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Abstract

The Parkfield section of the San Andreas Fault (SAF) is defined as a transitional portion
of the fault between slip-release behavior types in the creeping section of the SAF to the
northwest and the apparently locked section to the southeast. The Parkfield section is
characterized by complex frictional fault behavior because it represents a transition zone
from aseismic creep to stick-slip regime. At least six historic earthquakes of M,y ~6 have
occurred in this area in 1881, 1901, 1922, 1934, 1966, and 2004. It was observed in the
2004 M,, 6.0 Parkfield earthquake that ~70% of the total (coseismic and postseismic)
moment release occurred aseismically. To understand the SAF behavior in this area, it
is of particular interest to measure and analyze, not only the spatial evolution of the
surface displacement in this area, but also its evolution over time. Using radar data
acquired by the European Space Agency’s European Remote Sensing (ERS1-2)
satellites, we constructed descending interferograms and retrieved time series of
surface displacements along the central SAF for the decade preceding the 2004
Parkfield earthquake. We focus on characterizing the space and time evolution of
surface creep in the Parkfield and Cholame sections. The spatial pattern of the
interseismic displacement rate indicates that tectonic strain was not uniformly distributed
along the strike of the fault between 1993 and 2004. Our data indicate not only a
decrease in the creep rate from the Parkfield section to south of Highway-46 from 1.4
0.3 cm/y to 0.6 0.3 cml/y, but also a small but significant creep-rate increase in the
Cholame section to 0.2 +0.1 cm/y. The evidence for episodic creep in the Cholame
section of the SAF south-east of Parkfield is in contrast with previously published
interpretations of GPS and trilateration data. The Cholame section of the SAF
merits close monitoring because it was likely the nucleation site of the
1857 Fort Tejon earthquake and because it has shown recent evidence of

deep slow slip as revealed by deep tremors.
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Introduction

The Parkfield section of the San Andreas Fault (SAF) (Fig. 1) lies at the boundary
between the creeping section to the northwest, which slips steadily at a rate of 25-30
mm/y (e.g. Lisowski and Prescott, 1981; Titus et al., 2005, 2006; Rolandone et al.,
2008) and sections to the southeast that are considered locked and last ruptured in the
1857 My, 7.9 Fort Tejon earthquake (McEvilly et al., 1967; Sieh, 1978). The Parkfield
section is characterized by the occurrence of M,, ~6 earthquakes with short recurrence
times (e.g., Roeloffs and Langbein, 1994; Bakun et al., 2005). At least six historic
earthquakes of M,, ~6 occurred in this area in 1881, 1901, 1922, 1934, 1966, and 2004.
Recent studies based on paleoseismology and statistical seismology suggest that the
locked section to the southeast displays a quasi-periodic century-long time interval
between earthquakes (Scharer et al., 2010; Akgiz et al., 2010).

The Parkfield section is a transition zone from aseismic creep to stick-slip
regime characterized by complex frictional fault behaviour. It exhibits
mixed mechanical behaviour: creep at the surface and locked asperities at mid-
seismogenic depths (Harris and Segall, 1987; Murray et al., 2001). Surface creep rates
decrease from ~28 mm/y in the central creeping section (e.g., Titus et al., 2006,
Rolandone et al., 2008) to ~0 mm/y in the Cholame section (e.g., Lienkaemper and
Prescott, 1989; Murray et al., 2001). In the Parkfield section, creepmeters and alignment
arrays indicate that shallow slip occurs by means of millimeter- to centimeter-scale
episodic creep events, as well as by intervening steady slip (e.g., Burford and Harsh,
1980; Lisowski and Prescott, 1981). Slow slip transients of varying duration and
magnitude are also well documented (Langbein et al., 1999; Murray and Segall, 2005).
Nadeau and McEvilly (1999) showed slip accelerations around the Parkfield asperity
from observations of repeating identical earthquake sequences initiating in 1992; these
accelerations were confirmed by two-color electronic distance measurements (EDM)
(Langbein et al., 1999; Gao et al., 2000). During the last Parkfield earthquake in 2004
(My, 6.0), approximately 70% of the total (coseismic and postseismic) moment release

