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[11 In May of 1999 and 2000, we surveyed with Global Positioning System (GPS) 46
geodetic monuments established by Imperial College, London, in a dense grid (half-mile
spacing) along the Imperial Fault, with three additional National Geodetic Survey sites
serving as base stations. These stations were previously surveyed in 1991 and 1993. The
Imperial College sites were surveyed in rapid-static mode (15—20 min occupations), while
the NGS sites continuously received data for 10 h d . Site locations were calculated using
the method of instantaneous positioning, and velocities were determined relative to one of
the NGS base stations. Combining our results with far-field velocities from the Southern
California Earthquake Center (SCEC), we fit the data to a simple elastic dislocation model
with 35 mm yr~ ' of right-lateral slip below 10 km and 9 mm yr ' of creep from the surface

down to 3 km. The velocity field is asymmetrical across the fault and could indicate a

dipping fault plane to the northeast or a viscosity contrast across the fault.
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1. Introduction

[2] An important issue for both earthquake physics and
earthquake hazards mitigation is the depth and extent of
aseismic fault slip. Some faults remain locked over the
entire thickness of the seismogenic zone throughout the
earthquake cycle and thus can store maximum seismic
moment while other faults slide freely from the surface to
the base of the seismogenic zone and, therefore, may be less
hazardous [Biirgmann et al., 2000]. This slow movement of
the Earth’s surface at a fault is known as creep.

[3] Fault friction models [e.g., Weertman, 1964; Savage
and Burford, 1971; Tse and Rice, 1986] relate slip at depth
to surface displacement. Therefore, one can examine the
spatial distribution of crustal displacement over a long
period of time (>5 years) to detect the interseismic signal
and determine if a fault is creeping during that time. Creep
can be gradual (months to years) or it can occur in short
episodes known as “creep events” (lasting hours to days).
While creep meters have excellent temporal sampling, they
lack the spatial coverage needed to determine the depth
variations in aseismic slip. In contrast, most geodetic
measurements lack temporal resolution but, if sufficiently
dense, they can be used to infer the slip distribution with
depth [Thatcher, 1983; Harris and Segall, 1987; Lorenzetti
and Tullis, 1989; Savage, 1990; Savage and Lisowski,
1993]. Dense geodetic networks, such as the one along
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the Imperial Fault in southern California [Mason, 1987], are
well suited for observing the near-field spatial distribution
of slip that primarily reflects the shallow component of slip
on a fault.

[4] Located southwest of the Salton Sea (Figure 1), the
Imperial Valley has experienced numerous large seismic
episodes this century: 19 April 1906 (M = 6.0+), 22 June
1915 (M = 6.1 and 6.3), 28 May 1917 (M = 5.5), 1 January
1927 (M = 5.8), 19 May 1940 (M, = 7.1), and 15 October
1979 M = 6.9) [Genrich et al., 1997]. Most of the motion
from these earthquakes has occurred along the Imperial
Fault, a right-lateral strike-slip fault which runs for 69 km
through the eastern portion of El Centro and the western
side of Holtville, south into the Mexicali Valley (Figure 1).
A relatively fast-moving fault, the estimated average slip
rate along the Imperial Fault ranges from 15—20 mm yr '
based on shoreline deposits [Thomas and Rockwell, 1996]
to 35—43 mm yr~ ' based on conventional geodetic surveys
[Bennett et al., 1996; Genrich et al., 1997, Wdowinski et al.,
2001]. Geodetic rates indicate the Imperial Fault accom-
modates almost 80% of the total plate motion between the
North American and Pacific Plates. The earthquake recur-
rence interval for the Imperial Fault is on the order of 40
years for My = 6.0 and 700 years for My = 7.0+ [Southern
California Earthquake Center (SCEC) Crustal Deformation
Working Group, 1999, available at http://www.scecdc.scec.
org/group_e/release.v2].

