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ABSTRACT

We combine geologic and global position-
ing system (GPS) data to characterize the
style and magnitude of off-fault deformation
across the San Andreas fault system in central
California. Geologic structures record ~12 km
of both fault-parallel and fault-perpendicular
displacements across creeping and locked por-
tions of the San Andreas fault. Analysis of 150
GPS site velocities suggests that the border-
lands record 4-6 mm/yr of fault-parallel and
3-5 mm/yr of fault-perpendicular motion
alongside the creeping segment, where elastic
strain is minimized. The distribution of both
long-term geologic and short-term geodetic
deformation is affected by basement type,
where more deformation is concentrated
northeast of the San Andreas fault on Fran-
ciscan basement. We suggest that at least half
the fault-parallel GPS deformation measured
by GPS bordering the creeping segment must
be accommodated by geologic structures; this
permanent deformation needs to be incorpo-
rated into dynamic models of the fault system.

Elastic modeling of the San Andreas fault
in central California, which incorporates its
well-known transition from locked to creep-
ing behavior near Parkfield, predicts first-
order variations in the GPS velocity field along
the fault and corresponding variations in
dilatational strain rates. The strain rate pat-
tern is dominated by a large contractional re-
gion northeast of the transition from locked
to creeping behavior and a large extensional
region southwest of the transition. The for-
mer coincides with the Coalinga and Kettle-
man Hills anticlines, the growth and develop-
ment of which seem to have occurred under
at least two kinematic conditions. We suggest
that the onset of fault creep in central Cali-
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fornia promoted the growth of these folds. By
implication, fault creep has been active over
geologic time scales.

INTRODUCTION

To fully assess deformation and seismic haz-
ards in active strike-slip fault systems, the rela-
tive contributions of discrete slip on major faults
and distributed deformation in the fault border-
lands must be quantified. Geologic measure-
ments can be used to estimate both components,
independent of one another, although these es-
timates are often imprecise due to uncertainties
in the ages of rocks as well as the timing and
magnitude of deformation. In contrast, modern
geodetic measurements provide well-defined,
precise measurements of active deformation that
simultaneously record long-term fault slip rates,
distributed deformation in the fault borderlands,
elastic strain due to interseismic fault locking,
and time-dependent effects related to the earth-
quake cycle (Savage and Prescott, 1978). Be-
cause the latter two effects can mimic long-term
distributed deformation, separating the discrete
and distributed components of short-term geo-
detic deformation is challenging. A simplifying
approach frequently used to model geodetic ve-
locities in strike-slip fault systems is to embed
one or more faults in an elastic half-space and
adjust the long-term fault slip rates and magni-
tude and distribution of frictional locking along
those faults to match the geodetic velocity gradi-
ents (Savage and Burford, 1970). Because such
fault-centric models exclude permanent off-fault
deformation (such as folding and deformation
by small secondary faults), they overestimate
the role that the primary faults play in accom-
modating motion across deforming systems and
underestimate the role of permanent deformation
in the fault borderlands.

The creeping segment of the San Andreas
fault is perhaps the best place for separating per-

manent and elastic deformation in the border-
lands of a strike-slip fault. Decades of geodetic
measurements along the central creeping seg-
ment have yielded steady or nearly steady
fault creep rates of 28-30 mm/yr (Burford and
Harsh, 1980; Lisowski and Prescott, 1981;
Schulz, 1989; Titus et al., 2006), consistent
within uncertainties in Holocene geologic slip
rates (Sieh and Jahns, 1984; Cotton et al., 1986).
The consistency of the short-term and Holocene
slip rates coupled with an absence of large-
magnitude earthquakes along this segment of
the fault suggests that elastic strain due to inter-
seismic locking of the fault is small or possibly
zero and may thus contribute little or nothing to
the off-fault velocity gradient.

Because elastic strain is minimized along the
creeping segment, we have the rare opportunity
to directly compare and contrast estimates of
long-term deformation from the geologic record
with short-term deformation from the global
positioning system (GPS) velocity field from
the borderlands of a major strike-slip fault. We
first present our geologic analysis of off-fault
deformation, which includes both a map-based
approach and the summation of cumulative dis-
placements across the fault system. Regional
GPS data are then presented in these same two
frameworks—map view and as velocity gradi-
ents—and the GPS velocity field is used to de-
rive strain rate and dilatation rates for off-fault
regions. Forward elastic modeling of the veloc-
ity field is used to investigate how the change
from locked to creeping behavior along the San
Andreas fault influences patterns of short-term,
off-fault deformation.

We conclude by integrating the long-term
and short-term data sets to achieve a fuller
understanding of deformation in the border-
lands. Because our geologic results demonstrate
that the fault-parallel component of permanent
deformation is as large as the fault-perpendicular
component, we suggest that previous elastic
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models have overestimated the long-term slip
rate on the San Andreas fault in central Cali-
fornia by as much as ~3 mm/yr. Because the
geodetic analysis demonstrates the importance
of the transition from creeping to locked be-
havior on the San Andreas fault, we reinterpret
local enigmatic geologic structures, including
the Coalinga and Kettleman Hills anticlines,
the histories of which are incompatible with a
single set of kinematic conditions. Instead, we
propose that fault creep has been active for at
least 2-2.5 m.y. in central California and is re-
flected in the development of particular geologic
structures near the transition zone.

GEOLOGIC SETTING

The San Andreas fault system was initi-
ated in central California after passage of the
Mendocino triple junction, which occurred at
ca. 15 Ma (e.g., Atwater, 1970; Dickinson, 1997).
The relative plate motion across this boundary
eventually changed from oblique divergence,
responsible for local basin formation along the
California margin (Blake et al., 1978), to oblique
convergence, resulting in transpression and up-
lift of western California (e.g., Montgomery,
1993). Although this change in kinematics is
widely agreed upon, estimates of the timing of
transpression vary. Some studies suggest on-
set at 3.2 Ma to 5 Ma (Cox and Engebretson,
1985; Pollitz, 1986; Harbert, 1991), consistent
with uplift in the Coast Ranges from geologic
evidence (Christensen, 1965; Page et al., 1998),
whereas more recent global plate motion cir-
cuits (Atwater and Stock, 1998) set the onset
of transpression at 8 Ma, consistent with uplift
rates (Ducea et al., 2003) and the time necessary
for the development of topographic relief in the
Coast Ranges (Argus and Gordon, 2001).

In central California, plate boundary motion
is accommodated on numerous structures across
a 200-km-wide region (Fig. 1). These structures
include the three major, subparallel, strike-slip
faults—the San Gregorio—Hosgri, Rinconada,
and San Andreas faults—and the borderlands
between these faults. Our analysis is focused on
quantifying deformation across a large portion
of this region, between the Nacimiento fault and
the western edge of the Great Valley. This por-
tion of the plate boundary region was chosen be-
cause of data availability for both long-term and
short-term analyses. Basement rocks in this area
are typically Mesozoic in age (e.g., Ernst, 1981).
Northeast of the San Andreas fault, basement
rocks include the graywacke, shale, mafic vol-
canic rocks, limestones, and metamorphic rocks
of the Franciscan complex as well as marine
sedimentary rocks of the Great Valley sequence.
The Franciscan complex is interpreted as ac-
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creted subduction-related material and includes
ophiolite and serpentine fragments, such as the
New Idria body. The Great Valley sequence is
composed of marine sediments deposited in a
forearc basin (Dickinson and Rich, 1972) and
is interpreted to rest on the Coast Range ophio-
lite (e.g., Godfrey et al., 1997). West of the San
Andreas fault and east of the Nacimiento fault,
Cretaceous-age granites and metamorphic rocks
make up the Salinian block, an allochthonous
arc terrane that originated from the southern
end of the Sierra Nevada batholith (Hill and
Dibblee, 1953; Page, 1981). Tertiary and Qua-
ternary sediments are deposited on top of base-
ment rocks across the region.

Next, we summarize what is known about the
major regional faults, including their discrete off-
sets and estimated slip rates, as well as the types
of geologic structures developed in the border-
lands flanking the faults.

Fault Offsets

The San Gregorio—Hosgri fault has been ac-
tive since the mid-Miocene (Clark, 1998) and
presently runs offshore for much of its extent.
Recent work suggests a total of 156 + 4 km
of right-lateral displacement along the fault
(Dickinson et al., 2005) with geologically esti-
mated slip rates of 1-7 mm/yr (Simpson et al.,
1997). The present slip rate is estimated at 3 +
2 mm/yr (WGCEP, 2002; Hanson et al., 2004;
Bird, 2009), but based on the total Neogene off-
set, slip rates must have been higher in the past
(Dickinson et al., 2005).

The Rinconada fault has been active since
the early Tertiary, with 44 + 4 km of offset dur-
ing the Neogene (Graham, 1976) and 18 km
for Pliocene-age formations (Dibblee, 1976).
Although no offsets of Holocene-age units have
been documented (Dibblee, 1976), the current
slip rate is estimated at 1-2 mm/yr (Bilham and
Bodin, 1992).

The San Andreas fault has well-defined
piercing points from Miocene volcanic rocks
(Matthews, 1976; Sims, 1993) and Miocene
shoreline assemblages (Ross, 1970; Nilsen,
1984) suggesting a net displacement of 315 +
10 km (Graham et al., 1989). In central Cali-
fornia, the fault is presently characterized by
aseismic creep between San Juan Bautista
and Cholame (Fig. 1; Allen, 1968; Burford and
Harsh, 1980). Due to changing creep rates along
the fault, the creeping segment is divided into
northwest, central, and southeast segments
(Burford and Harsh, 1980). Maximum creep
rates of 28-30 mm/yr occur along the central
segment between Bitterwater and Slack Can-
yon, based on creep meters (Schulz et al., 1982;
Schulz, 1989), theodolite surveys of alignment
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arrays (Burford and Harsh, 1980), trilateration
networks (Lisowski and Prescott, 1981), con-
tinuous and differential GPS data (Titus et al.,
2005, 2006), and InSAR (Interferometric syn-
thetic aperture radar) (Ryder and Biirgmann,
2008). No major earthquakes have occurred
along the central creeping segment in the last
century, although historical earthquakes in the
1850s to 1880s may have ruptured this seg-
ment of the fault (Toppozada et al., 2002, 2006).
Along the northwest (or San Juan Bautista)
segment, creep rates decrease to zero toward
the locked section of the fault northwest of San
Juan Bautista (Johanson and Burgmann, 2005),
which last ruptured in the 1906 San Francisco
earthquake. Similarly, creep rates decrease to
zero along the southeast (or Parkfield) segment
between Slack Canyon and Cholame; the locked
segment southeast of Cholame last ruptured in
the 1857 Fort Tejon earthquake.

Both the northwest and southeast segments
are characterized by combined aseismic creep
and moderate earthquakes, most recently the
1998 M5.3 San Juan Bautista and 2004 M6.0
Parkfield earthquakes (Fig. 1). Along these
transition segments, creep rates can be variable,
changing in response to earthquakes along the
San Andreas fault (King et al., 1977; Mavko,
1982; Burford, 1988; Gladwin et al., 1994) or
due to regional earthquakes, such as the 1983
Coalinga earthquake (Mavko et al., 1985; Simp-
son et al., 1988). In contrast, the creep rate along
the central segment appears to be constant, at
least for the past 35 yr (Titus et al., 2005), and
perhaps up to the past century (Cashman et al.,
2007), and showed no evidence for changing
creep rates following the 2004 Parkfield earth-
quake (Titus et al., 2006).