occurred aseismically (Johanson et al., 2006). Bakun and McEvilly (1984) predicted that
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the next ~M6 earthquake at Parkfield would occur in 1988 5 years, but the Parkfield
earthquake occurred in September 2004. The previous event was in 1966, making the
interseismic period between the 1966 and 2004 earthquakes the longest in the
historical record (Bakun and McEvilly, 1984; Roeloffs and Langbein, 1994). In this
context, it is of particular interest to measure and analyze not only the spatial evolution
of interseismic surface displacement in the Parkfield area, but also its evolution over
time. For this purpose, we have used the INSAR technique to derive time series of
surface displacements. Along the SAF, InSAR has previously been used to detect
aseismic slip (e.g., Rosen et al., 1988; Lyon and Sandwell, 2003; Johanson and
Blrgmann, 2005) and interseismic strain buildup (Fialko, 2006, Lundgren et al., 2009).
Ryder and Burgmann (2008) stacked 12 differential interferograms spanning 1992 to
2000 to measure spatial variations in creep rate along the creeping section of the SAF,
northwest of the town of Parkfield. Johanson and Blrgmann (2005) investigated the
distribution of interseismic creep in the northern transition zone of the creeping segment
at San Juan Bautista. The current study focuses on the transition section of the SAF,
between the town of Parkfield and southeast of highway-46, where slip behavior is
assumed to decay from steady creep to locked conditions.

In this article, we first present the INSAR methodology. We concentrate on the InNSAR
measurement of surface displacement over the decade before the September 28, 2004,
Parkfield event. Next, we discuss the spatiotemporal evolution of the surface
displacement field of the SAF along the Parkfield and Cholame sections. Then, we
compare our results to field measurements such as EDM, creepmeters and
alignment arrays as well as seismicity at depth. In particular, we obtain insights to
answer the following questions; how surface creep varies spatially and
temporally along the Parkfield and Cholame sections of the SAF and how
microseismicity correlates with variations in the spatiotemporal surface

creep behaviour?



2. Methodology

ERS1-2 InSAR can map ground deformation at a spatial resolution of tens of meters
with subcentimeter precision in the line-of-sight direction (LOS) of the satellite (e.g.,
Massonnet and Feigl, 1998). We acquired all available ERS1-2 archived data for the
Parkfield area before the September 28, 2004, Parkfield earthquake. We chose to
process the descending orbit ERS1-2 acquisitions to obtain a better INSAR LOS
sensitivity to strike-slip surface movement parallel to the San Andreas Fault. The
surface-creep signal was expected to range from ~2.5 cm/y north of the town of
Parkfield to less than 1 cm/y south of the town of Parkfield (e.g., Titus et al., 2006).
Atmospheric delays in the radar images of the interferometric pair could mask this kind
of signal in a single interferogram (Zebker et al., 1997; Puysségur et al., 2007). To
reduce atmospheric influence on the interferometric phase, we used a methodology
widely known as small-baseline subset (SBAS —Berardino et al., 2003). This method
was first proposed by Usai et al. (1999) and has been developed in a number of studies
(e.g., Lundgren et al., 2001; Usai, 2003; Le Mouelic et al., 2005; Lundgren et al., 2009).
Here we used the method as implemented in the GAMMA software as the Multi-
Baseline (MB) utility (Wegmdller et al., 2009).

The starting point was a set of 51 single-look complex (SLC) ERS1-2 images that were
combined to calculate 341 differential interferograms with a perpendicular baseline of
less than 250 meters (Table 1 in the supplementary material). Topographic contributions
to the interferometric phase were calculated for each interferogram using the Shuttle
Radar Topography Mission (SRTM) 30-m digital elevation model (DEM) and subtracted
from the interferograms. The SRTM DEM was also used in a later stage to project the
results into a geographic orthoprojection. From the 341 differential interferograms, a
subset of 170 high-signal-coherence interferograms was selected based on visual
analysis (i.e., signal coherence = ~0.5 on at least ~75% of the dataset). We used the
GAMMA Minimum Cost Flow (MCF) algorithm (Costantini and Rosen, 1999; Werner et
al.,, 2002) to unwrap the selected interferograms. For each interferogram, the
unwrapping was improved using a phase reference model obtained by unwrapping the

multiple-look interferogram. The phase reference model was then resized to the original
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pixel resolution. For each pixel, the unwrapped phase value was set to a value which
was within the interval (x11) of the model provided and which was consistent with the
complex-valued interferogram in the sense that rewrapping of the unwrapped
interferogram would result in the original interferogram phase value, except for a

constant phase offset (Werner et al., 2002).

