described above. The procedure for estimating the uncertainties is described in the supporting
information, and the resulting fault-parallel and vertical velocity uncertainties are shown in Figure S5.

2.4. Strain Rates

High-resolution spatially continuous maps of horizontal velocities can be used to compute strain rates by
taking directional derivatives of the velocity data. Strain rates are of interest because they provide a more
direct measure of interseismic stress accumulation, and, ultimately, seismic hazard, compared to velocity data.
However, numerical differentiation of noisy data is known to be an ill-posed problem. To suppress amplifica-
tion of high-frequency noise, we computed spatial derivatives of horizontal velocities using the total-variance
regularization technique (Chartrand, 2011). The advantage of this method over other kinds of regularization
(e.g., Cullum, 1971) is that it does not impose a continuity constraint on the computed derivative but rather
penalizes total variance. This allows for the recovery of discontinuous features in the velocity gradients, such
as those associated with shallow fault creep. We computed the regularized directional derivatives of the north
and east velocities and combined them to calculate the maximum shear strain rate, €.,

2 2
o= (2 2) (22 @
2 ON  OF O0E  oN
The strain rates that resulted from the regularized differentiation as described above are shown in Figure 3.
We adjusted the total-variance regularization parameter to recover both smooth and discontinuous fea-
tures. In supporting information Figure S7a we show the maximum shear strain rate computed with no
regularization, in which case the signal is almost entirely concealed in the high-frequency noise. Choosing

a weak regularization parameter (supporting information Figure S7b) results in the recovery of sharper
velocity gradients but also a considerable amount of noise. On the other hand, an overregularized solution
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(supporting information Figure S7c) recovers a large-wavelength pattern of deformation but is affected by
artifacts at the boundaries of the domain.

3. Inversions of INSAR and GPS Data

We combined InSAR and GPS data in a joint inversion to quantify the deformation across the San Jacinto
and San Andreas fault zones and to evaluate the slip partitioning on the Coyote Creek and the hypothesized
blind strand of the San Jacinto fault. GPS measurements alone provide robust estimates of far-field motion
but may be too sparse in the near field to accurately estimate slip rates and locking depths across a system
of subparallel faults. Meanwhile, INSAR measurements offer good near-field coverage, but do not extend far
enough to provide a full representation of the surface velocities across the plate boundary, and furthermore
may not be robust at large spatial wavelengths (Li et al., 2007). A combination of these two complemen-
tary data sets ensures that both near-field and far-field deformation are taken into account when estimating
fault parameters.

Similarly to previous studies (Lindsey & Fialko, 2013; Lindsey, Sahakian, et al., 2014), we used a Bayesian Markov
Chain algorithm known as Slice sampling (Neal, 2003) to invert for the fault slip rates and locking depths of
each fault. Our preferred model is the mean of a large number of walks. The posterior probability density
functions are illustrated in supporting information Figure S8.

We weighted the GPS velocities based on reported accuracies and assumed no prior knowledge of the struc-
ture and magnitude of the InSAR noise. When combining the GPS and InSAR data for the joint inversion,
we weighted the two data sets in such a way that each would contribute equally to the misfit (e.g., Wang &
Fialko, 2014).

3.1. Two-Dimensional Fault Model Setup and Parameters

To quantify the slip partitioning in the southern San Jacinto fault zone, we started with a two-dimensional
fault model. We represented the faults in our study area as semiinfinite screw dislocations in a homogeneous
elastic half-space, for which the surface velocities can be expressed as follows:

v= ;% tan™' (%) (5)

where v is the fault-parallel surface velocity, $; is the slip rate of the ith dislocation, x is the fault-perpendicular
spatial coordinate, ¢; is the horizontal position of the dislocation edge, and d; is the locking depth below which
dislocation i is allowed to slip.

