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Relying on densely spaced GPS data collected between 1996 and 2007 and on InSAR data spanning the 1992–
2001 time period, we explore the effects of lateral rheological heterogeneities across the San Andreas Fault near
Point Reyes on the interseismic velocityfield.Weevaluate heterogeneous elastic dislocationmodels, including an
asymmetric model with contrasting rigidities on either side of the San Andreas Fault and models with a narrow
compliant fault zone that lead to high near-fault strain rates. We show that we cannot resolve a compliant zone
from interseismic surface displacement measurements unless independent constraints on the locking depth
exist. We infer an 18±1 mmyr−1 slip rate on the San Andreas Fault with a 10±2 km locking depth and a 40%
higher rigidity to the SWof the fault. At BodegaBay,GPS andEDMdata suggest a compliant zoneon the SAFwith a
50-to-60% rigidity decrease, but 25 km further south we find no evidence for a weak fault zone. This suggests
substantial variability in fault zone properties along the San Andreas Fault.
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1. Introduction

Earthquake cycle deformation is commonly modelled assuming
laterally homogeneous elastic properties in the Earth's crust. Inter-
seismic deformation models are often based on an elastic half-space,
sliced by an infinitely deep and infinitely long dislocation below
seismogenic depth (Savage and Burford, 1973). First-order variations
in rock elastic strength both across andwithin fault zones can strongly
impact inferences of fault slip parameters and earthquake rupture
characteristics in a homogeneous model (Ben-Zion and Huang, 2002;
Le Pichon et al., 2005; Schmalzle et al., 2006; Barbot et al., 2008). Here
we focus on the effects of such lateral rheological variations across and
within the San Andreas Fault (SAF) zone on the interpretation of space
geodetically measured surface deformation.

The Northern San Francisco Bay Area (Fig. 1) is sliced by threemajor
right-lateral strike-slip faults, the northern SAF, the Rodgers Creek fault
and theGreen Valley fault. The Rodgers Creek fault represents theNorth
Bay continuation of theHayward fault zone and theGreenValley fault is
the northern extension of the Concord fault. North of the juncture with
the SanGregorio fault, geodetic and geologic data suggest a SAF slip rate
of 20–25 mmyr−1 (Lisowski et al., 1991; d'Alessio et al., 2005). At a
geological time scale, the study of stream-channel deposit offsets, 45 km
north of San Francisco, provides a minimum value for the late Holocene
slip rate of 24±3mmyr−1 (Niemi andHall, 1992). The remainder of the
40 mmyr−1 of Pacific plate to Sierra Nevada Great Valley microplate
motion is primarily accommodated by the Rodgers Creek and the Green
Valley faults. Both the Rodgers Creek fault (Funning et al., 2007) and the
Green Valley fault (MacFarland et al., 2007) accommodate some of their
shallow slip budget by aseismic creep.

Near Point Reyes, the SAF separates two different geologic terranes.
On the east sideof the fault is the FranciscanComplex,madeof amixture
of Mesozoic oceanic crustal rocks and sediments, which were accreted
onto the North American continent during subduction of the Farallon
plate. On the west side of the SAF lies the Salinian terrane, which is
composed of Cretaceous granitic and metamorphic rocks, overlain by
Tertiary sedimentary rocks and Quaternary fluvial terraces.

Prescott and Yu (1986) and Lisowski et al. (1991) describe an
asymmetric deformation pattern along a trilateration-measured surface
velocity profile across the SAF at Point Reyes, which can be explained by
higher rigidities to the SWof the fault. (Le Pichon et al., 2005), describe an
asymmetric pattern further north along the SAF at Point Arena, but do not
find significant asymmetry in the GPS data set of Savage et al. (2004) at
Point Reyes. Chen and Freymueller (2002) rely on near-fault strain rates
determined from trilateration and GPS measurements to infer a 2-km-
wide, near-fault compliant zonewith 50% reduced rigidity, describing this
contrast as starting in Bodega Bay and increasing further south. Here we
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Fig. 1. Map and SRTM topography of the northern Bay Area, California, USA. The blue arrows are the data calculated from 1996, 2000 (Chen and Freymueller, 2002) and 2007 (this
study) GPS campaign measurements. The red arrows are from the BAVU 2 compilation. The colored dots are the along SAF strike projected horizontal velocities derived from PS-
InSAR data from Funning et al. (2007). The black dashed arrow spans the studied Point Reyes profile shown in Fig. 3. Mapped fault traces are shown by black lines while the three
modelled faults are in purple (SAF, GVF and RCF).
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use densely spaced GPS velocities, permanent scatterer InSAR data and
EDMmeasurements across theSAF toconstrainmodelsof the interseismic
elastic loading in this area and evaluate changes in elastic properties
across and within the fault zone.

