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Coseismic and Initial Postseismic Deformation from the 2004 Parkfield,

California, Earthquake, Observed by Global Positioning System, Electronic

Distance Meter, Creepmeters, and Borehole Strainmeters

by J. Langbein, J. R. Murray, and H. A. Snyder

Abstract Global Positioning System (GPS), electronic distance meter, creepmeter,
and strainmeter measurements spanning the M 6.0 Parkfield, California, earthquake
are examined. Using these data from 100 sec through 9 months following the main-
shock, the Omori’s law, with rate inversely related to time, 1/t p and p ranging be-
tween 0.7 and 1.3, characterizes the time-dependent deformation during the post-
seismic period; these results are consistent with creep models for elastic solids. With
an accurate function of postseismic response, the coseismic displacements can be
estimated from the high-rate, 1-min sampling GPS; and the coseismic displacements
are approximately 75% of those estimated from the daily solutions. Consequently,
fault-slip models using daily solutions overestimate coseismic slip. In addition, at
2 months and at 8 months following the mainshock, postseismic displacements are
modeled as slip on the San Andreas fault with a lower bound on the moment ex-
ceeding that of the coseismic moment.

Online material: Data description and supplementary figures, tables, and data used
in models and time-series analysis.

Introduction

The 2004 M 6.0 Parkfield, California, earthquake oc-
curred within a dense network of 14 continuously operating
Global Positioning System (CGPS) receivers, 12 creep-
meters, 7 borehole strainmeters, and 13 electronic distance
meter (EDM) baselines that span the rupture zone of this
earthquake (Fig. 1). Following the earthquake, the U.S. Geo-
logical Survey (USGS) deployed additional survey-mode
GPS (SGPS) receivers at 32 other sites in the region to aug-
ment the spatial coverage of CGPS observations of defor-
mation for this earthquake. Both Langbein et al. (2005) and
Savage et al. (2005) present the initial observations and their
interpretations. Since the coseismic and postseismic defor-
mation is large relative to the errors in the data, these data
should provide constraints for various aspects of the coseis-
mic, postseismic, and the interseismic periods of the earth-
quake cycle. This article concentrates on our analysis of de-
formation during the initial postseismic period.

One of the key observations from the 2004 Parkfield
earthquake is the amount of postseismic deformation (Figs. 2
and 3). Significant, postseismic deformation was also ob-
served for the 1966 Parkfield earthquake (Scholz et al.,
1969, Smith and Wyss, 1968). In contrast to the observations
made for the 1966 event, our observations start within sec-
onds after the 2004 mainshock and, because we had a large

network of crustal deformation instruments already installed
with the purpose of observing Parkfield earthquakes (Roe-
loffs and Langbein, 1994), we can analyze a data set with
vastly greater spatial and temporal coverage than available
for 1966. In particular, the CGPS data are important to the
problem of postseismic deformation because of their good
temporal resolution derived from 1-sec estimates of position
(Bock et al., 2000; Larson et al., 2003) and their excellent
long-term stability (Williams et al., 2004). The CGPS data
are augmented both by borehole strainmeter data, creep-
meter data, and two-color EDM data. Although both the
strain and creep data have much better precision than GPS
over short time intervals, their long-term precision is reduced
relative to GPS. Finally, the SGPS observations improve our
spatial coverage of deformation.

With these observations, this report examines three as-
pects of the deformation. Our primary focus is to character-
ize the time dependence of these data. Initially, this is done
through the application of Omori’s Law, where the rate of
deformation is inversely proportional to the time following
the mainshock. This simple function has been successfully
applied to studies of aftershock rates (e.g., Reasenberg and
Jones, 1989). With Omori’s law there is no physical rela-
tionship that is described. On the other hand, other physical
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Figure 1. Locations of GPS, EDM, creepmeters,
and borehole strainmeters in the Parkfield region and
their relative locations to the San Andreas fault. To-
pography is shown as a gray scaled, shaded relief.
Major highways and towns are labeled. (a) Broad
Parkfield region and the locations of all of the instru-
mentation discussed in this report are shown. The
geographic points, Slack Canyon, Middle Mountain,
Parkfield, and Gold Hill are located. The star is lo-
cation of the epicenter of the 28 September M 6.0
Parkfield earthquake. (b) Locations of CGPS, creep-
meters, EDM, and strainmeters near the town of Park-
field are shown. The rupture zone of the 2004 earth-
quake extends the length of the fault shown in b.

models, including those proposed by Marone et al. (1991),
Perfettini and Avouac (2004), and Montési (2004) approxi-
mate Omori’s Law in functional form. Secondly, since
postseismic deformation begins immediately after the main-
shock (Fig. 2) and is large within the first day following the
mainshock, the actual estimate of amount of coseismic de-
formation depends upon the temporal character of the de-
formation immediately after the mainshock. In the absence
of high-rate solutions, the initial postseismic signal would
be aliased and, consequently, the estimate of the coseismic
offset would be biased. Finally, after estimating the coseis-
mic offsets for the CGPS data and examining the extensive
SGPS observations, we can estimate the distribution of slip
during and following the Parkfield mainshock.

We conclude that through the initial 8 months of ob-
servations, a modified form of Omori’s law (Jeffreys, 1958;
Utsu, 1961), where rate is proportional to 1/t p, fits both the
CGPS and the creepmeter observations. Extrapolation of
Omori’s law suggests that postseismic deformation will con-
tinue for the next 5 to 10 years, assuming continued aseismic
slip or creep of the San Andreas fault. Although the strain-
meter data have some of the temporal characteristics of
Omori’s law, those data suggest that other mechanisms
might operate. Second, because of the high rate of post-
seismic deformation immediately following the Parkfield
earthquake, slip models that are based upon daily observa-
tion of GPS positions tend to overestimate the moment of
the earthquake, a feature noted by Langbein et al. (2005),
where the moment estimated from seismic data is about 70%
of that using only geodetic measurements. Here, by using
the high-rate GPS data, our estimate of the coseismic mo-
ment for the 2004 Parkfield earthquake is consistent with
estimates using seismic data. Finally, through modeling the
GPS data during the initial eight months of the postseismic
period, the moment of the postseismic slip exceeds the mo-
ment of the coseismic slip.

Data

Four different sets of crustal deformation data are ex-
amined: GPS, two-color EDM, creepmeters, and borehole
strainmeters (Fig. 1). The GPS data are used throughout this
report because of both their greater temporal and spatial sam-
pling. Thus, most of this section concerns the processing of
the GPS data to achieve the best precision. ( E See also the
material available in the electronic edition of BSSA.)

In many of the steps required to process these data, we
have assumed a time-dependent signal in a time series of the
data is as follows:

d � D � Rt � S sin(2pft ) � C cos(2pft )i o i i i

for t � Ti eq (1)
� D � Rt � S sin(2pft ) � C cos(2pft )o i i i

� O � Alog(1 � (t � T )/s) for t � T ,i eq i eq
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Figure 2. Observed displacements versus modeled displace-
ments for four CGPS sites relative to CRBT. The time axis is in
log(T) centered about the time of the earthquake. The lines repre-
sent the fit (equation 1) of the simplified Omori’s law and an offset
to these data. The data for each site are plotted with different sam-
pling rates; the red is 1-min samples, blue is 30-min samples, and
gray is 1-day samples. The corresponding values of s for each time
series are indicated. The last panel shows the displacement record
for CARH, which coseismically displaced to the southeast, but for
most of the postseismic period, it displaced to the northwest.

