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Abstract Shear-wave splitting measurements are commonly used to resolve seismic anisotropy in both the
upper and lowermost mantle. Typically, such techniques are applied to SmKS phases that have reflected (m-1)
times off the underside of the core-mantle boundary before being recorded. Practical constraints for shear-wave
splitting studies include the limited number of suitable phases as well as the large fraction of available data
discarded because of poor signal-to-noise ratios (SNRs) or large measurement uncertainties. Array techniques
such as beamforming are commonly used in observational seismology to enhance SNRs, but have not been
applied before to improve SmKS signal strength and coherency for shear wave splitting studies. Here, we
investigate how a beamforming methodology, based on slowness and backazimuth vespagrams to determine the
most coherent incoming wave direction, can improve shear-wave splitting measurement confidence intervals.
Through the analysis of real and synthetic seismograms, we show that (a) the splitting measurements obtained
from the beamformed seismograms (beams) reflect an average of the single-station splitting parameters that
contribute to the beam; (b) the beams have (on average) more than twice as large SNRs than the single-station
seismograms that contribute to the beam; (c) the increased SNRs allow the reliable measurement of shear wave
splitting parameters from beams down to average single-station SNRs of 1.3. Beamforming may thus be helpful
to more reliably measure splitting due to upper mantle anisotropy. Moreover, we show that beamforming holds
potential to greatly improve detection of lowermost mantle anisotropy by demonstrating differential SKS—
SKKS splitting analysis using beamformed USArray data.

Plain Language Summary When earthquakes occur, seismic waves are produced that travel
through the deep Earth to distant seismic stations. In some portions of the Earth, seismic waves traveling in
different directions or with different vibration directions travel at different speeds. This phenomenon is known
as seismic anisotropy and results from individual mineral crystals aligning with mantle flow. Therefore, by
measuring seismic anisotropy, we can obtain insights into how Earth's mantle flows, a process called mantle
convection. In this work, we show that seismic anisotropy can be inferred from recordings of seismic phases
that are summed (or stacked) across a number of spatially separated stations (seismic arrays). The resulting
stacks are also called beams. Beams have an increased signal clarity compared to single-station seismograms,
leading to several advantages for analyses of seismic anisotropy. For example, the increased signal strength

in beams allows for the usage of weaker seismic phases, which are not commonly used for measuring seismic
anisotropy. Moreover, measurements made on beamformed data are more robust. This new technique enables us
to suggest new directions for lowermost mantle anisotropy analyses.

1. Introduction

Measurements of seismic anisotropy, or the dependence of seismic velocities on the propagation direction and
polarization of the wave, may reveal flow and deformation within the Earth (e.g., Creasy et al., 2017; Grund &
Ritter, 2018; Long & Becker, 2010; Marone & Romanowicz, 2007; Montagner & Anderson, 1989; Nowacki
et al., 2010; Russo et al., 2010; Walpole et al., 2014; Wolf & Long, 2022; Wolf et al., 2019). Measurements
of upper and lowermost mantle anisotropy can yield relatively direct constraints on mantle convection and
dynamics; in contrast, the bulk of the lower mantle is almost isotropic (e.g., Panning & Romanowicz, 2006). In
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general, the fast polarization directions of upper mantle anisotropy often align with plate motions (e.g., Becker
& Lebedev, 2021; Chang et al., 2014; Silver, 1996), although there are some notable exceptions (e.g., Kneller
et al., 2005). Spatially averaged patterns of upper mantle anisotropy inferred from surface and body waves are
similar (e.g., Becker & Lebedev, 2021). In cases of particularly good ray coverage, details of upper mantle miner-
alogy and olivine fabric types have even been inferred from measurements of upper mantle anisotropy (e.g.,
Loberich et al., 2021).

While upper mantle anisotropy is relatively straightforward to infer, lowermost mantle anisotropy is more challeng-
ing, both from a measurement (e.g., Nowacki & Wookey, 2016; Tesoniero et al., 2020; Wolf et al., 2022a, 2022b;
Wookey, Kendall, & Riimpker, 2005) and interpretation (e.g., Creasy et al., 2020; Ford et al., 2015; Wolf
& Long, 2022) point of view. Reasons include that the upper mantle influences the seismic phases that are
commonly used to infer lowermost mantle anisotropy, and the mechanism for lowermost mantle anisotropy
remains imperfectly understood (e.g., Nowacki et al., 2011; Wookey, Stackhouse, et al., 2005). Lowermost mantle
anisotropy is thought to be particularly strong at the edges of the two antipodal large-low velocity provinces
(LLVPs) atop the core-mantle boundary (CMB) (e.g., Cottaar & Romanowicz, 2013; Deng et al., 2017; Reiss
et al., 2019; Wang & Wen, 2004). Anisotropy at the base of the mantle has also been connected to slab-driven
flow in lowermost mantle regions with faster than average seismic velocities (e.g., Asplet et al., 2020; Creasy
et al., 2021; Nowacki et al., 2010; Wolf & Long, 2022) and to upwelling flow in the deep mantle at the base
of plumes (e.g., Ford et al., 2015; Wolf et al., 2019). Inferring flow patterns at the base of the mantle remains
challenging, however, due to the scarcity of suitable waveforms, large measurement uncertainties, and/or insuf-
ficient data coverage (Creasy et al., 2017; Nowacki et al., 2010; Wolf & Long, 2022; Wolf et al., 2019; Wookey,
Kendall, & Riimpker, 2005). Improving our ability to measure lowermost mantle anisotropy will be beneficial
for answering several outstanding big-picture questions related to deep mantle dynamics. For example, more
detailed knowledge about deep mantle anisotropy may potentially help us to understand the origin and evolution
of the LLVPs (e.g., Torsvik, 2019; Wolf & Evans, 2022), the fate of subducted slabs (e.g., Tackley, 2000; van der
Hilst et al., 1997), and patterns of whole mantle convection (e.g., Bercovici & Karato, 2003; Li & Zhong, 2017).

Shear-wave splitting measurements are commonly applied to SKS phases (Figure 1a) to characterize upper mantle
anisotropy beneath a station (e.g., Liu et al., 2014; Long et al., 2009; Walpole et al., 2014). SKS is a convenient
target phase because it is initially SV polarized due to the P-to-SV conversion at the CMB on the receiver-side leg
of the raypath. SKS splitting measurements have been applied to a large number of stations world-wide and are
available in open access databases (Barruol et al., 2009; Liu et al., 2014; Trabant et al., 2012). Results reported
in these databases represent a collection of the well-constrained measurements that could be obtained, while
a substantial fraction of measurements that are of poor quality are not included. The most common reason to
discard data in SmKS splitting studies is large measurement confidence intervals due to poor waveform clarity
or low signal-to-noise ratios (SNRs). This means that only a relatively small subset of potentially useful SKS
splitting data is used for geologic interpretation. The same is true for other commonly used phases such as SKKS
(Figure 1a) and PKS, that are also sometimes suitable to measure upper mantle anisotropy.