2. Semi-infinite elastic media deformation models

2.1. Homogeneous elastic half-space

The classic way to interpret a GPS-derived velocity profile across a
strike-slip fault is to use the screw dislocationmodel (Chinnery, 1961;
Savage and Burford, 1973):

VðyÞ = VT

π
atanðy

D
Þ; ð1Þ

where V is the predicted fault-parallel velocity of a surface point at
distance y from the fault and VT is the fault slip rate below the locking
depth D and equals the far field plate velocity. This model assumes an
infinite dislocation buried in a semi-infinite elastic medium. Next we
consider laterally heterogeneous models that account for variations
of elastic properties across and within the fault zone. We will con-
sider here only the variations of the Young's modulus E, which is
related to the shear modulus G as E=2G(1+ν), where ν is Poisson's
ratio.

2.2. Asymmetric elastic half-space

As the SAF separates two different geologic terranes, we first
consider themodel developed by (LePichon et al., 2005)where the fault
separates two elastic blockswith different Young'smoduli E1 and E2 and
a velocity ratio, K = V1

V1 + V2
, where V1 is the far field velocity with
respect to the fault for y<0 and V2 the far field velocity with respect to
the fault for y>0, in the following equations:

y < 0⇒VðyÞ = 2KVT

π
atanðy

D
Þ

y > 0⇒VðyÞ = 2ð1−KÞVT

π
atanðy

D
Þ;

ð2Þ

whereV(y) is again the velocity at a distance y from the fault,VT=V1+V2
is the fault slip rate, and D is the locking depth. The velocity ratio K is

equivalent to the ratio E2
E1 + E2

. If the creeping dislocation is shifted a few

kilometers away from the rigidity discontinuity, the velocity ratio K used
in Eq. (2) changes while the rigidity ratio is constant (Jolivet et al., 2008).
We will here consider that the deep creeping dislocation is located right
under the rigidity discontinuity, which represents the fault.

2.3. Compliant fault zone model

We also evaluate the deep Compliant Fault Zone Model (CFZM)
developed in Chen and Freymueller (2002), following Rybicki and
Kasahara (1977). A low-rigidity fault zone with Young's modulus E* is
introduced between two elastic blocks (Fig. 2). The interseismic velocity
V at a distance y from the fault is

y < −h⇒VðyÞ = 2ð1−κÞVT

π
∑
∞
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2D
Þ

−h < y < h⇒VðyÞ = VT

π
½atanð y

2D
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where κ = E−E⁎
E + E⁎

, VT the far field displacement, D the locking depth
and 2h the width of the compliant zone centered above the
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dislocation. As shown in Fig. 2, this model tends to localize the de-
formation in the compliant zone. If fault zones have greatly reduced
elastic strength, a high deformation gradient in the fault zone should
be detected with geodetic data.

Thismodel (A in Fig. 2) is basedon an infinitely deepweak fault zone.
If we consider that the fault zone is weaker than the surrounding
medium because of damage caused by repeated earthquakes (Peng and
Ben Zion, 2006), this zone should not extend deeper than the locking
depth. Therefore, we developed a shallow CFZM whose geometry is
illustrated in Fig. 2 B. Fialko et al. (2002) developed a similar shallow
CFZM for the coseismic deformation case where localized deformation
across two faults was induced by the 1999 HectorMine earthquake.We
consider an elastic half-space with a tabular weak zone centered on the
locked fault between the surface and the locking depth.We perform the
simulations using the three-dimensional finite element code ADELI
(Chéry et al., 2001). We consider an elastic plate (500 km long, 400 km
wide, 300 km deep) loaded with gravitational body forces and sup-
ported at its basebyhydrostatic pressure. The size of the elements varies
from 0.1 km close to the fault to 25 km. This plate is sliced in two parts
by two juxtaposed planes where we impose a velocity condition (slip)
below the locking depth. Between the surface and the locking depth
these planes are coupled. We vary the ratio of the Young's moduli E⁎

E
between the grey-shaded zone and the surrounding medium (B. in
Fig. 2) between 0.1 and 1.

