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SUMMARY

Seismic anisotropy can inform us about convective flow in the mantle. Shear waves traveling
through azimuthally anisotropic regions split into fast and slow pulses, and measuring the
resulting shear-wave splitting provides some of the most direct insights into Earth’s interior
dynamics. Shear-wave splitting is a constraint for path-averaged azimuthal anisotropy and is
often studied regionally. Global compilations of these measurements also exist. Such compi-
lations include measurements obtained using different data processing methodologies (e.g.,
filtering), which do not necessarily yield identical results, and reproducing a number of studies
can be challenging given that not all provide the required information, for example, about
the source location. Here, we automatically determine shear-wave splitting parameters from
core-refracted SKS, SKKS and PKS waves from a global data set. This data set includes all
earthquakes with magnitudes > 5.9 from 2000 to the present, collected from 24 data centers,
totaling over 4700 events and 16 million three-component seismograms. We obtain approxi-
mately 90 000 robust measurements for ‘fast azimuth’, ¢, and delay time, §¢, and 210 000 robust
null measurements. Results generally agree with previous work but our measurements allow
us to identify hundreds of ‘null stations’ below which the mantle appears effectively isotropic
with respect to azimuthal anisotropy, which are important for some splitting techniques. We
make all measurements publicly available as a data product, along with detailed metadata.
This serves two purposes: ensuring full reproducibility of results and providing all necessary
information for future systematic use of our measurements, in tomography applications or
comparisons with geodynamic flow predictions.

Key words: Seismic anisotropy; Dynamics: convection currents, and mantle plumes; Dy-
namics of lithosphere and mantle; Mantle processes.

1 INTRODUCTION

Seismic anisotropy refers to the phenomenon by which seismic
waves travel at different velocities depending on their propagation
direction and/or polarization. In the mantle, anisotropy arises due
to two primary mechanisms which can both be linked to Earth’s in-
ternal deformation and convective evolution: (1) Crystallographic-
preferred orientation (CPO), where intrinsically anisotropic mineral
crystals align under finite deformation with their directional elastic
properties, and (2) shape-preferred orientation, involving aligned
isotropic or anisotropic materials, for example, layered composites,

that can be effectively anisotropic on the scales seen by the dominant
seismic wavelength (e.g., Nicolas & Christensen 1987; Silver 1996;
Kocks et al. 2000; Long & Becker 2010; Romanowicz & Wenk
2017). The detection and characterization of seismic anisotropy can
provide valuable information on convective flow in Earth’s mantle
(e.g., Tanimoto & Anderson 1984; Becker et al. 2003; Gaboret et al.
2003; Nowacki et al. 2011; Wolf et al. 2024a). For the typical, ‘A’
type CPOs of olivine, as they might form under dislocation creep
in the upper mantle, the fast propagation direction of upper mantle
anisotropy is expected to align with shear in mantle flow. Different
alignments might be caused by high volatile and/or stress type CPO
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formation (e.g., Kneller ef al. 2005; Lassak et al. 2006; Becker
et al. 2008), although those fabrics appear less common and less
systematic in the rock record (e.g., Bernard et al. 2019). However,
in the deepest mantle, the relationship between anisotropy and flow
is more complicated (e.g., Yamazaki & Karato 2001; Wookey &
Kendall 2008; Creasy et al. 2020); it cannot necessarily be assumed
the polarization direction of the fast traveling wave corresponds to
the direction of convective flow (e.g., Yamazaki & Karato 2001;
Nowacki et al. 2011; Wolf & Long 2022). Seismic anisotropy is
usually stronger in the upper than in the lowermost mantle (e.g.,
Romanowicz & Wenk 2017; Becker & Lebedev 2021). Therefore,
fast directions of shear wave splitting measurements are routinely
interpreted as being due to upper mantle flow (e.g., Silver 1996;
Fouch et al. 2000; Behn et al. 2004; Becker et al. 2006).

The SKS, SKKS and PKS (Fig. 1a) seismic phases, hereafter
referred to as xKS, are SV polarized upon reentry into the mantle
from the outer core. If a *KS wave travels through an anisotropic
region in the receiver-side mantle, it splits into two pulses, one of
which travels faster than the other. This phenomenon can occur in
Earth’s upper mantle, as schematically shown in Fig. 1(b). The two
components (red and blue in Fig. 1b) accumulate a time lag, or
relative delay time, 8z, which increases as a function of the distance
traveled through the anisotropic material. We denote the polarization
orientation of the fast pulse, or ‘fast axis’, as ¢ (counted clockwise
from the North; Fig. 1¢). These two parameters characterize seismic
anisotropy for a typical shear wave splitting measurement (Ando
et al. 1983; Vinnik et al. 1984; Silver & Chan 1991).