[5] The Imperial Fault was first identified from coseismic
motion during the 1940 earthquake. Surface rupture from
this quake occurred along more than 40 km of the trace.
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Figure 1.
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A

The Salton Sea and Imperial Valley, southern California. Major faults are in white, white box

indicates GPS survey region, and large gray boxes highlight Synthetic Aperture Radar (SAR) coverage

from ERS-1/2.

Ellsworth [1990] estimates 60 km of rupture, with displace-
ment ranging from about 75 cm near El Centro to 4.5 meters
at the Mexican border. Elastic half-space models were used
to estimate an additional postseismic creep of 75 cm along
the northern section and 1.5 m along the southern part
[Reilinger, 1984].

[6] The 1979 Imperial Valley earthquake caused coseis-
mic slip along 30.5 km of the fault trace, with geodetic data
yielding displacement ranging from 13 c¢m along the north-
ern and southern sections of the fault to 48 cm on a 10-km
section straddling the U.S.—Mexico border [King and
Thatcher, 1998]. The postseismic slip was on the order of
30 cm over the next six months [Sharp et al., 1982].

[7] While it is common practice to determine slip rates
and displacement during coseismic events along faults such
as the Imperial [e.g., Hartzell and Heaton, 1983; Archuleta,
1984; King and Thatcher, 1998], it is the moment accumu-
lation rate [Savage and Simpson, 1997] during the long
interseismic period that may be the key to earthquake
prediction. The moment accumulation rate per length of
fault is proportional to the slip rate times the height of the
locked portion of the fault. Most of this accumulated
seismic moment (and elastic energy) is released during the
infrequent major events. Thus, according to the elastic
rebound theory [Reid, 1969], there is an increased like-
lihood of a major earthquake in regions with high localized
strain rates. In creeping sections of faults, some of the
accumulated shear strain is continuously released, which
might lower the risk of major earthquake events. Therefore,
interseismic near-field deformation characteristics of major
southern California faults may provide insight into hazard
assessments for this region.

[8] Wdowinski et al. [2001] analyzed velocities compiled
by the SCEC Crustal Deformation Working Group from
GPS measurements, triangulation, trilateration, and elec-
tronic distance measurements [SCEC Crustal Deformation
Working Group, 1999] and found a well-defined belt of
high strain rate (0.5 pstrain yr—') along the Imperial Fault.
This shear belt is characterized by a high level of micro-
seismicity (>200 events in 1997 [Richards-Dinger and
Shearer, 2000]), indicating that a large part of the inter-
seismic deformation occurs within the brittle upper crust
(7.5 £ 4.5 km) [Wdowinski et al., 2001].

[¢] Along the Imperial Fault, studies of pre-1979-earth-
quake slip rates using creep meter measurements [Goulty
et al., 1978; Cohn et al., 1982; Louie et al., 1985] yielded
only 2—5 mm yr ' of fault creep. However, using EDM
surveys of fault-crossing lines, Genrich et al. [1997]
found an average of 10—14 mm yr ' of creep between
1987 and 1993. They attributed this high rate to triggered
slip from the 1987 Superstition Hills earthquake, which
would imply that current rates would be closer to pre-
1979 estimates.

2. GPS Methods

[10] During the interseismic period, the relative ground
motion across the fault is quite small (<35 mm yr '),
especially for stations close to the fault trace, so it is
important to obtain precise positions. By using continuous
Global Positioning System (GPS) data, it is possible to
determine the location of specific points over small aper-
tures such as the Imperial College network to millimeter
accuracy and precision [Bock et al., 2000]. While continu-



LYONS ET AL.: CREEP ALONG THE IMPERIAL FAULT, SOUTHERN CALIFORNIA ETG

ous GPS has high resolution for displacement at each site, it
is difficult to get effective spatial coverage without
extremely dense GPS arrays. This is not too problematic
in the Los Angeles basin, where taxpayers are willing to
spend large amounts of money for earthquake research, but
in desert areas such as the Imperial Valley, the cost of
installing a dense network of permanent GPS sites becomes
unrealistic. Thus, we are forced to use alternate methods for
acquiring displacement data.

