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Abstract we present a high-resolution P-wave azimuthally anisotropic velocity model for the upper and
middle crust beneath southern California by a novel adjoint-state traveltime tomography technique. Our model
reveals significant anisotropy variations between tectonic blocks that clearly reflect both past and current

plate boundary deformation. In the shallow crust, seismic anisotropy is mostly controlled by the preferred
alignment of microcracks related to the present N-S compressive stress; while at deeper depths (>~6 km),
seismic anisotropy mainly records paleofabrics formed during the long-lived Farallon subduction and later
extension that have not been fully reset by the present transform motion. Interestingly, our model demonstrates
distinct fast axes beneath the western Transverse Ranges from its neighboring blocks, probably reflecting the
large-scale vertical axis clockwise rotation of the block. In addition, we identify layered structures with distinct
anisotropy features beneath the Salton Trough, which could be a result of the current transtension.

Plain Language Summary Seismic anisotropy, which is defined as the directional dependence
of the speed of seismic waves in a rock matrix, provides important constraints on the dynamic processes

of the Earth. Here, we investigate this parameter in the upper to middle crust beneath southern California
where the Pacific Plate slides northwestward with respect to the North American Plate by a novel seismic
imaging technique. We find that present crustal anisotropy in southern California reflects both the past and
current plate boundary deformation. While the shallow crustal anisotropy is dominantly controlled by the
present stress, seismic anisotropy at larger depths (>~6 km) mainly reflects paleofabrics associated with
Mesozoic subduction and later extension. The clockwise rotation of the western Transverse Ranges is clearly
resolved by its distinct anisotropy as compared to its neighboring blocks. On the other hand, we show that
seismic anisotropy beneath the Salton Trough may be fully controlled by the current deformation, forming
layered structures with distinct anisotropy features.

1. Introduction

Southern California represents a complex segment of the transform plate boundary between the North American
and Pacific plate (Figure 1a), having experienced a transition from the long-lived Mesozoic subduction to later
extensional and transform tectonic regimes (Atwater, 1970). Such a transition has resulted in significant crustal
deformation represented by a series of crustal block fragmentation, microplate capture, lateral movement, and
vertical axis rotation in this region, in particular to the west of the San Andreas Fault (SAF) (e.g., McQuarrie
& Wernicke, 2005). Tectonic reconstructions revealed that blocks west of the SAF were a once-continuous
magmatic arc that was later disaggregated by the transform motion (Saleeby, 2003). In addition to long distance
translations of the crustal blocks west of the SAF, the western Transverse Ranges (WTR) showed a notable up to
110° clockwise rotation (e.g., Nicholson et al., 1994). The associated in-land jump of the transform plate bound-
ary and rifting in the Gulf of California have led to the development of oblique extension in the Salton Trough
(ST) since ~6 Ma, which completes the tectonic reorganization west of the SAF (McQuarrie & Wernicke, 2005).
To the east of the SAF, crustal deformation is dominated by mid-Tertiary extension and later right-lateral shear
in the Mojave Desert, in comparison to a nearly undeformed rigid Sierra Nevada block in the north (Dokka &
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Figure 1. (a) Location and topography of southern California overlaid with geologic and tectonic features. The red lines
separate major tectonic blocks: 1. Coast Ranges, 2. Great Valley, 3. Sierra Nevada, 4. Basin and Range, 5. Transverse Ranges,
6. Mojave Desert, 7. Peninsular Ranges, and 8. Salton Trough. The black, yellow, and cyan lines represent major faults
(Jennings, 1994), national borders, and plate boundary (Bird, 2003), respectively. The white box outlines the study region
with location shown in the inset. The distributions of selected seismic stations and earthquake sources are shown in (b and c),
respectively.

Travis, 1990). All the past and ongoing deformation should have left an imprint on the present-day crustal struc-
ture, leaving footprints that can be captured by seismic anisotropy tomography.

