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We have developed a kinematic fault network model of crustal deformation in an elastic half-space. Surface de-
formation is calculatedusing thismodel assuming each fault segment slipping beneath a locking depth. Each fault
segment connects to its adjacent elementswith slip vector continuity imposed at fault nodes or intersections; the
degree of the constraints determineswhether deformation is block-like or not.We apply thismodel to invert GPS
observations for slip rates onmajor faults in California with geological rate constraints. Based on the F-test result,
we find that lesser block-like models fit the data significantly better than the strictly block-like model. Our final
inversion shows a slip rate varying from 20 to 23 mm/yr along the northern San Andreas from the Santa Cruz to
the North Coast segment. Slip rates vary from 9 to 13 mm/yr along the Hayward to the Maacama fault segment,
and from 15 to 3 mm/yr along the central Calaveras to the West Napa fault segment. For the central California
Creeping Zone, the result suggests a depth dependent creep rate with an average of 22 mm/yr over the top
5 km and 32 mm/yr underneath. From the Mojave to San Bernardino Mountain segments, we also find a signif-
icant decrease in slip rate along the San Andreas in comparisonwith the geologic rates, in contrast to a significant
increase in slip rate on faults along the eastern California shear zone. Along the southern San Andreas, slip rates
vary from 21 to 25 mm/yr from the Coachella Valley to Imperial Valley segments. Slip rates range from 0 to
3 mm/yr across the western Transverse Ranges faults, which is consistent with the regional crustal thickening.
Overall slip rates derived from geodetic observations correlate strongly with the geologic slip rates statistically,
suggesting high compatibility between geodetic and geologic observations.

Published by Elsevier B.V.
1. Introduction

With advances in Global Positioning System (GPS) technology,
detailed crustal deformation has been surveyed over the world for
the past two decades, particularly across plate boundaries and at tecton-
ically active intra-plate regions. These data have provided the best
estimates of deformation rates over years and decades, and strains
accumulated and released before, during, and after earthquakes over
the observational time period. Those geodetic data are crucial to our
understanding of earthquake processes and plate tectonics.

California and its neighboring regions are home to a major plate
boundary between the Pacific and North American plates. Interactions
between the two plates result in complicated fault motions along their
boundary and further into the plate interiors. Most fault sections
of this major boundary are locked, resulting in high stress that is
buted solely for purposes of sci-
ional, so itmust not be disclosed
yet been approved for publica-
resent any official USGS finding
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eventually released in small to large earthquakes, posing significant
threat to the region's large urban population. Precise GPS positioning
is used to monitor plate tectonic motions and help interpret
interseismic fault loading, coseismic unloading, and aseismic slip at
millimeter-level precision. Analysis and modeling of geodetic signals
provide fundamental data on fault slip rates and these data can give in-
formation on earthquake occurrence that eventually will lead to better
seismic hazard assessment. Questions arise on how crustal deformation
occurs: is it deformed elastically in a block-like form (e.g. d'Alessio et al.,
2005; Meade and Hager, 2005) or in a more complex form with signif-
icant off-fault strain accumulation (Bird, 2009; McCaffrey, 2005)? By
considering the block model and a completely segmented fault-based
model as two end members of geodetic deformations, we want to test
where the best fitting model to the GPS observations lies in between
the two end members without invoking any other model complexities,
such as distributed visco-elastic responses (Johnson et al., 2007; Pollitz
and Schwartz, 2008; Chuang and Johnson, 2011; Hearn et al., 2013) and
provide answers to the questions raised above.

In this paper, we start with a simple fault-basedmodel that assumes
deformation on the earth surface is the result of only slip along faults.
We introduce a kinematic fault network model that calculates the
geodetic ground deformation from any given distribution of slip rates

http://dx.doi.org/10.1016/j.tecto.2013.11.030
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across a fault network in the area. Similar to a block model, the entire
area is divided into blocks that are bounded by the fault networks.
Given the dense GPS velocity observations available in California and
its neighboring regions and geological slip rate constraints for many
fault segments, we invert these datasets to determine slip rates on
fault segments over the entire fault network. Parameters that constrain
the degree of block-like motion are optimized based on the trade-off
between the fit to the observation and the total number of model reso-
lution and the results are used to determine the pattern of crust defor-
mation. The results are also compared with slip rates based on
geological measurements. Differences between the two classes of slip
rates provide important insights into changes in present day tectonic
motions. The results also provide critical input to earthquake rupture
forecasts in the region that can be applied in seismic hazard evaluations.

2. Kinematic fault network model

The dense GPS velocity observations in California and its neighbor-
ing region provide an unprecedented opportunity to study geodetic de-
formations caused by fault slips on major active faults in the region.We
introduce a kinematic fault network model that simulates geodetic
ground deformation rates from a given distribution of slip rates across
all the known major faults in the region. The correspondence between
geodetic deformation and fault slip rates is uniquely determined as
long as the fault network structure and the constraints on the slip
variability and continuity conditions are defined between connecting
fault segments. The uniqueness is guaranteed by thewell-known elastic
representation theory (Aki and Richards, 1980). For a given slip rate
distribution on all the faults, the ground velocity vector at any point is
obtained by taking a spatial convolution of the static point source
Green's function with the slip rate functions over the faults:

u̇n rð Þ ¼
Z ∞

−∞
μviΔu̇j ξð Þ ∂Gni r; ξð Þ

∂ξ j
d
X

ð1Þ

where μ is the shear modulus, νi is a unit vector normal to the fault,Δu̇j
is the j-th component of slip rate on the fault, andGni is theGreen's func-
tion calculated from receiver to source. The vector r describes the
receiver location and ξ describes the corresponding source point
where the Green's function is calculated.

WeuseOkada (1992) to calculate the surface deformation in an elastic
half space. Our kinematic fault network model assumes that each fault
segment slips at certain rates beneath a locking depth except at a few
fault segments where shallow creep is allowed. In block deformation
modeling (e.g., Meade and Hager, 2005), surface deformation is deter-
mined by block rotation and sum of elastic deformation calculated using
a back-slip model at block boundaries and slip rates estimated by the rel-
ative motion across block boundaries. Using the same slip rate distribu-
tion provided by block deformation modeling, our buried fault model
gives the same surface deformation as that from a blockmodel for crustal
motion analysis (e.g., McCaffrey, 2005; Meade and Hager, 2005).

We rewrite Eq. (1) in a discretized form that gives the relation be-
tween GPS ground velocities and fault slip rates, including creep rates:

u̇n rið Þ ¼
XN
j¼1

U1
njΔu̇ j

1 þ U2
njΔ u̇ j

2 þ
XM
k¼1

U1
cree;nkΔc

k
1 þ U2

cree;nkΔc
k
2 ð2Þ

where u̇n is the predicted surface velocities, n is the component of the
horizontal velocity, ri is the location of the i-th station, Δu̇ j

1 andΔu̇ j
2

are the fault parallel and fault normal slip rates along the j-th fault seg-
ment, respectively,Unj

1 and Unj
2 are the Green's function relating those

fault slip rates to velocities at the i-th station, Δc1k and Δc2k are the fault
parallel and fault normal creep rates along the k-th fault segment, re-
spectively, and Ucree,nk

1 and Ucree,nk
2 are the Green's function relating the

fault creep rates at shallow depth to velocities at the i-th station. N is
the total number of fault segments. M is the total number of creeping
fault segments.

Following the same block modeling concept, we assume that all the
fault segments are linked to its adjacent segments. We impose slip
vector conservation at fault nodes or intersections to regulate slip vari-
ability and to simulate block-likemotion. The conservation constraint at
each node point is given by:

α
l

X
i

εiΔu̇i ¼ 0 ð3Þ

where εi = 1 if the i-th fault segment strikes towards the node, other-
wise, εi = −1, α is a weighting parameter, l is the average half-length
of the fault segments that connect to the node. In addition,weminimize
slip rates along the fault normal direction because fault systems in the
region are dominated by strike slip faults. Thisminimization is given by:

β
Δu̇ j

2

li
¼ 0 ð4Þ

where Δu̇ j
2 is the fault normal slip rate along the i-th fault segment, li is

the i-th fault segment length, and β is theweighting parameter. Togeth-
er Eqs. (2)–(4) form the basis for solving the slip distribution using
least-squares inversion. Increasing theweighting of Eq. (3) results in in-
creasing the degree of the conservation constraint. A strict conservation
constraint at those intersections results in a block-like deformation
model. A very loose conservation constraint results in a fault-patch-
only deformation model. The degree of weighting on the conservation
constraint is optimally selected from a trade-off curve between the re-
sidual chi-squares and the parameter resolution of the model, so that
with limited number of model parameters, certain non-block-like de-
formation features would be allowed, such as permanent or transient
strain build-up within the bounding blocks. Our model does not allow
uniformly distributed strains within blocks as some block models did
(e.g., McCaffrey, 2005), and the residual strains are therefore distributed
more around the block boundaries. The locking depths in general are es-
timated based on the depth distribution of seismicity (Petersen et al.,
1996; Shen and Jackson, 2003). Although this was not done in this
paper, those depths could also be optimized based on the goodness-
of-fitting between model prediction and geodetic observations.