[11] In areas of sparse GPS, the use of interferometric
SAR (InSAR, gray boxes, Figure 1) measurements seems
ideally suited for observing the shallow component of fault
slip [Zebker et al., 1994; Peltzer et al., 1996; Rosen et al.,
1996; Massonnet and Feigl, 1998; Vincent, 1998]. The
InSAR method works well in arid regions such as north of
the Salton Sea, where phase coherence is retained over
long periods of time [Lyons et al., 2000; Sandwell and
Agnew, 1999]. However, in the farmland of the Imperial
Valley, interferograms formed from available SAR images
appear noisy due to the loss of phase coherence over time
and it is extremely difficult to discern the near-field
deformation across the faults in these areas. Therefore,
we turn to a more practical method of GPS survey to
obtain data in irrigated areas near major faults: the rapid-
static survey.

[12] Kinematic GPS surveying yields the greatest num-
ber of observation points in the least amount of time
compared to static GPS surveying. One station is “fixed”
while the other receiver is moved from observation point
to observation point. Kinematic GPS determines the posi-
tion of this roving receiver relative to the known stationary
base site at every epoch. The integer cycle, doubly differ-
enced phase ambiguities are resolved, leaving only the
three station position parameters to be solved for at each
epoch [Genrich and Bock, 1992]. Using dual frequency
receivers, only 1-2 min at each observation point is
required to achieve relative horizontal positional accuracies
at the centimeter level for baselines up to ~10 km
[Hofmann-Wellenhof et al., 1997]. While quite promising
for maximizing the number of observation points in
minimal time (important in applications such as the gen-
eration of high resolution topographic maps), kinematic
GPS requires that phase lock be maintained on five or
more satellites throughout the entire survey (or recovered
in postprocessing). Although on-the-fly ambiguity resolu-
tion techniques are available, kinematic GPS surveying
suffers from initialization and reinitialization problems that
limit the ability to resolve reliably and continuously
integer-cycle phase ambiguities throughout the survey
[Bock et al., 2000].

[13] Rapid static surveying, on the other hand, involves
fast ambiguity resolution through the utilization of dual
frequency receivers and good satellite geometry [Blewitt,
1993]. Thus, loss of lock does not affect the solution since
the integer cycle phase ambiguities can be reacquired at any
time during the survey [Genrich and Bock, 1992]. In rapid
static mode, as in kinematic mode, one station is stationary
while the other receiver roams from site-to-site. Genrich
and Bock [1992] used a combination of kinematic and rapid
static techniques to determine movement across the San
Andreas Fault in central California. They showed that, by
computing the baseline epoch-by-epoch after resolving for
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phase ambiguities, it is possible to achieve millimeter
horizontal precision with brief (~10 min) occupation times
for a short-range (<1 km) survey during periods of good
satellite geometry.

3. Imperial College Network

[14] Although various geodetic surveys were performed
in the Imperial Valley as early as 1939, these used classic
positioning techniques (trilateration and triangulation) on a
coarse grouping of stations [Snay and Drew, 1988]. In the
1970s and 1980s, under a grant from the U.S. Geological
Survey, the Imperial College (IC) of London constructed a
dense grid of survey markers in the Imperial Valley near
El Centro to monitor motion along the Imperial Fault
[Mason, 1987]. This network consists of buried monu-
ments in a pattern coinciding with agricultural roads
running north—south and east—west every half mile. These
stations are identified according to location: the first digit
is a letter indicating the north—south position and the
second two digits identify the east—west position [Crook
et al., 1982].

[15] Various sections of this grid have been surveyed
since the last major earthquake in 1979. The most recent
studies have used GPS positioning techniques and focused
on the main section of the grid (Figure 2) [Genrich, 1992;
Genrich et al., 1997; Lyons et al., 1999, 2000].

