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Coseismic and Postseismic Slip of the 2004 Parkfield Earthquake

from Space-Geodetic Data

by Ingrid A. Johanson,* Eric J. Fielding, Frederique Rolandone, and Roland Bürgmann

Abstract We invert interferometric synthetic aperture radar (InSAR) data jointly
with campaign and continuous global positioning system (GPS) data for slip in the
coseismic and postseismic periods of the 2004 Parkfield earthquake. The InSAR data-
set consists of eight interferograms from data collected by the Envisat and Radarsat
satellites spanning the time of the earthquake and variable amounts of the postseismic
period. The two datasets complement each other, with the InSAR providing dense
sampling of motion in the range direction of the satellite and the GPS providing more
sparse, but three-dimensional measurements of ground motion. The model assumes
exponential decay of the postseismic slip with a decay time constant of 0.087 years,
determined from time series modeling of continuous GPS and creepmeter data. We
find a geodetic moment magnitude of M 6.2 for a 1-day coseismic model and Mw 6.1
for the entire postseismic period. The coseismic rupture occurred mainly in two slip
asperities; one near the hypocenter and the other 15–20 km north. Postseismic slip
occurred on the shallow portions of the fault and near the rupture areas of two M 5.0
aftershocks. A comparison of the geodetic slip models with seismic moment esti-
mates suggests that the coseismic moment release of the Parkfield earthquake is as
little as 25% of the total. This underlines the importance of aseismic slip in the slip
budget for the Parkfield segment.

Online material: Complete data tables and supplemental tables.

Introduction

The 28 September 2004 M 6.0 Parkfield earthquake was
the long delayed fulfillment of the Parkfield Earthquake Pre-
diction Experiment (Bakun et al., 2005; Bakun and Lindh,
1985; Langbein et al., 2005). Among the goals of the ex-
periment was the desire to study a single event in great detail
in order to gain a better general understanding of earthquake
processes. To that end, this short segment of the San Andreas
fault (SAF) became one of the best-instrumented locations
in the world, and the 2004 earthquake has produced copious
amounts of data. The years since the original prediction have
seen the advent of space-based geodesy; both global posi-
tioning system (GPS) and interferometric synthetic aperture
radar (InSAR) data can now be added to the wealth of infor-
mation on this historic earthquake. Here, we use space-based
geodetic data to constrain a model of the coseismic and
postseismic slip associated with the 2004 Parkfield earth-
quake. We examine the relationship between these two pe-
riods of the earthquake cycle, their relationship to after-
shocks, and the extent and importance of aseismic slip.

*Present address: U.S. Geological Survey, 345 Middlefield Road, MS
977, Menlo Park, California 94025.

In some ways, the Parkfield segment of the SAF is a
unique environment. The town of Parkfield lies at the south-
ern end of the creeping section of the SAF; a �100-km-long
section where creep rates approach �3 cm/yr (Burford and
Harsh, 1980; Titus et al., 2006). To the south, the SAF in-
terface is locked and last slipped during the 1857 Fort Tejon
earthquake (Sieh, 1978). The Parkfield segment forms the
transition zone between these two behavioral extremes. It
exhibits mixed mechanical behavior; creep continues at the
surface, but one or more locked asperities exist at midseis-
mogenic depths (Harris and Segall, 1987; Murray et al.,
2001). In this setting, aseismic slip comprises a significant
portion of the slip budget and may even regulate the occur-
rence of seismic events (Gao et al., 2000).

Datasets

It is highly advantageous to combine GPS-derived
displacements with InSAR data. InSAR range-change mea-
surements reflect a mixture of vertical and horizontal defor-
mation of unknown ratio, whereas GPS data provides three-
dimensional (3D) displacement measurements. InSAR is
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limited in its ability to resolve long-wavelength deformation
because of uncertainties in the satellite orbit parameters,
while GPS has no such limitation. Furthermore, continuous
GPS provides dense time sampling that is unavailable using
InSAR alone because of the approximate monthly orbit cycle
of the satellite. The prime strength of InSAR is its dense
spatial coverage; a typical Envisat interferogram has a sam-
ple spacing of 80 m (after averaging 4 � 20 samples, or
looks). By combining these two complementary datasets, the
model inversion for slip on the coseismic rupture exploits
the strengths of each.

Interferometric Synthetic Aperture Radar (InSAR)

An interferogram measures the difference in phase be-
tween the returning, backscattered radar waves from two
separate passes of a radar satellite. The phase difference rep-
resents net movement of the ground relative to the satellite
(in the radar line-of-sight) during the time spanned by the
interferometric pair, usually modified to some extent by
other effects (Bürgmann, et al., 2000). The phase difference
is measured modulo 2p radians, and one such progression
(called a fringe) is equivalent to ground motion of half the
radar wavelength (2.8 cm for the Envisat and Radarsat sat-
ellites). The discontinuous map of phase differences is un-
wrapped to form a continuous map of the change in distance
between the satellite and the scatterers on the ground (range
change).

