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ABSTRACT

Seismic images of the base of the lithosphere across the San
Andreas fault system (California, USA) yield new constraints on the
distribution of deformation in the deep lithosphere beneath this strike-
slip plate boundary. We show that conversions of shear to compres-
sional waves (Sp) across the base of the lithosphere are systematically
weaker on the western side of the plate boundary, indicating that the
drop in seismic shear-wave velocity from lithosphere to asthenosphere
is either smaller or occurs over a larger depth range. In central and
northern California, the lithosphere-asthenosphere boundary changes
character across a distance of <50 km, and does so directly beneath
the San Andreas fault along its simple central segment, and beneath
the Calaveras—Green Valley-Bartlett Springs faults to the north. Given
the absolute velocities of the North America and Pacific plates, and low
viscosities inferred for the asthenosphere, these results indicate the jux-
taposition of mantle lithospheres with different properties across these
faults. The spatial correlation between the central San Andreas fault
and the laterally abrupt change in the velocity structure of the deep-
est mantle lithosphere points to the accommodation of relative plate
motion on a narrow shear zone (<50 km in width), and a rheology that
enables strain localization throughout the thickness of the lithosphere.

INTRODUCTION

The distribution of deformation in the deep mantle lithosphere be-
neath strike-slip plate boundaries is a widely debated, yet unresolved, as-
pect of plate tectonics. Models range from localized shear zones extending
beneath individual crustal faults to broad zones of diffuse shear hundreds
of kilometers wide, and these scenarios have different implications for the
rheology of the mantle lithosphere (e.g., Blirgmann and Dresen, 2008;
Bonnin et al., 2010; Platt and Behr, 2011; Titus et al., 2007; Vauchez et al.,
2012; Bercovici and Ricard, 2012).

The San Andreas fault (SAF) system (California, USA) accommo-
dates ~75% of the relative motion between the North America and Pacific
plates, primarily by 23-37 mm/yr slip on the SAF (Molnar and Dayem,
2010; Rolandone et al., 2008), but also by slip on adjacent strike-slip
faults (Fig. 1). In central California, strike-slip motion is almost entirely
confined to the SAF, while in northern California slip is distributed in a
100 km zone of subparallel faults, including the Calaveras—Green Valley—
Bartlett Springs faults in the east (Fig. 1). In southern California, the plate
boundary splays into a series of parallel faults.

In contrast with its expression at and near the surface, the distribution
of shear across the plate boundary at upper mantle depths has lacked clar-
ity. Deformed xenoliths beneath the Calaveras fault (Titus et al., 2007) and
steps in the crust-mantle boundary (Moho) depth across the SAF (Hen-
stock et al., 1997; Zhu, 2000) are consistent with shear due to plate motion
at the top of the mantle lithosphere. Deeper, shear-wave splitting in SKS
phases in central California has been used to argue for 40-km-wide mantle
shear zones beneath individual strike-slip faults and an ~130 km total
shear zone width (Bonnin et al., 2010), while in southern California, SKS
splitting tomography suggests a more complex pattern of deformation
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Figure 1. Map of study region. Red triangles are locations of seismic
stations used in study. White dotted lines delineate cross sections
shown in Figure 2. Thin black lines are faults; thick yellow line is the
San Andreas fault (SAF); solid gray lines are state boundaries. Ab-
breviations: BS—Bartlett Springs fault, HF—Hayward fault, CF—Ca-
laveras fault, GV—Great Valley, GVF—Green Valley fault, SN—Sierra
Nevada, IA—Isabella anomaly, WL—Walker Lane, IB—inner Califor-
nia Borderland.

(Monteiller and Chevrot, 2011). Converted seismic waves, however,
provide excellent resolution of the lithosphere-asthenosphere boundary
(LAB), and thus offer a different means of constraining deformation in the
deep mantle lithosphere. Prior converted phase studies (Abt et al., 2010;
Kumar et al., 2012; Lekic et al., 2011; Levander and Miller, 2012; Li et
al., 2007) have estimated lithospheric thicknesses in California, but did
not note systematic changes in LAB properties across the SAF system.