Shear wave splitting parameters {¢, §¢} are typically determined
through manual or semi-automated inspection and analysis of data
(e.g., Teanby et al. 2004; Wistefeld et al. 2010, 2008; Reiss &
Riimpker 2017), although fully automated approaches have also
been applied (e.g., Evans et al. 2006; Liu et al. 2014; Walpole
et al. 2014; Link et al. 2022; Hudson et al. 2023). Results from
these manual analyses as well as those derived from automatic ap-
proaches have been compiled into large splitting parameter collec-
tions (e.g., Silver 1996; Wiistefeld et al. 2009). These compilations
have provided valuable insights into upper mantle flow and have
enabled detailed comparisons between shear-wave splitting (from
*KS body waves) and surface wave wave inversions (e.g., Montag-
ner et al. 2000; Wiistefeld et al. 2009; Becker et al. 2012). However,
global compilations include splitting parameters from studies that
use different data processing techniques, which can vary depend-
ing on the periods used in analyses and the methods employed to
calculate splitting parameters (Savage 1999; Long & van der Hilst
2005; Vecsey et al. 2008; Kong et al. 2015). Additionally, some
studies do not provide specific information on the earthquake data
used to determine splitting parameters, making it challenging (if not
impossible) to reproduce their results, or to analyze features such as
backazimuthal dependence of ¢ and 8¢ which can provide insights
into the nature of anisotropy at depth (e.g., Silver & Savage 1994;
Riimpker & Silver 1998; Chevrot & van der Hilst 2003).

Here, we automatically measure shear-wave splitting for all earth-
quakes with magnitudes > 5.9 from the year 2000 to present, which
were collected from 24 data centers worldwide. We obtain approxi-
mately 90 000 well-constrained sets of {¢, 8¢} pairs and 210 000 null
measurements. This automatic measurement database is substan-
tially larger than previous ones (e.g., Liu et al. 2014; Walpole et al.
2014). The measurements are compared to existing databases and
previous automatic splitting efforts and found generally consistent
with previous results. We identify hundreds of stations worldwide at
which a large majority of *KS waves is unsplit, which are called null
stations. Null measurements, at which waves appear not influenced

by azimuthal seismic anisotropy in the mantle, provide important
information (e.g., Wiistefeld & Bokelmann 2007; Walpole et al.
2014). Effective ‘null stations’ are essential for the application of
some splitting strategies, such as determining S-wave source-side
anisotropy (e.g., Russo & Silver 1994; Foley & Long 2011; Lynner
& Long 2013), PS bounce point anisotropy (e.g., Wolf ez al. 2024c¢),
and inferring lowermost mantle anisotropy from ScS and Sgir waves
(e.g., Wolf et al. 2022; Wolf & Long 2024).

The code we use to measure shear-wave splitting is publicly avail-
able, and we publish our uniformly processed measurements as well
as metadata. This enables reproducibility and the extraction of infor-
mation such as backazimuthal dependence of splitting parameters.
We anticipate that this work will enable new inquiries into Earth’s
dynamic interior processes using uniformly made measurements
from a large global data set.

2 DATA SET AND PRE-PROCESSING

We have collected (and continue collecting) all available data from
24 global data centers from 2000 January 1, to present, for all
seismic events with moment magnitudes 5.9 and above (hereafter
referred to as the ADEPT data set, http://adept.sese.asu.edu/). We
collect 2 hr of data for all stations, instrument deconvolve the data to
displacement, rotate the horizontal components to radial and trans-
verse motions, and downsample the seismograms to 20 samples
per second. We store the data locally in event-based directories. To
date, we have collected over 4700 earthquakes (and over 16 million
three-component earthquake recordings). All events and stations
that are included in the data set are shown in Fig. 2. The corre-
sponding ~ 500 seismic networks and their citations are provided
in the Supporting Information.

3 SHEAR-WAVE SPLITTING
MEASUREMENTS

We conduct shear-wave splitting measurements using the SplitRac-
erAUTO MATLAB code (Reiss & Riimpker 2017; Link et al.
2022). SplitRacerAUTO uses the transverse energy minimization
technique (Silver & Chan 1991) with the uncertainty quantifica-
tion by Walsh et al. (2013) to determine ¢ and §¢. This is re-
peated for a certain number (we choose 30) of randomly selected
time intervals around the expected phase arrival, and measurements
are only used if they are robust across all time windows. The de-
tails of this procedure are described in the original publication by
Reiss & Riimpker (2017). SplitRacerAUTO additionally calculates
the splitting intensity SI (Chevrot 2000), which can be expressed
as SI =~ 8t sin(2(e — ¢)), where « is the backazimuth for %xKS
phases.