The splitting of *KS (e.g., SKS, PKS, SKKS, etc.) phases is generally thought to mostly reflect upper mantle
anisotropy because the upper mantle is likely more strongly anisotropic than the deep mantle (e.g., Panning &
Romanowicz, 2006). However, in some cases, there may be some contribution from anisotropy in the deeper
mantle. The presence of lowermost mantle anisotropy is often inferred from differential SKS-SKKS splitting
(e.g., Asplet et al., 2020; Deng et al., 2017; Grund & Ritter, 2018; Long, 2009; Long & Lynner, 2015; Lutz
et al., 2020; Niu & Perez, 2004; Reiss et al., 2019; Restivo & Helffrich, 2006; Wolf et al., 2019). The argument
for this analysis technique is that SKS and SKKS raypaths are very similar in the upper mantle, but they sample
different portions of the deep mantle and have different propagation directions (see Figure 1a). Therefore, signif-
icant differences in SKS and SKKS splitting can be attributed to a contribution from anisotropy in the deep
mantle to the splitting of one or both phases. A downside of this technique is that it requires the measurements
of well-constrained SKS and SKKS splitting parameters on a single seismogram, a quality requirement often
only met by a small subset of data. Additionally, measurements of differential SKS—SKKS splitting often show
substantial scatter (e.g., Asplet et al., 2020; Lutz et al., 2020; Reiss et al., 2019; Wolf et al., 2019) and are therefore
not straightforward to interpret.

Stacking of seismic data is commonly applied to increase SNRs based on the assumption that the seismic phase is
coherent and so will sum constructively, while the background noise will be incoherent and will sum destructively.
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(a)

While the idea of using a stacking approach in studies of seismic anisotropy
dates back several decades (e.g., Kosarev et al., 1984; Vinnik et al., 1989),
stacking is only sometimes applied in shear-wave splitting studies. Wolfe
and Silver (1998) introduced the stacking of single-station splitting error
surfaces, which is based on the assumption of single layer seismic anisot-
ropy with shear-wave splitting that is largely independent of the backazimuth.
Such an approach has been extended to multiple layers and been applied to

station arrays (e.g., Link & Riimpker, 2021). Moreover, two recent studies
of deep mantle anisotropy have applied a linear stacking approach to seis-
mic data recorded across an array of seismic stations (Wolf & Long, 2022;
Wolf, Long, Creasy, & Garnero, 2022) and then measured splitting of SKS,
SKKS and S
that incorporated stacking across multiple stations has relied on restrictive

waveforms from the resulting stacks. However, previous work

assumptions that are often specific to the data set in question.

One promising technique is beamforming, which has been shown to be suita-
ble for stacking and amplifying low amplitude signals (e.g., Frost et al., 2013;
Rost & Thomas, 2002, 2009). Beamforming is commonly used in studies
of mantle structure (e.g., Frost & Romanowicz, 2021; Frost et al., 2020; Li

et al., 2022); however, it has not to our knowledge been applied before to
shear-wave splitting. We use a beamforming method based on slowness and
backazimuth vespagrams to determine the incoming wave direction which
stacks most constructively and produces a coherent beam (Section 3.1).
Applying a beamforming approach is a potentially interesting avenue for

Figure 1. (a) SKS, SKKS, and S3KS raypaths between source (yellow star)
and receiver (orange triangle), shown in a cross-section for a source-receiver

improving measurements of mantle seismic anisotropy, and may be particu-
larly promising for studies of anisotropy in the deep mantle. Beamforming
increases SNR and waveform clarity, allowing the use of a larger data frac-

distance of 131°. Anisotropy can be found in the upper (pink) and lowermost tion in shear-wave splitting studies and yield datasets with substantially less
(light green) mantle while the mid-mantle (white) is largely isotropic. (b) scatter. Additionally, a beamforming approach may allow the use of unusual
Source-subarray configuration used in this study. Sources are represented as phases that normally have amplitudes that are too low in single-station seis-

yellow stars, central stations of subarrays as orange triangles, and raypaths
from sources to subarrays (represented as central stations) as solid gray lines.

mograms to be used in splitting studies (e.g., S3KS phases).

A zoom-in presents the subarray coverage across the United States. The aim of this study is to establish the application of shear-wave splitting

measurements to beamformed data as a viable tool for measuring mantle

anisotropy. In what follows, we detail our data set and basic data processing
(Section 2), our beamforming and shear-wave splitting measurement approaches (Section 3) and show that we
can measure differential splitting between pairs of phases using a beamforming approach (Section 4). Then,
we analyze shear-wave splitting of both beams and the single-station seismograms used to form the beams
(Section 5.1). We do this without making assumptions where along the raypath the seismic anisotropy is located.
Most waves are likely primarily influenced by upper mantle anisotropy; however, for some measurements, there
may be a lowermost mantle anisotropy contribution. We also inform our conclusions through the analysis of
synthetic data generated for a series of simple anisotropic models using the AxiSEM3D (Leng et al., 2016, 2019)
global wavefield modeling tool (Section 5.2). Finally, we show a proof-of-concept example in which we compare
SKS-SKKS differential splitting measured from beamformed and single station data, investigating the lowermost
mantle beneath the eastern Pacific Ocean (Section 6). We find that measurements of SKS—-SKKS differential
splitting from beams are substantially more robust than from single-station seismograms, establishing a poten-
tially useful approach for improving studies of anisotropy at the base of the mantle.

2. Data

We use velocity seismograms from eight earthquakes beneath the western Pacific Ocean (Table S1 in
Supporting Information S1) to analyze beam splitting parameters. These events are selected because they
possess clear SKS and SKKS phases across a large number of seismic stations. We use the stations of the
USArray and construct subarrays of subsets of stations drawn from the whole array. Figure 1b shows the
source-subarray configuration used in this study. The data coverage across the United States (see Figure 1b,
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zoom-in) is mainly influenced by the regions in which USArray stations were operating at the time when
these eight events occurred. We select events in part to ensure that our measurements cover different tectonic
settings across the United States. Our subarrays, cover the Cascadia subduction zone and subduction zone
backarc as well as the California transform boundary. We also use a large swath of stations in the continen-
tal interior; these stations potentially sample anisotropy frozen in the old and stable lithosphere. We thus
include a variety of inferred upper mantle splitting patterns. For example, shear-wave splitting caused by
anisotropy in old continental lithosphere is generally weak to moderate (e.g., Chen et al., 2021) and splitting
patterns in the US continental interior exhibit lateral heterogeneity (Yang et al., 2017). Splitting patterns in
the Cascadia subduction zone are complex (e.g., Long, 2016), but the complex Cascadia backarc exhibits
nearly uniform fast polarization directions with delay times that are generally large (~2 s but with substan-
tial variability e.g., Eakin et al., 2019; Long et al., 2009).

3. Methods
3.1. Beam Forming

For each event, we collect three component velocity data and then rotate the east and north components
to radial (R) and transverse (T) components relative to the great circle path between events and stations.
We construct subarrays of between 10 and 20 USArray stations around a central station, where additional
stations are selected from those stations closest to the nodes of a 70 X 70 km grid centered on the central
station. Despite using different stations, the resulting subarrays have similar geometries and thus sensi-
tivities. Subarrays tend to be around 3° X 3°, or 4° in aperture. For these subarrays, we then estimate the
slowness and backazimuth for which the SmKS beam amplitude is maximal, following the method of Frost
et al. (2020). The beam is calculated at the “beam point,” which we set to the arithmetic average location of
all stations in the subarray. The beam point is also used as the reference from which to calculate the distance
and backazimuth to the source.

When an SmKS phase reflects off the underside of the CMB, the waveform undergoes a % phase shift for every
underside reflection (Choy & Richards, 1975), similar to S waves reflected off the surface of the Earth (e.g., SS,
SSS, etc.). To correct for this, we apply a Hilbert transform to every SmKS wave (where m > 2) for each underside
reflection, so its phase is comparable to SKS.

