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Abstract Seismic anisotropy of the lithosphere and asthenosphere was investigated with a dense
broadband seismic transect nearly orthogonal to the central San Andreas fault (SAF). A contrast in SK(K)S
splitting was found across the SAF, with a clockwise rotation of the fast orientation ~26° closer to the strike of
the SAF and greater delay times for stations located within 35 km to the east. Dense seismograph spacing
requires heterogeneous anisotropy east of the SAF in the uppermost mantle or crust. Based on existing
station coverage, such a contrast in splitting orientations across the SAF may be unusual along strike and its
location coincides with the high-velocity Isabella anomaly in the upper mantle. If the Isabella anomaly is a
fossil slab fragment translating with the Pacific plate, the anomalous splitting east of the SAF could indicate a
zone of margin-parallel shear beneath the western edge of North America.

Plain Language Summary Directional dependence of seismic wave speeds, referred to as
anisotropy, can illuminate preferred orientations or fabrics in the Earth organized by deformation. Seismic
anisotropy near the sharply defined central segment of the San Andreas fault was investigated with a new
dense temporary seismic transect. A contrast in uppermost mantle anisotropy across the fault was identified,
with nearly fault parallel orientations only on the east side of the fault. We suggest that development of
asymmetric anisotropy about the central San Andreas may arise due to fault-parallel movement of a fossil
slab beneath the western edge of North America.

1. Introduction

Central California provides onshore exposure of a plate boundary with>300 km of right-lateral offset since its
Miocene transition from subduction to transform (Atwater & Stock, 1998). Thus, it is an exceptional geody-
namic setting in which to investigate interactions between active plate boundary faults, the structural legacy
of plate boundary reorganization, and ongoing asthenospheric flow. Geodetic measurements document
variations in contemporary strain at the surface near the transform boundary, with the most sharply defined
right-lateral shear in the central San Andreas fault (SAF) zone from about the Carrizo Plain to San Juan
Bautista (Figure 1; Platt & Becker, 2010; Tong et al., 2013). The distribution of deeper strain is more obscure.
Low-frequency earthquakes indicate that a fault-like interface extends almost vertically through the lower
crust beneath parts of the central SAF (Shelly, 2017). At greater depth, a contrast in a seismic interface
thought to be the lithosphere-asthenosphere boundary suggests that a <50-km-wide shear zone extends
through the mantle lithosphere of central California (Ford et al., 2014). Within and beneath the lithosphere,
constraints on seismic anisotropy provide insight into the past and present organization of strain, including
evidence for remnant strain-induced fabric from subduction (Ozacar & Zandt, 2009) and ongoing astheno-
spheric flow patterns linked to large-scale mantle circulation (Becker et al., 2006; Silver & Holt, 2002).

Studies of teleseismic shear wave splitting in central California have evolved with increasing availability of
broadband data from long-term networks and temporary arrays including EarthScope’s Transportable
Array (TA), which provided regular ~70 km spacing stations connecting denser arrays (Figure 1; Bonnin et al.,
2010; Hartog & Schwartz, 2001; Liu, 2009; Özalaybey & Savage, 1995; Silver & Savage, 1994). Most station-
averaged SK(K)S splitting orientations are ~E-W, and near coastal stations in central California exhibit a small
clockwise rotation toward the strike of Pacific-North America relative motion (Becker et al., 2012). Multiple
studies on back azimuthal variability of splitting have suggested that near the SAF in central California, the
station-average splitting orientations result from the combined effects of an ~E-W fast orientation in a thicker
asthenospheric layer overlain by a thinner lithospheric layer with SAF-parallel fast orientation (Bonnin et al.,
2010; Hartog & Schwartz, 2001; Özalaybey & Savage, 1995; Savage & Silver, 1993). Previously compiled
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station-average splitting measurements do not exhibit abrupt variations across the SAF in central California
(Figure 1). However, changes in splitting parameters over short distances near the southern SAF were
recently identified by a dense seismic transect (Barak & Klemperer, 2016).