The first step of SplitRacerAUTO is to conduct data pre-
processing all selected data. We use PKS waves measured at epi-
central distances from their inception and <155°, SKS at distances
> 85° to their maximum distance, and SKKS at distances >100° to
their maximum distance. In the pre-processing, SplitRacerAUTO
discards data with low signal-to-noise ratios (SNRs). SNRs are cal-
culated using an effective horizontal component (v/ R(#)> + T(¢)?,
R(f) = radial component, 7(#) = transverse component), and com-
paring the mean amplitude of a noise window with the signal win-
dow. The noise window is 20 s long and ends 5 s prior to the PREM-
predicted arrival time. We set an SNR threshold of 2.2 after applying
a butterworth bandpass filter of order 2 to retain periods between 6
and 25 s. Next, SplitRacerAUTO uses an additional quality-control
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Figure 1. Schematic representation of shear-wave splitting due to upper mantle anisotropy. (a) Schematic Earth cross-section showing PKS, SKS and SKKS
(xKS) ray paths. (b) In presence of seismic anisotropy in the upper mantle, xKS splits into fast (blue) and slow (red) traveling components with mutually
orthogonal polarizations. These components accumulate a relative time lag (8¢); additionally, the fast polarization direction can be measured. (c) Fast polarization

direction ¢ relative to geographic north.

Figure 2. Source—receiver configuration used in this study. Stations are shown as black circles and events as orange stars. We use data from approximately

4700 different events and 25 000 distinct stations.

algorithm to identify the time window in which the %xKS phase un-
der study arrives, avoiding *KS phases that coincide S, ScS and
Sair arrivals. In the third step, shear-wave splitting parameters are
calculated, and measurements are automatically classified. For more

details about SplitRacerAUTO, we refer to Link et al. (2022), which
includes a thorough benchmark against measurements for which
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time windows were manually selected and measurements visually
classified.

Several modifications have been made to the original code to
tailor it for our purposes. We adjust SplitRacerAUTO to read data
from event-based directories instead of station-based ones. This
data is already rotated into a radial-transverse coordinate frame
based on station metadata. To enhance computational speed, which
is essential given the large number of seismograms used in this
study, we downsample all data to 3 samples per second instead
of 20 (that SplitRacerAUTO uses per default). We also found that
null measurements can be reliably identified using a single time
window. Therefore, if a splitting measurement is null, we do not
analyze additional time windows. The same applies if the splitting
in the first time window is classified as clearly poor. Although
these adjustments are minor and do not impact SplitRacerAUTO’s
core functionality, they increase computational speeds by a factor
of about 200. Our slightly adjusted SplitRacerAUTO version can
be found at https://doi.org/10.5281/zenodo.14834413 (Wolf et al.,
2025).

Fig. 3 illustrates an example of an SKS shear-wave splitting mea-
surement from data collected at station OJC in Poland, for an event
that occurred on 2011 November 22 beneath central Bolivia. In this
example, the SKS signal is clearly above the noise level (Fig. 3b),
the original particle motion is elliptical, and after correcting for the
best-fitting splitting parameters, the particle motion becomes linear
(Fig. 3c). The best-fitting {¢, 8¢} (Fig. 3d) splitting parameters are
tightly constrained.

SplitRacerAUTO assigns several categories to measurements:
good, average, null and poor. The criteria used for these catego-
rizations are detailed by Link ef al. (2022), and we apply the same
criteria in this study to assign ‘good’ and ‘average’ labels to our
+*KS splitting measurements. These criteria include maximum per-
missible error bars on §7, minimum required energy reductions for
the corrected traces and minimum permissible eigenvalue ratios of
the calculated covariance matrix. However, we define null measure-
ments less strictly than Link et al. (2022): we label measurements
as ‘null” if |SI| < 0.3 (instead of < 0.15) and the ratio of the first
and second eigenvalues of the covariance matrix is < 0.1 (instead
of < 0.06). The decision on how narrowly to define a null measure-
ment is somewhat arbitrary; we adopt this broader SI range for a null
definition for practical reasons. Measurements with [SI| < 0.3 do
not yield well-constrained {¢, §¢} values because the splitting is too
weak (at the periods we are using). Defining these measurements
as null allows us to measure splitting for only one time window,
thereby not unnecessarily straining our computational resources.
In practice, this definition of null measurements has no influence
on the determination of null stations, which are often defined by a
percentage of unsplit waves measured at them (e.g., Walpole et al.,
2014). In this study, we set a higher threshold for the percentage of
nulls required to define null stations compared to previous studies.
This approach explicitly accounts for weakly split waves that meet
our quality criteria but would likely have been discarded as poor in
previous studies.

