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Abstract we build a new radially anisotropic shear wave velocity model of Southern California based on
ambient noise adjoint tomography to investigate crustal deformation associated with Cenozoic evolution of
the Pacific-North American plate boundary. Pervasive positive radial anisotropy (4%) is observed in

the crust east of the San Andreas Fault (SAF), attributed to subhorizontal alignment of mica/amphibole
foliation planes resulting from significant crustal extension. Substantial negative anisotropy (6%) is revealed
in the middle/lower crust west of the SAF, where high shear wave speeds are also observed. The negative
anisotropy could result from steeply dipping amphibole schists in a shear zone developed during Laramide
flat slab subduction. Alternatively, it could be caused by the crystal preferred orientation (CPO) of
plagioclase, whose fast axis aligns orthogonally to a presumed subhorizontal foliation. The latter new
mechanism highlights potentially complex CPO patterns resulting from different lithospheric mineralogy, as
suggested by laboratory experiments on xenoliths from the region.

Plain Language Summary The crust of Southern California has been shaped by complex
tectonic processes through the evolution of the Pacific-North America plate boundary. The mechanisms
of crustal deformation in this area are not fully understood. We investigate the deformation regime by
studying the seismic radial anisotropy of shear wave speed associated with mineral or structural
orientations. Our work reveals pervasive positive radial anisotropy (Vs > Vgy) in the crust and uppermost
mantle, which is consistent with the tectonic setting of widespread and long-term crustal extension of the
western United States through the Cenozoic. Interestingly, we also observe strong negative anisotropy
(Vsi < Vgy) in the lower crust west of the San Andreas Fault that has not been reported before. We
interpret the positive anisotropy to be caused by the subhorizontal alignment of foliation planes of
mica/amphibole whereas the negative one is potentially created by either steeply dipping amphibole schists
or subhorizontal alignment of plagioclase. The distinct radial anisotropies across the transform plate
boundary might indicate the importance of complex CPO patterns, resulting from different lithospheric
mineralogy under the same strain regime.

1. Introduction

Situated at the Pacific-North American plate boundary, Southern California has experienced a complex
tectonic evolution over the past 200 million years (Burchfiel & Davis, 1972), which has shaped its
present-day lithospheric structure (e.g., Atwater & Stock, 1998; Brink et al., 2000; Dickinson et al., 2009;
Nicholson et al., 1994; Saleeby, 2003; Shaw et al., 2015). The transition of the plate boundary from sub-
duction to transform in the Miocene (e.g., Atwater & Stock, 1998) resulted in widespread crustal deforma-
tion in the region (Figure 1), involving slab-window magmatism (McCrory et al., 2009), block rotations
(Luyendyk, 1991), and tectonic underplating (Saleeby, 2003). Today, the San Andreas Fault (SAF) is com-
monly treated as the plate boundary between the Pacific and North American plates and accommodates
+75% of their relative motion, whereas the Eastern California Shear Zone (ECSZ) to the east absorbs most
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Figure 1. Map of Southern California with topography, bathymetry, and active faults. The solid black rectangle outlines
the simulation region. The 148 stations used in this tomographic study are shown as triangles, out of which 19 are
selected for line search (shown in red). Faults are indicated by the bold black lines. Labels 1-8 denote the major eight
geological provinces with their boundaries delineated by red dash lines: 1. Coastal Ranges; 2. Great Central Valley;

3. Sierra Nevada; 4. Basin and Ranges; 5. Transverse Ranges; 6. Mojave Desert; 7. Peninsular Ranges; 8. Salton Trough.
Geological features labeled in bold white letters as referred by subsequent figures: SCR, southern Coast Range; SAF, San
Andreas Fault; SJV, San Joaquin Valley; SNB, Sierra Nevada Batholith; GF, Garlock Fault; WL, Walker Lane; WBR,
Western Basin and Range; WTR, CTR, and ETR, western, central and eastern Transverse Range; ECSZ, Eastern
California Shear Zone; ICB, Inner Continental Borderland; LAB, Los Angeles Basin; EF, Elsinore Fault; SJF, San Joaquin
Fault; ePRB and wPRB, east and west Peninsular Ranges Batholith; STB, Salton Trough Basin.

of the remaining deformation (Argus et al., 2011; Savage et al., 1990). In Southern California, the SAF
splays into several nearly parallel strike-slip faults, and the deformation along these faults is suggested
to occur through localized shearing that likely extends to the upper mantle (Molnar & Dayem, 2010).
Geodetic modeling based on elastic block models can explain most of the surface deformation in the
region (e.g., Meade & Hager, 2005).

