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Anisotropy and Deformation Processes in Southern California
From Rotational Observations
Le Tang! 2/, Heiner Igel!, and Jean-Paul Montagner?

'Department of Earth and Environmental Sciences, Ludwig-Maximilians-Universitit Miinchen, Munich 80333, Germany,
’Institut de Physique du Globe de Paris, Université de Paris, Paris, France

Abstract Seismic anisotropy in the upper mantle reveals geodynamic processes and the tectonic evolution
of the Earth. The two most powerful methods, surface wave tomography, and shear-wave splitting observations,
cannot investigate the deep local anisotropy with good vertical and lateral resolution, resulting in poor
constraints on plate deformation processes of the complex plate boundary beneath the Southern California
region. Here, we show that the amplitude ratio of translational displacement and rotation makes it possible to
retrieve the local anisotropy in the upper mantle. Azimuthal anisotropy in the asthenosphere is well determined
and resolved in lateral and vertical directions. The fast axis retrieved from amplitude observations indicates

the local rapid changes in plate deformation and complex pattern of mantle flow, which is compatible with

the distributions of horizontal mantle flow illuminated by geodetic measurements, providing new insights on
geodynamic processes of the Southern California region.

Plain Language Summary Rotational motion is the angle of ground rotation observed during
Earth's deformation, and the ratio of amplitude to translational motion is sensitive to local structure. In the past
few decades, study on the mantle structure inside the Earth has mainly relied on the time difference of seismic
waves to calculate azimuth-dependent velocity changes, namely azimuthal anisotropy. Due to the correlation
between the direction of maximum velocity propagation and the direction of mantle flow and plate deformation,
the study of mantle anisotropy can provide evidence for the evolution of the Earth. However, studying
anisotropy based on seismic wave travel time is often affected by heterogeneity, especially in extremely
complex structures such as Southern California. The splitting of shear waves can effectively constrain the
anisotropy of the mantle in the lateral direction, but its depth resolution is poor. Additional rotational amplitude
observations with local sensitivity and depth resolution can provide better constraints on the study of mantle
anisotropy, providing new evidence for the direction of mantle flow and plate motion.

1. Introduction

Seismic anisotropy is a powerful diagnostic tool providing access to information on the orientation of small scale
heterogeneities (e.g., cracked, porous media, crystals, bedding (Anderson et al., 1974; Crampin, 1978)) that—in
many cases—are aligned according to the local stress or strain field. In turn, principal stress/strain directions can
be associated with the direction of mantle flow (Ghosh & Holt, 2012; Montagner, 1994; Ribe, 1989; Tanimoto
& Anderson, 1984). Thus, extracting anisotropic properties plays a significant role in understanding subsurface
processes such as tectonic motions, reservoir behavior, or stress evolution.

On regional scales, there are two key methodologies to estimate anisotropic parameters. First, the phenomenon
of shear-wave splitting (Crampin et al., 1980) of near-vertically propagating waves (e.g., SKS phase (Silver
& Chan, 1988; Vinnik et al., 1984)) can be used to estimate the polarization of the fast quasi-shear wave. It is
assumed that this polarization is associated with the dominant horizontal stress/strain direction (Crampin &
Lovell, 1991). This method has the advantage that a single three-component seismic station can provide the
required information. The disadvantage is the lack of resolution with depth (Savage, 1999). Second, surface
wave observations from many azimuths observed on a sufficiently scaled seismic array can be used to determine
azimuthal anisotropy from Love or Rayleigh waves (Forsyth, 1975). This approach—while having some depth
resolution through the frequency-dependence of surface wave phase velocities (Montagner & Nataf, 1986)—has
a poor lateral resolution. Regional full-waveform inversion approaches (Zhu & Tromp, 2013) intrinsically also
provide access to anisotropic parameters by exploiting surface wave phase information across a broad frequency
range, but still with a limited lateral resolution.
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The local deformation can be divided into a symmetric part (the strain tensor) and an antisymmetric part (three
components of rotation). Both are sensitive to seismic anisotropy (Tang et al., 2023). In the past few years—
through the emergence of multi-component rotational ground motion instruments such as ring lasers (Igel
et al., 2005, 2021; Schreiber et al., 2014) or fiber-optic gyros (Schreiber et al., 2009)—techniques were devel-
oped to exploit the resulting 6-degrees-of-freedom observations (6 dof, three components of rotations and three
components of translations) opening a new range of opportunities in particular for single-station observations.
Most notably, 6 dof observations provide direct access to local surface wave phase velocities and propagation
directions through the analysis of amplitude ratios (Igel et al., 2007), which is capable of extracting the dispersion
of different modes of surface waves (Tang & Fang, 2023). By applying adjoint techniques (Fichtner & Igel, 2009)
to such joint observations, it could be shown that 6 dof point measurements are sensitive to near-receiver struc-
ture, eliminating the path effects of wave propagation.

