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Abstract shear-wave velocity anisotropy is present throughout the earth. The strength and orientation of Production Editor:
anisotropy can be observed by shear-wave splitting (birefringence) accumulated between earthquake sources ) ‘Gfr‘elt‘rfﬁn”?':g
and receivers. Seismic deployments are getting ever larger, increasing the number of earthquakes detected ‘La‘wer;"w“'asgek
and the number of source-receiver pairs. Here, we present a new Python software package, SWSPy, that fully Copy & Layout Editor:
automates shear-wave splitting analysis, useful for large datasets. The software is written in Python, so it Hannah F. Mark
can be easily integrated into existing workflows. Furthermore, seismic anisotropy studies typically make a
single-layer approximation, but in this work we describe a new method for measuring anisotropy for multi-
layered media, which is also implemented. We demonstrate the performance of SWSPy for a range of geolog-
ical settings, from glaciers to Earth’s mantle. We show how the package facilitates interpretation of an exten-
sive dataset at a volcano, and how the new multi-layer method performs on synthetic and real-world data.
The automated nature of SWSPy and the discrimination of multi-layer anisotropy will improve the quantifi-
cation of seismic anisotropy, especially for tomographic applications. The method is also relevant for remov-
ing anisotropic effects, important for applications including full-waveform inversion and moment magnitude
analysis.
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1 Introduction 2021; Wolf et al., 2022; Asplet et al., 2023), as well as im-

age shear and mineral transitions (Savage, 1999; Liptai

Shear-wave velocity anisotropy is present in various
media on Earth, from the mantle to the crust and
even near-surface structures such as the cryosphere
(Crampin and Chastin, 2003; Savage, 1999; Harland
et al,, 2013). This anisotropy can be measured us-
ing the phenomenon of shear-wave splitting, or seis-
mic birefringence (Crampin, 1981; Silver and Chan,
1991). As a shear-wave propagates through a trans-
versely anisotropic medium, it splits into two quasi-
shear-waves, the fast and slow shear-waves (see Fig-
ure 1). The fast shear-wave propagates parallel to the
anisotropic fast axis of the medium and the slow shear-
wave is orthogonal to that axis. This anisotropy can be
caused by multiple factors, including crystallographic-
preferred orientation and shape-preferred orientation
anisotropy (Kendall, 2000). Shear-wave splitting can be
used to measure the anisotropic orientation of the fab-
ric fast-direction, with the strength of anisotropy quan-
tified by the delay-time between the fast and slow shear-
waves.

Shear-wave velocity anisotropy has various applica-
tions related to past and present strain, deformation
and flow. In the mantle, one can infer mantle flow
in both the upper mantle (Hein et al., 2021; Fontaine
et al., 2007; Long et al., 2009; Wolfe and Solomon, 1998;
Liu et al., 2008; Hall et al., 2000; Fouch et al., 2000)
and the lower mantle (Reiss et al., 2019; Creasy et al.,
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etal., 2022; Wolf et al., 2022; Wookey and Kendall, 2008;
Vinnik et al., 1998; Sicilia et al., 2008). In the crust, one
can image the orientation of fractures at volcanoes (Sav-
age et al., 2010; Johnson et al., 2011; Bacon et al., 2021;
Nowacki et al., 2018; Hudson et al., 2023) and hydro-
carbon or C'O, storage reservoirs (Verdon and Kendall,
2011; Baird et al., 2017), for example. At Earth’s sur-
face, anisotropy can be used to infer the accumulation
of strain and past deformation in ice streams (Harland
et al., 2013; Smith et al., 2017; Kufner et al., 2023; Hud-
son et al., 2021) and crevasse fracture networks (Gajek
et al., 2021). It is also useful to measure shear-wave ve-
locity anisotropy since its effects may need to be com-
pensated for. In full-waveform inversion, if anisotropy
is either not adequately modelled or removed then it
will not be possible to reconcile phase and amplitude
misfit. Similarly, shear-wave splitting may result in spu-
rious/ambiguous S-wave phase arrival time picks, af-
fecting travel-time velocity results. The energy parti-
tioning may also affect earthquake spectra measure-
ments that are used for calculating earthquake moment
release. Furthermore, the majority of studies to date
assume a single effective layer of anisotropy. How-
ever, for many systems there may actually be a num-
ber of layers with different anisotropic properties. A
means of measuring multi-layer anisotropy is important
to more fully describe the physical properties of such
systems or if one wishes to more comprehensively re-
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move anisotropic effects.

Various software packages exist for performing shear-
wave splitting analysis. A key distinction between pack-
agesis the level of autonomy, from considerable manual
input from users through to fully automated process-
ing. MFAST (Savage et al., 2010) and SHEBA (Wueste-
feld et al., 2010) are two popular packages, both im-
plemented in FORTRAN and utilising SAC for seismic
data processing. Both typically require manual input
from the user to window the data, for example. Re-
cently, a parallelised wrapper for MFAST, implemented
in R, was released (Mroczek et al., 2020), which sup-
ports somewhat automated processing. Other packages
provide a graphical user interface (GUI), typically opti-
mised for manual analysis of teleseismic data. These
GUI-based packages include SplitLab (Wiistefeld et al.,
2008; Grund, 2017) and SplitRacer (Reiss and Riimpker,
2017; Link et al., 2022) that are implemented in MAT-
LAB, and Pytheas that is implemented in Python (Sp-
ingos et al., 2020). All the above packages perform
single-layer splitting measurements only, with the ex-
ception of SplitRacer, which can calculate multi-layer
splitting given multiple earthquake-receiver pair mea-
surements.

Here, we describe SWSPy, a new, open-source
software package for shear-wave splitting analysis,
specifically created to accurately and efficiently mea-
sure shear-wave velocity anisotropy for individual
earthquake-receiver ray-paths. The package is imple-
mented in Python, so that it is familiar to a wide com-
munity of users, can easily be implemented into ex-
isting workflows, is straight forward to install, and is
parallelised so can maximise the potential of modern
computers and High Performance Computing (HPC)
architecture. SWSPy is specifically designed to be a
fully automated method, which can process large seis-
mic datasets of thousands of events at thousands of
receivers. This is important since recent advances
in seismic instrumentation and data storage now en-
able datasets comprising orders of magnitude more
receivers to be deployed, reducing the magnitude of
completeness with a corresponding increase in num-
ber of detected earthquakes. Although the package
is implemented in Python, the most computationally
expensive component is compiled to maximise effi-
ciency. SWSPy also supports a three-dimensional split-
ting measurement (using the coordinate system of
Walsh et al., 2013) and can be applied to analyse shear-
wave splitting for multi-layer measurements along in-
dividual earthquake-receiver ray-paths in certain in-
stances. SWSPy therefore complements other existing
semi-automated, single-layer shear-wave splitting pack-
ages. In this study we describe the method and pro-
vide a set of examples evidencing the utility and perfor-
mance of the software.