While there are other faults throughout cen-
tral California (Fig. 1), displacements on these
faults are less well documented. For example,
the Nacimiento fault, which is an important
boundary between Salinian and Franciscan
basement (Page, 1970), has an enigmatic kine-
matic history with possible sinistral motion
during the Cretaceous (Dickinson, 1983). Oft-
set and slip rates on other faults, such as the
Waltham Canyon thrust fault, which paral-
lels the San Andreas fault in central California
(Fig. 1B), and blind faults coring folds such as
the Coalinga anticline, are poorly constrained.

Borderland Deformation

The Rinconada fault passes through the
Salinian block and has a well-developed fold-
and-thrust belt exposed in Cretaceous through
Pliocene-age sedimentary rocks within ~15 km
of the fault. Folds immediately adjacent to the
fault are typically within Miocene-age rocks;
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these are flanked to the west by folds within
Mesozoic-age rocks and to the east by folds
within Pliocene- and Quaternary-age rocks
(Fig. 2). Fold hinges are typically en echelon
and oblique to the fault strike, and their orien-
tations vary across the region (Dibblee, 1976).
These orientation changes seem to be more
strongly related to position relative to the Rinco-
nada fault rather than the age of folded rocks.
Salinian granites are occasionally exposed west
of the fold-and-thrust belt, with foliations and
folded internal markers (e.g., quartz diorite
dikes) subparallel to the fault (Compton, 1966).
Little deformation is observed between the
fold-and-thrust belt flanking the Rinconada
fault and the San Andreas fault to the east
(Fig. 2). The Salinas Valley shows no evidence
of surficial deformation; an early gravity sur-
vey found an ~30 mGal negative gravity anom-
aly over the valley, indicating that the depth to
bedrock increases in this area (Byerly, 1966).
The rocks in the Gabilan Range adjacent to
the San Andreas fault are flat-lying Tertiary
sedimentary rocks, and Salinian basement is
closer to the surface than in the Salinas Val-
ley, with basement granites occasionally ex-
posed throughout the area. The only region
with evidence for significant deformation is a
5-10-km-wide band immediately southwest of
the San Andreas fault where en echelon folds
with steep-to-overturned limbs are present in
Pliocene and younger rocks (Dibblee, 1971).
Northeast of the San Andreas fault, numerous
folds have developed on Franciscan basement,
although the style of deformation varies with
distance from the fault (Fig. 2). Within ~15 km
of the fault, Cretaceous- through Pliocene-age
rocks are folded with short en echelon hinges
oblique to the fault strike. This folded region is
bounded on the northeast by the Waltham Can-
yon thrust fault, which parallels the San Andreas
for much of its length (Fig. 1B). From 15 km
to 30 km from the fault, larger structures have
developed, including the Vallecitos syncline
(Fig. 2), a 40-km-long, asymmetric fold with
a steep-to-overturned southern limb and more
shallowly dipping northern limb (Enos, 1961).
Nearby, the New Idria serpentine body is ex-
posed in the core of another large fold that paral-
lels the Vallecitos syncline, interpreted as either
the northwest continuation of the Coalinga
anticline (Tsujimori et al., 2007) or the Joaquin
Ridge anticline (Wentworth and Zoback, 1989).
These large folds, with 25-50-km-long hinges,
are ~30° oblique to the San Andreas fault and
often contain older Tertiary and Cretaceous
sedimentary rocks. Beyond ~30 km northeast of
the San Andreas fault, the basic style of defor-
mation changes to long fault-parallel folds, such
as the Coalinga and Kettleman Hills anticlines,
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Figure 1. (A) Digital elevation map and (B) geologic map of central California modified from
Jennings et al. (1977) and Page et al. (1998). Place names and major geologic features men-
tioned in the text are included on these maps. Divisions used for our geodetic analysis in
Figure 9 are indicated by the dashed lines in A, which correspond to the northwest, central,
and southeast segments of the creeping segment. Our geologic transects in Figure 5 are indi-
cated by the dashed boxes in B.
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the folded forms of which are often expressed
in the topography (Fig. 2). These folds typically
involve Pliocene- to Pleistocene-age rocks,
suggesting that they are relatively recent fea-
tures. These younger folds are interpreted to
be cored by blind thrust faults (e.g., Wentworth
and Zoback, 1989) and were the locus of three
southeastward-propagating earthquakes and
their aftershocks in the 1980s (Fig. 1; Ekstrom
et al., 1992; Stein and Ekstrom, 1992).

LONG-TERM DEFORMATION FROM
GEOLOGIC DATA

We use two complementary strategies to char-
acterize patterns of long-term deformation in
the borderlands adjacent to the Rinconada and
San Andreas faults. To examine broad but some-
what qualitative spatial patterns of deformation
throughout central California, we use data from
folds as input in a transpressional kinematic
model. To quantify the magnitude of deforma-
tion recorded between the Great Valley and the
Nacimiento fault, we sum the fault-parallel and
fault-perpendicular displacements recorded by
geologic structures along several transects.

Map Analysis of Folding

Kinematic models for folding typically as-
sume a particular geometry for the fold shape,
which influences quantitative interpretations
about folding. Classic examples include models
for fault-bend folds (Suppe, 1985), fault-propa-
gation folds (Chester and Chester, 1990; Suppe
and Medwedeff, 1990), trishear geometries
(Erslev, 1991; Allmendinger, 1998), or detach-
ment folds (Jamison, 1987; Dahlstrom, 1990;
Mitra, 2002, 2003). These models typically
characterize deformation in cross section alone,
thereby assuming that no material leaves the
plane of the cross section. For the fold-and-thrust
belts in the borderlands in central California, this
assumption prohibits models from characteriz-
ing any fault-parallel deformation, despite field
evidence to the contrary, including the en eche-
lon arrangement of fold hinges (Miller, 1998)
and paleomagnetic data supporting vertical-
axis rotations in the borderlands (White, 1987,
Tetreault, 2006; Titus et al., 2007).

Instead of characterizing fold geometries in
cross section, we examine their characteristics
in map view to estimate the San Andreas fault-
parallel and fault-perpendicular components of
deformation. Our data come from fold hinge
orientations and limb dips available on re-
gional geologic maps. We analyze these data
using a mathematical (as opposed to geometri-
cal) kinematic model of transpression, which
is appropriate for deformation in central Cali-

fornia given the slight obliquity between the
relative plate motion and the strike of the San
Andreas fault.

Transpressional Kinematic Model

While several types of transpressional kine-
matic models are commonly applied to geologic
problems (e.g., Sanderson and Marchini, 1984;
Lin et al., 1998; Jones et al., 2004), we choose
a relatively simple model known as monoclinic
transpression to characterize deformation in
the San Andreas fault borderlands (Fig. 3A;
Fossen and Tikoff, 1993). This representation
of transpression assumes vertical boundaries

Figure 3. (A) Block diagram of X
monoclinic transpression illus-
trating parameters from Equa-
tion 1. (B) Determination of the

and horizontal motion, which are both condi-
tions expected for a primarily strike-slip plate
boundary (Dewey, 2002).

Monoclinic transpression simultaneously com-
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with a noncoaxial, fault-parallel shearing y de-
scribed by the following deformation (or position
gradient) matrix from Tikoff and Fossen (1993):
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The F, component is sometimes simplified as I"
(Fig. 3A). For our modeling, the coordinate sys-
tem of F is aligned such that the x-direction is
parallel to the San Andreas fault, the y-direction
is perpendicular to the fault, and the z-direction
is vertical. Because the F,, component is one, no
shortening or lengthening occurs parallel to the
San Andreas fault, and shortening perpendicular
to the fault (F,,) is balanced exactly by vertical
motion (F,,).

Three useful calculations can be made from
F. The style of transpression can be determined
from the angle of oblique convergence, denoted
a, which represents the movement direction be-
tween the two rigid blocks on either side of a
deforming zone (Fig. 3A). This angle is defined
by Fossen et al. (1994) as

-1
o= tan[lnkJ . 2)
Y

When o = 90°, deformation is purely coaxial;
when o = 0° deformation is purely noncoaxial.
If 0° < o < 90°, deformation is transpressional
and includes both coaxial and noncoaxial com-
ponents. By finding the velocity gradient matrix
L from the deformation matrix F, a method
described in more detail elsewhere (Tikoff and
Fossen, 1993; Provost et al., 2004; Titus and
Davis, 2009), we can compute the instantaneous
stretching axes (ISAs). These orientations are of
interest since they parallel the stress directions
responsible for deformation. We also compute
the bulk rotation of the system ®, which is due
to the noncoaxial component of deformation
(McKenzie and Jackson, 1983). The w angles
are useful for comparison with vertical-axis ro-
tations derived from paleomagnetic data.

Folds in Transpression

To use map data from folds to characterize
deformation, we must understand both the orien-
tations in which folds initiate and the ways that
folds behave during progressive deformation.

Physical and numerical models of folding
in transpression demonstrate that fold hinges
initially form perpendicular to the minimum
(horizontal) ISA (Graham, 1978; Odonne and
Vialon, 1983; Tikoff and Peterson, 1998). For
a particular deformation, this is controlled by
the angle of oblique convergence. For exam-
ple, in our reference coordinate system, fold
hinges form parallel to the San Andreas fault
when o = 90°; progressive deformation causes
fold tightening, but fold hinges remain parallel
to the fault. In contrast, when o < 90°, folds
form oblique to the fault strike, and progressive
deformation causes rotation of the fold hinge
about a vertical axis toward the shear direction
(Wilcox et al., 1973).

Titus et al.

If o0 < 90°, there are two ways to treat the
rotation of fold hinges in map view. They may
rotate passively as material lines, which means
that material in the fold hinge remains in the fold
hinge during progressive deformation. Alterna-
tively, fold hinges may rotate as active markers
that track the orientation of the finite strain el-
lipse during progressive deformation. The con-
clusions drawn from these two treatments of
fold hinges do not differ greatly for moderate
amounts of deformation and are often within the
errors for estimating fold hinge orientations and
limb dips from maps (see fig. 3 in Titus et al.,
2007). In transpressional environments, active
rotation is supported by field data (Biirgmann,
1991), theoretical models (Treagus and Treagus,
1981), and physical models of folding (Tikoff
and Peterson, 1998). In fact, Tikoff and Peterson
(1998) observed material lines rotating through
fold hinges in their experiments of transpres-
sional folding, which cannot occur if fold hinges
behave as passive markers. We therefore assume
active rotation of fold hinges for our modeling.

Using Folds to Determine the
Deformation Matrix F

We use two pieces of information from folds
across the region to solve for the two unknowns
in the deformation matrix F. First, because we
treat folds as active markers, the fold hinge ori-
entation must parallel the long-axis of the finite
strain ellipse. This orientation is the eigenvector
associated with the largest horizontal eigenvalue
of the Finger Tensor FF? (Flinn, 1979). Second,
the limb dip is used to estimate the magnitude of
the short axis of the finite strain ellipse following
the method outlined in the appendix of Jamison
(1991) and adapted slightly for active fold rota-
tion. We assume each fold shape is upright and
symmetric; each fold is approximated by a sine
wave constrained by the maximum limb dip,
which reflects the steepest part of the sine curve.
We compute a line integral of this sine wave to
determine the shortening, which constrains the
square root of the smaller horizontal eigenvalue
of FF™. With one eigenvector and another eigen-
value, we are able to solve for F. There are usu-
ally two possible solutions, and we choose the
one that is dextral and corresponds to transpres-
sion (k < 1). From F, we can determine o and ®
as illustrated in the nomogram in Figure 3B, as
well as the orientations of the ISAs. For refer-
ence, we have also shown how the aspect ratio
and shape of the finite strain ellipsoid vary as a
function of our model input data in Figure 3C.