For each complete subarray, we stack each of the radial and transverse components independently for the different
SmKS phases that are predicted to arrive at that source-receiver distance. We calculate predicted arrival times
using the using 1D reference model PREM (Dziewonski & Anderson, 1981) and the TauP toolkit (Crotwell
et al., 1999). Each SmKS phase is stacked separately, due to the differences in slownesses and backazimuths
for different phases. We window data 40 s prior to and 40 s after the predicted arrival times of the SmKS wave.
We then construct vespagrams by simultaneously grid searching over slownesses (from 0 to 9 s/° in 0.1 s/°
increments) and backazimuths (+20° in 1° increments relative to the great-circle path) and then correct for the
moveout for that slowness and backazimuth (Davies et al., 1971), as illustrated in Figure 2. We use a curved wave-
front approach, which is appropriate for larger arrays such as those used here, instead of the typical plane-wave
approximation (e.g., Rost & Thomas, 2009). To ensure that we construct the most coherent beam, we improve
the slowness and backazimuth resolution using a coherence measure called the F-statistic (Frost et al., 2013;
Selby, 2008), which measures the degree of similarity of every individual component to the beam calculated
in a moving time window to produce an F-trace. For each phase, we select the slowness and backazimuth that
corresponds to the maximum amplitude in F-trace at the time of the SmKS wave and re-construct the linearly
stacked beam (without the F-statistic) for this incoming wave direction. The result is three component beams for
each subarray computed across the whole of the regional array (however, we only use the radial and transverse
components for the splitting analysis.).

For data processing, we bandpass-filter the data, retaining periods between 4 and 50 s. This period range effec-
tively highlights SmKS relative to the noise to determine slowness and backazimuth of the incoming wave as
described above. These slowness and backazimuth values are then used to stack unfiltered and unnormalized
data, so that subsequent splitting measurements are not affected by this preprocessing.
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3.2. Shear-Wave Splitting Measurements

Splitting measurements are conducted on single-station and beamformed data using the SplitRacer software
(Reiss & Riimpker, 2017; Reiss et al., 2019), a MATLAB-based graphical user interface. We retain periods
between 6 and 25 s, which is a commonly used range (e.g., Wolf et al., 2022a). SplitRacer uses an algorithm that
automatically picks the analyzed time windows and then retrieves splitting parameters for each time window indi-
vidually; this ensures that the measured splitting parameters are robust and do not depend on the specific choice
of the time window. SplitRacer is setup to calculate the misfit between backazimuth and apparent source polar-
ization at longer periods (10-50 s) for each seismograms. We use this option for single-station data to prevent
potential inaccuracies due to the rotation of the beamformed data to their estimated incoming backazimuths.
SplitRacer calculates the time lag between slow and fast quasi S waves (5t) and the fast polarization direction (¢,
measured clockwise from the north) using the transverse energy minimization technique (Silver & Chan, 1991).
We calculate 95% confidence intervals using a corrected error estimate algorithm (Walsh et al., 2013). From
the fast direction ¢, we also calculate ¢’, which denotes the fast polarization measured clockwise from the
backazimuthal direction (e.g., Nowacki et al., 2010). We also use SplitRacer to estimate the splitting intensity
(Chevrot, 2000), SI, defined as

_ TR (1)

SI =
[R'(n)]?

~ 6t sin(2(a — ¢)), (D

where R(?) is the radial component, R'(?) is the radial component time derivative, 7(¢) is the transverse component
and a is the wave's initial polarization. This measurement is based on the waveform similarity between the trans-
verse component, 7(#), and the radial component time derivative, R’(f), and quantifies how much energy is parti-
tioned from the radial to the transverse component via splitting. Similarity between the transverse component and
the radial component time derivative is expected in case of splitting due to seismic anisotropy if the dominant
period is much smaller than the time delay 6t (Chevrot, 2000; Silver & Chan, 1991).

We measure splitting parameters (¢, 6t, SI) for single-station records and beam traces for subarrays across USAr-
ray. An example set of measurements is shown in Figure 3 for an event that occurred on 14 December 2011 (Table
S1 in Supporting Information S1) at a subarray located in the southern US. We report ¢’ in the interval between
0° and 180° from north. We show individual transverse and radial waveforms, sorted as a function of epicentral
distance and aligned with respect to the expected SKS phase arrival according to the predictions of PREM. We
also demonstrate transverse and radial component beams along with the diagnostic splitting outputs from Spli-
tRacer. The fast polarization direction (¢ or ¢’) and the time delay (67) are both well-constrained. The particle
motion of the beam is elliptical, as would be expected for a wave that has undergone splitting. After correcting
for the best-fitting splitting parameters, the corrected particle motion is almost perfectly linear and the energy on
the transverse component is minimized.

4. Retrieval of SmKS Beam Splitting Parameters for Multiple Phases

We first demonstrate that we can successfully retrieve splitting parameters from beamformed data for multi-
bounce SmKS phases for an example event-subarray configuration. We show results for an event that occurred
on 29 July 2010 (Table S1 in Supporting Information S1). We present waveforms and SplitRacer diagnostic plots
for SKS (panel a), SKKS (b) and S3KS (c) phases in Figure 4. The radial waveforms of the three phases do not
look exactly alike, as would be theoretically expected after applying the appropriate number of Hilbert transforms
(Section 3.1). However, for shear-wave splitting measurements it mainly matters how the radial component looks
relative to the transverse component. This is why shear-wave splitting studies do not usually compare waveform
shapes of different SmKS phases on the same seismogram (e.g., Asplet et al., 2020; Long & Lynner, 2015;
Lutz et al., 2020; Niu & Perez, 2004; Reiss et al., 2019). In Figure 4, only little energy arrives on the transverse

Figure 2. Illustration of the beamforming approach for an event that occurred on 14 December 2011 (Table S1 in Supporting Information S1). (a) Stations are
represented as triangles and plotted in white if belonging to the selected subarray. The subarray is located in the Southern US (see inset) and its center (yellow triangle)
is in Louisiana. Radial (b—d) and transverse (e—g) traces and vespagrams for SKS, SKKS, and S3KS phases recorded at the 13 USArray stations. Individual traces,
normalized to the maximum amplitude across all traces, are aligned on (b, e) SKS, (c, f) SKKS, and (d, g) S3KS. The vespagram figures show beam amplitude (times
10°) as a function of slowness and backazimuth (y-axis) and time (x-axis). The PREM predicted arrival time and slowness of each phase are marked by the solid black
vertical line and black circle, respectively. The slowness that produces the maximum beam amplitude is marked at the time of maximum by the white circle, and the
arrival time of this phase is marked by the dashed black vertical line. The blue trace shows the beam constructed using the slowness marked by the white circle.
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Figure 3. Representation of the splitting procedure used in this study for a subarray with central station 242A and an event
that occurred on 14 December 2011 (Table S1 in Supporting Information S1, Figure 2), demonstrated using the SKS phase.
(a) Single-station (blue lines) radial (upper row) and transverse component seismograms (lower row) as a function of distance
and corresponding beam traces (black). Single seismograms are aligned with respect to the SKS arrival time predicted by
PREM (Dziewonski & Anderson, 1981), which is shown as a red line. (b) SplitRacer (Reiss & Riimpker, 2017) representation
of the splitting measurements from the beam trace. Left side: Energy map in ¢’-5¢ plane, with the 95% confidence interval

of the splitting parameters shown in black and the best-fitting splitting parameters shown with red lines. ¢’ is calculated in a
ray-attached coordinate frame, meaning that the traditional fast direction ¢ (in a station centered coordinate frame, measured
from geographic north) and ¢’ are identical if the radial component is aligned with the north direction (see Section 3.2).
(Right side) Particle motions (black solid line) before (top row) and after (bottom row) correcting for splitting. The red

line shows in the backazimuthal direction. (c, top row) Location of the subarray, represented by its central station (yellow
triangle). (Bottom row) Zoom-in to all stations of the subarray (see legend). Single-station splitting parameters (¢, ot) are
shown as black sticks at the location of the station. The overall beam splitting is represented by the light blue stick and agrees
well with the measured single-station splitting.