2 Methods

Shear-wave splitting through an anisotropic medium
with a single dominant fabric can be described by two
parameters: the delay-time d§t between the fast and
slow S-wave arrivals; and ¢, the direction of polari-
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Figure 1 Schematic example of shear-wave splitting
through multiple layers with differently oriented fabrics.
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sation of the fast S-wave in the plane transverse to
propagation (see Figure 2). Various methods exist for
measuring these quantities, including cross-correlation
(Bowman and Ando, 1987), splitting intensity (Chevrot,
2000), and the eigenvalue method (Silver and Chan,
1991). The cross-correlation method comprises find-
ing the optimal splitting parameters that maximise the
cross-correlation of the two rotated and time-shifted
ray-perpendicular (typically horizontal) components.
The splitting intensity method comprises determining
the splitting parameters from the azimuthal depen-
dence of the eigenvector of transverse components of
multiple event seismograms at a receiver. It requires
the delay-time to be less than the dominant period of
the shear-wave (Walsh et al., 2013) and adequate back-
azimuth coverage (Long and Silver, 2009). The eigen-
value method comprises rotating and time-shifting the
two ray-perpendicular components, searching for split-
ting parameters associated with a minimum eigenvalue-
ratio between the two components. This method is ef-
fectively equivalent to the transverse energy minimi-
sation method when the source polarisation is known
(Walsh et al., 2013). The method implemented here for
shear-wave splitting analysis is the eigenvalue method
(Silver and Chan, 1991) with the multi-window cluster-
ing of Teanby et al. (2004) and the 3D defined coordi-
nate system implementation of Walsh et al. (2013). The
eigenvalue method is chosen because it is typically sta-
ble for numerous shear-wave splitting applications and
is arguably the most widely adopted method, applica-
ble for a wide range of local to teleseismic seismic-
ity. However, due to the modular nature of the SWSPy
Python package, it is straight forward for users/devel-
opers to contribute other methods to the package in the
future. Below we describe the exact formulation of the
eigenvalue method implemented in SWSPy, first for a
single anisotropic layer, before expanding the theory
to measure shear-wave splitting for multiple layers of
anisotropy.

2.1 The eigenvalue method for a single layer

The eigenvalue method used to measure shear-wave
splitting in SWSPy comprises the following steps (see
Figure 3), for S-wave arrivals at each receiver, for all
earthquakes:

1. Load in the data and perform any necessary pre-
processing.

2. Rotate data into the LQT (propagation, vertical-
transverse, horizontal-transverse) coordinate sys-
tem.

3. Calculate the ratio of the first and second eigen-
values (A1, \2), %, for all possible fast directions
and delay times for the optimal splitting parame-
ters (0t, @).

4. Perform clustering analysis to find optimal splitting

parameters corresponding to minimum %
1

5. Calculate the quality measure, Qw (Wuestefeld
et al., 2010), if desired.
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6. Calculate the S-wave source polarisation from the
shear-wave splitting corrected particle motions.

7. Convert splitting parameter results from LQT to
ZNE coordinate system.

2.1.1 Preprocessing

First the data is preprocessed. This involves detrend-
ing the data and performing any desired filtering to re-
move noise while still preserving the S-wave signal. The
data can then be upsampled or downsampled, depend-
ing upon the native sampling rate and desired com-
putational efficiency. Upsampling the data allows one
to resolve §t more precisely, but comes at a computa-
tional cost and will still be fundamentally limited by the
sampling-rate of the native data, so should be used with
caution. Upsampling is performed using the weighted
average slopes method. Conversely, downsampling de-
creases the precision of §t measurements but decreases
the computational cost by reducing the grid-search over
the dt — ¢ space. Instrument response may also be re-
moved at this stage, which is important if S-wave energy
falls outside the constant instrument response band of
the instrument.

2.1.2 Rotation into the LQT coordinate system

The three-component (ZNE) data are then converted
into the LQT coordinate system (see Figure 2). This re-
quires knowledge of the back-azimuth and incidence
angle of the ray at the receiver. Rotating the waveforms
into the LQT coordinate system allows shear-wave split-
ting parameters to be measured in 3D and allows one
to trivially use borehole as well as surface instruments.
Walsh et al. (2013) provide a useful overview of the
various coordinate systems that we adopt in this work.
SWSPy allows the user to specify to measure splitting in
the ZNE coordinate system, which artificially fixes the
incidence angle at 0° from vertical. This assumption
is valid for settings where there is a steeply decreasing
velocity gradient over multiple wavelengths, typical for
the geological setting of most shear-wave splitting stud-
ies to date.

2.1.3 Finding optimal splitting parameters

Once the data are rotated, one can perform a grid-
search to find the optimal splitting parameters, §t and
¢, that linearise the data best (energy is maximised in
the polarisation (P) plane and minimised in the null (A)
plane, see Figure 2). This is the splitting method de-
scribed in Silver and Chan (1991). For each possible dt-¢
combination, Q(t) and T(t) are rotated by ¢ clockwise in
the QT-plane before Q(t) and T(t) are shifted forward and
backward in time, respectively, by d¢/2. We then con-
struct a covariance matrix of the Q(t) and T(t) traces and
find the eigenvalues of this matrix. The ratio of the first
and second eigenvalues (A\2/)\;) describes the linearity
of the particle motion in the QT-plane, with smaller ra-
tios indicating greater linearity of the data. The ratio i—f

rather than % is used to maximise stability of the so-

lution (Wuesthfeld et al., 2010). The grid-search is the
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Figure2 Overview of various coordinate systems. a. LQT and BPA coordinate systems in the vertical plane, with the fast (f)
and slow (8) directions labelled. b. LQT and BPA coordinate systems in the horizontal plane, with fand §labelled as before. c.
Definition of the various coordinate systems and fand §inthe ray-transverse plane. Various angles are defined as: 6;,,. is the
inclination angle from vertical up of the ray at the receiver; 0y, is the back-azimuth from North of the ray from the receiver
to the source; ¢1 2 are the angle of the fast direction relative to North and vertical up, respectively; and ¢’ is the angle of the
fast direction from §. The BPA coordinate system comprises the propagation (B), polarisation (P) and null (A) components.
For further details on the coordinate systems, see Walsh et al. (2013).

most computationally intensive step, with the compu-
tational cost dependent upon the resolution of both §t
and ¢. To minimise the computational cost, we use the
numba compiler (Lam et al., 2015) to wrap the function
performing the grid search, allowing it to run as ma-
chine code.

2.1.4 Multi-window stability clustering analysis

The selection of the start and end of the window around
an S-wave phase can significantly affect the stability of
the result. In order to find the most stable result, we im-
plement the clustering approach of Teanby et al. (2004),
varying the time of the start and end of the windows and
clustering the data to find the most stable result. This
involves repeating the grid-search in d¢-¢ space for each
window. An example of multiple windows can be seen
in Figure 5a, with the window duration, start and end
window positions, and number of window combina-
tions all possible to specify by the user (for example, see
Figure 4 and Listing 1). For fully automated shear-wave
splitting analysis, it is imperative that these parameters
are specified prior to processing, in contrast to non-
automated methods where the user selects these values
ad hoc for each event individually. The user controls the
window selection by specifying: the S-wave arrival-time
uncertainty/tolerance (t4, Figure 4); the earliest possi-
ble start of the beginning of the any window (¢ 5, Figure
4); and the earliest possible start of the end of any win-
dow (tc, Figure 4). t4 g c are all defined relative to the
shear-wave phase arrival time. Using the phase arrival
time as a reference obviously means that one has to pro-
vide SWSPy with adequate approximations of the arrival
time of the shear-wave phase to be analysed. The arrival
time uncertainty, ¢4, is therefore a particularly impor-
tant parameter for SWSPy’s automated windowing pro-

4

cedure. Other methods exist for automatically defining
the windowing parameters for specific analyses, for ex-
ample performing spectral analysis to automatically im-
prove the prediction of teleseismic arrival times (Link
et al., 2022). Such methods are not currently imple-
mented in SWSPy, as they are targeted at improving es-
timates of phase arrival times rather than the splitting
analysis itself, which is currently beyond the scope of
the SWSPy package. However, future contributors may
decide that improving shear-phase arrival times is suffi-
ciently important to add this functionality via an SWSPy
submodule in the future.

