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Abstract

Characterising the in situ stress field is important for a range of
industrial applciations, such as geological CO, storage, geothermal project,
hydrocarbon extraction, geological disposal facilities, and for natural
seismic hazard assessment. Shear-wave splitting is a passive measurement
which can be used to passively monitor changes in the in situ stress
field. We combine borehole stress and passive seismic data, primarily
from microseismicity, across Great Britain to assess the potential of
shear-wave splitting to be used to monitor the in situ stress field with
several in-depth case studies. At Preston New Road, Lancashire the
measured shear-wave splitting fast polarisations, ¢, have a circular mean
of —14° and are consistent with the regional Synax. At Newdigate, Surrey,
the measured shear-wave splitting is best explained by stress-controlled
seismic anisotropy, with fast polarisations consistent with regional Sgyax
(¢ ¢ = —51°) to the north of the Newdigate fault. However, we observed
a consistent 90° polarisation flip (¢ ¢ = 40°) at a station to the south of
the fault, which is likely due to overpressured pore fluids. In South Wales
there is structure controlled anisotropy from the Neath Disturbance, with

¢y measurements near the fault parallel to the fault strike.

These examples demonstrate the potential of shear-wave splitting as a
passive measure of in situ stress and the challenges that remain. We
find that shear-wave splitting, measured from microseismicity, could
be used to monitor the in situ stress field with sufficient monitoring

infrastructure and geological context to constrain interpretations. For
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CO, storage projects, incorporating shear-wave splitting into the design of
microseismic monitoring networks will enable valuable additional data to

be collected.

Key words: Seismic anisotropy, Shear-wave splitting, crustal stress.
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Introduction

The ability to passively characterise the in situ stress field in the crust has
a range of important applications, such as improving our understanding
of tectonic processes, natural hazards, and derisking various industrial
subsurface activities. The ability to monitor and assess seal integrity
would have applications in any onshore subsurface storage context,
such as geological disposal facilities (GDFs) and gas storage, and for
geothermal energy. The ability to characterise subsurface stress has
important implications for the nascent UK Continental Shelf CO, storage
industry, as well as continued hydrocarbon extraction. To ensure safe and
reliable geological CO, storage, new and improved methods are required
to monitor the geomechanical response of reservoirs to CO, injection
(Skurtveit et al., 2022)). For these projects, improved spatiotemporal
characterisation of the in situ stress field could have a significant impact
on the operation and containment risk assessment. Many potential offshore
CO, storage sites in the North Sea require drilling and operating injection
wells in regions or formations that may not have been the target of previous
hydrocarbon exploration. As a result, there is less data to conduct leakage

risk assessments and to construct geomechanical models.

One geophysical observation which can be related to crustal stress is
seismic anisotropy. Seismic anisotropy has been studied at various length
scales throughout the Earth’s crust and mantle using shear-wave splitting.
The first measurements of crustal shear-wave splitting were made nearly

45 years ago by Crampin et al. (1980), and shear-splitting has now been
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observed in local-S throughout the crust and upper mantle (e.g., Teanby
et al., 2004a; Gerst and Savage, 2004; Boness and Zoback, 2006; Savage
et al., 2010b; Gao et al., 2011; Al-Harrasi et al., 2011; Liu et al., 2014;
Stork et al., 2015 Spingos et al., 2023, Hudson et al., 2024b, etc., ).

A common interpretation for seismic anisotropy in the crust, regardless of
setting, is the stress-induced alignment of micro-scale fractures (hereafter
“stress-induced anisotropy”’; Nur and Simmons, [1969; Crampin, 1987,
Zatsepin and Crampin, |1997). If the seismic anisotropy observed using
shear-wave splitting can be interpreted using this mechanism, then it
reveals information on the in-situ stress field, particularly the azimuth of
the maximum horizontal stress (Sgmax azimuth; e.g., Savage et al., 2010b;
Igonin et al., 2022; Guzman et al., 2022; Hudson et al., 2024b). Temporal
variations in seismic anisotropy, or shear-wave splitting, can then be used
to infer changes in the stress state when sufficient data is available (e.g.,
Crampin et al., 2015; Stork et al., 2015} Illsley-Kemp et al., 2019; Spingos
et al., [2023; Kendall et al., 2025)).

In offshore settings, with sufficient microseismic monitoring infrastructure,
microseismicity has been used to monitor the stress state for conventional
oil and gas reservoirs during extraction (e.g., Teanby et al., 2004a)). This
raises the potential for shear-wave splitting measured from microseismicity
to be used to monitor stress for offshore geological storage projects, such
as CO, storage projects. The challenge, however, is establishing whether
seismic anisotropy can be used as a reliable indicator of in situ stress in the
upper crust. This assessment requires the input of more traditional stress

field characterisation techniques at varying distances from the site. For
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these reasons, seismic anisotropy should be viewed as an enhancement to

stress field characterisation studies.

In this paper, we measure shear-wave splitting for passive seismic data
recorded for earthquakes recorded across Great Britain and Ireland from
2010 to 2022. This new shear-wave splitting dataset allows for an
assessment of the relationship between crustal seismic anisotropy and

the Sgmax azimuth measured using other methods in a range of settings.

Shear-wave splitting has been previously measured for teleseismic
core-refracted shear-wave phases, which predominately sample seismic
anisotropy in the mantle, recorded by seismometers in the United Kingdom
(Helffrich, |1995; Bastow et al., 2007). However, there has been no
complete study of crustal shear-wave splitting across the United Kingdom.
The UK is relatively well instrumented, with the British Geological Survey
operating a permanent seismic network of 47 broadband seismometers
across the British Isles (Baptie, 2021). This allows us to investigate shear-
wave splitting for a range of settings, using both industrial and natural
microseismicity. In addition, there are 474 Syn.x azimuth observations
from borehole data available across Great Britain which are used to
validate the results ((Kingdon et al., [2022)). Where there are fewer
observations of Symax azimuth, for example in the South of England, new
stress field observations were interpreted from dual caliper logs (Fellgett
and Williams, 2025)). We use this joint dataset of shear-wave splitting
and stress data to highlight the potential of shear-wave splitting studies
to passively monitor in situ stress, the challenges that remain, and the

potential pitfalls for monitoring network designs.
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Seismic Anisotropy

Seismic anisotropy is the variation in seismic velocity, in our case shear-
wave velocity, with propagation direction. Seismic anisotropy in the
Earth’s crust can occur due to various mechanisms operating at different
length scales. This can range from the preferential alignments of mineral
grains (or crystal preferred orientation, CPO) within a rock formation, to
the alignment of heterogeneities, such as sedimentary layering (Backus,
1962) or fracture sets (e.g., Hudson, [1981; Chapman, 2003}; Jin et al.,
2018]), which are smaller than the sampling seismic wavelength. Despite
the wide variety of potential mechanisms, one unifying trait is that they

are all expressions of order in materials.

In the crust, one of the most commonly observed mechanisms for seismic
anisotropy is microscale fractures aligned with the maximum horizontal
stress (Symax) azimuth (e.g., Teanby et al., 2004a; Boness and Zoback,
2006; Savage et al., 2010b; Gao et al., 2011}; Al-Harrasi et al., 2011;
Stork et al., 2015} Illsley-Kemp et al., 2019; Hudson et al., 2024b)). This is
because most passive seismic observations are for vertical or sub-vertically
propagating shear-waves which are not sensitive to seismic anisotropy due
to sedimentary layering, which typically develops with a vertical symmetry
axis (also know as vertical transverse isotropy, VTI). When saturated
with a fluid (such as meteoric water, hydrocarbons, supercritical CO,,
or melt), these aligned microcracks produce a strong seismic anisotropy
(Hudson, |1981; Chapman, 2003)). When differential horizontal stresses are

applied to a rock, this causes microscale cracks in a rock to preferentially



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

160

161

162

163

164

165

166

open or close such that the total fracture set aligns with the maximum
horizontal stress (Crampin, [1999). For this anisotropy to be observed
by shear-wave splitting, the microcracks must develop, on average, near-
vertically. Therefore, this seismic anisotropy will only develop at depths
where where the vertical stress exceeds the magnitude of the minimum
horizontal stress, i.e., in normal and strike slip faulting environments.
This dependence of seismic anisotropy on differential horizontal stresses
can be described by the anisotropic poroelasticity model (APE; Zatsepin
and Crampin, 1997; Crampin and Zatsepin, 1997)). Seismic anisotropy
due to aligned, fluid-filled microcracks is also dependent on the fracture
properties. Microcrack density and aspect ratio are the primary parameters
that control the strength of anisotropy for an aligned fracture set (Hudson,
1981; Chapman, 2003)). APE predicts that increasing differential horizontal
stresses increases the aspect ratio and density of the aligned microcracks,
and therefore the strength of seismic anisotropy (Zatsepin and Crampin,
1997; Crampin, |1999). Furthermore, under the APE model the aspect
ratio and orientation of the microcracks are sensitive to small variations
in the azimuth and magnitude of the horizontal stress field (Zatsepin and
Crampin, 1997; Crampin and Zatsepin, 1997, Crampin, |1999). This makes
seismic anisotropy, in theory, sensitive to the azimuth and magnitude of

the horizontal stress field.