component of the SKS beam (Figure 4a); accordingly, the particle motion is almost linear and the measurement
would be classified as null. In contrast, both the SKKS and S3KS phases exhibit clear partitioning of energy to
the transverse component (Figures 4b and 4c) with elliptical particle motions, indicating significant splitting. The
estimated splitting parameters (¢’, 6t) for these phases are (115°, 0.8 s) for SKKS and (119°, 0.9 s) for S3KS.
The estimated splitting intensity for SKKS and S3KS is similar (0.6 and 0.8), while SI is lower for SKS (0.2).
This measurement is therefore an example of clearly discrepant SKS—SKKS—S3KS splitting, likely caused by the
presence of lowermost mantle anisotropy, which is affecting the splitting of one or more phases. Specifically, the
observation that the splitting intensity measured from SKS is different than for SKKS and S3KS (for which S/
is similar) can be explained if SKKS and S3KS sample similar lowermost mantle anisotropy, whereas the SKS
travels through D'’ in a region with different anisotropy (Figure 1a). Alternatively, all three phases may sample
similar anisotropy in the lowermost mantle, and differences in splitting could be explained by the difference in
incidence angle of these SmKS phases through the lowermost mantle (Figure 1a).
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Figure 4. Splitting diagnostic plots from SplitRacer (Reiss & Riimpker, 2017) for the beamformed waveforms from an event that occurred on 29 July 2010 (Table S1
in Supporting Information S1) for a subarray in South Dakota, with a source-subarray distance of approximately 116°. (a) Top row shows the waveforms of the SKS
stack (radial, top trace; transverse, bottom trace) as black solid line, the predicted SKS arrival as a green line, and the start/end of the 50 randomly chosen measurement
time windows with red lines. The upper diagram to the left shows the particle motion for the original stack (black line), the lower diagrams for the waveforms that were
corrected for splitting. The red lines in the diagrams indicate the backazimuthal direction. To the right, the best fitting splitting parameters are shown in the ¢-6t-plane,
with black color indicating the 95% confidence region. The stacked SKS waveforms are only slightly split and would be characterized as a null measurement, with

SI < 0.3. Best-fitting splitting parameters (¢’, 6t, SI) are shown at the bottom. (b) Same representation as in panel (a), but for the SKKS phase. The SKKS phase is
clearly split. (c) Same representation as in panel (a), but for the S3KS phase. The S3KS phase is clearly split, with similar splitting parameters as SKKS.

The measurements in Figure 4 demonstrate that splitting parameters can be retrieved from beamformed data
for multiple SmKS phases for the same source-receiver configuration, and that they can be well-constrained
with tight confidence intervals. To our knowledge, this is the first published splitting measurement for an S3KS
phase. The measurement of robust SKS, SKKS, and S3KS splitting parameters for beams constructed for the
same single-station seismograms enables us to explore differential splitting for more than two phases, extending
beyond the commonly used SKS-SKKS approach.

5. Averaging of Seismic Anisotropy Contribution in Beams

Here, we investigate how the shear-wave splitting signature that can be observed in individual single-station
seismograms manifests in beams. While splitting will likely be primarily due to upper mantle anisotropy for most
waves (e.g., Liu et al., 2014; Lutz et al., 2020), some arrivals may also be substantially influenced by seismic
anisotropy in the deep mantle. For the purpose of this analysis, we investigate how the shear-wave splitting signa-
ture averages across subarray stations used in beams, without needing to distinguish explicitly between an upper
and lowermost mantle anisotropy contribution. This also means that we can use the same analysis strategy for all
waves, independent of potential upper and lowermost mantle contributions.

5.1. Real Data Observations

We focus on the full data set shown in Figure 1a. For each event, we compare beam splitting parameters of SKS
and SKKS phases to the average of the corresponding single-station splitting measurements (¢, ¢, SI; with
a circular averaging approach used to average ¢ values). Our motivation for this comparison is to understand
how the single-station splitting parameters, which themselves reflect seismic anisotropy integrated over a finite
mantle volume, are averaged in a beamformed stack, particularly in regions which have laterally heterogeneous
anisotropy.

We present the results for all events for both SKS and SKKS phases in Figure 5. For each subarray, represented
by its central station, we present the splitting parameters as sticks, with their angle to the north indicating the fast
polarization direction and their length proportional to the delay time. We show the results for all subarrays for
which, in addition to well-constrained beam splitting, we obtained at least four (Figure 5a) and eight (Figure 5b)

WOLF ET AL.

8 of 21

9SUDDIT suoWWo)) danea1) djqeatdde ayy £q pauroAos ore so[ONIE Y 19SN JO SN 10§ AIRIQIT dUI[UQ AI[IAL UO (SUONIPUOD-PUE-SULID) WO J[1M’ ATeIqIaul[uo//:sdny) suonipuo) pue suLd [, oyl 39S *[gz0z/¢1/0€] uo Kreiqiy autjuQ Kofip ‘Ansioatun ek £q 96SSz0AIZz0T/6201 01/10p/wod Kopim’ KreiqijauruosqndnSey/:sdny woiy papeoumo( | ‘€70T ‘9S€66912



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2022JB025556

(a) =4 single station splitting parameters/subarray

==
=
=

P
.

T i

=V

Al
R

/\J&

i

e~

}KI_\
30 1 :
-120 -105

KTy Single station average
Beam splitting
(b) =8 single station splitting parameters/subarray

40° pyrs

X\—'j P 4 ;/
N oy e

-120° -105°

Figure 5. Comparison of average single-station splitting parameters (¢, ¢)
for individual event-subarray combinations with the corresponding beam
splitting for all data analyzed this study. This figure includes results for SKS
and SKKS phases. While, in principle, SKS and SKKS splitting parameters
could both be shown for a single station and plot on top of each other, this

is not what practically happens. (a) Splitting parameters (¢, d¢) are shown as
sticks, representing fast polarization directions (angle to the north) and delay
time (proportional to the length, see legend). Sticks are plotted at the location
of the central station of the subarray (yellow triangle) and colored either
black (single-station average) or light blue (beam splitting). Single-station
averages of the splitting parameters (¢, df) approximately agree with the beam
splitting parameters. For this panel those subarrays are shown for which at
least four well-constrained single-station splitting measurements could be
obtained. (b) Same as panel a, but including subarrays for which at least eight
well-constrained single-station splitting measurements could be obtained.

well-constrained single-station splitting measurements, respectively. Split-
ting parameters are defined as well-constrained if the 95% confidence inter-
vals on ¢ are smaller than +20° and smaller than +0.5 s on dz. Figure 5
shows that the average of the single-station splitting parameters generally
agrees well with the measured beam splitting. The minor differences that
exist between beam and average single-station splitting will be analyzed in
more detail below, with focus on splitting intensity measurements.

