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1 INTRODUCTION

SUMMARY

Lower and upper bounds for present deformation rates across faults in central California
between the San Andreas Fault and Pacific coast are estimated from a new Global Positioning
System (GPS) velocity field for central, western California in light of geodetic evidence
presented in a companion paper for slow, but significant deformation within the Pacific Plate
between young seafloor in the eastern Pacific and older seafloor elsewhere on the plate.
Transects of the GPS velocity field across the San Andreas Fault between Parkfield and San
Juan Buatista, where fault slip is dominated by creep and the velocity field thus reveals the
off-fault deformation, show that GPS sites in westernmost California move approximately
parallel to the fault at an average rate of 3.4 & 0.4mmyr~' relative to the older interior
of the Pacific Plate, but only 1.8 & 0.6 mmyr~! if the Pacific Plate frame of reference is
corrected for deformation within the plate. Modelled interseismic elastic deformation from
the weakly coupled creeping segment of the San Andreas Fault is an order-of-magnitude too
small to explain the southeastward motions of coastal sites in western California. Similarly,
models that maximize residual viscoelastic deformation from the 1857 Fort Tejon and 1906
San Francisco earthquakes mismatch both the rates and directions of GPS site motions in
central California relative to the Pacific Plate. Neither thus explains the site motions southwest
of the San Andreas fault, indicating that the site motions measure deformation across faults
and folds outboard of the San Andreas Fault. The non-zero site velocities thus constitute
strong evidence for active folding and faulting outboard from the creeping segment of the
San Andreas Fault and suggest limits of 0-2 mmyr~! for the Rinconada Fault slip rate and
1.8 & 0.6 to 3.4 & 0.4 mmyr~! for the slip rates integrated across near-coastal faults such as
the Hosgri, San Gregorio and San Simeon faults.
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about the mechanisms by which fault slip is accommodated during
all phases of the earthquake cycle (e.g. Lisowski ef al. 1991; Chuang

Although the San Andreas Fault is widely recognized as the primary
earthquake hazard in California, the M,, = 6.5 2003 December
22 San Simeon earthquake was a reminder that faults in west-
central California also threaten people and critical infrastructure,
including the Diablo Canyon nuclear power plant (Fig. 1). To better
understand the hazards posed by faults in the region, numerous
geological and geophysical studies of faults such as the onland
Rinconada fault and the mostly underwater Hosgri, San Gregorio
and San Simeon faults (Fig. 2) have estimated their total offsets and
long-term slip rates (e.g. Dickinson et al. 2005; Titus et al. 2007,
Langenheim et al. 2013). Geodetic measurements have also proven
critical for estimating individual fault slip rates in central California
(e.g. Sauber et al. 1989; Savage et al. 1999) and testing hypotheses

& Johnson 2011).

Geodetic studies of deformation in western California have long
referenced the velocities of sites in the region to the Pacific Plate
(e.g. Argus et al. 1999; Beavan et al. 2002; McCaffrey 2005;
Rolandone et al. 2008; Titus et al. 2011), which is the frame of
reference most suitable for such studies. Ideally, estimates of Pa-
cific Plate motion immediately offshore from California would be
constrained by Global Positioning System (GPS) measurements at
Pacific Plate sites close to California, but far enough to fall outside
the region that is affected by distributed interseismic and post-
seismic deformation associated with the San Andreas Fault and
other faults in western California. To cope with the near-absence
of such measurements, previous authors (cited above) have either

1900 © The Authors 2014. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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Figure 1. Study area in central and western California including geographic
features referred to in the text. Grey circles indicate locations of GPS sites
used for the analysis. Red arrow shows the average velocity and its 2-D, lo
uncertainty for the GPS sites on Clarion and Guadalupe islands relative to the
Pacific Plate interior. Blue star shows location of the Diablo Canyon nuclear
power plant referred to in the text. ‘SAF’ labels the San Andreas Fault. The
inset map locates GPS sites on Clarion (CLAR), Guadalupe (GUAX) and
Socorro (SOCO) islands relative to the study area. The site velocities relative
to the Pacific Plate are given in parentheses in units of millimetres per year
(DeMets et al. 2014). No rate is given for SOCO because the motions of the
GPS site and a nearby DORIS site are influenced by volcanic deformation
(Briole et al. 2009; DeMets et al. 2014).

estimated the motion of the Pacific Plate from GPS sites that are
located in the central, western, and southern Pacific, some 4000—
10 000 km from western California or have estimated and corrected
for the elastic effects of plate boundary deformation on sites nomi-
nally on the Pacific Plate in or near western California (McCaffrey
2005). The former approach leaves unresolved whether deforma-
tion occurs between areas of the Pacific Plate that are offshore from
California and more distant areas of the plate and if so, how the
intraplate deformation affects geodetic estimates of fault slip rates
in and near western California. The latter approach introduces a
model-dependent correction into the estimate of the Pacific Plate
angular velocity.