Fold Data Set and Analysis

Fold hinges were digitized from 15" quad-
rangles (Dibblee, 1971, 1972, 1975; Bartow,
1991) for regions adjacent to the central and
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southeast sections of the creeping segment
(Fig. 4A). Because fold hinges vary in length
and orientation, we divided each hinge into lin-
ear segments of equal length. We found that a
500 m segment length adequately characterized
the level of detail on the original maps. The
distance between the segment midpoint and
the closest fault (either the San Andreas or
Rinconada fault) was calculated, and each seg-
ment was assigned a limb dip based on the
available map data. Although we used local
maximum limb dips to constrain fold shapes,
these still provide a minimum estimate of the
total deformation because prefolding strain
cannot be accounted for using folds as the only
kind of strain marker (Jamison, 1991).

We smoothed natural variability in the map
data by computing weighted average fold
hinge orientations and weighted average limb
dips on a regular 15 km fault-parallel grid
superimposed over the study area (Fig. 4B).
Each grid region is assumed to deform homo-
geneously, which allows us to compute the lo-
cal deformation matrix F, the angle of oblique
convergence 0, and the ISAs. We then exam-
ine patterns of heterogeneous deformation
across the region by contouring values of o
(Fig. 4C) and by plotting the grid results for
the ISAs (Fig. 4D).

Results

Folds flanking the Rinconada fault have
similar orientations on either side of the fault
(Fig. 4B), which creates symmetric 0. con-
tours about the fault (Fig. 4C). However, the o
angles vary along the fault strike. In the north-
west, 0. < 30° is common; in the southeast,
o increases to 45°—60° near the intersection
with the Nacimiento fault. The orientations of
the minimum ISAs are consistently oblique
to the Rinconada fault (Fig. 3D).

Folds flanking the San Andreas fault do not
display the same symmetry across the fault,
although deformation is generally consistent
along the fault strike. Folds to the southwest ex-
tend at most 10 km from the fault, with <10°
between the fold hinge and the fault strike; this
causes high o angles and minimum ISA orienta-
tions that are close to fault normal. Those to the
northeast extend for up to 40 km from the fault,
and the obliquity between the fold hinge and the
fault strike varies with distance (Fig. 4B). Folds
immediately adjacent to the fault have 10°-25°
obliquities, those 15-30 km from the fault have
30°—40° obliquities, and those more than 30 km
away are mostly parallel to the fault. The o an-
gles and ISA orientations therefore form bands
of consistent values reflecting the changing fold
orientations; these bands are generally parallel
to the fault strike.
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Figure 4. Maps of central Cali-
fornia showing data and re-
sults of map-scale fold analysis.
The dashed black line indi-
cates the extent of fold analysis.
(A) The fold hinges were digi-
tized from Dibblee (1971, 1972,
1975) and Bartow (1991). (B)
Weighted averages of fold hinge
orientations on a 15 km grid.
The line thickness is propor-
tional to the sum of the weights
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(D) The minimum horizontal
instantaneous stretching axes
(ISAs) calculated from the
map data. Where there are not
enough folds nearby to compute
a weighted average, no arrows
are drawn. The white triangle
on each map indicates the lo-
cation of the city of Parkfield,
California. Faults are abbrevi-
ated as: NF—Nacimiento, RF—
Rinconada, SAF—San Andreas.
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Discussion of Results

By comparing the deformation patterns
across these two faults, we begin to understand
how large-scale geology can control the re-
gional patterns of deformation. Because folds
are symmetric across the Rinconada fault and
asymmetric across the San Andreas fault, we
suggest that the type (and strength) of base-
ment rocks controls the ultimate distribution
of deformation. The Rinconada fault passes
through a former sedimentary basin on Salinian
basement. The material properties of rocks are
essentially the same on either side of the fault,
and the width of the deforming zone is prob-
ably controlled by inherited basin geometries.
In contrast, the San Andreas fault marks the
contact between Salinian and Franciscan base-
ment. Because Franciscan ultramafic and sedi-
mentary rocks are likely weaker than Salinian
granites, deformation is more intense northeast
of the fault and spreads further from the fault
than deformation to the southwest.

This type of detailed, map-scale analysis has
never been attempted for central California. It

provides a novel, spatial view of deformation
that can be compared to GPS results from the
same region. However, these are only semi-
quantitative results; to extract true quantitative
information would require verification from
other data sets such as cross-section restorations.
While field data adjacent to the Rinconada fault
are consistent with our results (Titus et al., 2007,
Crump et al., 2009), the model is not consistent
with independent data sets from folds along the
edge of the Great Valley, such as the Kettleman
Hills and Coalinga anticlines. For these two large
folds, our model predicts 80° < o < 90° and fault-
perpendicular minimum ISAs. With such a high
angle of oblique convergence, these folds would
remain parallel to the San Andreas fault during
progressive deformation (Fig. 3B), experiencing
neither vertical-axis rotation (®) nor the hinge-
parallel elongation that necessarily accompanies
rotation. However, paleomagnetic data indicate
that both folds have rotated 10°-24° (White,
1987; Tetreault, 2006), and numerous hinge-
perpendicular normal faults along the crest of
the Kettleman Hills North dome have accommo-
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dated hinge-parallel elongation (Woodring et al.,
1940). Using Figure 3B, our predicted value for
o only matches the observed o rotations for ex-
tremely high limb dips, much higher than the
actual ~30°-40° limb dips, demonstrating that
no single progressive deformation event can ex-
plain the data from these folds. We revisit these
anomalous folds in the main discussion section,
where we propose a mechanism to better explain
their growth and development.

Summing Displacement along
Geologic Transects

The previous fold-based analysis demon-
strates that borderland deformation includes
both fault-parallel and fault-perpendicular com-
ponents, as illustrated by o < 90° for most of the
region. This method was only intended to show
qualitative spatial patterns of deformation. In
this section, we estimate the fault-parallel and
fault-perpendicular displacements recorded by
different types of geologic structures to better
quantify off-fault deformation.
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Estimating Displacements

We examine geologic structures along four
transects that stretch from the start of topo-
graphic relief along the western edge of the
Great Valley to the Nacimiento fault (Fig. 5).
Each transect is divided into subdomains with
broadly consistent lithologic and fabric ori-
entations, illustrated by different letters be-
neath the transect. The subdomains include:
(a) en echelon folds, (b) noncylindrical folds,
(c) homoclines at the scale of the transect,
(d) faults with offsets (excluding those with
poorly constrained, vertical displacements such
as the Waltham Canyon fault), (e) undeformed
rock, (f) not enough information to character-
ize deformation, and (g) large-map scale folds
along the edge of the Great Valley. Transect
locations were chosen to correspond with GPS
velocity profiles presented later and to avoid re-
gions with large group f domains where defor-
mation was difficult to quantify.

In group a domains of en echelon folding, we
calculate the fault-parallel and fault-perpendicular
components of deformation following the method
outlined in the previous section. To estimate
error bars associated with these displacements,
we use a small range of fold hinge orientations
and limb dips representative of each subdomain.
For group b domains with noncylindrical folds,
we treat each fold limb separately and halve the
deformation computed from our fold model. For
group ¢ domains of homoclinal deformation, we
use a trigonometric approach that compares the
angular difference between the homocline strike
and the San Andreas fault to find the component
of fault-parallel deformation. To find the fault-
perpendicular component, we use the average
apparent dip and length of the domain. For group
d domains of map-scale faults, we decompose
offset bedding contacts into their fault-parallel
and fault-perpendicular components (relative to
the San Andreas or Rinconada fault strikes) and
sum the components (Wojtal, 1989). In group f
domains where deformation is clearly recorded
in the rocks (for example, elongated serpen-
tine stringers in Fig. 5), but was impossible to
quantify without more detailed field measure-
ments, we assume that no deformation occurred.
No transects had more than 15% of their total
length in this type of subdomain. Finally, for
group g domains with large-map scale folds,
we estimate percent shortening and elongation
using the available data from the region includ-
ing cross-section reconstructions (Namson and
Davis, 1988; Medwedeff, 1989; Wentworth and
Zoback, 1989; Wickham, 1995), paleomagnetic
results (White, 1987; Tetreault, 2006), and geo-
logic maps (Woodring et al., 1940).

Our calculations of displacements for group
a and d domains are the most reliable. The en

Titus et al.

echelon fold model was calibrated with hinge-
parallel elongation derived from small-scale
fault populations and vertical-axis rotations
from paleomagnetic data (Titus et al., 2007).
Although we do not know whether the faults in
group d domains also record vertical motion, the
fault traces are typically straight in map view,
suggesting vertical fault planes. Furthermore,
two main orientations are observed: a large
set of NNW-striking faults with right-lateral
offsets and a smaller set of NE-striking faults
with left-lateral offsets, consistent with R and
R’ orientations, respectively. These observations
suggest that the small-scale faults are strike-slip
faults for which horizontal separations can be
measured from maps. Displacement estimates
for group b and ¢ domains are probably over-
simplified, but they are generally consistent
with the deformation pattern recorded along
adjacent sections of each transect. For group g
domains, the magnitude of fault-perpendicular
shortening is more easily estimated than that
for fault-parallel elongation. Depending on the
fold in question, shortening estimates vary be-
tween 5% and 15%, and hinge-parallel elonga-
tion vary between 1% and 5%, except for the
Coalinga anticline, where we estimate 2%—10%
elongation because of the paleomagnetic data
(Tetreault, 2006). Because we could not account
for offsets along subparallel thrust faults, such
as the Waltham Canyon fault, nor deformation
from group f domains, these cumulative dis-
placements represent minimum estimates.

Cumulative Displacements

In Figure 6, we sum the fault-parallel and
fault-perpendicular components of deformation
starting on the northeast side of each transect.
Each point represents the average deformation
estimated from a single subdomain, which is
why the distance between points and total num-
ber of points varies for different transects. The
error bars reflect the maximum and minimum
values based on our ability to bracket deforma-
tion for particular subdomains. For ease of com-
parison, the graphs from all transects are aligned
with the San Andreas fault. Noteworthy charac-
teristics of specific transects are discussed next.

Northeast of the San Andreas fault, displace-
ments from the NW and central transects can
be fit with a relatively straight line, whereas
the SW and Carrizo transects show a more pro-
nounced curvature. This suggests that deforma-
tion is more evenly distributed in the northern
two transects, while deformation is concentrated
closer to the San Andreas fault in the southern
two transects. For all four transects, displace-
ments across the Rinconada fault can each be fit
with a relatively straight line, although the slope
of that line varies between transects; the great-
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est displacements are accommodated across the
Carrizo transect, and the least are across the SW
creeping segment.

All transects show cumulative displacements
of 10-14 km with two exceptions: the ~8 km
fault-perpendicular displacement for the NW
creeping segment and the ~8 km fault-parallel
displacement for the central creeping segment.
We suggest that these lower estimates are related
to difficulties in characterizing deformation in
these transects. For the NW creeping segment,
we could not quantify deformation in the group
f domain closest to the Great Valley (Fig. 5).
The obliquity of bedding in this area is not eas-
ily reconciled with a dextral strike-slip fault sys-
tem, and therefore we did not apply any method
to characterize deformation. Further, this region
has several thrust faults that clearly accommo-
date shortening but do not have well-defined
offsets (Fig. 5; e.g., Lettis, 1985). Similarly,
the fault-parallel displacement from the central
creeping segment is likely underestimated due
to three particular subdomains: the Franciscan
rocks immediately northeast of the San An-
dreas fault, Quaternary sediments southwest of
the Rinconada fault that may obscure geologic
structures, and our estimate of 2%-10% hinge-
parallel extension in the Coalinga anticline. If
we could better characterize deformation across
these two transects, we suggest the cumulative
displacements would better match the estimates
from the three other transects.