For smaller SNR data, the splitting intensity, SI (Chevrot, 2000), can be a
more robust measurement quantity than the traditional splitting parameters
(¢, 6t) (see Monteiller & Chevrot, 2011). Because beam splitting parame-
ters approximately agree with the average single-station splitting of all seis-
mograms that make up the beam in Figure 5, we next test whether this is
also the case for SI. We analyze the SI difference between beam and aver-
age single-station splitting for the same data set, only considering beam
or single-station S/ measurements whose 95% confidence intervals are
smaller than +0.5 (Figure 6, first column). We also show the standard devi-
ations of the mean of the single-station S/ measurements (Figure 6, second
column). Each panel represents the results for a different minimum number
of well-constrained single-station S/ measurements per subarray (first row:
>4; second row: >8; third row: >12; fourth row: >16). The reason for the
different selection of subarrays shown in Figures 5 and 6 is that robust S/
measurements can often be obtained for noisy data, while (¢, of) estimates
do not fulfill quality requirements. For example, Figure 5a only shows ~100
well-constrained results, while Figure 6a shows ~1,000. Analyzing S/ is thus
especially helpful to increase the number of useable single-station splitting
measurements per subarray. For a large majority of measurements, we find
that the difference in average single-station and beam S/ is smaller than 0.3.
For measurements for which the SI difference is relatively large, the standard
deviation tends to be large too, indicating non-uniform single-station splitting
across the subarray. We find that in general, the greater the measurement
number of well-constrained single-station splitting measurements that can be
obtained for the subarray, the smaller the difference in S/ tends to become.
As the number of well-constrained single-station measurements that can be
obtained will depend largely on SNRs, these results also indicate that for
higher SNRs, beam and average single-station splitting will be more similar.
We note that the results presented so far do not indicate whether single-station
or beam seismograms are more suitable to accurately characterize the anisot-
ropy in cases in which they disagree; we will explore this point further below.

While it is apparent that, generally, the beam splitting parameters represent
an average of the single-station splitting parameters, some deviations from

this rule can be observed in Figures 5 and 6. To understand better the reasons for these deviations, we investigate
how the difference in SI between the single-station average and the beam splitting depends on several factors,
including the standard deviation of the single-station S/ mean, the absolute value of the beam S/, the mean
single-station SI confidence interval, as well as the mean single-station and beam SNRs. We additionally demon-
strate how SNRs are improved through beamforming. These results are shown in Figure 7, which illustrates
linear fits through the measurements in each plot, for subarrays for which at four and at least 16 well-constrained
single-station splitting measurements could be obtained, respectively. We do not imply that we necessarily expect
linear relationships; rather, these fits enable us to see general trends despite the large number of measurements.

In Figure 7a, we first show the mean of the single-station S/ values as a function of the beam splitting intensity.
The trend is linear with a slope of 0.80 (>4 well-constrained single-station measurements) and 0.91 (>16),
respectively (close to 1), as expected from the results presented in Figures 5 and 6. However, mean single-station
S1 values tend to be slightly lower than beam splitting intensities. In panel b of Figure 7, we show the mean size
of the single-station 95% confidence intervals for S7 as a function of the size of the beam 95% confidence interval.
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Figure 6. SI differences for (for SKS and SKKS phases, and all events) between the average of the single-station
measurements for a subarray and the corresponding beam (first column) as well as standard deviations of the single-station
mean splitting intensity (second column). (First row) The absolute value of the splitting intensity difference and the
standard deviation are plotted as a gray circles at the central station location of the subarray. The gray color scale indicates
the magnitude of the difference (see legend). In this row all subarrays are included for which at least four well-constrained
single-station splitting intensity measurements could be obtained. The High Lava Plains regions, for which S7 difference
values are relatively large, is marked by the black rectangle. (Second row) Same as panel a for at least eight well-constrained
single-station splitting intensity measurements; third row: at least 12 well-constrained measurements; and fourth row: at
least 16 well-constrained measurements. The SI difference and standard deviation tend to decrease the more single-station
measurements are be obtained for a subarray.
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Figure 7. Dependence of beam and average single-station splitting intensities (and uncertainties), as well as their difference, on various factors. Different symbols are
plotted for subarrays for which more than 4, 8, 12, and 16 well-constrained single-station S/ measurements could be obtained (see legend). Green (>4 single-station
measurements) and violet (>16) lines are fitted into the measurement values to make trends visible. (a) Mean single-station S/ plotted against beam SI. A linear trend
with a slope of 0.80 (>4) or, respectively, 0.91-1 (>16) can be observed. (b) Mean size of the 95% confidence interval for the single-station measurements plotted
against the confidence interval size of the beam. (c) Absolute value of the difference in SI between the single-station average for a subarray and the corresponding beam
splitting intensity, dependent on the standard deviation of the mean of the single-station S/ measurements. (d, e) SI difference plotted against absolute value of the beam
splitting intensity (d) and mean size of the single-station 95% confidence interval (e). (f) Beam SNR as a function of the mean single-station SNR. The linear slopes are
2.3 (>4) and 3.9 (>16) (g, h) SI difference dependent on average single-station SNR and beam SNR.

As would be intuitively assumed, the larger the mean of the single-station confidence intervals is, the larger the
confidence interval for the beam tends to be, although this can only explain part of the variation (R? = 0.22).
In panels (c)—(e), we show how the absolute difference between mean single-station S/ and beam SI depends
on (c) the standard deviation of the mean of the single-station S/ measurements; (d) the absolute value of the
beam S7; and (e) the mean size of the single-station 95% confidence interval. While the SI difference cannot
be well explained by the quantities explored in (c) and (d), for subarrays for which >16 single-station splitting
measurements can be obtained, the SI difference tends to larger for larger mean single-station 95% confidence
intervals (R? = 0.27). In panel (f) we show the beam SNR as a function of the mean single-station SNR. The
linear fits show slopes of 2.28 (>4) and 3.93 (>16), indicating that the beam SNR is on average more than twice
as large than the mean single-station SNR. Panel (g) shows how the SI difference depends on the mean SNR of
the individual single-station S/ measurements. Panel (h) shows the same for the SNR of the of the beam. The S/
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difference tends to be inversely proportional to the (mean) SNRs in panels (g)—(h) but the trends can only poorly
explain the variation (R? < 0.03) when all data are considered together. A (seemingly) contradictory observation
is that the S7 difference tends to be lower for cases in which >16 well-constrained single-station splitting measure-
ments can be obtained per subarray, considering that the number of well-constrained single-station measurements
that can be obtained will be mainly influenced by single-station seismogram SNRs. However, in panels (g)—(h),
many more subarrays with lower mean single-station SNRs (1.5-5) are presented than with higher SNRs (>5),
which may skew trends. We will therefore pay particular attention to the role of SNRs in the following when
zooming in on a specific subset of the data.

Relatively large differences between average single-station and beam S/ values can be observed for a region of the
Cascadia backarc known as the High Lava Plains (HLP) region (black box in Figure 6). We analyze these data in
more detail to understand why our assumption about how upper mantle anisotropy averages in beams is not fully
accurate for this particular region, which has been shown to exhibit strong SKS splitting with generally uniform,
nearly east-west fast directions and laterally variable delay times (Long et al., 2009; Mondal & Long, 2020). In
this test, we take advantage of the dense station spacing provided by stations of the HLP seismic experiment
(Long et al., 2009). First, we test whether the difference in SI between the average of the single-stations and the
beams is reduced by using a larger number of stations for the beams (Figures 8b—8d). For this test, we run beams
for this region while allowing a maximum number of 20 (b), 30 (c) or 40 (d) individual single seismic stations to
be included in each beam (and thereby increasing the subarray's aperture). Figure 8 demonstrates that increasing
the number of stations used for the beamforming does not lead to more similar average single-station and beam
splitting, perhaps because increasing the station number also increases the subarray aperture.