The optimal splitting parameters, J¢t and ¢, for each
individual window are clustered using the DBSCAN al-
gorithm (Ester et al., 1996). This is a deviation from the
method of Teanby et al. (2004), since we perform the
clustering in a new domain that optimally deals with the
cyclic nature of ¢. The clustering domain, C, is defined

by,

[t cos(2¢)
c= (& : sin(2¢>)) ’ W

where 4t is the normalised lag time and ¢ is the fast-
direction polarisation. The optimal overall splitting re-
sult for a given source-receiver pair from within all
the clusters is defined as the result with the small-
est variance within the cluster with the smallest vari-
ance, with the within-cluster variance for a given clus-
ter ¢, 02, 41cr.» and the data variance, ¢3,,, ., given by
(Teanby et al., 2004),

N,
1 & - -
nguster,c = N § (6tn - 5tc)2 + ((bn - ¢C)27 (2)
€ n=1
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1. Load in data
(inc. any preprocessing)

¥

2. Rotate data into LQT
coordinate system

¥

3. Perform grid-search to
find splitting parameters
that correspond to
minimum eigenvalue-ratio

¥

4. Repeat for many
windows, performing
cluster analysis to find

overall optimal splitting
parameters

¥

5. Calculate uncertainty in
parameters and any other
quality metrics

¥

6. Calculate shear-wave
source polarisation

¥

7. Convert splitting
parameter results from LQT
to ZNE reference frame

Figure 3 Flow diagram summarising the various shear-
wave splitting method steps for single-layer measurements.
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where N, is the number of samples in cluster ¢, and Ste,
¢. are the mean values of dt, ¢, for cluster c respectively
(see Teanby et al. (2004) for further details).
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Figure 4 Definition of automated windowing parame-
ters. t, is the shear-wave arrival time, t;, and ¢, are the
start and end times of the set of pre-arrival windows, and
tos and to. are the start and end times of the set post-
arrival of windows. t4_c are the user-defined parame-
ters used by SWSPy to specify the range of windows used
in the multi-window stability analysis. They are defined
by the following variables in SWSPy: t4 = win_S_pick_tol-
erance; tp = overall_win_start_pre_fast_S_pick; to = over-
all_win_start_post_fast_S_pick.

2.1.5 Automation for many
(sources) at many receivers

earthquakes

The clustering method of Teanby et al. (2004) results in
stable shear-wave splitting results for a given source-
receiver pair, using the eigenvalue method of Silver
and Chan (1991). The quality of individual measure-
ments can be generally categorised as: good measure-
ments; poor measurements; and good null measure-
ments (where one can be confident that no splitting is
observed). However, typically seismicity studies com-
prise of tens to hundreds of receivers and catalogues of
thousands to hundreds of thousands of earthquakes. A
means of automatically quantifying the quality of shear-
wave splitting results is therefore desirable. SWSPy con-
tains a class to automatically calculate splitting mea-
surements over entire earthquake catalogues. Three
metrics for quantifying the quality of a splitting mea-
surement are: (1) the uncertainty in 6t and ¢ (as:
and a4 respectively); (2) the linearity of the result, ’A\—f,

with smaller ’A\—f values corresponding to a better result;
and (3) the Wuestefeld quality factor, Qyw, which is a
measure of the level of agreement between a splitting
measurement obtained using the eigenvalue method
and the cross-correlation method (Wuestefeld et al.,
2010). The cross-correlation method involves cross-
correlating the rotated and time-shifted Q and T traces,
searching for a maximum similarity between the two
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waveforms (Wuestefeld et al., 2010). Qw is given by,

_ *(1 - dnull)
o= {(1 ~ dyont)

where dy,.; and dge0q are given by,

dnull - \/5\/ AQ + (Q - 1)27 (5)

for dnull < dgood

4
for dnull > dgood ( )

dgood = \/5\/ (A - 1)2 + QQ; (6)

where A = 6tXC/6tEV and Q = (¢EV — ¢XC’)/(7T/4)
A good measurement with perfect agreement between
the eigenvalue and cross-correlation methods should
have 5tEV = 5tXC and QSEV = QSXC (A = 1,9 = 0), giV-
ing Qw = 1, whereas a good null measurement would
have A = 0,2 = 1, giving Qw = —1. Qw will be
near-zero for a poor measurement (see Wuestefeld et al.
(2010) for more details). Together, these metrics can be
used to identify reliable good and good-null shear-wave
splitting measurements in a fully automated way. An
example of this is shown in Section 3.3.

2.1.6 S-wave source polarisation

Once an optimal shear-wave splitting result has been
obtained, one can remove the effect of shear-wave split-
ting to retrieve the original S-wave radiated from the
earthquake source. The initial S-wave source polar-
isation can be obtained from the eigenvalues of the
anisotropy-removed S-wave particle motions in the QT-
plane. The S-wave source polarisation is a useful, yet
underused, parameter for seismic analysis since for a
double-couple earthquake source, it is the direction of
fault slip. We provide an example of how diagnostic
source polarisation can be in Section 3.3.

2.1.7 Rotation from the LQT to ZNE coordinate
system

Finally, all the results, including the optimal fast di-
rection (¢), the various quality metrics, and the S-wave
source polarisation are converted from the LQT coordi-
nate system to the ZNE coordinate system (see Figure
2 for definitions of all the relevant angles). The results
therefore represent a full 3D result.

2.2 Expanding the method to multi-layer me-
dia
The above method has so far only considered the pres-
ence of a single anisotropic layer. However, in real-
ity many situations likely exhibit multiple anisotropic
layers, potentially with different fast-directions and
strengths of anisotropy. Examples might include SKS
phases travelling through a mantle layer and a crustal
layer (Barruol and Mainprice, 1993), or S-waves origi-
nating at the base of an ice stream travelling through
a flow-dominated anisotropic layer near the bed and
a vertical compressional layer at shallower depths
(Kufner et al., 2023). Approximating such systems us-
ing a single layer shear-wave splitting method will only
allow one to measure the apparent splitting (Silver and
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Savage, 1994). Obviously this measurement limits the
detail to which one can resolve the medium, but it will
also result in corrected S-wave arrivals that are not op-
timally linearised. A multi-layer shear-wave splitting
method is thus required to fully describe such systems,
providing additional information on the media and op-
timally linearising the data.

Here, we will refer to measuring shear-wave splitting
for two-layers and n-layers somewhat interchangeably.
Everything we describe here for a two-layer problem is
theoretically possible for n > 2 layers, but in practice
it is rare that real-world observations would allow for
accurate inversion of more than two layers.

Others have developed formulations for solving the
multi-layer problem by inverting for two layers simul-
taneously (Silver and Savage, 1994; Ozalaybey and Sav-
age, 1994; Wolfe and Silver, 1998; Reiss and Riimpker,
2017). These methods calculate apparent splitting pa-
rameters for a single-layer, using multiple sources arriv-
ing at the same receiver combined with theoretical re-
lationships between the apparent splitting parameters
and individual layer splitting parameters to invert for
the best fitting multi-layer properties (Ozalaybey and
Savage, 1994). Simply, this can be thought of something
akin to a 1D tomography problem. Although evidence
of the performance of these methods is limited by the
availability of sufficient quality observations, the meth-
ods hold theoretically. However, inverting for two layers
simultaneously doubles the number of degrees of free-
dom, which in turn requires multiple source-receiver
measurements. Another method, effectively a form of
anisotropy tomography, involves splitting the medium
a number of box-shaped domains (typically horizon-
tal layers), each with a full anisotropic elastic tensor,
and solving the Christoffel equation to find the theo-
retical splitting parameters (Wookey, 2012; Hammond
et al., 2014). These modelled splitting parameters can
then be used in combination with observations to form
an inversion to find the optimal splitting parameters
for each layer. This method is likely more stable than
the aforementioned simultaneous method, but requires
one to explicitly specify the thickness of anisotropic lay-
ers (Wookey, 2012; Hammond et al., 2014; Kufner et al.,
2023).