4 RESULTS

4.1 Global splitting measurements

We obtain 64 154 SKS, 14439 SKKS and 8153 PKS global {¢,
8t} measurements. These results are presented in Fig. 4 in a global
overview, and Fig. 5 for regional example zoom-ins.

The overall measurement coverage is largely determined by
the station distribution (Fig. 2), and consequently, the availabil-
ity of publicly accessible seismic data that is part of ADEPT.
For example, the measurement density is very high in the United
States and Europe, while significantly fewer measurements are
available for stations in Russia and India. Outside of Europe
and North America, countries such as Chile, Japan, Taiwan,
New Zealand, Tajikistan and Kyrgyzstan are particularly well
sampled.

4.2 Null measurements

In addition to the splitting parameters {¢, 8¢}, we identify which
measurements are unsplit or null. Stations where a large majority
of records show no splitting are often referred to as null stations,
yet this is important information, as noted above. We introduce two
distinct categories of null stations. If at least 97.5 percent of the
records at a station are unsplit, and the station is sampled from
more than one 30°-wide azimuth, the station is assigned a null
category label A. If between 95.0 and 97.5 percent of the mea-
surements are null, the station is classified as category B. For a
station to be included in either of these categories, it must have
more than 30 null or {¢, §t} measurements. Fig. 6 shows null
stations as colored circles for category A and as gray circles for
category B. The color of the circle indicates how many 30° backaz-
imuthal bins (starting at backazimuth = 0°) contain measurements.
In total, we identify 178 category A and 371 category B null sta-
tions, many of which are located in the United States and Europe
(Figs 6b and c).

4.3 Data product description

We make the global {¢, §¢} and null measurements publicly avail-
able. For each phase (SKS, SKKS, PKS), we provide a .txt file
that includes the following information: event name, for example
200001081647’ corresponding to an event that occurred on 2000
January 8 at 4:47pm UTC; event latitude (°); event longitude (°);
event depth (km); station name; network name; station latitude (°);
station longitude (°); quality tag; 8¢ (s); 8¢ upper error bound (s);
8t lower error bound (s); ¢ (°); ¢ upper error bound (°); ¢ lower
error bound (°); splitting intensity; splitting intensity upper error
bound; splitting intensity lower error bound. These measurements
are also available on the data product website associated with this
large data collection effort, http://swat.sese.asu.edu. Measurements
will occasionally be updated on the website as the ADEPT data set
continues to grow.

For each {¢, 6t} and null measurement used in this study,
we provide diagnostic splitting plots at http://swat.sese.asu.edu.
These graphics, minimally edited from SplitRacerAUTO, include
the waveforms, particle motions, ¢ — 8¢ energy maps (similar to
Figs 3b-d) and histograms that show the robustness of the split-
ting measurements across multiple time windows. These graphical
products enable researchers to visually evaluate each splitting mea-
surement for their own use.

Additionally, we include .txt files in the Supporting Information
with both category A and B null measurements. The format of these
files is: station name, event name, number of robust measurements
at the station, station latitude (°), station longitude (°).
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Figure 3. Example of a shear-wave splitting measurement. (a) Event (red star) that occurred on 2011 November 22, beneath central Bolivia and station OJC
(red circle) located in Poland. The great-circle path is shown as a red line. (b) Radial (R) and transverse (T) component displacement waveforms. Waveforms
corrected for the best-fitting splitting parameters are shown as gray dotted lines. (c) Particle motions (radial versus transverse amplitude) for the original
waveform (top) after correction for the best-fitting splitting parameters (bottom). (d) Best-fitting splitting parameters in the ¢-8¢-plane. Black region indicates
95 per cent confidence interval. The best-fitting ¢ and 8¢ values are indicated by a red line. Contour lines show different transverse energy component levels.

5 COMPARISONS TO PREVIOUS
STUDIES

5.1 Fast directions and delay times across the continental
United States

We focus on the continental United States and its surrounding
regions to compare our results with those of previous studies.
This region is chosen for its exceptionally dense station cover-
age, primarily due to the prior deployment of USArray (IRIS
Transportable Array 2003), and because several automatic split-
ting approaches have been applied here (e.g., Liu et al. 2014;
Walpole et al. 2014; Yang et al. 2017; Link et al. 2022). Specif-
ically, we conduct a detailed comparison of our results with the
updated composite compilation of manually picked splitting mea-
surements by Becker et al. (2012) which includes the Montpellier
database of Wiistefeld er al. (2009) with last updates from 2020,
and the automatic measurements by Walpole et al. (2014) who
provided a global database, as well as automated splits from Liu

et al. (2014) and Yang et al. (2017) which are restricted to North
America/USArray.