DATA AND METHODS

We calculated more than 135,000 Sp receiver functions from 730
seismic stations (Fig. 1), and stacked them according to their three-di-
mensional conversion point locations using a model for crust (Lowry
and Pérez-Gussinyé, 2011) and mantle (Obrebski et al., 2011) velocity
structure beneath each station and a spline-function representation of the
Sp Fresnel zone (Lekic et al., 2011). Sp conversion points at lithosphere-
asthenosphere boundary depths are very dense on both sides of the SAF,
and we interpreted the Sp common conversion point (CCP) stack only at
those nodes with information from more than 300 receiver functions. (See
the GSA Data Repository' for more on methods.) Uncertainties in LAB

!GSA Data Repository item 2014111, additional profile examples, receiver
function and stacking methods, LAB phase selection, influence of ray parameter
on amplitude, and modeling LAB velocity gradient, is available online at www
.geosociety.org/pubs/ft2014.htm, or on request from editing@geosociety.org or
Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 2. Vertical cross sections through Sp common conversion point stack (see text). Negative phases (blue) indicate velocity decrease
with depth. White squares show depths inferred for lithosphere-asthenosphere boundary (LAB) phase (see the Data Repository [see foot-
note 1]). Positive amplitude phase (red) at depths of 20—40 km is interpreted to be the Moho, although conversions from intracrustal discon-
tinuities, such as bases of sedimentary basins, also occur. Dashed black line corresponds to Ps estimates of Moho depth (Lowry and Pérez-
Gussinyé, 2011). Gray labels indicate cross-section intersections; thick black lines are major faults. Surface topography is exaggerated 10x.
Amplitude of inferred LAB phase is significantly weaker in 2-2" than in 1-1/, and to west of San Andreas (SA—A-A’) and Calaveras (C—B-B’)
faults. Outside of black dashed lines in A-A’ (which correspond to white dashed line in Fig. 3) LAB phase picks are less robust. Gray labels

1,2, A, and B in cross sections correspond to intersections with other cross sections. RF—receiver function.

depth due to waveform scatter and uncertainties in the migration model
are typically <+10 km.

RESULTS

Sp conversions due to a velocity decrease with depth are observed
throughout the study region; the mid-point of this negative velocity gradi-
ent is at depths of 45-100 km, with an average depth of 70 km (Figs. 2
and 3). Because the velocity decrease required to produce observed Sp
amplitudes (see the Data Repository) accounts for most of the shear wave
speed (Vs) drop from the lithosphere to the asthenosphere inferred by sur-
face wave tomography (Obrebski et al., 2011; Rau and Forsyth, 2011), and
because its depth is consistent with tomography, we interpret the Sp phase
as a conversion across the seismologically defined LAB.

Our CCP Sp model reveals a pronounced change in LAB phase am-
plitude across the plate boundary (Figs. 2 and 3A). East of the SAF system
(e.g., cross-section 1-1” in Fig. 2) the LAB phase is strong and spatially
coherent, while to the west of the SAF (2-2” in Fig. 2) the LAB phase is
very low amplitude or absent. In central California, the change in LAB
phase amplitude occurs beneath the SAF (A-A” in Fig. 2; Fig. 3A), and in
northern California the change occurs farther east (e.g., at the Calaveras
fault, B-B” in Fig. 2). The change in LAB properties beneath these faults
occurs over short horizontal distances, typically 50 km or less (Figs. 2
and 3; Fig. DR1 in the Data Repository). At the periods used in this study
and for depths of ~70 km, CCP-stacked Sp phases can distinguish lateral
variations in discontinuity structure that occur over 50 km from those over
larger distances, but they cannot resolve lateral variations of <50 km (Le-
kic et al., 2011). In southern California, LAB phases are typically weaker
on the western side of the SAF, although there are exceptions (e.g., the
inner California Borderland), and a laterally abrupt change in amplitude
directly beneath the SAF is less consistently observed (Fig. 3A). The ob-
served patterns in LAB phase amplitude cannot be explained by spatial
variations in Sp path density or ray parameter (see the Data Repository).