The assumed position of each dislocation at depth, &;, has a significant impact on estimating slip partitioning
between closely spaced faults (Lindsey & Fialko, 2013). We constrained the locations of the Elsinore, CCF, Clark,
and SAF faults based on seismicity, mapped surface traces, and peaks in strain rates.

Because the hypothesized extension of the Clark fault has no mapped trace, we assumed the fault position
based on the location of the strain rate anomaly (see Figures 1 and 3).

Previous studies have suggested that the southern San Andreas fault may be dipping to the northeast by
60-70° (Fialko, 2006; Fuis et al., 2012; Lindsey & Fialko, 2013; Lin et al., 2007). Our models take into account
the nonvertical fault geometries by using the local seismicity (rather than the surface fault traces) to define
the position of the dislocation edge at the bottom of the seismogenic zone. Note that for a buried semiinfinite
dislocation in an elastic half-space, the deformation at the surface depends only on the position of the dislo-
cation edge at depth (see equation (5)), and not on the dip angle of the dislocation. A dipping fault geometry
results in a horizontal offset of the dislocation edge with respect to the surface trace, in the direction of the
dip, by an amount that is proportional to the dip angle and the locking depth. For a given location of the dis-
location edge, the inversion results (i.e., inferred slip rates and locking depths) are independent of the dip of
a buried semiinfinite dislocation. Therefore, we used vertical dislocations to model interseismic deformation
due to all faults in our study area.

Based on the distribution of seismicity, we assumed that the locking depth of the San Andreas faultis 11 km.
The Southern SAF is also associated with shallow creep at a rate of 1-3 mm/yr (Lindsey, Fialko, et al., 2014;
Sieh & Williams, 1990). Because shallow creep presumably releases stresses due to interseismic loading, we
model it as a stress-free crack that extends from the surface to depth of 3 km at the same dip angle as the rest
of the fault. We computed the Green functions for the coupled system of a deep dislocation and a shallow
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Figure 4. Results of synthetic tests, with the true and recovered parameters summarized in Table 1. Blue circles with
error bars are synthetic cGPS data; gray points correspond to synthetic INSAR data with added atmospheric noise.

The true input model is plotted as a dashed black line, and the recovered model is the solid red line. Vertical dashed
lines indicate the positions of the dislocations representing active faults (F1, F2, and F3 closely resembling the locations
of the Coyote Creek, Clark, and San Andreas faults, respectively).

stress-free crack using a boundary element code DIS3D (Fialko & Rubin, 1999; Rubin, 1992). This ensures that
the shallow creep rate varies in proportion to the long-term fault slip rate to be determined as part of the
inversion. The respective Green functions for the southern San Andreas fault were superposed with those for
the Elsinore, Coyote Creek, and Clark faults (equation (5)).

3.2. Synthetic Tests

We performed several synthetic tests to investigate whether a joint inversion of InSAR and GPS data would
allow for the accurate recovery of fault parameters for relatively closely spaced subparallel faults. We created a
synthetic velocity profile across a hypothetical active fault zone similar to that in our area of interest by placing
three dislocations at approximately the same locations along the profile where the traces of the Coyote Creek,
Clark, and San Andreas faults would be found in real data. In order to accurately represent the limitations of the
InSAR and GPS data sets, we added random noise to the GPS measurements and simulated noise in the INSAR
data by using a stack of atmospheric phase maps obtained from the analysis of Envisat data from Southern
California (Tymofyeyeva & Fialko, 2015). We inverted the synthetic INSAR and GPS data sets separately and
jointly, solving for fault slip rates and locking depths on the three dislocations. We explored different modeling
scenarios by varying the unknown parameters in the inversions, to establish which of the parameters could
be robustly recovered from InSAR and GPS surface velocity measurements separately, as well as from their
combination. We began by assuming that all three locking depths and two of the slip rates were known and
solved for the remaining slip rate; then we attempted to solve for all three slip rates, letting the locking depths
remain fixed. Finally, we solved for all six parameters—a slip rate and locking depth for each of the three faults.
In all of the tests, we assumed that the horizontal locations of the faults were known.