Rock physics models that incorporate poroelastic squirt — where seismic
waves compress compliant cracks more than stiff pores resulting in a flow
of pore fluids between cracks of different orientations (e.g., Chapman,

2003; Jin et al., 2018)) — show that along with microcracks, meso-scale
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fractures (i.e., fracture significantly larger than the grainsize) control
the seismic anisotropy. This makes the seismic anisotropy frequency-
dependent. Where frequency-dependent anisotropy is observed, it is
then possible to invert for fracture size and density, which is a useful
tool when characterising a reservoir and assessing seal integrity (Al-
Harrasi et al.,[2011). Another consequence of squirt flow models is that
the fluid filled fractures may also induce attenuation anisotropy (Carter
and Kendall, 2006; Asplet et al., 2024) which can affect shear-wave
splitting measurements (Asplet et al.,[2024), but also offers the potential to
further constrain fracture properties. Here, we do not consider frequency-
dependent anisotropy or attenuation anisotropy and refer to microcracks

and meso-scale fractures collectively as ‘cracks’.

Stress induced anisotropy is not, however, the only mechanism for seismic
anisotropy widely observed in the Earth’s crust. In many settings, stress-
induced anisotropy is not observed, or is overprinted by the effect of
structural features, particularly large fault zones where anisotropic fabrics
due to cracks or fault damage zones are aligned with fault strike and not
SHmax (€.g., Boness and Zoback, 2006; Hurd and Bohnhoff, 2012; Liu
et al., 2014; Jiang et al., [2021; Okada et al., 2024). However in some
settings, tectonic features appear to have little-to-no impact on the observed
anisotropy (Spingos et al., 2023). It is also possible for multiple fracture
sets to develop, which creates an anisotropic fabric that is not completely
stress-dependent (Baird et al., 2013)). In collisional tectonic settings,
seismic anisotropy can develop due to CPO in terranes and the mantle

wedge (e.g., Okaya et al., 2016; Lynner et al., 2024}, where in higher
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temperature conditions crystalline rocks undergo plastic deformation. The

resulting anisotropic crystal fabric preserves the strain orientation.

Shear-wave splitting

Shear-wave splitting, or seismic birefringence, occurs when an incident
shear-wave propagates through an anisotropic medium. Upon entering the
medium the shear-wave is split in two, where one of the shear-waves is
polarised along the fast velocity direction, or the fast polarisation direction
¢, and the other along an (assumed) orthogonal direction. As shear-wave
splitting is typically measured at the seismic station for sub-vertically
incident shear-waves, ¢ is reported in the geographic reference frame
as an azimuth from north. It should be noted that ¢, is reported in the
range —90° to 90° as the polarisations have a 180° symmetry. The two
shear-waves, referred to as the fast (or S;) and slow (or S,) shear-waves,
propagate through the anisotropic medium at different velocities (Figure
1). This introduces a time delay between the two shear-waves, dt. This
time delay depends on both the thickness of the anisotropic medium and
the strength of the seismic anisotropy. When studying local shear-wave
splitting, it is important the note that d¢ is accumulated along the entire
ray path. Therefore, 0t may vary with earthquake depth, depending on
the thickness of the anisotropic medium. To interpret d¢, and to search for
signal of depth-varying anisotropy, this effect must be account for. Here

we convert delay time dt to percent anisotropy, &£, where

)
£=100(Vs + %) (1)

11
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Figure 1: A schematic view of shear-wave splitting. The incident shear-wave encounters an
anisotropic medium and is split into a fast (blue) and slow (red) shear-wave which are sub-
orthogonally polarised. The splitting is preserved along the remainder of the ray path and
parameterised in terms of the fast polarisation direction ¢ (typically measured relative to North,
but can also be measured in the ray reference frame) and the delay time d¢ between the fast and

slow shear-waves.

where Vs is an assumed mean shear-wave velocity and d is the ray path

length, assuming a straight ray from source to receiver.

For seismic anisotropy due to aligned sub-vertical fractures, rock physics
models predict that the measured ¢ (in the geographic reference frame)
will be aligned with the fracture strike (Hudson, |1981; Chapman, 2003)).
The APE model of microcrack growth under triaxial differential stresses
predicts that microcracks, and therefore ¢ ¢, will preferentially orient with
SHmax (Zatsepin and Crampin, |1997). This allows for measurements of ¢,
to be used to infer Synax azimuth. This framework is what allows shear-
wave splitting to be used to interpret variations in Sgymax azimuth in settings
ranging from volcanoes (e.g., Gerst and Savage, 2004; Bianco et al., 2006;
Savage et al., 2010b; Baird et al., 2015} Illsley-Kemp et al., 2019), to
industries such as hydraulic fracturing (e.g., Baird et al., 2013}, Igonin

et al., 2022), CO, injection (e.g., Stork et al., 2015)), and hydrocarbon

12
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reservoirs (e.g., Angerer et al., 2002; Teanby et al., 2004a; Kendall et al.,
2007). Theoretically, temporal variations in ¢t, or anisotropic strength,
are sensitive to variations in the magnitude of horizontal stresses. In the
case where pore fluids are highly pressurised, a 90° flip in ¢y may occur
(Zatsepin and Crampin, 1997). These polarisation flips have been observed
at the field scale (e.g., Angerer et al., 2002; Teanby et al., 2004a)) and,

when observed, could provide constraints on in situ pore fluid pressures.

The advantage of shear-wave splitting is that, with sufficient
instrumentation, measurements can be made at significantly higher spatial
and temporal resolutions than borehole measurements of stress, such as
borehole breakout analysis and drilling-induced tensile fractures. Shear-
wave splitting is also independent from borehole measurements, and gives
the potential to fill gaps between boreholes to provide a higher-resolution
image of the subsurface stress field. Where there is sufficient data, either
due to a large number of earthquakes, stations, or both, shear-wave splitting
tomography (e.g., Abt and Fischer, 2008; Johnson et al., 2011; Kufner
et al., 2023), or spatial averaging (e.g., Johnson et al., 201 1; Pastori et al.,
2019; Spingos et al., 2023) can be used to map seismic anisotropy and,
therefore, Symax 1n the correct setting, across a region. Temporal variations
in shear-wave splitting can also be used to infer changes in regional stress
during earthquake sequences (Crampin et al., 2002; Volti and Crampin,
2003; Pastori et al., 2019), volcanic activity (e.g., Bianco et al., 2006;
Kendall et al., 20235)), and industrial activity (e.g., Teanby et al., 20044a)).
It has been suggested that these stress-induced temporal variations in

seismic anisotropy could enable forecasting of earthquakes (e.g., Crampin

13
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et al., [1999; Crampin et al., 2008, etc., ) with Crampin et al. (1999)
reporting a successful “stress forecast” of a M 5.0 earthquake in Iceland.
Subsequent statistical analysis has questioned this result (Seher and Main,
2004) and it has proved challenging to achieved similar forecasts outside
or retrospective analysis (Crampin et al., 2015). In complex tectonic
environments, temporal variations in shear-wave splitting do not uniformly
occur in response to earthquakes, with a review of data in the Eastern Gulf
of Corinth showing that some of the largest events in the thirteen year

catalogue for region had no effect on the measured shear-wave splitting

(Spingos et al., 2023).