Seismic studies conducted in Southern California provide evidence both for and against the block model. On
one hand, distinct crustal velocity contrasts are observed across the SAF (Fang et al., 2018; Hauksson, 2000;
Lee et al., 2014; Tape et al., 2009; Wang et al., 2018; Zhao et al., 1996; Zigone et al., 2015), which are accom-
panied by abrupt changes in the Moho depth (Berg et al., 2018; Qiu et al., 2019; Yan & Clayton, 2007; Zhu &
Kanamori, 2000), lithospheric thickness (e.g., Ford et al., 2014), and anisotropic signatures (Barak &
Klemperer, 2016; Jiang , Schmandt, & Clayton , 2018). The above lines of evidence are consistent with strong
localization of deformation along the SAF. However, this relationship becomes less obvious for other fault
systems in the region. In particular, seismogenic zones constrained by seismicity distribution and locking
depths based on geodetic data mostly terminate at 15-20 km depths (e.g., Meade & Hager, 2005), making
the inference of deformation patterns at depths obscure. Moreover, small-scale mantle dynamics inferred
from seismic tomography and numerical modeling (Houseman et al, 2000; Schmandt &
Humphreys, 2010; Yang & Forsyth, 2006) might further complicate the crustal deformation by creating dif-
ferent strain regimes at crustal depth, although the real pattern of the deformation may depend on physical
parameters that are still poorly constrained. Overall, how plate boundary deformation is accommodated in
the deep crust of Southern California remains enigmatic.

Seismic radial anisotropy, defined by the difference between horizontally (V) and vertically (V) polar-
ized shear wave speed (Vy), provides a unique window to the deformation history of the solid Earth. It allows
us to decipher tectonic deformation and flow patterns in the crust and upper mantle (e.g., Luo et al., 2013;
Lynner et al., 2018; Shapiro et al., 2004; Xie et al., 2013) through probing the mineral (crystal preferred
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orientation, CPO) and structural orientations (shape preferred orientation, SPO) developed from accumu-
lated shear strains (e.g., Karato et al., 2008; Mainprice & Nicolas, 1989). Compared to the abundant isotropic
velocity models available for Southern California (e.g., Barak et al., 2015; Hauksson, 2000; Humphreys &
Clayton, 1990; Jiang et al., 2018; Schmandt & Humphreys, 2010; Shapiro et al., 2005; Tape et al., 2009;
Wang et al., 2018; Yang & Forsyth, 2006), radially anisotropic structures in the region have been less
explored and are mostly limited to large-scale studies (Moschetti et al., 2010; Xie et al., 2015). This inhibits
detailed interpretation of deformation in Southern California. The purpose of this study is to construct a
3-D radially anisotropic crustal model of Southern California to improve our understanding of deformation
mechanisms in the deep crust.

In this study, we use the ambient noise adjoint tomography (ANAT) method developed in our earlier study
(Wang et al., 2019) to invert three-component ambient noise data for anisotropic Vg structure in Southern
California. The resulting anisotropic model achieves 70% misfit reduction compared to the isotropic model,
highlighting the importance of anisotropy in describing seismic properties of the crust in the region. The
model reveals new features in the crust which provides valuable insights into understanding deformation
mechanisms at the Pacific-North American plate boundary.