Figure 3. Observed displacements versus mod-
eled displacements for CGPS sites relative to CRBT.
See Figure 2 for explanation of symbols. The black
line represents the fit of the modified Omori’s law
(equation 2) to the data and the green line is the fit of
the model proposed by Perfettini and Avouac (2004).
The values of s and index, p, of the modified Omori’s
law for baseline are indicated.
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where the observation, di, is made at time ti, and Teq is the
time of the mainshock, Do is a nominal value of the obser-
vation, R is the rate, O is the coseismic offset, A is the am-
plitude of a simplified Omori’s law with s being the time
constant, and C and S are the amplitude of a periodic com-
ponent with frequency f. The sinusoidal function arises from
an annual periodicity seen in many data sets from Parkfield.
With borehole strain, however, the sinusoidal term is actu-
ally a collection of the tidal constituents; thus several of the
diurnal and semidiurnal terms are required. The rate, R, is
the background interseismic rate; and the postseismic defor-
mation, represented by Omori’s law, is superimposed upon
the background rate. The time constant, s, in Omori’s law
can be viewed as the time delay of the onset of postseismic
deformation following the mainshock; s is not a relaxation
time.

GPS

GPS data have been collected in two modes. First, 14
sites (CGPS) in the Parkfield region are permanently located
and continuously collect data (Fig. 1) (Langbein and Bock,
2004). At 13 sites these data are collected once per second;
the fourteenth site records data at 30-sec intervals. These
sites were installed between 1996 and 2001 and, for the most
part, have taken over the monitoring of crustal deformation
that had been done with two-color EDM since 1986 (Lang-
bein et al., 1990; Roeloffs and Langbein, 1994)

Within two days of the mainshock on 28 September
2004, the USGS occupied 13 more sites in the Parkfield re-
gion. These sites have had previous occupations since 1992,
and their last occupation prior to the 2004 event was in mid-
2003. Between late September and late November 2004, GPS
receivers were left to collect data in a semicontinuous mode.
Finally, between mid-April and mid-May 2005, the 13 sites
were reoccupied, and 19 more had their first occupation
since the Parkfield earthquake. All of these measurements
are considered as campaign style, SGPS, measurements.

Following the 2004 Parkfield earthquake, the Plate
Boundary Observatory (PBO) (http://pboweb.unavco.org)
established five more continuously operating GPS sites in the
greater Parkfield area. These additional sites are located
south and southeast of the Parkfield CGPS stations and serve
to augment the spatial coverage of CGPS on the fault south-
east of the Parkfield segment.

Monuments used for most of the CGPS sites are the
deeply braced design that are drilled into the ground surface
8 to 10 deep (Langbein et al., 1995). In contrast, the SGPS
sites use traditional geodetic monuments, including buried
cement blocks, rock outcrops, and pipe driven to refusal.

The data from the CGPS sites have been processed in
two modes. The first mode produces a single position esti-
mate for each site for each day using point positioning in
the GPS inferred positioning system (Zumberge et al., 1997).
The second mode uses the method of Bock et al. (2000) to
estimate the position once per second of each site relative to

POMM, which lies adjacent to the fault (Fig. 1). A limitation
of Bock’s method is that, unlike point positioning, it cannot
estimate absolute displacements. In order to better observe
both the coseismic and the postseismic deformation, the dis-
placements were reestimated relative to a site farthest from
the fault, CRBT, using simple subtraction rather than repro-
cessing the raw phase data. This was done for both the daily
solutions and the 1-Hz solutions. Although there are other
1-Hz, CGPS sites farther from the fault than CRBT, these sites
are in southern California and are too far away to achieve
high precision positions using the method of Bock et al.
(2000).

The raw 1-Hz displacements were further processed it-
eratively to remove outliers, to improve precision, and to
decimate. Precision was improved by using a sidereal filter
(Langbein and Bock, 2004), and by stacking similar com-
ponents of the displacement time series to find the common
mode signals for the east, north, and vertical components
(Wdowinski et al., 1997). Additionally, because many of
the GPS sites recorded seismic waves, the observations for
the 100 sec after the earthquake were deleted. To reduce the
number of observations for analysis, the data were decimated
to 1-min samples for the 12 hr centered on the time of the
Parkfield mainshock and decimated to 3-min samples for the
remaining 4 days centered on the earthquake. Additionally,
these 1-sec data were decimated to 30-min samples for a 20-
day period centered on the earthquake. Details of this al-
gorithm are included E in the electronic edition of BSSA.

Examples of time series with 1-min, 30-min, and 24-hr
sampling for a few of the sites are shown in Figures 2 and
3. With the high-sample-rate data, these data can have pe-
riods of extensive wander. One such example of wander seen
in Figures 2 and 3 is the 1-min data from the north com-
ponent of POMM for the 1-hr period that encompasses the
earthquake. In part, some of the wander could be due to
multipath interference that is not corrected by the processing
of the 1-Hz data. In fact, detailed analysis by K. Larson
(personal comm., 2005) indicates that a number of the Park-
field sites experience significant multipath interference.

EDM

The two-color EDM network (Langbein, 2004, Slater
and Huggett, 1976) was established in the mid-1980s to
monitor the deformation of the Parkfield region in antici-
pation of a Parkfield earthquake (Langbein et al., 1990; Roe-
loffs and Langbein, 1994). With the installation of CGPS by
2001, which included many common sites with the EDM,
the EDM measurements became less important, and the
monitoring of length changes was tapered from a few times
each week to a few times each year. Furthermore, the num-
ber of baselines was also reduced from 17 to 13. Prior to the
2004 event, the EDM network was measured in April 2004.
Following the Parkfield earthquake, 12 of the 13 baselines
were measured approximately two to four times in late No-
vember and early December 2004. And, coincident with the
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more extensive SGPS measurements in spring 2005, all of
the EDM baselines were measured two to four times.

Creepmeters

Twelve creepmeters are in the Parkfield region; 10 of
the sites are on the San Andreas fault and 2 are on the south-
west fracture zone (SWFZ). The creepmeter network (Roe-
loffs and Langbein, 1994, Schulz, 1989) had its first sites
installed immediately following the 1966 Parkfield earth-
quake (Smith and Wyss, 1968). The network gradually grew
to 12 stations by the mid-1980s. The creepmeter uses an
Invar wire to measure the change in distance between two
piers located on either side of the surface trace of the fault.
It is assumed that the change in distance measured by the
extensometer is due to slip on the fault that the meter strad-
dles. The distance between the piers is typically 30 m, and
these piers are 20-cm-diameter pipes that are buried to a few
meters depth; this is a similar design to most of the monu-
ments used in the EDM network. The measurements are
made every 10 min and are telemetered to the USGS in
Menlo Park, California. Although the sensor can easily re-
solve distance changes of less than 0.05 mm (Langbein et al.,
1993), the longer-term fluctuations (unpublished data, ftp://
ehzftp.wr.usgs.gov/langbein/CREEP/; Roeloffs, 2001) in the
creep data suggest that similar mechanisms of monument
instability observed in two-color EDM data are present in the
creep measurements.