Here, we apply for the first time the emerging 6 dof technology to the estimation of local anisotropic parameters
in the upper mantle from surface wave observations. As currently no (portable) rotation sensing system exists that
allows the analysis of multi-azimuth observations, we resort to so-called array-derived rotation (ADR) (Spudich
& Fletcher, 2008; Spudich et al., 1995) that makes use of wavefield gradient estimations from surface seismic
arrays in appropriate frequency bands.

Southern California—characterized by a complex tectonic and geodynamic environment—is the best location
to apply our new approach. The dense broadband seismic networks in California that have operated for decades
allow us to use station subsets as arrays and use ADR techniques to estimate rotations and subsequently apply
single-station techniques to the resulting 6 dof data. We investigate how the frequency-dependent anisotropic
parameters are consistent with other geophysical or geodetic observations and how it provides new information
at depth on the layering and change of orientation of azimuthal anisotropy, as the 6 dof approach has a substan-
tially higher lateral resolution for upper mantle anisotropy study than other techniques. Our study motivates the
development of high-sensitivity rotation sensors to further extend the potential of 6 dof observations toward the
inversion for anisotropy parameters from point measurements.

2. Methods
2.1. Azimuthal Anisotropy From Rotational Observations

Our recent theory paper (Tang et al., 2023) demonstrates that the amplitude ratio of acceleration to rotational
velocity or strain velocity is equal to the analytical azimuth-dependent phase velocity of the corresponding surface
wave (Smith & Dahlen, 1973). Since the fundamental Rayleigh wave is generally far away from Love wave
modes, the coupled wavefield has small effects on the Rayleigh wave amplitude. In this paper, we only consider
the fundamental mode of the quasi-Rayleigh wave. The dispersion equation of the dominant quasi-Rayleigh wave
from the amplitude ratio can be expressed as (Tang et al., 2023):

A0, y) 1
————| = cro(@) +
| Q(w, y) | = enol 2¢Ro(w)

[Ri(w) + R2(w) cosRy) + Rz(w) sinQy) + Rs(w) cos(4y) + Rs(w) sin(4y)] (1)
where A (w, ) is the vertical acceleration and Q(w, y) is the transverse rotational velocity. y is the backazi-
muth of the wavenumber vector measured clockwise from the north direction. cg,(w) is the phase velocity of the
Rayleigh wave for the isotropic medium considered as a reference model. R(w) (i = 1, 2, 3, 4, 5) are respectively
depth integration functions that involve some elastic parameters and eigenfunctions, where we used a simple inte-
gration expression derived by Montagner and Nataf (1986), whose explicit expressions can be found in Equations
2,4, and 5 of Montagner and Nataf (1986).

Equation 1 provides a new method for estimating phase velocities in anisotropic media which only depends on
amplitude information. Its sensitivity kernel attains large absolute values only in the vicinity of the receiver
but not in the vicinity of the source (Fichtner & Igel, 2009) which means that the phase velocity is only sensi-
tive to the local structure. Its lateral resolution can be several times smaller than one wavelength (Tang &
Fang, 2023).
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2.2. Phase Velocity Smoothing and Variance

To investigate the azimuth-dependent variation in phase velocity, we set up a simple function to smooth the
phase velocity points in each period, where the smoothed phase velocity and the standard deviation o can be
expressed as

wi=y'+wg v =y’ +wq
_ _ 2y CR(@ 1) _ X e ¥ e 0a &
cr(@, ) N N N sy €[0,27]
=y’ _ 2
2ot [er(@.yn) = er(@, )] 3)

where y, is the selected azimuth window width and N represents the number of dispersion points from y’ — y,
to y' + . In the following data analysis, the azimuth window vy, is equal to 60° and v/ is from 0 to 360° in one
degree interval. The selection of the azimuth window is a trade-off when considering the large waveform error of
ADR and the best fit between the data and the theoretical anisotropy curve.