2. Data and Method

Our data set consists of transverse-transverse (T-T) and vertical-vertical (Z-Z) component empirical
Green's functions (EGFs) at 5-50 s between station pairs extracted by Wang et al. (2019, 2018), which
use three-component ambient seismic noise recorded by 148 broadband seismometers in Southern
California from January 2006 to December 2012 (Figure 1). The preprocessing of ambient noise data
and stacking of the long-term EGFs over 7 years (e.g., Bensen et al., 2007; Yang et al., 2008; Yao
et al., 2008) make effective noise sources approximately isotropic (see Figure S1 in the supporting infor-
mation, for details) and help minimize the phase biases caused by the inhomogeneous source distribution
(e.g., Yao & Van Der Hilst, 2009; Wang et al., 2016). Synthetic Green's functions (SGFs) are generated
from full-wave numerical simulations in 3-D heterogeneous models based on the spectral-element
method (SEM) (e.g., Komatitsch et al.,, 2004; Komatitsch & Tromp, 1999). We use an irregular
finite-element mesh (Wang et al., 2018) that incorporates complex interfaces (i.e., topography, basin
depth, and Moho variations) and has a simulation accuracy down to 2 s. Unidirectional (north, east,
and vertical) point-force sources with a Gaussian source time function of 1.0 s half duration are placed
at the Earth surface to generate three-component synthetics at receivers, which are then rotated to obtain
Z-Z component Rayleigh wave and T-T component Love wave SGFs.

The inversion starts with an isotropic model of M16 (also known as CVM-H6.2), which is derived based
on 2-30 s local earthquake waveform data by Tape et al. (2009, 2010) using adjoint tomography. A pre-
conditioned gradient-based optimization method is applied to iteratively improve the model over two
stages: (I) isotropic inversion and (II) anisotropic inversion for radial anisotropy. In our previous studies
(Stage I), ANAT has been applied to Rayleigh and Love waves separately to obtain the two different iso-
tropic models: M2IR = (py, Vpy, Vsy) from Rayleigh waves (Wang et al., 2018), and M2IL = (oy, Ve,
Vsy) from Love waves (Wang et al., 2019). In this study, we perform ANAT to simultaneously minimize
the Rayleigh and Love wave traveltime misfit functions between EGFs from ambient noise and SGFs
from SEM simulations (see Text S1 for more details) using 3-D sensitivity kernels for multicomponent
EGFs calculated based on the adjoint method (Wang et al., 2019). In the anisotropic inversion (Stage
II), the two isotropic models (M2IR and M2IL) from Stage I are combined to obtain a starting radially
anisotropic model M21 = (p, Vpy, Vpw, Vsv, Vs, 1), With an average density parameter p = (oy+px)/2
and a dimensionless radially anisotropic parameter (y = 1.0). In Stage I, we adopt a multiscale strategy
to reduce the nonlinearity of the inversion by fitting long period broadband data at 20-50 s first and gra-
dually decrease the shortest period to 10 and 5 s. In the second stage, the EGFs are filtered in four more
refined narrow period bands: namely, 6-15, 10-20, 15-30, and 20-40 s, to better image the crustal struc-
tures as similarly done in Chen et al. (2014). According to Fichtner (2014), phase traveltimes measured in
narrow period bands are less affected by source heterogeneities and data processing schemes compared to
waveform-based measurements.
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3. Results
3.1. Misfit Reductions

To evaluate the robustness of the inversion, we inspect the model fitting of each iteration by calculating the
total misfit as the average of individual traveltime differences between data and synthetics weighted by their
uncertainties (Tape et al., 2010; Wang et al., 2018). Figures 2a and 2b show the total traveltime misfit evolu-
tions for Rayleigh and Love waves in the isotropic inversions (from M16 to M2IR/M2IL) and anisotropic
inversion (from M21 to M28), respectively. We find that the initial total misfit of Love waves (0.48) is much
smaller than that of Rayleigh waves (1.76), meaning the earthquake-based adjoint tomographic model M16
fits the transverse components better than the vertical components. Although the misfits have been reduced
largely in the isotropic inversion stage for Rayleigh and Love waves separately, we find that introducing
radial anisotropy slightly increases the misfits when we switch from the isotropic models (M21R/M21L) to
radially anisotropic model (M21) (Figure S3). This indicates that wave propagation in anisotropic media can-
not simply be modeled by two separate simulations based on isotropic models. As the inversion proceeds to
anisotropic inversion, the total misfit continues to decrease by about 29.5% for Rayleigh waves (Figure 2a)
and 8.6% for Loves (Figure 2b). After seven preconditioned conjugate-gradient iterations, we obtain the final
radially anisotropic model M28. Note that we use more and narrower period bands in the anisotropic inver-
sion than the previous isotropic inversion, so the total misfit of anisotropic inversion is not necessarily smal-
ler than that of the last iteration in the isotropic case (for Love waves) from a multiscale strategy perspective
(Zhu et al., 2015). Compared with the initial isotropic model M16, our final model achieves 70% misfit reduc-
tion (80% for Rayleigh waves and 33% for Love waves). The mean and standard deviation of overall misfits
reduce from 1.04 +1.49 t0 0.07 + 0.95 for Rayleigh waves (Figure 2c), and from —0.15 + 1.21 to —0.02 + 1.04
for Love waves (Figure 2d).