[16] The 1991 survey of Genrich [1992] included 67 IC
stations with 5 local National Geodetic Survey (NGS)
stations and was performed in kinematic mode, with the
NGS stations serving as a static base network to maintain
sufficient network control and redundancy. Unfortunately,
due to poor satellite geometry, we were unable to use the
data in our analysis. In 1993, Genrich et al. [1997]
resurveyed the 72 stations using five dual-frequency, full
carrier wavelength L2 codeless receivers. Due to improved
receiver technology and satellite geometry, they employed
the rapid-static procedure, discussed above, where integer
cycle ambiguities are resolved during each session, so
maintaining phase lock on the satellites in between site
occupations is unnecessary.

[17] In May of 1999 and 2000, we resurveyed 46 of these
sites in the IC network in rapid-static mode, with 3 addi-
tional NGS sites serving as static base stations [Lyons et al.,
1999, 2000]. Thirteen of the IC sites were reoccupied
during each survey to determine the precision of the
measurements. Occupation time at each site was 15-20
min. Three NGS stations were continuously receiving data
during the 10 hours of surveying each day and provided a
relative reference frame for the IC sites.

4. Data Processing

[18] Typically, the processing of field GPS data includes
parameter estimation from several hour spans of data
sampled every 30 s. Site positions are determined by
batch least squares or other multiepoch estimation methods
[e.g., Bock et al., 1997]. These techniques often require
many epochs of dual-frequency data in order to resolve
phase ambiguities and frequently do poorly with short
observation spans. Outliers due to multipath and other
site-specific errors, receiver losses of lock, and phase cycle
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Figure 2. Sites surveyed between 1991 and 2000 along the Imperial Fault. NGS stations are shown in
bold. Numbers indicate east—west position and letters indicate north—south position.

slips can strongly influence the final positioning when
using these methods, by complicating reliable integer-
cycle ambiguity resolution.

[19] This can be avoided by using a new method of precise
GPS processing called instantaneous positioning [Bock et al.,
2000]. Estimates of the position of an unknown site are found
relative to a known fixed site up to several tens of kilometers
away with only a single epoch of data. The positions (and
zenith delay parameters) are estimated independently for
each observation epoch, thereby avoiding the cleaning and
repairing of the input GPS observables for outliers, receiver
losses of lock, and phase cycle slips. Receiver loss of lock and
phase cycle slips are irrelevant at the single-epoch level since
ambiguity resolution is instantaneous and independent at
each epoch. Outliers are determined from the single-epoch
positions using the interquartile range of the suite of solutions
for that site. The interquartile range is a measure of spread or

dispersion. It is the difference between the 75th percentile
(often called Q3) and the 25th percentile (Q1). The formula
for the interquartile range is therefore simply Q3-Ql.
Although not used extensively, the interquartile range is a
robust measure of scatter and is the preferred method of
measuring dispersion in distributions with outliers.

[20] For short to intermediate length baselines, the
instantaneous positioning method provides comparable
precision to batch processing methods while requiring
only a fraction of the amount of data. Since the phase
ambiguities and site coordinates are determined independ-
ently at each epoch, the solution rate can equal the
sampling rate. Bock et al. [2000] demonstrated that for
small aperture networks such as the one in this study,
averaging instantaneous positions estimated over a 15-20
minute interval is sufficient to achieve 1 mm horizontal
position precision. Thus, for studies of fault movement in
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Figure 3.

Independent single-epoch solutions (every 15 seconds) for baseline between sites S35 and

HOLT. The horizontal single-epoch precision is 8§ mm, with a decrease by a factor of 10 in the vertical.
By stacking numerous epoch solutions, we can reduce the horizontal scatter to <1 mm for the base

stations and ~2 mm for the roving stations.

regions with dense GPS networks, such as the Imperial
Valley, a combination of rapid-static surveying and instan-
taneous positioning provides the most efficient means of
precise position estimation.

5. Method

[21] Combining daily orbit solutions, our local static
data, and data obtained from three Southern California
Integrated GPS Network (SCIGN, http://www.scign.org)
sites for the survey time period, we determined daily
positions for the base stations using the GAMIT software
[King and Bock, 1995]. The three SCIGN sites used for the
1999 and 2000 analysis were MONP, BLYT, and DHLG
(Figure 1, circles). As each of these sites was installed after
1994, for the 1993 survey we used the more westerly
SCIGN sites of PIN1, ROCH, SIO2 and SIO3 (http://sopac.
ucsd.edu/maps/).