Seismic anisotropy is a strong indicator of dynamic processes inside the Earth, produced by the preferred align-
ment of mineral fabrics and/or microcracks that are difficult to resolve by isotropic velocity models. Compared
to the many isotropic models that generally agree with each other, the limited number of anisotropic studies in
southern California exhibit complex anisotropy at different depths. For instance, local shear-wave splitting (SWS)
analyses showed complex anisotropic patterns simultaneously controlled by stress and local structures (Boness &
Zoback, 2006; Li & Peng, 2017). Meanwhile, receiver function azimuthal harmonic analyses highlighted perva-
sive inherited anisotropic features in the crust that are possibly related to past deformation (Porter et al., 2011;
Schulte-Pelkum et al., 2020). Recently, by analyzing all the available anisotropy indicators, Schulte-Pelkum
et al. (2021) further concluded that the current anisotropy in the lithosphere of southern California preserves
fabrics/structures formed during the long-lived Mesozoic subduction and later extension that have not been reset
by the present transform tectonic regime. However, the model of Schulte-Pelkum et al. (2021) in the seismo-
genic crust relies heavily on SWS results that are more sensitive to local structures with limited vertical resolu-
tion (Savage, 1999; Zhao et al., 2016). Furthermore, regional surface wave azimuthally anisotropic inversions
only map anisotropy with respect to period (Lin et al., 2009; Zigone et al., 2015), producing highly variable
results at different periods and lateral locations that are hard to interpret. As a result, the lack of high-resolution
3-D azimuthally anisotropic models for the crust of southern California inhibits our understanding of how plate
boundary deformation is accommodated in the crust.
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In this study, we attempt to constrain crustal azimuthal anisotropy in southern California using a massive number
of local P-wave arrival times accumulated in the past 40 years. This is technically challenging since ray tracing
in anisotropic media is rather complex, especially in the highly heterogeneous crust (e.g., Wang, 2014). Here,
we solve this problem by using a new adjoint-state traveltime tomography technique that requires no ray tracing
(Tong, 2021). P-wave propagation and model reconstruction are achieved by solving the azimuthally anisotropic
eikonal equation with a highly reliable numerical algorithm and the associated optimization problem with the effi-
cient adjoint-state method. Importantly, the adjoint-state traveltime tomography method can precisely compute
the sensitivity kernels with respect to P-wave slowness and azimuthal anisotropy even in very complex media
(Tong, 2021). The combination of the abundant data and advanced method allows us to reliably constrain crustal
velocity heterogeneities and azimuthal anisotropies at unprecedented resolution, which provides new insights
toward understanding the deformation and dynamics in the Pacific-North America plate boundary region.

2. Data and Methods
2.1. First P-Wave Arrival Times

We use first P-wave arrival times spanning from 1981 to 2021 archived in the Southern California Earthquake
Data Center (SCEDC, 2013). We only consider arrivals with high signal onset quality from earthquakes with
magnitude greater than 1.5 and focal depth shallower than 20 km. We remove the arrivals with epicenter distance
greater than 120 km to separate Moho refractions (Pn waves) from our data set. Then, we discard clustered data
by dividing the research region into 1 km X 1 km X 0.5 km blocks and only keep one earthquake in each block
based on the largest number of available arrivals. We further require that each station must record at least eight
arrivals, and each arrival must be recorded by at least eight stations. Finally, we adjust the hypocenter locations
according to the waveform relocated HYS_catalog_2011 (extended to 2019) of Hauksson et al. (2012) and delete
earthquakes not included in the relocated catalog. As a result, a total of 1,509,004 high-quality first P-wave arriv-
als from 74,504 local earthquakes are selected for the subsequent tomographic inversions (Figures 1b and 1c).

2.2. Adjoint-State Traveltime Tomography

We employ the adjoint-state traveltime tomography method for azimuthally anisotropic media (Tong, 2021) to
iteratively invert for P-wave velocity and azimuthal anisotropy (magnitude and fast velocity orientation). In the
forward calculation, we set up a fine 3-D forward grid with a size of 1 km X 1 km X 0.5 km and numerically
solve the anisotropic eikonal equation using a fast-sweeping method (Qian et al., 2007). Sensitivity kernels of the
objective function with respect to the P-wave slowness and anisotropic parameters are calculated based on the
traveltime field and an adjoint field that satisfies the transport-type adjoint equation (Tong, 2021). The inverse
problem is handled by a step-size-controlled gradient descent method that requires the relative perturbations not
to exceed +2% at each iteration. Note that we apply a multiple-grid model parameterization comprising 8 sets
of staggered grids in the inversion, which naturally acts as a smoothing term. The multiple-grid setup is also
demonstrated to have a better performance in capturing subsurface heterogeneities than a conventional collocated
grid (Tong et al., 2019). We use different inversion grid sizes for the P-wave slowness and anisotropic parame-
ters, as determining the anisotropy generally requires a better data azimuthal coverage (e.g., Yu & Zhao, 2018).
Therefore, the horizontal spacing of the inversion grid is two times larger for the anisotropic parameters than that
designed for the P-wave slowness.