Measurements of shear-wave splitting have also been successfully inverted
for fracture properties, such as strike, dip, fracture radius, and density
(e.g., Verdon and Kendall, 2011}; Al-Harrasi et al., 2011). Inversion of
shear-wave splitting data directly for anisotropic fabrics is still a nascent
field. Recent developments have primarily focused on studying mantle
anisotropy (e.g., Wookey, 2012 Asplet et al.,[2023; Link and Long, 2024),
however frameworks have also been previously developed for reservoir-
scale inversions to identify vertically aligned fractures and horizontal
sedimentary fabrics using fracture compliances (Verdon et al., 2009)).
Future work may allow for these methods to be applied to measurements
of local shear-wave splitting, and extended to invert measurements directly

for differential horizontal stresses using the APE model.
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Measuring shear-wave splitting

If there is no seismic anisotropy, and therefore shear-wave splitting, along
the ray path a shear-wave arrival will be recorded with an approximately
linear particle motion. If shear-wave splitting has occurred then the phase
shift due to ot will produce an elliptical particle motion. Detecting and
then correcting for this elliptical particle motion underpins most methods
for measuring shear-wave splitting. Here we use eigenvalue minimisation
(Silver and Chan, 1991} Walsh et al., 2013)), which is a widely used method
for measuring shear-wave splitting that can be automated. Shear-wave
splitting parameters can also be measured using other methods such as
cross-correlation (Bowman and Ando, |1987), or shear-wave splitting can
be measured as a scalar splitting intensity (Chevrot, [2000). Recent work
has demonstrated that there could be potential for deep learning methods to
be used to measure shear-wave splitting, but there is currently insufficient
labelled training data to train a model and further work is needed on
establishing uncertainty estimates from neural networks (Chakraborty et

al.,2024).

There are now numerous software packages now available for measuring
shear-wave splitting, with implementations available in most modern
programming languages (Table [I). Modern implementations are mainly
based on the eigenvalue minimisation method (Silver and Chan, (1991}
Walsh et al., 2013)), with the primary considerations on the choice
of software to use being the preference of the researcher in terms of

measurement strategy, such as the level of automation, method used to

15
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Software  Authors Language GUI Automation level

MFAST Savage et al. (2010a) MATLAB No Automated
SHEBA Wauestefeld et al. (2010) Fortran No Manual

Pytheas Spingos et al. (2020) Python Yes Manual and Automated modes

SplitLab ~ Wiistefeld et al. (2008) MATLAB Yes Semi-automated
SplitRacer Reiss and Riimpker MATLAB Yes Semi-automated

(2017)

SplitPy Audet and Schaeffer Python Yes Manual and Automated modes
(2019)

SWSPy Hudson et al. (2023) Python No Automated

Table 1: Comparison of commonly used shear-wave splitting software packages. Many shear-
wave splitting codes exist with various levels of developer support, this table aims to capture those

which are more commonly used and is not intended to be a full compilation of available codes.

choose the optimum analysis window, and quality control results.

Here shear-wave splitting is measured using SHEBA (Wuestefeld et al.,
2010), a Fortran shear-wave splitting code. All waveforms are uniformly
bandpass filtered between 1 Hz and 20 Hz. For each candidate event-
station pair the waveforms are manually inspected and analysis window
start/end ranges are picked, with cluster analysis used to pick the optimum
window following Teanby et al. (2004b). For the optimum analysis
window we (Figure [2)) grid search over candidate shear-wave splitting
parameters to find the best fitting ¢, dt. Fast polarisations in the range
—90° < ¢y < 90° are used, with a parameter range in 0t chosen
depending on the expected strength of anisotropy and frequency content
of the shear-waves. Here we use 0s < 9; < 0.1s. For each set of

splitting parameters the input waveforms are corrected for the shear-wave
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splitting described by those parameters, and the trace covariance matrix
in computed where the first and second eigenvalues, \; and Ao, represent
the horizontal components (Silver and Chan, 1991; Walsh et al., [2013)).
The ratio i—f describes the linearity of the particle motion, where \s = 0
for linear particle motion. The eigenvalue minimisation method seeks
to minimise )y and restore linear particle motion. Uncertainties in the

measured splitting parameters are estimated using the F-test

AP, 6) = Ao, {1+ [k/ (0 — WIER,}, @

min

where £ = 2, the number of estimated splitting parameters, v is the
estimated degrees of freedom of the data and F}, ,_;, 1s an F-distribution

(Silver and Chan, |1991; Walsh et al., [2013)).

The Shear-wave Window

Before making a measurement, it is important to ensure that the chosen
shear-wave is within the shear-wave window. Shear-waves particle
motions are modified by interactions with a free surface (Nuttli, [1961),
which makes it difficult to accurately measure shear-wave splitting. To
avoid this effect, the shear-waves’ ray path must have an incidence angle
at the free surface which is less than the critical angle (Booth and Crampin,
1985)). The most common assumption, which we follow here, is a critical
angle, or shear-wave window, of 45°. This assumes that low velocity layers
near the surface will turn incident shear-wave ray paths such that they are
near-vertical at the free surface. To avoid shear-wave window affects on

our measurements, all data where the earthquake epicentral distance from
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a receiver is less than or equal to its depth is discarded.

Measurement Quality Control

Measurements are then subjected to quality control processes. Initially
quality codes are assigned automatically using the estimated measurement
uncertainty as shown in Table [2, where the uncertainty thresholds for ¢
have been chosen to match the uncertainties in Sy azimuth associated
with the different stress data quality codes used by the World Stress Map
(Heidbach et al., 2016)).

Quality Code o Ost
A < 15° <0.005s
B <20° <0.01s
C <25° <0.015s
D <40° <0.03s
E >40° > 0.03s

Table 2: Measurement uncertainty thresholds used to assign data quality codes. Quality A-C data

is then manually reviewed to ensure a clear split

Measurements are then manually inspected to validate this automatic
quality control. Input waveforms, selected shear-wave window, corrected
waveforms and eigenvalue minimisation surface (Figure [2)) are inspected
to ensure a good shear-wave splitting result has been achieved.
This inspection process is important as crustal shear-wave splitting
measurements commonly suffer from cycle skipping, where one shear-
wave 1s pushed outside the measurement window, which artificially

reduces the eigenvalue ratio and the estimated measurement uncertainties.
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Cycle Skipping

Cycle skipping, where waveforms are mismatched by more than one half-
cycle, is a persistent problem for local shear-wave splitting studies. If the
cycle skipping is of one half-cycle then the fast and slow shear-waves can
be interchanged resulting in a 90° flip in fast polarisation, a 7'/2 shift in
0t, where T is the shear-wave period. Cycle skipping has been shown to
affect measurements of the shear-wave source polarisation (e.g., Matcham
et al., 2000; Walsh et al., 2013). Skipping of multiple cycles can also

occur if the chosen analysis window is too short relative to the maximum

A2

delay time, where 52

1s minimised by shifting one of the shear-waves out
of the measurement window. Such a measurement is characterised by a
delay time near the maximum value permitted in the grid search. Selecting
larger analysis windows can partially mitigate this issue, but then has the

drawback of polluting the measurement windows with additional noise or

secondary arrivals.

A modification of the window cluster analysis method of Teanby et al.
(2004b) can be used to screen cycle skipping somewhat effectively, as these
measurements will exhibit clusters at 90 degree or half-cycle intervals
(Savage et al., 2010a; Castellazzi et al., 2015). Manual screening, however,
1s the most reliable, albeit time-consuming, way to ensure measurements
effected by cycle skipping are removed. As the majority of the shear-
wave splitting measured here is for previously unstudied regions, manual
inspection of measurements is already warranted to ensure data quality.

Where cycles skipping is found, the analysis windows are adjusted and
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measurements repeated, if cycle skipping persists the shear-wave splitting

measurement is rejected.