Here we present new teleseismic shear wave splitting constraints using a dense temporary array that
stretches from the coast to the western Sierra Nevada foothills (Figure 1). The strike of the transect is ~75°
counterclockwise relative to the strike of the SAF, and average station spacing is ~7 km. Using the new tele-
seismic data, we identify a contrast in anisotropy across the central SAF and evaluate possible origins of the
contrast, including why it may be unusual along strike.

2. Data and Methods

The waveforms used for splitting analysis are from the Central California Seismic Experiment’s broadband
array (Central California Seismic Experiment (CCSE), 2013; Jiang et al., 2018), whose primary component is
transect of 38 broadband seismographs operated for ~18 months in 2013–2015 (Figure 1a). Waveforms from
seven nearby permanent stations surrounding the CCSE array were also examined to ensure our splitting

Figure 1. Compiled splitting measurements. (a) The orientation of each bar shows the fast direction with the length indicating the delay time. The red bars with
green dots are new measurements, and the black bars with white dots are from Becker et al. (2012). The yellow line denotes the SAF. Two green stars denote
San Juan Bautista (SJB) and the Carrizo Plain (CP). The blue lines contour the Sierra Nevada (SN), Great Valley (GV), and Basin and Range province (BR). The green lines
offshore show the latest magnetic strips (19–20 Ma) of the Monterey microplate (MM). The dashed cyan circles denote the 4% velocity contour of Isabella anomaly at
60 km depth from Jiang et al. (2018). The blue arrows indicate the Pacific plate (PAC) and North American plate (NAM) motions (Gripp & Gordon,
2002). The dashed orange rectangular outlines the location for Figures 2 and 3a. (b) The distribution of teleseismic events selected for SKS splitting. (c) The distribution of
SKS splitting times from the CCSE.
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analysis generated results consistent with previous studies. The key benefits of the new measurements are
their density and nearly orthogonal orientation to the plate boundary.

We selected waveforms from events with Mw > 5.8 and epicentral distance between 88° and 130°.
Seismograms were rotated into L-Q-T components (Vinnik, 1977), and band-pass filtered between periods
of 10–50 s. Visual inspection was initially used to identify earthquakes that generated coherent SKS or
SKKS phases at multiple stations. For the selected events, only phases with signal-to-noise ratio (SNR; defined
in Table S1) greater than 2 were considered for splitting analysis. Figure 1b shows the back azimuthal cover-
age of the 29 selected events.

Shear wave splitting measurements rely on the fact that a shear wave traveling through an anisotropic
medium will split into two orthogonally polarized waves traveling at different speeds, creating a delay time
between the two arrivals (e.g., Long & Silver, 2009; Nicolas & Christensen, 1987). The fast polarization orienta-
tion (ϕ) and delay time (δt) are the two parameters used to characterize the orientation and magnitude of
splitting caused by the anisotropic medium. In this study, the two splitting parameters were estimated using
the SplitLab software (Wüstefeld et al., 2008). We focused on the method of Silver and Chan (1991), hereafter
referred to as the SC method, because this method is better suited for modest SNR waveforms compared to
the rotation-correlation method (e.g., Wüstefeld & Bokelmann, 2007), and our limited back azimuthal cover-
age is not well suited to the splitting intensity method of Chevrot (2000). The SC method conducts a grid-
search over the ϕ domain (from �90° to 90° with a step of 2°) and δt domain (from 0 to 4 s with a step of
0.2 s) to find the pair of parameters that minimizes the transverse component energy. A F test based method
(Walsh et al., 2013) was used to estimate the measurement uncertainties. Figure S1 shows an example SKS
splitting measurement from the CCSE array.

We applied objective quality-control metrics to select acceptable splitting measurements following Liu and
Gao (2013) and Huang et al. (2015). Figure S2 displays the culling criteria, including SNR of the filtered wave-
forms, the angular difference between ϕ and event back azimuth, and T-to-Q amplitude ratios before and
after the shear-wave splitting analysis (defined in Table S1). Tests with different culling thresholds did not
change the major results (Figures S3–S5).