Depending on atmospheric conditions, the path delay might have an altitude
dependence caused by changes in the atmospheric water vapor and pressure profiles
between the acquisitions of the interferometric image pairs (e.g., Doin et al., 2009). In
the study region, the atmospheric phase delay is not as exacerbated by extraordinary
relief as has been reported elsewhere (e.g., Elliot et al., 2008). To find subtle signals
due to land displacements, we used GAMMA to determine the linear regression
coefficients of the residual phase with respect to height in the unwrapped
interferograms. We used the DEM (in radar geometry) to generate the phase model of
the height-dependent atmospheric phase delay for each unwrapped interferogram. Each
phase model was then subtracted from the corresponding single interferogram. Then,

we applied the MB algorithm.

The MB algorithm uses the weighted least-squares method to generate a time
series of unwrapped deformation phases given a multitemporal data stack of unwrapped
phases which result primarily from surface deformation. The basic idea is that the total
deformation phase at time t, is the sum of deformations from ty to t1, from t; to t,, ..., and
from t,.4 to t, (Usai, 2003). The MB-derived time series of the unwrapped deformation
phases were used here to derive a time-averaged linear velocity map over the study
area (Fig. 2). Then, for each coherent pixel, we calculate a linear regression of the
interferometric phases with respect to the perpendicular baseline. This procedure
revealed unaccounted-for topographic contributions to the interferometric phase (Ferretti
et al., 1999), which were then used to improve the linear velocity map. Assuming that
potential residual atmospheric contributions behave nonlinearly over time, the linear-
velocity map presents a reduced atmospheric contribution (Fig. 2). No a priori models of

surface displacement were used in any of the processing steps described above.
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We concentrate on the near-SAF field (+1.5 km from the fault trace) and we quantify the
along-strike spatial variation of the linear surface displacement by taking a number of
measurements along the strike. We followed the methodology proposed by Avouac et
al. (2006) and Leprince et al. (2007) based on stacked cross-fault profiles (20 profiles for
each measurement). Each measurement represents the velocity offset between a
cluster of pixels 1.5 km SW of the SAF relative to a cluster of pixels 1.5 km NE of the
SAF (Fig. 3).

To highlight possible time-variable creep phenomena, we extracted eleven time series of
surface displacements along the SAF from north of the town of Parkfield to south of
Highway-46 (located in Fig. 2) at an average distance of ~1.5 km from the SAF trace.
The time series (Fig. 4) refer to the fixed Sierra Nevada-Great Valley Block. The time
series were filtered over 70 days to remove possible unmodeled residual atmospheric
contributions to the interferometric phase. Furthermore, we assigned a color scale to the
value of each time series, and each entire series was displayed as a spatiotemporal

displacement map (Fig. 5) and associated velocity-changes (Fig 6).



3. Results and discussion

3.1 Spatial distribution of creep

One result of this analysis is the linear displacement rate from 1993 to 2004 measured
in the LOS direction of the sensor (23° off the vertical). The bimodal distribution of the
surface displacement is consistent with dextral shear (Fig. 2). From ~25 km north of the
town of Parkfield to ~15 km south of Gold Hill (Highway 46), the sharp discontinuity in
the InSAR signal is a direct consequence of the steady component of surface creep,
which is well localized on the SAF. The sharpness of the discontinuity fades
progressively from NW to SE along the SAF, possibly indicating that shallow creep to

the SE is evolving towards more diffuse (or deeper) displacements.

We assumed that the INSAR signal recorded across the SAF trace is mostly due to
horizontal surface displacement. However, there are two main caveats to this
assumption. De facto, a small amount of normal convergence exists in central California,
which is accommodated mainly by contractional structures such as thrust faults and
folds in the California Coast Ranges (e.g., Rolandone et al., 2008; Titus et al., 2010). A
modest amount of vertical slip may be caused by complex slip distributions
near the tips of a creeping fault, similar to the one observed by Blrgmann et
al. (1998) at the southern termination of the Hayward fault. An alternative explanation of
the InSAR signal is the possible presence of time-dependent groundwater level changes
across the SAF that could produce vertical motions, as observed elsewhere on the
Hayward fault (Burgmann, 1998). Unfortunately there is no available water-level records
across the SAF along the Parkfield and Cholame sections, therefore we can not
document hydrology-related fault vertical slipin this area of the SAF. Known nontectonic
subsidence signals are underlined in Fig. 2, they are mainly due to water
pumping and gas and oil withdrawal. Subsidence due to water pumping in the
Paso Robles Basin, manifested as a bull’s-eye-shaped range-change pattern south of
the town of Parkfield, is a notable feature of the interseismic interferogram (Fig. 2).