3.2. Three-Dimensional Shear Wave Anisotropic Model

Selected depth and vertical cross sections of the final model are plotted in Figures 3 and 4 as both Voigt

average Vs (defined as /(2V3, + Vi;)/3; e.g., Babuska & Cara, 1991; Zhu et al., 2015), and its radial

anisotropy (RA; defined as (Vsy — Vsy)/Vs). For the isotropic component (Figures 3a, 3c, and 3e), our
model mostly agrees with previous tomographic studies in the region (Figures S14-S22) (Barak
et al., 2015; Lee et al., 2014; Tape et al., 2009, 2010). For example, tectonic terranes located west of
the SAF show high velocities throughout the crust, corresponding to the magmatic arc systems
associated with Laramide subduction in the Mesozoic (Dickinson & Butler, 1998). In contrast, velocities
are much lower for the units located east of the SAF. Particularly, pronounced Vg reduction is observed
in the midlower crust beneath the Walker Lane, as also seen in Lee et al. (2014) and Jiang, Schmandt,
Hansen, et al. (2018). They suggest the low velocity results from active magmatic processes in the crust
that are likely linked to mantle dynamics (Boyd et al., 2004; Jones et al., 1994; Zandt et al., 2004). In the
following section, we mainly focus on the descriptions of anisotropic features that have not been
explored in detail before.

In the shallow crust, most of the study region is characterized by positive anisotropy of moderate amplitude
(~4%), including the Mojave region, the ECSZ and most of the Basin and Ranges province (BRP).
Particularly strong positive anisotropy is observed beneath the Inner Continental Borderland, the western
San Joaquin Valley and southern Coast Ranges (SCR). The rest of the model shows weak or slightly negative
anisotropy. Of note is that the SAF and Garlock faults are observed as boundaries delineating distinct con-
trasts in velocity and anisotropy.

In the middle/lower crust, the most pronounced feature is that the southwestern side of the SAF displays
strong negative radial anisotropy, with amplitudes up to ~8%. Horizontally, the zone of negative anisotropy
is bounded by the Pacific coast to the west and the SAF to the east, extending continuously from the western
Transverse Ranges (WTR), cutting across the central Transverse Ranges (CTR), and further south to the
entire Peninsular Ranges. Vertically, its upper boundary approximately starts at 15 km depth with slight
topography variations along the geological units (e.g., D-D’ in Figure 4), while the lower boundary seems
to be terminated by the Moho. The ECSZ shows moderate negative anisotropy at the same depth range, as
a transition to the positive anisotropy feature in the broad area of BRP to the east.
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Figure 2. (a and b) The total traveltime misfit evolution over iterations for measurements between EGFs and SGFs made from Z-Z component Rayleigh waves
and T-T component Love waves, respectively. The green solid circles are from isotropic inversions based on Rayleigh wave ANAT (Wang et al., 2018) and
Love wave ANAT (Wang et al., 2019), and the red solid circles are from anisotropic inversion in this study. Note the total misfits of Rayleigh and Love waves
increase a little for model M21 relative to the isotropic models (M21R/M21L) with more period bands data used and the introduction of radial anisotropy. (c and d)
The differential traveltime histograms of different models for Rayleigh and Love waves, respectively. The green bars represent the traveltime histograms

for the initial isotropic model M16 and the red bars are the corresponding traveltime histograms for our final anisotropic model M28. The histograms are measured
at four narrow period bands plotted in different columns, and the overall histograms are presented in the last column. The number of measurements, average
value, and standard deviations are also shown in colored text boxes.

In the uppermost mantle (Figure 3f), our model shows positive radial anisotropy across the entire region.
The distribution of anisotropy correlates well with the isotropic velocity model, with localized concentra-
tions beneath the Sierra Nevada Batholith, western BRP, CTR, and Los Angeles Basin.