Comparison with Other Studies

Displacement estimates across the Rinconada
fault can be compared to several studies that
used folds to estimate the kinematics of defor-
mation. Along the NW creeping segment tran-
sect, the present method determined ~2.5 km of
fault-parallel displacement. This is consistent
with the 2.3-5.0 km estimate from Titus et al.
(2007), based on a slightly different summation
method, as well as the ~2 km estimates from
the map-based approach of Jamison (1991) and
Krantz (1995). The fault-perpendicular estimate
of ~2.5 km is also consistent with the results
from these studies.

Displacements northeast of the San An-
dreas fault can be compared to cross-section
reconstructions that rely on seismic data. This
comparison is only possible for the fault-per-
pendicular component, since these models as-
sume that there is no fault-parallel component
of deformation. Near our central creeping tran-
sect with ~9 km of shortening, Namson and
Davis (1988) estimated 11 km of shortening
for a longer cross section that extended further
into the Great Valley than our transect. Across
the Kettleman Hills portion of our SE creeping
transect with ~4 km, Bloch et al. (1993) found
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Fault-parallel geologic displacement

Titus et al.

Fault-perpendicular geologic displacement
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Figure 6. Off-fault deforma-
tion quantified from the four
geologic transects in Figure 5.
Fault-parallel components are
shown in the left column; fault-
perpendicular components are
in the right column. Each data

point represents the deforma-

tion estimated in a single sub-
domain. Note that the error bars
become progressively larger to
the southwest because displace-
ments were summed cumu-
latively from the northeast.
Faults are abbreviated as: NF—
Nacimiento, RF—Rinconada,
SAF—San Andreas.

Fault-parallel displacement (km)

Fault-perpendicular displacement (km)

~3.7 km of shortening, of which 2.3 km oc-
curred in the past 2.5 m.y. Near the Lost Hills
portion of our Carrizo transect with 3.5 km,
Medwedeft (1989) found 4.5 km of shortening.
Thus, our fault-perpendicular displacements are
generally consistent with those derived from
very different types of kinematic models.

We can compare our cumulative estimate of
~12 km of fault-perpendicular displacement
with two independent estimates of total short-
ening across the region. Argus and Gordon
(2001) used topography coupled with an Airy
model of isostatic compensation as a proxy for
shortening, estimating that ~15 km of fault-
perpendicular displacement is required to match
the topography across the portion of the plate

50

Distance from San Andreas fault (km)

boundary above sea level. Namson and Davis
(1988) extended their fault-bend fold model
across the Coast Ranges, estimating 33 km of
fault-perpendicular shortening. Our results are
consistent with the former estimate and much
lower than the latter, which we suggest is too
high for several reasons. First, Namson and
Davis (1988) did not account for the distinct
change in deformation style on Franciscan and
Salinian basement on either side of the San An-
dreas fault. Of the 33 km of shortening, 22 km
are inferred to have accumulated on regions with
Salinian basement near faults that have less total
displacement than the San Andreas fault. Sec-
ond, their model assumes that borderland defor-
mation is characterized by only fault-normal
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50

Distance from San Andreas fault (km)

shortening with no fault-parallel elongation.
This leads to an overestimate of the total fault-
perpendicular displacement and no estimate of
fault-parallel displacement (Teyssier and Tikoft,
1998). Last, to develop the observed topography
across the creeping segment at the present fault-
normal plate motion rate, the 33 km shortening
estimate would require 7-18 m.y. (Argus and
Gordon, 2001), much longer than is supported
by the timing of the Coast Range orogeny (Page
etal., 1998).

Implications of this Analysis

There are several important implications of
this analysis. First, the magnitudes of cumulative
fault-parallel and fault-perpendicular displace-
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ments are approximately equal. This is contrary
to the common viewpoint about borderland
deformation in central California, which often
assumes that these regions only record fault-per-
pendicular shortening (Mount and Suppe, 1987;
Zoback et al., 1987). Second, the magnitude of
off-fault deformation is approximately the same
across both creeping and locked segments of
the fault, suggesting that long-term distributed
deformation is similar across central California
despite the difference in fault behavior. Third,
the distribution of geologic displacements is un-
even across the region and appears to be related
to basement type. At least half, and perhaps up
to two-thirds, of each total displacement is ac-
commodated northeast of the San Andreas fault
on Franciscan basement. The remainder is ac-
commodated adjacent to the Rinconada fault;
displacements are absent between the two
major faults where Salinian basement is often
at or near the surface. Last, deformation is more
smoothly distributed northeast of the fault for
the two northern transects and is accommodated
by large-scale folding. In contrast, deformation
is more narrowly confined in the southern tran-
sects (<25 km from the fault) and primarily ac-
commodated by subsidiary strike-slip faults that
are oblique to the San Andreas fault.

Displacement Rates

To compare these estimates of geologic
deformation to short-term GPS deformation de-
scribed in the following section, we convert our
geologic displacements (~12 km for both fault-
parallel and fault-perpendicular components)
to displacement rates. Such a conversion is
challenging because geologic structures record
deformation over long time scales and can re-
sult from complex patterns of deformation and
changing kinematics over time. We thus make
simplifying assumptions about the timing of
deformation to produce a range of displacement
rates that bracket the likely lower and upper
limits on the long-term deformation rates in the
borderlands.

Most off-fault deformation recorded by folds
and other structures probably occurred since
the relative shift in plate motion to oblique
convergence that favored uplift and shortening
within the Coast Ranges. This shift is bracketed
between 8 Ma (Atwater and Stock, 1998) and
3.5 Ma (Pollitz, 1986; Page et al., 1998), sug-
gesting that geologic structures between the
Great Valley and the Nacimiento fault record
~1.5-3.5 mm/yr displacement rates. We sug-
gest that the faster rates are more likely based
on three lines of reasoning.

First, deformation intensified in many parts
of central California in the Pliocene (Taliaferro,
1943; Page et al., 1998). For example, folds

hinges near the Rinconada fault are in Miocene-
and Pliocene-age rocks (Dibblee, 1976), sug-
gesting that folding occurred after the Pliocene
rocks were deposited. Bloch et al. (1993) found
that 80% of the shortening across the Kettleman
Hills South Dome region was accommodated in
the last 2.5 m.y. Wentworth and Zoback (1989)
suggested that the primary uplift of Kettleman
Hills and other Great Valley folds has been in the
past 2 m.y. Thus, much of the geologic evidence
for deformation has occurred more recently than
the 8 Ma estimate for the shift in plate motion
(Atwater and Stock, 1998).

Second, we have not captured all the defor-
mation recorded by geologic structures, and our
cumulative estimates are minimum values. For
example, we could not quantify deformation at
scales finer than the 15" map scale, contributions
from regional structures such as the Waltham
Canyon fault, deformation in clearly deformed
Franciscan rocks or other group f subdomains,
or deformation under valleys or along other
buried structures.

Third, we have better constraints on the tim-
ing of folding adjacent to the Rinconada fault
(Dibblee, 1976), which hint at the faster values
for displacement rates. Fold hinges are parallel
in sedimentary rocks of Miocene and Pliocene
ages, suggesting that folding occurred in the last
5 m.y. after the Pliocene rocks were deposited.
These folds record 2.5-5 km of fault-parallel
displacements (Titus et al., 2007), suggesting a
displacement rate of 0.5-1 mm/yr. The displace-
ment rate recorded by geologic structures north-
east of the San Andreas fault should be equal to
or likely higher than that recorded adjacent to
the Rinconada fault because: (1) the shape of
geologic displacement gradients across central
California (Fig. 6) indicates that deformation is
concentrated northeast of the San Andreas fault
on Franciscan basement, and (2) the San An-
dreas fault has had an order of magnitude more
total displacement than the Rinconada fault, sug-
gesting that higher off-fault displacement rates
might be expected adjacent to this fault. Thus,
we suggest that geologic structures between the
Nacimiento fault and the edge of the Great Val-
ley record the higher end of the 1.5-3.5 mm/yr
displacement rate range for both fault-parallel
and fault-perpendicular components.

SHORT-TERM DEFORMATION
FROM GPS DATA

GPS Data

Data Processing Methods

We used data from 102 continuous and 48
campaign GPS stations to quantify the veloc-
ity field across central California. Data for these
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stations begin as early as the mid-1990s and ex-
tend through May of 20009.

We analyzed daily and campaign GPS data
with GIPSY software from the Jet Propulsion
Laboratory (JPL) and AMBIZAP software to
resolve phase ambiguities (Blewitt, 2008). We
used a precise point-positioning strategy (Zum-
berge et al., 1997) and fiducial-free satellite
orbits and clock corrections from JPL (Heflin
et al., 1992) to estimate daily, no-fiducial sta-
tion coordinates. The loosely determined,
daily station coordinates were transformed to
ITRF2005 (Altamimi et al., 2007) using daily
seven-parameter Helmert transformations from
JPL. Common-mode noise in the GPS time
series was estimated from the time series of
well-behaved, continuous stations within and
external to our study area and removed from co-
ordinate time series for all sites (Marquez-Azia
and DeMets, 2003). The final coordinate time
series have daily repeatabilities of 1-2 mm in
latitude and 2-3 mm in longitude.

After processing the raw GPS data, we esti-
mated GPS station velocities via linear regres-
sion of the station coordinates, including any
known or estimated offsets due to hardware or
other changes at individual GPS stations or due
to earthquakes. The coseismic and postseismic
offsets caused at our continuous stations by the
2003 San Simeon and 2004 Parkfield earth-
quakes were estimated and removed as part of
our linear regressions of their coordinate time
series (details are provided in the GSA Data
Repository'). At stations with only infrequent
campaign measurements, we used offsets pre-
dicted from the elastic deformation models for
the coseismic and postseismic effects of the two
earthquakes (Johanson et al., 2006) to correct
the site coordinate time series.

Uncertainties in the GPS station velocities
were determined using an empirically derived
error model that accounts for different noise
components in the GPS time series (Mao et al.,
1999) and includes uncertainties propagated
from the covariances of the angular velocity
vectors described later in this paper. The veloc-
ity uncertainties do not include any additional
uncertainty due to the imperfectly known earth-
quake-offset corrections described previously
and therefore likely understate the true uncer-
tainties. The possible bias in a station’s velocity
due to the imperfect corrections for the effects
of the two earthquakes depends on the particu-
lars of its location relative to each of the two
rupture zones as well as the specific time period

!GSA Data Repository item 2011010, additional
information about the global positioning system sta-
tion velocities used in this study, is available at http://
www.geosociety.org/pubs/ft2010.htm or by request
to editing @ geosociety.org.
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spanned by the site. Numerical experiments
with our GPS time series suggest that the likely
bias is smaller than 1 mm/yr at most sites flank-
ing the central creeping segment, where most of
our stations are located, but may be as large as
2 mm/yr for stations within 20 km of the San
Simeon and Parkfield ruptures, where the tran-
sient postseismic effects of the two earthquakes
may contribute significantly to the site motions
for years after the earthquakes. We thus exercise
caution in interpreting the velocities of stations
near either of the rupture zones.