3. Results

The splitting analysis and quality-control procedures yielded a total of 209 acceptable splitting measure-
ments plus 129 acceptable null observations for the 38 CCSE stations. Splitting results for the included seven
permanent stations were in close agreement with those from the splitting database of Becker et al. (2012),
with a mean difference of 2.52° for the fast orientations and 0.06 s for the delay times. The similarity of the
two independent measurements indicates the robustness of the regional splitting pattern and verifies the
analysis in this study.

To obtain the final station-average splitting parameters, we averaged the energy surfaces of the accepted
splittingmeasurements (Wolfe & Silver, 1998) and discarded stations with<3 accepted splittingmeasurements.
A station was classified as a null if it has >3 accepted null measurements and <3 nonnull measurements. In
general, the stations adjacent to the coast, within ~10 km of the SAF, and in the central-to-western Great
Valley have fewer accepted measurements than the rest stations (Figure 2a). The fraction of null measure-
ments is highest in the western Great Valley and lowest near the SAF (Figure 2b). Rose diagrams showing
the fast direction of individual good nonnull measurement for CCSE stations is plotted in Figure S6.

Figure 1a displays the station-averaged splitting results across the CCSE array and regional measurements
compiled by Becker et al. (2012). The new splitting results display systematic variations along the transect.
The fast orientation is nearly E-W west of the SAF, with an averaged splitting time ~1.8 s. East of the SAF
the splitting orientations rotate to ~NW-SE directions, almost parallel to the SAF. The averaged splitting time
for stations within 35 km east of the SAF is ~2.3 s, which is greater than the average within the same distance
west of the SAF. However, the splitting time estimates exhibit greater scatter than the orientations, particu-
larly east of the SAF (Figures S4 and S5). Further to the east, the fault-parallel fast direction is interrupted in
the western Great Valley, where there are few acceptable measurements and a high fraction of null splitting
(Figures 2a and 2b). In the eastern Great Valley, the fast orientation is approximately E-W, except for two
stations (Figure 3a). The average splitting time east of the axis of the Great Valley is ~1.7 s.
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The variability of the splitting parameters over a short distance near the SAF is well constrained because of
the dense array spacing. The contrast across the SAF is expressed in the station-average results (Figures 3a
and 3b) and single-event results for both SKS and SKKS phases (Figures 2c and 2d). The distributions of fast
orientations for individual splitting measurements within 35 km west and east of the fault cluster at two dis-
tinct peaks with averages of 94° and 120°, which were computed after removing 2–3 outliers beyond 2 stan-
dard deviations, and if the outliers are retained, the difference decreases by 4°. A Welch’s t test was applied to
test the null hypothesis that measurements on each side of the SAF are drawn from the same population, and
we found that the null hypothesis could be rejected with 99% confidence (Welch, 1947). The ~26° clockwise
rotation in splitting orientation and the increment of delay time indicate an additional zone of anisotropy just
east of the SAF with a fast orientation close to the strike of the SAF. A zoomed-in look at the fast directions at
the SAFOD sites shows an average of ~105° (Figure S7), which is intermediate to the averaged fast directions
of 94° and ~120° observed on the two sides of SAF.

4. Discussion
4.1. Regional Context for CCSE Splitting

From Figures 1a and 2b, we infer four zones of upper mantle anisotropy. About 65% of the CCSE array exhibits
splitting results that match the regional E-W pattern resolved by prior studies within 15°, but these stations
are split between the western and eastern ends of the transect, and the average delay time is ~1.7 s. In con-
trast, two interior segments of the CCSE transect exhibit results that would not have been predicted by inter-
polation of prior measurements. At stations within ~35 km east of the SAF, fast orientations are dominantly
NW-SE and the average delay time is greater, ~2.3 s. Further to the east, an adjacent series of five stations in
the western Great Valley produced high fraction of null measurements (Figure 2b). Thus, we expect that the
results from the eastern and western ends of the transect reflect regional-scale anisotropic structure that is
locally interrupted or overprinted on the east side of the SAF.