Valentine et al. (2001) used ERS InSAR as well as groundwater level data from 58 wells
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to study this phenomenon. They did not report that the groundwater level changes
reached the Parkfield section of the SAF; this provides confidence that the INSAR signal
close to the SAF at Parkfield is primarily tectonic. Similar features, though smaller in
area, can be observed in the northern sector of the interseismic interferogram. These
correspond to petroleum and gas withdrawal from a shallow reservoir in the Lost Hills
field and neighboring reservoirs (Fielding et al., 1998; Brink et al., 2002). Pumping-
induced vertical motions are a source of nontectonic signal heterogeneities and are not

considered in details in this study.

We compare the along-strike mean-velocity profile (Fig. 3) with available
measurements from short-range EDM (Bennett, 1979; Lisowski and Prescott, 1981),
creepmeters (Schulz et al., 1982), and alignment array surveys (Burford and Harsh,
1980; Titus et al., 2006) at various locations along the strike on the SAF. According to
Lisowski and Prescott (1981), there is no difference between surface creep rates
measured using 100-to-200-m-wide alignment arrays and those obtained from the 1-to-
2-km-wide short-range EDM located in the same area along the SAF. Therefore, it can

be confidently stated that the profile shown in Fig. 3 effectively samples surface creep.

Our creep rates, as measured by INSAR between 1993 and 2004 (Fig 3), are consistent
with field measurements along the Parkfield section of the SAF and confirm an overall
nearly steady creep rate. Following the 1966 earthquake and its associated
afterslip, Lienkaemper and Prescott (1989) observed that the creep rate
has been nearly constant on the Parkfield section. Titus et al. (2006) and
Rolandone et al. (2008) reported that average surface creep rates had not changed
systematically over the last 40 years on the central creeping and Parkfield sections of
the SAF. The INSAR observed rates of creep decrease from ~14 mm/y north of the town
of Parkfield to zero at about ~12 km south of Highway 46. From this point, and for ~10
km southward, the surface creep rate is approximately zero. It then increases to ~2
mm/y from 22 km southeast of Highway-46 in the in the Cholame section (Fig.
3). This observation is only supported by only one creepmeter measurement by Schulz

et al. (1982). The Parkfield area is very well instrumented, but 30 km south of the town
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of Parkfield, ground instrumentation is much sparser.

3.2 Comparison with seismicity

Seismicity is not only enhanced on creeping faults, but is also generally highly localized
(e.g. Malservisi et al., 2005). In this section, we compare the spatial evolution of
surface creep with seismicity catalogs from the Northern California Earthquake Catalog
(www.ncedc.org) over the same period of observation as the INSAR data (Fig. 3). We
verify that the catalog is consistent for magnitudes equals or greater than
2 and that the relocation accuracy is high enough for the aims of this study. There is a
spatial correlation between earthquake locations at depth and the presence of surface
creep. The part of the Cholame section with no surface creep also exhibits a gap in
seismicity. Apart from few exceptions, in the map view the events on the Parkfield

and Cholame sections are well localized on the SAF fault (Fig. 1).

The INSAR measures used here are in good agreement with other estimates of creep
rates along the Parkfield section and correlate well with seismicity at depth. In the
Cholame section, apparently locked, surface creep that we observe in the
southeastern part is also spatially correlated with seismicity. However,
seismic slip in the Cholame section has not been reported since the great 1857 Fort
Tejon earthquake, and there have been no observations of aseismic slip (e.g., Segall
and Harris, 1987; Murray et al., 2001). For instance, Murray and Langbein (2006) used
ground-based geodetic data to present a model of slip at depth. Their model shows no
resolvable creep between 10 and 30 km south of Gold Hill. Toké and Arrowsmith (2006)
reassessed the slip budget along the Parkfield and Cholame sections since 1857. They
highlighted the requirement for a change in the interpretation of historically observed
fault behavior across the Cholame and in the southeastern portion of the Parkfield
sections to balance the SAF slip budget. Based on paleoseismological
evidences, Young et al. (2002) can not exclude a post 1857 displacement