The resultsof thecomputationsare presented inFig. 2C. for E⁎
E
= 0:2.

The shallow CFZM tends to localize the deformation closer to the fault
than the infinite CFZM. However, the difference between a shallow
Fig. 2. Model geometry of A. deep and B. shallow CFZM. The shaded area is the weak fault
zone. C. Comparison between a 10 km locking depth classic screw dislocation model
(continuous line), a 10 km locking depth Deep CFZM (long-dashed grey line) and a 10 km
locking depth Shallow CZFM (dashed black line) with rigidity in the 2-km-wide fault zone
being reduced by 80%. D. Locking depth determined by fitting velocity profiles (400 km long
with a point spacing of 0.5 km) calculated with the CFZMs with the half-space Eq. (1). The
locking depth ratio is the ratio between the homogeneousmodelfitted locking depth and the
computedCFZM lockingdepth. Thegreydots are the best-fit lockingdepth for thedeepCFZM
and the dashed line is the corresponding polynomial fit. The black dots are the fitted locking
depth for the shallow CFZM and the continuous line is the corresponding linear fit.
CFZM and a deep CFZM never exceeds 5% of the far field velocity. If we
consider a mean slip rate of 20 mmyr−1 on the SAF, the difference
between a shallowCFZMand a deep CFZMwill never exceed1 mmyr−1

which is less than the uncertainties in the GPS and SAR data. Thus, we
only use the deep CFZM model in our analysis of the North Bay de-
formation data.

We tried to fit the computed velocity profiles obtained with both
CFZMs with the classic half-space dislocation model, to evaluate the
trade-off between the rigidity ratio and the obtained best-fit locking
depth in a homogeneous model. For both models, there is an inverse
relationship between the rigidity ratio and the optimal locking depth
(linear for the deep CZFM and curved for the shallow CZFM as shown in
D. in Fig. 2). As the difference between the CFZMs and the best-fit classic
models is smaller than the typical error obtained with non-continuous
GPS data (about 1 mmyr−1), we cannot distinguish between a shallow
locking depth half-space model and a Compliant Fault Zone Model,
relying only on geodetic data. Thus it is important to have independent
constraints on the locking depth, for instance from the depth extent of
microseismicity.

3. Space-geodetic constraints on rigidity variations across and
within the San Andreas Fault

3.1. Global positioning system derived velocities

In 2007we collected GPS data at sites in Bodega Bay and Tomales Bay
(Fig. 1) that were previously observed in 1996–2000 GPS measurements
reported by Chen and Freymueller (2002). The data have been processed
using the GAMIT/GLOBK processing software (Herring et al., 2006). These
velocitiesarepart of theBAVUdataset (d'Alessio et al., 2005)updatedwith
more recent measurements (http://seismo.berkeley.edu/~burgmann/
RESEARCH/BAVU/index.html). The stabilizationof thenetwork relies on
cGPS sites in the Bay Area from the Bay Area Regional Deformation
(BARD) network (Houlié andRomanowicz, 2009) and global station data
provided by the International GNSS Service (IGS). In Fig. 1, the site
velocities are shownwith respect to BARD continuous GPS station LUTZ,
which is located in the central Bay Area (121.865° W, 37.287° N).

3.2. Additional constraints, EDM and PS-SAR data

The use of additional constraints from Electronic Distance Meter
(EDM)measurements (Chen and Freymueller, 2002) and PS-SAR data
(Funning et al., 2007) helps us to evaluate the inferred models.