Twenty-three interferograms ( E Table S1 in the elec-
tronic edition of BSSA) span the coseismic and portions of
the postseismic periods. We used data from Envisat imaging
beam I2 and Radarsat-1 standard beam S1, both of which
have a line of sight to the right of the orbit track (right-
looking) and an incidence angle with the Earth’s surface at
the center of the synthetic aperture rador (SAR) swath of
about 23� from the vertical. We include data from both as-
cending orbit tracks (heading of 346�) and descending tracks
(heading of 194�). As a consequence of the geometry of the
InSAR line-of-sight, the range-change measurement is most
sensitive to vertical motion, less sensitive to east–west mo-
tion, and least sensitive to north–south motion.

The spatial sampling of the full-resolution interfero-
grams from Envisat beam I2 and Radarsat-1 beam S1 is
about 20 � 4 m on the ground (with the higher resolution
in the along-track direction). Because the signal coherence
in the Parkfield area is low, we averaged the InSAR data in
both the cross-track and along-track directions, giving a total
number of samples averaged (called looks) of 4 � 20 (re-
sulting in �80-m spacing) or 8 � 40 (Table 1).

The interferograms were processed using Roi_pac, de-
veloped at JPL/Caltech, and unwrapped using the Snaphu
unwrapper (Chen and Zebker, 2001). The Parkfield earth-
quake was not large, and the deformation from this earth-
quake produced only 1–2 fringes (3–6 cm) of range change.
Many of the interferograms contain noise with apparent
range change of nearly the same magnitude as the signal

from the earthquake. Identifying the source and amount of
noise in each interferogram informed our decision on which
to include in our joint inversion (see following section). Six
Envisat and two Radarsat interferograms were chosen for
modeling the earthquake (Table 1, Figs. 1 and 2).

Atmospheric Delay. Nearly all repeat-pass interferograms
suffer from contamination of the desired signal with atmo-
spheric delay errors (Zebker et al., 1997). Atmospheric delay
errors occur when water in the troposphere or density
changes in the ionosphere slow down the travel time of the
radar wave in one of the two scenes in the interferometric
pair, causing an apparent change in distance. These errors
are generally identifiable as long wavelength patterns or
blobs of range change. For this work, some areas with at-
mospheric delay errors can be avoided because the location
and basic pattern of the target signal is known. Two patches
of range change to the east and southeast of Parkfield in
interferogram E are not near the SAF, nor do they have any
other discernible tectonic origin, and they are interpreted to
be atmospheric delay error (dashed circles in Fig. 1e). Also,
in interferograms B, C, and F, patches of range change to
the northwest of Parkfield, in the creeping section of the SAF,
are interpreted to be atmospheric delay errors (dashed circles
in Fig. 1b,c,f).

Groundwater-Induced Vertical Motion. For the purposes
of studying earthquakes or other tectonic processes, ground-
water-induced vertical motion is also a source of noise. Sub-
sidence or rebound due to variations in groundwater levels
occur in many areas and can have seasonal cycles and long-
term components (Amelung et al., 1999; Schmidt and Bürg-
mann, 2003). All of the interferograms contain the southern
portion of the Salinas basin including the Paso Robles sub-
unit, just southwest of Parkfield (white circles in Fig. 1a and
Fig. 2a). In 1997, a seasonal change in groundwater levels
of 60 ft. in the Paso Robles subunit produced 6 cm of vertical
ground motion (Valentine et al., 2001), an amount that is
similar to the range change produced by the Parkfield earth-
quake. Small bulls-eye-shaped range-change patterns in the
Paso Robles subunit are apparent in all the interferograms
but are most obvious in interferogram A (Fig. 1a). Interfer-
ogram A also exhibits an area of range-change increase to
the northwest that we interpret to be due to subsidence of
the greater Salinas basin.

Petroleum and gas withdrawal from shallow reservoirs
can also cause rapid ground subsidence, including at the Lost
Hills oil field at the southeast corner of Interferograms A
and E (black circles in Fig. 1a,e) (Fielding et al., 1998). This
intense deformation is far enough away from the Parkfield
earthquake that it is outside the area used in our analysis.

The 22 December 2003 San Simeon Earthquake. The
Parkfield earthquake occurred less than a year after the Mw

6.5 San Simeon earthquake and about 50 km to the west.
Southern California Integrated GPS Network (SCIGN) con-
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Table 1
Interferograms Used in Joint Inversion

Interferogram
Letter Scene ID*

Start Date
(mm/dd/yy)

End Date
(mm/dd/yy)

Perpendicular
Baseline (m)

Time Span
(years)

No. of
Looks

A Envisat A435/711 3/7/03 9/30/04 217 1.57 4 � 20
B Envisat D027/2871–2889 4/14/04 10/6/04 68 0.48 4 � 20
C Envisat D027/2871–2889 5/19/04 10/6/04 �50 0.38 4 � 20
D Envisat A206/711 9/14/04 11/23/04 57 0.19 4 � 20
E Envisat A435/711 8/26/04 12/9/04 79 0.29 4 � 20
F Envisat D027/2871–2889 6/23/04 12/15/04 �54 0.48 4 � 20
G Radarsat A 45012–46727 6/19/04 10/17/04 120 0.33 4 � 20
H Radarsat A 45012–47756 6/19/04 12/28/04 40 0.53 8 � 40