In the first part of our two-part study of the Pacific Plate GPS
velocity field (DeMets et al. 2014), we describe new geodetic mea-
surements from GPS sites on Clarion, Guadalupe and Socorro is-
lands (Fig. 1), which are the only islands on the eastern portion of
the Pacific Plate where GPS measurements are logistically feasible
and that are far enough from nearby plate boundary faults (800—
2000km) to be unaffected by their interseismic and postseismic
deformation. We demonstrate that all three islands, which are on
seafloor younger than 15 Myr, move SSE to SSW at rates of 1.0—
4.3 mmyr~! in a frame of reference that is defined by the velocities
of 26 continuous GPS sites on islands in the central, southern, and
western Pacific (inset to Fig. 1), where seafloor is 30—180-Myr-old.
Excluding the more rapid motion of the Socorro Island GPS site,
which is influenced by volcanic deformation (Briole et al. 2009;
DeMets et al. 2014), the 1.7 & 0.6mmyr—', SI7°E &£ 11° aver-
age motion of Clarion and Guadalupe islands relative to the plate
interior constitutes the strongest evidence to date for deformation
within the Pacific Plate.
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Here, we exploit the above results to revisit the important ques-
tion of how much deformation occurs in central California west of
the San Andreas Fault, with emphasis on the present slip rates for
faults that are located along and close to the coast. Our work is based
on an analysis of the velocities of 300 GPS sites from central Cal-
ifornia, most located adjacent to and/or west of the ~170-km-long
creeping segment of the central San Andreas Fault (Figs 1 and 2),
where slip is accommodated primarily by aseismic creep (Burford
& Harsh 1980). Unlike locked segments of the San Andreas Fault
to the north and south of the creeping segment, where interseismic
elastic deformation complicates efforts to quantify deformation that
occurs off the fault, little or no interseismic elastic deformation af-
fects the crust adjacent to much of the creeping segment (Rolandone
et al. 2008; Ryder & Burgmann 2008; Titus ef al. 2011). As a con-
sequence, geodetic measurements along the creeping segment are
more easily interpreted in the context of deformation that occurs
in the borderlands of the San Andreas Fault, which we take advan-
tage of in this analysis. We also consider whether the slow move-
ments of GPS sites in western California relative to both Pacific
Plate reference frames that we consider could be transient post-
seismic effects of the 1857 Fort Tejon and/or 1906 San Francisco
M~8 earthquakes.

2 GPS DATA AND DATA ANALYSIS

Measurements from ~300 sites in western California are used for
the analysis (Fig. 1), including ~200 continuously operating stations
and ~100 campaign and quasi-continuous GPS stations. The data,
which span the period 1993 January 1 to 2014 late January, were
procured from the U.S. Geological Survey, UNAVCO, the National
Geodetic Survey and SOPAC. Further information about these sites
is found in the Supporting Information.

Details of the GPS data analysis are given by DeMets et al.
(2014) and are summarized only briefly here. All GPS data used in
this study were processed with release 6.2 of the GIPSY software
suite from the Jet Propulsion Laboratory (JPL). Daily GPS station
coordinates were first estimated using a no-fiducial, precise point-
positioning strategy (Zumberge et al. 1997), after which daily sta-
tion positions were transformed to ITRF08 (Altamimi ef al. 2011).
Best-fitting station velocities were estimated via a weighted linear
regression of the station position time-series, as were any offsets
due to earthquakes or other factors such as GPS hardware changes.
The coordinate time-series for some sites were affected by one or
both of the M,, = 6.5 2003 December 22 San Simeon and M,, = 6.0
2004 September 28 Parkfield earthquakes and their post-seismic
transient deformations. Methods for minimizing the effects of the
two earthquakes on the estimated GPS site velocities are described
in the electronic supplement and entail either judicious use of data
from before and well after the earthquakes to avoid their effects
or a priori corrections to GPS site positions to compensate for the
coseismic and post-seismic effects of the earthquakes. Site velocity
uncertainties were estimated using the method of Mao et al. (1999),
which uses information about the length of a station time-series
and the magnitudes of its white, flicker and random walk noise to
estimate realistic site velocity uncertainties. The station velocities
in ITRFO8 and their uncertainties are given in Table S1.