The new method we present here, which is incor-
porated into SWSPy, originates from the philosophy of
measuring multi-layer anisotropy for individual source-
receiver pairs, or ray-paths, independently. We choose
this philosophy since it can theoretically improve in-
dividual splitting measurements that observe multiple
anisotropic layers and also because the measurements
can then be directly used for anisotropy tomography in-
versions in a similar framework to that of travel-time ve-
locity tomography inversions. Our method differs from
the aforementioned methods in that we measure and re-
move the multiple anisotropic layers individually, iterat-
ing from the shallowest (or final) layer consecutively to
the deepest (or first) layer. This method is limited by the
criteria that have to be fulfilled in order to enable mea-
surement of multi-layer splitting compared to the si-
multaneous method of Ozalaybey and Savage (1994) and
Wolfe and Silver (1998), but allows for constraint of the
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result even for single measurements because it doesn'’t
increase the number of degrees of freedom when find-
ing the optimal splitting parameters for each layer. Be-
low we describe this new layer-by-layer method for two
layers, the assumptions required, and an extended out-
line for n-layers.

2.2.1 Required assumptions

The layer-by-layer method requires a number of as-
sumptions:

1. n layers split the S-wave n times (Yardley and
Crampin, 1991; Silver and Savage, 1994).

2. Each layer has a single effective anisotropy. In
other words, this method will only resolve the over-
all effect of all anisotropic contributions within a
given layer, in the same way as the single-layer
method.

3. The delay-time of the deepest layer (layer-1), dt;,
must be greater than the longest dominant period
component of the S-wave (see Riimpker and Silver
(1998b), Figure 1, for a clear example of frequency
vs. delay-time effects).

4. The signal dominating an initial apparent single-
layer measurement is that of the first layer of split-
ting. This constraint is likely valid for the major-
ity of scenarios because the first-layer only parti-
tions the energy between two phases (fast and slow,
layer-1).

5. The anisotropy of each layer has the same
frequency-dependent behaviour (i.e.  S-waves
are not differentially dispersed by the various
layers).

6. The fast directions of each layer (¢1, ¢o, ..., ¢,,) are
not parallel or orthogonal to one another in the QT-
plane. If they are orthogonal then it will not be pos-
sible to differentiate between phases from the two
layers as the fast and slow waves will not undergo
further splitting, giving a null result for one of the
layers (a null result is defined as where anisotropy
is indistinguishable).

Although these criteria might appear stringent, it is
likely that a number of physical scenarios meet these
conditions.

2.2.2 The method for two-layers

The multi-layer splitting method measures the splitting
parameters for each individual layer (¢;,dt;), as well
as the apparent splitting parameters using the single-
layer method (¢app, 0tapp) so that the significance of the
multi-layer result beyond the single-layer result can be
quantified. These parameters are measured as follows:

1. The apparent splitting parameters are measured
using the single-layer method for a window,
win;nit, containing all the S-wave energy (see Sec-
tion 2.1).

| Automated multi-layer shear-wave splitting analysis

2. Theinitial window is partitioned into two windows,
one from tyin,,;; start t0 twing, ;1 start +0tapp, and an-
other from ¢y in,,., start + Otapp tO tuwin,, s ,end, CON-
trolled by the apparent delay-time, 6t,p).

3. The splitting parameters are measured for each of
the these windows, using the eigenvalue method
(see Section 2.1), with the most linearised result
(smallest A5 /A1) defined as the optimal splitting pa-
rameters for the shallowest layer (layer 2 for a two-
layer problem).

4. The entire S-wave arrival over win;,;; is then cor-
rected to remove the splitting for layer 2.

5. The splitting parameters are then measured for this
corrected data over win;,;;. The optimal splitting
parameters measured here correspond to the deep-
est layer (layer 1).

6. One can then confirm whether the two-layer so-
lution provides a more accurate description of
the medium than the single-layer, apparent solu-
tion. Here, we define this as a solution where
the multi-layer result is: (1) more linear (i.e.
()\2/)\1)multi7layer < (>\2/)\1)singleflayer); and (2)
the fast directions of the two layers have differ-
ent orientations, after accounting for uncertainty.
Here, we define (A2/A\1)multi—iayer 0l @ similar way
to Wolfe and Silver (1998), except summing over
A2/ rather than Ao,

(AZ />\1 )multiflayer =

LIS
Z(ﬁ) (7)

n=1

where n denotes the nth layer.

2.2.3 Extension to n-layers

Section 2.2.2 describes the multi-layer method specif-
ically for two layers, for clarity. However, extension of
the method for n-layers is theoretically trivial. Steps 2 to
4 1in Section 2.2.2 can be repeated for cascading smaller
windows, using 6t2 app, 03 apps --+» 0tn app to partition the
windows in each case. However, practically there is
a limit to how many layers can be measured indepen-
dently. Various S-wave phase arrivals are more likely
to be indiscernible from one another as the number of
layers to solve for becomes greater, since each layer is
thinner, which inevitably leads to smaller delay times.
Window lengths will also become smaller, leading to
less stable solutions. Furthermore, energy partitioning
associated with splitting due to each layer will reduce
the S-wave amplitudes by 1/2" for n-layers, reducing the
SNR of each individual S-wave phase arrival. Therefore,
although we include the extension to n-layers for com-
pleteness, we only provide examples solving for up to
two layers.

2.3 Example of SWSPy usage

SWSPy supports automated measurement of shear-
wave splitting for simple single source-receiver pairs to
many receivers and many sources. Here, we provide a
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simple example of how to measure shear-wave splitting
for a single source at multiple receivers and an exam-
ple of how one can perform forward modelling to gen-
erate synthetic signals exhibiting shear-wave splitting.
A comprehensive set of examples for every result pre-
sented in this work are provided within the SWSPy pack-
age.

2.3.1 Measuring shear-wave splitting for an
earthquake

SWSPy is implemented using a Python class-based
structure (see Listing 1), heavily utilising obspy for
seismic data input and output (Krischer et al., 2015).
One creates a splittingObject, by passing an obspy
data stream, st, containing seismic traces for all re-
ceivers and all components over the earthquake ar-
rival time period. Various parameters defining the
windows and parameter search space can then be
specified as splittingObject.parameter, before per-
forming the shear-wave splitting analysis. The shear-
wave splitting analysis in Listing 1 is performed us-
ing the function perform_sws_analysis, which per-
forms shear-wave splitting for a single layer. To in-
stead use the multi-layer (layer-by-layer) method, one
can simply replace this function with the function
perform_sws_analysis_multi_layer.