*Envisat scenes are identified by track/frame numbers and Radarsat scenes are identified by start-end orbit
numbers. A and D refer to ascending or descending orbit track, respectively.

tinuous GPS stations in the Parkfield area show coseismic
motion in a westward direction of up to 1 cm from this event
(Hardebeck et al., 2004; Ji et al., 2004; Rolandone et al.,
2006) ( E Table S2 in the electronic edition of BSSA).
Postseismic deformation following the San Simeon earth-
quake is indicated by transient motions of six GPS stations
in the region, which rapidly decayed in the aftermath of the
event (Savage et al., 2005; Rolandone et al., 2006). Rolan-
done et al. (2006) find that the motions are best explained
by afterslip in the upper �3 km of the crust. The continuous
GPS sites in the Parkfield area do not reveal significant San
Simeon postseismic motion.

Interferogram A is the only interferogram used that also
spans the San Simeon event. Estimates for the coseismic
displacements from a model of GPS and InSAR data spanning
the San Simeon earthquake (Johanson, 2006) were removed
from this interferogram. Though the amount of displacement
in the Parkfield area from the San Simeon earthquake was
significant, the displacement gradient was small and nearly
constant. Similarly, the San Simeon postseismic deformation
pattern at Parkfield is very small and long wavelength com-
pared with the deformation signal from the Parkfield earth-
quake. Any remaining residual far-field displacement gra-
dients from the San Simeon event can be compensated for
by including a ramp across the interferograms as part of the
model parameters (see the Inversion Setup Section).

Interseismic Deformation. The interferograms used here
have variable time spans, and each contains a different con-
tribution from the interseismic deformation field. In the
Parkfield area, the interseismic deformation field is the result
of the combination of strain accumulation on the regional
fault system and steady fault creep. The deformation field
from strain accumulation can be modeled as slip on large
dislocations below the seismogenic portion of the fault (e.g.,
from 15- to 3000-km depth) and produces a deformation
pattern with wavelength of tens to hundreds of kilometers.
Interseismic creep, on the other hand, involves slip on the
shallow portions of the fault zone and so produces a shorter
wavelength deformation pattern. To forward predict and re-
move the interseismic displacement field from each inter-

ferogram and to predict the interseismic velocity of the cam-
paign GPS stations, we use an interseismic slip model from
Rolandone et al. (2004). Their model is derived from an
inversion of continuous and campaign GPS data along the
creeping section of the SAF and the northern and southern
transition zones. It contains both deep and shallow model
fault elements to capture the effects of strain accumulation
and aseismic creep.

Unwrapping Errors. Standard algorithms for unwrapping
of the interferogram phase assume that the phase varies
smoothly. A discontinuity in the deformation pattern and
phase, such as at a surface rupture, requires the unwrapping
algorithm to estimate by how many multiples of 2p the phase
of the two sides are separated. To facilitate this, it is some-
times necessary to subtract an a priori model of the defor-
mation during the time spanned by the interferogram. Sub-
tracting the phase predicted by a model reduces the phase
gradients and mitigates unwrapping errors near the surface
rupture.

We applied an a priori model to aid the unwrapping of
interferograms D, E, and F (Table 1). Displacements of con-
tinuous GPS sites were estimated for times matching the time
spans of the interferograms and including both coseismic
and postseismic motions. The estimated displacements were
inverted for right-lateral strike slip on a distributed slip
model with geometry identical to that described subse-
quently for the joint inversion. Predicted range changes from
the model for each interferogram were subtracted before un-
wrapping and added back in afterward.

Including these models facilitated successful unwrap-
ping across the SAF zone; however, the Parkfield earthquake
involved surface slip on two subparallel strands �2 km
apart. The Southwest Fracture Zone (SWFZ) slipped coseis-
mically at the surface, while the main trace of the SAF ex-
hibited enhanced postseismic creep (Langbein, et al., 2005,
2006). The GPS data used to create the a priori model are
not dense enough to tightly constrain slip on both strands,
so our model includes only a single fault plane at depth and
at the surface (see the Model Geometry Section). The un-
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Figure 2. Portions of Radarsat interferograms
from ascending swaths covering the Parkfield area.
(a) 19 June 2004 to 17 October 2004; (b) 19 June
2004 to 28 December 2004. Black dashed lines in-
dicate cropped area included in model inversions.
Solid white circle indicates the Paso Robles subunit
of the Salinas basin (PRB). Arrows are the radar look
direction, with A referring to the ascending track di-
rection. The black star in both frames is the epicenter
of the 2004 Parkfield earthquake and the white star is
the epicenter of the 2003 San Simeon earthquake.

Figure 3. Locations of GPS stations used in this
study. Squares are stations in the SCIGN continuous
GPS network, diamonds are PBO continuous stations,
triangles are campaign stations surveyed by the USGS,
and inverted triangles are campaign stations surveyed
by UC Berkeley. Solid dark lines are mapped fault
traces, and dashed gray lines are major roads. The
location of SAFOD is indicated by a gray dot, and the
star marks the Parkfield earthquake epicenter. Black
circles are double-difference relocated seismicity
from Thurber et al., (2006). Dashed box is the spatial
extent of Figure 4. Inset map shows location of ref-
erence site ORES, with extent of main figure outlined.

wrapping algorithm must decide how to partition the phase
change across both strands using information from more
smoothly varying parts of the interferogram. This makes the
area between the two strands particularly susceptible to un-
wrapping errors.