3 RESULTS

Fig. 2 shows two realizations of the GPS velocity field of west-
central California based on alternative frames of reference. In one
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Figure 2. Oblique Mercator projection of central and western California with GPS site velocities relative to the Pacific Pate as defined by the motions of 26
GPS sites in the central, western, and southern Pacific (black, blue and grey arrows). Correcting the Pacific Plate frame of reference by the weighted average
GPS velocity for Clarion and Guadalupe islands (Fig. 1) reduces the velocities of sites west of the San Andreas Fault (red arrows). The map, whose location
is shown in Fig. 1, is projected such that the ~N41°W trace of the San Andreas fault in central California is horizontal on the map. Yellow circles show the
locations of earthquake epicentres for 1972-2009 from the Northern California Earthquake Data Centre catalogue. Velocity ellipses are 2-D, 1o. The code for
each site is visible upon magnification of the figure. Vertical dashed lines define the geographic limits of the five segments of the San Andreas Fault discussed
in the text and shown in subsequent figures. Fault name abbreviations: HE, Hosgri fault; SGF, San Gregorio fault; SSF, San Simeon fault.

realization, shown by the black, blue and grey arrows in the figure,
each GPS site velocity has been reduced by the motion of the
Pacific Plate predicted at the site by an angular velocity that best
fits the velocities of 26 Pacific Plate GPS sites that are 4000 km
or farther from western California (table 2 in DeMets et al. 2014).
The other realization, indicated by the red arrows in the figure,
removes an additional 1.7 & 0.6 mmyr~!' towards S17°E £ 11°
from each site velocity, representing the weighted average velocity
for the GPS sites on Clarion and Guadalupe islands relative to the
Pacific Plate interior. The velocities depicted in the former frame
of reference define the pattern of deformation between the San
Andreas Fault and seafloor just west of California assuming that
the Pacific Plate is rigid between areas offshore from California
and the plate interior several thousand kilometres away. The latter
assumes that the motions of Clarion and Guadalupe islands 800—
2000 km south of western California record deformation between
the plate interior and western California and corrects site velocities
in California accordingly.

In both frames of reference, GPS site velocities in areas west
of the creeping segment of the San Andreas Fault are typically
5mmyr~! or slower (Fig. 2). The slow, but non-zero motions of the
sites relative to the Pacific Plate are most likely caused by distributed
deformation (folding and faulting) in the fault borderlands (Titus
et al. 2011), but may also include transient viscoelastic deformation
from the M,, = 7.9 1857 Fort Tejon earthquake (Hearn et al. 2013)
and the M ~ 8 1906 San Francisco earthquake and elastic strain
from partially locked areas of the creeping segment (Rolandone
et al. 2008; Ryder & Burgmann 2008). We consider each of these
later in the analysis.

Fig. 3 subdivides the GPS velocity field of central California into
five 50- to 80-km-wide transects orthogonal to the San Andreas Fault

(delineated in Fig. 2). The transects clearly show the variations in the
pattern of geodetic velocities along the San Andreas Fault between
northern California and the Carrizo Plain that have been described
by many previous authors (e.g. Lisowski ef al. 1991; Tong et al.
2013). Within the northernmost transect (Fig. 3a), which extends
inland from Monterey Bay, and the southernmost transect (Fig. 31),
which includes the Carrizo Plain, strong velocity gradients on both
sides of the fault and the absence of a sudden velocity change at
the fault are evidence for strong locking of both fault segments
(e.g. Lisowski et al. 1991; Tong et al. 2013). Estimating the slip
rates for one or more additional active faults adjacent to the San
Andreas fault within either of these transects, including the coastal
and offshore faults of interest here, would entail discriminating the
elastic velocity gradient for each fault from that of the San Andreas
Fault. Such an effort would be challenging given the trade-offs in
fit that occur between the fitted parameters, including the fault slip
rates, their locking depths, and heterogeneities in their degree of
coupling (e.g. Meade & Hager 2005).