4. Discussions
4.1. Inversion Assessment

We conduct a resolution test to demonstrate that our inversion can resolve small-scale perturbations and dis-
tinguish the velocity difference between Vg and Vg, thus the radial anisotropy (See Text S3). To validate
our anisotropic model, we conduct forward simulations for 143 local earthquakes that are used in Tape
et al. (2010) but not included in our inversion, and then compare the observed waveforms with the synthetics
predicted from M16 and M28 (see Texts S4-5 for more details). Wang et al. (2018) validated the Vg, model
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Figure 3. Horizontal cross sections of Voigt-averaged shear wave velocity (V) and radial anisotropy (RA) at depths of 10 km (a, b), 20 km (c, d), and 40 km
(e, f). Locations of the profiles (AA’-EE’) in Figure 4 are plotted as magenta solid lines in (b).

M2IR by comparing M16 using the same 143 earthquake data and found that misfits are significantly
reduced in the intermediate period band (10-30 s) for vertical components but increase a little for
transverse components. This is reasonable because only Rayleigh waves are used to construct the model
M2IR, and we expect the introduction of radial anisotropy helps to improve data fitting for transverse
components. Indeed, the final anisotropic model M28 from this study shows large misfit reductions
compared to the isotropic model M16 for all the three components in the targeted period band (10-30 s)
(Figure S6), which confirms that crustal radial anisotropy is significant in Southern California.

4.2. Origin of Seismic Radial Anisotropy

The broadly distributed positive anisotropy in the crust beneath the BRP and the uppermost mantle across
the entire region is generally consistent with the anisotropic models of Moschetti et al. (2010) and Xie
et al. (2015). In particular, both studies found that the region of positive anisotropy coincides with geological
areas experiencing significant extension through the Cenozoic (Wernicke, 1992). They further attribute this
anisotropic feature to subhorizontal alignment of foliation planes of mica and amphibole in the crust and
olivine in the upper mantle developed during the strongly extensional deformation regime. Fast velocities
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Figure 1) are marked by blue lines and bold texts; the depths of Moho (Zhu et al., 2000) are plotted in black solid lines. Major faults (SAF: San Andreas Fault;
GF: Garlock Fault) are marked by red dashed lines and bold text.

and thinned crust in these positive radial anisotropic zones (Hauksson, 2000; Lekic et al., 2011; Yang &
Forsyth, 2006) support this idea, with which we generally agree. However, the negative anisotropy in the
middle/lower crust west of the SAF has not been observed before. We focus on the discussion of its origin
and geological implications throughout the rest of this section.

The origin of the negative anisotropy is intriguing, as it is rarely observed at middle/lower crustal depths in
previous anisotropic tomography studies (e.g., Luo et al., 2013; Wilgus et al., 2020; Xie et al., 2013). For exam-
ple, a large-scale model covering the western United States (Xie et al., 2015) only exhibits small patches of
negative anisotropy in the front of the Cascadia arc, with underlying mechanisms remaining to be explored.
Negative anisotropy is observed more often in volcanic settings where active melt lenses might be injected
into the crust as dikes, such as at Piton de la Fournaise (Mordret et al., 2015) and the Altiplano-Puna
Volcanic Complex in the central Andes (Lynner et al., 2018). The broad sensitivity of intermediate period
surface waves (e.g., 15-30 s) at depths of middle/lower crust indicates such melts would have to be present
in substantial amounts to be detected (e.g., Jiang, Schmandt, Farrell, et al., 2018). The slab-window magma-
tism in the Cenozoic may have generated a large pulse of a thermal anomaly along the California coast
(McCrory et al., 2009) and thus potentially lead to the formation of strong SPO of active melts in the region.
However, both the distinction of anisotropic signatures between the WTR and SCR and the very high velo-
city (>3.8 km/s) in the middle/lower crust observed in this study contrast with this hypothesis in which spa-
tially continuous low velocity anomalies would have been generated. Moreover, the Vj structure indicates
<1% of melt is present in the uppermost mantle today (Schmandt & Humphreys, 2010; Yang &
Forsyth, 2006), making SPO from active dike injections less likely.