3. GPS data and analysis

Our GPS data for California and its neighboring regions are obtained
from two of the Southern California Earthquake Center (SCEC) projects,
one is the Working Group on California Earthquake Probabilities
(WGCEP) project of California Crustal Motion Map version 1.0 (Shen
et al., 2006), and the other is the Southern California Crustal Motion
Map version 4.0 (CMM4) (Shen et al., 2011). Although the California
Crustal Motion Map version 1.0 includes a draft version of CMM4 in
Southern California, the subsequent revision of CMM4 before its final
publication has improved the CMM4 data quality significantly. Data
were synthesized from multiple sources, including continuous GPS sta-
tions from the Southern California Integrated GPSNetwork (SCIGN) and
the Bay Area Regional Deformation network (BARD) for California, the
Basin andRangeGeodetic Network (BARGEN) for Nevada, and the Pacif-
ic Northwest Geodetic Array (PANGA) for southern Oregon. Survey-
mode measurements were obtained from hundreds of sites observed
by surveyors from government agencies such as US Geological Survey
(USGS) and California Department of Transportation (Caltrans), and
universities throughout the region. The dataset spans 18 years, from
December 1986 to October 2004. The data were processed using the
GAMIT/GLOBK software (King and Bock, 2006; Herring, 2002), and
daily solutions were combined using the QOCA software (Dong et al.,
1998; http://gipsy.jpl.nasa.gov/qoca) to solve for secular velocities and
coseismic and postseismic displacements from strong earthquakes

http://gipsy.jpl.nasa.gov/qoca


3Y. Zeng, Z.-K. Shen / Tectonophysics 612–613 (2014) 1–17
that occurred during this time period such as the 1989 Mw 6.9 Loma
Prieta, 1992 Mw 6.1 Joshua Tree and Mw 7.3 Landers, 1994 Mw 6.7
Northridge, 1999 Mw 7.1 Hector Mine, and 2003 San Simeon earth-
quakes. The CMM4 solution included velocities derived from EDM
data measured in southern California from 1970 to 1992. Velocity solu-
tions from the two projects are combined together after a rigid body
rotation, constrained by velocity solutions from common stations.

Rigorous error analysis was done for the Southern California CMM4
solution, and a statistical test for co-located site velocities showed that
the errors are quasi-Guassian (Shen et al., 2011). GPS observation errors
are spatially correlated due to shared common errors of satellite orbits.
Errors of site velocities derived from GPS data are therefore also corre-
lated spatially, and to a greater degree (up to 70% for adjacent sites) if
the data are processed using the double-differencing technique (Shen
et al., 2011). Such correlations, however, are greatly reduced in the ve-
locity solution used in this study, since the solution was produced
under external constraints, i.e., seven network configuration parame-
ters for rotation, translation, and dilatation of the network of a selected
set of sites located in the stable part of the North America plate are tied
to the model predicted values of the SNARF 1.0 (Stable North America
Fig. 1. Distribution of GPS velocity vectors for California and its neighbors, refer
Reference Frame) model (Shen et al., 2011). Enforcement of these con-
straints eliminates most of the nominal inter-station correlations in the
solution, leaving the velocity uncertainties to reflect mainly the site
local errors. This process gives rise to a set of velocitieswhose individual
uncertainties are close to what we expect they should be depending on
station type (continuous or campaignmode), duration and frequency of
observations ranging from submillimeter/yr to 1–2 mm/yr. As a conse-
quence, they no longer reflect the common errors shared by all neigh-
boring sites. Nevertheless systematic errors resulted from that would
be very small in a region spanning only a few hundred kilometers,
and should have no significant effect to our current modeling result.

Fig. 1 presents a map view of the combined GPS velocity field with a
total of 1403 sites for California and parts of western Nevada and south-
ern Oregon. A sharp decrease in GPS velocity amplitudes is shown
across the entire San Andreas Fault system, the eastern California
shear zone, and along the Walker Lane near the California and Nevada
borders. The GPS velocities are nearly constant across the Sierra
Nevada/Great Valley block, suggesting it is a strong rigid block.

To further examine the GPS velocity field along the San Andreas
Fault, we plot the GPS velocity profiles along transects perpendicular
enced to the North America plate. Error ellipses represent 50% confidence.
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to the San Andreas fault zone, i.e., across the Santa Cruz Mountain, cen-
tral California creeping zone, Cholame, and Carrizo Plain sections
(Fig. 2). Red and blue squares are velocity components parallel and
perpendicular to the fault respectively.

For the central California creeping segment, since the fault slips all
the way to the surface interseismically, the velocity profile across the
San Andreas Fault shows an abrupt step-like jump. There are also
small but still notable gradients in the fault parallel velocity profile
away from the fault, indicating depth dependent creeping rates where
the topmost segment releases its energy in periodic creeping episodes
(Rolandone et al., 2008).

Instead of a step-like jump in velocity across the creeping section,
the Carrizo Plain segment shows a smoothly varyingGPS velocity profile
that spans about 100 km across the fault zone. This appears to be a
classic example of a buried dislocation model with constant slip rates
at about 30–35 mm/yr with a locking depth of about 15–20 km deep.

For the Santa Cruz Mountains and Cholame sections, the GPS veloc-
ities have gradients steeper than velocities observed in the Carrizo Plain
but more gradual than velocities observed in the central California
creeping segment. This indicates either a shallower locking depth or a
partial locking within the seismogenic zones. Seismicity in the areas
shows a locking depth similar to the Carrizo Plain seismic zone
(Hauksson, 2000; Hill et al., 1990), suggesting partial locking.
4. California fault network model

Our kinematic fault network model is developed from the SCEC
(Field et al., 2009) and USGS (Petersen et al., 2008) fault database for
California and nearby states. A relatively complex fault system in the
state has led to the complex structure of our fault network model.
Shen and Jackson (2003) developed a preliminary version of this
model for southern California using a simplified version of the SCEC
Community Fault Model (CFM) and Community Block Model (CBM).
We start from Shen and Jackson's model, then add the Bay area block
model from d'Alessio et al. (2005) for northern California, and further
extend it to the entire California and part of its neighboring regions of
Oregon and Nevada based on the USGS 2008 Quaternary fault model
Fig. 2. Profiles of GPS velocities along transects perpendicular to the San Andreas fault from the
and blue squares are displacement components parallel and perpendicular to the fault respect
(Petersen et al., 2008). We revise the Southern California part of the
model based on a recent update of the California faults provided in the
SCEC UCERF 2 model (Field et al., 2009).

We enclose all fault segments to form blocks in the area. This
allows us to compare our results with other block model studies (e.g.,
McCaffrey, 2005; Meade and Hager, 2005; d'Alessio et al., 2005). Fig. 3
shows a map view of our California fault network model. All the fault
network traces are plotted in red and the original SCEC UCERF2 and
USGS 2008 Quaternary faults are plotted in black. The model consists
of major faults in California and faults off the coast (the Cascadia sub-
duction zone, San Gregorio, Hosgri, Santa Cruz Catalina Ridge, and
Palos Verdes faults, etc.) to faults in the continent (the San Andreas,
San Jacinto, Elsinore, Hayward, Calaveras, Great Valley, Death Valley,
White Wolf, Garlock, Owens Valley, and Newport–Inglewood–Rose
Canon faults, etc.). We extended the Cascadia subduction zone
2000 km north and the southern extension of the San Andreas fault
2000 km south to model relative plate motion between the Pacific
and the North America Plate and to avoid edge effect at the model
boundaries.