For further analysis, we add the data from our HLP test to the plots shown panels a, b and g of Figure 7. These
results are shown in Figures 8e—8g. We find that independent of how many stations are used to construct the
beam, the mean single-station S/ tends to be substantially lower than the beam SI (Figure 8e), while mean
single-station ST 95% confidence intervals are relatively large (f) and SNRs from the single-station seismograms
are low (g). We speculate, therefore, that the relatively large difference between single-station and beam S/
values in the HLP region can perhaps be explained by the relatively poor data quality (and thus low SNRs) for
the single-station seismograms obtained for the event used. To test this, we plot the data for mean single SNR
values > 5 or <5 separately (Figures 8h—8j). We find that for SNRs > 5, the mean single-station S/ values tend to
agree very well with the beam S7 (linear fit with slope = 0.94; Figure 8h). For SNRs < 5, on the other hand, the
mean single-station S/ values underestimate the magnitude of the beam S/ (linear fit with slope = 0.78; Figure 8§j).
(We also confirm this result with a synthetic test, which is described in Section 5.2). Additionally, the mean
single-station SI 95% confidence interval and the S7 difference between beam and average single-station splitting
are more strongly correlated with the beam S795% confidence interval for SNRs > 5 (Figures 8i, 8j, 81, and 8m).

To ensure that our interpretation of large SI differences being due a high noise level affecting the single-station
seismograms holds, we also construct beams for another event for the HLP region. For this other event, the differ-
ences in splitting intensity between beam and average single-station splitting are generally lower (Figure S1 in
Supporting Information S1), indicating that the S7 differences for the HLP region can in fact be explained by the
details of the data for the initially used event. The results of these tests suggest that for noisy data, S/ values may
generally be underestimated, consistent with conclusions drawn by other studies (e.g., Hein et al., 2021). We will
further discuss this finding below in Section 7.

5.2. Synthetic Tests

Next, we conduct a series of tests using synthetic input models to refine our understanding of how beam splitting
averages anisotropic structure across heterogeneous, anisotropic regions. We use AxiSEM3D to conduct both
axisymmetric and fully 3D global wavefield simulations down to ~5 s period, using PREM (Dziewonski &
Anderson, 1981) as our radially symmetric background model. Our simulations include 1D attenuation (from
PREM) and Earth's ellipticity. In our simulations, we place the source at (60°N, 150°W) and an we construct
a synthetic array centered on (0°N, 30°E) with a station separation of 0.5° (see Figure 9). The only nonzero
component of the source moment tensor is M, ; while this is not a realistic seismic source, the moment tensor is
only important for this study insofar as this leads to substantial initial source SV-energy and thus high amplitude
SmKS phases in the synthetic seismograms.
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Figure 8. Detailed Investigation of High Lava Plains (HLP) measurements for an event that occurred 15 December 2007 (Table S1 in Supporting Information S1) and
investigation of the influence of single-station signal-to-noise ratios (SNRs) for all events. (a) Individual stations used for beamforming. (b—d) SI differences between
the average of the single-station measurements for a subarray and the corresponding beam. Similar plotting conventions as in Figure 6 (see legend). In each panel a
maximum number of 20 (b), 30 (c) or 40 (d) stations is included in the beam. For every beam the total number stations included equals the maximum number or is
slightly lower. The SI difference does not generally decrease if more stations are included in the beamforming. (e—g) Similar plotting conventions as in Figure 7 with
linear fits represented as colored lines (see legend). Gray markers are as in Figure 7 for >4 well-constrained single-station measurements, while yellow (maximum 20
stations), blue (30) and red (40) markers correspond to the different station numbers of the HLP data set. For the HLP region, for this particular event, the beam splitting
intensity tends to be larger than the average of the single-stations (e), single-station 95% confidence intervals are relatively large (f) and SNRs are relatively low (g).
(h—-m) Similar to Figure 7, with measurements separated according to SNR with SNR < 5 (h—j) and >5 (k—m). For lower single-station SNRs (<5), the beam splitting
intensity tends to be larger than the average of the single-station seismograms (linear fit of 0.79), while for larger SNRs (>5) both values tend to be similar (linear fit of

0.95).

‘We make use of the anisotropic module implemented into AxiSEM3D by Tesoniero et al. (2020), which allows
the computation of synthetic seismograms for arbitrary seismic anisotropy. We conduct simulations for a set of
simple models that include upper mantle anisotropy. As we focus here on how the anisotropic signature averages
in beams, we could just as well carry out this test by considering lowermost mantle anisotropy, or both upper
and lowermost mantle anisotropy. However, we choose to implement seismic anisotropy only in the upper mantle
because such a scenario is very straightforward to understand. We implement lateral transitions of upper mantle
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Figure 9. Model configuration for synthetic simulations that include horizontally transversely anisotropic (HTI) anisotropy
in the upper mantle. (a) The raypath between source (yellow star) and central station of the array (yellow triangle) is shown as
a black line. (b) Setup 1, for which we incorporate uniform anisotropy across the array. We calculate synthetic seismograms
for 25 stations (violet triangles; central station: yellow triangle). (Bottom) Sticks representing fast polarization directions
(angle to the north) and delay times (proportional to the length) for three different rotations of the HTI elastic tensor. Strength
of anisotropy is chosen such that delay times are always ~1.0 s. (c) Setup 2, for which we incorporate a transition between
two anisotropic domains. Stations above the first anisotropic domain are colored violet and stations above the second
anisotropic domain are shown as light red triangles. The corresponding fast splitting directions are shown as sticks at the
bottom as in panel (b).

anisotropy across the seismic array, similar to synthetic experiments carried out by Wolf et al. (2022b) for lower-
most mantle anisotropy. We always incorporate a horizontally transversely anisotropic (HTI) elastic tensor into
the upper mantle, replacing PREM velocity structure between 24 and 220 km depth. The anisotropy that we
incorporate leads to a delay time of ~1.0 s for SmKS phases at the receiver. To investigate how measurements of
anisotropy in beams that spatially average across the array compare to single-station measurements, we construct
the following models of upper mantle anisotropy across the (sub-)array (see Figure 9):

1. Setup 1 (Figure 9b): Uniform anisotropy across the array. We implement three cases, with three different
anisotropic fast directions, for which the angle between the backazimuth (i.e., the initial wave polarization
direction) and fast direction of the HTI anisotropy is 0° (case 1), 30° (case 2) and 60° (case 3), respectively.

2. Setup 2 (Figure 9c): We implement a transition between two anisotropic domains with different geometries.
Again, we implement three cases, varying the angle between initial polarization of the wave (or, equivalently,
the backazimuth) and the fast polarization direction of the anisotropy. The fast polarization directions that we
implement for both anisotropic domains are orthogonal to each other, allowing us to evaluate the averaging of
splitting across the array in a straightforward manner. This is because splitting due to layers of anisotropy with
orthogonal fast directions should effectively cancel.