Null Measurements

If the incident, un-split, shear-wave is already polarised in the fast or
slow directions of the medium, or there is no anisotropy in the plane of
the shear-wave particle motion, then no shear-wave splitting occurs (e.g.,
Silver and Chan, |1991; Wuestefeld et al., [2010). This is known as a
“null” measurement, and they must be treated separately to measurements
of shear-wave splitting. Nulls can be detected both by using automated
methods (Savage et al., 2010a; Wuestefeld et al., 2010), and by data
inspection. Whilst automated methods are necessary for large data sets
they can result in misclassification of split waveforms as ‘null’. In studies
of the Earth’s mantle, nulls can give important insights (e.g., Asplet et al.,
2020), but here we discard null measurements in line with other studies

(e.g., Johnson et al., 2011; Castellazzi et al., 2015]; Pastori et al., 2019, etc.,
).
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Figure 2: Example diagnostic output plot for a shear-wave splitting measurement made at the
station RUSH for a My, -1.1 earthquake which occurred at 2019-02-27 04:50:42 UTC. After
manual inspection this measurement is categorised as an ‘A’ or highest quality measurement.
Top panels show the input (top left) and corrected (top right) shear-wave phase, where the
vertical black bars show the optimum analysis window. The second row shows in the input
and corrected waveforms rotated to the measured source polarisation direction. The third row
shows the normalised input and corrected waveforms, along with the unnormalised, corrected
waveforms. The fourth row shows particle motion plots, which shows the North and East
component waveforms plotted against each other, for the input and corrected waveforms, along
with the measured fast polarisation (¢ ) and delay time (6¢) for each window used in the cluster
analysis of (Teanby et al., 2004b). Lower panels show ¢ and 6t plotted against window number.
The contour plot on the lower right shows i—f calculated at each ¢, d; for the optimum analysis
window. Blue cross shows the best fitting shear-wave splitting parameters, the bold contour shows
the 95% confidence region. i—f is also normalised by the 95% confidence value. Other example

measurements are included in the supplementary material.
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Across the UK the British Geological Survey maintain a network
of 47 permanent broadband seismic stations (GBarray, network code
GB; British Geological Survey, 1970), complemented by temporary
deployments of 34 broadband seismometers in the North of England
(UKarray, network code UR; British Geological Survey, 2015) and five
near Newdigate, Surrey during our study period of 2010 to 2022 (Baptie,
2021). There are 3079 earthquakes earthquakes recorded in the BGS
earthquake catalogue between 2010 and 2022 (British Geological Survey,
2025). Despite the large number of events many are unsuitable for shear-
wave splitting because of data embargoes or no S phase was picked. When
these events are disregarded the dataset is reduced to 1452 viable candidate

earthquakes for shear-wave splitting analysis.

The shear-wave window restriction (see Section ‘“The Shear-wave
Window”) reduces dataset from 1452 earthquakes to 377 earthquakes
where shear-wave splitting measurements can be made (Figure [3). The
focal depths and reported local magnitudes of all earthquakes considered,
and those where shear-wave splitting can be measured are summarised in
Figure[d This pronounced ca. 75% reduction in our initial dataset is due to
the previously described shear-wave window effect. Whilst Great Britain
1s well instrumented the seismic network is sparse relative to epicentral
distances required for seismicity to lie within the shear-wave window. The
mean focal depth of earthquakes recorded in the BGS catalogue from 2010
—2022 is 6.34 km and 80% of earthquakes have a focal depth under 10 km

(Figure dp).
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The shear-wave window imposes a significant geographical heterogeneity,
which limits our ability to compare shear-wave splitting and stress across
the the UK. However, the sites where data are available are data rich and
are good analogues for deployments which could be used to assess in sifu
stress for sites of interest. The majority of the 377 events where shear-wave
splitting can be measured are recorded by three temporary deployments.
Two of these deployments were the surface monitoring stations for Stages
I and 2 of hydraulic fracturing at Preston New Road, Lancashire (Clarke
et al., 2019b; Kettlety et al., 2020) and the other targeted an earthquake
swarm near Newdigate, Surrey (Hicks et al., 2019). Similar temporary
monitoring networks are used to monitor onshore microseismicity for
a variety of geological storage activities and hydraulic fracturing (e.g.,

Kaven et al., 2015 Verdon et al., 2016; Goertz-Allmann et al., 2024)).

Preston New Road, Lancashire

In 2018 and 2019, hydraulic fracturing took place on two horizontal wells
drilled in Northwest England. This was part of efforts to assess and extract
shale gas by Cuadrilla Resources Limited. The project was located around
3 km east of the town of Blackpool. Two horizontal wells were drilled
into the Bowland Shale at the Preston New Road site. The first well,
PNR-1z, was stimulated in late 2018 and the second well, PNR-2, was
stimulated in August 2019. Shortly before, during, and for some months
after injection, microseismic monitoring was conducted by the operator.
Independent monitoring was also done by the British Geological Survey.

The temporary seismic monitoring networks consisted of three-component
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short period and broadband sensors recorded hundreds of events in the
two periods of hydraulic fracturing. We measure shear-wave splitting
using earthquakes recorded in the British Geological Survey catalogue,
along with further microseismic events recorded at the broadband surface
stations at Preston New Road (Clarke et al., 2019b; Kettlety et al., 2020).
This gives an initial dataset of 380 earthquakes which is reduced to 140
after filtering of earthquakes outside the shear-wave window (Figure.
Earthquakes used have depths ranging from 1.6 km to 2.9 km and local
magnitudes in the range —1.7 < My, < 2.9. The station codes used for the
surface monitoring network changed from IOXX to PNRXX between the
stimulation of PNR-1z and PNR-2, but the locations and type of sensors
at each location remained consistent. The continuous waveform data from

this monitoring effort is now publicly available for study.

Newdigate, Surrey

In April 2018, a swarm of earthquakes began near the town of Newdigate in
Surrey. In July (HORS, RUSH) and August (GATW, STAN, BRDL) 2018
a temporary network of broadband seismometers was deployed to monitor
the seismicity (Hicks et al., 2019). In May 2019 the station GATW was
removed and was replaced in June 2019 by another station near Gatwick
(GAT?2). The British Geological Survey recorded 34 earthquakes prior to
the installation of the monitoring network, with a further 135 earthquakes
recorded after 12 July 2018, for a total of 168 earthquakes recorded in the
swarm. Figure [6|shows the locations of earthquakes recorded in the swarm

and the locations of the monitoring stations. Despite occurring close to
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onshore hydrocarbon wells, it was quickly shown that the Newdigate
swarm was likely a natural earthquake swarm associated with tectonic
reactivation along a pre-existing E-W striking fault in the Weald Basin
(Hicks et al., 2019). The seismicity is shallow, with focal depths ranging
from 2km to 3.6 km and a mean depth of 2.3km. Earthquake local
magnitudes were in the range —1.6 <M | < 3.1, with the majority of

events being microseismic with My, < 2 (Hicks et al., 2019).
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Figure 3: Map showing earthquakes and seismic stations used in this study. Panel (a) shows the
locations of seismometers operated by the British Geological Survey in the UK from 2010 to 2022
for which waveform data is publicly available. Seismometers that recorded events considered
viable candidates for this study are shown in red, with the broadband seismometers operated by the
BGS shown in grey. Also shown are the regions studied in this paper. Panel (b) shows earthquakes
recorded by the BGS from 2010 to 2022 (British Geological Survey, 2025). Earthquakes are
sized and coloured by local magnitude. Earthquakes which are within the shear-wave window of
a station where a S pick has been made are considered viable shear-wave splitting candidates and
are enclosed in red circles. Earthquakes which are not considered viable candidates are enclosed

by black circles.
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Figure 4: Histograms showing the focal depth (a) and local magnitude (c¢) of all earthquakes
compiled in this study and for the dataset of 959 earthquakes which are viable for shear-wave
splitting analysis in this report (b,d). For each panel, empirical cumulative density functions are

calculated and are shown by the red line.
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Figure 5: Map showing the Preston New Road study region and the location on the surface
monitoring stations used (red triangles). Inset map shows the earthquakes recorded by the surface
monitoring stations, coloured and size by the reported earthquake magnitude (Clarke et al., 2019b;
Kettlety et al.,|2024). Station codes for the surface monitoring stations are also shown with the
codes for some monitoring stations changing from IOXX to PNRXX between the stimulation of