[22] Each SCIGN station was tightly constrained to its
International Terrestrial Reference Frame 1996 (ITRF96)
value [Sillard et al., 1998], with an a priori 1 mm standard
deviation in each component. The base station coordinates
were allowed to adjust freely and daily base station positions
were solved in batch mode relative to this SCIGN reference
network. One of the base stations (HOLT) was then tightly
constrained and all site data was processed epoch-by-epoch
relative to the base station network. Unlike Genrich et al.
[1997], we processed all of the survey data using instanta-
neous positioning (discussed above and in the work of Bock et
al. [2000]) rather than the batch least squares method. We

defined anomalous solutions as three times the interquartile
range and removed these points from the suite of position
estimates at each site. Final site positions were determined by
the median of the remaining estimates.

[23] Precision for a single-epoch solution is in the centi-
meter range, with precision for the suite of estimates at the
millimeter level (Figure 3). The precision of the vertical
component is generally about a factor of five to ten less than
the horizontal component, so we focused on horizontal
displacements. Uncertainties for the suite of estimates were
ascertained using an empirical relationship derived from
Bock et al. [2000], in which they determine the baseline
scatter associated with various baseline lengths (50 m, 14 km,
and 37 km) for different collection times (1, 10, 30, 120, 720,
2880, and 11,520 epochs). We used Figure 11 in the work of
Bock et al. [2000], which shows the interquartile range for
short distances based on a 12-week analysis of PIN1—PIN2
(50 m). From this, we interpolated to determine the weights
for our single-epoch uncertainties based on the number of
data points at each site. Sigma estimates for position were
derived from this interquartile range (o = IQR/1.35), assum-
ing the errors were normally distributed (after outliers were
excluded). For site S35 (Figure 3), the single-epoch sigma
values for the north (o,) and east (o) positions are 5.47 mm
and 6.24 mm, respectively, while the vertical standard
deviation (o,) is 32.18 mm. The standard deviations for the
suite of estimates are 0,=1.47,0.=1.45,and 0, = 11.55 mm.
Velocity errors were then defined as oy, = Y~ where
oy, 1is the uncertainty in the north component of the average
velocity (and likewise for the east component), determined
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Figure 4. Average horizontal velocities between 1993 and 2000 with 95% confidence ellipses.
Velocities are relative to the NGS benchmark HOLT and represent the average interseismic motion over
the last decade. The velocity fields for both 1993—1999 and 1993—-2000 indicate the eastern side of the
fault acts as a relatively stationary block, while the western section experiences a northwesterly motion of

about 15 mm yr~'
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6. Results

[24] Results from the 1993-2000 GPS surveys are shown
in Figures 4—6. The horizontal velocity field (Figure 4) is
coherent and indicates that, relative to the base station HOLT,
the eastern side of the fault acts as a relatively stationary
block, while the western section experiences a northwesterly
motion of about 15 mm yr~'. The station positions for 1993,
1999, and 2000 are consistent with linear motion of the sites
over the studied time interval. Figure 5 shows the positions of
four stations over the three survey years, with the best fit
slope for each site. The slopes for the western sites (N30 and

Q35) are different from those of the eastern stations (B31 and
S26), but all demonstrate a relatively constant velocity over
the survey period.

[25] By decomposing the station velocities into their
fault-normal and fault-parallel components, we can more
accurately assess the nature of interseismic displacement.
The fault normal velocities (Figure 6, top) indicate a small,
steady compression of ~3 mm yr~' on the eastern side of
the fault, with a slight shift in velocities across the fault.
The southwest corner of the survey area indicates a
dilatation of 5—6 mm yr~'. This is most likely caused by
effects from the Heber Geothermal Field (32°43'N,
115°32'W). Mason [1987] found horizontal displacements
near this production zone and Genrich et al [1997]
attributed a westward deviation of ~7 mm yr ' between
their model and site T1224 to this geothermal area.
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Figure 5. Relative ITRF site positions for a variety of sites in the Imperial network with least-squares
“best-fit” lines. The consistency of motion in the near-field for sites on either side of the fault at both
short (0.5 km, S26 and N30) and long (4.5 km, B31 and Q35) distances indicates a relatively linear

motion throughout the interseismic period.