The inversion starts with a 3-D isotropic P-wave velocity model of Wu et al. (2022), which is a high-resolution
crustal velocity model built from jointly inverting arrival times of first P-wave and high-quality Moho reflected
PmP waves. We also perform an inversion using a 1-D starting model, that is, the 1-D HK model (Hadley &
Kanamori, 1977) with a smoothed transition between layers and an undulating Moho surface of Tape et al. (2012).
The resulting velocity and anisotropic patterns show minor differences to those obtained from the 3-D starting
model (Figures S1 and S2 in Supporting Information S1). We here choose to start with the 3-D velocity model
because it is constrained by two different types of data and produces much smaller data residuals. The tomo-
graphic scheme involves three steps. We first perform 40 iterations to generate an anisotropic velocity model
for earthquake relocation. Then, we relocate all 74,504 earthquakes with 10 iterations following the algorithm
described in Tong (2021) and update the associated P-wave arrival times. Finally, starting again with the 3-D
isotropic velocity model, we conduct another 40 iterations using the relocated earthquakes to construct our final
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Figure 2. The results of the checkerboard resolution test for average P-wave velocity (a—c) and azimuthal anisotropy (d—f)
at three example depths. The red bars in (d—f) represent fast P-wave orientations. The black lines denote major faults in the
region.

model. During the tomographic inversion, data with either large absolute traveltime misfit (| Tobs — Tprea| > 5 5) OF
large relative traveltime misfit (| Tops /Tprea — 1| > 0.5) are removed. In the three-step inversion, we achieve data
misfit reductions of ~13%, ~59%, and ~27%, respectively.

3. Results

We first conduct several checkerboard tests to assess the resolving ability of our data and the robustness of
the tomographic inversion, including one test simultaneously incorporating velocity and anisotropic anomalies
and two additional tests incorporating either velocity or anisotropic anomalies for trade-off analysis. The input
velocity and anisotropic anomalies are designed based on sinusoidal functions following Tong (2021). Details of
the checkerboard resolution tests are given in (Text S1 of Supporting Information S1). In general, these checker-
board resolution tests show a satisfactory recovery of 40-km-wide velocity and 80-km-wide anisotropy anomalies
(Figure 2; Figures S3 and S4 in Supporting Information S1), albeit with recovered amplitudes beneath the Mojave
Desert and fringe regions that are slightly under-estimated due to sparser data coverage there. The resolution at
depths greater than 16 km is also low as we exclude earthquakes below 20 km depth and Pn arrivals from our data
set. In particular, the two additional checkerboard tests indicate that the velocity and anisotropic parameters seem
to be mostly decoupled (Figures S5—S8 in Supporting Information S1), thanks to the abundant and almost evenly
distributed data in southern California (Figures 1b and 1c).

3.1. Average P-Wave Velocity

The inverted 3-D average P-wave velocity model is consistent with most previous regional velocity models (e.g.,
Lee et al., 2014; Shaw et al., 2015; Tape et al., 2009). Shallow velocity structures match well with surface
geology, with low velocities dominating major sedimentary basins and high velocities beneath regions where
batholitic rocks are exposed (Figure 3a). Meanwhile, clear velocity contrasts are resolved across major strike-slip
faults, such as the SAF, Garlock Fault (GF), San Jacinto Fault (SJF), and Elsinore Fault (EF) (Figure 3), indicating
potentially prominent lithological changes across the faults (e.g., Berg et al., 2018). In the middle to lower crust
(>10 km), velocity anomalies can be generally explained by different rock compositions and/or presence of fluids
(e.g., Barak et al., 2015; Berg et al., 2018; Han et al., 2016; Nicholson et al., 1994; Tape et al., 2009). Since most
of the velocity anomalies have been discussed thoroughly in many previous studies, we will focus on the less
explored azimuthal anisotropy hereafter.
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Figure 3. P-wave velocity perturbations at six representative depths. The reference P-wave velocity for each depth slice
is given at the bottom left corner. Abbreviations and symbols are the same as Figure 1. Major earthquakes with magnitude
larger than 6.0 are denoted by red stars.