Global Positioning System (GPS)

We use GPS-derived horizontal displacements from
both campaign and continuous stations (Fig. 3; E Table S2
in the electronic edition of BSSA). The campaign data in-

cludes five stations surveyed by University of California,
Berkeley (UCB) and 12 stations surveyed by the U.S. Geo-
logical Survey (USGS). The campaign data were processed
in daily solutions using GAMIT and combined, using
GLOBK/GLORG, with daily solutions from continuous sta-
tions in the SCIGN network and the International Global
Navigation Satellite System (GNSS) Service (IGS), obtained
from the Scripps Orbital and Permanent Array Center
(http://sopac.ucsd.edu). Continuous sites from the Earth-
scope/Plat Boundary Observatory (PBO) network that were
installed within a month after the Parkfield earthquake are
also included to constrain the postseismic slip.

Time-Series Modeling. We used time-series modeling to
extract the coseismic and postseismic displacements at each
GPS station and used these as inputs in the simultaneous slip
inversion. The SCIGN continuous GPS stations provided the
most complete record of station displacements and were fit
by the following model:

d � c � v t � d H(t� t ) � d H(t� t ) . . .total int ss ss pk pk

. . . � d (1 � exp(�(t� t )/s))H(t� t ) , (1)ps pk pk
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Figure 4. Small-scale location map showing
SCIGN continuous GPS stations (squares), USGS
creepmeters (circles), and USGS campaign stations
(triangles). Solid dark lines are mapped fault traces,
and dashed gray line is Highway 46. Gray line out-
lined in black is the surface projection of the model
fault plane. Location of SAFOD is indicated by gray
dot, and star is the Parkfield earthquake epicenter. In-
set map shows location of reference site ORES, with
extent of main figure outlined.

where H(t) denotes the heavyside step function, occurring at
time t. A simplex search method for unconstrained nonlinear
optimization was used to find values for a constant (c), the
interseismic velocity (vint), offsets at the times of the San
Simeon (dss), and Parkfield (dpk) earthquakes, and the am-
plitude (dps) and decay time (s) of an exponential represent-
ing postseismic slip, which minimize the residual sum of
squares of the model to the data. We use continuous GPS
data from 1 January 2003 to 31 January 2005. The choice
of end date was made for two reasons. First of all, the mod-
eled values of s, and to a lesser degree dps, were observed
to increase for end dates later than 1 February 2005, par-
ticularly for stations to the west of the SAF ( E Fig. S1 and
Fig. S2 in the electronic edition of BSSA). With a cutoff
date of 31 January 2005, values of s are consistent on both
the east and the west sides of the SAF. Also, values of s
determined separately for the north and east components of
the GPS positions were also observed to diverge from each
other for end dates later than 1 February 2005. The choice
of end date results in similar values of s for the north and
east components when modeled independently, nonetheless
a single value of s was fit to both the north and east com-
ponents simultaneously. The results of the time-series mod-
eling are shown in Table S2 ( E available in the electronic
edition of BSSA).

Campaign GPS Time-Series Modeling. For the campaign
sites, which have sparser time sampling than the continuous
sites, subsets of the model parameters in equation (1) were
used to model their time series, ( E Table S2 in the electronic
edition of BSSA). Which model parameters were included
depended on the observation times of each data source (UCB,
USGS, or PBO). For all three, the interseismic slip model
described in the Interseismic Deformation section (Rolan-
done et al., 2004) was used to constrain the interseismic
velocities.

The five UCB campaign stations were surveyed three
times before the Parkfield earthquake. Two surveys were
conducted between the 2003 San Simeon and Parkfield
earthquakes, and the offsets from both were estimated. How-
ever, we are not able to determine either the amplitude of
the postseismic exponential decay or the decay time constant
from the UCB campaign GPS data.

Campaign stations surveyed by the USGS did not in-
clude observations between the times of the San Simeon and
Parkfield earthquakes. In this case, we cannot uniquely de-
termine offsets due to each event. However, many of the
stations were surveyed quasi-continuously after the Parkfield
earthquake, and so we were able to solve for the amplitude
of the postseismic exponential. The decay time constant (s)
was held fixed to the average value of s (0.087 years) for
SCIGN continuous stations and creepmeters as described in
the Postseismic Exponential Decay Time Constant section.
Five PBO continuous stations installed after the Parkfield
earthquake were treated like USGS campaign data in that a
priori interseismic velocities were used, the postseismic am-

plitude (dps) was solved for, and the decay time constant (s)
was fixed to 0.087 years. It was possible to solve for a co-
seismic offset for three PBO stations installed before the
Parkfield earthquake. However, these sites were located
�50 km from the Parkfield rupture area (Fig. 4), and the
postseismic amplitude (dps) was too small to be well deter-
mined.