For the first benchmark setup, uniform upper mantle anisotropy is present across the array, as shown in the first
row of Figure 10. For uniform anisotropy across the array (top panel in Figure 10), beam splitting agrees very
well with the average single-station splitting. For the second setup, we place a transition between two contrasting
(orthogonal) anisotropic domains in the upper mantle beneath the array (Figure 10, middle row). We expect that
measurements that sample equally across both domains should be null, as the effects of splitting cancel. We find
that while the single-station seismograms are clearly split for the stations that are not very close to the transition
between both anisotropic domains (middle station row), the beam splitting is null, in agreement with the idea that
beam splitting represents the average of the single-station splitting. The lower row of Figure 10 shows results for
which we only perform beamforming for a subset of stations from the array. In this series of tests, we progres-
sively remove one station row from one of the anisotropic domains, such that the other domain dominates the
overall beam splitting (left column). This becomes even clearer when excluding additional station rows from the
beamforming (middle column). When we only apply the beamforming to stations above one of the anisotropic
domains, the results agree with those from setup 1 that includes uniform upper mantle anisotropy (lower row,
right column). Example synthetic single-station and beam waveforms from this experiment are shown in Figure
S2 in Supporting Information S1.
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Figure 10. Shear-wave splitting results from beamformed SKS phases for the model configurations presented in Figure 9.
Splitting parameters are represented as black bars (split) and Xs (null) for single stations, and in light blue for the resulting
beam (see legend). (Upper row) Results for setup 1 and cases 1, 2, and 3. The difference between these cases is the fast
anisotropy direction of the horizontally transversely anisotropic anisotropy incorporated into the upper mantle. For case 1,
the backazimuth is in the direction of the fast polarization direction, leading to null splitting; for cases 2 and 3 splitting of
the waveforms is evident and the beam splitting matches the individual station splitting well. (Middle and lower row) Results
for setup 2 and cases 1, 2, and 3. A lateral transition of anisotropy is implemented into the upper mantle, such that the fast
polarization directions of the domains are orthogonal to each other (see Figure 9), with the transition between the anisotropic
domains is in the middle of the array, the resulting beam splitting is null (middle row) as expected. In the lower row, we
show beam averaging with different subarrays for setup 2, case 2, such that rows of stations are progressively removed from
the beam averaging. As expected, when more stations are affected by one type of receiver side anisotropy than the other, the
resulting splitting is approximately an average weighted by the number of stations influenced by each anisotropic domain.
Waveforms for case 2 of setups 1 and 2 are shown in Figure S2 in Supporting Information S1.

In order to understand further how noise affects both the single-station and the beam measurements, we also
conduct a test for which we systematically add uncorrelated Gaussian noise to the single-station synthetic data
from setup 1 and case 2 and then conduct the beamforming (Figure 11). The assumption of uncorrelated noise
appears reasonable given that the typical station spacing for across USArray is 70 km. This is also in line with our
beamforming approach, which requires noise to be incoherent to efficiently increase SNRs. We find that the beam
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Figure 11. Behavior of single-station and beam splitting intensities for different noise levels of the single-station
seismograms for setup 1, case 2 (Figure 9). The noise level is increased from panel (a) to (f), with signal-to-noise ratio values
shown at top. Single-station (black markers with errorbars; indicating 95% confidence intervals) and beam (light blue region)
splitting intensities are measured using SplitRacer (Reiss & Riimpker, 2017). The mean single station S/ is shown as a solid
red line. We only include measurements for which the 95% confidence intervals are smaller than +0.5, and plot measurements
that would be visually defined as poor in light gray (see legend).

splitting intensity estimate is relatively independent of the single-station noise level, although the 95% confidence
interval tends to increase as noise is added. The average single-station splitting intensity, on the other hand,
decreases as noise is added, which is in agreement with the real-data results from the HLP region (Section 5.1)
and is also in agreement with findings from previous papers (Hein et al., 2021; Monteiller & Chevrot, 2011).
This implies that beam splitting parameters are more reliable at characterizing the anisotropy than single-station
splitting measurements if noise levels are high. Additionally, and importantly, Figure 11e demonstrates that even
if no well-constrained single-station measurement can be obtained, beam splitting can still be robust and reli-
able for the array. As higher noise levels are added, the beam approach breaks down for average single station
SNRs < 1.3. This indicates that the beamforming approach is unlikely to be effective at determining shear-wave
splitting measurements if the contributing single station seismograms have a mean SNR < 1.3. This is a substan-
tial advantage compared to single-station SI measurements whose reliability starts to break down at larger SNRs
(SNRs < 2; see Figure S3 in Supporting Information S1).
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Figure 12. SKS and SKKS splitting intensity discrepancies for two

example events (from 7 October 2009 and 5 September 2011, see Table

S1 in Supporting Information S1), measured from (a) beamformed data

and (b) single-station seismograms. The black dashed line indicates the
region for which SKS-SKKS differential splitting was detected by Wolf and
Long (2022). Colored circles represent the magnitude of the splitting intensity
difference between SKS and SKKS phases (see legend) and are plotted in the
middle of a gray line that connects the pierce point of SKKS 250 km above
the core-mantle boundary (CMB) and the pierce point of SKS at the CMB.
(a) Shows measurements for beamformed data with subarray central stations
shown as yellow triangles. (b) Similar to panel (a), but for single-station
seismograms. Stations are plotted as black circles; plotting conventions are
otherwise identical to panel (a).

6. Potential Applications of SmKS Beam Splitting

We have investigated in Section 5.2 how the splitting signature from
single-station seismograms averages in beams and shown that the splitting
intensity of the beam will approximately equal the arithmetic mean of the
single-station splitting intensities. Furthermore, we have shown that beam-
forming increases SNR and leads to more robust and reliable splitting esti-
mates for noisy data. This observation suggests that splitting analysis of
beamformed data can help reliably resolve mantle anisotropy. It is commonly
assumed that splitting contribution of upper mantle anisotropy dominates
over the influence of deep mantle anisotropy for SKS and SKKS phases
(e.g., Liu et al., 2014; Niu & Perez, 2004; Walpole et al., 2014). Under this
assumption, which is commonly made in traditional SmKS splitting studies,
beam splitting measurements can be used to characterize seismic anisotropy
in the upper mantle. However, there is a tradeoff between higher SNRs and
the loss of spatial resolution. Beam splitting can be interpreted as the average
upper mantle splitting across the (sub-)array. Our tests have shown that this
will generally be a more reliable measure of the overall splitting contribu-
tion than averaging single-station splitting measurements if noise levels are
high (Figure 11). However, this comes at a cost: the beam splitting aver-
ages spatially, so small-scale variability in upper mantle anisotropy cannot
be resolved.

For some applications, it may not be a disadvantage that the contribution of
upper mantle anisotropy is averaged laterally. For instance, measurements
of differential SKS—-SKKS splitting are typically interpreted as evidence for
the presence of deep mantle anisotropy (e.g., Asplet et al., 2020; Tesoniero
et al., 2020) and are often made difficult by low SNRs and the challenge
of identifying high-quality SKS and SKKS phases on the individual seis-
mograms. While the use of beamformed data will also lead to a loss of
spatial resolution of lowermost mantle anisotropy, the amount of scatter for
single-seismogram differential SKS—-SKKS splitting measurements (e.g.,
due to noise) usually does not allow the analysis of small-scale deep mantle
anisotropy patterns in any case (e.g., Reiss et al., 2019). We suggest, there-
fore, that beamform approaches have the potential to significantly improve
studies of lowermost mantle anisotropy via SKS—SKKS differential splitting
measurements.

We illustrate these points by showing a proof-of-concept example for the
SKS-SKKS differential splitting technique, applied to beamformed data.
We choose two events (7 October 2009, 5 September 2011) whose raypaths
sample the lowermost mantle beneath the northeastern Pacific Ocean,

because for this region, particularly pronounced SKS-SKKS differential splitting has been found in previous
studies (Asplet et al., 2020, 2022; Long, 2009; Wolf & Long, 2022). In addition to previous SKS—SKKS differ-
ential splitting studies, the fast polarization directions for other phases have been measured for this region, and

likely flow directions have been inferred (Asplet et al., 2022; Wolf & Long, 2022). Because this region has been

very well studied in the past, our new method is unlikely to drastically change previous interpretations; however,

the region serves as an excellent location to demonstrate the capability of the beamforming method.