Previous studies mostly tend to attribute middle-lower crustal anisotropy to the CPO of mica and amphibole,
which is approximated to have hexagonal symmetry with a slow axis (Ko & Jung, 2015; Lloyd et al., 2009;
Tatham et al., 2008). To explain the negative anisotropy observed in this study, the mica- and
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amphibole-bearing rocks have to show subvertical foliation. The extensive fault zones in Southern California
might provide mechanical condition for the development of subvertical dominant foliation in the lower
crust, but it is difficult to reconcile its distribution over a broad region. Through harmonic analysis of recei-
ver functions, Porter et al. (2011) and Ozacar and Zandt (2009) identified a lower-crust anisotropic layer with
dipping foliation beneath the broad area of Southern California and near Parkfield. They interpret the dip-
ping feature to be fossilized fabrics of schists developed in a basal crustal shear zone related to Laramide flat
slab subduction (McQuarrie & Wernicke, 2005; Saleeby, 2003). We find the upper boundary of our anisotro-
pic feature (B-B’ in Figure 4) generally agrees with the top of the anisotropic layer from receiver functions,
which further aligns with the “bright” reflectors identified in the active LARSE experiment (Fuis
et al., 2001, 2007; Porter et al., 2011; Ryberg & Fuis, 1998). However, laboratory measurements on the
exposed schists indicate relatively lower velocities (<3.7 km/s) (Godfrey et al., 2000; Pellerin &
Christensen, 1998) compared to our observations (>3.8 km/s). One possible explanation for this discrepancy
is that these samples represent the felsic compositional end of the schists considering their shallow exposure
depth, and they might become more mafic with depth (Rudnick & Fountain, 1995). Indeed, anisotropic mod-
eling based on lab-measured elastic tensors of Pelona schists (e.g., Graham & Powell, 1984) indicates that
comparable isotropic and anisotropic features to our observation can be generated with schists in relatively
more mafic composition (e.g., 66% amphibole, 24% plagioclase, 7% biotite and ~2% garnet) (Sarah J Brownlee
et al., personal communication, 8 April, 2020).

Steeply dipping amphibole schists may be a potential candidate for our observed anisotropy feature as dis-
cussed above. However, it remains enigmatic how a regional, and presumably extensive tectonic event leads
to deformation fabrics terminated right at the present SAF. In this study, we propose an alternative mechan-
ism, that the negative anisotropy could be a result of subhorizontal alignment of the slow velocity plane of
plagioclase. Plagioclase is one of the dominant minerals in the crust (Christensen, 1996), particularly in
mafic rocks (Almqvist & Mainprice, 2017), though its CPO has received much less attention compared to
mica and amphibole for the interpretation of crustal anisotropy. However, recent studies indicate it may con-
tribute more significantly to anisotropic signatures than previously thought (Almqvist & Mainprice, 2017;
Bernard & Behr, 2017). Compared to mica and amphibole that display hexagonal symmetry with a slow axis
(note this differs from the concept of a vertical/horizontal symmetry axis) (Lloyd et al., 2009; Tatham
etal., 2008), plagioclase is demonstrated to exhibit strong anisotropy that approximates hexagonal symmetry
with a fast axis (Brownlee et al., 2017). Another distinctive feature of plagioclase is that its fast axis tends to
align perpendicular to the shear plane and foliation plane, in contrast to, for example, olivine, where the fast
axis aligns parallel to shear (Bernard & Behr, 2017). If plagioclase fabric is dominant, the negative anisotropy
observed in Southern California may be caused by subhorizontal foliation in plagioclase-rich deformed rock,
which would have vertical fast axis orientations (Bernard & Behr, 2017). The origin of the subhorizontal
foliation could stem from subhorizontal shear during flat-slab subduction, from previous extensional epi-
sodes, or maybe relict magmatic fabric (Bernard & Behr, 2017) developed earlier during emplacement of
the plutons. Although the deformation mechanism for the development of plagioclase CPO is still not fully
understood, a recent analysis of xenoliths sampling the lower crust of the adjacent Mojave region found
strong CPO in plagioclase (Bernard & Behr, 2017). As emphasized by Bernard and Behr (2017), a change
in seismic anisotropy with depth may reflect a change in mineralogy with depth rather than a change in
deformation regime. We think this could be the case in Southern California. Interestingly, the negative ani-
sotropy in our model is weak beneath the Mojave region, and this could be caused by Cenozoic deformation
disrupting the middle-lower crust as indicated by the local Moho topography (Yan & Clayton, 2007).