For comparative analysis, we first calculate the station average
and then spatially average these splits, but we note that backaz-
imuthal information is retained in the original databases. All aver-
aging is based on delay-time weighted, orientational (i.e. 180° peri-
odic) vector means, and computing the median values within spatial
bins. We show 1° x 1° splitting averages for all four approaches in
Fig. 7. Results from all compilations or automated approaches dis-
play the same overall patterns, but details differ in certain regions.
Our measurements (Fig. 7d) generally most resemble those obtained
by Liu—Yang (Fig. 7c), whereas there are more differences to the
compilation of manually picked measurements (Fig. 7a), as might
be expected, and the automated analysis of Walpole et al. (2014)
(Fig. 7b). The most significant differences from the manual split-
ting compilation are in the mid United States, where the compila-
tion includes a relatively low number of measurements, whereas the
agreement is better on both coasts. Both fast polarization directions
and delay times from the manual splitting compilation show less
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Figure 4. Comparison of global splitting coverage and fast directions between this study (red sticks) and the updated compilation from Becker et al. (2012)
(orange sticks, including the Montpellier database of Wiistefeld e al. (2009) with last updates from 2020), with plate boundaries from Bird (2003) in blue.
Results for Antarctica are shown as an inset; see Figs 5 and 7 for regional zoom ins. The compilation includes results from restricted data in China, India and
Saudi Arabia, leading to better coverage in these regions. Our study adds more coverage in northern Europe, Australia, southern Africa, central Asia and a

stretch of Chile.

smooth patterns compared to the automation-based Wolf and Liu—
Yang studies. The fast directions from the Walpole study roughly
resemble the other approaches along the west coast of the United
States, while agreement is less in the other areas.

We also conduct a statistical comparison between the measure-
ments obtained in this study, the compilation of hand-picked mea-
surements, and the previous Liu—Yang automated splitting measure-
ment approach. The splitting compilation generally shows a broader
spread of 6¢ values than Liu and our study using automation-based
measurements (Figs 8a, ¢ and d), with Walpole’s database show-
ing an even wider spread (Fig. 8b). The mean (expected) value
of the delay time distribution are more similar for the compila-
tion and Liu—Yang, with our estimates being ~0.1 — 0.2 s below
those two for North America, and more scatter for Walpole’s au-
tomated approach. Amplitude differences could potentially be ex-
plained by the broader variety of filters used to measure shear-
wave splitting for these manually determined measurements. For
example, for manual measurements, higher frequencies (up to
~0.5 Hz) can be used to measure §¢ for low splitting strength and
lower frequencies (up to ~0.1 Hz) for larger splitting strengths,
whereas we consistently use a bandpass filter between 6 and
25s (see Section 3). This ensures consistency and comparabil-
ity among measurements, but may not be ideal for any splitting
strength.

We also analyze the differences in ¢ (Figs 8e—h) and 67 (Figs 8i-1)
across the compilation and the three automated splitting approaches.
As suspected based on Fig. 7, the statistical comparison shows
that the results from our study are most similar to the Liu’s auto-
matic measurement approach. For both ¢ and §¢, our results show

a slightly greater deviation from the splitting compilation than the
previous Liu—Yang automatic approach, while Walpole’s estimates
show larger deviations, ~twice the mean A¢ deviations from the
compilation. Focusing on the difference between our and Liu’s ap-
proach which are more comparable, those remaining more subtle
differences may arise from our choice of a 6 s lower period bound of
our bandpass-filter, which is generally higher (in period) than most
studies in which splitting measurements are manually determined.
Liu et al. (2014) and Yang et al. (2017) use a lower value of 2 s.

In general, there are multiple potential reasons for the differ-
ences between this and the previous studies that used automatic
processing compared to the manual splitting compilation. First,
data pre-processing varies among studies contributing to the split-
ting compilation. For instance, different filtering techniques are used
on seismic data, and shear-wave splitting can depend on frequency
(e.g., Savage 1999; Wiistefeld et al. 2008; Wirth & Long 2010).
Second, the methods for measuring splitting may differ from the
automatic approaches, which both use the transverse energy mini-
mization technique (Silver & Chan 1991). Other methods include
the rotation-correlation method (Bowman & Ando 1987) and the
multichannel method (Chevrot 2000). These different methods do
not always produce identical results (e.g., Savage 1999; Long &
van der Hilst 2005; Vecsey et al. 2008). Third, some studies deter-
mine the incoming backazimuth from the long-axis of the particle
motion ellipse at long periods and correct the rotation of the hori-
zontal seismogram accordingly (e.g., Liu & Gao 2013; Wolf & Long
2023). Others (e.g., Ekstrom & Busby 2008; Reiss et al. 2019) de-
termine an average station misorientation and adjust the splitting
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Figure 5. Regional {¢, ¢} measurement results from our automated analysis for South America (left) and Europe (right). Colored sticks are centered at the
station at which splitting was measured. Their orientation indicates the polarization direction ¢ and the color scale represents the delay time §¢ (legend). Plate

boundaries from Bird (2003).