The depth of origin for the regional splitting pattern in central California has been dominantly attributed to
the asthenosphere, with secondary contributions from the lithosphere leading to back azimuth dependence
of individual splitting measurements (Bonnin et al., 2010; Özalaybey & Savage, 1995). The apparent lack of
contrast in splitting behaviors across most of the SAF (Figure 1) despite the large structural offset and the
modest lithospheric thickness of ~70 km (Ford et al., 2014; Levander &Miller, 2012; Li et al., 2007) make it unli-
kely that the relatively uniform ~E-W splitting orientation and ~1.5–2 s of delay time are dominantly

(c) Best event for SKS phase (d) Best event for SKKS phase

(a) Number of meaurements (b) Fraction of null measurements

(a) (b)SAF SAF

(c) (d)SAF SAF

GV GV

GV GV

Figure 2. Splittingmeasurements along the CCSE transect. (a) The total number of selected splittingmeasurements at CCSE stations including null and nonnull ones.
(b) The fraction of null measurements at each station. (c) The best event for SKS splitting measurements. (d) Same as c but for SKKS. The best SKS and SKKS splitting
measurements are from the same event.
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accumulated within the lithosphere. The general ~E-W orientations are
consistent with asthenospheric flow directions from mantle circulation
models (e.g., Becker et al., 2006). Our results at the eastern and western
ends of the CCSE array fit well in this context, so the following sections
focus on the newly identified exceptions.

4.2. Contrast in Splitting Across the SAF

Dense arrays afford resolution of changes in anisotropic parameters over
short horizontal distances and insight into plausible depths of heteroge-
neous anisotropy due to Fresnel zone expansion with depth (e.g.,
Aragon et al., 2017; Barak & Klemperer, 2016; Rümpker et al., 2003). The
sharpness of the change in splitting signals west and east of the SAF
(Figure 3) indicates distinct anisotropy in the lithosphere because of the
largely overlapping Fresnel zones of the ~10 s period shear waves at
depths greater than ~70 km (Figure 4d). The average separation distance
of ~30 km between the two groups of stations shown in Figure 3 corre-
sponds to >65% Fresnel zone overlap at depths >70 km (Figure 4d),
assuming Fresnel zone dimensions for a uniform velocity medium
(Spetzler & Snieder, 2004). It should be noted that strong heterogeneities
or interfaces that are likely near active plate boundaries would complicate
the distribution of sensitivity within the Fresnel zone (e.g., Long et al.,
2008). However, the contrast in splitting found across the central SAF
clearly differs from numerical splitting predictions for a hypothetical plate
boundary model containing a symmetric lithospheric shear zone centered
on the SAF (Bonnin et al., 2012). The new results indicate that lithospheric
anisotropy is asymmetric about the SAF.

Our inference of a distinct source of anisotropy in the lithosphere near and
just east of the SAF at ~36°N is consistent with the splitting results from
Bonnin et al. (2010), who used long-term network and TA stations to inves-
tigate layered anisotropy. The best fitting model from Bonnin et al. (2010)
shows that two stations (U04C and PKD in Figure 3a) located at and just
east of the SAF within ~20 km of our array require two layers of anisotropy,
with a fault-parallel fast direction in the shallower layer. In contrast, their
stations west of the SAF at ~36°N displayed ~E-W fast orientations (HAST
and V03C in Figure 3a) and did not exhibit azimuth dependence.
Therefore, the rotation of averaged fast direction toward the strike of
SAF is most likely due to anomalous SAF-parallel anisotropy in the litho-
sphere just east of the SAF.