3. Data

The earthquake data comes from the CI station network (see support information file for station names), and
SCEDC (southern California Seismic Network) data center. Considering that broadband rotational seismometers
have not been permanently deployed widely, we selected high-quality permanent broadband seismographs in
Southern California region as an array for retrieving rotational motions by using the ADR approach (Spudich
et al., 1995; Spudich & Fletcher, 2008). We select 110 teleseismic earthquakes with a magnitude larger than 7.0
(only a few events are between 6.5 and 7.0, see Figure S1 in Supporting Information S1) from the global earth-
quake catalog from November 2014 to November 2022.

Due to the uneven distribution of permanent stations in Southern California, it is necessary to choose a station
array with high waveform quality and evenly spaced distribution at all azimuths as much as possible when using
the ADR method. To have sufficient available stations, the minimum distance of the stations we selected is
around 20 km (see Figure S2 in Supporting Information S1), as the spacing between these permanent stations
in Southern California is mostly larger than 20 km. The minimum aperture limits the high-frequency threshold,
while the maximum aperture constraints the low-frequency threshold. Here, we choose a maximum aperture of
around 120-150 km (see Figure S2 in Supporting Information S1). After waveform testing, we found that it is
sufficient to calculate the waveform of 300 s. For longer periods, its amplitude energy is too weak, and we will not
consider it in this study. We make use of three broadband seismic arrays (CI network, see Figure S2 in Supporting
Information S1 for station information) (Figure 1a) distributed on three different tectonic regions (Garlock Fault
Al, Transverse Range A2, Salton Trough A3) near the plate boundary (the San Andreas fault) between the North
American plate and the Pacific plate to understand its local asthenospheric anisotropy. Figure 1a shows the geom-
etry of the stations. The red triangles in Figure 1a are defined to be the central station that outputs the translational
displacement. The collection of great circle paths (Figure 1a) with enough large events provide a good azimuth
coverage for the study of azimuthal anisotropy in the upper mantle.

4. Results
4.1. Rotational Motion Retrieval and Velocity Estimation

The red lines in Figure 1b show examples of derived rotational waveforms of Rayleigh waves using the A2
(Figure 1a) seismic array (see Figure S3 in Supporting Information S1 for A1 and A3 waveforms) from the earth-
quake M8.2 at 99 km SE of Perryville, Alaska, in 2021 (red great circle path in Figure 1a). Figure 1c shows the
correlation coefficient between translation and derived rotation of the A2 array for these 110 events. The high
correlation coefficient close to 1 in the period range of 120-250 s (Figure 1c) motivates us to choose this period
range for our data analysis. Other period ranges are stronger affected by aperture size and noise. As illustrated
in Equation 1 (see Methods section), the local phase velocity can be calculated from amplitude ratios. However,
the estimated azimuth can be slightly different from the theoretical great circle path direction due to the effect
of heterogeneity along the propagation path. Therefore, it is necessary to correct the azimuths before velocity
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Figure 1. (a) Distributions of selected three seismic arrays Al, A2 and A3 and great circle paths from 110 events. The
aperture of the three arrays ranges from 20 to 150 km. (b) Normalized waveform comparison between translational
acceleration (m/s?) and retrieved rotational velocity (rad/s) using the A2 array from the earthquake: M 8.2—99 km SE of
Perryville in 2021, Alaska (the red line path in the lower left corner of a). (c) Correlation coefficients of all events between
translation and retrieved rotation of the A2 array.

estimations. From a theoretical point of view, the orthogonality between rotational vector and wavenumber vector
allows us to calculate the azimuth using the horizontal rotation components in a general anisotropic medium as
proposed by our recent theoretical work (Tang et al., 2023). The backazimuth deviation of the A2 array compared
to the theoretical great circle path direction of all events calculated using horizontal rotation (120-250 s wave-
form) is shown in Figure 2a, which indicates that the deviation of the angle is generally smaller than 10°, and
most of them is within 5°. For the period range of 120-250 s, a 5° azimuth deviation is reasonable while larger
deviations may be due to the error from incorrect amplitude observations and the interference with other wave
types. Therefore, we only retain data with azimuth deviation within 5° (within the range of the red dashed line
in Figure 2a). We use the weighted least-squares method (Tang et al., 2023) to estimate the phase velocity of
the Rayleigh wave based on the amplitude ratio which is shown in Figures 2b—2d. The calculated average phase
velocity which is marked by a black solid line is close to the theoretical value of the isotropic PREM (Preliminary
Reference Earth Model) (Dziewonski & Anderson, 1981), especially for the Al array. However, the average
dispersion curve of the A2 array is slightly larger than that of PREM. In the depth range of the upper mantle
corresponding to 120-250s (150-450 km), there are two uppermost mantle Transverse Ranges high-velocity
anomalies beneath A2, one down to a depth of 175 km, and a second one at depths between 340 and 500 km
(Schmandt & Humphreys, 2010). The relatively low velocity beneath A3, west of the Salton Trough, is attributed
to partial melt in the asthenosphere as a result of lithospheric thinning (Schmandt & Humphreys, 2010).