Langbein et al. (2005) presented the initial creepmeter
data that span the 2004 mainshock (Fig. 4). Unfortunately,
at 6 of the 12 sites, the coseismic displacements were com-
promised because the slip at these sites exceeded the 25-mm
range of the instrument. In most cases, the Invar wire was
stretched but not broken, which allowed the instrument to
be manually reset by feeding more Invar wire into the dis-
placement sensor and carefully measuring the amount of
wire needed to bring the instrument back on scale. However,
at one site, XPK1, the wire broke and the measurement of
slip could not be achieved. The wire was fixed and the meter
was reestablished as XPK2 following the earthquake. All of
the Parkfield creepmeters were visited and repaired within
four days of the 2004 event. Consequently, because the wires
were either stretched or broken, data were lost at several sites
during the first few days of the postseismic period. At two
of the creepmeter sites with stretched wires, however, XMM1
and XTA1, there are redundant sensors, labeled XMBC and
TABC respectively, that have lower sensitivity but greater
range. Their data independently confirmed the manual mea-
surements of slip at these sites.

The key observation (Bilham, 2005; Langbein et al.,
2005) from the creep data is that, at many of the sites, slip
did not occur immediately at the time of the mainshock, but
rather, the surface slip became detectable anywhere between
0.5 and 3 hr following the mainshock (Fig. 4a). The excep-
tion is XRSW on the SWFZ, where slip was detectable on its
first sample made within 5 min of the mainshock. At the

four sites, XMM1/XMBC, XMD1, XVA1, and XPK1, the data
suggest that slip did occur nearly coincident with the main-
shock. One explanation is that the shaking from the earth-
quake disturbed the instruments and introduced a spurious
offset. Evidence of this mechanism is from a record at XMM1
during seismic experiments in 2002 and 2004 where nearby
explosions caused an offset in the creep record ( E see ma-
terial in the electronic edition of BSSA). On the other hand,
these sites are clustered together and also are located above
the zone where the inferred coseismic slip is greatest based
upon the model developed, described subsequently.

Strain

The borehole strainmeter network was established in the
mid-1980s (Johnston et al., 1987, 2006; Roeloffs and Lang-
bein, 1994). Of the initial 12 instruments installed at eight
sites, there are seven instruments at five sites that are cur-
rently operating. Two different instrument types were in-
stalled in boreholes at approximately 200-m depth. One is
the Gladwin tensor strainmeter, BTSM, which consists of
three extensometers. The other type is the Sacks–Evertson
volumetric strainmeter (BSM). Currently, two BTSMs and
five BSMs are operating; both BTSMs are colocated, but in
separate boreholes, with the BSMs (Fig. 1). These data are
processed to remove the signals of the Earth tide and, in the
case of BSM, the effect of changes in atmospheric pressure
is also removed. Figure 5 shows the time series of strain
changes recorded at two BSMs and companion BTSMs that
recorded the largest, coseismic signals in this network.
( E More data are shown in the electronic edition of BSSA).
Like the creep data, BSM measurements are made every 10
min and are telemetered to USGS. In addition, 200-samples-
per-sec recordings at the BSMs are available (Langbein et
al., 2005), but the record is 40 sec long and only covers the
seismic shaking (Borcherdt et al., 2006); these data are not
considered here. For the BTSM measurements, they are made
either at 18-min (DL) or 30-min (FL) intervals and tele-
metered to USGS.

Results

The data have been examined in two ways: determining
the temporal character of the deformation and estimating the
distribution of slip consistent with the displacements. With
an accurate model of the postseismic response, it is possible
to estimate coseismic displacements, and, at a few times
when there are SGPS measurements, the postseismic dis-
placements. These displacements are put into a dislocation
model for slip on the San Andreas fault. Using a combination
of high-rate GPS, the daily solutions from the CGPS network,
the infrequently sampled SGPS and EDM data, and con-
straints of surface slip estimated from the creepmeter data,
a model of the coseismic slip distribution and a model of the
postseismic slip at 2 months and at 8 months after the main-
shock are estimated.
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Figure 4. (a) Creepmeter data are shown along with the predicted slip from the
modified Omori’s law (solid line) and the model of Perfettini and Avouac (2004)
(dashed line). The black dots are the creep data sampled at 6-hr intervals, whereas the
gray dots are 10-min samples. (b) The residuals for the postseismic interval are shown
from fitting Omori’s law to the creep data. Rainfall data from Parkfield are shown in
the top panel.

Postseismic Deformation

In general, the time-dependent model of equation (1) is
fit to the various observations. More detailed analysis is done
with the GPS data for several reasons: the sampling rate is
between 1 min and 1 day, observations are present within
100 sec of the time of the mainshock, and these data have
better long term precision than either strain or creep. In ad-
dition, examination of the residuals to the fit of Omori’s law
to strainmeter data suggests that the strain data still contain
additional complexity that, in part, may be attributed to
changes in the height of the water table.

GPS. The time-dependent model of equation (1) is fit to
each of the three different time series of CGPS data, 1-min,
30-min, and 1-day sampling. The rate and sinusoidal terms

are assumed to be zero for the two high-sample-rate sets.
For the time-series daily sampling, only the period after the
December 2003 San Simeon earthquake (Hardebeck et al.,
2004) is selected, and both the rate and annual periodicity
are estimated along with the terms of Omori’s law (A and s)
and the coseismic offset due to the Parkfield mainshock. In
addition to estimating the model parameters, the amplitudes
of the noise component are estimated simultaneously using
the maximum likelihood method of Langbein (2004). With
the high-sample-rate data, the noise model is assumed to be
a Gauss–Markov process with an index of �1, following the
results found by Langbein and Bock (2004). In addition,
flicker noise is assumed for the longest periods in the high-
sample-rate data. For the daily data, the noise model is as-
sumed to be a combination of flicker and random-walk
noise, which approximates the power-law noise found in
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Figure 5. (a), (b) Strain data from two sites are shown along with the predicted
strain changes from the modified Omori’s law (gray line). The black dots are the strain
data sampled at 3-hr intervals, whereas the gray dots are more frequent samples. The
bottom trace, labeled with the site name, is the dilatometer data that have been rescaled
from volumetric strain to areal strain with extension being positive. The second to the
bottom trace is the areal strain from the colocated, tensor strainmeter. The top two
traces are the engineering shear-strain components from the tensor strainmeter. (c) The
times series of the dilatometer and areal strain data for the FL strainmeters during the
coseismic and first 12 days of postseismic deformation. The solid, gray curve is a fit
of Omori’s law to these data; the dashed, gray curve is fit of a combination of Omori’s
law and an exponential curve.

GPS by Williams et al. (2004) when the index is ��1. For
each component, the 1-min, 30-min, and the daily data are
treated separately. Later, we combine all three data sets.