measurements based on that, while again others (e.g., Wolfe &
Solomon 1998) rely solely on the station misorientation provided
by the data agency. These approaches vary among studies con-
tributing to the splitting compilation. In our study, we determine
the incoming backazimuth from the long-period (8-50s) particle
motion and correct the seismogram for a maximum misorientation
value of 5°. If the calculated misorientation exceeds this value, no
splitting parameters are determined. A systematic comparison of
our individual splitting measurements with those from the splitting
compilation is not possible, as many previous studies compiled in
the compilation do not specify results for individual events at each
station.

The Liu—Yang automatic measurements include event informa-
tion for individual results, which allows us to identify the station-
event pairs shared between their studies and ours. Of the 4000
shared station-event pairs, only 15 measurements from Liu—Yang
fall outside our 95 per cent confidence intervals for either ¢ or §z. To
investigate these 15 pairs in detail, we repeat splitting measurements
using the same data processing as described by Liu ef al. (2014).
Specifically, we apply a 2-25 s bandpass-filter and do not correct for
the slight backazimuthal difference determined from the long-axis
of the particle motion for the individual seismogram. By adopting
this approach, we generally replicate results similar to those from
Liu—Yang, though minor differences remain that could be caused
a slightly different time window selection. An example of this is
shown in Fig. S1 of the Supporting Information.

5.2 Global coverage

Fig. 4 compares our uniformly measured data set to the 2024 updated
measurement compilation of Becker e al. (2012) which includes

the database of Wiistefeld et al. (2009) updated as of 2020. The
Becker compilation contains splitting measurements from restricted
data that we do not have access to, for example, in India, China and
Saudi Arabia. Therefore, the compilation has much denser coverage
in these regions. Compared to the compilation, our measurements
add coverage in the central United States, northern Europe, Tajik-
istan, Kyrgyzstan, Australia and South America. However, this does
not necessarily imply that we are the first to measure shear-wave
splitting in these regions. Moreover, some existing regional studies
are not part of the Wiistefeld ef al. (2009) or Becker et al. (2012)
compilations.

Fig. 9(a) compares a generalized spherical harmonics ex-
pansion (cf. Becker et al. 2007) of a combination of the
compilation of Becker ef al. (2012) and our new automated SKS
measurements with surface wave based estimates of azimuthal and
radial anisotropy at asthenospheric mantle depths (175 km). As has
been discussed widely, patterns of seismic anisotropy in the up-
per mantle are broadly consistent with convective flow in boundary
layers (e.g., Tanimoto & Anderson 1984; Montagner 1998; Becker
et al. 2008) and SKS splitting fast axes match surface wave based
azimuthal anisotropy patterns on the largest scales (Montagner et al.
2000; Wistefeld ez al. 2009; Becker et al. 2012) with remaining de-
bate about the origin of regional deviations even on scales visible
on Fig. 9(a).

Fig. 9(b) shows a quantitative comparison in terms of global
correlation up to spherical harmonic degree ¢ = 20, ry. In this
update of a similar computation shown in Becker & Lebedev
(2021), the match between smoothed SKS and surface wave
estimates from SL2013SVA (Schaeffer & Lebedev 2013) and
YB13SV (Yuan & Beghein 2013) is improved slightly in the
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Figure 6. Null stations identified in this study. Category A null stations (stations where > 97.5 per cent of measurements are null, which show sampling from
2 or more 30° backazimuthal bins) are represented as colored circles, the color scale legend indicates the number of 30° backazimuthal bins from which
measurements were obtained. Category B null stations (stations having between 95 and 97.5 per cent null measurements) are displayed as gray circles. (a) All
null stations. (b) Zoom-in centered on the United States with null stations from Walpole ez al. (2014) shown as blue squares. (¢) Zoom-in centered on Europe.

upper ~ 300 km of the mantle where we expect CPO forma-
tion under dislocation creep to dominate. The comparison with
3D2018 (Debayle et al. 2016) shows a statistically significant
negative correlation at ~ 350 km. This is consistent with the
comparison of Becker & Lebedev (2021) with an earlier ver-
sion of the 3D2018 class of models; the physical process caus-
ing such a mismatch remain are unclear, with vertical coherence of
anisotropy patterns being one possible avenue for further refinement
(Yuan & Beghein 2013).