Removal of the sites near the geothermal field (thick lines
west of the fault—negative orthogonal distance—in Figure
6) causes the best fit slope for the compressional compo-
nent on the western side of the fault to be reduced from
0.85 to 0.29, a value that is similar to that of the eastern
block of sites.

[26] The fault-parallel component (Figure 6, bottom)
shows increasing velocity with distance on either side of
the fault, with a jump of ~9 mm yr " at the fault trace. Sites
in the northwest section of our survey area (thick lines east
of the fault in Figure 6) appear to have the same compres-
sional component as the surrounding region. However, the
fault-parallel motion is higher than other sites east of
thefault and could be due to the Brawley Seismic Zone.
The Brawley Seismic Zone (BSZ) runs north—south
between D33 and B31 (see Figure 2) and represents a zone
of broad deformation in the region. East and southeast of the
BSZ, station velocities are near zero and the velocity jum
across the fault (e.g., site S26—S27) is ~9.5 mm yr .
However, between the BSZ and the Imperial Fault, veloc-
ities reach 9 mm yr~' (site A35) and the velocitly jump
across the fault (site C35—F35) is only ~6 mm yr . Thus,
some of the plate motion across this boundary is accom-
modated in the northern section of the Imperial Fault by the
Brawley Seismic Zone.

[27] Velocities for the Imperial Fault reach two-thirds of
the full plate motion within 10 km of the fault. This is
consistent with estimates from earlier geodetic surveys [Snay
and Drew, 1988] and from the SCEC crustal motion map
version 2.0 [SCEC Crustal Deformation Working Group,
1999; Wdowinski et al., 2001], which revealed interplate
deformation over a zone at least 50 km wide north of the

Imperial Valley and concentrated within 20 km across the
Imperial Fault.

7. Fault Models

[28] To determine the variation of slip with depth using
geodetic data (our GPS data plus far-field velocities derived
from sparse continuous GPS coverage [SCEC Crustal
Deformation Working Group, 1999]), we adopted the fault
model originally proposed by Weertman [1964] and sub-
sequently developed by Savage and Lisowski [1993]. The
model consists of two plates sliding past each other with a
far-field plate velocity of V. The simplest model has a fault
that slips freely between minus infinity and a deep locking
depth of D (Figure 7, solid curve). Our data show evidence
for shallow creep between the surface of the Earth and some
shallow locking depth d. We use the model of Savage and
Lisowski [1993] to evaluate this shallow creep signature. In
their model, shallow creep occurs when the far-field tectonic
stress plus the local stress concentration due to the deep
fault slip exceeds the fault strength. Fault strength depends
on the coefficient of friction (~0.85 for most rocks [Byerlee,
1978]) times the normal stress, where normal stress has a
component due to lithostatic pressure plus an unknown
tectonic component of normal stress. The details of the
model are found in the work of Savage and Lisowski
[1993]. The unknown parameters are the deep locking depth
D and the tectonic normal stress. If there is no shallow
creep, the displacement follows the smooth arctangent
function (Figure 7, solid curve, surface locked). If there is
combined shallow slip and deep slip (Figure 7, dashed
curve, surface creep), the displacement field will have a
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Figure 6. Average fault-parallel and fault-normal velocities versus distance from the fault for 1993 —
2000. Dashed lines indicate the least-squares fit, with slopes as indicated. The fault strike is defined as
323°, measured clockwise from north. The fault-normal velocities (top) indicate a small southwest
component (10 + 2.3 mm yr~ ") of relative motion across the entire region. Much of this could be related
to the Heber Geothermal Field. See text for details. The fault-parallel component (bottom) shows
increasing velocity with distance on either side of the fault, a sign of elastic strain accumulation, with a
large jump in velocities at the fault, indicating creep of 9.0 = 1.4 mm yr—'. Results for 1993—1999 are

similar.

local abrupt transition superimposed on the broad displace-
ment field.