Figure 4 shows the results of our synthetic tests, with the recovered velocities and locking depths for each
of the tests listed in Table 1. Each of the panels in Figure 4 shows the synthetic data profile across a shear
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Table 1
Results of Synthetic Tests Shown in Figure 4
One slip rate (F2) All slip rates (F1, F2, and F3) Alls$and d
10 + 2 mm/yr
8 + 2 mm/yr
11 +2mm/yr 19 + 4 mm/yr
cGPS only 12 + 0.3 mm/yr 5+ 2 mm/yr 14 + 2 km
20 + 0.3 mm/yr 11 +3km
14 + 0.4 km
8 +£ 3 mm/yr
10 + 5 mm/yr
9 + 2 mm/yr 19 + 2 mm/yr
InSAR only 11 + 0.4 mm/yr 6 + 3 mm/yr 9+ 5km
21 +0.9 mm/yr 18 +7 km
10+ 2 km
6 + 3 mm/yr
13 + 4 mm/yr
6 + 2 mm/yr 18 + 0.7 mm/yr
Joint 12 + 0.1 mm/yr 12 + 3 mm/yr 11 +7km
18 + 0.4 mm/yr 10 + 4 km
14 + 0.7 km
6.0 mm/yr
12.0 mm/yr
6.0 mm/yr 18.0 mm/yr
True 12.0 mm/yr 12.0 mm/yr 10.0 km
18.0 mm/yr 11.0 km
12.0 km

zone (blue dots with error bars correspond to GPS data, and gray dots to InSAR data), the known input model
(plotted as a black dashed line), and the recovered model (a solid red line). The three faults are marked in each
of the panels as vertical dashed lines at their locations along the profile. The faults F1, F2, and F3 correspond
to the dislocations at the locations of the Coyote Creek, Clark, and San Andreas faults, respectively.

The first column of Figure 4 shows the results of our first synthetic test, where we assume that the only
unknown parameter is the slip rate for F2, whose location corresponds to that of the Clark fault (Figure 5).
In this example, the slip rates for faults F1 and F3, as well as the locking depths for all three faults, are assumed
to be known. As shown in the first column of Table 1, GPS and InSAR data, both combined and separate, do
an adequate job of recovering the unknown slip rate. Next, we show the results of an inversion where only
the locking depths of the three dislocations are known, and the slip rates are recovered from the inversion
(middle column of Figure 4 and Table 1). In this case, results of an inversion using InSAR data only are biased
by the spatially correlated noise due to residual atmospheric phase delays. Finally, inversions in which all the
slip rates and locking depths are left as free parameters (last column of Table 1 and Figure 4) exhibit a reduc-
tion in precision of the recovered slip rates and locking depths. This is expected, due to trade-offs between
the model parameters. Nevertheless, the results of the joint inversion are in a reasonable agreement with the
input parameters.

We inverted the data from our 1-D profile of InSAR and GPS velocities (Figure 2d) using a procedure similar to
that of our synthetic tests. We first assumed values for all parameters in the inversion except the slip rate on the
blind extension of the Clark fault, then solved for three unknown slip rates corresponding to the Coyote Creek,
Clark, and San Andreas faults while keeping the locking depths fixed, and finally inverted for the slip rates for
all three faults and locking depths for the Clark and Coyote Creek faults. When solving only for the slip rate on
the Clark fault, we assumed slip rates of 5 mm/yr for the Coyote Creek fault (Janecke et al., 2010; Petersen &
Wesnousky, 1994), and 17 mm/yr for the San Andreas fault (Lindsey & Fialko, 2013; Van Der Woerd et al., 2006).
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Figure 5. (a) InSAR and GPS profile across the Elsinore, Coyote Creek, and San Andreas fault zones. The gray dots
represent fault-parallel InSAR velocities; the blue and green circles represent continuous and campaign GPS velocities
from the updated Crustal Motion Map (Shen, Z-K, personal communication, 2016), while the red points are measurements
from our campaign survey. An elevation profile is plotted in blue. (b) The same profile, zoomed in on the near-field GPS
and InSAR measurements. The faults that were included in the model are plotted as blue and red dashed lines.