In contrast to the strongly locked segments, transects of the GPS
velocity field between San Juan Bautista and Parkfield (Figs 3¢ and
e), where steady creep of the San Andreas Fault accommodates most
motion between the Pacific Plate and Sierra Nevada-Great Valley
(SNGV) block (Burford & Harsh 1980; Titus et al. 2005, 2000),
exhibit sudden changes in the fault-parallel component of motion
at the San Andreas Fault and weak velocity gradients on both sides
of the fault. The weak velocity gradients and dominance of creep
suggest there is little or possibly no elastic strain accumulation and
hence coupling across this part of the San Andreas Fault. Enlarged
views of the fault-parallel velocities for sites located between the
Pacific coast and the two segments of the San Andreas Fault with
the highest creep rates (Figs 4a—d) emphasize just how little the site

102 ‘6 JoquisnopN uo 19nb Ag /Blo'seusnolpioxo’16//:dny woly papeojumoq


http://gji.oxfordjournals.org/

Pacific Plate GPS — Part 2 1903
-50 km Okm 50km 100 km -50 km Okm 50km 100 km
I ‘ ‘ I ‘ I ‘ | ‘ I ‘
40 Tsvay PA/ ~ o oL 1 NW locked segment r 10
S . ] T 3 L
20 4 Als2005 Q NW locked - 4 4% -5
- Q L - L
10 o8 - 1° 1 %o r
1o &29"{" At 1 0
0O F+——F7 7 ] Bl
T ‘ T ‘ T ‘ T ‘ ‘ T ‘
I ‘ ‘ I ‘ I ‘ | ‘ I ‘
R 40 ] Cos a0 %0 L 1 NW creeping segment - 10 .
S 30 (Enlarged 103 L ] [ E,
b= 4 (inFig.4) Northwest L 1 e - =
£ 20 A o creeping - 7 i 3 o5 1 -5 €
= 1 segment L 1 ?2 0 0 H g
w10 L Je eg T T : s
(% 10 o P V& C r ] 2 L 0 gl‘)
0O +——F7 —"7+F+——— ] D 2
g T : T : T : T : : T : °
= 40 e B e e T I 10 £
i) 1 (Entarged W@TB&& > 5 L ] Central creepingusegment r 19
> 30 - nlarge L ] [ -
S 1 (in Fig.4) Central t 1 . r S
% 20 - creeping = 7 ol st z o 5
2 1 segment L 1 T 27 H o
2 104 Foo Ly Rl e [ 2
o e R  Er 7 i -0 %
o 1 f G| £
o L1 L S
.,.6 40 — 1 1 1 1 1 1 1 T 10 B
< 20 ] g 3| (Fig. |g & ° [ ] SE transitional b =
s 13 ¥ s @ ] i g
8_ 20 - § 5 Parkﬁeld 1 L 5 8_
£ 18 = o segment —é{} L) r g
s} S 1 F s}
O 10+ °q n 118 o O G | e __[ o
P ik I T - oo+ 2 o
T ‘ ‘ T ‘ S ‘ ‘ T ‘
40 —— S— —_—t 1 10
4 - t ] Carrizo plain segment [
30 (Fig.5) o0& 0 %k ] q :
] & Lo i 5
20 ] gﬁg’ Carrizo [ 1] Jele  Loe i ’ [
10 = plain L 3% e SRE T, o 8 |
ot g’ | segment _|F o prRERT f: 0
— T — T o A
-100 -50 0 50 100 -100 -50 0 50 100

SW <--- Distance (km) ---> NE

SW <--- Distance (km) ---> NE

Figure 3. Transects of GPS velocity field from Fig. 2 with velocities rotated onto S41°E and S49°W, approximately parallel and orthogonal to the San
Andreas Fault of central California. Velocities are subdivided into the five fault-normal transects delineated in Fig. 2. Distances are measured southwest to
northeast (left- to right-hand side) relative to the San Andreas Fault (0 km). Open, blue and grey circles are for continuous GPS velocities and velocities from
quasi-continuous and campaign data, respectively. GPS velocities are relative to the Pacific Plate. The red dashed line shows the weighted residual velocity of
Gaudalupe and Clarion islands rotated onto S41°E and S49°W, representing a correction for potential Pacific Plate deformation described in the text. SNGV,
Sierra Nevada-Great Valley; PA, Pacific: Als2005, d’Alessio et al. (2005); T11, Titus et al. (2011).

rates change with distance from the fault. Within both transects,
the fault-parallel component of the site velocities decreases from
~5mmyr~! adjacent to the fault to 3-3.5mmyr~! at the coast, a
gradient of only 2mm yr~! across 70 km.