EDM measurements rely on a ground based baseline length de-
termination. An electromagnetic signal is emitted froma geodetic site and
is reflected back by a remote reflector located at another site. Using a
modulated beam, and therefore a band of frequencies wide enough to
determine the phase ambiguity (Savage and Prescott, 1973), the analysis
of the outcoming and incoming signal phases provides an accurate
measurement of the optical path length between the instrument and the
reflector. Repeated measurements constrain the deformation rates of
a geodetic network. To directly compare these measures to our GPS-
derived velocities, we derive velocities from the line-length change rates.
We determine the site velocities using the “outer-coordinate” solution
method (Prescott, 1981). Assuming that the motion is mostly horizontal
and along the fault strike direction, the component of displacement
normal to the fault strike is minimized. We prefer this solution to the
“inner-coordinate” solution method that minimizes network rotation
because a strike-slip fault surface deformation pattern includes rotations.
We compute line-length change rates fromChen and Freymueller (2002)
and some additional USGS EDM measurements made from the 1970s to
the 1980s to determine the velocity field. In Bodega Bay, a total of 17 lines
were surveyed between 11 sites. In Tomales Bay, 18 lines weremeasured
between 8 sites. The fault-parallel velocities are shown in Figs. 4 and 5.

To include the EDMline-length-changederived velocities in ourdata
set, we minimize the difference between them and the fault parallel
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GPS-derived velocities with respect to station LUTZ. In Tomales Bay, the
difference between our GPS-derived velocities and the EDM velocities
does not exceed 0.3 mmyr−1. In Bodega Bay, the mean difference
between our GPS fault-parallel velocities and the EDM-derived motion
does not exceed 0.5 mmyr−1 at common stations. These differences
indicate excellent agreement between the two data sets. The two sites
located around 3 km on Fig. 5 (Bodega and Bodega Reference Mark 1)
were used to tie the Bodega and Tomales networks. We computed the
velocities from the two networks jointly, but the baselines measured to
these two sites are mostly parallel to the fault.

3.3. The Point Reyes profile

We first develop a simple 2D half-space dislocation model, based on
three parallel faults (SAF, RCF and GVF, see Fig. 1). To evaluate the quality
of our models, we calculate the χ2 as the sum of the weighted residuals
reduced by the number of data. The best-fit model has a 23±1mmyr−1

slip rate on the SAF, with a 14±2 km locking depth for a χ2=4.33. We
find a 8±1mmyr−1 slip rate on the RCF and 9±1mmyr−1 on the GVF
below locking depths of 5±3 km and 4±1 km, respectively, thus
the whole system is accommodating 40±3mmyr−1 of fault-parallel
displacement (Fig. 3). The measured velocity for the Farallon Island
cGPS station (FARB) is about 2 mmyr−1 slower than the half-space
model velocity. In this case, the modelled far field velocity of the Pacific
block interior is 5±1mmyr−1 faster than the observed FARB ve-
locity. However, (d'Alessio et al., 2005) show that the observed velocity
of the Farallon Island station with respect to the Pacific plate interior is
only 3±1mmyr−1 towards the southeast.
Fig. 3. A.Best-fit dislocationmodels for thePointReyes profile. Thewhite diamonds are the
fault-parallel projected GPS velocities from the BAVU 2 compilation with their associated
error bars. The white circles are the fault-parallel projected GPS velocities from this study
in Tomales Bay with their associated error bars, the black diamonds correspond to the site
velocities in Bodega Bay. The GPS velocities are calculated with respect to station LUTZ
(121.865°W, 37.287°N). The greydots are the PS-SARdata fromFunning et al. (2007). The
dashed line is the best classic (elastic half-space) dislocationmodel. The continuous line is
our preferred asymmetric model with a K ratio of 0.41. The horizontal long-dashed grey
line represents the Pacific block interior velocity predicted byd'Alessio et al. (2005) and by
our asymmetric model. The horizontal short-dashed grey line represents the Pacific block
interior velocity predicted by our best homogeneous model. B. Geometry of the best-fit
dislocation model. The grey-shaded zone corresponds to the high rigidity block. C. Trade-
off between the Locking Depth and the Slip Rate on the SAF. Contoured values are the χ2