PNR-1z and PNR-2, but the locations and type of sensors at each location remained consistent.
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Background map data is taken from OpenStreetMap (OpenStreetMap contributors, [2017).
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Figure 6: Map showing the Newdigate earthquake swarm using event relocations from Hicks et al.
(2019). Earthquakes are sized and coloured by local magnitude (My). Monitoring stations are

shown by the red triangles. Background map data taken from OpenStreetMap (OpenStreetMap
contributors, |2017).
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Stress data

In order to ground truth the stress orientations from the shear wave splitting
a comparison should be made to existing stress field orientations. For
the UK the primary existing source of stress field data for the British
Isles is the Stress Map of Great Britain and Ireland 2022 (Kingdon et al.,
2022). This dataset comprises 474 data points obtained from a variety
of sources including: earthquake focal mechanisms; borehole breakouts,
overcoring and hydraulic fracturing tests which have been ranked based
on their reliability to assess regional stress field orientation (Heidbach
et al., 2018)). Here we only use the 154 data points with a quality code A,
B, or C (Figure[7j), which indicates the data has an uncertainty in Sgmax

orientation of £15°, 20° or +25° respectively.

Across much of the UK the dominant orientation of Sypax 1S NW/SE
though there are significant regional variations (Figure [7p; Heidbach et al.,
2018; Kingdon et al., 2022). The 2022 stress field data does constrain
Stmax azimuth across most of the UK, however there are no existing
data points in the Weald near Newdigate. To confirm the regional Sgpax
azimuth in the Weald, borehole breakout analysis was undertaken on logs
for six boreholes (Fellgett and Williams, 2025]). The analysis was based
on dual-caliper logs using the methodology detailed in (Heidbach et al.,
2016). For more information on the use of calipers to determine in-situ
stress orientations please see: Bell and Gough (1979), Plumb and Hickman

(1985)), and Heidbach et al. (2016).
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Figure 7: Maps shows the stress (a) and shear-wave splitting data b used. Panel a shows the
stress data used in this study plotted as bars oriented with the interpreted Sgmax. The majority of
the data is taken from the Stress Map of Great Britain and Ireland 2022 (Kingdon et al., @[),
these datapoints and bars are coloured to indicate interpreted tectonic regime. Stress data from
this study for the Weald Basin is coloured gold (Fellgett and Williams, 2025)). Symbols are drawn
at the measurement location and correspond to data quality as defined by the World Stress Map
(Heidbach et al., for data of quality A (circle), B (diamond), or C (square). Panel (b) shows
the 320 quality A — C shear-wave splitting measurements. Shear-wave splitting measurements
are plotted as bars located at the earthquake-station midpoint where the bar orientation shows
the measured fast polarisation direction and bar length is proportional to §¢. Where five or more
measurements have been made at a single station, the station averaged shear-wave splitting is
shown instead. Regions where comparison between shear-wave splitting measurements and World

Stress Map data can be made are shown in boxes.
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Figure 8: Stacked histograms of measurement uncertainties in ¢ (a) and 6¢ (b) for the 320
quality A to C splitting measurements made across the UK. See text for criteria used for different

data quality codes.

Results

Shear-wave splitting is measured for the identified 377 candidate
earthquakes at all suitable stations, resulting in 886 measurements.
Analysis is restricted to the 320 measurements classified as quality A,
B, or C (Table[2)), where the measured shear-wave splitting clear enough to
allow for interpretation. The vast majority of this data, 254 measurements,
are quality A (Figure[§). The data attrition, with 36% of measurements
of sufficient quality to interpret, is due to noisy waveform data, the
previously described issue of cycle skipping, and the exclusion of 50
null measurements. This level of data attrition is in line with previous
shear-wave splitting studies (e.g., Teanby et al., 20044} Pastori et al., 2019).
A table of all shear-wave splitting results is available in the supplementary

material.
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The shear-wave splitting results can be grouped into four regions: Preston
New Road, Newdigate, South Wales, and Northeast England (Figure [7b).
For each region aggregate rose histograms of fast polarisation direction are
made, with a bin width of 10° (Figure[9)). In each region we also aggregate

available stress data.

Preston New Road

We make 154 quality A, B, and C shear-wave splitting measurements using
data recorded by the Preston New Road surface broadband monitoring
stations (Figure Op). Shear-wave splitting measurements made across the
Preston New Road site show a largely unimodal distribution of ¢ with a
circular mean ¢ = —16 = 27°. Closer inspection of these results shows a
small secondary grouping of 21 measurements which are ca. 90° rotated
from the mean ¢; orientation (Figure 10} [TT). Removing measurements
with —70° < ¢, < 55° results in the circular mean gb_f = —14 + 16°.
Plotting the shear-wave splitting results against earthquake depth shows
that there is no correlation between either ¢; or ot and depth (Figure [TT]).
To account for variation in dt with ray path length, d¢ is converted to

percentage anisotropy, &, following Equation |I|assuming Vg = 2km s~

The Preston New Road results can also be divided by the associated
stage of well stimulation. During the stimulation of well PNR-1z, 101
shear-wave splitting measurements are made, and 53 are made for events
occurring during the stimulation of PNR-2 in August 2019 (Figure [10).

There is little variation in ¢ 7 or § between the two stages. With the
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previously described anomalous measurements removed ¢ p=—14+£14°
during the stimulation of PNR-1z and ¢ r = —16 = 19° during the
stimulation of PNR-2. Of the 21 anomalous measurements, 16 a recorded

in data from PNR-1z and 5 in data from PNR-2.

Whilst there is no World Stress Map data close to Preston New Road, there
is additional stress data interpreted from analysis of borehole breakout and
drilling induced tensile fractures for the nearby Preese Hall well (PH-1).
Previous analysis of data from PH-1 gives a regional Syp,.x orientation of

173 £ 7° (Figure Dp; Clarke et al.,[2019a).

Newdigate, Surrey

We make 118 quality A, B, and C shear-wave splitting measurements for
data from the Newdigate swarm (Figure [Ob). The shallow focal depths,
ranging from 2 km to 3.6 km, impose tight shear-wave window constraints.
Due to this restriction nearly all of the shear-wave splitting measurements
are made at either STAN, a station North of the Newdigate Fault, or
RUSH, a station South of the Newdigate Fault (Figure [13]). As there is
a clear bimodal distribution in ¢ a regional o 7 1s not taken and instead
we calculate ¢ for STAN and RUSH. There are 55 measurements for
STAN, which have a circular mean ¢; = —51 + 26° and a mean & of
1.87% with a standard deviation of 0.80 (Figure [12j). Percent anisotropy,
¢, is calculated following equation (1| assuming Vs = 1.66 kms~! using
a 1-D velocity model for the region (Hicks et al., 2019). There are 54

measurements for RUSH, with a mean ¢ 5 = 40 £ 20° and a mean &
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Figure 9: Rose histograms of shear-wave splitting fast polarisations, ¢, (blue bars) for Preston

New Road (a), North East England (b), South Wales (¢) and Newdigate (d). See Figurem) for

region extents. Spmax Orientation for each region is shown by the red lines, with the circular

standard deviation shown by the shaded region.
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Figure 10: Shear-wave splitting results for Preston New Road split by associated stage of injection.
Panels (a) and (b) show rose histograms of the fast polarisations, ¢, for Stage 1 and Stage 2
respectively and the local Sypax orientation of 173 + 7° interpreted from PH-1 (Clarke et al.,
2019a). Panels (¢) and (d) show histograms of percentage anisotropy, £, calculated following
Equation [1|assuming Vg = 2km s~ 1.
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Figure 11: Shear-wave splitting measurements made for microseismicity recorded during the
stimulation of PNR-1z (blue) and PNR-2 (red) plotted as a function of earthquake depth. Left
panel shows ¢ and right panel shows percentage anisotropy, &, calculated following Equation

assuming Vg = 2kms~!,
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Figure 12: Histograms showing the percent anisotropy, £, calculated from &t for each
measurement of shear-wave splitting at stations STAN (a) and RUSH (b). We calculate &
following equation |1| assuming Vg = 1.66 kms~! using a 1-D velocity model for the region

(Hicks et al.,[2019)

of 2.16 with a standard deviation of 0.99 (Figure [I2b). The remaining
measurements are made at GAT2 (6), GATW (1), and HORS (1). No

measurements are made for BRDL.