Simultaneous Coseismic and Postseismic
Slip Inversion

Earthquake Cycle Effects

All of the datasets used here contain contributions from
the coseismic, postseismic, and interseismic periods of the
earthquake cycle. Because of the different time spans and
sampling of the datasets, they contain different ratios of co-
seismic, postseismic, and interseismic deformation. This fact
is used to our advantage in the model presented here in order
to differentiate between coseismic and postseismic slip. The
postseismic slip is assumed to evolve with the same expo-
nential decay function as the GPS sites (equation 1), such
that the total slip (Stotal) has the following form:

�t /spss � s � A (1 � e ) , (2)total cs ps
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Figure 5. Decay time constants fit to continuous
GPS data (squares) and creepmeter data (circles).
Dashed line shows average value (0.087 years) used
in time-series and slip modeling. Uncertainties for the
creepmeter data average 0.003 years; error bars would
be about the size of the symbol ( E Table S3 in the
electronic edition of BSSA).

where tps is the amount of postseismic time spanned by each
interferogram; that is, the amount of time between the Park-
field earthquake and the end of the interferogram. Daily time
series from continuous GPS stations and USGS creepmeter
data were used to constrain the decay time constant (s) and
thereby predict the fraction of the total postseismic defor-
mation field present in each interferogram. A joint inversion
was then performed on the InSAR and GPS data for the co-
seismic slip (scs) and exponential decay amplitude (Aps,
postseismic slip) on each model element. Due to the daily
sampling of the GPS time series, our estimate of coseismic
slip includes postseismic afterslip of the first day. Studies
considering high-rate geodetic time series find that the con-
tribution of afterslip to the deformation during this first day
was indeed substantial (Johnson et al., 2006; Langbein et
al., 2006). It should be noted that by solving for only Aps,
we do not allow the spatial distribution of postseismic slip
to change over time. Nonetheless, this approach allows us
to take advantage of the number of interferograms available
to constrain the model while accounting for the variable time
span of each. As a consequence, the estimate of postseismic
slip used here is not associated with a finite time span, but
reflects the total estimate of cumulative afterslip.

Data Reduction

Because the desired signal in the interferograms is of
similar magnitude to the noise sources, as discussed previ-
ously, it was necessary to crop the interferograms and in-
clude only the Parkfield region in the model inversion (black
dashed lines in Fig. 1 and Fig. 2). In addition to not consid-
ering areas well outside of the coseismic deformation zone,
the cropped regions were chosen to avoid known areas of
groundwater-induced vertical motion, such as the Paso
Robles subunit, and those areas determined to be heavily
contaminated by atmospheric errors. The areas inside the
cropped region are not necessarily free of noise sources, but
they have a signal-to-noise ratio high enough that the range
change related to the Parkfield earthquake will dominate the
inversion. The interferograms were further subsampled on a
grid with 1-km spacing, where each sample is an average of
16 pixels. This mitigates any correlations that exist between
pixels, particularly those introduced by filtering.

Model Geometry

The inversion is restricted to a single, vertical, 40 km
� 15 km plane, which is divided into 300 2 km � 1 km
elements. The 2004 Parkfield earthquake involved slip on
multiple surface traces of the SAF as described previously.
Although the interferograms include range-change estimates
across the entire rupture zone, there is a possibility of un-
wrapping errors in this area. We therefore choose not to
model the complex surface rupture pattern but instead to
focus on the slip at depth. The surface projection of our
model plane runs between the SAF main trace and the SWFZ

(Fig. 4), and the shallow elements in our model reflect the
sum of shallow slip across the active strands. The interfero-
gram samples located between the main trace and the SWFZ,
and continuous GPS station CARH, were removed from the
inversion. An offset between the model plane and the actual
surface rupture will tend to cause surface slip to be mapped
onto deeper model fault elements. However, the SAF and the
SWFZ are within 1–2 km of our model plane, so this effect
is expected to be minimal and to be restricted to the top 1–
2 km of the model.

One effect of cropping the interferograms is to limit the
depth extent over which the inversion can resolve slip. The
cropped regions vary between the interferograms, but none
include samples more the 30 km from the fault. Slip on fault
elements deeper than 20–30 km would trade off heavily with
the tilt across the interferograms included in the model pa-
rameters. We do not include any dislocations below 15 km
in our model geometry. Consequently, the model does not
address whether any deep afterslip occurred following the
Parkfield earthquake.

Postseismic Exponential Decay Time Constant

The postseismic exponential decay time constant (s)
constrained by data from 12 continuous GPS stations and
seven USGS creepmeters (Fig. 4, E Tables S2 and S3, avail-
able in the electronic edition of BSSA). Figure 5 shows s as
a function of the perpendicular distance from the SAF. The
lack of a systematic trend in these values indicates that
postseismic slip from deep and shallow depths on the fault
did not occur with significantly different decay times. Par-
ticularly the fact that the creepmeter estimates are similar to
the GPS estimates from further away from the fault indicates
that surface creep did not evolve much differently than slip
at depth. The decay time constant used in the inversion
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(0.087 years) is the average of the decay time constants de-
termined from the creepmeter records and the selected con-
tinuous GPS time series.