Finally, the Parkfield transect (Figs 3g and 5a), which is located
between the locked and creeping segments of the fault, exhibits
characteristics of both. The slip rate changes suddenly at the San
Andreas Fault, similar to but less than the change in velocity along
the creeping segment. The velocity gradient in the borderlands of
the Parkfield segment is also intermediate between the weak and
strong off-fault gradients associated with the creeping and locked
segments, respectively. Velocities southwest of the Parkfield seg-
ment not only decrease monotonically towards the coast (Figs Sa
and b), but also exhibit an inflection that is centered on the Oceanic
and West Huasna faults, the former of which ruptured in the Dec.
22,2003 M,, = 6.5 San Simeon earthquake. A similar inflection
may be associated with the West Huasna fault southwest of the

Carrizo Plain segment (Fig. 5c¢), although it is more difficult to
identify within the steeper velocity gradient associated with the
strongly locked Carrizo Plain segment. Site velocities outboard of
the Oceanic and West Huasna faults decrease to 3mmyr~! at the
coast, similar to the slowest rates observed for coastal sites adjacent
to the central and northwest creeping segments.

4 DISCUSSION

The results shown in Figs 2—5 unambiguously indicate that coastal
and near-coastal GPS sites in coastal areas west of the creeping
segment do not move with the Pacific Plate whether or not we correct
the site velocities for possible deformation within the Pacific Plate.
To better emphasize this point, Fig. 6 shows the velocities of all GPS
sites that are located within a transect that extends along the coast
~250 km southeast from Monterey Bay. The nine GPS sites within
this transect are located outboard from the creeping and Parkfield
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Figure 4. (a and b) Oblique Mercator projections of the northwest and central creeping segment transects delineated in Fig. 2 from the San Andreas Fault to
the Pacific coast. Site velocities are relative to the Pacific Plate. Ellipses show 1o, 2-D velocity uncertainties. Green dots are earthquakes. Red and blue arrows
show the velocities for continuous and campaign GPS sites, respectively. Fault name abbreviations are ‘OF’, Oceanic fault; ‘SAF’, San Andreas Fault; ‘SGF”,
San Gregorio fault; ‘SSF’, San Simeon fault. Panels (c) and (d) show velocities from (a) and (b) rotated onto N41°W, the average strike of the San Andreas
Fault, with distance from the San Andreas Fault. Panels (c) and (d) are aligned geographically with their corresponding maps (a) and (b). Zero motion indicates
no fault-parallel movement relative to the Pacific Plate. The alternative Pacific Plate reference indicated by the black dashed line is the SAF-parallel component
of the movements of Clarion and Guadalupe islands relative to the plate interior (see text). Relative to this reference frame, the fault-parallel motions of many

coastal sites is reduced to an average of 1.8 mmyr~!.

fault segments, where the elastic effects of locking along the San
Andreas Fault should be small (see below). Those nine sites have
fault-parallel rates that average 3.4 & 0.4mmyr~!' (1-0) relative
to the Pacific Plate, absent any correction for possible deformation
within the plate, or 1.8 £ 0.6 mmyr~! if Pacific Plate motion is
corrected by the average motions of Clarion and Guadalupe islands
(Fig. 6).

The 1.8-3.4mmyr~' motions of the coastal and near-coastal
sites have three possible causes. One is active faulting offshore
from central California, the target of our analysis. A second is pos-
sible partial locking of the creeping segment of the San Andreas
Fault or locking along other faults such as the Rinconada or off-
shore faults. Either would give rise to elastic slip deficits that would
appear as southeastward, fault-parallel motions of sites in western
California relative to the Pacific Plate. Finally, residual viscoelastic
deformation from the 1857 Fort Tejon earthquake and/or the 1906

San Francisco earthquake may still influence present-day deforma-
tion in western California. We evaluate each of these possibilities
below.