3.2. Azimuthal Anisotropy

Our new model reveals significant 3-D anisotropic variations (Figure 4) in the crust of southern California that
have not been discussed in detail before. North of the GF, fast P-wave velocity orientations are generally N-S
aligned, with an exception near the Coso geothermal field where clear rotations of the fast axes to E-W are observed
(Figures 4a—4d). This pattern agrees well with a previous smaller-scale tomographic study which suggests a
clockwise rotating crustal block associated with fluids that have possibly led to the nucleation of the 2019 Ridge-
crest earthquake (Tong et al., 2021). The Mojave Desert shows nearly uniform NE-SW fast orientations, with the
eastern Mojave Desert exhibiting larger anisotropy amplitudes as compared to the west (Figures 4a—4c). Interest-
ingly, small patches of weak NW-SE oriented fast axes are found in the southernmost Eastern California Shear
Zone (ECSZ) in the shallow crust (Figure 4b), consistent with the spatial distribution of ongoing rock damage
production beneath the ECSZ (Ben-Zion & Zaliapin, 2019). Therefore, the fault-parallel anisotropy likely reflects
local structures created by earthquake rupture and shear, such as the presence of strike-parallel fluid-filled frac-
tures and/or fault gouge (Boness & Zoback, 2006). Overall, the azimuthal anisotropy east of the SAF shows a
relatively uniform pattern with a few local variations.

To the west of the SAF, however, significant anisotropy variations can be found between different tectonic
blocks. The most notable and intriguing feature is NE-SW oriented fast axes beneath the WTR, which are nearly
perpendicular to the strike of the SAF. This fault-perpendicular fast orientation stands out from the generally
fault-parallel fast axes (NW-SE) in the surrounding blocks, such as the Salinian block (SB) and the northern
parts of the western Peninsular Ranges (WPR) beneath the Los Angeles Basin (Figure 4d). In the southern parts
of the WPR near San Diego, we notice a slightly different anisotropic pattern, that is, the fast axes rotate from
nearly fault-perpendicular in the shallow crust (<6 km) to fault-parallel in the middle crust. The north-south
discrepancy within the WPR is also revealed in the surface wave azimuthally anisotropic maps at short period
(Zigone et al., 2015) and could be attributed to compositional variations reflecting the internal structure of the
Mesozoic magmatic arc (Bao et al., 2021). Meanwhile, the eastern Peninsular Ranges (EPR) display very differ-
ent azimuthal anisotropy as compared to the WPR, showing mostly fault-parallel fast axes at shallow depths
(Figures 4a—4c) while they become much more complex in the middle crust (Figures 4d—4e). Our model also
reveals distinct anisotropic layers beneath the ST, with fast velocity orientations changing from nearly N-S in the
shallow crust (<6 km), to NE-SW at ~9 km depth, and then to NW-SE at greater depths (>12 km).
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Figure 4. P-wave azimuthal anisotropy at six representative depths. The red bars denote the fast velocity orientations, while
the blue bars represent the Sy, . direction from Yang and Hauksson (2013). Yellow shaded area highlights blocks that have
underwent significant vertical axis rotation (Hillhouse, 2010), with the restored fast axes prior to rotation shown as the black
dashed line. The cyan line represents the present transform plate boundary from Bird (2003).

4. Discussion
4.1. Crack- and Mineral-Induced Anisotropy

Seismic anisotropy in the upper to middle crust is generally considered to be caused by the preferred orientation
of microcracks and/or rock-forming minerals (e.g., Almqvist & Mainprice, 2017; Barruol & Mainprice, 1993;
Crampin, 1987). The crack-induced anisotropy is often stress-related, produced by the shape preferred orientation
(SPO) of microcracks under subcritical conditions (Boness & Zoback, 2006; Li & Peng, 2017). The resulting
seismic anisotropy is large in amplitude with fast axes parallel to the maximum horizontal compressive stress
(SHmax
confined to the very shallow crust with depths up to a few kilometers, as the increasing confining pressure