5.3 Null stations

We compare our identified null stations to the previous work of
Lynner & Long (2013) and Walpole et al. (2014). The reason to
use these two studies for comparison is that they used a uniform
methodology to identify stations that do not show evidence for xKS
splitting. In general, our results align more closely with the study
of Walpole ez al. (2014): we also identify 70 per cent of the stations

they suggest as null, while this value is below 50 percent in the
Lynner & Long (2013) study. This is likely because the data set
used by Walpole et al. (2014) is significantly larger than that of
Lynner & Long (2013), and therefore more comparable to the data
set we are using.

Once again, we focus our detailed comparison on the continental
United States and southern Canada (Fig. 6b). In this region, Walpole
et al. (2014) identified numerous null stations, whereas this area
was not the focus of Lynner & Long (2013). The null stations
identified by Walpole ef al. (2014), if not identical, are in the same
general regions as those suggested in our study. Walpole er al.
(2014) does not suggest null stations in the eastern United States
because fewer data were available in this region at the time their
study was published (Fig. 7b), due to the timing of the USArray
deployment.
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Figure 7. Averaged (1° x 1° bins) shear-wave splitting parameters across the continental United States and the surrounding regions. Results are shown for
(a) the updated compilation of manually measured splitting parameters from Becker ef al. (2012) which includes the Montpellier database of Wiistefeld et al.
(2009) with last updates from 2020, (b) results from the global automated analysis by Walpole ef al. (2014), (c) the automatic USArray results from Liu ez al.
(2014) and Yang et al. (2017), and, (d) this study. Colored sticks are centered at the station at which splitting was measured. Their orientation indicates the

polarization direction ¢ and the color scale represents the delay time 8¢ (legend).

6 DISCUSSION AND CONCLUSION

We have obtained 90 000 {¢, 8¢} and 210000 null splitting mea-
surements from a seismic data set that currently contains 16 million
three-component seismograms. These are six times more measure-
ments than the largest previous uniformly measured compilation of
shear-wave splitting measurements (Walpole ez al. 2014). We have
conducted a detailed comparison of our results with previous mea-
surements across the United States. Our automatically determined
measurements are very similar to those from Liu et al. (2014) and
Yang et al. (2017), despite the use of different codes. Our results
are also generally similar to the compilation of manual splitting
results from Becker et al. (2012). However, some differences to the
splitting compilation exist, which can likely be explained by the fact
that the results contained in the compilation were obtained using
different processing approaches, and at different seismic periods.
We determine hundreds of null stations across the globe which are,
in general, agreement with the previous results from Walpole et al.
(2014).

There are several reasons why we believe that the data product
and metadata that we are making publicly available will be a great
resource for future research.

(i) The availability of both the metadata and the code pack-
age used to conduct the splitting measurements, SplitRacerAUTO
(https://www.geophysik.uni-frankfurt.de/64002762/Software), en-
sures that all results can be reproduced. The code version used in this
study is also available at https://doi.org/10.5281/zenodo.14834413
(Wolf et al., 2025).

(i1) Our data set includes measurements from a vast majority of
openly accessible high-magnitude seismic event data. Therefore, it
will give a good indication of anisotropy patterns in virtually all
regions in which open-access data are available, although regional
studies may be able to obtain more *KS measurements than we
present in their particular study region; for example, by including
lower-magnitude earthquakes.

(i) The metadata we provide allow the inference of directional
information, which is not always possible in current compilations.
Therefore, our measurements can be used to determine changes in
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Figure 8. Statistical comparison of the binned splitting results shown in Fig. 7 for North America for regions covered by the respective data sets. ‘Compilation’
refers to the updated compilation of manual splitting studies from Becker et al. (2012), “Walpole’ to the automated measurements of Walpole et al. (2014),
and ‘Liu’ to the automatic measurements from Liu ef al. (2014) and Yang et al. (2017). (a—d) Distribution of &7 values and mean values + standard deviation
for (a) the compilation of regional studies, and the automated results from (b) Walpole, (¢) Liu, and (d) this study. (e-h) Fast polarization differences, A¢ and
mean values between pairs of studies: (e) Liu-this study, (f) compilation-Walpole, (g) compilation-Liu, (h) compilation-this study. (i-1) Relationships between
delay times ¢ between the same pairs of studies. The Pearson and Spearman rank correlations are provided as r, and rs with errors from bootstrapping. In
general, our results are more similar to the previous automatic measurements of Liu than the compilation, but differences are larger compared to Walpole’s

automated estimates (not shown) which are also less similar to the compilation.

splitting parameters as a function of backazimuth, which allows
detailed regional investigations (e.g., Ritter et al. 2022; Frohlich
et al. 2024).

(iv) Our measurements have been processed uniformly. For ex-
ample, we used the same seismic periods for each measurement.
This makes it possible to calculate sensitivity kernels as needed for
anisotropic tomography approaches (e.g., Chevrot 2006; Link &
Long 2024).