Listing 1 Example use of splittingObject to perform
shear-wave splitting analysis

swspy, obspy

# Create splitting object:

st = obspy.read(<path_to_data>)

splittingObject = swspy.splitting.
create_splitting_object(st)

# Specify some key parameters...
splittingObject.win_S_pick_tolerance = 0.1
splittingObject.
overall_win_start_pre_fast_S_pick = 0.3
splittingObject.
overall_win_start_post_fast_S_pick = 0.2
splittingObject.max_t_shift_s = 1.0

# Perform splitting analysis:
splittingObject.perform_sws_analysis(
coord_system=¢¢ZNE’’, sws_method=¢‘EV’’)

# Plot and save result:

# (saves splittingObject.sws_result_df to csv
file)

splittingObject.plot()

splittingObject.save_result()

2.3.2 Forward modelling

SWSPy also supports forward modelling, for generating
synthetic seismograms passing through anisotropic me-
dia. An example of creating a synthetic seismogram for
an S-wave with a dominant frequency of 10 Hz travel-
ling through a layer that has a fast direction of 60° and
§t = 0.5 s is shown in Listing 2. Such forward modelling
is included for verifying SWSPy performance and solv-
ing inversion problems, for example.
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Listing 2 Example use of generating a synthetic seismo-
gram st

swspy

# Create source-time function:

seismogram_dur_s = 10.0

sampling_rate_hz = 1000.0

st = swspy.splitting.forward_model.
create_src_time_func(seismogram_dur_s,
sampling_rate_hz)

# Specify layer anisotropy parameters:
phi_from_N = 60

dt = 0.5

back_azi = 0
event_inclin_angle_at_station = 0

# Apply splitting:

st = swspy.splitting.forward_model.
add_splitting(st, phi_from_N, dt,
back_azi, event_inclin_angle_at_station)

3 Examples

3.1 Simpleicequake example

Here, we use a real-world earthquake at a glacier as
an example of S-wave splitting analysis performed us-
ing SWSPy, specifically focusing on the key attributes
that indicate a reliable measurement. Figure 5 shows
a basal stick-slip icequake S-wave arrival at a single
receiver from Rutford Ice Stream, Antarctica (Hudson
et al., 2020a; Smith et al., 2015). Glacier ice can ex-
hibit a strongly anisotropic fabric, which combined
with low noise levels in Antarctica provides an ideal
real-world example of S-wave splitting (Smith et al.,
2017; Harland et al., 2013; Kufner et al., 2023). Basal
stick-slip icequakes also provide an ideal example be-
cause their S-wave source polarisations are typically
well-constrained, aligned approximately in the direc-
tion of ice flow (160° from North, Smith et al., 2015),
in this case confirmed by full-waveform source mech-
anism inversion (Hudson et al., 2020a).

There are a number of key attributes that represent
a well-constrained splitting result. Useful attributes for
quantifying the quality of a splitting result are:

1. Checking the raw vs. splitting-removed wave-
forms in the ZNE coordinate system (see Figure
5a). Firstly, the majority of the S-wave arrival wave
packet should lie between the last of the possible
window starts and the first of the possible window
ends (grey vertical lines, Figure 5a). Secondly, the
wave packet of the splitting-removed wave packet
should have a shorter duration than the raw data.

2. Maximising and minimising energy on splitting-
removed P and A components, respectively (red
data, Figure 5b). The amplitude ratio of the P
to A components represents the linearity of the
splitting-removed particle motions, which is quan-
tified by the ratio of eigenvalues (\2/)1), with
smaller X;/\1 values representing a more lin-
earised result. For theicequake, \2/\; = 0.033, with
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the majority of energy contained in the P compo-
nent, with only a small packet of energy arriving
on the A component.

3. Fastand slow S-wave phases should arrive at differ-
ent times prior to splitting removal and aligned in
time post the removal of splitting (see right panel
of Figure 5c¢).

4. Approximately linear particle motion in the North-
East plane (see Figure 5d). For the icequake in
Figure 5, the particle motion is approximately lin-
earised, except for a small perturbation approxi-
mately perpendicular to the dominant strike, with
a source polarisation of ~ 165° + 6° from North,
which is in agreement with the ice flow direction
and source mechanism inversion (Hudson et al.,
2020a).

5. Checking the stability of the clustering analysis (see
Figure 5e). At least some of the cluster samples
should have small uncertainties, resulting in a sta-
ble ¢ and &t solution. If window samples all ex-
hibit significant variation or a clear non-uniform
behaviour then the result may be susceptible to ef-
fects such as cycle skipping (see Teanby et al. (2004)
for further details).

6. A distinct minimum in the eigenvalue ratio within
¢ — &t space (see Figure 5f). The icequake exhibits a
distinct, single global minimum, with the optimal
solution indicated by the green point and associ-
ated error bars. Note that ¢ is ¢ from Q (¢, Fig-
ure 2). The ¢ — 4t space plot is useful for interro-
gating whether cycle skipping occurs. If cycle skip-
ping were dominating the result, then there might
be multiple minima, with associated ¢ values sep-
arated by 90° and multiple possible §¢ values, cor-
responding to the phase-lag of the cycle skipping.
The icequake result shown here is a relatively sim-
ple arrival, not exhibiting any significant cycle skip-

ping.

7. Measurement quality parameters X2/\ and Qw.
SWSPy outputs multiple parameters that indicate
the quality of a S-wave splitting result. The linear-
ity of the result is quantified by the eigenvalue ra-
tio A2/)1, as discussed above. SWSPy can also cal-
culate the so-called Wuestefeld quality factor, Qw
(Wuestefeld et al., 2010), where Qw = 1 is a good
result, Qw = 0is a poor result, and Qw = —1isa
good null result. Qw for the icequake in Figure 5 is
0.969, which confirms that the result is consistent
using both eigenvalue and cross-correlation meth-
ods. However, these measurement quality param-
eters inevitably are important for automated filter-
ing of many results, for which it is otherwise im-
practical to check every individual result. For au-
tomated analysis, we recommend using quality pa-
rameters in combination with uncertainty in ¢ and
5t to filter out spurious results (see Section 3.3 for
an example).
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3.2 Teleseismic shear-wave splitting

Here, we demonstrate the performance of SWSPy for
teleseismic shear-wave splitting. Teleseismic shear-
wave splitting of SKS, PKS, and SKKS phases is a com-
mon technique used to constrain upper mantle defor-
mation patterns (e.g. Silver and Chan, 1991; Kendall
et al., 2005; Becker and Lebedev, 2021). These core-
refracted phases enable reliable shear-wave splitting
measurements of the mantle, due to their near-vertical
incidence and radial polarisation caused by a P-to-S
conversion when exiting the core (Hall et al., 2004).
Figure 6 shows data from the M,,7.1 5" February 2005
Celebus Sea earthquake, recorded at the station NEE in
California, US. Previous shear-wave splitting analysis,
using the shear-wave splitting code SHEBA (Wuestefeld
et al., 2010), identified discrepant SKS-SKKS shear-wave
splitting where SKS was a null result (i.e., no shear-wave
splitting) and SKKS exhibited clear shear-wave splitting,
with ¢ = 74° £ 5°, 6t = 1.05 £ 0.07s, which is interpreted
as a single layer of seismic anisotropy in the lowermost
mantle (Asplet et al., 2020). Unlike the ice example, for
teleseismic shear-waves §t << T, the dominant period
of the signal, so the fast and slow S-wave arrivals will
not be isolated in time nor give the characteristic ellip-
tical particle motion (see Figure 6d). Using SWSPy, we
remeasure the shear-wave splitting of the SKKS phase
and obtain ¢ = 74.2° £14.0°, 6t = 1.05+0.175s (see Figure
6). These shear-wave splitting parameters agree, within
measurement uncertainty, with the SHEBA results (see
Table 1). We are also able to retrieve a source polari-
sation of 115° &+ 7°, which is consistent with the mea-
surement from SHEBA of 115° and the observed back-
azimuth of 294°, following the assumption that SKS is
radially polarised. When we correct for the measured
shear-wave splitting (see Figure 6d) we can see the parti-
cle motion has been well linearised, with A\>/\; = 0.018.
This example only demonstrates a simple teleseis-
mic use case. In reality, modern teleseismic shear-wave
splitting studies, particularly those focusing on the low-
ermost mantle, are more involved. Preprocessing of
shear-wave splitting datasets, such as stacking (Deng
et al., 2017) and beamforming (Wolf et al., 2023), al-
low for clearer identification of SKS, SKKS and S3KS
phases, especially in noisy datasets. To process large
datasets automated approaches for classifying null and
split shear-wave splitting using Qw and A2/\; have been
developed (Walpole et al., 2014). Advances in modelling
plausible anisotropic fabrics from shear-wave splitting
measurements (Creasy et al., 2021; Asplet et al., 2023)
allow for more quantitative interpretation of observa-
tions. The design of SWSPy allows it to be easily inte-
grated into these developing analysis workflows.