on this section of the SAF. The creep rate measured in this study (Fig. 3), ~2

10
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mm/yr in the southern portion of the Cholame section and ~5 mm/yr near the northern
portion, may change the slip budget of this section of the SAF. If the INSAR-derived
aseismic slip in the Cholame section were continuous over time, it would reduce the
strain buildup in this section of the SAF by approximately 30 cm from 1857 to 2004,
which is an important issue to remember when defining slip budgets and interpreting
geomorphic offsets (e.g., Sieh, 1978; Lienkaemper, 2001; Zielke et al., 2010). Even
though our measurements span only a decade, we focus on resolving if
surface creep evolves linearly with time (steady creep) or if we are facing

episodic aseismic slip.

3.3 Temporal evolution of surface creep

The time series from point 1 to point 11, from NW to SE (Fig. 4), indicates that the
temporal evolution of surface creep on the SAF is complex. The time series show
periods of episodic creep alternating with periods of steady-state creep resulting in a
local creep rate which varies both in time and in space. Time series 1 shows a jump in
displacement in 1995, then a three-year period (until 1998) with no displacement, and
then a linear increase in displacement until 2004. Time series 2 shows a steady
displacement of up to 0.5 mm/y from 1993 to 1994, then a quiet period until 1995, after
which the surface creep increased to 0.8 mm/y until 1997. Between 1997 and 1999, time
series 2 shows complex surface displacement behavior. From 1999 to 2004, the surface
displacement increased almost linearly with time. Time series 3 shows a steady
displacement between 1993 and mid-2002 and almost no displacement since then.
Time series 4 is located ~2 km from the 2004 Parkfield earthquake epicenter. The
collective time series data does not show evidence for anomalous creep behavior
prior to the 2004 Parkfield earthquake or related to the M6.5 December 2003 San
Simeon earthquake 50 km west (e.g., Rolandone et al., 2006); even though the San
Simeon event increased the shear stress on the Parkfield section (Johanson and
Bldrgmann, 2010).

The USGS maintains a creepmeter network in the field, for which the data are available

(http://earthquake.usgs.gov/monitoring/deformation/data/). Time series points 1-4 from

11
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this study lie close to USGS creepmeters. For these sites we compare time series of
the creepmeters values with our INSAR time series for the period 1993 to 2004 (Fig. 4).
For time series 1 to 3, the INSAR time series follow the general trend depicted by the
creepmeters time series, except for some high-frequency discrepancies. Time series 4
and the creepmeter at Gold Hill show a similar trend from 1993 to late 1999. After 1999,
the INSAR data recorded an increase in creep activity in this section of the San Andreas
Fault that was not recorded by the creepmeter at Gold Hill. Because the INSAR values
are taken ~1.5 km apart across the fault trace while the Gold Hill creepmeter is only 10
meters-long wire baseline (John Langbein, pers. comm.), we suggest that the
creepmeter at Gold Hill resides on a momentarily inactive branch of the San Andreas
Fault. This result confirms the observations of Titus at al. (2006) and Toké et al. (2011)
that along the Parkfield section, significant slip may be accommodated by structures in a
wider SAF zone. This observation highlights how InNSAR complements more traditional
methods of observation and could be used to plan field instrumentation.

The lack of dense temporal data coverage hampers a detailed comparison between our
results obtained by INSAR and those obtained by Murray and Segall (2005). Using time-
dependent slip inversions of two-color EDM data, Murray and Segall (2005) found that a
slip-rate increase occurred between January 1993 and July 1996 on the upper 8 km of
the fault near Middle Mountain. The slip-rate evolution appeared to be episodic, with an
initial modest increase after an October 1992 M4.3 earthquake and a much larger jump
following a shallower M4.7 event in December 1994. They concluded that the temporal
correlation between inferred slip and seismicity suggests that moderate earthquakes
triggered the aseismic fault slip. Unfortunately, ERS InSAR data are not available
between the end of 1993 and the beginning of 1995, and in time series 1 and 2, the
jump in the data of 1 cm in the LOS, which is equivalent to a horizontal displacement of
3.3 cm, occurs between periods of no displacement. At the end of the Parkfield section,
time series 5 also exhibits the first jump and then another rapid increase since 2002.
Time series 6 to 11 also exhibit periods of episodic creep, but with smaller magnitudes.
In time series 6, most of the displacement occurred before 1996, whereas three periods
of rapid displacement are evident in time series 7. In time series 9 and 10, an increase

in displacement between mid-1997 and the end of 1999 separates periods with almost