Inversion Setup

We invert the eight interferograms and four GPS data-
sets simultaneously for the coseismic slip and the amplitude
of the postseismic exponential decay as follows.

�1�G �G (1�exp(�(t � t )/s)) xys1 s1 ps1 pk 1

M M M

�G �G (1�exp(�(t � t )/s)) xysN sN psN pk N
•

W G 0 0gc gc� �0 � W G 0gp gp gp

2 2b � b � 0c p

r�d s1

M
rs csr�d sN r

� A , (3)psrW dgc pk � �rt
r� �� W dgp gp ps

0

where is the vector of InSAR samples, is the vectorr rd ds pk

of coseismic offsets, and is the vector of amplitudes ofrdps

the postseismic decay for the GPS data, taken directly from
equation (1). Gs1-N, Ggc, and Ggp are Green’s functions for
the InSAR, coseismic GPS, and postseismic GPS data, re-
spectively. The Green’s functions are constructed using
Okada’s equations (Okada, 1985) to relate unit slip on each
dislocation to displacements at the surface. tps1-N are the end-
ing times of the interferograms (Table 1), and tpk is the time
of the Parkfield earthquake.

Wgc and Wgp are the covariance matrices for the co-
seismic and postseismic GPS data, respectively, used to
weight the data in the inversion. The InSAR dataset is
weighted in the inversion relative to the GPS through the
factor �, which has the effect of scaling the InSAR uncer-
tainties. For this inversion, � is chosen so that the InSAR
dataset has twice the weight of the GPS dataset, that is,

. The heavierr r r|�d | � 2(|W d | � |� W d |)� sN gc pk gp gp ps
N

weight on the InSAR data is because it contains more sepa-
rate time spans (Table 1), and consequently more informa-
tion about the postseismic slip evolution. If the full covari-
ance matrix for InSAR data were better known, it could be
weighted by its actual uncertainties. Several previous au-
thors have devised schemes for choosing data weights in the
absence of complete knowledge of the covariance matrix.
These include scaling the datasets relative to the model
roughness (Kaverina et al., 2002; Price and Bürgmann 2002)

and choosing a weight for one data type that does not se-
verely affect the fit to other data types (e.g., Schmidt et al.,
2005). Our choice of � is consistent with the latter scheme;
weighting the InSAR data twice as heavily increases the GPS
misfit by only 4% and decreases the InSAR misfit by 3%
over even weighting. The factor �gp is used to further weight
the postseismic GPS data relative to the InSAR data. Because
the interferograms are not cleanly separated into coseismic
and postseismic portions, the data vectors cannot be used to
define the weights. Instead, �gp is chosen such that the ratio
of the magnitude of the GPS Green’s function to the sum of
the magnitudes of the InSAR Green’s functions is identical
for the coseismic and postseismic models. This ensures that
the coseismic and postseismic slip models have the same
relative weights of InSAR and GPS data.

The Laplacian operator (�2) is used to apply smoothing
to the modeled slip and is weighted by bc and bp, for the
coseismic and postseismic slip models, respectively. The La-
placian operator is constructed to smooth the model toward
zero slip at the northwest, southeast, and bottom edges of
the model plane. Smoothing weights were chosen to provide
a smooth model while not significantly increasing the model
misfit, and the results of increasing and decreasing the
smoothing are shown in Figure S3 ( E electronic edition of
BSSA). We further constrain the model to allow only right-
lateral strike slip by implementing a bounded-value least-
squares algorithm to perform the inversion (Stark and
Parker, 1995).

xyN are the Green’s functions relating the interferogram
samples to an offset and gradient across the interferogram

. A gradient is typically included in inversions of InSARr( t )
data to account for possible errors in the orbit parameters.
However, because the interferograms have been cropped to
a fraction of their original size, solving for a ramp on the
small subset could imply a large phase error in the distant
parts of the interferograms that is unrealistic. Nonetheless
the ramp terms are included in the inversion to account for
long-wavelength noise sources, such as atmospheric water
vapor variations or the far-field postseismic transient defor-
mation from the San Simeon earthquake.

Results and Discussion

Figure 6 shows the results of the inversion for coseismic
slip and for the total slip amplitude of the postseismic ex-
ponential (Aps, postseismic slip). The coseismic slip occurred
in two asperities: asperity A is located near the hypocenter
and asperity B is 15–20 km northwest of the hypocenter.
The postseismic slip has its maximum north of asperity B
and deeper on the fault surface (asperity D), near two M 5.0
aftershocks and includes another asperity (asperity C) near
asperity A. The postseismic slip model also includes en-
hanced slip in the shallow portions of the fault. In the north-
western half of the model, the coseismic and postseismic slip
patterns appear complementary to each other. Asperity B is
an area of high slip in the coseismic model, but the same
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Figure 6. Results of inversion for (a) coseismic slip and (b) postseismic slip. Red
stars mark location of earthquake hypocenter. Black circles are double-difference re-
located aftershocks (Thurber et al., 2006); symbol size is scaled to actual size of rupture
assuming 3 MPa stress drop and circular rupture. The coseismic model is plotted with
the first day of aftershocks; the postseismic slip model is plotted with aftershocks from
29 September through 17 November 2004. Letters A, B, C, and D refer to asperities
mentioned in the text. Triangles are creepmeter displacements roughly corresponding
to the coseismic and postseismic periods (described in more detail in the text), and
color coded using the same scale as the slip models.

area experiences little postseismic slip. Similarly, asperity D
is located in an area in which no slip was resolved in the
coseismic model.