4.1 Elastic effects of partial locking of the creeping
segment

We first estimate how much elastic deformation would result along
the coast west of the creeping segment if the creeping segment were
partially locked. From inversions of InSAR and GPS observations
of active deformation adjacent to the creeping segment, Ryder &
Burgmann (2008) and Rolandone et al. (2008) find evidence for
partial (=10 to ~20 per cent) coupling of the San Andreas creeping
segment above depths of 12 km. Conversely, Titus et al. (2011) argue
that permanent deformation in the fault borderlands may account for
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the San Andreas Fault, with distance from the San Andreas Fault. See previous figure caption for additional information. Fault name abbreviations are ‘HF’,
Hosgri fault; ‘OF’, Oceanic fault; ‘SAF’, San Andreas Fault; ‘SSF’, San Simeon fault; “WHF’, West Huasnas fault.

all the deformation adjacent to the fault, in which case the creeping
segment may be entirely uncoupled. These studies suggest lower
and upper bounds of 0 and 20 per cent for possible coupling of the
creeping segment. We calculated the elastic surface deformation in
the borderlands of the San Andreas Fault for a simple homogeneous
elastic half-space in which a vertical San Andreas Fault slips freely
at 35 mmyr~! below depths of 12 km and is coupled at 20 per cent
above depths of 12km, corresponding to Ryder & Burgmann’s
(2008) preferred model for a partially locked creeping segment.
The resulting deformation field southwest of the fault is dominated
by a SE-directed elastic slip deficit that decreases from 2 mm yr™!
at locations near the fault to only 0.2 mm yr~! at locations along the
Pacific coast.

In order to further maximize elastic deformation southwest of
the fault, we also incorporated a vertical Rinconada fault into our
elastic model using an assumed maximum slip rate of 2 mm yr~!
(Rolandone et al. 2008) and locking depth of 15km. The elastic
slip deficits predicted by this model along the Pacific coast are also

no more than a few tenths of a millimetres per year. The combined
elastic slip deficit for the San Andreas and Rinconada faults at
coastal locations southwest of the creeping segment is no greater
than 0.5mmyr~! relative to undeformed lithosphere several hun-
dred km offshore from the coast. Given our modelling assumptions,
any elastic slip deficit along the Pacific coast is likely to be no larger
than 0.5 mm yr~' and could easily be smaller than 0.1 mm yr~! given
the unknowns. The predicted elastic deformation is significantly
smaller than the observed 1.8-3.4mm yr~' velocities of GPS sites
along the Pacific coast. We conclude that interseismic elastic de-
formation associated with locking of the San Andreas and possibly
Rinconada faults cannot explain the observed site velocities.

4.2 Viscoelastic effects of 1857 and 1906 earthquakes

In order to approximate the viscoelastic effects of the M,, = 7.9
1857 Fort Tejon and M ~ 8 1906 San Francisco earthquakes during
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Figure 6. Component of site velocities parallel to the San Andreas Fault (N41°W) of central California for GPS sites within a coastal transect equidistant from
the San Andreas fault (shaded region of map). Frame of reference is the Pacific Plate as defined by the motions of 26 GPS stations in the central, western,
and southern Pacific. The elastic effects from the locked San Andreas Fault are small or possibly nonexistent adjacent to the creeping segment (Titus e al.
2006, 2011; Ryder & Burgmann 2008). In those areas, the 3.4 + 0.4 mm yr—' average rate of the coastal sites may approximate the total slip rate across faults
between the coastal GPS sites and undeforming Pacific Plate lithosphere farther offshore. Alternatively, the SAF-parallel slip rate across the same faults may
be only 1.8 + 0.6mmyr~! if the 1.7mmyr—!, SSE-directed motions of Clarion and Guadelupe islands are taken as evidence that Pacific Plate lithosphere

offshore from California moves relative to the Pacific Plate interior.

the period spanned by the GPS measurements used in this study
(1994-2014), we used Visco-1D software (version 3; Pollitz 1997)
to predict a maximum viscoelastic response to each earthquake.
We use crustal model M1 of Hearn et al. (2013) to approxi-
mate the layered viscosity structure in California. This viscosity
structure assumes a relatively low viscosity of 3 x 10'® Pa s for
the mantle below depths of 50 km, which gives rise to more rapid
surface deformation than viscosity structures with higher viscos-
ity mantles. For the 1906 San Francisco earthquake, we adopt the
fault slip solution of Thatcher et al. (1997), which subdivides the
~500-km-long rupture zone into 48 segments with coseismic slips
ranging from 225 to 860 cm (see Fig. S1 for this paper and ta-
ble 1 of Thatcher et al. 1997). For the 1857 Fort Tejon earth-
quake, we adopt Zielke ef al.’s (2010) slip solution, which features

an average of 5.3 m of slip along a ~300-km-long rupture zone
(see Fig. S2).