We assumed a locking depth of 12 km for both the Coyote Creek and the Clark faults, and 11 km for the
San Andreas fault, based on the depth extent of seismicity (Figure 3). These values are in general agreement
with those reported in a previous study (Lindsey & Fialko, 2013). Although our joint GPS and InSAR profile
includes the Elsinore fault, we did not attempt to solve for its slip rate and locking depth; instead, we fixed
these parameters at 3 mm/yr and 15 km, respectively.

3.3. Three-Dimensional Fault Model

The geometric complexity of the faults in our study area may not be adequately accommodated by a 2-D
model. In particular, the InSAR and GPS velocity profile inside the white rectangle in Figure 2d includes a
portion of the San Andreas fault where slip is transferred from the Coachella segment to the Brawley Seismic
Zone, and the fault may be undergoing a change in both strike and dip. We therefore constructed a three-
dimensional fault model that allows for changes in geometry between different segments.

We modeled each fault in our area as a vertical dislocation in an elastic half-space and assumed the locations
and locking depths of each fault based on local microseismicity (since the latter is likely a more accurate indi-
cator of a fault position at depth than the surface trace), as shown in Figure 6a. Each dislocation extends from
the assumed locking depth to a large enough depth to approximate a semiinfinite dislocation (10,000 km
downdip in our models). The Green functions were computed using the DIS3D code. Individual segments for
which slip rates were assumed or solved for are shown by color lines in Figure 6a. Dislocations at the north and
south ends of the modeled fault network have along-strike dimensions of 50,000 km to avoid edge effects.
We inverted the InSAR and GPS data from the velocity profile outlined by the white rectangle in Figure 2d,
solving for the slip rates on the Coachella and Brawley section of the southern San Andreas fault, the Coyote
Creek, Clark, and Superstition Hills faults. In these inversions, we constrained the slip rates to be equal on the
Coachella and Brawley segments, and the Clark and Superstition Hills segments.

4, Results

4.1. Surface Velocities and Strain Rates

The use of horizontal velocities (Figure 2d) in inversions for fault slip rates has advantages over the use of
original LOS velocities (Figures 2a and 2b), as the latter can be affected by vertical motions (e.g., due to water
pumping) and consequently bias the inversion results. The LOS velocities in the study area do show several
localized zones of increases in radar range, most likely corresponding to subsidence. The respective anomalies
are clearly seen in the vertical velocity field (Figure 2e) but are absent in the horizontal velocities (Figure 2d).
We have compared the vertical velocities obtained using the method described in section 2.3 to vertical veloc-
ities from continuous GPS data. Note that vertical GPS velocities were not used to derive results shown in
Figure 2e and therefore provide an independent measure of the solution accuracy. We used vertical velocities
from 31 continuous GPS stations within the study area (Blewitt et al., 2016). A comparison of the GPS and
InSAR-derived vertical velocities is shown in Figure S6 of the supporting information. The root-mean-square of
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Figure 6. Results from 3-D inversion of data. (a) The 3-D model setup. Color lines denote dislocations used to
approximate faults at depth. The slip rate can vary between any of the colored segments but remains constant on
any individual segment. Labels: CL = Clark fault, SSAF = southern San Andreas Fault, BSZ = Brawley Seismic Zone,
IM = Imperial fault, SH = Superstition Hills fault, CCF = Coyote Creek Fault, and ELS = Elsinore fault. (b) A summary
of the assumed (black) and recovered (red) parameters in the 3-D model. The abbreviated names of each segment
correspond to the labels on the map. (c) The results of the inversion of a profile across the SJF-SAF zone.

the difference between the vertical velocities estimated using our method and measured by GPS is 1.5 mm/yr,
on the order of typical errors in the GPS solutions for a vertical component of velocity.