In total 20 breakout zones were interpreted for six boreholes across the
Weald with a combined length of over 350m (Fellgett and Williams,
2025)). Two of the Symax interpretations are quality C and four are quality
D following the World Stress Map criteria (Heidbach et al., 2016). When
taken together, the dominant orientation of the maximum horizontal stress
18 142° across the six boreholes, with a circular standard deviation of 15°.

This trend is in line with the expected regional orientation of Sgyax in the
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Figure 13: Map of shear-wave splitting measurements for Newdigate, Surrey. Measurements
are plotted as bars oriented from North by ¢ at the midpoint of an assumed linear ray path from

source to receiver. The length of the bar is proportional to the measured delay times.

UK (Kingdon et al., 2016)) which has previously been attributed to ridge
push in the North Atlantic (Klein and Barr, 1986)).

South Wales

In South Wales we make 19 measurements of shear-wave splitting
for earthquakes with depths in the range 10km — 25.6km and local
magnitudes in the range 0.5 < My < 2.7. Here the distribution of fast
polarisation measurements are bimodal (Figure Ok). Figure [I5]shows the
splitting measurements plotted halfway along the shear-wave raypath, an

approximation which reflect that splitting accumulates between the source
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Figure 14: Rose histograms of fast polarisation directions measured at 4 stations (RUSH, STAN,
GATW and GAT2) at Newdigate, Surrey. Red bar shows the mean regional Spyax interpreted for

the Weald of 142° with a circular standard deviation of 15°.
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Figure 15: Map showing shear-wave splitting results for South Wales and stress data taken
from the Stress Map of Great Britain and Ireland (Kingdon et al.,2022). Shear-wave splitting
measurements are plotted as bars located at the earthquake-station midpoint where the bar
orientation shows the measured fast polarisation direction and bar length is proportional to Jt.
Stress data is plotted following Figure [7a. Faults longer than 10 km in the British Geological
Survey 625k database (Survey, 2021) shown by brown lines.

and receiver, and data from the Stress map of Great Britain and Ireland
2022 (Kingdon et al., 2022). The stress data across South Wales has a
circular mean of 145° and a circular standard deviation of 33°. Given
the small number of measurements and the apparent bimodality of ¢ we
do not compute summary statistics for the shear-wave splitting results.
Plotting ¢ ¢ and &, which is calculated from d¢ using equation |I|assuming
Vs = 3kms~!, against earthquake depth (Figure shows that ¢, 0t do

not vary with depth.
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Figure 16: Shear-wave splitting measured for South Wales as a function of depth. Shear-wave
splitting delay times, §t are converted to % anisotropy, £, following equation |I|assuming a mean
Vg of 3km s~!. Red bar shows the circular mean S,y orientation of 149° South Wales with the

shaded region representing the circular standard deviation 33°.

Northeast England

There are six measurements of shear-wave splitting in this region which
are quality A, B, or C, measured for earthquakes with depths ranging from
9.6 km to 31.4km and local magnitudes in the range 1.2 < My < 2.6.
The circular mean of the 14 Syn.x azimuth data points from the Stress
Map of Great Britain and Ireland (Kingdon et al., 2022) in the region is
144° with a circular standard deviation of 30°, which 1s consistent with the

NW-SE Symax orientation predominately seen across the UK.
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Figure 17: Map showing shear-wave splitting results for North East England and stress data
taken from the Stress Map of Great Britain and Ireland (Kingdon et al., 2022)). Shear-wave
splitting measurements are plotted as bars located at the earthquake-station midpoint where the
bar orientation shows the measured fast polarisation direction and bar length is proportional to dt.
Faults longer than 10 km in the British Geological Survey 625k database (Survey, 2021) shown
by brown lines. Stress data are plotted following Figure .
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Discussion

Seismic anisotropy, measured using shear-wave splitting, can be used to
passively measure in situ Spymax azimuth in the upper crust. Here we have
linked shear-wave splitting measurements to borehole measurements of
stress using onshore UK data. This provides an important reference point
of expected Symax, Which provides important context for the interpretations
of the shear-wave splitting results. The four case studies shown here
highlight the potential for shear-wave splitting to monitor in situ Sgmax
azimuth and, and also the challenges to both making measurements and

interpreting shear-wave splitting results.

Preston New Road

Shear-wave splitting fast polarisation directions aggregated across the
entire Preston New Road dataset show good agreement between ¢, and
the interpreted Spymax (Figure Pp). As there is no evidence of depth
varying anisotropy, it is clear we are sampling anisotropy in the formations
overlying the formation target for hydraulic fracturing, the Bowland Shale.
This is largely to be expected, given that the majority of the seismicity
occurs within the Bowland Shale and shear-wave splitting accumulated
along the entire shear-wave raypath. Therefore we interpret that the
shear-wave splitting is sampling stress-induced anisotropy in the overlying
formations, with a Symax azimuth of —14 4 16°. For the Preston New Road
data, we can also break shear-wave splitting data up by hydraulic fracture

stage (Figure [I0)). In this case this shows that the overall Spnax parallel
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trend in ¢ 1s consistent between the two stages of hydraulic fracturing and
there is little evidence of a significant temporal variation in shear-wave
splitting, and therefore stress and fracture properties, in the overburden

between the two stages of injection at Preston New Road.

Newdigate

Newdigate shows a more complicated pattern in shear-wave splitting,
particularly in ¢;. Results at STAN show a good agreement between ¢ ¢
and Symax, Whilst the results and RUSH show a consistent ¢ which
discrepant by approximately 90° (Figure [I13] [I4). There are several
possible explanations for the 90° discrepancy between the ¢, measured
at these two stations (Figure Ob, [14). The most simple, given the
temporary nature of the deployment, is sensor misalignment at RUSH,
where the horizontal components have been incorrectly aligned. Inspecting
waveforms for a teleseismic S arrival recorded by both stations show very
strong agreement between the North and East component waveforms
which shows that the horizontal components at both stations have the same

alignment (Figure [I§]).

Another possible explanation is structural anisotropy due to the Newdigate
fault zone. There are several problems with this explanation. Firstly, the
Newdigate fault is small relative to faults where structural anisotropy has
been observed (e.g., Boness and Zoback, 2006} Jiang et al., 2021}; Okada
et al., 2024). Secondly, plotting the shear-wave splitting results at the ray

midpoint, which approximates the location of anisotropy, shows the ¢
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Figure 18: Teleseismic S arrival recorded at stations RUSH (blue, solid line ) and STAN (orange,
dashed line) during the 2018-9 Newdigate sequence. Note the similarity of the waveforms for the
main S arrival. This demonstrates that both sensors were correctly oriented during the Newdigate

sequence.

measured at STAN primarily samples the Northern side of the Newdigate
fault, whilst measurements at RUSH sample the Southern side. We would
expect to see the same structural anisotropy on both sides of the fault, not
a 90° discrepancy in ¢ . Finally, we would expect the microcracks, and
therefore ¢, associated with structural anisotropy with to be aligned with
E-W strike of the Newdigate fault. The results at both STAN and RUSH
do not show this and therefore structure controlled anisotropy from our

interpretation.