12
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no displacement. Time series11 exhibits surface displacement only after 2003. These
observations show that there is a time variable surface creep in the Cholame section of
the SAF.

3.4 Spatiotemporal observations

Nadeau and McEvilly (1999, 2004) noted that seismicity at depth follows and is driven
by deep fault creep. We compare our INSAR results with microseismicity to investigate
first order microseismicity changes with variations in surface spatiotemporal creep
evolution. We show the spatiotemporal evolution of surface creep from INSAR data (Fig.
5) and its velocity changes (Fig. 6). We compare them to the spatiotemporal distribution
of earthquakes (and their magnitude) from northwest of the town of Parkfield to south
east of Highway-46 (A-A’ in figure 1). The first derivative of the spatiotemporal
evolution of surface creep (Fig. 6) highlights local changes in the slope of the time series
representing local changes in creep rates (acceleration or deceleration). Pulses of
surface displacement in Figure 6 correspond to episodic creep at the surface.

Four remarkable features stand out from the spatio-temporal analysis (Figures 5-6).
First, surface creep evolves nonlinearly both in space and in time. Second, surface
creep occurs where seismic activity occurs at depth. There is a seismicity gap around
120.16°W longitude, ~18 km SE of Highway 46, where cumulative surface creep is
minimal (as is also highlighted in Fig. 3). Third, cumulative surface creep seems to be
more pronounced where seismic activity is higher at depth. Last, the Cholame segment
of the SAF not only experiences episodic creep at the surface, but also manifests
seismic activity at depth (as also reported by Waldhauser and Schaff, 2008).

4. Conclusions

The Parkfield and the Cholame sections of the SAF experienced both temporally and

spatially variable surface creep between 1993 and 2004. Both episodic creep and

13



© 00 ~N o o A W DN P

W W N DD NN DN DD NN DD P PP PR R R R R
, O ©W 00 N oo o A W N P O © 00 N OO 0o b W NN B O

periods of steady-state aseismic slip were observed using INSAR data (Fig. 4). The
onset of surface creep is variable in time and space along these sections of the SAF
(Fig. 5), leading to localized creep acceleration or pulses of surface displacement (Fig.
6). Although seismic activity at depth is well correlated in space with creep activity at the
surface, the INnSAR data used in this research do not enable a robust investigation of
first-order time-dependent relationships between seismic moment released at depth and

triggering of episodic creep at the surface.

The spatial pattern of the interseismic displacement rate (Fig. 2) indicates that tectonic
strain was not uniformly distributed along the strike of the fault between 1993 and 2004.
Similarly to other geodetic techniques, we observe a decrease in the creep rate from
Parkfield, CA to just southeast of Highway 46 (1.4 £0.3 cm/yr to 0.06 £0.3 cm/yr).
However, this study shows evidence for episodic creep further southeast on the
Cholame section of the SAF (up to 0.2 £0.1 cml/yr, Fig. 3). The evidence of episodic
creep in the Cholame section of the SAF ~45 km south of the town of Parkfield is in
contrast with previous interpretations of GPS and trilateration data (e.g., by Murray and
Segall, 2005). Paleoseismic studies of the Cholame section of the SAF (Stone et al.
2002; Young at al., 2002) could not rule out the possibility of a post-1857 displacement.
In fact, post-1857 fracturing was observed at the Las Yeguas site (Young et al., 2002).
Our InSAR results support the need for close monitoring of the Cholame section of the
SAF where the 1857 Fort Tejon earthquake likely nucleated (e.g., Sieh,
1978) and where recent evidence of deep slow slip were revealed by
tremors (Shelly et al., 2009).
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Figure Captions.