The results illustrate the continuity between the 1-min,
30-min, and daily data (Fig. 2), but the estimate of s depends
upon the specific time series. For instance, for the east com-
ponent of POMM site, s ranges between 4 min and 1.5 days.
Thus, both the time of the initial set of observations and the
length of the time series are reflected in the value of s. In
the case of the north component of POMM, the estimated
value of s from the 1-min sampled data reflects the delay of
the onset of postseismic deformation.

The modified form of Omori’s law (Jeffreys, 1958;
Utsu, 1961) is fit to all of the data from each component to
accommodate the apparent continuity of all three time series
and to reconcile the apparent variations in s. Typically, the
modified Omori’s law has been applied to studying after-
shock rates in the form of [1 � (t � Teq)/s)]�p (Reasenberg
and Jones, 1989). The modified Omori’s law for rate-depen-
dence is integrated to displacement as

As 1�p[(1 � (t � T )/s) � 1] . (2)eq1 � p

The covariances estimated from the first curve-fitting pro-
cedure are used as weights to estimate the parameters of
offset, O, rate, R, Omori amplitude, A, time constant, s, and
the index, p. The value of p is associated with rate that the
postseismic deformation returns to its background rate; a
larger value of p indicates a more rapid return to the back-
ground rate than a smaller value of p. In most cases of best-
fit curves (Fig. 3; E see also the material available in the
electronic edition of BSSA) the index, p, is similar to the
0.8 to 0.9 estimated by P. A. Reasenberg (personal comm.,
April 2005) for the Parkfield aftershock sequence. Of the 22
components where the parameters of the Omori’s law could
be reliably estimated, 18 have estimates of p � 1 and four
have values of p between 1.0 and 1.3; these values of p are
consistent with other aftershock sequences (Reasenberg and
Jones, 1989). Excluded from this summary are data from
LOWS, because it is located too far from the fault to obtain
good estimates of postseismic displacement, and CARH, be-
cause it could not be fit with Omori’s law. Initially, CARH
(Fig. 2) translated to the southeast during the earthquake,
but, postseismically, it was displaced to the northwest.

From the values of A, s, and p, we can predict two
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aspects for the postseismic period: How long will it take for
the postseismic rate decrease to be within 1 mm/yr of the
secular rate? And, after 2 months and 8 months of measure-
ments, what proportion of the total postseismic deformation
does this represent? Because the parameters of Omori’s law
are estimated for each time series, the predictions span a
wide range, but the median time to decay to a 1 mm/yr rate
is 8.3 years with interquartile range from 4 to 22 years. Like-
wise, 2 months of deformation represents 35% (median) of
the total postseismic deformation with an interquartile range
of 30% to 49%. At 8 months, the total deformation is 47%
(median) with an interquartile range of 38% to 60%. Thus,
the interval between 2 and 8 months only represents about
10% of the total postseismic deformation. This extrapolation
assumes, of course, that postseismic period is governed by
a creep process; other processes with different temporal and
spatial patterns might come into play at Parkfield, such as
poroelastic response and viscous flow in the crust beneath
the fault.

Although the modified Omori’s law fits the GPS data, it
is believed to be unsatisfactory because it does not explicitly
test any physical relationship (e.g., Savage et al., 2004). Re-
cently, Perfettini and Avouac (2004) derived the following
relation for a one-dimensional, spring and block slider model
that exhibits a velocity strengthening friction law and might
be related to the mechanism of primary creep in many ma-
terials that are suddenly loaded. This relation,

Alog[1 � d(exp((t � T )/t ) � 1)] (3)eq r

is similar to the simple Omori relation when t � Teq K tr
where tr is the relaxation time. In addition, the ratio, tr /d,
becomes s in the simplified Omori’s law. When t � Teq k

tr , however, then unlike the Omori’s law where rate ap-
proaches zero, the aforementioned model predicts that the
rate approaches steady state creep of A/trln10.

In most cases, the misfits to the model of Perfettini and
Avouac (2004) (Fig. 3, green curve) are not much different
than those from the modified Omori’s law. In modeling the
Perfettini and Avouac (2004) equation, we forced the pre-
seismic rate to the value of A/trln10 on the assumptions that
the preseismic rate is the creep rate and that there was no
detectable creep prior to the mainshock. Where the model
of Perfettini and Avouac (2004) seems to break down is
when there is no delay in the onset of postseismic defor-
mation; the north component of MNMC and the east com-
ponent of POMM (Fig. 3) exemplify the misfit of the Per-
fettini and Avouac (2004) model to the data.

Recently, Montési (2004) examined another version of
the one-dimensional spring and slider block model but, in-
stead of a velocity strengthening friction law, he used a duc-
tile creep law where the slider velocity, Vs, has a power-law
relation with the stress, Vs � rn. With this constitutive law,
he derived the displacement of the slider to be:

1/(1�n)nV s [(1 � (1 � 1/n)t/s ) � 1] , (4)o m m

which is strikingly similar to the modified Omori law (equa-
tion 2). Substitution of variables gives p � 1/(1 � 1/n) and
s � sm/(1 � 1/n). Other than the constitutive law, the other
difference between Montési’s results and that of Perfettini
and Avouac (2004) is that Perfettini and Avouac (2004) in-
cluded a long-term loading rate, A/trln10, but this could not
be included in the analytic result of Montési (2004); instead,
Montési (2004) performed numerical simulations that in-
cluded an external loading rate. Nonetheless, the Montési
(2004) model provides a physical basis for the modified
Omori’s law where n describes the relation between stress
and the slider velocity, and sm is the ratio between the ve-
locity and acceleration of the slider immediately after the
earthquake.

Creep. Both the modified Omori and Perfettini and
Avouac (2004) equations are fit to data from the creepmeters
that exhibited postseismic slip. Like the GPS, the values of
p and s are similar, with p ranging between 0.7 and 1.3
(Fig. 4). In fitting curves to the creep data, the creep data are
broken into two time series, the first of which consists of 10-
min samples that span 20 days centered on the time of the
mainshock. The 10-min data capture initial postseismic de-
formation and are influential in estimating s in Omori’s law.
The second set consists of 6-hr samples that span the 1.25-
year period starting in March 2004. Since the maximum like-
lihood method of Langbein (2004) is used to estimate the
parameters of Omori’s law, we assume that the error model
of these data is a combination of power law and white noise.
We typically find that the power law index is around �2,
which corresponds to random-walk noise.

At a few creepmeters, slip occurs as discrete events su-
perimposed on a low rate of slip. Discrete creep events occur
regularly at one site, CRR1 (Fig. 4) judging from the resid-
uals from fitting the modified Omori’s law to the creep data.
By using a logarithmic timescale, it is apparent that the time
between successive events is proportional to log(T). This
relation was noted previously by Scholtz et al. (1969) at the
same site following the 1966 Parkfield earthquake. At the
other creep sites, this regularity is not as apparent or as per-
sistent. At XGH1, there appears to be some regularity in the
timing of creep events, but after three months of postseismic
deformation, the regularity ceased. In fact, the 3-month time
corresponds to the onset of heavy, winter-time rainfall for
the Parkfield area; the effect of rain is seen in plots of the
residuals of the creep data shown in Figure 4b. Previously,
others have noted that creepmeters not only respond to fault
slip, but also respond to rain (Roeloffs, 2001; Schulz et al.,
1983).