In general the fit to the data is good, with only a few
significant residuals (Figs. 7 and 8). Two PBO stations with
postseismic estimates are underfit by the postseismic slip
model. Observations at these two stations began in Novem-
ber 2004; therefore the total amplitude of the postseismic
exponential is not well constrained. Removing these two sta-
tions from the inversion reduces the amount of shallow slip
south of the epicenter but does not remove it entirely ( E

Fig. S5 in the electronic edition of BSSA). Interferograms
D and F have near-fault residuals indicating an overestimate

of the shallow slip for these interferograms. This could be
due to time-dependent variations in shallow slip, besides the
exponential decay, which are not accounted for in our model.
It is apparent in Figure 7 that the InSAR residuals and the
predicted range change due to postseismic slip have similar
magnitudes. This illustrates the importance of using multiple
interferograms when the tectonic signal is small.

The inversion was repeated using only the InSAR data
and then only the GPS data (Fig. 9). The separate inversions
have limited resolution power along different portions of the
model where either GPS stations or coherent InSAR data are
sparse. In the coseismic model, the pattern of slip in both
single-data type inversions is similar and suggests that the
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Figure 7. Model fits to InSAR data. Letters refer to interferograms listed in Table
1. LD, look direction, direction of satellite view. Gray colored samples under Obser-
vations are those lying between the main SAF and SWFZ, which were removed before
modeling. ( E A high-resolution version of this figure is available as Fig. S4 in the
electronic edition of BSSA).
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Figure 8. Model fits and residuals for the GPS data. Top row is stations with co-
seismic estimates (dpk in equation 3) and their fit to the coseismic slip model. The
bottom is stations with postseismic amplitudes (dps in equation 3) and their fit to the
postseismic slip model. Displacements are relative to station ORES (Fig. 3). 95% con-
fidence error ellipses are plotted with the observations. Black dot is the location of
SAFOD, and the black star is the Parkfield earthquake epicenter.

results found here are not overly sensitive to dataset weight-
ing (�). However, for the postseismic slip models, the GPS-
only inversion resolves more shallow slip than the InSAR-
only inversion. Though both resolve enhanced postseismic
slip north of SAFOD, the inferred slip occurs at different
depths; the GPS-only inversion favors shallow slip here,
while the InSAR and the joint inversions do not.

Surface Slip

The amount of slip resolved in the topmost row of
model elements in the coseismic and postseismic periods is
similar to the displacements measured by creepmeters
(Fig. 6). Many of the USGS creepmeters went off scale dur-
ing or just after the Parkfield earthquake and had to be reset
by hand. The total fault displacement while the instrument
was off scale was measured with a micrometer (Langbein et
al., 2006). We plot the displacements from before the earth-
quake to after the instrument was brought back on scale with
the coseismic slip model. Displacements from when the in-
struments were reset to 31 January 2005 are plotted with the
postseismic slip model. Early postseismic slip occurred rap-
idly in some areas, so we expect the coseismic creepmeter

displacements to be an overestimate and the postseismic dis-
placements to be an underestimate. Nonetheless, our model
correctly captures the overall magnitude and some of the de-
tails of the surface-slip distribution. According to the coseis-
mic model, surface slip continued at low levels north of Mid-
dle Mountain up to near the SAFOD. Surface slip in the
coseismic model terminates at Gold Hill in the south (creep-
meter XGH1), although postseismic surface slip continued for
another �6 km. The extent of surface slip in the models is
similar to field observations, where patches of ground break-
age were observed from 2 km north of SAFOD and continued
until about 5 km south of Gold Hill (Rymer et al., 2006).

Relationship to Aftershocks

Double-difference relocation of Parkfield aftershocks
shows that they occurred in streaklike patterns similar to
those seen in the background seismicity, including a promi-
nent streak at �5-km depth (Langbein et al., 2006; Thurber
et al., 2006). One interpretation of microseismicity streaks
is that they occur at the boundaries of creeping and locked
asperities of the fault surface (Nadeau et al., 1995). Thus,
the microseismic streak would be expected to bound areas
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Figure 9. (a), (c) Comparison of inversion using only InSAR data and (b), (d) only
GPS data for both the (a), (b) coseismic and (c), (d) postseismic slip models. Compare
with Figure 6 for which InSAR data was weighted twice as heavily as GPS data. An-
notations are the same as in Figure 6.

of high coseismic slip. The streak of aftershocks at 5-km
depth occurs near the top of asperity B (Fig. 6a) and could
be interpreted as weakly bounding the asperity. Furthermore,
a smaller streak of aftershocks near the hypocenter at 9-km
depth lies near the tops of asperities A and C. In the post-
seismic slip model, much of the shallow slip occurs in the
fault region above the 5-km aftershock streak (Fig. 6b).