The western Transverse Ranges contains numerous smaller faults.
Instead of linking those small faults to formmany small blocks, we sim-
plify the model by introducing a few larger blocks. Those blocks are
bounded by the Anacapa and Santa Cruz Island faults to the south, the
Big Pine fault to the north, and the Santa Susana–San Cayetano–Santa
Ynez fault in between. The southern part of the region is cut through
by the Oak Ridge fault. To the east are the San Gabriel, Sierra Madre,
and Cucamonga faults bounding the San Gabriel block at its south and
west. For the eastern California shear zone, we divided it into blocks
bounded by north–south trending faults of Landers and Gravel Hill-
Harper Lake, and by Pisgah-Bullion Mountain all the way to Panamint
Valley. This is an over-simplification for a rather intricate tectonic struc-
ture, but a lack of sufficient geodetic observations precludes additional
complexity. A more detailed fault model in the region (McClusky
et al., 2001; Miller et al., 2001) is possible but will sacrifice model reso-
lution significantly.

For the Nevada and northern California bordering area, we simplify
the faults into a western Nevada and northern California shear bound-
ary. Separated by the rigid Sierra Nevada and Great Valley Block, the
Santa CruzMountains, central California creeping, Cholame, to Carrizo plain segments. Red
ively.

image of Fig.�2


Fig. 3.Map view of the California fault network model (red). Traces in black are faults from the USGS quaternary fault database and UCERF 2 fault database.
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Table 1
Fault slip rates along San Andreas based on GPS data inversion with and without geologic data constraints (mm/yr).

Strike slip Strike slip Spreading Spreading Locking depth Fault name

Rate1 Rate2 Rate1 Rate2

22.9 ± 1.2 22.2 ± 1.8 −1.1 ± 0.8 −4.6 ± 1.5 14.0 Imperial Valley
24.6 ± 1.1 24.0 ± 1.3 7.3 ± 0.9 5.4 ± 1.0 6.0 Brawley Seismic Zone
20.8 ± 1.0 24.3 ± 1.3 0.0 ± 0.7 0.5 ± 1.2 18.0 SAF Coachella Valley
1.8 ± 0.8 6.0 ± 1.9 −1.0 ± 0.5 0.4 ± 0.7 17.7 SAF North Branch, Mill Creek
10.4 ± 1.1 3.5 ± 3.2 −1.3 ± 0.7 1.9 ± 1.4 18.0 SAF San Gorgonio Pass-Garnet Hill
12.6 ± 0.9 3.4 ± 2.6 0.0 ± 0.5 1.1 ± 0.9 18.0 SAF San Bernardino South
13.1 ± 1.0 6.9 ± 1.5 −1.4 ± 0.7 −0.2 ± 1.2 15.0 SAF San Bernardino Mountains North
19.2 ± 0.5 15.4 ± 0.8 −1.7 ± 0.4 −0.8 ± 0.7 14.0 SAF Mojave
26.5 ± 0.7 23.5 ± 1.3 −2.0 ± 0.5 −4.5 ± 0.9 18.0 SAF Big Bend
28.7 ± 0.7 22.9 ± 1.0 0.1 ± 0.5 −1.8 ± 0.9 15.0 SAF Carrizo Plain
30.0 ± 0.7 27.5 ± 1.0 −1.5 ± 0.4 −1.6 ± 0.7 15.0 SAF Cholame
30.1 ± 0.5 27.6 ± 0.8 −1.6 ± 0.3 −1.9 ± 0.5 15.0 SAF Parkfield
31.7 ± 0.8 30.4 ± 1.0 −1.5 ± 0.6 −3.5 ± 0.9 5.0 SAF Central CA Creeping
25.3 ± 0.7 21.5 ± 0.9 −0.5 ± 0.5 −1.0 ± 0.7 0.0 SAF San Juan Bartista
19.9 ± 0.6 22.5 ± 0.9 −0.0 ± 0.4 0.1 ± 0.7 15.0 SAF Santa Cruz Mountains
17.3 ± 1.1 19.9 ± 1.7 1.3 ± 0.8 4.7 ± 1.6 15.0 SAF Peninsula and North Coast
23.0 ± 0.9 24.3 ± 1.4 0.0 ± 0.6 2.4 ± 1.2 15.0 SAF North Coast
22.7 ± 0.8 22.3 ± 1.3 3.8 ± 0.6 13.4 ± 1.2 15.0 SAF Offshore

For strike slip rate, right-lateral is positive.
For spreading rate, extensional spreading is positive.
Rate1 is the preferred slip rates from GPS data inversion with geologic constraints.
Rate2 is for GPS data inversion without geologic constraints.

Table 3
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effect of this simplified boundary on the slip rates over other California
faults should be negligible. We choose to have this boundary cutting
through the east side of the northern Walker Lane fault zone because
of a much greater GPS velocity gradient across the east side than across
the west side of the northern Walker Lane fault zone. The northern
boundary of the block containing the Sierra Nevada and Great Valley
is selected according to the observed shortening localized along the
section (Hammond and Thatcher, 2004).

We have introduced shallow creep in some of the fault segments, for
example, along the central California Creeping segment, Calaveras,
Paicines, Hayward, Imperial Valley, Brawley seismic zone. We also
allow partial locking for the northern Parkfield and southern Santa
Cruz Mountain segments of the San Andreas. The creeping occurs at a
constant rate from the surface to 10 km depth for most creeping faults
except the central California creeping zone and the Brawley seismic
zone. In the central California creeping zone, we assume depth depen-
dent creep rates from the surface to 5 km depth and from 5 km to
10 km depth, respectively. The creeping depth along the Brawley seis-
mic zone is set to be equal to its locking depth because of its shallow
seismogenic layer (Table 1). The amount of creep along those creeping
segments is determined from inversion of the GPS observations.

The fault locking depths listed in Tables 1–9 are determined based
on seismicity depth distribution along faults available in the literature
(e.g. Hauksson, 2000; Hill et al., 1990). We assume that all fault
segments are vertical and use spreading and shortening across fault
segments as proxy for dip slip faulting. Instead of inverting for Euler
pole rotation parameters for each block, we invert for the fault slip
rate parameters directly from surface geodetic observations.
Table 2
Fault slip rates along Hayward to Maacama (mm/yr).

Strike slip Strike slip Spreading Spreading Locking depth Fault name

Rate1 Rate2 Rate1 Rate2

9.2 ± 0.8 5.9 ± 1.1 0.1 ± 0.5 −0.9 ± 0.9 12.0 Hayward
11.3 ± 1.3 9.8 ± 1.9 0.0 ± 0.8 −0.9 ± 1.7 12.0 Rogers Creek
12.9 ± 0.9 14.8 ± 1.3 0.0 ± 0.6 −2.7 ± 1.2 12.0 Maacama
5. Results

Before we compute our final inverse solutions, we optimize the
gross weighting parameter α in Eq. (3) for the continuity constraints
on slip rate vectors across fault node points. This gross weighting
parameter trades off with both the model resolution defined by the di-
agonal elements of themodel resolutionmatrix (Menke, 1989) and data
variance reduction. When it approaches to infinity, a strict continuity
condition is imposed on slip-rate-vectors across any nodal points. This
leads to a strict block-like behavior of the model. A question arises on
whether other models of lesser constraints perform significantly better
than this model. To answer the question, we first compute the F-test
ratio of this strict block-like model to other models with a range of dif-
ferent weights. The higher the ratio, the more significant the difference
of reduced data variances between the strict block-likemodel and other
testingmodels. Fig. 4a shows these ratios versusweighting parameterα.
The red line marks the threshold above which the reduced data vari-
ances of other testing models are significantly smaller than that of the
strict block-like model at a 95% confidence level. As an end member,
the strict block-like model has the least free model parameters mea-
sured by the total number of model resolution. As the other end mem-
ber, the completely segmented fault-based model with zero continuity
constraints best fit the GPS observations. The strict block-like model
with the least slip rate variability along block boundaries has not only
Fault slip rates along Calaveras to Bartlett Springs (mm/yr).