values. D. Trade-off between the Asymmetry Ratio and the Locking Depth on the SAF.
E. Trade-off between the Asymmetry Ratio and the Slip Rate on the SAF.
We therefore consider asymmetric models with a rigidity contrast
across the SAF, fitting the data with Eq. (2). We continue to use the
classic half-space dislocation model for the RCF and the GVF. We find
that the modelled velocity profile better matches the data and especially
the Farallon Islands velocity with a 0.41 K ratio across the SAF. The
correspondingχ2 is 2.63. Thismodel suggests an18±1mmyr−1 slip rate
on the SAF, in agreementwith (Freymueller et al., 1999),with a 10±2 km
locking depth, a 11 mmyr−1 slip rate on the RCF, with a 10 km locking
depth and a 9 mmyr−1 slip rate on the GVF with a 5 km locking depth.
Thus,we infer that the Salinian terrane has a rigidity 1.4 times higher than
the Franciscan complex to the east of the SAF. This conclusion is consistent
with the type of terrane involved. The rigidity of the Salinian granite
should be higher than that of the Franciscan oceanic mixture (Thurber
et al., 2007).

There is a significant trade-off between the inferred slip rate on the
SAF and the rigidity contrast across the fault, with smaller rigidity
contrasts leading to higher inferred slip rates and deeper locking
depth (Fig. 3). This trade-off is dominated by the influence of the
Farallon Island and Point Reyes station velocities on the fitting pro-
cess. To obtain a higher slip rate, the rigidity contrasts in the model
needs to be decreased and/or the locking depth needs to be increased
to produce the Farallon Island velocity, which has a strong weight on
the inversion thanks to its low uncertainty.
3.4. A compliant fault zone in Bodega Bay

The two dense networks across the SAF located further north, one in
Tomales Bay and one in Bodega Bay, allow us to consider if the SAF
represents a low-rigidity fault zone. The GPS and EDM-derived velocity
gradients across Tomales Bay are similar to those observed at the Point
Reyes profile and are well fitted by the asymmetric deformation profile,
and we do not find evidence for a compliant fault zone in this area
(Fig. 4).

In contrast, at Bodega Bay, we find a strong gradient of GPS velocities
in a 2-km-wide zone (black circles in Fig. 5). The EDM data set extends
farther west and confirms the change in the deformation gradient
(located near−1 and 1 km in Fig. 4). Our preferredmodel is based on a
CFZM, with the previously determined 18±1 mmyr−1 slip rate on the
SAF, with a 15±3 km locking depth (Fig. 5). The 2-km-wide compliant
zone is 50 to 60% weaker than the surrounding medium. But a classic
homogeneousmodel with a 7 km locking depth on the SAF satisfies the
near-field data aswell, as predicted by the first-order trade-off between
locking depth and the compliant fault zone rigidity contrast described in
Fig. 4. Best dislocation model for the Tomales Bay deformation pattern. The black circles are
the fault-parallelGPSvelocities in Tomales Baywith their associatederror barswith respect to
the station LUTZ (121.865°W, 37.287° N), thewhite diamonds correspond to the Point Reyes
profile. The white inverted triangles are fault-parallel EDM-derived velocities from the
Tomales Bay. The continuous black line is the Compliant Fault Zone Model that best fits the
data in Bodega Bay. The short-dashed line is the best homogeneous model. The long-dashed
line is the previous asymmetric model of the Point Reyes profile. The short black lines
represent the velocity gradient across Tomales Baywith the associated errors from Chen and
Freymueller (2002). The grey arrows show the extent of the compliant fault zone.



Fig. 5. Best dislocation model for the Bodega Bay deformation pattern. The black circles are
the fault-parallel GPS velocities in Bodega Baywith their associated error barswith respect to
the station LUTZ (121.865°W, 37.287° N), thewhite diamonds correspond to the Point Reyes
profile velocities. The white inverted triangles are fault-parallel EDM-derived velocities from
the Bodega Bay network. The grey dots are the PS-SAR data from (Funning et al., 2007)
projectedonto theprofile assuming that the range change is due to fault-parallelmotiononly.
The continuous black line is our preferred Compliant Fault ZoneModel,with a ratio E⁎

E
= 0:4.