The maximum shear strain rate, computed by differentiating the horizontal velocity field as described in
section 2.4, reveals localized deformation along known active faults (see Figure 3). Some of these faults
are associated with shallow creep, for example, the southern San Andreas and the Superstition Hills faults
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Figure 7. Results of the data inversion, with recovered parameters summarized in Table 2. Blue circles with error bars
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are GPS data, gray points are fault-parallel InSAR velocities, and the solid red line is the recovered model. In all three
iterations of the inversion, we assumed a slip rate of 3 mm/yr and a locking depth of 15 km for the Elsinore fault.

(a) The only unknown parameter is the slip rate on the buried segment of the Clark fault, with slip rates of 5 mm/yr
and 18 mm/yr assumed for the Coyote Creek and San Andreas faults, respectively, and locking depths of 12 km on
the Coyote Creek and Clark strands, and 10 km on the San Andreas fault. (b) We solved for the slip rates on the Coyote

Creek, Clark, and San Andreas faults, assuming the same locking depths as before. (c) We solved for the slip rates for
all three faults and locking depths for the Coyote Creek and Clark faults. Far-field GPS measurements are included in

all inversions but are not shown in the plots to make it easier to see the model fit to near-field data.
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Table 2
Results From 2-D Joint Inversion of Real GPS and InSAR Data
One slip rate All slip rates sandd
6.0 + 3 mm/yr (CCF)
5.3 + 3 mm/yr (CCF) 10.5 + 4 mm/yr (Clark)
Joint 13.8 + 0.8 mm/yr (Clark) 13.6 + 3 mm/yr (Clark) 19.5 + 1 mm/yr (SAF)
17.9 + 0.8 mm/yr (SAF) 6.6 + 3 km (CCF)

12.0 + 2 km (Clark)

(Lindsey, Fialko, et al., 2014; Lyons & Sandwell, 2003; Wei et al., 2009), which may contribute to high apparent
strain rates at small spatial wavelengths on the order of pixel size (<1 km). However, the computed strain rate
anomalies are sufficiently broad to indicate interseismic deformation within the locked seismogenic layer.
We note that the spatial pattern and location of the deformation zone at the southern end of the San Jacinto
fault lend support to the hypothesized active blind segment that connects the Clark fault to the Superstition
Hills fault (Figure 3). This interpretation is further supported by a localized lineament of seismicity extending
to the southwest from the southern tip of the mapped trace of the Clark fault (Figure 1a).

4.2. Slip Partitioning on the Southern San Jacinto Fault

The results of our inversions using two-dimensional fault models (Figure 7 and Table 2) indicate that the
recovered fault parameters remain fairly consistent as we increase the number of degrees of freedom in the
model. However, increases in the number of degrees of freedom result in increased uncertainties due to strong
trade-offs between the model parameters. Our preferred models suggest that the slip rate on the Coyote Creek
fault is approximately 4-6 mm/yr, while the blind segment of the Clark Fault takes up about 11-13 mm/yr,
and the southern San Andreas Fault has a slip rate at around 18 mm/yr. These slip rates are generally in agree-
ment with those reported in previous geologic and geodetic studies (Janecke et al., 2010; Lindsey & Fialko,
2013; Petersen & Wesnousky, 1994; Van Der Woerd et al., 2006). The recovered locking depths, although rather
poorly constrained, are also within the reasonable bounds suggested by the depth of seismicity.