Strike slip Strike slip Spreading Spreading Locking
depth

Fault name

Rate1 Rate2 Rate1 Rate2

10.0 ± 0.9 12.1 ± 1.1 −2.2 ± 0.8 −3.7 ± 0.9 11.0 Paicines
14.9 ± 0.7 15.9 ± 1.0 −0.5 ± 0.5 −3.4 ± 0.8 11.0 Calaveras So
6.9 ± 1.0 10.7 ± 1.7 −1.3 ± 0.7 −3.1 ± 1.5 13.0 Calaveras No
7.2 ± 1.1 4.5 ± 2.2 −0.2 ± 0.7 −1.2 ± 1.4 14.7 Concord-Green

Valley
2.7 ± 0.8 7.7 ± 2.3 0.0 ± 0.7 0.0 ± 1.5 10.0 West Napa
9.5 ± 1.0 10.1 ± 1.1 −1.1 ± 0.7 −2.9 ± 1.1 15.0 Bartlett Springs
7.2 ± 1.7 5.6 ± 1.8 −9.9 ± 1.5 −9.1 ± 1.6 15.0 Trinidad-

McKinleyville



Table 4
Fault slip rates along Transverse Ranges (mm/yr).

Strike slip Strike slip Spreading Spreading Locking depth Fault name

Rate1 Rate2 Rate1 Rate2

−0.2 ± 0.7 1.4 ± 1.3 0.8 ± 0.6 1.4 ± 1.2 15.6 Raymond
−0.9 ± 0.5 3.5 ± 1.1 −0.6 ± 0.5 −1.6 ± 0.9 17.3 Santa Monica
−2.1 ± 0.7 −1.7 ± 1.4 −3.6 ± 0.7 −8.2 ± 1.3 15.5 Anacapa–Malibu Coast–Santa Cruz Island
−1.5 ± 0.9 −0.7 ± 2.0 −1.7 ± 0.8 −5.5 ± 1.6 13.3 Santa Cruz Island and Channel Island
−2.3 ± 0.8 −3.1 ± 1.6 −1.1 ± 0.8 −2.7 ± 1.3 8.7 Santa Rosa Island
−0.8 ± 0.5 −2.1 ± 1.1 −1.3 ± 0.5 0.1 ± 0.8 19.4 Oak Ridge
−0.8 ± 0.6 −1.8 ± 1.4 −2.6 ± 0.6 −2.1 ± 1.1 13.0 Sierra Madre (San Fernando)
−0.3 ± 0.6 −1.3 ± 1.3 −4.2 ± 0.7 −3.0 ± 1.1 16.3 Santa Susana
−0.5 ± 0.7 0.1 ± 1.5 −3.5 ± 0.8 −2.5 ± 1.2 16.0 San Cayetano
−0.7 ± 0.4 −1.4 ± 0.7 −1.2 ± 0.3 −1.7 ± 0.6 7.6 Mission Ridge-Arroyo Parida-Santa Ana
−0.3 ± 0.7 −0.7 ± 1.4 −0.3 ± 0.7 0.3 ± 1.3 14.1 Red Mountain
−1.1 ± 0.6 −1.7 ± 1.1 −3.2 ± 0.7 −4.0 ± 1.0 7.8 Cucamonga
−0.9 ± 0.5 −0.2 ± 0.9 −3.0 ± 0.4 −3.5 ± 0.8 14.2 Sierra Madre
1.1 ± 0.5 3.5 ± 1.1 −1.7 ± 0.5 −1.1 ± 0.8 14.7 San Gabriel
3.1 ± 0.9 3.8 ± 1.0 −2.2 ± 0.7 −1.3 ± 1.0 14.1 Whittier
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the worst fit to the GPS data but also essentially zero interseismic off-
fault strain accumulation. The purely segmented fault-based model
with the most slip rate variability along block boundaries produces
not only the best fit to the GPS data but also the most interseismic off-
fault strain accumulation among all possible models that fit to the GPS
and geologic observations. With an appropriate trade-off between the
two end member models, it is clear that the optimal model could be
found. Fig. 4b shows the total number of model resolutions versus
the reduced χ2 from inversions with a series of different weighting pa-
rameter α. We have excluded models that do not fit the GPS observa-
tions significantly better than the strict block-like model. An optimal
weighting was picked at 128.0 (red dot) with an optimal trade-off be-
tween the model resolution and data variance reduction for inversions
using GPS data only. Since the fault system in the region is dominated
by strike slip faults, we also introduce an additional minimization on
slip rates along the fault normal direction based on Eq (4). Fig. 5
shows a trade-off between the reduced χ2 and l2-norm of the fault nor-
mal slip rates with different weighting constraints. Comparing the
ranges in the reduced χ2 between Figs. 5 and 4, the influence of this
weighting constraint on the overall fit is much weaker than that of the
continuity constraint. An optimal weighting β of 32.0 (red dot) corre-
sponding to 5500 mm2/yr2 in the sum of shortening/extension slip
rate squares was picked based on an optimal trade-off of the least re-
duced χ2 and the fault normal slip rates. With those weighting param-
eters, we find a total number of resolutions of 130.2 out of a total
number of model parameters of 380 and a reduced χ2 of 1.75 for the
final inversion using GPS data only. The significant reduction in model
Table 5
Fault slip rates along Eastern California Shear Zone and Southern Walker Lane (mm/yr).

Strike slip Strike slip Spreading Spreading

Rate1 Rate2 Rate1 Rate2

5.6 ± 0.8 17.6 ± 2.1 0.7 ± 0.8 3.1 ± 2
6.6 ± 0.6 14.1 ± 1.1 −0.1 ± 0.5 1.0 ± 1
3.4 ± 0.7 1.6 ± 1.1 −0.7 ± 0.6 −1.0 ± 0
0.1 ± 0.6 1.3 ± 1.1 1.6 ± 0.5 1.3 ± 0
3.3 ± 0.8 4.7 ± 1.6 2.7 ± 0.8 4.5 ± 1
3.5 ± 0.9 7.4 ± 1.7 1.0 ± 0.8 3.5 ± 1
−5.3 ± 0.6 −1.6 ± 1.2 1.5 ± 0.4 3.3 ± 1
7.4 ± 0.5 10.8 ± 1.0 0.8 ± 0.5 −0.8 ± 0
13.2 ± 1.4 8.0 ± 1.6 0.0 ± 1.2 0.1 ± 1
6.0 ± 0.9 4.9 ± 1.2 2.5 ± 0.6 4.0 ± 1
5.1 ± 0.9 2.9 ± 1.2 1.3 ± 0.8 0.1 ± 1
3.4 ± 0.5 2.5 ± 0.6 0.1 ± 0.3 −0.5 ± 0
resolution indicates strong smoothing or model regulation on slip
rates between connecting fault segments.

Fig. 6 shows amodel resolution distribution across the fault network
for the strike slip rates without the continuity constraints. Except near
the Parkfield and San Bernardino fault segments, the model resolution
varies between 80 and 100% with an average of 96%, suggesting a near
perfect data coverage in the study area. Fig. 7a shows the same model
resolution distribution but with the optimally weighted continuity con-
straints. The model resolution is higher for longer fault segment and for
faults located near densely distributed GPS stations. Overall the model
resolution spans from 0 to 100%, but the average is low at 22.8%. Any in-
completeness in the data coverage accounts for a fraction of 4% loss, due
partly to the lack of data in the far field to effectively constrain the seg-
ments at the edges and in Parkfield and San Bernardino to discriminate
fine scale fault structures. The rest of 73.2% reduction is caused by the
continuity constraints. Fig. 7b shows the same model resolution but
normalized by their corresponding fault segment length. The normal-
ized model resolution appears to be distributed more evenly in space,
suggesting a reasonable uniform sampling of the data space by the
model. For the fault normal component without the continuity con-
straints, the average model resolution is 41.4%, due mostly to an addi-
tional minimization constraint on the fault normal component of the
slip rates. However, the final resolution distribution for the optimally
weighted inversion using GPS data only is nearly identical to that of
the fault parallel component with an average of 21.8%. The continuity
constraints, in this case, account for a merely 19.6% losses in the
resolution.
Locking depth Fault name

.0 15.0 Burnt Mtn, Eureka Peak and Joshua Tree

.0 15.1 Landers

.9 11.4 Gravel Hills-Harper Lk

.9 13.6 Sierra Nevada

.5 13.5 Owens Valley

.6 13.0 White Mountain

.0 15.5 Pinto Mountain

.9 13.1 Pisgah-Bullion Mtn-Mesquite Lk

.4 12.4 Goldstone Lake

.2 13.0 Panamint Valley

.3 12.4 Hunter Mountain

.6 13.0 Death Valley



Table 6
Fault slip rates along Garlock and adjacent faults (mm/yr).