To further test this hypothesis, we used a simple two-layer model to
compare the splitting predictions with our observations on both sides of

SAF. Forward splitting calculations were conducted with the MSAT toolkit (Walker & Wookey, 2012). Based
on Bonnin et al. (2010), we assumed a 180-km-thick asthenospheric layer of an E-W fast orientation that
contributes ~1.5 s of splitting time. For the lithospheric layer, we assumed E-W anisotropy (90°) west of the
SAF and SAF-parallel anisotropy (120°) east of SAF based on our new results. The strength and thickness of
the lithospheric layer were varied to fit the average splitting measurements. The best fit ting model (Figure S8)
has lithospheric contributions of ~0.32 and ~0.73 s west and east of the SAF. The delay time contributions
correspond to either a 70-km-thick lithospheric column with uniformly distributed anisotropy of 1.5% and 3.5%,
or 30-km layers in the lithospheric mantle with 3.5% and 8.2% anisotropy, respectively. Despite the simplicity of
the model, it reproduces some aspects of the limited back azimuthal variations observed with the CCSE array,
and fits within the context of prior observational results (e.g., Bonnin et al., 2010; Titus et al., 2007).

The evidence for an exceptionally strong SAF-parallel anisotropy contribution in the lithosphere just east of
the SAF from this study motivates evaluation of potential geological origins in the crust and uppermost
mantle. Crustal anisotropy has been studied extensively near the SAF at Parkfield about 20 km south of

Figure 3. Single-station averaged splitting parameters. (a) The two dashed
circles outline stations within 35 km west (black) and east (blue) of SAF.
The green triangles denote the stations referred to in section 4.2. (b) Fast
direction uncertainties based on the good nonnull measurements at each
station. Two grey dashed lines are the averaged fast direction within the two
circles in Figure 3a. (c) The fast direction distributions from stations located
within the two circles of Figure 3a.
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the CCSE array (e.g., Cochran et al., 2006) and regionally (Boness & Zoback, 2006). Regionally most crustal fast
orientations near the CCSE array are ~SW-NE, consistent with estimates of maximum compressional stress at
a high angle to the SAF (Boness & Zoback, 2006). This makes a mid-to-upper crustal origin of the ~SAF-parallel
teleseismic splitting unlikely. Receiver function studies sample anisotropy differently, but existing results do
not provide evidence for a crustal origin to the change in teleseismic splitting across the SAF. Average crustal
fast orientations within ~5 km on both sides of the SAF at Parkfield are generally fault-parallel (Audet, 2015),
and the strike of deep crustal fast orientations is ~SW-NE (Ozacar & Zandt, 2009).

In the uppermost mantle beneath the CCSE, seismic tomography images a high-velocity volume that is
subhorizontal at ~40–80 km depth beneath much of the coastal block. It begins to dip to the east beneath
the North American side of the SAF and extends to ~200 km depth beneath the Sierra Nevada (Jiang et al.,
2018; Jones et al., 2014; Wang et al., 2013). This feature is referred to as the Isabella anomaly. Given that both
Isabella and the transition of the fast direction from ~E-W to nearly fault-parallel lie at the central segment of
the SAF, we consider possible links between the features. Prior to the availability of the TA data the Isabella
anomaly was imaged farther east beneath the western Sierra Nevada in the uppermost mantle, and it was
almost exclusively hypothesized to be dense foundered arc lithosphere (e.g., Boyd et al., 2004; Zandt et al.,
2004). Since TA data improved resolution beneath the Great Valley and continuously along the western plate
boundary, the estimated uppermost mantle location of the anomaly has shifted westward, contributing to
increasing consideration of an alternative hypothesis that the Isabella anomaly is a fossil slab fragment from
Miocene subduction termination (Cox et al., 2016; Pikser et al., 2012; Shelly, 2015; Wang et al., 2013). This frag-
ment would be attached to the Monterey microplate offshore and translating with Pacific plate motion
beneath the western edge of the North America (Pikser et al., 2012; Wang et al., 2013). Improved tomographic
imaging including the CCSE array data further supports a westward extension of the Isabella anomaly (Jiang
et al., 2018).