The use of a three-dimensional (3-D) fault model (Figure 6) improves the data fit at the transition between the
Coachella segment of the southern San Andreas fault and the Brawley seismic zone, and the model uncertain-
ties are in fact smaller compared to the two-dimensional case. Trade-offs between the inferred slip rates for
the San Andreas, Coyote Creek, and Clark faults are illustrated in supporting information Figure S8. The fault
slip rates obtained from inversions using 3-D models are in general agreement with those from 2-D models,
with the slip rates for the San Andreas Fault, the Coyote Creek Fault, and the blind segment of the Clark Fault
of ~18 mm/yr, 3 mm/yr, and 13 mm/yr, respectively. The Superstition Hills fault in this model is constrained to
have the same rate as the blind continuation of the Clark fault.

5. Discussion

We presented a technique for combining GPS and InSAR data to obtain full vector velocity fields at the
high-spatial resolution of the INSAR measurements. We have used horizontal velocities derived from GPS and
InSAR data to evaluate the slip partitioning on the different faults comprising the San Jacinto and San Andreas
fault systems. The slip rates suggested by our preferred 3-D model are significantly higher on the unmapped
southern extension of the Clark fault compared to the Coyote Creek fault. This indicates that a blind seg-
ment of the Clark fault may in fact be the main active trace of the San Jacinto fault to the south of the Santa
Rosa Mountains.

In our inversions, we constrained the slip rates on the Clark and Superstition Hills faults to be equal, which
results in a slip rate of ~13 mm/yr on the Superstition Hills fault. This is higher than the upper bound of
6 mm/yr suggested by Hudnut and Sieh (1989) based on the offsets in the beach deposits of Lake Cahuilla.
However, as pointed out by Hudnut and Sieh (1989), their estimate corresponds to a limited time period since
the last high stand of the lake (330 years) and therefore may not be representative of the long-term slip rate.
The rate of shallow creep on the Superstition Hills fault of 1.3 mm/yr (or higher, if slow slip events are
included) (Wei et al., 2009) is too high to be consistent with the geologic slip rate of 2-6 mm/yr estimated by
Hudnut and Sieh (1989) but appears to be consistent with the slip rate suggested by our inversions given that
rates of shallow creep are typically an order of magnitude smaller than the interseismic slip rates at depth
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(e.g., Lindsey & Fialko, 2016; Kaneko et al., 2013). Thus, our results suggest that the long-term geologic slip
rate on the Superstition Hills fault needs to be revised upward to >10 mm/yr.

Our model takes into account only major faults and does not include a number of small faults and/or faults
with relatively low slip rates that would not significantly affect the main results. For example, the left-lateral
transtensional Extra fault is known to be active (Thornock, 2013), yet because of its size and low slip rate it
does not produce any appreciable deformation signal (Figure 3). Indeed, including the Extra fault in our 3-D
inversion did not yield significant differences in the estimates parameters for the San Jacinto and San Andreas
faults, which are the focus of this study. Likewise, the Fish Creek Mountains fault has a well-mapped surface
trace to the east of the Coyote Creek fault (Figure 2). While the Holocene slip rate on the Fish Creek Mountains
fault is not well known, a study by Dorsey et al. (2012) argued that the Fish Creek Mountains fault is dipping
to the east and may connect to the Coyote Creek fault at depth. If so, our model results for the Coyote Creek
fault represent a combined slip rate for the Coyote Creek fault and the Fish Creek Mountains fault.

Strain rates computed from the high-resolution horizontal velocity data using the total-variance regulariza-
tion reveal a deformation anomaly at the southern end of the San Jacinto fault zone that is not associated with
a known fault. The magnitude of this anomaly is comparable to that due to the San Andreas fault (Figure 3).
Strain rates can be indicative of the elastic energy accumulation in the crust, and thus directly related to seis-
mic hazard (Elliott et al., 2016; Field et al., 1999; Mazzotti et al., 2011; Molnar, 1979; Riguzzi et al., 2012; Ward,
1998). If so, our results suggest that the blind segment at the southern end of the Clark fault represents a cur-
rently unrecognized seismic hazard (in particular, it suggests a possibility of a multisegment rupture involving
both the San Jacinto and the Superstition Hills faults).