Strike slip Strike slip Spreading Spreading Locking depth Fault name

Rate1 Rate2 Rate1 Rate2

−2.6 ± 0.8 −5.7 ± 1.9 −2.2 ± 0.7 −3.4 ± 1.4 13.6 Pleito
−2.4 ± 0.7 −3.0 ± 1.1 −2.9 ± 0.7 −0.4 ± 1.0 14.6 White Wolf
−0.4 ± 0.6 1.3 ± 1.0 0.6 ± 0.5 1.4 ± 0.8 10.0 Lions Head
−5.1 ± 0.8 −2.7 ± 1.0 −1.1 ± 0.7 −1.7 ± 0.8 11.0 Big Pine
−2.0 ± 1.0 −1.9 ± 1.1 −1.8 ± 0.6 −4.2 ± 1.0 14.7 Garlock West
−5.4 ± 0.9 −4.8 ± 1.4 −4.3 ± 0.6 −4.8 ± 1.0 11.5 Garlock Central
−2.7 ± 1.2 −1.3 ± 1.8 −1.0 ± 0.8 −2.5 ± 1.5 11.5 Garlock East
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Fig. 8a shows the residual velocity vectors for inversion using GPS
data only. Those residual vectors are given by the differences between
the observed and model predicted GPS velocities with a mean residual
vector length of 1.5 mm/yr. The relatively large misfits in the Landers/
Hector Mines area could be partly due to inaccurate modeling of the
long term postseismic deformation during the data processing. Overall
we do not observe any systematic trend in the residuals that might sug-
gest model bias. The model accounts for all themajor features observed
in theGPS velocityfield shown in Fig. 3. Fig. 8b shows the residual veloc-
ities for inversion with the geologic slip rate constraints. The mean re-
sidual vector length in this case is 1.6 mm/yr despite no obvious visual
difference in comparison with the residual results of inversion using
GPS data only shown in Fig. 8a. The total number of model resolution
is 108 and the reduced χ2 is 2.2. In this joint inversion, geologic con-
straints are introduced by equating the slip rates at any given segments
to that of the geologic estimateswhere they are available. Since error in-
formation is not available in the UCERF 2 model, we assume that the
standard errors for the geologic rates are 1.0 mm/yr for any geologic
rates below 2 mm/yr and 2.0 mm/yr for rates above 2 mm/yr. The addi-
tional model resolution reduction of the joint inversion is because
geologic data are used as constraints rather than input data like the
GPS observations.

Our preferred model is the inversion with geologic slip rate con-
straints. However the inversion based on the GPS data only provides
us insight into how additional geologic constraints improve the inver-
sion. Fig. 9a and b shows the strike slip rate components over the fault
network for inversions without and with the geologic constraints, re-
spectively. About 70% of the relative motion between the Pacific Plate
and the North American Plate has been accommodated by the San
Andreas, San Jacinto, Hayward, Calaveras, and Hayward fault system.
Another 20% of the relative plate motion is accommodated by the
eastern California shear zone and the Walker Lane fault system.

A total sum of 39 mm/yr is found for the relative motion accommo-
dated by the Bay area faults. The total rates increases to 45 mm/yr
further north across the northern coast segment of the San
Andreas, Maacama, and Bartlett Springs faults. Slip rates vary from
Table 7
Fault slip rates along off-coast faults of California (mm/yr).

Strike slip Strike slip Spreading S

Rate1 Rate2 Rate1 R

2.6 ± 1.5 5.2 ± 1.9 −3.3 ± 1.1 −
4.2 ± 1.9 5.4 ± 2.4 −1.3 ± 1.5 −
2.4 ± 1.0 2.0 ± 1.3 −3.4 ± 0.7
2.0 ± 1.1 −1.0 ± 1.7 −0.2 ± 0.7 −
3.9 ± 0.8 1.9 ± 1.3 −1.9 ± 0.5 −
0.6 ± 0.8 0.5 ± 1.7 −0.3 ± 0.8 −
3.0 ± 0.7 4.1 ± 1.4 −2.0 ± 0.6 −
−0.4 ± 0.6 −1.8 ± 0.9 −0.3 ± 0.4
3.9 ± 0.9 3.8 ± 1.3 −1.5 ± 0.7 −
19.9 ± 0.6 mm/yr along the Santa Cruz Mountains segment to the
north based on inversion with geologic constraints (Table 1), from 9.2
to 12.9 mm/yr along the Hayward to Maacama (Table 2), and from
14.9 to 2.7 mm/yr along the central Calaveras to West Napa (Table 3).
For the West Napa and Green Valley fault segments, the sum of slip
rates of the two amounts to 8–12 mm/yr rate, consistentwith the result
of d'Alessio et al. (2005). Individual slip rates are 2.7 ± 0.8 mm/yr and
7.2 ± 1.1 mm/yr for theWest Napa andGreen Valley faults, respective-
ly, consistent with the UCERF 2 model. These results, however, differ
significantly from that out of the GPS only inversion, which shows slip
rates of 7.7 ± 2.3 mm/yr and 4.5 ± 2.2 mm/yr for the west Napa and
Green Valley faults, respectively. The combined inversion rates along
the Hayward and Calaveras faults are consistent with the local
UCERF2 geologic results of 9 and 15 mm/yr, respectively. However,
the GPS only rate along Hayward is significantly slower than that of
the geologic rate.

Table 1 also listed the preferred slip rate along the central California
creeping zone at about 31.7 ± 0.8 mm/yr. The rate is about 28.7–30.1
along the Carrizo Plain and Parkfield segments. These rates in the cen-
tral San Andreas system are smaller compared to other geodetic studies
(e.g., Meade andHager, 2005) and geologic studies (e.g., Sieh and Jahns,
1984; Sims, 1994). Slip rates along the Mojave segment of the San
Andreas is rather low at 15.4 ± 0.8 mm/yr for the inversion without
the geologic constraints, in comparison with that of the geologic pre-
ferred rates of 35 mm/yr (Weldon et al., 2002, 2008).With the geologic
constraints, the inversion rate increases to 19.2 ± 0.5 mm/yr, still well
below the geologic estimates but around their low bound of 20 mm/yr
(Weldon et al., 2002). For the San BernadinoMountains North segment,
our slip rate estimate is 6.9 ± 1.5 mm/yr using GPS data only. Meade
and Hager (2005) reported a slip rate along this segment at about
5.1 mm/yr. Both slip rate estimates are significantly below the range
of the geologic values of 11–24 mm/yr (McGill et al., 2010; Weldon
and Sieh, 1985). With the geologic constraints, our estimate increases
to 13.1 ± 1.0 mm/yr, getting to the range of the geologic estimates.
This suggests that the solution is not very well resolved based on GPS
data only for the San Bernardino fault segment. Using the GPS data
preading Locking depth Fault name

ate2

2.2 ± 1.5 8.3 San Diego Trough
0.9 ± 2.0 9.6 Thirty Mile Rivero
1.2 ± 1.0 11.0 Santa Cruz Catalina Ridge
2.6 ± 1.6 8.6 Coronado Bank
6.0 ± 1.2 13.6 Palos Verdes
1.7 ± 1.6 7.7 Rose Canyon
1.1 ± 1.6 12.6 Newport-Inglewood
2.2 ± 0.7 7.5 Hosgri
1.5 ± 1.3 12.0 San Gregorio



Table 8
Fault slip rates along San Jacinto and other adjacent faults (mm/yr).