The short-dashed line is the best homogeneous model, with a 7 km locking depth and a
18mmyr−1 slip rate. The long-dashed line is theasymmetricmodelof thePointReyesprofile.
The shortblack lines represent thevelocitygradient through the fault zone inBodegaBaywith
the associated errors from Chen and Freymueller (2002). The grey arrows show the extent of
the compliant fault zone.
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a previous section. Independent evidence of the locking depth can be
obtained from the depth distribution of microseismicity, considering
that the locking depth is close to the seismic–aseismic transition. Un-
fortunately, there are very few earthquakes from Point Reyes, up to
Bodega Bay, so we cannot directly infer the local seismic–aseismic
transition. However, in nearby areas to the south and east the depth
above which 90% of the earthquakes occur is around 10–15 km and
heat flows measurements in this area suggest a similar locking depth
(d'Alessio et al., 2005). Furthermore, studies of the coseismic deforma-
tion of the 1906 San Francisco earthquake suggest that the rupture
depth exceeded 10 km (Matthews and Segall, 1993; Thatcher et al.,
1997; Song et al., 2008). For example, Matthews and Segall (1993)
infer a 15-to-20 km transition. Thus, we consider a 10-to-15 km lock-
ing depth and introduce a CFZM, assuming that there are no significant
changes in the locking depth.

Chen and Freymueller (2002) inferred a low-rigidity fault zone
located in the San Francisco Peninsula. The highest rigidity ratio inferred
byChen and Freymueller (2002) ranges between0.4 and0.8 in the Black
Mountain-Radio Facility network. Combining the data from Tomales
and Bodega Bay, they obtained a 0.399±0.025 µstryr−1 tensor shear
strain rate (Fig. 3). Taking only data from Bodega Bay they find a higher
strain rate of 0.429±0.134 µstryr−1. We infer a strain rate about twice
as high, 0.7 µstryr−1 in a 2-km-wide zone centered on the fault in
Bodega Bay corresponding to the location of the compliant zone. The
strain accumulation rate seems spatially constant in Tomales Bay,
with 0.4 µstryr−1, compared to 0.33 µstryr−1 determined by Chen and
Freymueller (2002). This confirms along-fault changes in fault zone
properties suggested by Chen and Freymueller (2002).

ThePS-InSARdata shown inFig. 3 are consistentwith the PointReyes
profile GPS measurements. The main features inferred from GPS data
could have been well resolved using PS-InSAR data only. However, the
apparent noise and the limited east–west extent of coverage limit the
benefits of using them for a more accurate study. The InSAR data do not
aid in resolving the near-fault deformation rates.

4. Discussion and conclusions

We consider heterogeneous elastic models, including asymmetry
of elastic strength across a fault (Le Pichon et al., 2005), an infinitely
deep compliant fault zone (Rybicki and Kasahara, 1977; Chen and
Freymueller, 2002) and a shallow compliant fault zone. We show that
we cannot distinguish between a deep CFZM and a shallow CFZM only
with geodetic data, as differences between the two are less than
1 mmyr−1 for a fault slipping at 20 mmyr−1.

We then evaluate the trade-off between the inferred locking depth
in a half-space model and the rigidity ratio inferred with the CFZM.
We show that we can reproduce the effect of any CFZM with a classic
half-space model with a shallow locking depth. This suggests that
independent information such as seismicity depths or heat flow data is
needed to constrain locking depths when considering the effects of
compliant fault zones on interseismic deformation. If the locking depth
is independently constrained and the slip rate well determined, it
becomes possible to discriminate between a shallow CFZM and a deep
CFZM by adjusting the rheology ratio to satisfy the near-fault data.

A model inversion allowing for a rigidity contrast across the SAF
indicates a 18 mmyr−1 slip rate, with a 10 km locking depth and an
asymmetry coefficient of 0.41. The Salinian Terrane has a higher rigidity
than the Franciscan block. This model is strongly constrained by the
velocity of the stations located west of the SAF, especially the two cGPS
sites Point Reyes (PTRB) and Farallon Island (FARB). This asymmetry has
previously been observed (Prescott and Yu, 1986). We find tradeoffs
between the asymmetry ratio, the locking depth and the slip rate on
the SAF (Fig. 3) that are in part due to the limited geodetic coverage
to the west of the fault. Offshore GPS – acoustic measurements me-
thods (Gagnon et al., 2005) would be needed to better constrain the
deformation.