Pacific Plate and Sierra Nevada—Great Valley
Reference Frames

Using Sierra Nevada—Great Valley block
boundaries adapted from Dixon et al. (2000),
we determined the motion of this block relative
to ITRF2005 from the velocities of 32 continu-
ous stations for which we processed daily data
(see the supplemental material for more infor-
mation about GPS station velocities and refer-
ence frames [see footnote 1]). The location and
residual motions of each of the 32 sites (sup-
plemental Fig. DRI [see footnote 1]) define a
self-consistent set of velocities with a weighted
root-mean-square misfit of their best-fitting an-
gular velocity vector (supplemental Table DR1)
of 0.9 mm/yr, close to the estimated velocity
uncertainties. The velocities of 27 continuous
stations from locations in the interior of the Pa-
cific plate (supplemental Fig. DR2 and Table
DR2 [see footnote 1]) were used to estimate the
best-fitting Pacific plate angular velocity vector
(Table 1) and have a weighted root-mean-square
misfit of 1.2 mm/yr, also close to the estimated
station velocity uncertainties.

The angular velocity vector that best de-
scribes the motion of the Sierra Nevada—
Great Valley block relative to the Pacific plate
(Table 1) predicts motion of 36.9 + 0.3 mm/yr
toward N32.6°W + 0.4° near the center of our
study area (36.2°N, 120.7°W), ~8° clockwise
from the N41°W strike of the San Andreas fault
in central California. When rotated onto the azi-
muth of the San Andreas fault, our new angular
velocity predicts fault-parallel dextral motion of
36.5 + 0.2 mm/yr and fault-perpendicular short-
ening of 5.4 + 0.3 mm/yr. For comparison, the
motions predicted by the Sierra Nevada—Great
Valley—Pacific angular velocity vectors of Argus
and Gordon (2001) and d’Alessio et al. (2005)
are 38.8 + 2 mm/yr, N36.1°W = 2°, and 37.9 +
0.6 mm/yr, N34.2°W = 0.8°, respectively, which
are faster than predicted by our new estimate
and more parallel to the San Andreas fault. The
3.0 £ 2.0 mm/yr (16) and 1.4 = 0.7 mm/yr (10)
respective vector differences between our new
and these previous estimates are not, however,
significant at the 95% confidence level.
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TABLE 1. BEST-FITTING GLOBAL POSITIONING SYSTEM (GPS) ANGULAR VELOCITY VECTORS

® Gy G,y G, Gyy [ G,,
Plate N Lat. Long. (°/m.y.) (x1078 radians?/m.y.2)

SNGV-ITRF05 32 7.8°S  111.9°W 0.289 154 421 363 255 -236 -39.1
PA-ITRF05 27 635°S 110.7°E 0.676 0.11 0.03 004 002 -0.01 0.00
SNGV-PA 60 46.0°N 90.0°W 0.787 15.5 42.2 36.3 25.5 -23.6 -39.1

Note: Abbreviations: SNGV—Sierra Nevada—Great Valley block; PA—Pacific plate. Angular velocity vectors
specify counterclockwise rotation of the first named plate relative to the fixed (2nd) plate around the specified
pole coordinates. The Cartesian angular velocity covariances are specified in the last six columns. N indicates the
number of GPS stations that were used to determine the best-fitting angular velocity vector. The station velocities
used to determine these angular velocities are given in Tables DR1 and DR2 of the electronic supplement

(see text footnote 1).

Velocity Field in Central California

We present the velocity field from central
California in two different frameworks: in stan-
dard geographic orientation (Fig. 7) to facilitate
comparison with the geologic data presented
in Figure 4, and as a San Andreas fault—paral-
lel oblique Mercator projection (Fig. 8) plotted
with local seismicity data.

The motions of GPS sites southwest of the
fault are nearly parallel to, but slightly con-
vergent with the San Andreas fault when all
station velocities are plotted relative to the
Sierra Nevada—Great Valley block (Fig. 7A).
This pattern is consistent with the predictions
of our new and previous Sierra Nevada—Great
Valley—Pacific plate angular velocity vectors
for 3-5 mm/yr of fault-normal motion in cen-
tral California. To better emphasize the details
of short-term deformation on both sides of the
San Andreas fault, we subtract Pacific plate
motion from stations southwest of the fault
(Fig. 7B). In this plot, broad patterns emerge
on both sides of the fault that are spatially cor-
related with the changing slip style along the
fault strike. Northeast of the fault, velocity vec-
tors adjacent to the central creeping segment
are slower (<5 mm/yr) and more N-directed
than those adjacent to the southeast creep-
ing segment (5-10 mm/yr); the transition be-
tween these two different velocity domains is
rapid. Southwest of the fault, velocity vectors
adjacent to the creeping segment are slower
(3-7 mm/yr) and directed 20°-35° oblique
to the fault strike, in comparison to faster
(>10 mm/yr) fault-parallel velocities adjacent
to the southeast creeping segment.

In Figure 8, the slowing velocity vectors
northeast of the fault (the upper half of Fig. 8),
which cause differential convergent motion,
occur across the Coalinga and Kettleman Hills
anticlines and coincide with the broad seismic
zone north of Parkfield. Southwest of the fault
(lower half of Fig. 8), little seismicity occurs
immediately adjacent to the San Andreas fault.
However, a similar zone of convergence is ob-
served near the San Simeon seismic zone. The
velocity vectors across this region are consistent
with the NE-SW shortening that was accom-
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modated by reverse faulting that occurred dur-
ing the 2003 M,, 6.5 San Simeon earthquake
(Hardebeck et al., 2004).

Velocity Profiles across Central California

The fault-parallel and fault-perpendicular
components of the GPS site velocities are plot-
ted in Figure 9. The data were projected from
a swath across the fault (Figs. 1 and 8) onto a
single fault-normal transect for the northwest,
central, and southeast creeping segments, and
the Carrizo plain segment. These four transects
roughly coincide with the geologic displacement
gradients from Figure 6. (The slight mismatch
between transects, especially for the third across
the SE creeping segment, was necessary because
a large section of Franciscan serpentinite is ex-
posed near Parkfield, which would result in a
less accurate estimate of geologic displacement.)

The fault-parallel velocity components plotted
relative to the Sierra Nevada—Great Valley block
(left column of Fig. 9) highlight the changing
behavior of the San Andreas fault along strike.
The motions of stations across the Carrizo tran-
sect vary smoothly across the fault and exhibit
the sigmoidal shape consistent with elastic strain
that accumulates adjacent to a locked fault. In
contrast, the velocities of GPS stations adjacent
to the creeping segment change suddenly at the
San Andreas fault, offering clear evidence for
varying amounts of fault creep. These partially to
fully creeping transects also show an additional
4-6 mm/yr of motion on either side of the fault
over distances of 50 km or more.

Three of the four transects also clearly exhibit
gradients in their fault-perpendicular velocity
components (right column of Fig. 9), totaling
up to 4-6 mm/yr along their 100 km or longer
lengths. These observed station motions are
consistent with the 3-5 mm/yr predicted at this
latitude for a fault striking N41°W by our own
Sierra Nevada—Great Valley—Pacific plate angu-
lar velocity (Table 1) and thus indicate that most
or all of the predicted contractional deforma-
tion between these two plates is accommodated
within 100 km of the San Andreas fault.

The Parkfield transect, however, shows little
evidence of shortening (Fig. 9F), consistent with
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results from other recent geodetic studies in that
region (e.g., Shen and Jackson, 1993; Murray
et al., 2001). This transect is the shortest of the
four, extending <25 km northeast of the fault and
only 75 km in total, in contrast to three longer
transects across central California. Southwest of
the San Andreas fault, the fault-normal compo-
nent of the GPS station velocities gets smaller
with distance from the fault (Fig. 9F); this trend
is opposite of that observed for the transects far-
ther to the northwest (Figs. 9B-9D). More than
half of the stations in this transect southwest of
the fault are located within 25 km of the rup-
ture zones of the 2003 San Simeon and 2004
Parkfield earthquakes. The effects on their esti-
mated velocities from the incompletely modeled
postseismic transient effects of those two earth-
quakes may be as large as 2 mm/yr (see previous
discussion). We therefore place little emphasis
on the anomalous fault-normal velocity pattern
for this transect.

Velocity Gradients and Reference Frames

Because the velocities of GPS sites from the
San Andreas fault borderlands were not used to
estimate either Pacific plate or Sierra Nevada—
Great Valley block motion, we use them in
Figure 9 to test the accuracy of the angular
velocities from Table 1 and compare our plate
motion model with those of Argus and Gordon
(2001) and d’Alessio et al. (2005).

Throughout the study area, the two other
models predict rates of fault-normal contrac-
tion that are 2—4 mm/yr slower than the fastest
measured rates. Both models thus underestimate
the fault-normal component of motion between
these two plates. Our new Sierra Nevada—Great
Valley—Pacific plate angular velocity better pre-
dicts the measured fault-normal rates, but still
predicts rates that are 1-2 mm/yr slower than the
most rapid measured rates along two transects.
Similarly, our new angular velocity predicts
velocities with fault-parallel components that
agree better with the maximum measured fault-
parallel velocities, particularly along the central
creeping segment (Fig. 9C), where the absence
of any elastic deformation associated with the
San Andreas fault simplifies the comparison.

Strain Rate Analysis

Methodology

To better compare and contrast our geodetic
and geologic measurements of off-fault defor-
mation, we calculated instantaneous strain rate
tensors from the GPS velocity field. These ten-
sors are invariant to the reference frame to which
the GPS velocities are referred and are thus free
from possible biases related to a particular reali-
zation of the Sierra Nevada—Great Valley or

Pacific plate reference frame. The orientations
of strain rate axes are thus well suited for a com-
parison to the ISAs derived from our fold-based
analysis (Fig. 4D). Drawbacks to this approach
include correlations that are introduced between
adjacent strain rate tensors that are estimated
from spatially overlapping sets of GPS veloci-
ties, as well as variations in the strain rate ten-
sors due to the heterogeneous station spacing.

We used the gridded, distance-weighted ap-
proach of Allmendinger et al. (2007) to invert
GPS velocities for the velocity gradient tensor
at nodes defining a regular grid in central Cali-
fornia. Our node spacing of 9 km approximates
the average station spacing in the field area. The
velocity gradient tensor at each node is calcu-
lated from the surrounding GPS velocities. The
importance or weight, W, of each GPS datum in
the solution depends on its distance d from the
grid node and a smoothing factor 3 (Shen et al.,
1996), as follows:

—d

W=e. 3)

Undersmoothing the solution results in noisy
velocity gradient tensors for grid nodes that
sample only a few GPS stations. Conversely,
oversmoothing the solutions undersamples the
spatial density of the GPS network, resulting in
overly smooth strain rate patterns. We chose our
smoothing factor based on trial and error; with 3
= 12 km, the impact of noisy data was reduced
without sacrificing many details in the strain
rate patterns.

The weights W were used to create a diagonal
weighting matrix W, which was inverted using a
standard formulation (Menke, 1984) for a linear
inverse problem

m=[G'WG] G'Wd, “

where G is a design matrix relating GPS sta-
tion velocities to the velocity gradient tensor at
a given location within the GPS network, m is
a vector that contains the entries of the velocity
gradient tensor, and d is a vector that contains
the GPS velocity data. The construction and
form of G, m, and d are described in detail by
Allmendinger et al. (2007).