Strike slip Strike slip Spreading Spreading Locking
depth

Fault name

Rate1 Rate2 Rate1 Rate2

7.3 ± 0.7 15.5 ± 1.9 −0.9 ± 0.4 −1.8 ± 0.9 15.9 San Jacinto
(Borrego-Coyote
Creek)

10.7 ± 0.9 5.0 ± 2.9 −1.8 ± 0.5 −1.9 ± 1.2 12.6 Superstition Hills
10.7 ± 0.5 11.2 ± 0.9 0.1 ± 0.3 −0.6 ± 0.7 16.8 San Jacinto
2.6 ± 0.7 0.6 ± 0.8 1.2 ± 0.5 4.0 ± 0.7 13.3 Laguna Salada
3.4 ± 0.6 2.5 ± 0.9 1.0 ± 0.5 1.5 ± 0.8 16.0 Elsinore

Fig. 4. (a) Degree of fault slip continuity assessment using F-test. The strict block-like
model has a gross weighting parameter α approaching infinity. The red line marks the
threshold above which variances of other models are smaller than that of the strict
block-likemodel significantly at a 95% confidence level. (b) Plot of the total number of res-
olution versus the reduced chi-squares for different weighting parameters.
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only, the slip rate along the San Gorgonio Pass segment of the San
Andreas is significantly smaller than that along the Mill Creek fault
branch. Given the separation distance between the two branches and
few data available to constrain the subtle difference on surface
deformation caused by buried slip along those two closely spaced
fault segments, additional data will be critical to provide more reliable
estimates. Consequently the results benefited from the geologic
constraints provide consistent rates with the UCERF 2 geologic esti-
mates. Along the Coachella Valley segment of the San Andreas, Imperial
Valley, and San Jacinto fault (see Table 1 and Table 8), our results are
consistent with the UCERF 2 model based on geologic estimates or
consensus.

Fig. 10a and b shows the normal components of the slip rates over
the fault network determined from inversions without and with the
geologic constraints, respectively. Within the Transverse Ranges, there
are series of thrust faults: the Cucamonga, Raymond, and Santa Monica
faults in the south, the Oak Ridge, Santa Susana, San Cayetano, Mission
Ridge, and Big Pine faults in the north, bounded by the Sierra Madre
and San Gabriel faults to the east. Slip rates amount those faults are
listed in Table 4. These faults accommodate 0.3–4.2 mm/yr of shorten-
ing motion. Shortening rates from inversions with geologic constraints
amount to less than half of that without the constraints. Also the short-
ening along the Big Pine, Cucamonga, Santa Susana, San Cayetano, and
Mission Ridge faults decreases from east to west, in agreement with
the counterclockwise rotation in the area. Significant shortening is
also found across the Whittier thrust fault.

In the eastern California Shear Zone, strike slip rates are 14.1 ± 1.1,
4.7 ± 1.6, and 7.4 ± 1.7 mm/yr from the Landers through Owens Val-
ley to White Mountain faults, respectively, for inversion using GPS
data only, and are around 6.6 ± 0.6, 3.3 ± 0.8 and 3.5 ± 0.5 mm/yr,
respectively, for inversion with the geologic constraints (Table 5).
The preferred geologic rate is 2.8 mm/yr and a maximum rate of
4.5 mm/yr for the Owens Valley fault (Kirby et al., 2008). Strike slip
rates are 10.8 ± 1.0, 8.0 ± 1.6, 4.9 ± 1.2, and 2.9 ± 1.2 mm/yr from
the Pisgah, Goldstone, Panamint Valley, to Hunter Mountain faults,
respectively, for inversion using GPS data only, and are 7.4 ± 0.5,
13.2 ± 1.4, 6.0 ± 0.9, and 5.1 ± 0.9 mm/yr for inversion with the geo-
logic constraints (Table 5), respectively. These slip rate estimates along
the Owens Valley, White Mountain, and Goldstones faults are similar to
the preferred results of Meade and Hager (2005). Our high slip rates for
Table 9
Fault slip rates along other northern California faults or shear/contraction zones (mm/yr).

Strike slip Strike slip Spreading Sprea

Rate1 Rate2 Rate1 Rate2

0.9 ± 0.6 0.3 ± 1.0 −0.7 ± 0.5 0.2
0.8 ± 0.8 0.5 ± 1.4 −1.4 ± 0.7 −1.0
−0.9 ± 1.1 0.7 ± 1.2 −3.8 ± 0.8 −4.2
5.7 ± 0.9 6.0 ± 0.9 −1.4 ± 0.7 −0.7
1.8 ± 1.0 2.3 ± 1.1 −1.1 ± 0.8 −0.6
1.0 ± 0.8 1.4 ± 1.3 1.7 ± 0.6 2.9
the Landers and Pisgah faults might be in part affected by the Landers
and Hector Mine postseismic deformation. But the persistent high slip
rates further north along the Owens Valley fault and the Goldstones
and Panamint Valley faults could only point to a higher present-day tec-
tonic stressing rate compared to the geological average over times
(Gourmelen et al., 2011). Another possibility could be that due to the
high spatial density of faults, significant off fault deformation and
ding Locking depth Fault name

± 0.7 11.4 Great Valley Central Trust
± 1.2 9.6 Great Valley West Thrust
± 0.8 15.0 Northern California Contraction
± 0.8 13.0 West Nevada Shear
± 0.9 13.0 Northern California Shear Zone
± 0.8 9.6 Hat Creek-McArthur-Mayfield

image of Fig.�4


Fig. 5. Plot of the sumof normal slip rate squares versus the reduced chi-squares for differ-
ent weighting parameters. The red dot shows the optimal trade-off between the two.
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slips along adjacent branching faults may not be captured by the
geologic study, resulting in lower geologic estimates (Oskin et al.,
2007). For the Pinto Mountain fault near the southern end of this
shear zone, our estimates show an average of 5.3 ± 0.6 and
1.6 ± 1.2 mm/yr left-lateral slip rates for inversions with and without
geologic constraints, respectively. The shortening and extension rates in
this area are in qualitative agreement with that of the UCERF 2 model.
Fig. 6.Map view of themodel resolution distribution across the fault network for the fault
parallel component of slip rate vectors for an inversionwithout any continuity constraints
or a completely segmented fault-based model.

Fig. 7. (a) Model resolution distribution for strike slip-rates across the fault network.
(b) Map view of the same model resolution in (a) but normalized by each fault segment
length. Colors are in 1/degree.
For the Garlock fault, our estimates show rates of 1.9 ± 1.1,
4.8 ± 1.4 and 1.3 ± 1.8 mm/yr for the west, central and east segments
of the fault, respectively, for inversion usingGPS data only (Table 6). Our

image of Fig.�5
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image of Fig.�7
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inversion result using GPS data only significantly underestimates the
observed rates of 7.0 mm/yr in the central Garlock fault by McGill and
Sieh (1993) and of 3.0 mm/yr in the east Garlock from Field et al.
(2009). Other block-model based GPS data inversion studies show sim-
ilar significant discrepancy with the geologic estimates along Garlock
(e.g., Meade and Hager, 2005). However, our preferred lesser block-
like results with geologic constraints for the west, central and east
Garlock segments are 2.0 ± 1.0, 5.4 ± 0.9, and 2.7 ± 1.2 mm/yr, re-
spectively, in close agreement with the geologic rates of 1.6–3.3, 7.0
and 3.0 mm/yr (Field et al., 2009; LaViolette et al., 1980; McGill and
Sieh, 1993), respectively. The two end member models obtained in
our previous F-test exercise show rates of 1.2 ± 0.4, 0.5 ± 0.4, and
1.0 ± 0.5 mm/yr for the west, central and east Garlock segments,
respectively, for the purely block-like elastic model, and 3.7 ± 1.5,
7.3 ± 1.4, and 1.8 ± 1.5 mm/yr, respectively, for the purely segmented
fault based model. Our F-test result suggests all less block-like models
(including the end member segmented fault based model) fit the data
significantly better at a 95% confidence level than the purely block-like
elastic model. Johnson et al. (2007) have introduced a viscoelastic re-
sponse model to provide an alternative explanation to the observed
Garlock slip rates. All these results suggest that either there are
Fig. 8. (a) Residual velocities for inversion using GPS data only. The green lines are the fault netw
Fig. 1. The gray traces are faults from USGS quaternary fault database and SCEC UCERF 2 dat
constraints.
significant transient slip motions along the Garlock fault or the blocks
separated by the Garlock fault may not act exactly block-like.