3.3 Application of automated S-wave split-
ting analysis to many earthquakes at a
volcano

The previous examples focus on single observations.
However, recent advances in the sensitivity and den-
sity of instrumentation, combined with computational
developments, have resulted in earthquake catalogues
containing thousands to millions of events. This
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Figure5 Example of a full output result from SWSPy for an icequake at Rutford Ice Stream, Antarctica, from Hudson et al.
(2020a). a. Vertical, North and East component seismograms for the S-wave arrival. Black waveforms are the uncorrected
data and red are post splitting correction. b. P and A component waveforms pre and post splitting. P and A components
correspond to the polarisation and null vectors, respectively (see Figure 2). c. Fast (solid) and slow (dashed) S-wave arrivals
before (left panel) and after (right panel) the delay time shift. d. Particle motions in the North-East plane before (left panel)
and after (right panel) the splitting correction. e. Uncertainty in ¢ and ét for all the clustering samples. f. ¢ — ot space for
the optimal cluster result, coloured by eigenvalue ratio. The darker the colour, the smaller the eigenvalue ratio. The optimal
splitting result occurs at the global minimum in the ¢ — Jt space, with the optimal solution and its associated uncertainty

indicated by the green point and error bars.

presents an opportunity for higher resolution S-wave
velocity anisotropy studies. To process such datasets,
automation is required. Here, we verify the perfor-
mance of fully automated S-wave splitting measure-
ments using SWSPy, before showing how this auto-
mated S-wave splitting analysis can provide an en-
hanced picture of the presence of fluids at a volcano.

Results for 1356 earthquakes at Uturuncu volcano,
Bolivia, are shown in Figure 7 (Hudson et al., 2023). This
earthquake catalogue is derived from a fully automated
detection algorithm (Hudson et al., 2022). Figure 7a
shows the unfiltered distribution of fast S-wave polarisa-
tions for all source-receiver pairs in the entire Uturuncu
dataset compared to a filtered subset of the data. The
filtered subset that are defined as well-constrained mea-
surements are S-wave splitting results with Qw > 0.5, a
fast S-wave polarisation direction uncertainty, a, < 10°,

10

and a delay-time uncertainty, as; < 0.1 s. The filtered
subset of fast directions exhibits one dominant direc-
tion of anisotropy striking SE-NW. The anisotropy caus-
ing these results could be a combination of the crystal-
lographic orientation of the medium and/or fractures.
Here, we assume that for a volcano that is actively de-
forming (Pritchard et al., 2018), the anisotropy is likely
dominated by fracturing (a full discussion of the possi-
ble mechanisms of anisotropy and justification of this
assumption can be found in Hudson et al. (2023)). To
verify whether the measured fast directions shown in
Figure 7a are truly representing a fractured fabric, we
compare the results to independently measured fault
strike data, derived from the spatial distribution of mi-
croseismicity (see Hudson et al. (2022) for details). The
fault strike data shows two orthogonal sets of fractures
(Figure 7b). The fast directions from the shear-wave
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splitting align parallel to one set of fault strikes. Atten-
uation tomography at Uturuncu volcano (Hudson et al.,
2023) indicates that fluids are likely present dominantly
in faults with this orientation, controlled by the regional
stress field of the deforming volcano, which is depicted
in Figure 7c. The S-wave anisotropy results are there-
fore consistent with the interpretation from indepen-
dent observations, verifying the performance of the au-
tomated S-wave splitting approach.

The aforementioned filter criteria are necessarily
strict, in order to yield sufficiently high quality mea-
surements to interpret. Such strict criteria have lim-
ited analysis of automated S-wave splitting measure-
ments in the past because too many events are dis-
carded (Crampin and Gao, 2006). However, recent de-
velopments in the number of earthquakes that can be
automatically detected means that, in this example, one
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still has thousands of observations that meet these cri-
teria. This is likely also the case for other datasets. Fully
automated shear-wave splitting methods are the only
practical means of processing such large datasets.

Shear-wave splitting analysis also yields S-wave
source polarisations, which for double-couple faults
is oriented in the direction of fault slip. This is clearly
illustrated by comparing the fault strikes to SWSPy de-
rived S-wave source polarisations, which approximately
agree for both sets of orthogonal fault strikes. The S-
wave source polarisations contain a greater spread,
either caused by uncertainty in the measurements or
by some of the earthquakes exhibiting a volumetric
focal mechanism component. However, S-wave source
polarisation data are seldom used in anisotropy or
crustal-stress studies. We emphasise these observa-
tions in order to encourage others to consider using
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these data to provide additional information on fracture
processes and the stress-state of a medium.

3.4 Multi-layer examples
3.4.1 Forward model example

We first demonstrate the performance of the new multi-
layer splitting method on modelled data, before apply-
ing it to a real-world example. Figure 8 shows results for
a two-layer forward model. Shear-wave splitting is ap-
plied twice to a Ricker wavelet with a centre frequency
of 10 Hz and a source polarisation of 0° N to simulate a
wave propagating through a two layer medium (¢1oyer1 =
60° and qblaywz = 400, 6tlayer1 = 0.5 s and 5tlay.3rz = 0.2
s). Figure 8 show results for an apparent measurement
(assuming a single-layer) and our new explicit layer-by-
layer approach.

The apparent shear-wave splitting measurement
shown in Figure 8a-d obviously does not find the true
result. However, the ¢ — &t space (see Figure 8d) shows
that the apparent measurement is sensitive to both lay-
ers, with clearly distinct minima at 6t = 0.2 sand 6t = 0.5
s. The first layer exhibits the stronger splitting signal,
as expected theoretically, and so is the result that domi-
nates the solution. The sensitivity of this measurement
to both layers theoretically makes sense because rotat-
ing the original traces into either of the individual layer
planes will typically result in more linearised data, but
only minimised for one layer. This exemplifies the find-
ings of Silver and Savage (1994), who describe how ap-
parent single-layer splitting measurements can be used
to decipher certain aspects of multi-layered anisotropic
media. Incidentally, the ¢ — §t space also shows a strong
cycle-skipping signal, caused by the symmetry of the
modelled source-time function and the multiple time-
shifts resulting from the two layers. It is this cycle-
skipping that would make picking the distinct minima
for each layer in ¢ — 6t challenging. If this problem
could be overcome, then it may be possible in certain
instances to isolate relative splitting properties for each
layer. Overall, the corrected waveforms are only lin-
earised for layer-2 (see Figure 8c), and the fast-direction
and source polarisation are not correct, due to the re-
maining effect of the layer-1 splitting.