At each node, we decompose the velocity
gradient tensor into a strain rate tensor and a
vorticity tensor. From the eigenvalues and eigen-
vectors of the strain rate tensor, we calculate
the dilatation rate and ISAs for that grid node
(Allmendinger et al., 2007). Positive dilatation
corresponds to horizontal extension that should
be balanced by vertical thinning (subsidence).
Negative dilatation corresponds to horizontal
contraction that should be balanced by vertical
thickening.
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Results

Figure 7D shows the orientations of the
ISAs and dilatation rates calculated from our
observations at GPS stations throughout the
region. Throughout the study area, the strain
axes that correspond to shortening (blue lines)
generally strike N-S, ~45° oblique to the San
Andreas fault and consistent with those expected
for a NW-striking, dextral fault. The most robust
features of the strain rate pattern, as determined
by their geographic area and the numbers of
GPS stations that define them, consist of a re-
gion of prominent contraction north of Parkfield
with dimensions ~60 km east-to-west and 30
km north-to-south (i.e., the blue area labeled “C
region” in Fig. 7D) and a region of prominent
extension southwest of Parkfield with dimen-
sions ~50 km east-to-west and 40 km north-to-
south (i.e., the red area labeled “E region” in
Fig. 7D). The contractional region results from
the progressive decrease and clockwise rotation
of velocities exhibited by GPS stations on the
Sierra Nevada—Great Valley block north and
northwest of Parkfield (Figs. 7B and 8). The ex-
tensional region results from the progressively
faster motions of GPS stations on the Pacific
plate adjacent to the creeping segment south-
eastward from the locked Carrizo Plain fault
segment (Figs. 7B and 8).

Other possibly significant variations in the
strain rate pattern also emerge from the GPS
velocity field, particularly in areas with numer-
ous GPS sites that flank the creeping segment.
In particular, an elongate region of low or zero
dilatation extends ~50 km parallel to the San
Andreas fault northeast of the creeping seg-
ment (labeled “N region” in Fig. 7D), where
GPS velocities exhibit no apparent spatial varia-
tions (Figs. 7A-7B and 8). This agrees with
previous reports of low strain rates northeast of
the central creeping segment from Electronic
Distance Meter (EDM) and GPS observations
(Rolandone et al., 2009; Savage, 2009).

Using a different technique for estimating
spatially averaged strain rate tensors, Hackl et al.
(2009) derived a dilatation rate field for central
(and southern) California from many fewer GPS
stations than are used in this study. Although
their strain rate pattern in central California
(shown in their fig. 6) is similar to ours in some
respects, the most prominent and robust feature
of our strain rate pattern, the contractional region
north of Parkfield, is weak or absent in the Hackl
et al. (2009) solution. The reason for this differ-
ence is clear—their GPS velocity field lacks any
stations northeast of the creeping segment of the
San Andreas fault, which are essential for defin-
ing the fault-parallel velocity gradient that is the
basis for identifying the region of contractional
dilatation northwest of Parkfield.
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Figure 7. (A) GPS station motions relative to the SNGV microplate; error ellipses show 95% confidence intervals. (B) GPS station motions
in two reference fames: relative to SNGYV for sites northeast of the San Andreas fault and relative to the Pacific plate (PA) for sites south-
west of the fault. (C) GPS station motions predicted by the elastic half-space model of Rolandone et al. (2008) in same reference frames as
for B. (D) Strain rate distribution calculated from the velocity field with dilatation rates (colored contours), instantaneous stretching axes
(blue lines — principal shortening, red lines — principal elongation), GPS station locations (black dots), and major faults. The labels point to
areas of well defined contractional (C), extensional (E), and low-to-no (N) dilatational strain described in the text. (E) Strain rate distribu-
tion calculated from velocities predicted at the GPS station locations from an elastic half-space driven by the San Andreas fault slip rate
distribution of Rolandone et al. (2008). (F) Strain rate distribution calculated from the same elastic half-space model as for part B, but
from velocities predicted at uniformly spaced grid nodes throughout the study area. The white triangle on each map indicates the location
of Parkfield, California.
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Figure 8. Oblique projection of GPS velocity field from Figure 7B and regional earthquake epicenters and focal mechanisms. The map
equator has an azimuth of N41°W, parallel to the San Andreas fault. Earthquakes include all events with magnitude greater than 1 from
1972 to 2009 and are from the Northern California Earthquake Data Center. Focal mechanisms are Harvard Centroid Moment Tensor
solutions for the period 1976-2009 and are limited to magnitudes greater than 6. GPS velocity uncertainties are 2-D, 16 and are either rela-
tive to the Sierra Nevada—Great Valley microplate (blue) or the Pacific plate (red). Dashed yellow line is a small circle centered on the Sierra
Nevada—-Great Valley—Pacific pole from Table 1, which corresponds to the direction of instantaneous geodetic motion. Vertical dashed lines
show the limits of the four GPS velocity transects.

Elastic Contribution of the
San Andreas Fault

We next use forward elastic half-space model-
ing to illustrate that the pattern of strain rates
shown in Figure 7D is consistent to first order
with that expected for a locked strike-slip fault
that incorporates a freely slipping segment. The
modeling demonstrates that some of the strain
rate patterns are robust, whereas others are
likely artifacts of the nonuniform GPS station
locations in the study area.

Predicted GPS Velocity Field

Our elastic half-space approximation for cen-
tral California includes a single vertical strike-
slip fault that represents the San Andreas fault.
The model representation of the creeping seg-
ment of the San Andreas fault, which extends
from San Juan Bautista to Parkfield and to

depths of 12 km, is subdivided into smaller sec-
tions along strike and with depth, as shown by
Rolandone et al. (2008). In addition to the shal-
low creep, the model includes slip on the San
Andreas fault deep below and far to the north-
west and southeast of the creeping segment.
Analytical equations from Okada (1985) are
used to determine the elastic response at each
GPS site to slip rates that are imposed across
each of the subfault segments. These slip rates
correspond to the best-fitting slip-rate distribu-
tion determined by Rolandone et al. (2008) from
an inversion of an earlier version of this GPS
velocity field.

To first order, the velocity field predicted by
our elastic model (Fig. 7C) matches the chang-
ing orientations and magnitudes of the observed
GPS station velocities (Fig. 7B), which are
important for defining the primary strain-rate
features described in the previous section. The

Geological Society of America Bulletin,

observed and predicted velocities, however,
disagree in two primary respects. First, the pre-
dicted velocities southwest of the San Andreas
fault gradually change from S- to SE-directed
gradually adjacent to the central to SE creeping
segment and are 7 mm/yr or faster. In contrast,
the measured velocities are slower than the
modeled velocities; their orientations abruptly
change from S-directed adjacent to the central
creeping segment to SE-directed near the SE
creeping segment. Second, stations northeast of
the fault and adjacent to the creeping segment
are predicted to move more slowly and more
parallel to the fault than is observed (compare
blue velocities in Fig. 7C to Fig. 7B).

Predicted Strain Rate Pattern

We applied the strain rate analysis described
in the previous section to two versions of the
GPS velocity field predicted from our elastic
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station velocities from Figure 7B
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modeling: one for velocities determined at the
existing GPS station locations (Fig. 7E) and a
second for velocities that define a hypotheti-
cal uniform grid within the study area (Fig.
7F). The predicted strain rate pattern for the
former (Fig. 7E) closely matches the pattern
of strain rates determined from our observed
velocities (Fig. 7D). By implication, the
GPS velocities are broadly consistent with
the simple elastic half-space model described
by Rolandone et al. (2008).

0 50 100
Distance from SAF (km)

A comparison of the predicted strain rate
patterns for the GPS station locations (Fig. 7E)
and uniform grid (Fig. 7F) indicates that het-
erogeneous sampling of a large-scale pattern of
deformation introduces artifacts into the result-
ing strain rate pattern, a point also emphasized
by Allmendinger et al. (2007). By implication,
some of the variations apparent in the observed
strain-rate pattern (Fig. 7D) are likely to be arti-
facts of the uneven sampling provided by the
present GPS network. For this reason, we focus
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on the large-scale patterns of contraction and
extension described previously in this paper and
do not interpret the secondary variations shown
in Figures 7D-7E.

Conclusions from Velocity Field Modeling
and Strain Rate Analysis

The observed GPS velocity field and pattern
of strain rates derived from it are consistent with
the predictions of our simple elastic half-space
model. The velocities and strain rate patterns in
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our model are controlled by varying slip rates
along a vertical strike-slip fault. suggesting
that the first-order patterns in strain rates, with
contraction northeast and extension southwest
of Parkfield, are controlled by the locked to
creeping transition along the San Andreas fault.
Although the success of the simple elastic half-
space model in matching the GPS velocity pat-
tern suggests that future ruptures of adjoining
segments of the San Andreas fault will relieve
some or all of the spatially varying elastic strain
that accumulates in the fault borderlands, we
next describe evidence that permanent deforma-
tion in the fault borderlands may also relieve a
significant fraction of the elastic strain.

COMPARISON OF LONG-TERM AND
SHORT-TERM DEFORMATION

We compare geologic and geodetic rates of
deformation from the four transects across the
San Andreas fault as paired panels in Figure 10.
The geologic displacements were transformed to
displacement rates by assuming that all defor-
mation occurred in the past 3 m.y., based on the
major Pliocene—Pleistocene phase of geologic
deformation (Page et al., 1998). The surficial fault
creep rate was removed from GPS data southwest
of the fault to display both fault-parallel and fault-
perpendicular velocity gradients at the same scale
(except panel E). For this reason, the fault-parallel
gradient across the Carrizo plain was excluded
because elastic strain dominates the signal, and
no direct comparison can be made.

Four of the seven sets of panels, those for the
northwest and central creeping segment (A-D),
show broad agreement between the two data
sets. The pair in panel E is also broadly consis-
tent, but because the scales are quite different,
we do not describe deformation for this panel
in more detail. For panels A-D, geodetic defor-
mation is confined to the region where geologic
displacements accumulate and is not, for ex-
ample, observed in the Great Valley. Both data
sets demonstrate that at least half of the cumu-
lative deformation accrues northeast of the San
Andreas fault. The GPS velocities also suggest,
within their uncertainties, that little or no defor-
mation accumulates between the Rinconada
and San Andreas faults on Salinian basement.
We note, however, that the GPS velocities from
transects across the creeping segment are too
noisy to distinguish between the sigmoidal dis-
placement rate distribution expected for a partly
locked fault (such as those observed across the
Carrizo plain by Schmalzle et al., 2006) and
the slip-rate pattern for a fully creeping fault that
lacks any contribution from elastic strain.

The two panels in this comparison that are
least consistent (F-G) record the fault-perpen-

dicular rates from the SE creeping and Carrizo
transects. For both transects, shortening is re-
corded by the geologic data but is not presently
observed in the GPS rates. We suspect that this
is related to two factors. First, the GPS data
from these transects only extend 25-40 km
northeast of the San Andreas fault, compared to
50 km or more for the SE and central creeping
segment transects. Thus, we may be missing
some component of fault-perpendicular mo-
tion northeast of the GPS stations. Second, the
GPS data southwest of the San Andreas fault
show no fault-perpendicular shortening for
the Carrizo segment and actually show fault-
perpendicular lengthening for the Parkfield
segment (i.e., fault-normal rates southwest of
the San Andreas fault are slower than those
northeast of the fault relative to Sierra Nevada—
Great Valley). Both of these transects intersect
the broad region of extension predicted from
our strain rate modeling (Fig. 7F), possibly
accounting for the apparent absence of short-
ening. In addition, the velocities of GPS sta-
tions located in the Parkfield transect may be
affected by postseismic transient effects of the
2004 Parkfield and 2003 San Simeon earth-
quakes, both of which occurred within this
transect (see supplemental material [see foot-
note 1]). Further work is needed to determine
more reliably the pattern of fault-normal mo-
tions across the Parkfield transect.

DISCUSSION

The geologic and geodetic observations de-
scribed in this paper provide complementary
information about deformation in the fault
borderlands measured over different time scales.
We next interpret each set of observations in
the context of the other. The comparison allows
us to suggest alternative approaches to future
models of GPS data from central California. We
also hypothesize that the progressive deforma-
tion of some geologic structures in central Cali-
fornia is linked to the onset of fault creep along
the San Andreas fault.