Table 7 lists slip rates along the off-coast faults in California. For the
off-coast faults in southern California, there are only a few GPS stations
to provide constraints on the slip rate estimates.We have simplified the
off-coast faults in this region to only two fault systems, the Coronado
Bank and Palos Verdes fault system, and the Santa Cruz-Catalina Ridge
and San Diego Trough fault system. The preferred strike slip rates
along the Coronado Bank and Palos Verdes fault system range from
2.0 ± 1.1 to 3.9 ± 0.8 mm/yr in comparison with the 3.0 mm/yr from
the UCERF 2 model. Strike slip rates along the Santa Cruz-Catalina
Ridge and San Diego Trough fault system range from 2.4 to 4.2 mm/yr.
For the Hosgri fault along the central coast region, slip rates range
from near 0.4 ± 0.6 to 1.8 ± 0.9 mm/yr left lateral for inversion with
andwithout geologic constraints, respectively. Due to the lack of geologic
slip ratemeasurements, slip rates along the off-shore fault systemare not
well constrained givenGPS data alone. Strike slip rate along the northern
coast fault of San Gregorio is around 3.8–3.9 mm/yr for both inversions,
which iswithin the geologic rate of 3–9 mm/yr (Weber, 1994) but signif-
icantly below the preferred UCERF2 rate of 5.7 m/yr. Slip rates for other
northern California faults/zones are listed in Tables 8–9.
orkmodel traces. The residual vectors are plotted in the same scale as the GPS velocities in
abase. (b) Same as (a) but for residual velocities from inversion with geologic slip rate

image of Fig.�8


Fig. 8 (continued).
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For shallow creeps along some of the California faults, rates are essen-
tially the same between inversions with and without geologic slip rate
constraints. Along the central California creeping section, we find aver-
age creeping rates over the top 5 km vary from 17.1 to 21.5 mm/yr,
and from 25.3 to 31.7 mm/yr down deeper. The difference between
the top 5 km and below suggests that strain energies accumulated
from the partial locking in the shallow portion of the fault are released
by episodic creeping events (Rolandone et al., 2008). Elsewhere, shallow
creep rates vary from fault to fault. Table 10 lists ranges of the creep rates
obtained from our inversions. Our creep results for the Hayward and
Calaveras faults are 1.2–5.2 ± 1.2 and 9–10 ± 1.6, respectively, signifi-
cantly lower than that of d'Alessio et al. (2005) (6.5–6.9 mm/yr for
Hayward and 12.9–15.0 mm/yr for Calaveras) because of differences in
selection of fault lengths and creeping depth. The creeps along the south-
ern Santa Cruz Mountains segment indicate partial locking of the fault
segment. The 1989Mw6.9 Loma Prieta earthquake ruptured a 70 degree
dipping branch of the fault, suggesting that faulting in this area could be
complicated, and part of the creeping along the fault segment could be
associated with postseismic afterslip.

6. Discussions

One issue in the slip rate inversion using GPS observations is the de-
termination of fault locking depth. With an increase in the locking
depth, the slip rate estimates along that fault segment could also in-
crease. This could potentially help resolving the current large discrepan-
cy betweenGPS slip rates and geologic estimates for theMojave and San
Bernardino Mountains segments of the San Andreas fault since GPS slip
rates on those segments are significantly lower than that of the geologic
estimates.We have inverted the data to find the optimal locking depths
alongmajor faults (A-faults) in California (Working Group on California
Earthquake Probabilities, 1995). Since the inversion is nonlinear, we
used a grid search algorithm to solve for the optimal depths. We
found that there are only marginal improvements (5% or less) to the
overall fit of the GPS observations, mostly along the southern San
Andreas and Garlock fault segments. Some of those locking depths,
such as along the Mojave segment of the San Andreas fault, extended
to 25–35 km range (Argus et al., 1999), which is much deeper than
the seismogenic depth range for California and extends well into the
viscous lower crust layer. We do not know how to interpret the result
in a meaningful physical context so we decide to keep the seismicity-
based locking depth for all the faults throughout this study.

Fig. 11 shows our preferred strike-slip rate model (Fig. 11a) for
California along with the preferred geologic strike-slip rate model
(Fig. 11b) from UCERF 2 studies. By comparing slip rates between the
two models, we find that there is a significant decrease in slip rates
along the San Andreas Fault from the central California through the
Mojave to the San Bernardino Mountains segments in our current GPS

image of 


Fig. 9. (a) The strike slip rates determined from inversion without geologic constraints.
The red lines are for right-lateral slip and green lines are for left-lateral slip. The width
of the lines is proportional to the amount of slip along that fault segment. (b) Same as
(a) but for strike slip rates determined from inversion with geologic slip rate constraints.

Fig. 10. (a) The dip slip rates determined from inversionwithout geologic constraints. The
red lines are for extension and green lines are for shortening. Thewidth of the lines is pro-
portional to the amount of shortening/extension along that fault segment. (b) Same as
(a) but with geologic slip rate constraints.
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Table 10
Shallow aseismic creep rates (mm/yr).

4–12 ± 2.0 Northern Parkfield 9.5–9.6 ± 0.7 Southern Santa Cruz Mountains
9–10 ± 1.6 Calaveras 1.2–5.2 ± 1.2 Hayward
0–12 ± 1.6 Paicines 11.0 ± 1.0 Imperial Valley
2.1–2.4 ± 1.2 Brawley 21.5 ± 1.6 SAF Central CA Creeping

17.1 ± 1.8 SAF San Juan Bartista

Fig. 11. (a) The strike slip rates determined from inversion of GPS observations with the
geologic constraints. The red lines are for right-lateral slip and green lines are for left-
lateral slip. The width of the lines is proportional to the amount of slip along that fault
segment. (b) Same as (a) but for strike slip rates from UCERF 2 model based mostly on
geologic observations.
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inversion solutionwith geologic constraints. If the geologic slip rates are
long-term averages of many cycles of high and low seismic activity pe-
riods, our geodetic estimates suggest that the southern San Andreas
fault system is currently experiencing a slow tectonic loading time. Con-
sequently a longer recurrence time intervalmight be expected for aMw
8 mega-earthquake like the 1857 rupture in southern California. While
the southern San Andreas fault may be undergoing a slower period of
tectonic loading, the same GPS estimates show a significant increase
in slip rates in comparison with the UCERF 2 geologic long-term rates
on faults along the Eastern California Shear Zone all the way to the
northern Walker Lane, suggesting the region is experiencing a period
of faster than average tectonic loading. The recent ruptures of the
Landers and Hector Mines earthquakes may be a manifestation of this
increased tectonic loading in the Eastern California Shear Zone.

Dolan et al. (2007) found that during the past 12,000 years, there
were four bursts of seismic moment release in the Los Angeles region
based on paleoseismological observation. These seismically active pe-
riods in the Los Angeles region occurred during seismically quiescent
periods between similar bursts of seismic activity on the Eastern Califor-
nia Shear Zone. They argued that the observed slip on one system sup-
presses slip on the other one is a result of a long-range and long-term
fault interaction between a system of faults including the Transverse
Ranges, Garlock, southern San Andreas, and Eastern California Shear
Zone faults. With the Big Bend along the San Andreas Fault as a barrier
for the relative motion between the Pacific and North American Plates,
we argue that there is a gradual transfer in regional faulting activity
from the San Andreas Fault system to the Eastern California Shear
Zone and theWalker Lane.While therewere alternating periods of seis-
mic activity as a consequence of two fault systems accommodating the
same plate-boundary motion, a straight rupture between the two
engaging plates will be the ultimate natural result following the least
energy principle of physics.

In northern California, we also find a decrease in slip rate along the
San Andreas North Coast segment accommodated by an increase in
slip rates along the Maacama and Bartlett Springs faults. Similarly,
there is also a decrease in slip rate on the San Jacinto fault along the
Anza and Clark segments accommodated by an increase in slip rate
along the SanGorgonio Pass segment of the SanAndreas. These geodetic
signals seem to suggest an overall shift in seismic loading in the east-
ward direction.