Given that the ¢ data at STAN suggests stress-induced anisotropy to the
North of the Newdigate fault, another interpretation could be that these
initially contradictory ¢; measurements in fact represent a 90° rotation
1N Sgmax. Similar interpretations have been made for observations of 90°

variations in ¢ in volcanic settings where significant changes in Spmax can

47



646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

be expected during dike injection (e.g., Gerst and Savage, 2004)). However
such observations in volcanic settings have been for temporal variations
in Spmax Tather than sharp spatial variations. Furthermore, the ¢ ¢ data at
GAT?2, which is also South of the Newdigate Fault (Figure [13), shows
good agreement with Sy« which would support a consistent regional
Sumax North and South of the Newdigate Fault. Ideally there would
be independent in situ measurements of Sy,.x North and South of the
Newdigate fault to confirm it is constants. However it seems implausible
that there is a 90° rotation in the stress state between the northern and

southern fault blocks.

A more plausible interpretation stems from the anisotropic poroelasticity
model (APE), which describes stress-induced anisotropy (Zatsepin and
Crampin, (1997; Crampin and Zatsepin, 1997). In the case where pore
fluids are significantly overpressured 90° ‘flips’ in ¢ are predicted
(Zatsepin and Crampin, [1997). This behaviour has been previously
interpreted for reservoir-scale data (Liu et al., [1997; Angerer et al.,[2002;
Teanby et al., 2004a) and active fault zones (Liu et al., |1997; Crampin
et al., 2002), although the shear-wave splitting observed by Liu et al.
(1997) could be plausibly attributed to structural anisotropy due to the San
Andreas Fault. At the Valhall reservoir, a useful analogue for offshore CO,
storage, Teanby et al. (20044a) observed a consistent distribution of 90°
discrepancies similar to what is seen for Newdigate. One key difference is
timescale. The shear-wave splitting measurements at Valhall were for two
months (June and July 1997; Teanby et al., 2004a) whilst for Newdigate

the 90° discrepancy is observed for the entirety of the Newdigate sequence,
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at stations STAN and RUSH, from June 2018 until July 2019. However,
for the two closely located Gatwick stations GATW and GAT2 we do
observe a temporal 90° flip in ¢ ¢. The ¢ ; measured for GATW, deployed
from August 2018 to May 2019, is 90° flipped from Sypax whilst the ¢
measured at GAT?2, deployed in June 2019, agrees with the regional Sypax
orientation (Figure [I3] [I4). This temporal change in ¢; suggests that
there were overpressured pore fluids to the South East of the Newdigate
earthquake sequence, causing the 90° flip in ¢, and the pressure dropped
sufficiently in May 2019 for APE to revert to ¢, being aligned with
regional Spmax. Typically such a polarisation flip would also be associated
with a decrease in &, however the £ measured at STAN and RUSH is
consistent. The 90° polarisation flip at RUSH is also consistent throughout
the sequence. This would suggest that, if the change in splitting is due to
overpressured pore fluids there has not been a drop in pore fluid pressure

during earthquake swarm for its entire duration.

As the Weald Basin is exceptionally seismically quiet, and the seismic
stations were only deployed to monitor the Newdigate sequence, there
is no shear-wave splitting data available before or after the sequence
to provide a measure of the background stress field. The nature of the
source and receiver geometry also means that RUSH, STAN, GATW,
and GAT?2 sample a limited azimuthal range, which makes it challenging
to completely rule out more complicated anisotropic fabrics. It could
be possible that there cross-cutting microcracks, with the set oriented
perpendicular to Synax being cemented. However, microcracks filled with

a solid are significantly less effective at producing seismic anisotropy
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(Hudson, [1981]; Crampin, [1999) and there is no clear difference in 6t
between RUSH and STAN (Figure [13)).

The most plausible interpretation is APE on both sides of the Newdigate
Fault, with the 90° discrepancies in ¢ caused by overpressured pore
fluids to the South of the Newdigate Fault. This does, however, raise
further questions which should be investigated. How significant must the
overpressure be to produce the ¢ flips observed and is this plausible? Is it
hydrogeologically feasible to maintain these pressures persist throughout,
and likely before and after, the Newdigate sequence in at least part of
the Southern fault block? More detailed analysis, implementation of the
APE model and studying any available regional pore fluid pressure data
is required to further interrogate the 90° discrepancy in ¢; at Newidgate.
If additional monitoring stations could have been deployed during the
Newdigate sequence, particularly to the South of the Newdigate fault, the
additional data at a different azimuths would significantly improve our

ability to test this hypothesis.

South Wales

For South Wales, there is a clear bimodal distribution in the shear-wave
splitting results. Whilst one population of ¢; does agree with the estimated
region Symax, there are a similar number of measurements which do not
(Figure [Of). Figure [15]shows that all the data points which do not align
with Symax are located between the two stations in South Wales. As with

Newdigate, the two populations of ¢ are sub-perpendicular and the shear-
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wave splitting measurements surround the Neath Disturbance, a major fault
structure in South Wales which is expected to be a significant structure at
depth (Blenkinsop et al., 1986; Survey, 2021). However, unlike Newdigate
the ca. 90° rotation is seen for measurements at the stations on both sides

of the fault.

One explanation could be multiple layers of anisotropy, but the splitting
results show no evidence for depth varying splitting. This suggests the
anisotropy accumulated in the upper 10 km of the crust. The lack of
depth dependence also makes multiple anisotropic layers unlikely, but
the South Wales data has insufficient azimuthal coverage to fully test this
hypothesis. An alternate hypothesis is structural controlled anisotropy
from the Neath Disturbance. Significant fault structures are well known
to produce structural controlled anisotropy in their vicinity, producing an
anisotropic fabric where the shear-wave splitting fast polarisation direction
1s aligned with fault strike (e.g., Boness and Zoback, 2006; Jiang et al.,
2021; Okada et al., 2024). In this case the measured ¢, which do not
align with Sgnax do align well with the the strike of the Neath Disturbance.
This suggests that in the vicinity of the fault, we are observing structure

controlled anisotropy.

Northeast England

The lack of shear-wave splitting data, with only six data points, in this
region makes any interpretation challenging. However, the measured

¢y largely do not agree with the regional mean Sy, (Figure [9d). The
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sparse data makes is difficult to interrogate why the splitting deviates
from Synax. However, the shear-wave splitting also does not not align
with regional fault structures (Figure [17), which are predominantly East-
West trending, which suggested there is no structural component to the
anisotropy. With no obvious structural controlled anisotropy, it is possible
that this discrepancy is indicative local scale variations in Sy, Which has

been observed elsewhere in the UK (Hudson et al., 20244a).

The future of shear-wave splitting for stress field monitoring

The advantages of shear-wave splitting is that it is a passive measurement
and, as such, a few well positioned stations that make a few high quality
measurements have the potential to add important constraints on the
in situ stress field at a spatial resolution which cannot be achieved by
borehole measurements. Earthquake focal mechanisms also can be used
to characterise the stress field, but require many observations over a wide

range of azimuths which can be difficult to achieve for microseismicity.

Preston New Road serves as a good analogue for potential industrial
applications, such as CO, injection, geothermal plants, hydraulic
fracturing, and geological disposal facilities. This case study shows that
when a site is well instrumented, shear-wave splitting can be used as an
independent measure of Spmax azimuth. In this case the measured ¢ are
consistent with Sy« interpreted from the nearby PH-1 well, with the
shear-wave splitting providing and additional independent datapoint that

validates the previously interpreted Symax azimuth at Preston New Road.
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This ability of shear-wave splitting to act as an independent measure of
SHmax 18 particularly important for industrial subsurface projects as it can
detect local scale spatial deviations in the stress field, which has been

observed in Cornwall (Hudson et al., 2024a).

One advantage of using shear-wave splitting for monitoring the in situ
stress field is that temporal variations in shear-wave splitting can be used
to resolved changes stress. Time varying signatures in ¢ have been
associated with stress changes due to crustal processes (e.g., Crampin
et al., [1999; Liu et al., 2014) and during dike injection at depth (e.g.,
Gerst and Savage, 2004} Johnson et al., 2011) or heating of hydrothermal
systems (Kendall et al., 2025) prior to volcanic eruptions. Temporal
variation in 0t or £ is associated with a change in fracture properties such
as fracture density, length, or aspect ratio, which can be stress-induced
(Kendall et al., 2025). At Preston New Road no evidence of temporal
variation in shear-wave splitting was observed, the ideal null result for
stress monitoring of storage integrity as it suggests no change in the stress
field in the overburden formations. Temporal variations in shear-wave
splitting can also occur in response to changes in pore fluid pressure, as
seen at Newdigate. For onshore and offshore project where microseismic
monitoring is common practice or a regulatory requirement, the ability
for shear-wave splitting to passively sample the in situ stress field and
potentially to constrain fracture properties and pore fluid pressures adds

significant value to monitoring networks.