[20] We varied the deep locking depth (7 to 15 km) and
the tectonic normal stress (—10 to 50 MPa) to find the
corresponding creeping depths. Based on previous estimates
of the secular slip rate on the Imperial Fault [Bennett et al.,
1996; Working Group on California Earthquake Probabil-
ities, 1995], we used V=35 mm yr~'. We estimated the slip
rate on the surface at the fault trace to be 9 mm yr~ ", (Figure
6) and then calculated the stress rate for each D—d pair from
Savage and Lisowski [1993] equation A13. We determined
the surface velocity caused by the slip on the upper segment
of the fault and calculated the rms-misfit to the geodetic
measurements (plus an unknown constant).

[30] Figure 8 shows the RMS misfit between the GPS-
derived velocities and the forward models for the range of
locking depths and corresponding creeping depths. The
minimum misfit values for D = 8§—12 km are plotted as
crosses, with the minimum misfit for all models at D = 10
km, d = 2.9 km (star). The dashed contour line represents
the minimum RMS value plus 10% and illustrates that there
is a wide range of “reasonable” models for our data. The
corresponding best fit forward models for D = 8—12 km are
shown in Figure 9, along with the minimum misfit model
for a noncreeping fault (D = 7 km, RMS = 0.43). The

creeping models have a lower misfit than the model without
creep and are more consistent with the overall deformation
pattern across the fault. However, it is difficult to distin-
guish between the creeping models, indicating a range of
locking and creeping depths that fit the geodetic data.

[31] Thus, we look at the strain rate for a range of deep slip
rates and depths (. = 30 Gpa). This is shown in Figure 10,
with the expected strain rates for our minimum misfit models
plotted as crosses. The study by Wdowinski et al. [2001],
which used the SCEC velocity field, version 2.0 [SCEC
Crustal Deformation Working Group, 1999] to determine the
shear strain rates along the San Andreas Fault System,
revealed a well-defined belt of high strain rate along the
Imperial Fault, with a maximum strain of T, = 0.53
pstrain yr~'. The shaded box in Figure 10 represents models
which would produce strain rates of 0.3—0.53 pstrain yr—'
for ¥=30—40 mm yr . Our minimum misfit model for D =
10 km, d = 2.9 km (best fit for all models) is the only one that
coincides with this shaded region. Therefore, we choose this
as the most reasonable model for the Imperial Fault.

8. Discussion

[32] The pattern of deformation across the Imperial Fault
indicates that there is combined shallow slip and deep slip
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Figure 7. FElastic dislocation model using the model of Savage and Lisowski [1993]. (top) A right-
lateral, strike-slip fault in which two blocks slide past each other with velocity V. (bottom) The resultant
deformation signature across the fault if (solid line) the fault is locked from the surface to depth D and
slips freely below D, and if (dashed line) the fault is locked only between d and D.

(Figure 9). However, the deformation is not symmetrical
across the fault, which could indicate that the fault plane is
dipping to the northeast. Previous refraction surveys [Fuis et
al., 1982] along the Imperial Fault, along with strong
ground motion data [Archuleta, 1984] from the 1979
Imperial Valley earthquake and subsequent elevation sur-
veys [Reilinger and Larsen, 1986] indicate that this section
of the fault is dipping 80° down to the east. However, there
are not enough data points east of the fault (only one station
20—60 km from the fault) for us to determine this with any
certainty.