An alternative is that high strain rates revealed by space geodetic data between the Clark and Superstition
Hills faults may be at least partially caused by inelastic deformation. Interseismic yielding of a fault damage
zone was suggested for active faults in the area, including the Clark and the Southern San Andreas faults
(Lindsey, Fialko, et al., 2014; Lindsey, Sahakian, et al., 2014). Geologic observations identified a number of
small-scale faults and active folding in the high strain rate area revealed by the geodetic data (Janecke et al.,
2010). Also, this area is associated with an uplift of 1-1.5 mm/yr (Figure 2e), possibly due to folding or some
other kind of distributed yielding. Inelastic deformation, if any, would imply a lower rate of interseismic
stressing, and a reduced seismic hazard.

Other features seen in the vertical velocity data (Figure 2e) include subsidence due to hydrologic processes -
in particular, ground water pumping around towns, such as Ocotillo Wells and Borrego Springs, as well as the
farms in the Coachella Valley. The western shore of the Salton Sea also exhibits a subsidence signal that may
be due to lakeshore sediment compaction, which is commonly observed in the vicinity of drying lakebeds
(e.g., Solt & Sneed, 2014). Repeated changes in lake level up to 100 m over the last several hundred years
(Gurrola & Rockwell, 1996; Waters, 1983) are expected to produce time-dependent vertical displacements due
to viscoelastic rebound. Luttrell et al. (2007) estimated that the region surrounding the Salton Sea experienced
an uplift on the order of 1 m since the last high stand of the ancient Lake Cahuilla 300 years ago. A similar
rebound process is observed due to decreases in the level of the Dead Sea (Nof et al., 2012). However, we do
not observe an uplift signal that could be attributed to a viscoelastic response to changes in the lake level.
This observation should provide a useful bound on a range of model parameters such as the effective
thickness of the elastic layer, and the effective viscosity of the underlying substrate (Luttrell et al., 2007).

Space geodetic methods, such as Interferometric Synthetic Aperture Radar (InSAR) and Global Positioning
System (GPS) measurements of crustal motion, are increasingly used to study deformation on active faults,
with applications to seismic hazard assessment. The most recent version of the Unified California Earthquake
Rupture Forecast (UCERF) is based in part on a joint geodetic and geologic deformation model, leading to
improved constraints on the seismic hazard on known faults (Field et al., 2015). In addition to providing
information about slip rates on known faults, geodetic data can be valuable in identifying zones of active
deformation that are not associated with mapped faults—for example, due to blind faults or faults that
do not have a clear geomorphologic surface expression. The methodology presented in this study can be
applied to improve seismic hazard assessment in tectonically active areas in the rest of the Southern California
and elsewhere.
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6. Conclusions

In this study, we investigated an area of active deformation at the southern end of the San Jacinto Fault
that was identified in previous studies based on seismic, geodetic, and geologic data (Fialko, 2006; Janecke
et al, 2010; Lindsey & Fialko, 2013; Thornock, 2013). We used Envisat InSAR data as well as continuous and
campaign GPS measurements to derive high-resolution maps of horizontal and vertical secular velocities.
We computed strain rates by differentiating horizontal velocities using total-variance regularization to sup-
press noise artifacts. Our results indicate that a high strain rate anomaly exists to the east of the Coyote Creek
fault. We propose that this deformation anomaly is due to a blind segment of the Clark fault that connects to
the Superstition Hills fault farther to the south. We inverted horizontal velocity data to estimate slip partition-
ing between active faults comprising the plate boundary. We found that the hypothesized blind extension
of the Clark fault is accommodating a larger slip rate compared to the mapped the Coyote Creek fault and
therefore may be the main strand of the San Jacinto fault system to the south of the Santa Rosa Mountains.
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