The sensitivity to temporal variations means that Sgyax azimuths from

shear wave splitting need to be ground truthed against more traditional
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methods such as borehole breakouts analysis. However, borehole
breakouts usually only allow for static interpretations of Symax azimuth
at the time of drilling. Once drilling is completed most boreholes are
sealed or screened so it is not possible to reacquire data to investigate
time dependent variations in Sy« azimuth. If data can’t be required from
the same borehole the only other way to assess temporal variations is to
drill into the same formation from a nearby location. However, drilling
boreholes is expensive and examples of drilling multiple boreholes across

many ycears arc rarc.

Localised temporal shifts in Spy.x azimuth can be observed from
interpreted borehole breakouts. Following the magnitude 6.9 earthquake
near Kobe in 1995 there was a significant localised shift in breakout
orientations. When the same strata were drilled again in 2017 breakout
orientations had shifted to the regional stress field orientation (Nishiwaki

et al., [2018)).

In addition, methods to improve confidence Sypax azimuths from breakout
orientations will remove any localised depth or stratigraphic variations in
SHmax azimuth. Furthermore, in the UK and UKCS many boreholes used
in interpretation of Syn,.x azimuth are drilled by the hydrocarbon industry

so are heavily biased to economic strata.

As a result, where variations in Sygn.x azimuths are observed from
breakouts it is difficult to interpret whether it is the result of an isolated
localised variation. For example, in the Back Lane Plugnar borehole in

the UK there are four Symax azimuths recorded from hydraulic fracturing
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(Cooling et al., [1988). Three of the observations are from Triassic and
Carboniferous sediments which show similar Sgpax azimuths (140-155°),
with a single observation at 90 degree to it from carboniferous volcanics.
As volcanics are under-represented in borehole drilled in Great Britain it
not possible to conclude whether this is a localised variation of whether
stress field rotations are more likely in volcanics. As a catalogue of
shear wave splitting measurements are created they will create more
opportunities to categorise the variations in the stress field orientation

in space and time which are beyond the current methodologies.

There are, however, challenges with using shear-wave splitting to monitor
in situ stress. As shear-wave splitting is a passive measurement, it is
dependent on microseismicity occurring within the shear-wave window of
monitoring stations. This likely requires either significant microseismicity
or dense local monitoring networks. To integrate shear-wave splitting
into a monitoring program the deployment of the microseismic network
should include stations where the distance from the station to any potential
sources of microseismicity (i.e., a mapped fault or the injector wells) is

less than the reservoir depth.

For industrial applications, the instrumentation challenge can be overcome.
The shear-wave window challenge can be overcome by deploying denser,
targeted monitoring networks, which are becoming more feasible with
instrumentation advances. For onshore monitoring instrumentation
advances may make this feasible at reasonably low cost, with seismic
nodes being shown to have good potential to measure shear-wave splitting

when arranged to form an effective 3-component instrument (Hudson et al.,
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20244)) and three-component broadband nodes have also been developed.

Ocean bottom nodes or permanent reservoir monitoring systems may be
feasible to achieve similar results for offshore projects. However, there
have thus far been no studies exploring the potential of these sea floor
systems. As shear-wave splitting measurements from microseismicity are
sensitive to noise levels, future work studying data recorded by existing
seafloor monitoring systems is needed to ensure measurements can be

made in this setting.

A second challenge is that in some localities the seismic anisotropy
can be heterogeneous and before we can use shear-wave splitting as
a proxy for stress we must be confident that stress-induced anisotropy
is the predominant mechanism. In many settings it can be difficult to
distinguish between structural and stress-controlled seismic anisotropy
(e.g., Pastori et al., 2019). This interpretation challenge is highlighted by
the results for South Wales and Newdigate. In South Wales, additional
geological context makes it clear that what may appear as significant local
deviations in Sy are in fact most likely a change in mechanism from
stress-induced anisotropy to structural (fault controlled) anisotropy. At
Newdigate, despite the wealth of seismicity data, it is still challenging to
definitively explain the mechanism responsible for the 90° flip in ¢ North
and South of the Newdigate Fault. Our preferred interpretation is that
overpressured pore fluids in the Southern fault block. This, however, does
lead to the conclusion that pore fluids remain overpressured throughout

the Newdigate sequence and the hypothesis requires further interrogation.
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For industrial applications, the additional contextualising geological and
geophysical data collected when characterising the subsurface for a project
will simplify the interpretation. With better data on porefluid pressure, fault
locations and subsurface geology some of the interpretation challenges
encountered here, such as for Newdigate and South Wales, can be more

easily resolved.

For well instrumented regions, where the baseline seismic velocities and
anisotropy of a region are well characterised then the potential of shear-
wave splitting can be pushed further. For dense datasets, it is possible
to constrain subsurface fracture properties by using frequency-dependent
shear-wave splitting (Al-Harrasi et al., 2011) or by inverting shear-wave
splitting measurements (Verdon et al., 2009; Verdon and Kendall, 2011,
e.g., ). The delay times for fracture induced shear-wave splitting are
dependent on fracture density and aspect ratio, which we know from the
APE model are controlled by differential horizontal stress in the case
of vertically aligned fractures. A promising area of future research is
to combined advances in shear-wave splitting inversion (Wookey, 2012;
Kufner et al., 2023; Asplet et al., 2023), with existing fracture inversion
methods and the APE model to invert shear-wave splitting delay times
for differential horizontal stress. An ideal experiment would be for a
well-understood reservoir where existing geomechanical models could be

used to calibrate the results.
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Conclusion

We have shown how shear-wave splitting of shallow microseismicity can
be used to monitor in situ stress. Additional means of constraining stress or
fracturing for various subsurface geological storage, or geofluid extraction,
are highly valuable. For geological CO, storage, monitoring the in situ
stress in the storage complex prior to, during, and after injection can be
used to calibrate geomechanical models of the reservoir and to ensure
long-term storage integrity. By studying different settings across the UK,
we highlight the potential of shear-wave splitting as a passive measure of
in situ stress, and also the challenges that remain, particularly that of the
shear wave window and ensuring interpretations of stress-induced seismic

anisotropy are robust. We find that:

1. At Preston New Road, Lancashire, the best direct analogue for CO,
injection in the UK dataset, we measure shear-wave splitting due
to stress-induced seismic anisotropy and interpret a Sypyax azimuth

consistent with nearby borehole breakout data.

2. At Newdigate, Surrey, we observe shear-wave splitting which is
best explain by stress induced anisotropy, which is consistent with
regional Synax €xcept where there are polarisation flips likely due to

overpressured pore fluids.

3. In South Wales, we observe structural and stress controlled seismic
anisotropy. Measurements close to the Neath Disturbance show ¢ ¢

parallel to the strike of this major fault. For measurements further
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away form the fault, ¢, returns to being parallel to Symax, consistent

with stress-controlled seismic anisotropy.

Given that shear-wave splitting could enable passive, semi-continuous,
measurements of the stress field in the caprock and overburden units, its
potential should be explored further. Future research to improve existing
shear-wave splitting inversion methods to incorporate existing rock physics
models and other seismic constraints of stress such as focal mechanisms,
could allow for the shear-wave splitting to be inverted for Syny.x azimuth
and differential horizontal stress. If this link can be formalised, shear-wave
splitting has the potential to become a key tool for monitoring in situ stress

for subsurface geological storage, geothermal, and hydrocarbon projects.

In the case of offshore CO, storage projects, where offshore microseismic
monitoring infrastructure is desirable, incorporating shear-wave splitting
into the design of monitoring networks will enable highly valuable
additional datasets to be collected. Further studies, using data from existing
seafloor instrumentation, such as permanent reservoir monitoring systems,
is required to assess the suitability of shear-wave splitting in offshore

settings.
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