Strain. Like the creepmeter data, the modified Omori’s
law is fit to the tensor strainmeter and the dilatometer data
(Fig. 5a,b; E see also the material available in the electronic
edition of BSSA). The volumetric strain measured by dila-
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Figure 6. GPS coseismic displacements estimated
from daily data versus the displacement estimated
from 1-min data. See text for discussion of how the
estimates are derived. The error bars are the one-
sigma limit and are estimated by propagating the full
data covariance through the least-squares procedure
fitting equation (1) to the daily GPS data and sepa-
rately to the 1-min GPS data.

tometer is rescaled to represent areal strain measured by the
nearby tensor instrument. The other tensor components are
shown as orthogonal components of shear (Gladwin and
Hart, 1985). Like the creep data, the strain data are broken
into two time series: one with 10 min (or 18 or 30 min for
BTSM) and a second with 3-hr sampling. To first order, the
Omori’s law appears to describe many characteristics of the
data in the postseismic interval. In detail, however, there are
problems fitting the observations to this simple model, par-
ticularly when the dilatometer data and the tensor strain data
for areal component of FL are compared with the coseismic
and first 15 days of the postseismic period (Fig. 5c). The
key observation is that when the simple Omori’s law is fit
to both time series, the Omori’s law does not satisfactorily
fit the dilatometer data. When an exponential function (1 �
exp(t/s)) is added to the Omori’s law, however, then the fit
becomes satisfactory. Although the coseismic displacements
are similar in size recorded on both instruments at FL, their
postseismic responses are opposite in sign (Fig. 5b,c). Fi-
nally, the estimates of the index p for the modified Omori’s
law to the strain data range widely, from 0.95 to 2.0 and, on
average, tend to differ from the estimates p for both creep
and GPS data; these ranged from 0.7 to 1.3 with most being
less than 1.0. For the 11 time series from both sets of strain-
meters, four time series yielded p � 2, and only two sites
had p � 1. In fact, high values of p for the strain data indicate
a rapid decay in strain rates, much faster than either the
Omori rate or Perfettini and Avouac rate that approximate
1/t.

Thus, first-order interpretation suggests that the strain
data are much more complex than can be represented by
Omori’s law. For example, on many of the time series of
strain data, especially those for the BSMs, the rate changes
abruptly at three months after the 2004 Parkfield earthquake,
corresponding to heavier than normal rainfall at Parkfield,
which recharges the local aquifers and changes the loading
locally at the strainmeter.

Comparison of Coseismic Offsets from GPS. Coseismic
offsets can be independently estimated from either the 1-
min, 30-min, or the daily GPS data; however, the term “co-
seismic offset” needs to be carefully defined. For instance,
the east component of POMM has an Omori relation esti-
mated to be 6.4log(1 � t/0.19), where t is the time in min-
utes from the mainshock. At the time of the mainshock, the
Omori contribution is zero, but at 100 sec after the main-
shock, the Omori displacement is 6.3 mm. Because of the
passage of seismic waves, however, we choose to delete
those data from the first 100 sec after the mainshock and
therefore cannot confirm whether the 6.3 mm is best char-
acterized with an Omori relation or a simple offset in the
data. With the data on hand, the best that we can define as
a coseismic offset is the displacement a few minutes after
the mainshock, which we select to be 100 sec. Thus, coseis-
mic offsets for the high-rate data are estimated by fitting
equation 1 to these data and summing the postseismic slip

evaluated at 100 sec with the coseismic offset O. The co-
seismic offsets from the daily GPS data are estimated by
fitting equation (1) to the observations and simply using the
value O.

The coseismic offsets estimated from the daily solutions
can be compared with those estimated from the 1-min so-
lutions (Fig. 6). To first order, the offsets estimated 100 sec
after the mainshock are roughly 75% of those estimated us-
ing the daily solutions. This is a key result; postseismic de-
formation begins immediately and coseismic displacements
estimated from either daily solutions or SGPS data can be
biased because they could include postseismic deformation,
too.

Fault Modeling

Data. A model of both coseismic and postseismic slip is
determined from the displacements measured by GPS and
EDM. For the coseismic interval, the displacements esti-
mated at 100 sec after the mainshock are used. For the
postseismic interval, we estimate the displacements at 60 and
230 days after the mainshock because those times corre-
spond to occupation by SGPS. Because we lack data for the
SGPS sites immediately before the Parkfield earthquake,
however, the coseismic and postseismic displacements can-
not be reliably estimated. Instead, the total displacement, DT,
which is the coseismic and Tobs days of postseismic displace-
ment, is estimated by substitution of DT � O � Alog(1 �
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Tobs/s) into equation (1). This equation works when there
are enough data to detect the curvature defined by Omori’s
law. For the postseismic measurements made only in spring
2004, it is only possible to estimate a rate, defined by the
measurements made prior to the mainshock, and an offset
that is taken as a sum of coseismic and postseismic displace-
ment 230 days after the mainshock.

Effectively, four sets of data are yielded by GPS and
EDM. The coseismic displacements are those estimated from
the high-rate GPS measurements discussed previously. A
second set consists of a combination of CGPS, EDM, and
SGPS measurements made within the first 60 days of the
postseismic interval; these measurements are really the sum
of the coseismic slip and 60 days of postseismic slip. The
third set consists of measurements from SGPS sites and the
lone EDM site that were observed in the spring of 2005 but
not observed with the first group of measurements made im-
mediately following the mainshock. Finally, a fourth set con-
sists of CGPS, SGPS, and EDM measurements made both 60
and 230 days following the mainshock. Thus, in modeling
the coseismic and postseismic slip, each subset of data con-
tains linear combinations of coseismic and postseismic slip
with the first set being only the coseismic slip; the second
being the sum of coseismic plus 60 days of postseismic slip;
the third being the sum of coseismic slip and 230 days of
postseismic slip; and the last set being only sensitive to the
postseismic slip between 60 and 230 days.

One complication in estimating the rate prior to the
Parkfield mainshock is the effect of the San Simeon, M 6.5
earthquake in late December 2003. That earthquake gener-
ated displacements detectable at all of the CGPS stations in
Parkfield (Hardebeck, 2004; Ji et al., 2004; Rolandone et al.,
unpublished results, 2006) with the maximum displacement
being 50 mm at CRBT. Therefore, the San Simeon earth-
quake also caused unknown offsets at the SGPS stations,
because observations were not made at these sites in the
period between the time of the two earthquakes. However,
by fitting the displacements measured by the CGPS stations
to a dislocation model for the San Simeon earthquake with
uniform slip that approximates the locus of slip estimated by
Ji et al. (2004), the predicted displacements at the SGPS sta-
tions are used to adjust SGPS data prior to estimating the
displacements used for modeling the Parkfield earthquake.
Our model of the San Simeon event provides more than 99%
reduction in the variance of the coseismic offsets estimated
from the CGPS data.