Results for the new layer-by-layer splitting measure-
ment method presented in this work are more promis-
ing (see Figure 8i-1). The anisotropy exhibited by the two
layers is well resolved by the method, with all results
close to the true values and the majority in agreement,
within uncertainty. The corrected waveforms further
emphasise the performance of our new layer-by-layer
method (see Figure 8g compared to Figure 8c). Overall,
these results provide us with confidence that our new
multi-layer method can resolve multi-layer anisotropy.

3.4.2 Icequake example

There are few real-world examples of successful multi-
layer S-wave velocity anisotropy measurements (Silver
and Savage, 1994; Rimpker and Silver, 1998a; Levin
et al., 1999), likely primarily due to challenges asso-
ciated with making such measurements rather than
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a lack of real-world multi-layered anisotropic media.
However, glacier ice can provide a real-world example
of multi-layer anisotropy. Typically, previous glacier
anisotropy studies assume a single dominant ice fabric
caused by crystals in the ice fabric being preferentially
aligned by ice flow (Smith et al., 2017; Harland et al.,
2013). However, recent observations suggest that Rut-
ford Ice Stream instead has multiple distinguishable lay-
ers of anisotropy (Jordan et al., 2022; Kufner et al., 2023).
Indications of this can be seen in Figure 5d, where a pro-
portion of the particle motion in the North-East plane
is not fully linearised. We therefore use this icequake
to demonstrate performance of the multi-layer splitting
method applied to real data.

Figure 9 shows the horizontal particle motion for a
two-layer S-wave splitting result compared to the single-
layer result from Figure 5. The eigenvalue ratio, \>/A1,
indicates that the two-layer result is approximately
twice as well linearised compared to the single-layer
result. This demonstrates that a two-layer medium
describes the observations better than a single-layer
medium. The more linear result also allows for greater
constraint of the S-wave source polarisation. The two-
layer solution includes the delay-time and fast-direction
of both layers. The delay-times of the two layers sum to
the delay time measured for a single layer, as expected.
The two fast directions are distinct from one another,
after accounting for uncertainty. This provides us with
confidence that the result represents a physical two-
layer system, rather than a better fit simply being due to
an additional two degrees of freedom of the multi-layer
solution. However, the additional degrees of freedom of
multi-layer splitting analysis should be treated with cau-
tion due to the potential for over-fitting. We suggest that
one should reject a higher-order layer solution com-
pared to a lower-order layer solution if consecutive lay-
ers have fast directions that are the same within uncer-
tainty. This is also why we favour measuring anisotropic
layer properties consecutively rather than all together
in a direct inversion, as our consecutive-layer method
only has the same number of degrees of freedom per
layer measurement as the single-layer method.

The icequake result shown in Figure 9 demonstrates
that the method shows promise for interrogating multi-
ple layers of anisotropy that are likely present in numer-
ous real-world scenarios.

3.4.3 Challenges and limitations of multi-layer
shear-wave splitting

Although the multi-layer method described above per-
forms well for the synthetic example and the real-world
icequake example, the required assumptions mean that
it is limited or not applicable for situations that do not
exhibit such strong anisotropy relative to signal fre-
quency. We wish to highlight here that it is likely not ap-
plicable for the majority of teleseismic shear-wave split-
ting analyses, or any other situation where 6t is less than
the dominant period of the S-wave and §t of any crustal
layer could conceivably be greater than the magnitude
of splitting in the mantle.

The challenges faced by the multi-layer method pre-
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Figure 8 Synthetic, forward model example of multi-layer S-wave splitting analysis, for a medium with two layers of
anisotropy (¢iayer1 = 60°, @rayera = 40°, 0tiayer1 = 0.58, 0tiayeres = 0.25) and an S-wave with an initial source polarisa-
tion of 0° from North. a-d. Results for an apparent, effective single-layer measurement (see Figure 5 for more details on
labelling of subplots). e-h. Results for an explicit, layer-by-layer two-layer inversion. Blue data in g. are the particle motions
after the intermediate correction for layer-2 only.

sented in this study for teleseismic shear-wave split- layer with 6ty = 1.25 s, ¢ = 60° and a shallower
ting are not unique to this method. Figure 10 exem- layer with 6t> = 0.5 s, ¢1 = 25°. Fast/slow waveforms
plifies this issue. Shear-wave splitting analysis is ap- and particle motions in the horizontal plane are shown
plied to a synthetic seismogram with similar charac- for a single-layer effective measurement (Figure 10b)
teristics to an SKS phase arrival that observes a deeper and a two-layer measurement (Figure 10c). The two-
13
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Figure 9 Example of single-layer vs. multi-layer S-wave splitting analysis horizontal particle motions for the icequake in
Figure 5. a. Single-layer measurement particle motion results before (left) and after (right) the splitting correction. b. Multi-
layer measurement particle motion results before (left) and after (right) the splitting correction (blue data are initial layer-2
only correction). Text in a. and b. shows key results from the respective S-wave splitting analyses.

layer measurement is made using a single-ray measure-
ment adaptation of Ozalaybey and Savage (1994), per-
forming a grid-search over layer-1 and layer-2 param-
eters to find the values that best agree with the appar-
ent measurements of Figure 10b (see Eq. 1 to 3, Oza-
laybey and Savage (1994)). Both the effective single-
layer measurement of apparent splitting and the multi-
layer measurement yield significantly more linearised
corrected S-wave arrivals than the original uncorrected
waveforms. However, obviously the single-layer mea-
surement does not resolve the anisotropy correctly. The
multi-layer measurement does resolve layer-1 with al-
beit large uncertainties. However, the direction of the
layer-2 anisotropy (¢2) is not resolved, disagreeing with
the synthetic layer value by exactly 90°. This is caused
by a periodicity in the relationship between apparent
splitting parameters (e = 2¢a, 0. = wfdt., where f
is the dominant frequency of the phase arrival). The
origin of this behaviour is described in detail in Silver
and Savage (1994), with a schematic explanation found
in Figure 10c. This periodicity in the relationship be-
tween apparent and individual layer parameters results
in a non-unique solution for the fast-direction of a given
layer (¢;) regardless of orientation and further ambigu-
ity introduced for 6t > 1/2f (see Figure 10c). Ozalaybey
and Savage (1994) address such non-unique solutions
by combining measurements of multiple SKS phases
arriving at many azimuths. Similar approaches have
since been implemented by others (Reiss and Riimpker,
2017). We have deliberately not implemented such an
algorithm, since the focus of SWSPy here is to be uni-
versally applicable to single source-receiver pair mea-
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surements rather than specific implementations of 1D
or higher-order tomographic methods. Nonetheless,
SWSPy could readily comprise part of such a workflow,
used to measure apparent splitting parameters before a
multi-event inversion.