Geodetic Data Interpreted with
Geologic Insight

Our geologic approach, characterizing the
style and magnitude of off-fault deformation in
the borderlands, provides insight into the inter-
pretation of GPS data across the San Andreas
fault. We compare both the map-scale data and
the across-fault transects from each data set
next, followed by a discussion about the way in
which we can incorporate geologic information
into future geodetic models for the San Andreas
fault in central California.
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Comparison of Map Patterns of Deformation

Figure 11 compares geologic evidence for off-
fault deformation with the GPS velocity field for
the San Andreas fault and its borderlands (and
not for the Rinconada fault and the rest of the
plate boundary). For the geologic half of the dia-
gram, fold hinges and faults have been colored
by basement type, where red tones indicate geo-
logic structures on Salinian basement and blue
tones are for those on Franciscan basement.

The geologic structures record very differ-
ent styles of deformation on either side of the
San Andreas fault. Few geologic structures
have developed southwest of the fault, except
for folds within mostly Pliocene and younger
rocks, mostly within 5 km of the fault trace. The
majority of structures developed on the Salinian
block flank the Rinconada fault on the edge of
the map area. In contrast, deformation on Fran-
ciscan basement is spread over a broader area, at
least 20 km wide, and includes numerous faults
and folds. The width of the Franciscan deform-
ing region increases to nearly 40 km adjacent to
the creeping segment.

The velocity field also shows evidence for
subtle basement control. Two distinct domains
are present on Salinian basement, each of which
contains domain-consistent velocity vectors in
terms of both magnitude and direction. For sta-
tions adjacent to the central creeping segment,
the GPS residual vectors are south-directed and
~6 mm/yr, whereas those adjacent to the south-
east creeping segment are nearly fault-parallel
(~30° difference in orientation) and several mil-
limeters per year faster. The internal consistency
in these two domains suggests that each is pres-
ently translating as a coherent block with little
evidence for internal deformation. In contrast,
velocity vectors on Franciscan basement change
in orientation from nearly fault-parallel to
nearly fault-normal from the locked segment to-
ward the creeping segment and also slow down
over the same area.

To summarize, the map patterns suggests that
basement rocks influence the style of long-term
and short-term deformation: Salinian regions
have few geologic structures and translate as
large blocks, whereas Franciscan regions have
more evenly distributed geologic and geodetic
deformation.

Comparison of Deformation Rates

An examination of the rates of deformation
across the creeping segment (Figs. 10A-10D)
also suggests that basement rocks influence the
magnitude of deformation. Most of the geo-
logic and geodetic off-fault deformation accrues
northeast of the San Andreas fault on Francis-
can basement rather than in areas underlain
by Salinian basement southwest of the fault.
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Figure 10. Comparison of defor-
mation gradients from the four
transects across central Cali-

fornia (data from Figs. 6 and 9).

In each pair of panels, the top
panel shows geologic displace-
ments as rates assuming that all
the deformation occurred in the

m/yr)

past 3 m.y. The gray box shows
the extent of Salinian basement;

the three vertical lines within or
bounding the Salinian box are
the locations of the Nacimiento

Rate along N41°W (mm/yr)

Rate along N49°E (m

(NF), Rinconada (RF), and

San Andreas (SAF) faults. The
bottom panel shows GPS veloci-
ties, where the surficial fault
creep rate has been removed for
all stations southwest of the fault

for the fault-parallel components.

KEY geologic displacement rates (from Fig. 6)

NF_RF_SAF

| Salinian basement with major faults

Note that all panels but (E) have the same scale.
Surficial creep rates removed from fault-parallel data for

GPS velocities (from Fig. 9)

stations SW of the San Andreas fault.

SW -50

For the borderlands adjacent to the San An-
dreas fault, we estimate that ~2-3 mm/yr of
fault-parallel and fault-perpendicular deforma-
tion can be accommodated by off-fault geo-
logic structures, assuming that deformation
occurred mostly over the past 3 m.y. For com-
parison, the geodetic deformation rate for the
borderlands (and excluding the fault creep rate)
is 3—4 mm/yr, again for both components. Thus,
the geologic displacements may account for at
least half and possibly all of the off-fault defor-
mation implied by the GPS velocity gradients
across the creeping segment.

0 50
Distance from SAF (km)

Implications for Modeling Geodetic Data

The map comparison between geologic and
geodetic data suggests that basement rocks
with different strengths affect the style of
long-term geologic and short-term geodetic
deformation (Fig. 11). The transect-based
comparison shows that for the creeping seg-
ment, where the influence of elastic strain
is minimized, similar rates of fault-parallel
and fault-perpendicular motion (GPS) and
displacements (geologic) are accommodated
in the borderlands of the San Andreas fault
(Fig. 10).
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Distance from SAF (km)

These observations have potentially impor-
tant implications for interpretations of geodetic
measurements from central California and other
locations with one or more major strike-slip
faults (Fig. 12). Our results clearly suggest that
distributed long-term deformation occurs within
the blocks that separate discrete faults in our
study area (Fig. 12C). Models of long-term and
interseismic motion that ignore this distributed
deformation and instead attribute all the defor-
mation to individual discrete faults (Fig. 12A)
will either underestimate the cumulative defor-
mation across the region (Fig. 12B) or over-
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estimate one or more of the individual fault slip
rates if these rates are forced to sum to the total
plate motion.

For example, a simple summation of the best
estimates for the present slip rates of the San
Gregorio—Hosgri fault (3 mm/yr; e.g., WGCEP,
2002), the Rinconada fault (1 mm/yr; Rolandone
et al., 2008; Bird, 2009), and the present creep
rate for the San Andreas fault (28-30 mm/yr;
Titus et al., 2006) give a summed slip rate of
32-34 mm/yr (Fig. 12B), which is 3-5 mm/yr
slower than our own GPS-based estimates for
Sierra Nevada—Great Valley—Pacific plate motion

®

geodetic view of deformation
across the San Andreas fault system

Titus et al.

in central California (shaded line in Fig. 12B)
and 4-7 mm/yr slower than previous geodetic
estimates (Argus and Gordon, 2001; d’Alessio
et al., 2005). One way to reconcile the difference
between the summed fault slip rates and fault-
parallel component of plate motion is to assume
that partial locking at depth of the creeping seg-
ment of the San Andreas fault causes distributed
elastic (interseismic) deformation in the fault
borderlands. Doing so implies a long-term
fault slip rate of ~33-35 mm/yr.

Although our GPS observations are too noisy
to exclude the hypothesis that partial locking

©

SNGY
ploc

N
o

w
o

Deformation rate (mm/yr)
N
o

E‘xpected‘ fault-pérallel
- - - - plate boundary motion -

of the central creeping segment is the cause of
gradients in fault-parallel velocities adjacent
to the San Andreas fault, our geologic analy-
sis suggests that the borderlands accommodate
as much permanent fault-parallel deformation as
they do fault-perpendicular deformation (Figs.
12C-12D). By implication, active deformation
in the borderlands, rather than deep locking of
the creeping segment of the San Andreas fault,
causes the observed GPS velocity gradients. With
this view, the fault-parallel plate motion rate can
be met without assuming that elastic strain is ac-
cumulating on the San Andreas fault (Fig. 12D).
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Figure 12. Two ways to view plate boundary deformation in central California: the classic geodetic view (left column) versus our geologic
view (right column), which more explicitly accounts for permanent deformation. The top diagram in each column is a cartoon block dia-
gram of the major faults and borderland blocks in central California. The two graphs beneath each block diagram summarize the fault-
parallel and fault-perpendicular contributions of deformation from these two views of deformation across the plate boundary system.
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SAF—San Andreas.
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If we extrapolate the fault-perpendicular
deformation rate that we estimate from Fran-
ciscan basement northeast of the San Andreas
fault (i.e., ~2 mm/yr for a 40-km-wide region)
to the southwest across the plate boundary to
Franciscan basement west of the Nacimiento
fault (lower panel of Fig. 12D), the extrapolated
geologic rate is the same within uncertainties as
the fault-perpendicular rate estimated with our
Sierra Nevada—Great Valley—Pacific angular ve-
locity (5.4 = 0.3 mm/yr). Previous authors (e.g.,
Argus and Gordon, 2001) correctly attribute the
~3-5 mm/yr fault-perpendicular component of
plate motion in central California to permanent
off-fault deformation and excluded this compo-
nent from elastic models (e.g., Rolandone et al.,
2008). By analogy, we suggest that future mod-
els of deformation in this region must allow for
a comparable amount of fault-parallel distrib-
uted deformation.

A reexamination of slip rates along the San
Andreas fault in central California, in light of
the style of permanent geologic deformation,
suggests that the 31-35 mm/yr slip rate for the
creeping segment estimated by Rolandone et al.
(2008) may be too fast by as much as 3 mm/yr. If
similar downward adjustments apply to the Park-
field and Carrizo segments, for which deep slip
rate estimates are typically 33-36 mm/yr (Harris
and Segall, 1987; King et al., 1987; Lisowski
et al., 1991; Murray et al., 2001; Schmalzle et al.,
2006), then the revised slip rates would be 30-33
mm/yr. The slower range of rates is consistent
with a 31.5 mm/yr rate estimated by Bird (2009)
from a model that includes distributed defor-
mation. These slower fault slip rates are also
compatible with the often-cited 34 + 3 mm/yr
Holocene slip rate from the Carrizo plain (Sieh
and Jahns, 1984) and are consistent with the
29.3-35.6 mm/yr range of slip rates estimated
by Noriega et al. (2006) from multiple fault
trenches in the Carrizo plain.

Taken together, the 28-30 mm/yr surficial
creep rate measured along the central creep-
ing segment (Titus et al., 2006) and 29-36
mm/yr range of paleoseismologic estimates
for the long-term slip rate in the Carrizo plain
are consistent with a long-term slip rate along
the San Andreas fault in central California of
30 £ 2 mm/yr.

Geologic Data Interpreted with
Geodetic Insight

We next use the well-defined pattern of dila-
tation determined from our GPS velocity field
and strain modeling as a basis for interpret-
ing recent geologic deformation (Fig. 13). In
particular, we propose a two-stage kinematic
model that links the onset of fault creep to the

growth of particular geologic structures, includ-
ing folds of the Coalinga and Kettleman Hills
anticlines (Fig. 14).

Comparison of Mapped Patterns
of Deformation

Figure 13 compares dilatational strain rates
derived from modeling of the GPS velocity field
with independent indicators of recent geologic
deformation adjacent to the San Andreas fault,
including folds in Pliocene and younger sedi-
mentary rocks, recent earthquakes, and detailed
outlines of Quaternary alluvial systems through-
out the region. The region of significant contrac-
tional strain northeast of the San Andreas fault
derived from our GPS velocities overlaps the
actively growing Coalinga and Kettleman Hills
anticlines, where numerous earthquakes associ-
ated with thrust faulting occur. Southwest of the
fault, the region of extensional dilatation strain
rate derived from GPS observations coincides
with a virtually undeformed stretch of flat-lying
sedimentary rocks on Salinian basement.