Systematic variations in LAB depth across the SAF system are
only observed in certain areas. Along much of the central segment of the
SAF, LAB Sp phase depths on the western side of the SAF are within
the uncertainties (10 km) of those on the east, with the caveat that litho-
spheric thickness is unknown where phase amplitudes drop to nearly zero

immediately to the west of the fault (A-A” in Fig. 2). West and north of
San Francisco Bay, a negative phase at 45-55 km depth hints at a zone
of thinner lithosphere to the west of the SAF (B-B’ in Fig. 2; Fig. 3B).
The absence of a clear LAB phase between the SAF and Calaveras fault
obscures the exact position of the change in lithospheric thickness, but in
profile B-B’ the thinning would need to occur over a horizontal distance
of 75 km or less. Local reductions in LAB phase depth are also observed
in the vicinity of the Walker Lane fault system to the east of the Sierras,
the Isabella anomaly (e.g., Zandt et al., 2004) in the Great Valley, and in
the inner California Borderland (e.g., Lekic et al., 2011) (Figs. 1 and 3;
Fig. DR1).

To assess vertical gradients in absolute shear velocity (V) at the
LAB, we modeled the ratio of LAB phase amplitudes for two regions
located on adjacent sides of the SAF in central California, the Salinas
(SALI) block to the west and the Great Valley thrust belt (GVTB) block
to the east (Fig. 3A; see the Data Repository). If the decrease in V_from
lithosphere to asthenosphere occurs instantaneously in depth beneath both
sides of the SAF, a 1% drop at the base of the SALI lithosphere would
imply a 3.7% drop at the GVTB LAB. For a LAB V_ gradient >30 km in
depth on both sides, a 1% drop beneath the SALI block would indicate a
7.9% drop beneath the GVTB block. Alternatively, the LAB V_ gradient
beneath SALI could occur over a much larger depth range than the gradi-
ent beneath GVTB. This modeling confirms that LAB velocity gradients
differ significantly between the east and west sides of the central SAF.

FAULT-CORRELATED CHANGES IN THE MANTLE
LITHOSPHERE

The laterally abrupt changes in LAB velocity gradients indicate a
contrast in the properties of the mantle lithosphere across the central seg-
ment of the SAF and the Calaveras—Green Valley—Bartlett Springs faults in
the north. Sharp lateral changes correlated with these faults would be dif-
ficult to maintain in the low-viscosity asthenosphere (Freed et al., 2012),
in particular because the absolute motion of the North American plate is
nearly normal to the strikes of these faults in a variety of reference frames
(Schellart et al., 2008). Assuming an asthenosphere of roughly constant
V across the region, shear velocity in the deep mantle lithosphere on the
western side of these faults would be smaller than on the eastern side.

www.gsapubs.org | | GEOLOGY
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Figure 3. A: Map of lithosphere-asthenosphere bound-
ary (LAB) phase amplitude strength. Gray dashed lines
outline Salinian (SALI) and Great Valley thrust block
(GVTB) crustal blocks defined by faults and plate motion
(McCaffrey, 2005). San Andreas and Calaveras—Green
Valley—Bartlett Springs faults are highlighted in red
and magenta, respectively. Amplitudes are significantly
lower west of the San Andreas and Calaveras—Green
Valley-Bartlett Springs faults. Amplitude contrast is
particularly sharp directly below central San Andreas.
B: Map view of LAB depth. Amplitude and depth values
were smoothed with Gaussian function with radius of
~33 km. White dashed lines indicate regions where LAB
phase depths are less reliable, along western edge of
common conversion point stack where phase ampli-
tudes are very weak, and near its eastern edge where
energy in LAB phase depth range is complex.

While this difference is seen in some regional tomographic models (Lin et
al., 2010, 2012), it is not consistently present in all models (Buehler and
Shearer, 2012; Obrebski et al., 2011; Rau and Forsyth, 2011), suggest-
ing that V_ may not be reduced throughout the entire mantle lithosphere;
smaller Sp amplitudes from the LAB on the Pacific side could be matched
simply by a reduced V, contrast or a more gradual V, gradient at the base
of the plate (Fig. 4), which could be undetected by tomography. Variations
in V,_ anisotropy at the LAB are not an obvious explanation for the fault-
correlated differences in LAB phase amplitude. Azimuthal anisotropy
from surface wave (Lin et al., 2010) and Pn (Buehler and Shearer, 2012)
tomography and anisotropic layering inferred from shear-wave splitting
in SKS phases (Bonnin et al., 2010) indicate azimuthal anisotropy with
a fast direction that is approximately parallel to the direction of shear-
ing in the lithosphere along the plate boundary and more east-west in the
asthenosphere. However, none of these studies show lateral variation in
azimuthal anisotropy that correlates with the observed shift in LAB phase