(v) We provide an extensive list of null stations, which are crucial
to avoid (often unreliable) explicit anisotropy corrections in both
investigations of the upper (e.g., Lynner & Long 2013; Wolf & Long
2023) and the lowermost mantle (e.g., Wolf et al. 2023, 2024Db).

(vi) We make all diagnostic plots publicly available, implying that
all measurements and automatic classifications can be individually
assessed.

(vii) This data set will be occasionally updated as more seis-
mograms are collected as part of the massive data set collection
effort.
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SUPPORTING INFORMATION
Supplementary data are available at G/IRAS online.

Figure S1. Example in which we repeat the approach from Liu
et al. (2014) to understand cases in which our measurements differ.
The example is for station L32A and an event that occurred on
2010 July 23. (a) Measurement using the approach from using a
2-25 s bandpass filter, and not correcting for the difference in back-
azimuth for this particular event. Top left: radial (R) and transverse
(T) component displacement waveforms. Top right: particle mo-
tions (radial versus transverse amplitude) for the original waveform
(top) after after correction for the best-fitting splitting parameters
(bottom). Bottom: best-fitting splitting parameters in the ¢ — & -
plane. Black region indicates 95 percent confidence interval. The
best-fitting ¢ and § 7 values are indicated by a red line. Contour lines
show different transverse energy component levels. (b) Same plot-
ting conventions as in panel (a) for the approach used in this study.
In this and the other (few) cases, when the results from Liu et al.
(2014) and Yang et al. (2017) are outside our ¢ or §¢ 95 per cent
confidence intervals, this can be explained by the differences in data
processing.

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.

DATA AVAILABILITY

All data used in this study are publicly available and were collected
and pre-processed as part of ASU’s global data collection system
(http://adept.sese.asu.edu/) for their global data products project

(http://swat.sese.asu.edu). Data were collected from the following
online data centers: AUSPASS (https://auspass.edu.au/data.html),
BGR (https://eida.bgr.de/), CNDC (https://www.earthquake

scanada.nrcan.gc.ca/stndon/CNDC/index-en.php), Earth-
scope  (http:/service.iris.edu/), ETH  (https://eida.ethz.ch/),
FNET (https://www.fnet.bosai.go.jp/top.php? LANG=en),

GEOFON  (https://geofon.gfz-potsdam.de/) (GFZ Data Ser-
vices 1993), GDMS (https://gdmsn.cwb.gov.tw/)  (Cen-
tral  Weather Bureau 2012), ICGC (https://www.icgc
.cat/en/Ciutada/Explora-Catalunya/Terratremols), INGV
(http://cnt.rm.ingv.it/en/webservices_and_software), IPGP (http:/
ws.ipgp.fr/) (Institut de physique du globe de Paris (IPGP)
& Ecole et Observatoire des Sciences de la Terre de

Strasbourg  (EOST), 1982), KNMI (http://rdsa.knmi.nl/),
KOERI (http://www.koeri.boun.edu.tr/new/en), LMU
(http://erde.geophysik.uni-muenchen.de/), NCEDC (https:

//ncedc.org/) (UC Berkeley Seismological Laboratory 2014),
NIEP (https://www.infp.ro/), NOA (http://bbnet.gein.noa.gr/HL/),
ORFEUS (http://www.orfeus-eu.org/), RESIF (https://seismolo
gy.resif.fr/) (RESIF 1995), SCEDC (https://scedc.caltech.edu/)
(Caltech 2014), SSN (http://www.ssn.unam.mx/) (Instituto
de Geofisica, Universidad Nacional Autéonoma de México,
México 2024), TEXNET (http://rtserve.beg.utexas.edu/) and USP
(https://sismo.iag.usp.br/). All networks and network citations are
included as Supporting Information, and were derived from the
FDSN network code list (https://fdsn.org/networks/).

All splitting measurements are available as text files in the Suppor
ting Information. Additionally, measurements can be downloaded at
http://swat.sese.asu.edu. Occasional updates will be made available
on that website. MATLAB structures with all measurements and
matadata that include, for example, the selected time windows and
precise event origin times are available at https://doi.org/10.5281/
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zenodo.14834413 (Wolf et al., 2025). Splitting measurements from
Liu et al. (2014), Yang et al. (2017) and Walpole et al. (2014)
are available in the corresponding Supporting Information. The
latest splitting compilation update from Becker et al. (2012) can
be downloaded at https://www-udc.ig.utexas.edu/external/becker/
sksdata.html.

CODE AVAILABILITY

SplitRacerAUTO (Link et al. 2022) is available at https://www.
geophysik.uni-frankfurt.de/64002762/Software. The code version
that we used to measure splitting is also available at https://doi.org/
10.5281/zenodo.14834413 (Wolf et al., 2025).
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