An important aspect of the fossil slab hypothesis is that just east of the SAF, it predicts that a layer in the
uppermost mantle must be sheared between the overlying western edge of North American plate and the

Figure 4. An interpretive cartoon of structural influences on teleseismic spitting. (a) Topography across the CCSE array. Abbreviations include coastal block (CB),
Great Valley (GV), and western foothills (WF). The yellow rectangle shows the SAF. (b) A geographic view of station-averaged splitting measurements.
(c) Simplified model of Monterey fossil slab following Wang et al. (2013). The black triangles represent CCSE stations. Note that the slab is translating with the Pacific
plate (PAC), causing the lithosphere at the western edge of the North American plate (NA) to be sheared. The blue lines are raypaths from a teleseismic event in
the west, with grey corridors representing the first Fresnel zone. The dashed green and red lines are Moho depths from Tape et al. (2012) and Schmandt
et al. (2015), respectively. The LAB depth is based on the regional average from Ford et al. (2014). Note that the slab is an interpretative cartoon feature.
(d) Fresnel zone overlap as a function of depth for 30 and 70 km station separation distances.
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underlying fossil slab moving with the Pacific plate (Figure 4). We propose that this scenario could cause the
local rotation of teleseismic splitting orientations east of the SAF (Figure 3). Alternatively, following the foun-
dered lithosphere hypothesis, it is unclear what anisotropic pattern would be predicted on the east side of
the SAF, because it depends on the assumed temporal evolution and style of foundering such as a
Rayleigh-Taylor drip or delamination-like instability (e.g., Harig et al., 2010; Le Pourhiet et al., 2006;
Morency & Doin, 2004). In light of existing results, we favor an explanation that ties the sub-SAF-parallel split-
ting to plate boundary shear with an unusual along strike expression due to presence of a translating fossil
slab (Figure 4). Explanations for anomalous splitting east of the SAF that are not related to the Isabella anom-
aly may also be viable. For instance, prior studies have explored the possibility of asymmetric mantle viscosity
across the SAF (Savage et al., 2004; Teyssier & Tikoff, 1998).

4.3. Null Splitting in the Western Great Valley

Station-average results indicate an area with a high fraction of null splitting in the western Great Valley. The
low number of accepted measurements for these stations (Figure 2a) is likely related to high levels of back-
ground noise especially for horizontal channels in the Great Valley. However, the high fraction of null
measurements is only found for a sequence of five stations in the westernmost Great Valley (Figure 2b).
The western Great Valley stations exhibit nulls for events with different back azimuths so not all of the nulls
could be caused by back azimuth alignment with the local fast or slow orientation. Consequently, the concen-
tration of null measurements in a small segment of the transect suggests locally heterogeneous shallow
structure that interferes with the splitting signal. The western Great Valley is the deepest portion of the basin
(~7–10 km), and it is truncated to the west by a steep and actively deforming sediment-basement surface
(Wentworth & Zoback, 1989) in contrast to the more gently dipping basement surface of the eastern Great
Valley (e.g., Godfrey & Klemperer, 1998). So a simple possibility is that the combination of high background
noise reducing the available events plus thick and variably dipping crustal structures may cause the apparent
null splitting in the western Great Valley. It is possible that nonnull splitting might be revealed by longer
recording durations.

5. Conclusions

New teleseismic shear wave splitting measurements were conducted for a dense broadband transect across
the SAF in central California. Most of the resulting splitting orientations and delay times match the regional
~W-E pattern established by sparser station coverage, but ~SAF parallel splitting orientations and larger delay
times are found within ~35 km east of the SAF. The anomalous splits indicate a relatively strong and nearly
SAF-parallel anisotropy in the lithosphere east of the SAF. The ~SAF-parallel splits are collocated with the
along-strike position of the Isabella anomaly, which may represent a fossil slab translating with the Pacific
plate and provide a potential explanation for a zone of SAF-parallel shear in the uppermost mantle.
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