GEOLOGY | | www.gsapubs.org
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Figure 4. Schematic interpretation of lithosphere-
asthenosphere boundary (LAB) Sp phase ampli-
tude change (see text) beneath the central seg-
ment of San Andreas fault (SAF). Lithospheres with
different LAB velocity gradients are juxtaposed
across shear zone that is <~50 km wide at LAB.
SAF and Calaveras—-Green Valley—Bartlett Springs
faults are highlighted in red and magenta, respec-
tively. Vectors show plate motion with respect to
North America (McCaffrey, 2005).

amplitudes at the SAF in central California and the Calaveras—Green
Valley—Bartlett Springs faults in northern California.

Along the central segment of the SAF, the laterally abrupt changes
in properties of the deep lithosphere indicate that plate boundary shear is
localized over a comparable length scale at the LAB. If the zone of shear
were more broadly distributed (>100 km), maintaining the correlation be-
tween structure at the LAB and the surface trace of the fault in regions
where fault strike changes substantially and as hundreds of kilometers of
offset accumulated would require a large and unappealing degree of coin-
cidence. The width of deep mantle shear across the SAF north of ~37°N is
more difficult to constrain, but if the shallow (45-55 km deep) negative Sp
phase at the edge of the Sp CCP stack represents thinner lithosphere to the
west of the SAF (B-B” in Fig. 2; Fig. 3B), the offset in LAB depth would
suggest that shear is distributed over <~75 km. In southern California,
the transition in LAB properties does not consistently occur over short
(<50 km) horizontal distances directly beneath the SAF, leaving open, but
not requiring, the possibility that plate boundary deformation is distrib-
uted over a wider zone at the LAB.

The horizontally localized lithospheric offsets we infer in central
California are not inconsistent with the wider zone of azimuthal anisotro-
py in the lithosphere aligned with shear due to relative plate motion (e.g.,
Bonnin et al., 2010; Buehler and Shearer, 2012; Lin et al., 2010). Because
seismic anisotropy can develop at relatively low strains and saturates at
moderate strains (e.g., Ribe, 1992), shear-wave splitting and regional
models of azimuthal anisotropy may detect weak deformation distributed
over large horizontal length scales, whereas the localized variation in LAB
properties we observe across the central SAF could reflect a zone of fo-
cused shear that accommodates most of the relative plate motion.

One possible origin for the contrast in lithospheric properties across
the central SAF is that the deep lithosphere to the west of the fault is made
up of oceanic plate underthrust eastward beneath the continental margin
prior to the onset of right-lateral strike-slip motion between the Pacific
and North America plates ca. 30 Ma (Brocher et al., 1999; Henstock et
al., 1997). While the high-velocity layer taken as evidence for underthrust
oceanic crust terminates at the SAF along its central segment, the oceanic
plate has been inferred to extend farther to the east north of lat ~37°N,
providing an explanation for why the contrast in LAB Sp phase ampli-
tude shifts to the Calaveras—Green Valley—Bartlett Springs faults (Brocher
et al., 1999; Henstock et al., 1997). The oceanic lithosphere would have
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been young when accreted, and its LAB velocity gradient could be distinct
due to differences in thermal history, chemical depletion, volatile content,
grain size, and melt infiltration (e.g., Fischer et al., 2010) relative to the
continental lithosphere to the east of the SAF.

CONCLUSIONS

Sp receiver function stacks reveal a westward decrease in the vertical
velocity gradient at the LAB across the SAF system. In central California,
the change in the LAB velocity gradient occurs beneath the SAF over a
horizontal distance of <50 km, whereas in northern California, a compara-
bly sharp lateral change in LAB properties occurs beneath the Calaveras—
Green Valley—Bartlett Springs faults. These results indicate that mantle
lithospheres with different basal properties are juxtaposed across these
faults. Beneath the central segment of the SAF, deformation appears to
extend through the lithosphere in a relatively narrow shear zone (<~50 km
in width). This result supports the view that the mantle lithosphere, as
defined by seismic velocities, is relatively plate like and deforms only in
focused zones of deformation, consistent with rheological models that al-
low localized strain throughout the mantle lithosphere (e.g., Bercovici and
Ricard, 2012).
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