4.2. Local Azimuthal Anisotropy in the Upper Mantle

Figure 3 shows the azimuth-dependent phase velocity variation (black dots) for two periods, where the isotropic
term cgo(w) + 1( )Rl(a)) is subtracted (see Figures S4-S6 in Supporting Information S1 for other periods).
o(@

2cpy
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Figure 2. Backazimuth deviation and calculated dispersion points. Solid red line is the theoretical phase velocity from
isotropic PREM model. (a) Deviations between the great circle path direction and the azimuths calculated by the horizontal
rotation components (Tang et al., 2023) of the A2 array in the period range of 120-250 s (b), (c) and (d) are the observed
velocity (black lines) of the three arrays calculated using only the data of the azimuth deviations (red dotted line) within 5° in
(a). The 1o uncertainty is about 0.1 km/s.

Because the data coverage of some azimuth range is poor (see Figure 2a), and some data are not available due to
large amplitude errors, we average the velocity estimates in large 120-degree azimuth bins (see Methods section).
This leads to the relatively large uncertainties of phase velocity of around 0.1 km/s (Figure 3 and Figures S4-S6
in Supporting Information S1).

The red and blue curves in Figure 3 are the best-fit curves for 2y and 2y + 4y terms in Equation 1, respec-
tively. It can be seen that the estimated phase velocity and 2y curve fit well. The curve difference between 2y
and 2y + 4y is very small (see Figure S7 in Supporting Information S1) as the 4y term for Rayleigh waves
is negligible (Montagner & Nataf, 1986). Considering the heterogeneous character of the Southern California
region (Schmandt & Humphreys, 2010), the azimuthal velocity variation in the upper mantle can be the result
of a mixture of heterogeneity and anisotropy. Although our method measures the local anisotropy, the influence
of heterogeneity in the wavelength range cannot be ignored. To quantitatively evaluate the influence of these
factors, we calculated the 1y best-fit curve (green curve in Figure 3, Figure S7 in Supporting Information S1)
and the isotropic curve misfit (black curve in Figure S7 in Supporting Information S1) to investigate the effect
of a dipping formation (ly) and seismic anisotropy. For most periods, the misfit of 2y and 2y + 4y is signifi-
cantly smaller than the misfit of the 1y term (Figure S7 in Supporting Information S1), indicating that the effect
of anisotropy dominates. However, at the period of 130-170 s for the Al array, 180-220 s for the A2 array, and
140-150 s for the A3 array (Figure S7 in Supporting Information S1), the misfit of 1y is very close to that of 2y
implying that the velocity also contains the effect of local strong heterogeneity (Schmandt & Humphreys, 2010).

Even though the distance between the three arrays (about 200 km, see Figure S2 in Supporting Information S1)
is much smaller than the wavelength (120-250 s: 500-1,200 km), the fast wave directions of the three arrays
indicate significant differences in anisotropy pattern, especially between arrays Al and A2 or A3. Because our
approach has a local sensitivity kernel (Fichtner & Igel, 2009), mainly revealing the properties of the medium
beneath the station, the lateral resolution can be several times smaller than the wavelength (see Figures S9-S12
in Supporting Information S1 for synthetic tests of lateral resolution). The peak-to-peak anisotropy strength
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Figure 3. Variation of azimuth-dependent phase velocity. Red lines are the best-fit 2y curves. Blue lines are the best-fit
curves when 2y and 4y terms are included. Green lines are the best-fit 1y curves. (a), (b) and (c) are the smoothed phase
velocity (black points) at three different periods from the A1, A2, and A3 array, respectively. The 1o uncertainty (about
0.1 km/s) is estimated in an azimuth bin based on Equations 2 and 3.

fluctuates in a large range due to the error in extracting the rotation amplitude from the incomplete regular
seismic array, and its strength between 0.5% and 1% (Figure S8 in Supporting Information S1) is compatible
with previous studies (Alvizuri & Tanimoto, 2011; Marone & Romanowicz, 2007; Yang & Forsyth, 2006). The
uncertainty in the orientation of the azimuthal anisotropy is within 15° for most periods, allowing us to analyze
the local plate deformation of Southern California region.