As described in the strain modeling section,
our simple elastic model that incorporates a
gradual transition from locked to creeping be-
havior (Figs. 7B-7C; Rolandone et al., 2008)
matches the large-scale patterns in the GPS
velocity field. In particular, the model predicts
the rapid fault-parallel motions for GPS sites
along the SE creeping and Carrizo segments as
well as the slower more fault-normal motions
along the central creeping segment. The obvi-
ous geographic overlap of the prominent con-
tractional structures northeast of the fault and
the region of interseismic contractional strain
emphasized in Figure 13 clearly suggests that
over many earthquake cycles, geologic struc-
tures in the fault borderlands relieve some of
the interseismic elastic strain that accumulates
in the borderlands. Earthquakes on adjoining
locked or partly locked segments of the San
Andreas fault relieve the remainder of the strain
via coseismic elastic strain release. Moreover,
major along-strike variations in the fault locking
(i.e., the transition from a fully locked fault to a
creeping fault) and variations in basement rheol-
ogy (e.g., Schmalzle et al., 2006) may strongly
influence the location of accumulating off-fault
deformation, as emphasized next.

Implications for the Development of Geologic
Structures in Central California

We present a new conceptual model for the
development of geologic structures over the past
8 m.y. in central California that integrates in-
formation from the map-based comparisons,
including the different strengths of basement
rocks in the region (Fig. 11) and the strain rate
patterns adjacent to creeping and locked seg-
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ments of the San Andreas fault (Fig. 13). In
particular, the model seeks to explain the pres-
ent orientations of the Coalinga and Kettleman
Hills anticlines. These folds, which are located
within the contractional strain region north
of Parkfield (Fig. 13), are difficult to interpret
using our simple kinematic model of fold devel-
opment. Their hinge orientations and limb dips
suggest that both folds formed in their present
orientation (Fig. 3B; with an angle of oblique
convergence of 80°-90°), consistent with bore-
hole breakouts (Zoback et al., 1987; Townend
and Zoback, 2004), earthquake focal mecha-
nisms (Eaton, 1990), and the GPS velocity field
(Fig. 8). However, paleomagnetic data (White,
1987; Tetreault, 2006), hinge-perpendicular
normal faults (Woodring et al., 1940), and the
en echelon fold hinge geometry (Miller, 1998)
demonstrate that these folds must have rotated
during fold growth.

Miller (1998) reconciled these seemingly
incompatible observations by suggesting that
these folds grew under changing kinematic con-
ditions with an increased magnitude of shorten-
ing (that facilitated rapid rotation) over time. He
proposed that the kinematic change was related
to the shift in relative plate motion from oblique
divergence to oblique convergence. However,
because more recent estimates have pushed the
age of transpression to ca. § Ma (Atwater and
Stock, 1998), this plate motion shift no longer
coincides with the rapid growth of these anti-
clines over the past 2-2.5 m.y. (Wentworth and
Zoback, 1989).

We instead suggest that the changing kine-
matic conditions imposed on these anticlines
may be linked to the onset of fault creep in
central California, illustrated by a series of time
steps in Figure 14. We hypothesize that fold-
ing initiated adjacent to a locked San Andreas
fault, perhaps as early as 8 Ma when the relative
plate motion changed. If velocity vectors at ca.
8 Ma were similar to those presently observed
adjacent to the Carrizo segment (Fig. 14A), the
velocity field would have promoted deformation
of the Franciscan basement everywhere north-
east of the locked San Andreas fault, creating a
series of en echelon folds oblique to the fault
strike (Fig. 14B) that were envisioned in the
early models for wrench folding (Wilcox et al.,
1973; Harding, 1976, 1988). Limited deforma-
tion may have occurred in the less deformable
sedimentary rocks on Salinian basement, but
the granites presently exposed between Salinas
and Soledad may have been adjacent to this seg-
ment of the fault at 5 Ma (Fig. 14B), effectively
prohibiting deformation. Once fault creep be-
gan on the San Andreas fault, we hypothesize
that the paleo—velocity field was altered into a
form analogous with the present interseismic
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velocity field (Fig. 14C). This change would
have promoted broad regions of extension and
contraction in the borderlands corresponding to
the transitions from creeping to locked behavior.
The pattern of paleostrain during this phase may
have promoted fold growth and rotation of the
Coalinga and Kettleman Hills anticlines into
their present fault-parallel orientations. In con-
trast, the folds in Pliocene—Pleistocene rocks ad-
jacent to the Carrizo segment, where the pattern
of paleostrain remained the same, maintained
their en echelon geometry (Fig. 14D).

The onset of fault creep in central Califor-
nia also may have influenced the development
of geologic structures southwest of the San
Andreas fault. This correlation is much more
speculative, however, because the predicted
extension (Fig. 14C) would have occurred
within the Salinian block, which is less likely
to deform than Franciscan rocks over geologic
and geodetic time scales (Fig. 10). The most
compelling evidence for extension is, in some
sense, the absence of the expected plate bound-
ary transpression. Gentle folds, with limb dips
often less than 10°, have localized in the Paso
Robles Formation on the edges of the exten-
sional region (Fig. 14D). The Quaternary drain-
age pattern is also distinct in this area, with
evenly spaced, parallel channels containing
fewer branching patterns than anywhere else
in the region (highlighted in pink in Fig. 14D).
The channel system in older sedimentary rocks
adjacent to the central creeping segment has a
different orientation and a more fully developed
dendritic drainage pattern. It is possible that the
channel orientations within the extensional re-
gion are fault-controlled, or perhaps their con-
sistent orientation reflects a gentle tilting of
Tertiary sediments toward the extension region.
To summarize, little geologic deformation has
occurred within the extensional region, whereas
folds are found on its fringes. Whether or not
this relates to the predicted extension is difficult
to determine without much more careful field
observations.

Timing estimates for the growth of regional
structures are broadly consistent with our hy-
pothesis that fault creep has influenced the de-
velopment of off-fault structures. Northeast of
the San Andreas fault, folds close to the fault
are mostly older than those on the edge of the
Great Valley. The Vallecitos syncline began
in the Paleocene or Eocene as a sedimentary
basin (Harding, 1976; Page et al., 1998), with
some fold growth in the Miocene (Enos, 1961)
followed by post-Pliocene refolding within
the basin (Wilkinson, 1960). In contrast, the
Kettleman Hills North Dome and Coalinga
anticlines underwent their primary growth in
the past 2-2.5 m.y. (Wentworth and Zoback,
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1989; Bloch et al., 1993; Page et al., 1998). The
Paso Robles Formation southwest of the fault
is typically mapped as Pliocene—Pleistocene
in age (e.g., Dibblee, 1971, 1972), but Gale-
house (1967) argued that it is Pliocene based
on fossil evidence. This suggests that deposition
ceased by ~5 m.y. in response to plate bound-
ary transpression and uplift of the Coast Ranges
(Fig. 14B), suggesting that fault creep could not
yet have been occurring in the area.

Aseismic creep rates along much of the creep-
ing segment have remained steady for at least
the past 35 yr (Titus et al., 2006), and several
lines of evidence suggest that creep has been an
important deformation style for longer periods
of time. Fences offset by the fault representing
100-yr time scales have rates consistent with
modern measures (Hay et al., 1989). Trench-
ing near the central creeping segment found a
long-term rate of 28 mm/yr for the past ~1000 yr
(Cotton et al., 1986). Different microstructures
have developed in trenches across creeping and
noncreeping sections of the fault, with radio-
carbon dates suggesting creeping behavior for
>1000 yr (Cashman et al., 2007). Heat-flow pat-
terns across the fault are consistent with models
that assume a creeping fault for the past 5 m.y.
(d’Alessio et al., 2006). Last, the strong corre-
lation between serpentinite exposures northeast
of the San Andreas fault and microseismicity
defining the creeping segment suggest that fault
creep is ultimately linked to these Franciscan
rocks (Fig. 14D). The presence of talc in the
SAFOD drill hole, which is one explanation
of the actual mechanism facilitating fault creep
(Moore and Rymer, 2007), could be the result
of rehydrated serpentinites. The two largest ser-
pentinite bodies—New Idria and Table Moun-
tain—are believed to have been at the surface
for millions of years. Clasts of sedimentary ser-
pentine in the mid-Miocene Big Blue Formation
(Casey and Dickinson, 1976), which forms part
of the east limb of the Coalinga anticline, are be-
lieved to have come from New Idria. Dickinson
(1966) estimated that Table Mountain (Fig. 14B)
was forcefully extruded in Pliocene—Pleistocene
times. Thus, the serpentinites that promote fault
creep were at the surface, and were presumably
sufficiently distributed along the upper-crustal
portion of the fault zone to cause fault creep
along part of the San Andreas fault by the Plio-
cene, thereby altering the paleo—velocity field
(Fig. 14C).

Our hypothesis suggests that the style of off-
fault deformation was fundamentally altered
when creeping behavior began along the San
Andreas fault and that several enigmatic geo-
logic structures reflect the new kinematic condi-
tions resulting from fault creep. The Coalinga
and Kettleman Hills anticlines provide our best
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estimate on the timing of this event because
these structures formed in contraction, not ex-
tension, where timing evidence would tend to
be buried. Further, the folds are on the Fran-
ciscan side of the plate boundary, which likely
remained fixed relative to the creeping segment
since fault creep is probably tied to Francis-
can serpentinites. Based on the major phase of
growth for these two anticlines (Wentworth and
Zoback, 1989), we suggest that the creeping
segment may have experienced aseismic creep
for the past 2-2.5 m.y.

CONCLUSIONS

We compare the styles and magnitudes
of geologic and geodetic deformation in the
borderlands adjacent to the San Andreas fault
system in central California. Our geologic
analysis demonstrates that off-fault structures
not only record the fault-perpendicular dis-
placements recognized by many workers (e.g.,
Mount and Suppe, 1987; Zoback et al., 1987;
Namson and Davis, 1988), but they also record
significant, comparable fault-parallel displace-
ments less frequently recognized in the lit-
erature (see, however, Jamison, 1991; Miller,
1998; Teyssier and Tikoff, 1998; Titus et al.,
2007). GPS velocity gradients demonstrate
that both fault-perpendicular and fault-parallel
motion is accommodated away from the ma-
jor strike-slip faults between the Pacific plate
and Sierra Nevada—Great Valley block. Strain
rates and strain axis orientations from the GPS
velocity field reveal a regional pattern of con-
traction and extension predicted by a simple
elastic model that incorporates the change
from locked to creeping behavior along the San
Andreas fault.

The geologic and geodetic observations from
central California provide a clearer picture of
the partitioning of plate boundary deforma-
tion. Most importantly, off-fault permanent
deformation may accommodate up to 10% of
the modern fault-parallel plate motion. The
synthesis of these two data sets also provides
insight into plate boundary deformation that
would be difficult to extract from either data set
alone. Geologic insight improves our geodetic
interpretations by demonstrating that basement
rocks control the distribution of deformation.
Further, because geodetic and geologic pat-
terns of deformation from the borderlands are
generally consistent, some of the short-term
strain that is typically considered to be relieved
by occasional earthquakes and accelerated
afterslip along the San Andreas fault instead
results in permanent off-fault deformation in
the borderlands. Consequently, elastic models
of the modern velocity gradient across the San
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Andreas fault that ignore off-fault deforma-
tion will overestimate the long-term fault slip
rate on the few major faults that are modeled.
Geodetic insight improves our geologic inter-
pretations by providing a clearer picture of the
kinematic consequences of the change from
locked to creeping behavior along the San An-
dreas fault. The histories of the Coalinga and
Kettleman Hills anticlines cannot be explained
by a single kinematic episode, since their pres-
ent orientations and limb dips suggest that they
initiated parallel to the San Andreas fault, but
these same folds have rotated 10°-24° based on
paleomagnetic data. Instead, their histories can
be better explained due to a shift from a locked
San Andreas fault to an aseismic fault in central
California. Thus, the transition from a locked
fault to a creeping fault in space and also in
time plays an important role in the development
of regional geologic structures.
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