The area of enhanced postseismic slip to the northwest
corresponds with the location of two M 5.0 aftershocks that
occurred on 29 and 30 September. Assuming a 3 MPa stress
drop and circular rupture, these events contributed 13 cm of
slip to the postseismic slip model. However, the model in-
dicates as much as 25 cm of slip over a similar area and
suggests that significant aseismic slip occurred near the af-
tershock hypocenters. Our model cannot address the relative
timing or spatial association of the aftershocks and the aseis-
mic slip and whether the earthquakes occurred in response
to increased creep rates or if they unpinned the fault surface
and allowed enhanced creep to take place. Also, because
model resolution decreases with depth, the model cannot
address whether the areas of the fault that slipped seismically
in aftershocks also slipped aseismically.

Seismic versus Aseismic Moment Release

The model yields a moment estimate of 2.16 � 1018

N m (Mw 6.2) for the coseismic period and 1.63 � 1018 N m
(Mw 6.1) for the postseismic period, using a value of 30 GPa

for rigidity. Because the postseismic slip model is derived
from the amplitudes of the postseismic exponential decay,
the postseismic moment magnitude is not associated with
any particular time span but is an estimate for the entire
postseismic period. The total moment for both periods is
3.79 � 1018 N m (Mw 6.3).

Our coseismic moment magnitude is larger than seismic
estimates of Mw 6.0 (M0 � 9.4 � 1017 �1.1 � 1018 N m)
(Langbein et al., 2005). Langbein et al. (2006) and Murray
and Langbein (2006) used 1-Hz GPS data, together with
strainmeter data, to constrain models of coseismic slip with
moments of 1.1 � 1018 N m and 1.3 � 1018 N m, respec-
tively. Our larger estimate could be due to aseismic slip from
early in the postseismic period being included in our coseis-
mic model. If the coseismic moment were between 9.4 �
1017 and 1.3 � 1018, then 40%–55% of the slip in our 1-
day coseismic model would be aseismic. Both coseismic
models from 1-Hz data have their peak slip �15 km north
of the hypocenter, similar to its location in our model (as-
perity B). However, neither includes as much slip near the
hypocenter (asperity A) as our model, which suggests that
this slip asperity may be predominantly composed of rapid
afterslip.

Rapid and copious postseismic slip was also observed
following the 1966 Parkfield event (Smith and Wyss, 1968)
and for several subduction zone earthquakes (Heki et al.,
1997; Bürgmann et al., 2001). The profusion of postseismic,
aseismic slip at these locations is almost certainly related to
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their transitional nature (including both locked and creeping
fault areas) and the juxtaposition of velocity-strengthening
and velocity-weakening fault materials. The regions of en-
hanced postseismic slip occur near the edges of the coseis-
mic slip in areas that would have experienced increased
stress from the coseismic rupture. This is consistent with the
view that velocity-strengthening segments of the SAF ex-
perienced transient accelerated slip in response to the Park-
field stick-slip event (Marone et al., 1991; Hearn et al., 2002;
Johnson et al., 2006). In fact, geodetic estimates of com-
bined coseismic and early postseismic moment release for
the 1934 and 1966 Parkfield earthquakes have consistently
obtained estimates in the range of Mw 6.3–6.6 (Segall and
Harris, 1987; Segall and Du, 1993; Murray and Segall, 2002;
Murray and Langbein, 2006). The similarity of our results
for the 2004 Parkfield earthquake to those for the earlier
events is evidence that these are to some extent characteristic
earthquakes; however, Segall and Du (1993) and Murray and
Langbein (2006) find significant differences in the details of
the slip distributions. Large amounts of postseismic slip ap-
pear to be characteristic of the Parkfield area and underscore
the need to explicitly consider aseismic slip in any time-
predictable model of earthquake occurrence in transition
zones.

Conclusions

We simultaneously inverted InSAR and GPS data for
coseismic (event plus 1-day afterslip) and postseismic slip
from the 2004 Parkfield earthquake. The model indicates
that coseismic slip occurred as two asperities, with the larger
being northwest of the hypocenter by 15 km. For the post-
seismic period, the model identifies a deep slip patch near
the location of two M 5.0 aftershocks and another near the
hypocenter. The slip model suggests that a streak of micro-
seismicity at 5-km depth forms a dividing line between co-
seismic slip below and postseismic slip above. In general,
postseismic slip is enhanced in the areas directly surrounding
the coseismic rupture. The model indicates that surface slip
extended from �6 km south of Gold Hill to near SAFOD
and occurred mostly during the postseismic period. We ob-
tain a moment magnitude estimate of Mw 6.2 for the coseis-
mic rupture plus 1-day of slip and Mw 6.1 for the subsequent
postseismic period. The difference between our coseismic
estimate and seismic and high-frequency GPS-derived mo-
ment magnitudes of Mw 6.0 implies that our coseismic model
contains substantial early afterslip and that 66%–75% of the
total (coseismic and postseismic) moment release associated
with the Parkfield earthquake occurred aseismically.
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