We measure SKS—-SKKS splitting intensity discrepancies from beamformed data (Figure 12a) as well as from the
single-station data that is used to create the beams (Figure 12b). The black, dashed ellipse in Figure 12 indicates
the region for which discrepant SKS-SKKS splitting has been previously observed by Wolf and Long (2022).
Consistent with these previous results, we find that in this region, generally discrepant SKS—SKKS splitting
can be observed, for both beam and single-station splitting measurements. A little further to the east and west,
splitting tends to be nondiscrepant, which is also consistent with the observations of Wolf and Long (2022).

Another swath of raypaths samples the lowermost mantle beneath southern Canada, which is a region for which,
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to our knowledge, SKS—SKKS splitting discrepancies have not been analyzed in the past. Both the beam and
single-station splitting measurements tend to be nondiscrepant for this raypath geometry.

While the general patterns of SKS—SKKS splitting intensity discrepancies are similar for beam and single-station
SKS-SKKS splitting discrepancy measurements, the measurements from the beamformed data show much less scatter
(Figure 12). In the single-station measurements, we often observe different behavior for directly adjacent raypaths,
which is likely due to scatter caused by noise and not by lowermost mantle structure, suggesting that the beam meas-
urements are more reliable. Indeed, the amount of scatter in the beamformed data set is drastically reduced compared
to the single-station data set, greatly increasing the confidence in individual measurements. Figure 12 shows all
well-constrained measurements (95% confidence intervals < +0.5) that could be obtained from this particular data set
for beams and single stations. For the single-station data, we obtain approximately three times more useable discrep-
ancy measurements than from the beams. However, by construction of the beams, we have approximately 15 times
more single-station seismograms available for measurements than beams (because 1020 seismograms are used to
create a beam), meaning that roughly five times more data contribute to our beam splitting discrepancy analysis overall.

7. Discussion and Conclusion

For the interpretation of shear-wave splitting measurements from beamformed data, it is important to under-
stand how the splitting signature from the single seismograms contributes to the beam's splitting signature. To
explore this, we applied the beam splitting technique to real data for subarrays across USArray and compared
our results to single-station splitting. We also carried out synthetic tests using simple but heterogeneous upper
mantle anisotropy models. These results indicate that beam splitting generally agrees with the average of the
single-station splitting for those seismograms that contribute to the beam. This average can be expressed either in
terms of the splitting parameters (¢, 6t) or SI.

We have shown that shear-wave splitting measurements can be performed using beamformed SmKS data,
which has the advantage of higher SNRs compared to single-station seismograms. This enables us to measure
shear-wave splitting from phases that are not usually used for this purpose; for example, S3KS phases (Figure 3).
The inclusion of additional seismic phases in shear-wave splitting studies makes it possible to use earthquakes
from a large distance range and to exploit less commonly used ray geometries. This leads to new possibilities
for the characterization of seismic anisotropy in Earth's mantle and may be particularly powerful for studies of
lowermost mantle anisotropy, which are often hampered by limited ray coverage and by difficulties in isolating
the lowermost mantle contribution. The beam approach can, in principle, be used for any seismic phase. We are
currently exploring the application of beamformed data in lowermost mantle splitting studies using phases other
than SmKS, such as S, and ScS. We are also working to routinely incorporate S3KS phases into studies of
lowermost mantle anisotropy using SmKS splitting discrepancies.

Our real-data analysis does not show evidence that laterally changing anisotropy across a subarray affects how
accurately the beam splitting reflects an average of the single-station splitting parameters (Figure 6). Rather,
simple synthetic modeling suggests that such averaging works remarkably well if a transition between two aniso-
tropic domains is incorporated across the (sub-)array (Figure 10). Similarly, 3D effects to the waveforms caused
small structures close to the receivers, potentially influencing splitting measurements, likely influence beams
less than single-station measurements. Rather, effects of such small-scale scattering will be laterally averaged in
beams, such that beam splitting measurements will be largely unaffected.

While itis generally true that beam splitting agrees with average single-station splitting, we find that if single-seismogram
SNRs are low, the beam S/ values tend to be larger than the average single-station S1. Our results indicate that this is due
to the fact that high noise leads to an underestimate of SI for the single-station seismograms, meaning that the beam S/
measurement will be a more accurate reflection of the splitting signal than the single-station measurements (Figure 11).
This implies that splitting intensity, measured from single-station data, provides a lower bound for the actual value,
which should be considered in their geologic interpretation (see also Hein et al., 2021; Monteiller & Chevrot, 2011).
We suggest that if S/ values are used to identify the strength of seismic anisotropy, it should generally be ensured that
SNRs are sufficiently large. Similarly, if we compare S/ values from different seismic phases (e.g., in the context of
SKS-SKKS differential splitting), care must be taken to ensure that the noise level affecting both phases is similar. In
any case, however, increasing SNR levels via beamforming is a promising approach.
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The beamformed SmKS splitting technique opens avenues for novel shear-wave splitting analyses. We can also
use traditional splitting techniques for beamformed data. This approach yields larger SNRs and more robust
measurements for beams, although it comes at the cost of lateral averaging of the anisotropic signature. The
measurement of beam splitting may be helpful for the characterization of upper mantle anisotropy, especially if
single-station SNRs are low, although this approach will obscure any lateral variability on length scales smaller
than the subarrays used to construct the beams.

Beamformed data will be particularly helpful to resolve lowermost mantle anisotropy. The anisotropic signature
associated with lowermost mantle anisotropy is often compromised by the upper mantle anisotropy contribution
(e.g., Wolf et al., 2022a). Using beamformed data, we can select (sub-)arrays such that the upper mantle contri-
bution to beam splitting is weak (e.g., by stacking data across regions with weak or laterally variable anisotropy).
As an example, we measure SKS-SKKS differential splitting across USArray stations in the western US. The
results obtained from beams are substantially less scattered than those from the single-station seismograms, likely
because the stacking process naturally removes noise. We suggest that SKS—SKKS differential splitting measure-
ments from beams are more reliable than from single-station seismograms. Future work will include applying this
analysis strategy to study SmKS splitting discrepancies on a global scale using beamformed data.

To summarize, we have demonstrated that the application of shear-wave splitting on beamformed data and that
beams average the single-station splitting signature across the (sub-)array. Due to increased SNRs, beamforming
leads to better constrained shear-wave splitting parameters than single-station seismograms. Therefore, beam-
forming allows the ability to measure splitting parameters from phases that are usually too low quality for indi-
vidual seismograms to be useful for splitting analyses. As a result, we can use traditional splitting techniques for
beamformed data. Therefore, the measurement of shear-wave splitting from beamformed data has potential for
improving estimates of both upper and, especially, lowermost mantle anisotropy.

Data Availability Statement

All USArray data (IRIS Transportable Array, 2003) and data from the High Lava Plains experiment were down-
loaded through IRIS (https://service.iris.edu/). The synthetic seismograms for this study were computed using
AxiSEM3D which is publicly available at https://github.com/AxiSEMunity. A data set including all beam and
single-station SplitRacer inputs and outputs for event 201007290731, which may be used for benchmarking
purposes, is available at https://doi.org/10.5281/zenodo.7299651 (Wolf, Frost, et al., 2022).
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