Figure 1. Map of the Parkfield region of the SAF showing the location of major
Quaternary faults (red lines; USGS fault map, 2006). SAF: San Andreas Fault, RC:
Rinconada Fault, SJ: San Juan Fault, LP: La Panza Fault, and SC: South Cuyama
Fault. H-46 stands for Highway 46. SAFOD stands for San Andreas Fault
Observatory at Depth. The epicenters and USGS moment tensors
(http://earthquake.usgs.gov) of the 1966 and 2004 earthquakes are indicated. Creeping
Parkfield and Cholame sections are drawn following Toké and Arrowsmith (2006). The
black dotted line represents the ground swath shared by the ERS1-2 radar scenes. Blue
dots represent seismicity at depth between 1993 and 2004, limited to within A-A’ in the
radar scene and limited to within plus-minus 10 km across the SAF. Gray arrows
indicate important sites along the Parkfield and Cholame sections of the SAF and the
approximate trenching location following Stone et al. (2002) and Toke et al. (2011).
Topography is from the Shuttle Radar Topography Mission (SRTM) (Farr et al., 2004)

digital elevation model.

Figure 2. Linear surface displacement rate in the LOS direction of the satellite (23° off
the vertical) between 1993 and 2004. Negative values represent surface displacement
away from the satellite due to westward motion (or land subsidence). The deformation
field reflects creep and interseismic strain buildup on the SAF in the Parkfield area
before the 2004 earthquake. 2004 and 1966 earthquake epicenters (white stars) are
plotted, as well as USGS moment tensors (http://earthquake.usgs.gov). Locations 1-11
(numbered circles) are where the time series of surface displacements along the SAF
were measured (Fig. 4). Nontectonic subsidence features are also highlighted: Coalinga
(CO), Lost Hills (LH), Kettleman North Dome oilfield-related subsidence (KND), and
Paso Robles Basin subsidence (PR) due to groundwater level changes. PKF stands for
the town of Parkfield (CA), GH for Gold Hill.
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Figure 3. Top: Profile showing the linear surface slip rate along the strike of the SAF (A-
A’ in Fig. 1) from north west of Parkfield CA to south east of Highway-46 (longitude
120°W) between 1993 and 2004 from InSAR data (values are in cmly, projected
horizontally, parallel to the fault strike, right lateral positive). INSAR values are compared
with historical records from EDM, alignment arrays, and creepmeters (plotted with
error bars). Red stars show the location of 1966 and 2004 Parkfield
earthquakes. Bottom: seismicity (1993-2004) within plus-minus 10 km of the SAF
plotted as longitude versus depth (source: Northern California Earthquake Data

Center).

Figure 4. Time series of surface displacements extracted at locations 1 to 11 (Fig. 2)
irregularly sampled approximately every ~8 km. These time series show the temporal
evolution of surface displacement measured within +1.5 km perpendicular to the main
trace of the SAF. Values are in meters, projected horizontally, parallel to the fault strike.
Orange dots represent in situ creepmeters values at location 1 to 4
(source USGS) spanning 1993-2004. 1- Middle Ridge creepmeter; 2-
Varian Ranch creepmeter; 3- Parkfield creepmeter; 4- Gold Hill

creepmeter.

Figure 5. Map view of the spatiotemporal evolution of cumulative surface creep on the
SAF from north west of the town of Parkfield to south east of Highway-46, plotted
against seismicity. Displacement values are given in the line-of-sight direction (LOS is
23° off the vertical). Numbers 1 to 11 represent time series location (Fig. 2). White
spaces indicate periods with no data. Pixel spacing resulting from spatial interpolation
of the time series is ~4 km. The average time between two temporal samples is 2.75
months. H-46 indicates the approximate position of Highway-46. The approximate

epicenter positions of the 1966 and 2004 Parkfield earthquakes are also shown.

Figure 6. Map view of the spatiotemporal velocity changes of surface creep on the SAF

from north of the town of Parkfield to south east of Highway-46, plotted against
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seismicity. Displacement values are given in the line-of-sight direction (LOS is 23° off
the vertical). Numbers 1 to 11 represent time series locations (Fig. 2). White spaces
indicate periods with no data. Pixel spacing resulting from spatial interpolation of the
time series (y-direction) is ~4 km. The average time between two temporal samples (x-
direction) is 2.75 months. H-46 is the approximate position of Highway 46. Approximate

epicenter positions of the 1966 and 2004 Parkfield earthquakes are also shown.
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