5. Discussion
5.1. Mantle Flow and Plate Deformation by Local Anisotropy Observations

We estimate the corresponding depth range of anisotropic properties based on Rayleigh waves sensitivity kernels
of the PREM model (Dziewonski & Anderson, 1981) and compare them with joint inversion results using SKS
and surface wave data (Marone & Romanowicz, 2007), SKS results (Becker et al., 2012) and geodetic results
(Barbot, 2020). At a depth of 200 km, the most sensitive periods of Rayleigh waves are in the range of 140-170 s.
The fast directions (Figure 4) of the three arrays obtained by our method (blue solid lines) are in good agreement
with the direction of the APM (absolute plate motion, black arrows) (Gripp & Gordon, 2002). However, the
lateral resolution of tomography methods (black solid lines) is limited by the long period wavelength, making it
difficult to distinguish the difference of local anisotropy between the three observation points. Even though the
SKS results (green lines) display some differences in the anisotropy directions of the three arrays, the derived
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Figure 4. Comparison of fast wave directions from different methods. The solid black line and dashed black line represent
the S-wave fast wave directions jointly retrieved by SKS and surface waves (Marone & Romanowicz, 2007) at depth of
200 and 300 km, respectively. The solid blue line and dashed blue line represent the Rayleigh wave fast directions retrieved
by the amplitude ratio between translation and rotation at depth of about 200 and 300 km, respectively. The black arrow
represents the APM directions (Gripp & Gordon, 2002). The green lines represent the fast directions of SKS splitting
(Becker et al., 2012). The dashed black lines with arrows are the horizontal mantle flow streamlines retrieved by geodetic
data (Barbot, 2020). Yellow lines represent the fast direction of Rayleigh wave in the upper lithosphere estimated from the
beamforming method (Alvizuri & Tanimoto, 2011) and blue shaded arrows are estimated plate motion directions from the
amplitude ratio method.

fast axis directions deviate substantially from the direction of the APM, especially at A2 and A3 arrays. Because
the SKS results represent the integral effects of the whole upper mantle, making it difficult to specifically study
anisotropy in the asthenosphere depth range, and to discriminate it from the strong anisotropy observed in the
lithosphere of Southern California region (Alvizuri & Tanimoto, 2011; Yang & Forsyth, 2006) due to the colli-
sion of plates.

The distribution of horizontal mantle flow (black dashed lines with arrows in Figure 4) below the lithosphere
obtained from geodetic data is in good agreement with the results of our amplitude-based observations, especially
at A2 and A3.

The fast direction of the Rayleigh wave above the lithosphere near the A2 array (yellow lines in Figure 4) is
parallel to the direction of relative motion along the San Andreas fault (Alvizuri & Tanimoto, 2011), and this
anisotropy is interpreted as shear deformation from the collision of the two plates. In the asthenosphere, the fast
wave direction is northwest-southeast (blue lines in Figure 4), and there is about 20° angle with respect to the
fault orientation, which indicates that the anisotropy mechanism of the mantle here is different from that of the
lithosphere, possibly controlled by the horizontal mantle flow (Barbot, 2020). The obvious anisotropy drop in
the period range of 140-170 s (about 200 km depth, Figures S4-S6 and Figure S8 in Supporting Information S1)
in three arrays provides a new evidence of layering of anisotropy probably indicating the lower boundary of the
low-velocity zone (LVZ) and the significant anisotropy in the middle of LVZ (Karato, 2012). The fast direction of
the asthenosphere (blue lines in Figure 4) near the A3 array is basically parallel to the plate boundary. However,
its anisotropy originates from complex mantle dynamics which is not only affected by an upwelling beneath the
Salton Trough (Humphreys et al., 1984; Kohler, 1999; Yang & Forsyth, 2006) (Salton Buttes, a group of volca-
noes), but also a nearby return flow (Barbot, 2020), where the direction of the mantle flow is rapidly changing.
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In contrast, the fast direction of the lithosphere (Alvizuri & Tanimoto, 2011) near A1 (yellow lines in Figure 4)
is consistent with the results of SKS, parallel to the direction of the White Wolf and Garlock faults, while the
direction of the mantle flow here (Barbot, 2020) is also parallel to the fault direction. Combining geodetic meas-
urements and the evidence from our local anisotropy observations, the horizontal mantle flow in Southern Cali-
fornia indeed has a sharp bend along the San Andreas fault (plate boundary), while vertical mantle flow may
exist, which results in extremely complex plate deformation (wide blue shaded arrows), faulting distribution and
strong heterogeneity (Tape et al., 2009), revealing its complex tectonic evolution history (Atwater, 1998). So
far, we have only three points of local anisotropy measurements in Southern California. In the future, additional
observations of rotation could be employed to better constrain the complex geodynamics of upper mantle regions.