For the 1906 earthquake, the predicted viscoelastic deforma-
tion within our study area for the period 19942014 implies 20-
yr-average velocity perturbations that are dominantly orthogonal to
the San Andreas Fault (Fig. S1) and that average only 0.2 mm yr™!
along the coast. The predicted viscoelastic deformation is perpen-
dicular to the observed 2-3.4 mm yr~! fault-parallel motions of the
coastal and near-coastal GPS sites and is an order-of-magnitude
slower than the observed velocities.

The viscoelastic velocity perturbations predicted for the 1857
Fort Tejon earthquake also fail to match the observed GPS
site velocities. The viscoelastic velocities that are predicted for
sites southwest of the San Andreas fault along the central and
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northwest sections of the creeping segment are orthogonal to the
fault (Fig. S2) and average only 0.1 mmyr~' along much of the
coast. Our results corroborate those reported by Hearn et al. (2013)
for this earthquake.

We conclude that any residual viscoelastic component of the
present GPS velocity field from the 1857 and 1906 earthquakes
is negligible in our study area and is too small to explain the
1.8-3.4mmyr~! fault-parallel motions of GPS sites along the
Pacific coast.

4.3 Upper and lower fault slip-rate estimates

Given that neither elastic nor viscoelastic deformation is rapid
enough nor in the right direction to explain the 1.8-3.4 mmyr~!
southeast-directed motions of coastal GPS sites in central Califor-
nia, a tectonic explanation is called for, most likely consisting of
some combination of distributed folding and faulting outboard from
the creeping segment. If faulting accommodates most of the defor-
mation, as seems more likely, the most obvious candidates include
the Rinconada fault and offshore faults such as the San Simeon fault
zone, the San Gregorio fault near and southeast of Monterey Bay,
and possibly the Hosgri fault south of the western termination of
the Oceanic fault (Figs. 4a and c).

Eight of the nine GPS sites that are located within the
coastal transect depicted in Fig. 6 have velocities that agree
within £0.5mmyr~! of their mean value. If no deformation oc-
curs within the Pacific Plate, the component of these nine site ve-
locities parallel to the San Andreas Fault has an average value of
3.4 & 0.4mmyr—'. We consider this an upper limit for the margin-
parallel component of the slip rate for faults near the coast. Al-
ternatively, if we assume the Pacific Plate deforms and reduce the
velocities of the nine sites by the 1.7 £ 0.6 mmyr~!,S17°E £ 11° av-
erage motion of Clarion and Guadalupe islands relative to the plate
interior, the SAF-parallel component of the nine sites is reduced
to 1.8 £ 0.6 mmyr~' (1o). This represents our best lower bound
for the cumulative margin-parallel slip rate for faults near the coast.

Upper and lower bounds for the slip rate of the Rinconada fault,
which is located midway between the Pacific coast and San Andreas
Fault (Figs 4a and b), can be inferred as follows. We infer an upper
bound of ~2 mm yr~! by attributing the entire 1-2 mm yr~! velocity
gradient southwest of the San Andreas Fault (Figs 4a and b) to
presumed, distributed elastic deformation associated with locking
ofthe Rinconada fault. Alternatively, if the velocity gradient instead
records distributed folding and faulting along structures other than
the Rinconada fault, as suggested by geological data (Titus ef al.
2011), the Rinconada fault may be completely inactive. The bounds
on the likely slip rate for the Rinconada fault are thus 0-2 mm yr~!,
consistent with a previous, GPS-derived estimate (Rolandone et al.
2008).