3.5 Comparison of SWSPy to other shear-
wave splitting software packages

For completeness, we compare the results of SWSPy
for the two main end-member events in this study, the
icequake in Figure 5 and the SKKS arrival in Figure 6.
Results of this comparison of SWSPy to MFAST (Sav-
age et al., 2010) and SHEBA (Wuestefeld et al., 2010)
are found in Table 1. We do not include results from
two other packages, SplitRacer (Reiss and Riimpker,
2017) and Pytheas (Spingos et al., 2020), as these are
graphical user interfaces that differ in applicability con-
siderably from our implementation. All the splitting
measurements are run using as similar parameters as
possible, including the filter properties, duration of
data and number of windows used for clustering. The
three packages find identical fast-directions (¢) and
delay-times (6t), within uncertainty. The uncertainty in
SWSPy is larger as a result of our definition of uncer-
tainty, which is deliberately a more conservative esti-
mate than the other packages. This is particularly evi-
dent for the SKKS example in Table 1. Uncertainties are
still only a small fraction of the result for both example
events. Where the packages differ is in the source po-
larisations, where SWSPy and SHEBA agree within un-
certainty, while MFAST exhibits significant differences.
Given the near-identical performance of SWSPy com-
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Figure 10 Example of challenges associated with tele-
seismic multi-layer shear-wave splitting measurements. a.
Synthetic teleseismic signal with two layers of splitting ap-
plied. b. Effective single-layer shear-wave splitting mea-
surement. c. A multi-layer measurement using a single-ray
measurement adaptation of the method of Ozalaybey and
Savage (1994). Schematic plots of tan(«, ) and tan(6,) in c.
show how 90° periodicity can lead to non-unique fast direc-
tion solutions, as is the case in c.

pared to SHEBA and the consistency of source polari-
sation measurements with the physical settings, we are
confident that SWSPy’s source polarisation estimates
are realistic.

We do not benchmark compute times for SWSPy com-
pared to these other methods since SWSPy is paral-
lelised while SHEBA and MFAST are not. Given the ca-
pability of modern computers, itis likely that most users
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would capitalise on the parallelised nature of SWSPy.
This would quickly offset any inefficiency of SWSPy
compared to other packages.

4 Discussion

4.1 Benefits and limitations

The aforementioned examples indicate the perfor-
mance of SWSPy for various shear-wave velocity
anisotropy applications. For individual source-receiver
measurements, it provides stable measurements as a
result of the Teanby et al. (2004) multi-window method
combined with the use of more advanced clustering
algorithms. 3D splitting measurements are imple-
mented, as defined in Walsh et al. (2013), allowing
SWSPy to likely be useful for measuring anisotropy
using borehole data or settings without a significant
steep velocity gradient that refracts waves towards
vertical incidence. For large datasets comprising of
many source-receiver pairs, SWSPy includes a fully-
automated workflow that can easily be adapted due to
the modular nature of the Python package. Parameters
that can be used to filter spurious outputs from fully-
automated analyses are provided, including quality
metrics (Qw,\2/A1) and uncertainty measurements
(ag,ast). The ability to process many thousands to
millions of shear-wave splitting measurements will
hopefully enable shear-wave velocity anisotropy to-
mography studies to be performed, with a significant
increase in the number of observations reducing the
inherently under-constrained nature of the tomogra-
phy problem (Chevrot et al., 2004). Such anisotropy
tomography studies could be useful for imaging mantle
dynamics (Chevrot, 2006), imaging deformation at vol-
canoes (Johnson and Savage, 2012), measuring fracture
density at the surface of glaciers (Hudson et al., 2020b;
Gajek et al., 2021), and reconciling body-wave and
surface wave global tomography models (Becker et al.,
2012).

A further advance provided by SWSPy is the ability
to measure multi-layer anisotropy under certain condi-
tions. This will enable users to study systems in more
detail, as well as attempt to isolate specific layers of in-
terest. While the multi-layer method assumptions (see
Section 2.2.1) likely rule out applicability for the ma-
jority of teleseismic anisotropy problems, situations al-
lowing for such conditions are likely present at highly
anisotropic crustal settings such as volcanoes and hy-
drocarbon reservoirs, as well as near-surface environ-
ments such as glaciers. In such situations, ¢ is likely
smaller than the dominant period, a key assumption
due to particle motion effects (Riimpker and Silver,
1998b). Multi-layer measurements could also provide
additional observational constraints for anisotropy to-
mography (Kufner et al., 2023). Furthermore, although
we do not implement a teleseismic multi-layer inver-
sion algorithm here, it should also be straight-forward
to use SWSPy as part of a multi-layer apparent splitting
inversion using multiple sources arriving at the same
receiver, as in Ozalaybey and Savage (1994), Silver and
Savage (1994), and Reiss and Riimpker (2017).
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Package ¢, 1Q (°) ot, 1Q (s) src. pol., IQ (°) ¢, SKKS (°) dt, SKKS (s) src. pol., SKKS (°)
SWSPy 54.1+2.0 0.044 + 0.001 165+ 6 74.2+14.0 1.05+0.18 115+ 7
MFAST 55.0+ 1.8 0.044 + 0.0002 150 74.0 + 2.8 1.06 £0.03 245
SHEBA 55.0+ 1.8 0.044 £0.0001 165+3 74.0 £ 4.8 1.08 £ 0.06 115

Table1 Comparison of performance of SWSPy to other similar, popular packages. The event IQ is the icequake presented
in Figure 5 and the event SKKS is the SKKS phase arrival presented in Figure 6. More details on the packages can be found in
the literature (SHEBA: Wuestefeld et al. (2010), MFAST: Savage et al. (2010), and recently parallelised in the version MFASTR:

Mroczek et al. (2020)).

SWSPy also has limitations. One limitation is the
metrics provided to quantify the quality of a result
(Qw, A2/A1). While these parameters can prove useful
in some instances, we find that they are not univer-
sally reliable. We find that the uncertainty measure-
ments provide the most useful way to remove spuri-
ous results, at least for the volcanic example provided
here (see Figure 7). Link et al. (2022) find that the
same metrics also perform well for XKS phase split-
ting analysis. However, in some cases the stated un-
certainty may be an underestimate of the true uncer-
tainty. Areas of further work are therefore better mea-
surement quality metrics and more robustly estimated
uncertainty. A further limitation is associated with the
layer-by-layer multi-layer anisotropy method presented
here. The method requires a specific set of assump-
tions, and although the data we present here meets
these assumptions, it is likely that certain datasets will
not. The method should therefore be applied cautiously,
considering the assumptions carefully when interpret-
ing any results. A final potential limitation is that SWSPy
is written in Python, an inherently slow object-oriented
language compared to other languages such as C or ju-
lia. To minimise this limitation, SWSPy is accelerated
using numba (Lam et al., 2015) to compile and paral-
lelise the computationally heavy functions. Although
one could further increase the efficiency by implement-
ing the package in a lower level language, we have not
opted to do this, in order to make the package as acces-
sible as possible to users.

4.2 Benefits of shear-wave splitting beyond
anisotropy studies

The applications of shear-wave splitting reach beyond
imaging subsurface anisotropy. A valuable, yet un-
der utilised parameter is the S-wave source polarisa-
tion. Figure 7 shows how source polarisation can pro-
vide an independent measurement of fault orienta-
tion, at least for double-couple sources (Hudson et al.,
2023). Another useful output from shear-wave splitting
are anisotropy-corrected waveforms. Correcting for
anisotropy is important for performing full-waveform
inversions using isotropic models, for example to in-
vert for earthquake source mechanisms (Hudson et al.,
2020a). The new multi-layer method presented here
will further reduce the misfit when comparing data
from seismic waves that propagates through multiple
anisotropic layers to isotropic full-waveform models.
One final application is the removal of shear-wave split-
ting effects when calculating earthquake magnitudes.
Shear-wave splitting can cause S-wave phases to over-
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lap and interfere with one another, altering the ap-
parent frequency content. This can result in addi-
tional uncertainty in moment magnitude calculations
(Stork et al., 2014). The ability to easily incorporate
shear-wave splitting corrections into moment magni-
tude workflows may reduce uncertainty in moment
magnitude catalogues, relevant for improved seismic
monitoring (Schultz et al., 2021).
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