As suggested by Fialko (2006), several alternative models could
explain an asymmetric deformation pattern across a strike-slip fault:
across-fault contrast in elastic properties of blocks on both sides of the
fault (Le Pichon et al., 2005, Jolivet et al., 2008), post-seismic relaxation
effects with lateral variations of viscosity (Li and Rice, 1987), additional
sub-parallel faults, and non vertical fault geometry (Lisowski et al.,
1991). As the last great earthquake in this area was the great 1906
Mw=7.9 San Francisco earthquake, we can probably eliminate the
hypothesis of the viscous post-seismic relaxation effects (Kenner and
Segall, 2003). No major structure that can modify the deformation
pattern thiswayhas been identifiedwest of the SanAndreas Fault in this
area. In terms of geometry, the surface trace of the fault indicates a sub
vertical fault near the surface. However, (Parsons andHart, 1999) infer a
60° east dipping San Andreas Fault in the Central Bay Area, coupled to a
70° west dipping Hayward fault. Following (Okada, 1985), we compute
the surface displacement field produced by an infinitely deep dipping
buried dislocation reproducing the effect of interseismic loading on a
dipping SAF and calculate the associated K ratio. To reach the 0.41
observed K ratio, the dipping angle has to be between 70 and 75, which
corresponds to a 5–6 km offset of the buried dislocation beneath the
SAF to the northeast. However, in the case of a homogeneous elastic
medium, (Lisowski et al., 1991) clearly demonstrate that the possible
effects of fault geometry cannot be resolved only using surface
deformation data. Using relocated seismicity, (Thurber et al., 2007)
shows that the SAF is roughly vertical in the northern Bay Area. We
therefore consider this asymmetry as the result of a rigidity contrast
rather than of a dipping SAF.

North of Point Reyes, in Bodega Bay, a 7 km locking depth
homogeneous dislocation model satisfies the data. However, the
seismic activity in nearby areas, estimates of 1906 earthquake rupture
depths and heat flux measurements suggest that the seismic–aseismic
transition is between 10 and 15 km. To match the observed high strain
gradient, we introduce a Compliant Fault Zone Model. Our best model
suggests a 50 to 60% rigidity decrease in a 2-km-wide compliant zone.
In an earlier study, Chen and Freymueller (2002) inferred a low-rigidity
near-fault zone located further south, in the San Francisco peninsula. In
Bodega Bay, Chen and Freymueller (2002) use the parameter set from
theWGCEP99 (1999) which indicates a 24±1.5 mmyr−1 slip rate and
a 11±1 km locking depth. Based on a semi-infinite half-space
dislocation model, they expect and observe a strain rate of about
0.35–0.4 µstryr−1. This strain rate corresponds to the one obtained
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with our best homogeneous model mentioned previously which pre-
dicts a 0.4 µstryr−1. However, using both GPS and EDM data we find a
strain rate almost twice as high as Chen and Freymueller (2002) over a
2-km-wide near-fault zone, consistent with our compliant fault zone
model.

Chen and Freymueller (2002) assume that the rate of strain
accumulation is constant in any given time period, which is confirmed
by the close agreement between our GPS data set and the EDM-derived
velocities. However they also consider a spatially uniform rate of strain
accumulation across the whole network. Computing EDM and GPS-
derived velocities allows us to resolve deformation-gradient changes
across the fault zone. The mean modelled strain rate across a wider
(6 km wide) zone centered on the fault is lower, about 0.47 µstryr−1,
which is more consistent with Chen and Freymueller (2002).

As we estimate a locking depth ratio between 0.5 and 0.7 and a
rigidity ratio between 0.5 and 0.6, we suppose that the compliant fault
zone does not extend deeper than the locking depth (Fig. 3 D.).
Therefore, this feature may be the result of damage from repeated
earthquakes and could be associatedwith highly fractured and porous
fault gauge. Fluids are likely to be driven in the fault zone, decreasing
the S-wave velocity. Furthermore, McGuire and Ben-Zion (2005)
inferred a damaged fault zone with along-strike, fault-normal and
downdip variations in the strength of the velocity contrasts from 20 to
50% in the Bear Valley section of the SAF using relocated seismicity
and head waves from a local seismic network. Near-fault seismic
studies (Cochran et al., 2009) should be useful to further document
the presence and determine the geometry of such a feature, in order to
map out changes of fault zone properties along the fault.
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