5.2. Limitations of the ADR Approach

In our theoretical study (Tang et al., 2023), the local seismic anisotropy can be revealed by the amplitude ratio
between acceleration and rotation rate. At present, there are no broadband rotational seismometers with sufficient
sensitivity in the Southern California region (or elsewhere). To demonstrate the potential of our approach, we selected
three high-quality seismic arrays to retrieve rotational waveforms based on the ADR approach (see Supporting Infor-
mation S1) in the Southern California region. The ADR is our only choice to retrieve the rotational waveform even
though it has some limitations. The period range is limited by the aperture of the seismic array, the noise level, the
amplitude errors of instruments (Donner et al., 2017; Spudich & Fletcher, 2008; Spudich et al., 1995). To estimate
a reliable phase velocity of Rayleigh waves, we set two key thresholds to evaluate and select available rotational
waveforms. One is to quantify the similarity between translation and rotation (Figure 1). The other is to quantify
the azimuth deviation between theoretical and estimated azimuths from horizontal rotation components (Figure 2).

Strong wavelength-scale heterogeneity underneath the array will undermine the assumption of homogeneity on
which ADR methods are based. In addition, the non-uniformity of the geometric distribution of stations affects
the phase and amplitude of the retrieved rotational waveform. Small errors in the waveform can lead to considera-
ble deviations in the estimated velocity, which indicates that waveform quality control based on correlation coef-
ficients (Figure 1c) is extremely important. Consequently, there is an urgent need to develop and deploy portable
broadband rotational seismometers with a low noise level (Igel et al., 2021), since direct observations of rotation
can eliminate the period limitation of the ADR method and errors caused by irregular deployment of stations.

A key point in the study of azimuthal anisotropy is to extract accurate backazimuths. For the surface wave with a
period of 120-250 s in this paper, we assume that the deviation of its azimuth comes from waveform errors, rather
than the influence of heterogeneity on the propagation path. However, strong heterogeneity, such as in the South-
ern California region, can lead to significant deviation in the azimuths (Alvizuri & Tanimoto, 2011), especially at
the lithospheric scale. Therefore, azimuth correction is generally necessary, and Tang et al. (2023) also provides
a method of estimating the backazimuth using the horizontal rotation waveform.

6. Conclusion

Based on the amplitude ratio between translational displacement and rotation, local structure and anisotropy can
be extracted with a good lateral and vertical resolution at the same time. It allows us to recover the azimuthal
anisotropy of the upper mantle and to study the plate deformation and local mantle flow with orientation changes
at depth, providing new insights on geodynamic processes and tectonic evolution for the complex Southern Cali-
fornia region. It provides strong constraints for the layering of the upper mantle anisotropy that remains poorly
constrained from current seismological observations methods, SKS splitting, or surface wave tomography. While
the array aperture limits the frequency range, the analysis presented should provide motivation to further improve
the sensitivity of rotation sensors below the Earth's low noise level such that in the future the proposed technique
could be applied to single stations. It is expected that the approach would be particularly useful whenever seismic
arrays are not affordable or difficult to implement (e.g., planetary or ocean bottom observations, volcanology,
urban seismology, or structural engineering).

Data Availability Statement

All waveforms are from CI network of Southern California which are publicly available and accessed from
SCEDC (2013): Southern California Earthquake Center. The SKS splitting database are available from Barruol
et al. (2009). The fast direction of Rayleigh waves in the upper lithosphere are available from Alvizuri and
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