Modeling. The complexity of faulting of the San Andreas
is shown by the distribution of seismicity following the Park-
field mainshock (Langbein et al., 2005). In general, the hy-
pocenters of aftershocks are roughly parallel to the surface
trace of the San Andreas fault but are offset by 1 to 2 km to
the west of its mapped surface. In addition, the aftershock
locations indicate that slip at depth is more complex than
can be represented by a single plane. More complexity in
near-surface faulting is revealed by both the GPS and creep

measurements. For instance, the position changes at CARH
(Fig. 2) suggest that slip is spread out over a wider fault zone
than represented by a single fault plane. In the interseismic
period, CARH moved to the northwest in response to fault
creep on the nearby San Andreas fault; this fault creep is
measured at the creepmeter XTA1 located 0.5 km east of
CARH. During the mainshock, however, CARH moved to the
southeast, and that motion continued for about one day.
Likewise, the creepmeter XTA1/TABC only started to record
slip 30 min after the mainshock (Fig. 3). Geologic investi-
gations following the Parkfield earthquake (Langbein et al.,
2005; Rymer et al., 2006) and coseismic slip on XRSW in-
dicate that slip occurred on the SWFZ during the earthquake.
Measurements from XRSW after the earthquake, however,
suggest that the SWFZ only slipped during the mainshock,
whereas slip data from the other creepmeters indicate that
slip occurred along the main trace of the San Andreas fault
after the earthquake.

We model the features of coseismic and postseismic slip
that directly affect the geodetic data. These features include
the temporal and spatial patterns of surface slip during and
after the Parkfield mainshock. Left unmodeled is the com-
plexity of faulting at depth and, to some extent, the distri-
bution of earthquakes west of the main creeping San An-
dreas fault. Because the spatial resolution of slip at depth
tends to be of the order of 5 km or more ( E see material
available in the electronic edition of BSSA), we assume that
the geodetic measurements are not particularly sensitive to
the details of slip at depth. In an effort to approximate the
mapped surface expression of the San Andreas Fault, slip on
that fault is modeled as two vertical planes. This is accom-
plished by offsetting the modeled fault plane by 2 km to the
southwest 1 km south of Gold Hill (Fig. 7a). In addition,
because coseismic slip was observed on the SWFZ, the SWFZ
is included as a third plane. In detail, we model slip on the
San Andreas fault from the surface to 16-km depth, but slip
on the SWFZ is modeled from the surface to 6 km; because
the resolution of slip at depth is poor, it is assumed that any
deep slip on the SWFZ merges into slip on the San Andreas
fault (Figs. 7a, 8). To simplify the modeling, postseismic
slip on the SWFZ is taken to be zero; this assumption is
consistent with the creepmeter data. Finally, because we are
interested in the spatial distribution of slip, the fault planes
are partitioned into many smaller patches each having uni-
form slip. Each patch is 2 km long horizontally and ranges
in width from 0.4 km at the surface to 3 km at depth. Surface
displacements for each patch are calculated using Okada
(1985).

The distributions of coseismic and two epochs of
postseismic slip are estimated simultaneously. The coseis-
mic displacements estimated from the CGPS data are as-
sumed to be proportional to coseismic slip. The cumulative
displacements, D60 and D230, estimated for both the CGPS
and SGPS data are assumed to be proportional to the sum of
the coseismic and postseismic slip. Three additional con-
straints assist with estimating the distribution of slip. Slip at
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Figure 7. Observed and predicted displacements for CGPS, SGPS, and EDM sites
for several episodes spanning the Parkfield earthquake are shown using the model
coordinate system of Segall and Matthews (1988). The observed displacements are
plotted with black arrows. The predicted displacements are plotted with gray arrows.
To simplify the plots, error ellipses (95% confidence) for the observed displacements
are only plotted when the residual displacements are greater than two sigma; the site
is also named when the residuals are high. The mapped fault trace is a thin line and
the modeled fault is a heavy, dashed line. (a) Displacements for the coseismic interval
for the CGPS sites. The surface projection of the modeled plane for the San Andreas
fault (SAF) is shown with a black, dashed line, while modeled SWFZ is shown with a
gray, dashed line. (b) Displacements spanning the coseismic slip and 60 days of post-
seismic slip; (c) displacements spanning the coseismic slip and 230 days of postseismic
slip; (d) displacements spanning the postseismic period between 60 and 230 days.
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Figure 8. Estimates of distribution of fault slip, in millimeters, during and for two
periods after the 2004 Parkfield earthquake on both the San Andreas fault (SAF) and
SWFZ. Plots of vertical cross sections of the fault plane looking from the southwest.
Geographic locations are indicated on the cross sections, and the star represents the
location of the 2004 mainshock.
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the edges of the modeled fault plane is assumed to be zero.
Both coseismic slip and postseismic slip are constrained to
be �0. And finally, Laplacian smoothing is used. The op-
timal degree of smoothing versus fitting the data is deter-
mined by cross validation (Murray et al., 2001). Creepmeter
measurements of surface slip during the coseismic and
postseismic epochs are used as constraints in the modeling.
Comparison of creepmeter data and nearby alinement array
measurements (Lienkaemper et al., 2006) indicate that
creepmeter measurements may not capture all of the slip
within the fault zone; hence, creep data are used as loose
constraints on the surface slip.

Results of the combined inversion for both slip distri-
butions are shown in Figure 8 along with the observed and
predicted displacements of the GPS stations (Fig. 7). Co-
seismic slip is centered beneath Middle Mountain and 12 km
northwest of the mainshock. No significant surface slip is
detected in our model for the coseismic interval, which is
consistent with the absence of coseismic slip on creepmeters.
The moment of the modeled coseismic slip distribution is
1.1 � 1018 N m, which is less than the moment estimated
in Langbein et al. (2005) using only geodetic data but is
closer to the estimate of moment of 0.94 to 1.10 � 1018 N m
using seismological data (Langbein et al., 2005). Some near-
surface slip is modeled for the SWFZ, which is required to
satisfy the southwest displacement of CARH during the co-
seismic interval.

The distribution of slip during the first 60 days of the
postseismic interval complements the coseismic slip. Slip
propagated to the surface and extended both northwest and
southeast of the coseismic slip patch (Fig. 8). The moment
of the postseismic slip distribution is 2.0 � 1018 N m, which
nearly doubles that of coseismic slip. In addition, the slip
5 km south of Gold Hill appears to be required; if slip south
of Gold Hill is held to be zero, then the position changes of
the nearby GPS stations are underpredicted.

During the epoch between 60 and 230 days, the moment
of the distribution of slip is approximately 0.8 � 1018 N m,
indicating a decrease in the rate of slip. The distribution of
slip suggests that the fault has partially locked in the 3- to
6-km-depth range. If the moment is fixed at less than 0.3 �
1018 N m, however, then the deeper slip disappears, but this
model underpredicts the displacements measured at LOWS,
located approximately 15 km from the fault; the evidence of
deeper postseismic slip is based on data from LOWS.