4.4 Comparison to independent geological and geodetic
slip rate estimates

Geological and seismological observations indicate that the San
Gregorio and San Simeon faults have been active during the
Holocene. Trenching across onland portions of the San Simeon
fault, which connects the the San Gregorio and Hosgri faults (Fig. 2),
gives a Holocene slip rate of 0.9-3.4 mmyr~! and best estimate of
1.0-1.4mmyr~! (Hall et al. 1994), similar to a 1-3 mm yr~' geolog-
ically derived estimate near San Simeon (Hanson ef al. 2004). These
agree with our GPS-derived lower and upper bounds of 1.8 & 0.6
and 3.4 £ 0.4mmyr~!.
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Our estimated slip-rate limits also agree with most though not all
previously published slip-rate estimates for the San Gregorio and
Hosgri faults from modelling of GPS observations. In particular, our
lower and upper slip-rate bounds are consistent with results reported
by d’Alessio et al. (2005), who predict 2.4 + 1 mmyr~' of dextral
slip, McCaffrey (2005), who predicts 2.6 & 2mmyr~' on the San
Gregorio fault south of Monterey Bay and 1.5-3.5mmyr~' on the
Hosgri fault, and Johnson & Fukuda (2010), who variously predict
1-5mmyr~' or 3-5mmyr~' for the San Gregorio fault depending
on their underlying model assumptions. Conversely, our estimates
differ significantly from those estimated by Bird (2009), who predict
a slip rate of 0.8 mm yr~! for the San Gregorio fault, and Rolandone
et al. (2008), who predict a 4.3-5.3 mmyr~! slip rate for the San
Gregorio/Hosgri fault system.

5 CONCLUSIONS

An analysis of a new GPS velocity field for central California in
two frameworks for the Pacific Plate, one defined by the GPS veloc-
ities of 26 stations in the central, western and southern Pacific and
the other including a correction for 1.7mmyr~! of SSE-directed
intraplate deformation indicated by newly available GPS measure-
ments on islands in the eastern Pacific basin, indicates that GPS
sites in western California outboard from the creeping segment of
the San Andreas Fault move southeastward parallel to the fault at
average rates of either 1.8 4 0.6 or 3.4 & 0.4 mm yr~! depending on
which reference frame is adopted. Any elastic effects from locking
of the San Andreas Fault in this region are too small to explain
the observed slip deficits at sites along the coast given that creep
accommodates most or all slip along the San Andreas Fault in this
region. Perturbations to the velocity field due to viscoelastic effects
of the 1857 Fort Tejon and 1906 San Francisco earthquakes are too
small and in the wrong direction to explain the observed coastal and
near-coastal site motions. We thus attribute all of the GPS-measured
deformation southwest of the creeping segment of the San Andreas
Fault to faulting and folding and estimate lower and upper limits
for present-day slip rates along near-coastal faults of 1.8 & 0.6 or
3.4 £ 0.4mmyr~!, respectively. The lower bound differs signifi-
cantly from zero, indicating that near-coastal faults are still active,
in accord with geological and seismic observations.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Viscoelastic deformation (red arrows) calculated for
the April 18, 1906 San Francisco earthquake. Blue line shows the
extent of the Thatcher ez al. (1997) fault slip solution that is used
to drive the viscoelastic model. Rheological model M1 from Hearn
et al. (2013) is used to maximize the viscoelastic response to the
earthquake. The grey box outlines the region in central California
that is pertinent to this study. In order to facilitate the comparison to
GPS velocities, the viscoelastic deformation was computed for the
period 1994 to 2014, coinciding with the period of GPS observations
used in this study, and converted to 20-yr-average velocities.
Figure S2. Viscoelastic deformation (red arrows) calculated for the
January 9, 1857 Fort Tejon earthquake. Blue line shows the extent
of the Zielke et al. (2010) fault slip solution that is used to drive the
viscoelastic model. Rheological model M1 from Hearn ez al. (2013)
is used to maximize the viscoelastic response to the earthquake. The
grey box outlines the region in central California that is pertinent to
this study. In order to facilitate the comparison to GPS velocities,
the viscoelastic deformation is computed for the period 1994 to
2014, coinciding with the period of GPS observations used in this
study, and converted to 20-yr-average velocities.
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Table S1. GPS station information.

Table S2. Campaign station earthquake offset information.
(http://gji.oxfordjournals.org/lookup/suppl/doi: 10.1093/gji/
ggu347/-/DC1).
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