) in regions away from major fault strands (Boness & Zoback, 2006). This type of anisotropy is typically

leads to a pervasive closure of microcracks at depths (Porter et al., 2011; Rasolofosaon et al., 2000). However,
exceptions may exist near deep-rooted fault zones, where crack-induced anisotropy is reported to dominate up to
~10 km depth (Audet, 2015). This scenario would require high-pressure (near-lithostatic) fluids to be sealed in a
fracture network surrounded by impermeable country rocks. In our model, the lateral resolution is limited to tens
of kilometers (Figure 2), meaning that fault-related cracks/fabrics (typically up to a few kilometers away from
the fault strand) are difficult to resolve, unless a wide fracture network is maintained by a series of sub-parallel
strike-slip faults like the ECSZ and the trifurcation area of the SJF.
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Comparing our anisotropy results with the Sy, . direction of Yang and Hauksson (2013), we find a largely

max
consistent pattern at shallow crustal depths (<~6 km) east of the SAF (Figure 4a), revealing predominant
crack-induced anisotropy related to the present N-S compression. While the shallow anisotropy to the west of the

SAF also shows a general consistency, large deviations from S, . can be found beneath the Los Angeles Basin

max
and eastern parts of the San Gabriel Mountains (Figures 4a and 4b). This differs from previous SWS results which
revealed generally stress-induced N-S aligned fast axes in the region (Li & Peng, 2017). Given the broad distri-
bution of the fault-parallel anisotropy away from nearby major strike-slip faults (i.e., the SAF and EF), we invoke
mineral-induced anisotropy to account for their misalignments with the stress orientation. This type of anisotropy
is generated by the crystallographic preferred orientation (CPO) of anisotropic minerals formed during rock
formation and subsequent deformation. The majority of minerals forming the continental crust show notable
seismic anisotropy, such as the highly anisotropic mica and amphiboles, quartz, as well as the less studied feldspar
family (Almqvist & Mainprice, 2017; Bernard & Behr, 2017). At middle crustal depths (>9 km), observed fast

P-wave orientations deviate more from the S

max direction, which could also be explained by a gradual transition

from crack-to mineral-induced anisotropy with depth. For example, we find a small angle (10-20°) clockwise
rotation of the fast axes from 2 to 12 km depth beneath the WTR and eastern Mojave, as well as more prominent
direction with depth beneath the ST and WPR near San Diego (Figure 4). We attribute
the formation of the various CPOs to the past and ongoing deformation in the region, as discussed in more detail

deviations from the S,

in the following section.

4.2. Past and Ongoing Deformation in Controlling the Seismic Anisotropy

There is a growing body of evidence addressing the important contribution of paleofabrics on the present-day
anisotropy beneath southern California, mostly in the lower crust and lithospheric mantle (e.g., Audet, 2015;
Porter et al., 2011; Schulte-Pelkum et al., 2020; Wang et al., 2020). However, it is unclear whether the inherited
structures still exist in the upper and middle crust, as previous anisotropic models have relatively poor resolution
at these depths.

Our model successfully fills in the resolution gap and shows distinct fast axes in the highly rotated WTR compared
to the adjacent blocks (Figure 4c), strongly indicating the preservation of paleofabrics in the middle crust. Those
inherited fabrics were formed during the long-lived Farallon subduction (accretion and intrusion) and subsequent
extension and have not been reset by the present transform tectonic regime (Schulte-Pelkum et al., 2021). Assum-
ing that paleofabric foliations formed during Farallon subduction stay perpendicular to the former NE convergent
direction (thus nearly parallel to the strike of the present SAF) with intermediate to high dipping angles (Porter
et al., 2011; Schulte-Pelkum et al., 2021), our model west of the SAF clearly delineates a pronounced anisotropic
pattern in the WTR that is likely associated with the clockwise rotation. The once fault-parallel fast axes, formed
as a result of compression, accretion, and intrusion during Farallon subduction, have been rotated subsequently
to the current fault-perpendicular direction. We therefore suggest that the present seismic anisotropy at middle
crustal depths may more likely represent CPO of paleo mineral fabrics that survived the overprinting process
of the current transform motion. If this is the case, the fast axis angular difference between the rotated and
unrotated adjacent blocks in the middle crust reflects a rotational angle ranging from ~80 to 90° in the east to
~110° in the center and west within the WTR (Figure 4d). These values match exceptionally well with paleo-
magnetic data, which suggest a ~70—110° rotational angle that seems to increase westward within the block (e.g.,
Hillhouse, 2010; Hornafius et al., 1986; Luyendyk, 1991).