Compared to the strike slipmotion, the normal slipmotion is merely
a second order tectonic motion for a major plate boundary system like
the San Andreas Fault system in California. However, the normal slip
motion is also important for accessing seismic hazard and risk. Recent
earthquakes like the 1971 Mw 6.6 San Fernando, 1987 Mw 5.9
Whittier-Narrow, and 1994Mw 6.7 Northridge earthquakes have dem-
onstrated that blind thrusts in the Los Angeles basin and the Transverse
Ranges region could cause major damage to the metropolitan popula-
tion. Together they have claimed more fatalities than other strike slip
events since the 1906 great San Francisco earthquake. Fig. 12 shows
our preferred normal-slip rate model (Fig. 12a) for California along
with the preferred geologic normal-slip rate model (Fig. 12b) from
UCERF 2 studies. Faults highlighted in red are experiencing tensional
stress while faults in green are undergoing compressional stress. Al-
though both the geodetic and geologic estimates of the shortening and
extensional rates are small, sometimes within its measurement errors,
the locations of those shortening and extensional faults from the two
models agree well geographically. Right-step bending faults or fault
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Fig. 12. (a) The fault-nomal slip rates determined from inversion of GPS data with the geo-
logic constraints. The red lines are for extension and green lines are for shortening. The
width of the lines is proportional to the amount of shortening/extension along that fault seg-
ment. (b) Same as (a) but for rates from UCERF 2 model based mostly on geologic
observations.
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segments along the major San Andreas slip lines produce releasing
bends, for example, the northern San Andreas offshore and the Brawley
segment. Right-step oblique faults or fault segments to the major inter-
plate strike slip lines along theWalker Lane produce transtensional fault
zones, for examples along the Sierra Nevada, Owens Valley and White
Mountain faults, the Pisgah, Goldstone, Panamint Valley, and Hunter
Mountain faults, and the Death Valley fault system. A left-step fault
bending, on the other hand, produces a restraining bend in a right later-
al strike-slip fault system. The Big Bend along the San Andreas provides
the best example of a major restraining bend that leads to a major com-
pressional uplift for the Transverse Range and crustal thickening of the
Los Angeles Basin. This transpressional geologic process extends north
to the Garlock and White Wolf fault systems and further south to the
off-coast faults along the Palos Verdes fault system and the Santa
Cruz-Catalina Ridge and San Diego Trough fault system. Similar results
have been found by Meade and Hager (2005) and are consistent with
the escape tectonics model in the Los Angeles basin.

Another interesting subject is to examine the geologic and geodetic
data for compatibility across active tectonic region. In a systemwith sta-
ble tectonic loading over a period of several seismic cycles, we would
expect the geologic slip rates across a fault system be the same as that
of the geodetic rates (Savage and Burford, 1973). However, in a complex
fault system like California, geologic and geodetic rates differ. Off fault
deformation and slip on adjacent fault branches could cause the appar-
ent discrepancy between GPS and geologic estimates, as pointed out by
Oskin et al. (2007) in their study of the eastern California shear zone de-
formation. The discrepancy observed between the two estimates will
provide us some insight into the complex interactions in the system or
the extent of incompleteness of our deformation model. Figs. 13 and
14 plot the GPS slip rates against the geologic slip rates. The GPS slip
rates are obtained from inversions with and without geologic con-
straints. The geologic slip rates are obtained from the UCERF 2 deforma-
tion model. The UCERF 2 geologic rates, even though they are expert
consensus rates, depend mostly on geologic field measurements. In
some areas geodetic rates and plate rateswere considered in developing
the USGS quaternary fault model for California (Petersen et al., 1996).
Fig. 13. GPS versus geologic slip rates for California faults. The GPS slip rates are calculated
based on inversion without geologic slip rate constraints. The geologic slip rates are from
SCEC UCERF 2 model based mostly on geologic observations. Errors are not available for
the UCERF 2 geologic slip rates.
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Fig. 14. GPS versus geologic slip rates for California faults. The GPS slip rates are calculated
based on inversionwith geologic slip rate constraints. The geologic slip rates are fromSCEC
UCERF 2 model based mostly on geologic observations.
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The comparison between the geologic rates and the inverse solution
using GPS data only shows large scatter. GPS rates are higher than geo-
logic slip rates mostly on faults in the Eastern California Shear Zone and
Walker Lane. GPS rates are lower than geologic slip rates mostly along
the central and southern San Andreas, particularly along the Mojave,
San Bernardino Mountains and San Gorgonio Pass segments.

Fig. 14 shows a comparison between the geologic and geodetic slip
rate estimateswith theGPS slip rates constrained by additional geologic
information. The agreement between geologic and GPS estimates on
slip rates improves significantly when we introduce geologic con-
straints. The improvement is also expected because of the added geo-
logic slip rate information to constrain the final inverse solution.
Weighting of the GPS data and the geologic inputs are the same. The
correlation coefficients between the geologic estimates and the model
solutions are 0.96 and 0.86 for inversionswith andwithout the geologic
constraints, respectively. In statistics, for a correlation coefficient greater
than 0.8, the strength of a linear relationship between two variables is
generally described as strong. Both model estimates show strong linear
dependence with the geologic estimates, suggesting that the geodetic
and geologic data are highly compatible for California and its adjacent
regions.

Modern GPS observations span only up to 20–30 years. Geologic
rates, on the other hand, are long-term average rates typically over sev-
eral hundreds to thousands of years. By combining the GPS observation
with the geologic slip rate data, we assume that the two datasets are
compatible or fault slip rates are constant. This may not be a bad as-
sumption in California since most modeled faults are mature faults
and the compromise resulted from a constant interseismic slip rate as-
sumption could be minimized. However, a few evolving faults, i.e.,
under accelerating period of time, could complicate our combined in-
version and corrupt the present day fault slip rate. Gourmelen et al.
(2011) have studied the Hunter mountain–Panamint Valley fault.
They found that their geodetic rate estimate (5.0 ± 0.5 mm/yr) was
much faster than that of the geologic average rate (2.3–3.3 mm/yr),
suggesting accelerating fault model. Our inversion with and without
geologic constraints produces 5.1 ± 0.9 and 2.9 ± 1.2 mm/yr for the
Hunter Mountain fault, respectively. Instead of reducing the rate, our
UCERF2 geologic constraints (2.5 mm/yr for the Hunter mountain
fault) increase the slip rate estimate. A close examination of fault slip
rates suggests that the UCERF2 geologic rates on several adjacent faults
are significantly lower than that of their geodetic rates. As a conse-
quence, the joint inversion reduces rates on those faults and increases
the rate along the Hunter Mountain fault itself as a trade-off between
fitting both the GPS velocities and the geologic slip rates. Thus how
geologic constraints affect each individual fault is a complicate issue
depending on fault network structure and geologic data distribution.

7. Conclusions

With the dense GPS velocity observations becoming available in
California and its neighboring states, an accurate estimate of the present
day slip rates on major active faults in the region could be obtained. As-
suming an elastic half-spacemodel, we studied fault slip rates on major
faults in California and its neighbors based on a kinematic fault network
model of crustal deformation using GPS observations and geologic
constraints.

Based on our F-test result, we find that models with less continuity
constraints on slip rate vector across fault nodes fit the data significantly
better than the strict block-like model, suggesting significant off fault
strain and transient deformation in the study area. It also suggests that
the real earth deformation is non-block-like. Our final preferred model
is from an inversion of the GPS data with the geologic constraints.
In this model, slip rates vary along the San Andreas fault, from
around 30 mm/yr in the Parkfield segment to about 19 mm/yr along
the Mojave segment and then to about 13 mm/yr along the San
Bernardino Mountains segment in southern California; and from 17 to
25 mm/yr along the Santa Cruz Mountain segment, from 9 to 13 mm/yr
along theHayward toMaacama, and from 15 to 3 mm/yr along the cen-
tral Calaveras to West Napa in northern California, respectively. Slip
rates along the Coachella Valley and Brawley segment of the San
Andreas are nearly twice of the rates along the San Jacinto fault branch.
Unlike the previous studies (e.g., McCaffrey, 2005; Meade and Hager,
2005), slip rates found along the Garlock fault are closely matching
with the geologic rates.

Overall slip rates derived from geodetic observations correlate
strongly with the geologic slip rates statistically, suggesting geodetic
and geologic observations are highly compatible. Nevertheless we find
a significant decrease in slip rates along the southern San Andres fault
system, and a significant increase in slip rates on faults along the eastern
California shear zone up to the northernWalker Lane area compared to
that of regional geologic estimates. This implies a significant increase in
seismic hazard in the eastern California and northern Walker Lane
region, but decreased seismic hazard in the southern San Andreas area
at present time than historical average.

We also finddepth dependent creeping rates along central California
creeping section with rates varying from 15–23 mm/yr over the top
5 km to 21–33 mm/yr underneath. We observe shallow aseismic
creep ranging from 4 to 12 mm/yr for the northern Parkfield, southern
Santa Cruz Mountain, Hayward, and Calaveras faults. We also find that
geodetic derived fault locking depths along major faults in California
are quite different from those based on seismicity, but the improvement
over their fit to GPS data is insignificant at only 5% or less.
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