This combined model explains 99.6% of the variance of
the observations normalized to their error (Fig. 7). None of
the residuals is considered excessively large and the resid-
uals lack any obvious spatial pattern. In this model, 303
observations of EDM line-length changes and GPS position
changes are used. Excluded are eight observations that we
suspect are from sites located within the broader, perhaps 1-
km-wide, San Andreas fault zone. Two are from the EDM
site MIDD, which are based upon Langbein et al.’s (1990)
observation that an anomalous interseismic rate is likely
within a broad zone of slip. Another SGPS site, MIDE, also

had an anomalous interseismic rate noted by Murray et al.
(2001). Inspection of the location of SGPS site OQUI in this
report reveals that it is located very close to the SWFZ and
that our simple model mislocates fault relative to OQUI. Fi-
nally, two length changes on a very short EDM baseline,
NORE, were anomalous relative to the modeling presented
here. From the 303 observations used in the model, the sums
of squares of the residuals normalized to the data error is
563, which exceeds the expectation of 303 needed to satisfy
the data. We consider this fit to be satisfactory given the
assumptions of the modeling, including a homogeneous,
elastic half-space invoked for dislocation modeling, the
placement of the faults, and the limitations of modeling the
error in the data.

Finally, the model resolution is explored in E the elec-
tronic edition of BSSA. Tests using the same smoothing pa-
rameter yielding the model in Figure 8 indicate 5-km spatial
averaging along the length of the fault plane for estimating
slip at 5-km depth. Vertical averaging for estimating slip at
5 km is skewed with the averaging interval ranging from
3 km to 12 km. Best resolution is obtained for slip patches
centered within the core of the CGPS and EDM networks. In
addition, slip among the three epochs imaged is well re-
solved; that is, prescribed slip on a patch of the fault that
slips coseismically produces minimal slip on the patches
modeling slip at 60 days.

Discussion

Initial analysis by Langbein et al. (2005) for the distri-
bution of slip on the San Andreas fault at Parkfield using the
displacements estimated from both the CGPS and SGPS had
a seismic potency (slip � area) that was a factor of 1.5 more
than that estimated using seismic data. In this report, how-
ever, we reconcile this discrepancy by using the high-rate
data from CGPS. Our moment, estimated using the coseismic
offsets shown in Figure 6, is 1.1 � 1018 N m, and matches
the moment estimated from seismic data. On the other hand,
Johanson et al. (2006), using the same distribution of GPS
stations used here and including Interferometry Synthetic
Aperture Array (InSAR) data, estimate a coseismic slip dis-
tribution with a moment that is a factor of 2 greater than our
estimate. Their analysis uses daily GPS data and neglects the
postseismic deformation that occurred during the first day
following the mainshock. Other examples of the discrepancy
between the seismic and geodetic moment estimates exist,
including the 1984 Northridge earthquake where the geo-
detically derived moment (Hudnut et al., 1996) was 20%
more than the moment estimated with a mix of seismic and
geodetic data (Wald et al., 1996). For the 1999, M 7.6 Chi-
Chi, Taiwan, earthquake, several investigators (Ma et al.,
2001; Wang et al., 2001; Yoshioka, 2001) noted that inver-
sions for coseismic slip that included GPS data yielded seis-
mic moments that were roughly a factor of 2 greater than
moments estimated using only seismic data.

Part of the discrepancy between the geodetically and the
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seismologically estimated moments may be significant
postseismic deformation occurring immediately after the
mainshock, in which case, the initial offsets estimated from
the geodetic measurements are biased too high. For instance,
prior to installation of continuously operating GPS networks,
the initial measurements of displacement followed the main-
shock by 1 to 2 days because field personnel needed to be
deployed. Consequently, the initial measurement could in-
clude some portion of the postseismic deformation along
with the coseismic deformation. With rapidly expanding net-
works of CGPS, however, we should be able to discriminate
between coseismic and postseismic displacements such that
geodetically and seismologically estimated moments should
be equivalent.

Our estimate of the coseismic slip distribution and its
moment is confirmed by Johnson et al. (2006), where they
also use the displacements estimated from high-rate GPS.
They use a modified version of the GIPSY point-positioning
technique (Larson et al., 2003) to estimate the displacements
rather than the processing technique that we use (Bock et
al., 2000).

Liu et al. (2006) estimate a coseismic slip distribution
using only seismic data. Their results indicate that the great-
est slip occurred beneath Gold Hill, which does not appear
consistent with our estimates based solely on GPS. Their
report examines many different models estimated from seis-
mic data, and they find that slip beneath Gold Hill is the
most robust feature common to all of their models; slip on
patches to the northwest on the San Andreas Fault, although
present, is less robust in terms of location of slip. By ex-
plicitly forcing slip to be close to a value estimated by Liu
et al. (2006), which we take as 0.5 m at 9 km beneath Gold
Hill, we still fit our data and get a slip distribution ( E see
the material available in the electronic edition of BSSA)
similar to that shown in Figure 8 but with a greater slip
beneath Gold Hill.

Examination of the high-sample-rate data from CGPS at
Parkfield reveals significant deformation immediately after
the Parkfield mainshock. At some sites near the San Andreas
fault 20 mm of postseismic displacement occurred (Fig. 2)
within a day following the mainshock. Thus, care is required
when using GPS data to estimate the coseismic slip distri-
bution; if those observations encompass a significant amount
of time after the earthquake, then the observations could
include significant postseismic deformation along with the
coseismic displacements. The rapid onset of postseismic slip
having a large moment relative to the mainshock may not
be applicable to all earthquakes. The Parkfield segment of
the San Andreas fault is characterized as a transition zone
between being a creeping fault segment to the northwest and
a locked segment to the southeast. Thus, the difference in
frictional properties between a locked and a creeping fault
could be the key element that allows the Parkfield segment
to exhibit a large, postseismic response.

One of the main observations from many studies of the
postseismic period is that many of the observable features,

including the rate of aftershocks and deformation, obey what
is termed Omori’s law, where the decay in rate is inversely
proportional to the time following the mainshock. Similar
behavior, which is known as primary creep, is observed in
many materials following a sudden perturbation in stress.
The empirical Omori’s law is consistent with a model of a
one-dimensional, block and spring model exhibiting a
velocity-strengthening friction law (Montési, 2004; Perfet-
tini and Avouac, 2004), and this model is regarded as an
analog of a fault zone that exhibits stable fault creep. Al-
though Perfettini and Avouac (2004) tested their model
against the observed decay of numbers of aftershocks and
position changes from GPS observations for the Chi-Chi
earthquake, these data had a limited time span between 1
and 200 days. Likewise, Montési (2004) fit his model to
several sets of GPS data with postseismic deformation. This
limited time span is not unusual for various reasons. Geo-
detic sampling rates are usually once per day at most, and
commonly, these measurements only start a few days fol-
lowing a mainshock as part of the response of the research
community to study the earthquake. In principle, earthquake
rate observations should start immediately after the main-
shock, but, in practice, getting a reliable rate estimate is only
possible about 1 to 2 hr after the mainshock, because the
larger aftershocks immediately following the mainshock ob-
scure small events and bias the earthquake catalog.