The SAF is commonly regarded as the Pacific-North America plate boundary that absorbed ~75% of the transform
motion (Argus et al., 2011). Our model reveals distinct P-wave anisotropic features across the SAF (Figure 4).
This feature is less clear in the SWS results (Boness & Zoback, 2006; Li & Peng, 2017), possibly because the
SWS measurements mainly reflect shallow structures with prevailing microcracks aligned in response to the
current N-S compression, in comparison to the middle crust where paleofabrics dominate. The relatively uniform
azimuthal anisotropy in the blocks east of the SAF in our model may indicate a simpler evolution with much less
rotational history as compared to the western blocks, consistent with tectonic reconstruction (e.g., McQuarrie
& Wernicke, 2005). Distinct seismic velocities and anisotropies across the SAF may further imply a contrast of
lithological strength that has helped in localizing the SAF (Audet, 2015; Wang et al., 2020). North of the GF,
the Sierra Nevada shows similar fast axes to the SB and WPR in the middle crust (Figures 4g and 4h), possibly
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reflecting the same tectonic origin of these blocks as a continuous magmatic arc formed during the long-lived
Farallon subduction (e.g., Saleeby, 2003).

Further to the south, the ST likely represents a region with seismic anisotropy fully controlled by the present-day
deformation. The rapid change of N-S oriented stress-controlled anisotropy in the shallow crust (<6 km) to
NE-SW fast axes in the middle crust (~9 km; considering a crustal thickness of ~20 km beneath the ST (Tape
etal., 2012)) may stem from aligned fluid-filled secondary faults associated with a series of small block rotations,
which are largely governed by distributed dextral shear between the SAF and SJF (Brothers et al., 2009; Liu
et al., 2022). At greater depths (>12 km), NW-SE oriented fast axes correspond to a layer of newly underplated
gabbroic rocks with possible partial melts (up to 4.5%) organized in anastomosing dikes/veins that are parallel
to the shear direction (Barak et al., 2015). This could potentially explain the orientation and large amplitude of
the observed azimuthal anisotropy in the lower crust of ST (Figures 4e and 4f), in agreement with teleseismic
SWS measurements (Barak & Klemperer, 2016) and a larger-scale surface wave anisotropic tomography (Lin
et al., 2011). We note that the NW-SE fast orientations can be observed further to the west beneath parts of the
EPR (Figure 4f), matching the spatial extent of the middle to lower crust high velocities (Figures 3e and 3f). This
may indicate that the lower crust of the relatively cold Peninsular Ranges has been progressively altered by the
hot upwelling upper mantle beneath the ST from the east, as also supported by a significantly thinned (<70 km)
lithosphere (Lekic et al., 2011) and a gradually shallowing Moho from the EPR to ST (Yan & Clayton, 2007).

5. Conclusions

We construct a new high-resolution azimuthally anisotropic P-wave velocity model of the upper to middle
crust beneath southern California using a novel adjoint-state traveltime tomography method. Our model reveals
complex anisotropy variations between tectonic blocks at different depths, which are jointly shaped by the present
and past plate boundary deformation. We find that seismic anisotropies in the shallow crust (<~6 km) are mainly
controlled by the preferred alignment of cracks in response to regional stress. At deeper depths, deviations of
fast P-wave axes from the S, direction suggest a change from crack-to mineral-induced anisotropy, with fast

Hmax

directions mainly reflecting paleofabrics formed during the long-lived Farallon subduction and later extension,
except for the ST where significant recent crustal reworkings are found. We observe distinct fast orientations
beneath the WTR that are probably generated by its large-scale clockwise rotation. The ~80-110° rotational
angle predicted by the fast axis differences from the neighboring blocks is strongly consistent with paleomagnetic
data and tectonic reconstructions.

Data Availability Statement

Seismic data used in this study were provided by the Southern California Earthquake Data Center (SCEDC, 2013)
(https://scedc.caltech.edu/). The final velocity model can be accessed via https://doi.org/10.21979/N9/JQDOAQ.
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