4.3. Implications for Crustal Deformation

The distinction between the two mechanisms discussed above requires additional observational con-
straints, such as azimuthal anisotropy, or through a joint inversion of azimuthal and radial anisotropy
for the oriented elastic tensor (e.g., Xie et al., 2015) and is therefore beyond the scope of this study.
However, the new mechanism of plagioclase CPO to explain the negative anisotropy feature has broad
implications for understanding crustal deformation. First, it highlights the potential large contribution of
plagioclase to anisotropic signatures observed in the crust. Second, even though the middle/lower crust
is characterized by negative radial anisotropy, which is different from the positive radial anisotropy in
the upper crust and uppermost mantle, it does not necessarily mean the middle/lower crust is decoupled,
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as the foliation planes of plagioclase are still subhorizontally aligned except that its fast-velocity axes are
vertical. Third, the distinct contrast of the anisotropy across the SAF is consistent with the SAF being a
plate boundary that at least cuts through the crust. Another possibility is that regions with negative radial
anisotropy played a role in localization of the SAF during its development due to rheological differences
from lithological variations.

We note another anisotropic feature in our model, namely, that the strength of the anisotropy does not seem
to decrease when moving away from the SAF shear zone. This might suggest the shear deformation along
the SAF system is unlikely to be the major factor contributing to the negative anisotropy, or at least it is
not localized near the SAF. On the other hand, receiver function studies in the region (Porter et al., 2011;
Schulte-Pelkum & Mahan, 2014) show most stations close to faults indicate fault-parallel foliation.
Seismic and structural analysis on the SAF, San Jacinto Fault, and Elsinore Faults suggests dipping fault geo-
metries (Barak et al., 2015; Dorsey et al., 2012; Fuis et al., 2007, 2012; Mason et al., 2017; Ross et al., 2017;
White et al., 2019) and extensional structures can be reactivated as dipping strike-slip, generating dipping
fast planes with fault-parallel strikes picked up by receiver functions. Therefore, our anisotropy model is still
consistent with the azimuthal anisotropic features from receiver functions (Audet, 2015; Ozacar &
Zandt, 2009; Schulte-Pelkum & Mahan, 2014). This highlights the juxtaposition of both currently localized
deformation accommodating boundary dynamics along deep-rooted faults as well as broader deformation
in the middle/lower crust due to past regional deformation in Southern California.

5. Conclusions

In this study, we apply ambient noise adjoint tomography to three-component ambient noise data in
Southern California to construct a new radially anisotropic shear wave velocity model. A multiscale strategy
is adopted to improve the isotropic Vi and Vs models by fitting empirical Green's functions with synthetics
at four narrow period bands between 6-40 s. The total misfit is reduced by 70% and converged within a total
of 13 conjugation-gradient iterations. The final anisotropic model reveals broadly distributed positive aniso-
tropy (+4%) in the crust across the BRP, which is consistent with the interpretation of CPO of
mica/amphibole from significant crustal extension accumulated in the Cenozoic Era as suggested by pre-
vious studies. An oblique zone of negative radial anisotropy (—6%) bounded by the Pacific coast and SAF
is observed in the middle/lower crust and is attributed to steeply dipping of schists as suggested by previous
studies but probably with more mafic composition (e.g., amphibole and garnet). Alternatively, it can be
formed by the subhorizontal alignment of plagioclase, as newly observed in laboratory experiments on xeno-
liths from the region. In particular, this latter new mechanism highlights the potentially complex CPO pat-
terns resulting from different lithospheric mineralogy with the same strain regime.

Data Availability Statement

The seismic data used were downloaded from the Caltech/USGS Southern California Seismic Network
(https://doi.org/10.7914/SN/CI) and IRIS Transportable Array (https://doi.org/10.7914/SN/TA). Our final
model is available at IRIS EMC (http://ds.iris.edu/ds/products/emc-socalanat_vsrawang2020).
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