With the high-rate GPS, the borehole strain, and creep-
meter measurements following the 2004 Parkfield main-
shock, however, we have deformation measurements made
within seconds of the mainshock. Where Omori’s law has
been verified for 2 orders of magnitude in time, we now have
observations that span time over 6 orders of magnitude: from
minutes to months. Consequently, the empirical Omori’s law
and the deformation model of Perfettini and Avouac (2004)
are rigorously tested. Both the CGPS and the creepmeter data
seem to be well characterized by Omori’s law. And, in most
cases, the model of Perfettini and Avouac (2004) is indistin-
guishable from Omori’s law. Where the model of Perfettini
and Avouac (2004) diverges from the data, however, is when
the postseismic deformation starts immediately following
the mainshock. This is best exemplified in the data from the
north component of MNMC (Fig. 3).

Application of Omori’s law to the borehole strain data
yields a mixed result. To first order, the law seems to work,
but other processes seem to be detected by the strain data.
For instance, the addition of an exponential curve to assist
in characterization of the postseismic strain seems to im-
prove the fit to the data. The strain data appear to be char-
acterized by both an exponential response, suggesting a dif-
fusion process with a 1-day time constant (Fig. 5c), and by
Omori’s law, suggesting a velocity strengthening mecha-
nism. Whether the exponential character is due to a regional
effect or is just local to the strainmeter, however, needs more
investigation.

The estimated value of the power law index of the mod-
ified Omori’s law derived from the GPS and creepmeter data
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should provide some insight into the constitutive law that
governs slip during the postseismic interval. Our estimates
of the Omori index, p, range from 0.7 to 1.3. Evaluating the
relation between the index of the ductile creep law, n, using
n � p/(p � 1), gives large absolute values on n and they
are both positive and negative. For p � 1, the value of n is
infinite but the Montési (2004) relation becomes a model for
velocity strengthening. When p � 1, n is negative, which
appears to be a nonphysical model of a fault constitutive
law. Through simulations, however, Montési (2004) in-
cludes some additional loading coupled with positive values
of n that produce curves of displacement that, if fit to a
modified Omori law, those fits yield an apparent value of
n � 0. For the example, with p � 0.9, figure 4 from Montési
(2004) suggests that the additional loading velocity is 5% of
the initial sliding velocity with a velocity-strengthening fric-
tion law, (1/n � 0). One half of all of our estimates of p
from CGPS and creep data range between 0.86 and 1.0,
which suggests that additional loading could be occurring
on most of the fault at Parkfield. One candidate for the ad-
ditional load is the interseismic strain accumulation but that
is taken into account by the rate, R, in equation (1). Another
candidate to reload the shallow part of the San Andreas fault
is relaxation of the lower crust or mantle by viscous flow
(e.g., Pollitz, 2001). We conclude that a model of velocity
strengthening friction with some additional loading of the
fault is consistent with our data.

Finally, with the aid of dislocation modeling (Okada,
1985), the position changes measured by GPS, length
changes measured by EDM, and surface-slip observations
made with creepmeters have been used to infer the spatial
distribution of slip in the San Andreas fault zone during the
initial postseismic interval. Knowing the distribution of
postseismic slip provides some limits on how the perturba-
tion of stress provided by the mainshock redistributes the
load and allows parts of the fault that exhibit velocity
strengthening to slip. With the addition of postseismic slip
to the coseismic slip, the slip-predictable model of earth-
quake occurrence (Shimazaki and Nakata, 1980) can be
tested. The slip-predictable and the time-predictable models
are two end members describing the earthquake cycle. Pre-
viously, Murray and Segall (2002) demonstrated that the
time-predictable model is inconsistent with the geodetic ob-
servations spanning the earthquake cycle at Parkfield. In ad-
dition, Murray and Langbein (2006) conclude that by 2004,
the slip deficit since the 1966 Parkfield earthquake had ac-
cumulated at least to 9.3 � 1018 N m. The seismic moment
of the mainshock is 1.1 � 1018 N m, which is roughly a
factor of 9 too small to be slip predictable.

The 2004 Parkfield earthquake has significant post-
seismic deformation, however, and from modeling these ob-
servations, the moment associated with continued slip of the
San Andreas fault is 2.8 � 1018 N m. From extrapolation
of Omori’s law using the postseismic GPS data, the 8 months
of deformation observed represents 50% of the expected
postseismic deformation. Thus, over the next 5 to 10 years,

it is expected that the postseismic slip will double and bring
the total slip released, with an equivalent moment of 6.7 �
1018 N m, in the Parkfield event closer, but still not enough
to match the deficit of slip estimated for the interseismic
period. This extrapolation assumes that postseismic creep
continues in accordance with velocity strengthening friction
law (Perfettini and Avouac, 2004), and that other post-
seismic mechanisms, such as viscoelastic flow of the lower
crust or poroelastic deformation do not occur. These other
mechanisms have been seen in other earthquake sequences.
On the other hand, Murray and Langbein’s estimate (2006)
of the moment deficit depends upon the location selected on
the fault where the interseismic slip rate is estimated. In es-
timating the moment deficit for the interseismic period, the
section south of Gold Hill was included, but the 2004 event
and its postseismic period had little slip on that section. Con-
sequently, the lack of slip south of Gold Hill for both the
interseismic and coseismic intervals will bias their assess-
ment of the moment deficit for the entire Parkfield segment,
which includes the section of fault both north and south of
Gold Hill.

Conclusions

Postseismic deformation is, at the least, the same, if not
greater than the coseismic deformation in the 2004 Parkfield
earthquake. With the exception of the borehole strainmeter
data, the results presented here suggest that, over the time-
scale between minutes to several months, postseismic dis-
placements follow Omori-type laws similar to aftershock se-
quences. In fact, postseismic displacement was significant
during the first day following the mainshock, so estimates
of coseismic displacements may be severely biased if the
measurements are temporally undersampled. This bias
clearly is the cause of the discrepancy in moment noted by
Langbein et al. (2005) between the moment derived solely
from the geodetic data and the moment that included the
seismological data, and it is likely to be a significant factor
for the discrepancies in moments calculated for other earth-
quakes, including Northridge and Chi-Chi. In addition, as
suggested by Perfettini and Avouac (2004), the Omori’s law
in this and other earthquake sequences can be a consequence
of a velocity strengthening behavior for a creeping fault.

The geodetic data suggest that most of the coseismic
slip is confined at a depth greater than 4 km in a 15-km-long
zone centered 5 km northwest of the town of Parkfield and
12 km northwest of the 2004 hypocenter. In the postseismic
interval, it appears that slip propagated over a broader sec-
tion of the fault. Slip has also propagated to the surface
where it was measured by creepmeters, to the northwest
along the San Andreas fault, and to the southeast past a point
beneath Gold Hill and the hypocenter of the 2004 main-
shock. The moment estimated for the postseismic slip ex-
ceeds that of the mainshock, but, even with extrapolation of
the time dependence for deformation, initial analysis sug-
gests that slip through the mainshock and postseismic inter-
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val is still less than the accumulated deficit from the inter-
seismic period.
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