[33] Another possible explanation for the asymmetry
can be inferred from Malservisi et al. [2001], who showed
that, for the Eastern California Shear Zone (ECSZ), a high
viscosity contrast between the Basin and Range Province
and the Sierra Nevada block produces an asymmetric
surface velocity field across this region. While the eastern

“weak” side of the ECSZ appears to accommodate most
of the deformation in the region, the cold western side
behaves as a strong, almost rigid block, with a flat
velocity field 20-100 km from the fault and a steep
gradient within 20 km of the fault. This is similar to
what we see along the Imperial Fault (Figure 9), with the
southwestern side of the fault appearing to behave in a
weaker fashion than the northeastern side. Without more
knowledge of the heat flow within this region and more
detailed modeling, however, it is difficult to discern
whether heat flow, fault geometry, or a combination of
the two contributes to the asymmetric deformation across
the Imperial Fault.

[34] Fitting frictional fault models to the data, we find
that the data fits well with a model in which the Imperial
Fault is creeping down to ~3 km at a surface rate of 9 mm
yr~ !, with 35 mm yr ' of right-lateral free slip below
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10 km. The locking depth is similar to the best fit models
from 1979 coseismic data [Olson and Apsel, 1982; Hart-
zell and Helmberger, 1982; Hartzell and Heaton, 1983,
King and Thatcher, 1998] and is consistent with prior GPS
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Figure 8. RMS misfit for models with varying locking depths and creeping depths. Crosses indicate the
minimum misfit models at D = 8—12 km. Star (D = 10 km) is the minimum misfit of all models.
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results [Genrich et al., 1997] and seismicity catalogs
[Johnson and Hill, 1982; Richards-Dinger and Shearer,
2000]. The creep rate is higher than previous studies of
pre-1979 earthquake rates using creep meter measurements

Best Fit Models (RMS< 0.3) Using S and L [1993] Method
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Figure 9. Minimum misfit models from Figure 8, plotted with average fault-parallel velocities with
distance from the fault (circles) from both our surveys (near-field <10 km) and the SCEC estimates (far-
field >10 km). Dashed line is minimum misfit model without creep.
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Figure 10. Strain rate estimates for various fault models. Minimum misfit models from Figure 8 are
plotted as crosses, with best-fit model represented by the star. Shaded region coincides with strain
estimates for the Imperial Fault from Wdowinski et al. [2001].

(2-5 mm yr ') [Goulty et al., 1978; Cohn et al., 1982;
Louie et al., 1985] and is closer to the post-Superstition
Hills estimates by Genrich et al. [1997].

9. Conclusions

[35] By investigating the creep characteristics over
different faults in southern California, it might be possi-
ble to discern characteristics specific to certain fault
types. The tectonic implications of fault creep are still
debated, with some investigators believing creep is the
first step in failure leading to major earthquakes (pre-
seismic slip) [Nason, 1973], while others argue that creep
reduces stress buildup along faults, therefore precluding
very large earthquakes along the creeping section [Pre-
scott and Lisowski, 1983; Biirgmann et al., 2000].
Regardless, most models of earthquake generation use
creep to load asperities on a fault, which subsequently
fail in earthquakes. Thus, creep studies are important in
determining seismic hazard along active faults in south-
ern California.

[36] The density of GPS measurements along the Impe-
rial Fault makes it possible for us to assess the nature of
the near-field motion of this fault over time. Our results
for the Imperial Fault show a coherent velocity field in
which the fault has been creeping 9 mm yr~ ' over the last

decade. The increase in creep rate since 1979 could be due
to an underestimate in creep rates caused by the use of
creep meters in earlier studies versus our geodetic means,
as has been reported by Lisowski and Prescott [1981] and
Langbein et al. [1983]. However, it may also imply a
longer-term increase in creep rates since the last major
earthquake and a corresponding decrease in the hazard for
another major earthquake along this section of the Imperial
Fault.

[37] Our next step will be to use Interferometric Synthetic
Aperture Radar (InSAR) and permanent scatterers [Haynes,
1999; Ferretti et al., 2000, 2001] along the Imperial and
Cerro Prieto Faults, to look at the entire deformation field in
these regions. By comparing the InSAR results with our
GPS measurements and an updated SCEC crustal motion
map (version 3.0), we should get a clearer indication of the
behavior of these major faults in southern California and,
perhaps, the risk associated with them.
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